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Preface

Genetically modified cellular immunotherapies and T-cell bispecifics are changing 
the landscape of cancer treatment. Approval of five CAR-T products and a T-cell 
engager by the US Food and Drug Administration (FDA) for hematologic malig-
nancies represents the start of a wave of cellular therapies that will dramatically 
change how we treat cancer in the near future. These advances have resulted in a 
high level of enthusiasm among scientific community, clinicians, and industry for 
developing effective immunotherapies for hematological malignancies and solid 
tumors. This book will cover two broad categories of gene and cellular therapies: (1) 
Cellular-based immunotherapies: CAR-T, TCR-T, TIL, viral CTLs, NK cells; (2) T/
NK cell engagers including BiTEs, DARTs, TanAbs, and others. The first two chap-
ters present a review of the biologic basis of innate and adaptive immunity and a 
history of cellular therapy. We then review each treatment category comprehen-
sively covering the whole spectrum of the bench to bedside preclinical and clinical 
studies. There is a substantial emphasis on CAR-T therapies followed by chapters 
focused on regulatory aspects of gene and cellular immunotherapy, manufacturing 
including point-of-care manufacturing of genetically modified cellular therapies 
and a roadmap to outpatient cellular therapy. This book provides a comprehensive 
source for readers involved in or interested in the nuts and bolts of gene and cellular 
therapies. We have prepared this book as a comprehensive review in a single volume 
for trainees and basic and clinical researchers in academic centers and the industry. 
In light of the rapid evolution of this field, we are planning to update this book every 
4 years.

St. Louis, MO, USA Armin Ghobadi  
St. Louis, MO, USA  John F. DiPersio  
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The History of Cellular Therapies

Zachary D. Crees and Armin Ghobadi

Abstract The approval of multiple CAR-T cell and T cell engaging products for 
lymphoma, leukemia and multiple myeloma in recent years, in addition to hundreds 
of active clinical trials in cancer using these platforms, marks the start of a new era 
in gene and cellular therapy for cancer. However, these remarkable achievements in 
medicine are built upon thousands of years of advancement in the understanding of 
cancer and immunity with rapid acceleration in the last few decades. In this chapter, 
we will broadly review historical aspects of gene and cellular therapy development, 
focusing on major milestones.

Keywords Gene and cellular therapy history · Hippocrates · Mohammed ibn 
Zakariya al-Razi · Rudolph Virchow · William Coley · Ilya Metchnikoff · Paul 
Ehrlich · Allogeneic hematopoietic cell transplantation · Donor lymphocyte 
infusions (DLI) · Tumor infiltrating lymphocytes (TILs) · Chimeric antigen 
receptor T-cells (CAR-T) · T-cell receptor engineered T-cells (TCR-T) · Viral 
cytotoxic T-lymphocytes (viral CTLs) · Natural killer (NK) cells · Dual-targeting 
immune cell engaging therapies · Pillars of cancer care

 Introduction

Historical descriptions of cancer have been found in ancient Egyptian texts dating 
as early as ~1600 B.C., with the term “carcinoma” first attributed to the Greek 
physician Hippocrates around the fourth-fifth century B.C [1, 2]. Additionally, one 
of the earliest observations of acquired immunity was reported as early as 
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~900 A.D. by the Persian physician and scientist Mohammed ibn Zakariya al-Razi, 
when he postulated that prior infection with smallpox seemed to confer resistance 
to future infection [3]. However, it was not until the late nineteenth century that the 
burgeoning field of pathology, bolstered by technical advances in microscopy, 
enabled the histopathologic features of cancer to be more fully explored. In 1863, 
Rudolph Virchow described the presence of leukocyte infiltration of neoplastic tis-
sues, marking one of the earliest reports of cellular immunoreactivity to malignant 
cells [4]. In 1891, William Coley published a report on the use of injections of 
streptococcal organisms to produce tumor shrinkage in sarcoma, hypothesizing 
that the immune response to a bacterial infection could promote anti-tumor 
responses [5]. While Coley’s research was met with criticism for methodologic 
inconsistencies and a lack of independent reproducibility, his work marked one of 
the first reports of immunotherapy to successfully treat cancer at a time when many 
of the basic functions of the immune system had yet to be described [6]. Meanwhile, 
during the late 1800’s and into the early 1900’s, Ilya Metchnikoff published semi-
nal research in which he described the process of phagocytosis by macrophages 
and leukocytes, providing important groundwork for our current understanding of 
cellular immunity. During the same period, Paul Ehrlich and others advanced 
research on the formation of antibodies and humoral immunity. Notably, Ehrlich 
applied his research to the field of oncology, proposing that the immune system 
was capable of “immune surveillance” of malignant tissues. In 1908, both 
Metchnikoff and Ehrlich were jointly awarded the Nobel Prize in Physiology or 
Medicine in recognition of their pioneering work on the fundamental mechanisms 
of cellular and humoral immunity [7].

Over the ensuing century, additional scientific discoveries continued to lay the 
foundations for cancer immunotherapy by elucidating fundamental humoral and 
cell-mediated effector functions of the innate and adaptive immune system, along 
with the complex mechanisms whereby the immune system recognizes and elimi-
nates cancer cells. Beginning in the 1990’s, technological advances enabled mod-
ern medicine to translate these scientific discoveries into effective 
immunotherapeutic approaches to treat cancer. Since that time, immunotherapy 
has quickly risen to become the latest pillar in the treatment paradigm of cancer 
therapeutics, along with surgery, radiation, chemotherapy, and targeted/precision 
therapies (Fig. 1).

Embedded within the pillar of immunotherapy lies a unique group of immuno-
therapies more accurately characterized as gene and cellular immunotherapies. As 
of 2021, the development of gene and cellular therapies stands as one of the most 
promising recent developments in cancer therapeutics for a wide array of both 
hematologic and solid malignancies. However, the realization of safe and effective 
gene- and cellular-based treatments for cancer has been a long journey marked by 
numerous milestones which warrant recognition (Fig. 2).

Z. D. Crees and A. Ghobadi
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 Allogeneic Hematopoietic Cell Transplantation

The development of allogeneic hematopoietic cell transplantation (HCT) and 
recognition of the associated “graft-versus-tumor” (GvT) effect serves as one of the 
earliest and most successful forms of cellular therapy to date. Following World War 
II, the discovery of radiation-induced bone marrow damage led to rapid scientific 
advances in the understanding of endogenous hematopoiesis. In 1957, Thomas et al. 
published early reports on the safety of bone marrow infusions in conjunction with 
lethal doses of radiation and high-dose chemotherapy for the treatment of various 
malignancies [8]. Subsequent research in the field of HCT for the treatment of mul-
tiple hematologic malignancies has paved the way for development of adoptive cel-
lular immunotherapies by expanding the current understanding of alloreactivity, 
conditioning regimens, GvT interactions, histocompatibility, and the key effector 
functions of various immune cell subsets.

 Donor Lymphocyte Infusions

Capitalizing on the growing appreciation of the GvT effect of allogeneic lympho-
cytes to produce long-term remissions following allogeneic HCT in the treatment of 
acute myeloid leukemia (AML), Kolb et al. published in 1990 on the efficacy of 
allogeneic donor lymphocyte infusions (DLI) as a form of adoptive cellular ther-
apy (ACT) for the treatment of patients with chronic myeloid leukemia (CML) 
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relapsing after allo-HCT [9]. Additional research has revealed the clinical efficacy 
of DLI in different malignancies to be somewhat variable, highlighting the com-
plexity of both host and donor immune surveillance as well as the ability of different 
malignancies to evade immune surveillance. Nevertheless, the use of DLI has led to 
valuable advances in understanding of important concepts relevant to gene- and cel-
lular therapies, including the cellular composition of the product, selection of opti-
mal cell doses, and the role of immunosuppressive therapies in modulating the 
therapeutic effects and toxicities of cellular therapy.

 Chimeric Antigen Receptor T-Cells

The first report of a genetically engineered T-cell which expressed a chimeric antigen 
receptor (CAR) containing the variable antigen-recognition domains of an antibody 
connected to the constant transmembrane and intracellular signaling domains of a 
T-cell receptor (TCR) was made by Yoshihisa Kuwana, Yoshikazu Kurosawa and 
colleagues in 1987 [10]. In 1989, Gideon Gross and Zelig Eshhar at the Weissman 
Institute published subsequent work further detailing the generation and functional-
ity of genetically engineered CAR T-cells [11]. Notably, these CAR T-cells were 
capable of recognizing antigen in the absence of major histocompatibility complex 
(MHC) presentation and activating T-cell effector functions. Further technical 
improvements in transduction efficiency, manufacturing processes and optimal pre-
parative conditioning regimens advanced the clinical development of CAR-T cells. 
Meanwhile, further refinement of the CAR constructs via modification to the single-
chain variable fragment (scFv) domains, the transmembrane domains, and most 
notably the intracellular endodomains by adding costimulatory domains (e.g. CD28 
or 41BB) has resulted in improved clinical efficacy. In 2017, data from pivotal clini-
cal trials evaluating two separate CD19 CAR T-cell therapies for the indications of 
relapsed/refractory acute lymphoblastic leukemia (ALL) and large B-cell lymphoma 
(LBCL) led to their United States Food and Drug Administration (FDA) approval 
[12, 13]. Since that time, additional CAR-T products have been FDA approved for 
mantle cell lymphoma (MCL), multiple myeloma (MM) and numerous CAR-based 
therapies are under active clinical development [14].

 Tumor Infiltrating Lymphocytes

In the 1980’s, Steven Rosenberg and collaborators further characterized the pres-
ence of a repertoire of tumor infiltrating lymphocytes (TILs) in melanoma tumors 
which exhibited anti-tumor reactivity. They subsequently published pre-clinical 
data on the efficacy of ACT using TILs extracted from tumors, expanded ex-vivo 
and re-infused into animals. In 1988, they reported data on the first-in human trial 
of ACT in metastatic melanoma, where TIL re-infusion resulted in >50% response 

The History of Cellular Therapies
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rates [15]. Rosenberg and colleagues then proceeded in 1990 to use a retroviral 
gene-transduced TIL to monitor location and persistence of TILs in vivo, marking 
the first-in-human use of a gene-edited cellular therapy in the treatment of cancer 
[16]. This pioneering work established TILs as an effective cellular therapy plat-
form for melanoma, while also demonstrating the safety of genetically modified 
cellular therapies. However, despite the groundbreaking nature of TIL therapy many 
tumor types do not contain TILs, thus limiting the broad clinical utility of TILs and 
necessitating the development of additional cellular therapy platforms.

 T-Cell Receptor Engineered T-Cells

Beginning in the 1980’s and continuing on into the present, various groups have 
contributed to the development of genetically engineered TCRs with enhanced 
antigen specificity and binding affinity capable of recognizing selected cancer anti-
gens of interest, especially intracellular antigens, within the context of MHC. One 
method published in 2006 by Morgan et  al., described the transduction of such 
genetically modified TCRs with specificity against the tumor-associated antigens 
(TAAs) gp100, MART-1, NY-ESO-1, and p53 into T-cells isolated from peripheral 
blood [17]. Since that time, this approach has allowed for the development of 
numerous engineered TCR T-cells against multiple TAAs which are in various 
stages in clinical development. These trials have not only highlighted the potential 
clinical benefit of genetically engineered cellular therapies, but also illustrated 
important lessons regarding the potential for serious, life-threatening immune- 
mediated toxicities and the need for careful selection of antigen targets to minimize 
risk of “on-target” but “off-tumor” toxicity to normal tissues expressing similar 
antigens.

 Viral Cytotoxic T-Lymphocytes

Viral Cytotoxic T-Lymphocytes (CTLs) have long been recognized as a naturally 
occurring subset of virus specific T-lymphocytes resulting from systemic viral 
infections which demonstrate the ability to target and kill virally infected cells. 
However, following the wide-spread clinical use of allo-HCT and concomitant 
immunosuppression, viral infections were increasingly recognized as significant 
sources of morbidity and mortality among HCT patients. In addition, it was also 
observed that patients receiving an allo-HCT from donors with pre-existing cyto-
megalovirus (CMV)-specific CTLs experienced lower rates of CMV reactivation 
following allo-HCT. In the 1990’s with the increasing use of DLI, it was also noted 
that DLI was capable of eliminating Epstein–Barr virus (EBV)-associated post-
transplant lymphoproliferative disorders (PTLDs) following allo-HCT. Subsequent 
research demonstrated that isolation and adoptive transfer of EBV-specific CTLs 

Z. D. Crees and A. Ghobadi
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was effective in reducing EBV viremia and appeared to reduce the risk of EBV- 
associated PTLD. In 2007, Haque et al. reported clinical outcomes evaluating EBV- 
specific CTLs to treat PTLD, with 52% response rates and a duration of response of 
more than 6 months [18]. Since that time, multiple additional clinical trials have 
been completed or are currently underway evaluating viral-specific CTLs for EBV+ 
PTLD and other viral infections.

 Natural Killer Cells

In 1975, Kiessling et al. first reported on the presence of “naturally occurring killer 
lymphocytes”, or Natural Killer (NK) cells, isolated from the spleens of mice 
which were capable of robust leukemia cell lysis [19]. Throughout the 1990’s and 
2000’s, seminal work conducted by Kärre, Ljunggren, Moretta and many others 
helped to characterize the diverse repertoire of NK cell receptors which mediate the 
unique function of NK cells, such as Killer Ig-like receptors (KIRs), Natural 
Cytotoxicity Receptors (NCRs) and non-HLA class I-specific activating receptors 
[20–22]. We now understand NK cells represent a unique subset of specialized 
effector lymphocytes which have the ability to directly kill malignant cells and 
virally infected cells through multiple mechanisms; while also being capable of 
interacting with various different innate and adaptive immune cells to promote a 
multi-faceted anti-tumor immune response. Early clinical development of NK cells 
as a platform for ACT demonstrated the effectiveness of donor-derived alloreactive 
NK cells in conjunction with allo-HCT for the treatment of leukemia [23]. 
Subsequent efforts employing various strategies including adoptive transfer of cyto-
kine stimulated NK cells, combining NK cell infusions with monoclonal antibodies 
(mAbs) and transduction of CARs into NK cells (CAR-NKs) have all shown prom-
ise in early clinical development.

 Dual-Targeting Immune Cell Engaging Therapies

Similar to the aforementioned cellular therapies, the clinical development of dual- 
targeting immune cell engagers spans decades. Beginning in the 1980s, descrip-
tions began to emerge of hetero-conjugated monoclonal antibodies with two 
different antigen-recognition domains capable of inducing a cytotoxic immune 
response to target antigens in the absence MHC presentation. However, early manu-
facturing of such dual-targeting cell engaging molecules was technically challeng-
ing and cost-prohibitive for large-scale clinical use. Nevertheless, technical advances 
and improved production costs facilitated further development of various dual- 
targeting cell engagers through the 1990’s and 2000’s. In 2014, the FDA granted 
accelerated approval for blinatumomab, a CD3 x CD19 bi-specific T-cell engager 
(BiTE), for the indication of relapsed/refractory B-cell ALL. Confirmatory data in 

The History of Cellular Therapies
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2017 from a Phase III, international, randomized study led to the first full FDA 
approval of a dual-targeting cell engager therapy for the treatment of cancer [24]. 
Additional studies investigating the modified dual-targeting platforms known as 
immune-mobilizing monoclonal TCR Against Cancer (ImmTAC), dual-affinity 
retargeting (DART) proteins and NK-cell engaging molecules have shown clinical 
activity in specific tumor types.

Disclosures AG reports participation in advisory board meetings of Kite, Amgen, BMS, Atara, 
and Wugen. AG has received research funding from Kite and Amgen.
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Basics of Immunity

Brian T. Edelson

Abstract This chapter will serve as a brief review of immunology for oncologists. 
No single chapter can fully describe the complexity of the immune system and so 
the goal here will be to simply serve as a refresher. Innate and adaptive immunity 
will be concisely reviewed, with a brief description of the cells of each system. 
Focus will then be paid to the how T cells are activated and function. Finally, basic 
principles of T cell-mediated immunity to tumors will be presented. These founda-
tional concepts will be useful for understanding later chapters which largely deal 
with the purposeful engineering of immune cells for adoptive cellular therapies. An 
attempt has been made to highlight recent review articles for further reading, with 
an emphasis on those that involve tumor immunology.

Keywords Innate immunity · Adaptive immunity · B cells · T cells · Natural killer 
(NK) · Natural killer T (NKT) cells · CD4+ cells · CD8+ cells · T helper (Th1, Th2, 
Th17) · T follicular helper (Tfh) · T regulatory cells (Treg) · Mucosal- associated 
invariant T (MAIT) cells · γδ T cells · Myeloid-derived suppressor cells (MDSCs) · 
Innate lymphoid cells (ILCs) · Cytotoxic T lymphocytes (CTLs) · B cell receptor 
(BCR) · T cell receptor (TCR) · Dendritic cells (DCs) · Antigen presenting cells 
(APCs) · Major histocompatibility (MHC) class I and class II molecules · 
Pathogen-associated molecular patterns (PAMPs) · Pathogen recognition receptors 
(PRRs) · Toll-like receptors (TLRs) · Tumor microenvironment (TME)

 Innate Vs. Adaptive Immunity

The responses of the immune system to injury or infection that occur within the first 
minutes to hours are collectively called the innate immune response. These systems 
are evolutionarily old, and mainly serve the functions of pathogen recognition and 

B. T. Edelson (*) 
Department of Pathology and Immunology, Washington University School of Medicine,  
St. Louis, MO, USA
e-mail: bedelson@wustl.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87849-8_2&domain=pdf
https://doi.org/10.1007/978-3-030-87849-8_2#DOI
mailto:bedelson@wustl.edu


14

rapid pathogen attack. Components of innate immunity exist in all human cell types, 
although a specialized set of immune cells, both tissue-resident and blood- 
circulating, also contributes in important ways. Components of innate immunity 
alert other cells to the presence of a pathogen, such that they can be mobilized to the 
site of invasion, or their cell-intrinsic defenses can be strengthened in preparation 
for an upcoming encounter with the pathogen. Aspects of the innate immune system 
are also active in processes that don’t involve pathogen invasion per se, including 
normal growth and organ development, responses to sterile wounding, physiologic 
interactions with the microbiome, and autoimmune responses. In the setting of 
tumor development, growth, and metastasis, cellular and soluble components of the 
innate immune system play important roles in both tumor promotion and restriction.

Adaptive immunity refers to the processes whereby lymphocytes of both the B 
cell and T cell lineages engage with antigens and carry out effector functions, again 
typically aimed at pathogen clearance. Unlike innate immune cells, which are typi-
cally more promiscuous in their recognition of common pathogen components or 
damaged cells, B and T cells are exquisitely antigen-specific and are called to duty 
only in the very special circumstance when their cognate antigen is involved. B and 
T cell development takes place in the bone marrow and thymus, respectively, in 
orchestrated processes whereby each cell is endowed with a single antigen-specific 
receptor [a B cell receptor (BCR) or T cell receptor (TCR)] in an anticipatory man-
ner, such that the collection of B and T cells provides an immense repertoire of 
specificities for recognition of the universe of pathogens. By anticipatory, here, I 
mean that the instruction for which unique antigen-receptor a particular B or T cell 
comes to express developmentally is not instructed by any encounter with cognate 
antigen itself. B and T cell development occurs in a manner whereby self-reactive 
cells are eliminated. This “central” tolerance system is not always complete, how-
ever, and so mechanisms of “peripheral” tolerance are also in place to assure that, in 
most cases, self-reactive lymphocytes are held in check.

One other important concept in understanding adaptive immunity is that the pro-
cess is clonal. A single B or T cell retains its unique BCR or TCR throughout its 
lifespan, and this antigen-receptor specificity is retained by progeny of the cell that 
arise through cell division. This is termed clonal expansion. For T cells, the TCR 
expressed by a single T cell clone is completely immutable, even upon T cell prolif-
eration. B cells, however, can make limited changes to the sequence of their BCR 
upon activation through a process called somatic hypermutation, in which amino 
acid changed arise in specific regions of the BCR. These changes are subtle, and 
ideally result in B cell progeny with BCRs that display heightened affinity for cog-
nate antigen, a process called affinity maturation.

 The Stereotypical Immune Response to a Pathogen

Here, I will describe a stereotypical immune response to an invading pathogen, as 
it illustrates many of the concepts important to understanding how immune 
responses occur more broadly. In general, the innate and adaptive immune systems 
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work together, which each feeding information to the other through soluble com-
ponents and cellular interactions. Upon initial encounter with a pathogen, innate 
immune cells and soluble pathogen recognition systems like the complement pro-
teins serve as initial sentinels to warn and prepare other host cells, but also make 
attempts to initially contain the pathogen and limit its spread. Effector systems of 
the innate response include molecules directly toxic to the pathogen, phagocytosis 
of the invading organisms, and mobilization of cell-autonomous defenses like the 
type I interferon (IFN) system. These systems also alert B and T cells that a patho-
gen has been encountered and create a set of conditions for optimal priming of 
naïve B and T cell responses. Priming typically occurs in the lymph nodes draining 
a breached tissue, or in the spleen, in the case of blood-borne pathogens. Intact 
pathogens, or components of the pathogen, reach lymph nodes via afferent lym-
phatic vessels, sometimes carried by migratory innate immune cells. In an amaz-
ingly efficient process, rare B and T cells with specificities for antigens of the 
invading pathogen engage these antigens, are activated through cell signaling cas-
cades, proliferate, and take on effector phenotypes as directed by signals they 
receive from innate immune cells.

Priming of antigen-specific, naïve T cells requires specialized antigen presenta-
tion by dendritic cells (DCs, a specialized innate immune cell type). Antigen pre-
sentation is a process whereby antigen presenting cells (APCs) partially catabolize 
protein antigens and display short peptide fragments of these antigens on their 
surface in complexes with major histocompatibility (MHC) molecules (Fig.  1). 
Pathogen recognition by innate immune cells can sense the type of pathogen 
encountered via recognition of pathogen-associated molecular patterns (PAMPs). 
PAMPs are recognized at the cell surface, within endosomal compartments, and 
within the cytosol by an array of pathogen recognition receptors (PRRs), includ-
ing multiple Toll-like receptors (TLRs) and a diverse set of cytosolic sensors. 
Distinct cytokine signals arising from antigen-presenting DCs based on the 
PAMPs detected drive specialized T cell responses, such that distinct effector T 
cell “subsets” develop.

In the cortex of lymph nodes, antigen-activated B and T cells also communicate 
with each other through soluble proteins called cytokines and through cell-cell 
interactions within the lymph node to orchestrate effects on the proliferating B cells, 
including adaptation to antibody secretion, optimization of antibody affinity 
(somatic hypermutation/affinity maturation) and isotype (a process called isotype 
switching), and the development of antigen-specific long-lived memory B cells and 
plasma cells. The complexities of B cell responses to antigens will not be covered 
further here.

Following T cell activation in lymph nodes, a process which usually takes 
5–7 days, effector T cells are recruited to sites of infection by chemokine signals 
created by innate immune cells. Here, effector T cells orchestrate an inflammatory 
reaction which ideally can eliminate the pathogen with minimal tissue damage. This 
reaction includes both recruitment of more innate immune cells, signals to the non- 
immune cells that make up the tissue, direct cytotoxicity of infected cells, and even-
tually signals that restore homeostasis and promote healing. While this T 
cell-mediated reaction is occurring, memory T cells are also forming to provide a 
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reservoir of antigen-specific T cells which have the properties of longevity and more 
rapid and robust activation for future encounters with the same pathogen. Following 
elimination of antigen, the large population of antigen-specific effector T cells that 
has formed through clonal expansion is markedly reduced, leaving behind a more 
modest but still important population of memory T cells. Notably, in chronic infec-
tions where antigen cannot be fully eliminated, T cell activation persists through 
repeated encounters with peptide-presenting APCs. T cells in this situation take on 
an “exhausted” phenotype, becoming recalcitrant to repeated stimulation and less 
robust in their cytokine secretion and cytotoxic activity.
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Fig. 1 Antigen presentation pathways. The MHC class I processing pathway (left) involves lim-
ited catabolism of cytosolic proteins into peptides which are then transported into the endoplasmic 
reticulum for loading onto MHC class I molecules. These MHC class I-peptide complexes traffic 
to the cell surface for presentation to TCRs on CD8+ T cells. The MHC class II processing path-
way (right) involves limited catabolism of exogenous protein antigens within vesicular compart-
ments. Peptides are loaded onto MHC class II molecules in the MHC II loading compartment. MHC 
class II-peptide complexes traffic to the cell surface for presentation to TCRs on CD4+ T cells
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 Cells of the Innate Immune System

Here, I will briefly describe the major cell types of the innate immune system. Note 
that some effector arms of the innate immune system, including complement, will 
not be covered.

Granulocytes. These can be divided into neutrophils, basophils, and eosinophils. 
They are myeloid cells that produced in the bone marrow and traffic via the blood 
to sites of inflammation. Each of these has specialized granules which can be 
deployed upon cell signaling and which contain compounds toxic to microbes. 
There are examples of these cells playing roles in the immune response to cancer as 
regulators of the tumor microenvironment (TME), sometimes in a manner that pro-
motes tumor growth or immune evasion, and at other times playing tumoricidal 
roles [1, 2]. Different tumor types may have different interactions with these cells. 
Neutrophils, in particular, have been associated with establishment of the pre- 
metastatic niche [3]. Furthermore, neutrophil-like myeloid-derived suppressor cells 
(MDSCs), sometimes called granulocytic or polymorphonuclear MDSCs, have 
been described that also can suppress anti-tumor adaptive immune responses [4].

Cells of the mononuclear phagocyte system. This collection of mononuclear cells 
encompasses monocytes, macrophages, and DCs. Monocytes are blood-circulating 
myeloid cells that form in the bone marrow and possess the properties of cell migra-
tion, phagocytosis, pathogen recognition, cytokine production, and antigen presenta-
tion [5]. Upon pathogen encounter and/or activation by inflammatory cytokines, 
these cells can differentiate into various forms of cells that morphologically resem-
ble the other cells of this lineage, creating significant nomenclature issues in the field 
(e.g. so-called inflammatory macrophages or monocyte-derived DCs) [6]. Monocyte 
responses to tumors, like granulocytes, can probably be both pro- and anti-tumoral, 
and monocyte-like MDSCs also have been identified and characterized [4].

Macrophages refer to a set of tissue-resident large phagocytes present in all 
organs in the steady state. Organs are seeded during embryogenesis with macro-
phage progenitors from either the yolk-sac or fetal liver, and in most organs mature 
macrophages are self-renewing [7]. In different organs, macrophages take on dis-
tinct features in response to environmental cues, such that historically these cells 
have been given diverse names (e.g. microglia, alveolar macrophages, red pulp 
macrophages of the spleen, Kupffer cells of the liver) and have been appreciated for 
their morphologic differences. Tissue-resident macrophages are important in tissue 
homeostasis and can respond to pathogens by enhanced phagocytosis, microbicidal 
activity, and cytokine production. These cells can also present antigenic peptides via 
surface MHC molecules to T cells. To different degrees in different organs, tissue- 
resident macrophages are replaced with age by blood-monocyte derived cells in the 
steady state. Monocytes respond to environmental cues and adopt the phenotype of 
embryonically derived macrophages, such that in adults, tissue-resident macro-
phages represent a mixture of cells derived from embryonic precursors and mono-
cytes [8]. Tumors contain a complex array of macrophages, including some derived 
from their organ’s originally resident macrophage population, and others derived 
from blood monocytes that have entered the tumor [9]. It is common for 
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macrophages in tumors to be designated “tumor-associated macrophages”, typically 
referring to cells with tumor-supporting characteristics, although this is an oversim-
plification that does not appreciate their heterogeneity [10].

DCs are bone-marrow derived cells present in all tissues and exist in three basic 
subsets, conventional DC1s (cDC1s), cDC2s, and plasmacytoid DCs (pDCs) [11] 
(Fig. 2). These subsets also exist in lymphoid organs. The two cDC subsets are pre-
mier APCs and, based on their collection of ligands for T cell-expressed costimula-
tory receptors and their cytokine production, are especially capable of priming naïve 
T cells. cDC1s are important in the priming of CD8+ T cells [12], with cDC2s hav-
ing been thought to have a stronger role in priming CD4+ T cells [13, 14]. cDC1s 
possess a specialized antigen presentation pathway called cross presentation, in 
which exogenous protein antigens captured through pinocytosis or phagocytosis 
can be catabolized to peptides presented on MHC class I molecules, the group of 
MHC molecules that presents peptide to CD8+ T cells [15]. In all other cell types, 
including non-hematopoietic cells, MHC class I-presented peptides derive from 
cytosolic protein antigens. cDCs of both subsets also perform typical antigen pro-
cessing of exogenous protein antigens to present peptides on MHC class II mole-
cules to CD4+ T cells. cDC presentation of tumor antigens is exceptionally important 
in the context of T cell immunity to tumors, with recognition that in some cases 
cDC1s are uniquely required for CD8+ T cell priming and T cell-mediated clear-
ance of model immunogenic tumors [12]. Newer data also suggests cDC1s play an 
important role in priming CD4+ T cell responses to tumor antigens, with CD4+ T 
cells subsequently “licensing” cDC1s to optimally prime anti-tumor CD8+ T cell 
responses [16]. pDCs are specialized cells with a unique collection of pathogen 
recognition receptors and which produce large amounts of type I IFNs upon recep-
tor signaling. This response is thought to be a means of rapidly responding to 
viruses. A role for pDCs in tumor immunity is unclear. Several attempts have been 
made to harness the power of DCs as cell-based therapeutics for the induction of a 
T cell response to tumor antigens [17]. In most cases, the cells used were dendritic 
in nature, but not bona fide cDCs. Rather, they were cells derived from blood mono-
cytes following in  vitro treatment with hematopoietic growth factors. Such 
monocyte- derived DCs may retain some of the antigen-presenting properties and T 
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Fig. 2 Dendritic cell subsets and functions. Three subsets of DCs, (A) cDC1s, (B) cDC2s, and (C) 
pDCs, are shown performing their classic functions. cDC1s prime CTL responses and provide the 
cytokine signals needed for the instruction of Th1 cell responses.  cDC2s provide the cytokine 
signals needed for the instruction of Th2 cell  and Th17 cell responses. pDCs recognize viral 
nucleic acids and are rapid producers of type I IFNs
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cell priming abilities of bona fide cDCs, and therefore could be useful therapeutics. 
There continues to be interest in harnessing the power of cDCs to initiate or aug-
ment anti-tumor T cell responses.

Mast cells. These myeloid cells are rich in connective and mucosal tissues and 
are heavily loaded with secretory granules. They are best recognized for their role 
in allergic responses following triggering by Fc epsilon receptor-bound IgE in 
response to allergens. They can also respond to other diverse ligands including com-
plement components and PAMPs. Their granules contain heparin, histamine, and 
proteases but they also release lipid mediators and cytokines that altogether can 
initiate a rapid and robust inflammatory response. Mast cells have been identified as 
a component of certain human tumors, and in different cases have been suggested to 
be pro- or anti-tumoral [18].

Innate and innate-like lymphocytes. Several types of innate and innate-like lym-
phocyte lineages have been identified with diverse functions. In general, many of 
these cell types are tissue-resident and some express a characteristic semi-invariant 
BCR or TCR for recognition of non-peptide ligands. These cells have homeostatic 
functions in tissues, but also are fast-acting and are important in the early phases of 
immune encounters with pathogens. This broad topic is beyond the scope of this 
chapter, but a few cell types deserve mention. Innate B cells, including B-1 cells and 
marginal zone B cells, secrete natural IgM important in the earliest phases of a pri-
mary immune response and may have immunoregulatory properties [19]. Innate- 
like lymphocytes (also called unconventional T cells) include natural killer T (NKT) 
cells, mucosal-associated invariant T (MAIT) cells, and γδ T cells [20]. These cell 
types secrete cytokines and/or display cytotoxic function in response to activation 
of their semi-invariant TCRs by specific ligands which are often derived from the 
microbiota [21]. Whether they play roles in immune responses to tumors remains 
unclear [22]. Finally, classical natural killer (NK) cells and innate lymphoid cells 
(ILCs) are non-TCR-expressing lymphocytes which share properties of cytotoxicity 
and cytokine production with T cells. NK cells utilize an array of activating and 
inhibitory ligands to sense cells experiencing various forms of cell stress and can be 
potent cytotoxic cells. NK cells are thought to be a component of tumor immuno-
surveillance [23]. ILCs exist as three tissue-resident subsets (ILC1, ILC2, and 
ILC3) that secrete distinct cytokines and have roles in tissue homeostasis [24]. Their 
roles in cancer are less clear. Importantly, and related to the chapters that follow, 
attempts are being made to harness the therapeutic potential of innate lymphocytes, 
especially NK cells, for the treatment of cancer [25].

 Cells of the Adaptive Immune System

B cells. These lymphocytes develop in the bone marrow through a process of anti-
gen receptor gene rearrangement of the immunoglobulin heavy and light chain 
genes, a process called V(D)J rearrangement [26, 27]. Developing B cells proceed 
through a series of defined stages in which their rearranged immunoglobulin genes 
are tested for function, but also for self-reactivity. Naïve, mature B cells emerge 
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from this process that are selective for non-self antigens with each B cell expressing 
a unique BCR that contains 2 identical antigen-binding regions. In naïve B cells 
these BCR molecules utilize specific constant regions determined by gene rear-
rangements of the heavy chain locus, such that these cells express BCRs of the IgD 
and IgM isotype. Transmembrane BCR proteins associate with short transmem-
brane proteins that contain cytosolic tails which can be phosphorylated upon BCR 
engagement by antigen. Naïve B cells circulate through the blood and lymphoid 
tissues scanning for their cognate antigen. Upon antigen binding, cell signaling 
pathways are triggered, largely involving phosphorylation events, leading to com-
plex changes in transcription, metabolism, and cytoskeletal structure [28]. This pro-
cess is called B cell activation. Antigen-activated B cells proliferate clonally and 
take on various phenotypes including forms that secrete immunoglobulin. Secreted 
immunoglobulin maintains the antigen specificity and basic structure of the trans-
membrane BCR, but instead does not express a transmembrane portion, allowing 
the protein to traffic intracellularly for glycosylation and ultimately secretion. B 
cells that receive T cell help in the form of cytokines and cell-cell interactions in the 
lymph node undergo complex phenotypic changes to result in clonal production of 
memory B cells and long-lived plasma cells, a process termed the germinal center 
reaction [29, 30]. This topic is beyond the scope of this chapter.

T cells. These lymphocytes develop from dedicated progenitors that leave the 
bone marrow and travel to the thymus for completion of development. Here, T cell 
precursors undergo v(D)J recombination to ultimately express a mature TCR and 
the associated transmembrane signaling molecules (generally referred to as the CD3 
complex). During this process selection occurs such that T cells with high reactivity 
for self-peptides presented by MHC molecules on thymic APCs are eliminated 
(negative selection). Further, only T cells with low affinity recognition for self- 
peptide with MHC molecules receive survival signals (positive selection). T cells 
with TCRs that are ignorant (i.e. have no recognition) of self-peptide/MHC are 
eliminated by apoptosis.

During this education process in the thymus, TCRs with low affinity for self- 
peptide and MHC class I molecules take on the phenotype of “cytotoxic T lympho-
cytes’ (CTLs) and express the surface protein CD8. Likewise, other TCRs with low 
affinity for self-peptide and MHC class II molecules direct cells to become CD4- 
expressing “helper” T cells. As reviewed earlier, each naïve T cell that develops 
expresses a single TCR specificity that has a unique reactivity with a foreign (but 
not yet “seen”) peptide in the context of one self MHC molecule (this is referred to 
as MHC restriction).

 T Cell Activation and Effector Functions

CD8+ T cells are recognized for their ability to rapidly kill target cells through a 
process that involves perforin and granzyme secretion in response to TCR recogni-
tion of cognate antigenic peptide presented by an MHC class I molecule. TCR 
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signaling and costimulation, most notably through CD28 binding to B7 molecules 
during priming by DCs, results in a phenotypic change in CD8+ T cells to become 
effector cells with increased perforin- and granzyme- containing granules and 
heightened cytokine secretion. CD8+ T cell proliferation is rapid, such that antigen- 
specific clones expand by several logs over the first week of an immune response to 
a pathogen. Many of these effector CD8+ T cells will eventually die by apoptosis 
after pathogen clearance, although some responding CD8+ T cells will phenotypi-
cally change during an immune response to become a heterogenous set of long- 
lived memory cell types. CD8+ T cells responding to chronic stimulation, in the 
form of non-resolving chronic infections or tumor antigens, however, undergo fur-
ther phenotypic changes to become “exhausted” [31]. This phenotype is character-
ized by metabolic alterations, lower cytotoxicity, and lower cytokine secretion 
(particularly IL-2, TNFα, and IFNγ). Exhausted T cells express a collection of nega-
tive costimulatory molecules, the most recognized of which is PD-1. Enhanced 
negative costimulation and chronic cytokine stimulation by IL-10 and TGFβ con-
tribute to T cell exhaustion.

CD4+ T cells orchestrate immune responses through their elaboration of cyto-
kines and their direct interaction with antigen presenting B cells. They play impor-
tant roles in the establishment of CD8+ T cell memory, as well. Upon activation 
through TCR signaling and costimulation, CD4+ T cells expand clonally (Fig. 3). 
During priming by DCs, instructive cytokines determine the gene expression profile 
of activated CD4+ T cells, such that they take on stereotypical “T helper subset” 
phenotypes through the actions of specific transcription factors. Activated CD4+ T 
cells have been divided into five basic subsets (Th1, Th2, Th17, Tfh, and Treg). Th1, 
Th2, and Th17 cells are marked by the production of their hallmark cytokines IFNγ, 
IL-4, and IL-17A, respectively [32, 33]. Each of these subsets is tailored to the 
response to a specific pathogen type (intracellular pathogens for Th1 cells, 
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helminths for Th2 cells, and extracellular bacteria and fungi for Th17 cells). T fol-
licular helper (Tfh) cells play a specific role in the germinal center response by 
providing signals to activated B cells to instruct their somatic hypermutation and 
isotype switching. T regulatory cells (Tregs) play an immunoregulatory role in sup-
pressing autoreactive cells through a variety of mechanisms including elaboration 
of immunosuppressive cytokines. Beyond these five basic subsets, other T helper 
cell subsets have been recognized based on their production of specific inflamma-
tory cytokines, but these, in general, are not as well characterized. Each of the T 
helper cell subsets can play important roles in tumors in different contexts and can 
recognize tumor antigens [34].

 Basics Principles of T Cell-Mediated Immunity to Cancer 
and Immune Evasion

Immunosurveillance is the process whereby the immune system can recognize can-
cer cells and eliminate them before they progress to tumor formation or effects on 
health. This is understood to be the domain of classical T cells and requires func-
tioning antigen presenting cells and the action of innate immune cells to allow effec-
tive T cell priming and effector function. There are also roles for innate-like 
lymphocytes and ILCs in the recognition of tumor cells through changes in tumor 
cell expression of MHC molecules and stress ligands which serve to activate NK 
cells, NKT cells, and γδ T cells [35–37]. A three-phase process encompassing an 
elimination phase, an equilibrium phase, and an escape phase has been described to 
explain the interaction of lymphocytes with tumor cells ultimately tumor growth. 
The initial phase involves successful elimination of malignant cells upon first rec-
ognition, a second phase in which malignant cells develop alterations to become 
partially resistant to lymphocyte cytotoxicity, and ultimately a phase in which vari-
ant malignant cells have the ability to completely resist the action of lymphocytes 
and grow unchecked. This sculpting of the biology of tumor cells by the immune 
system to select for those that can escape immune pressure is termed immunoedit-
ing [38–40]. The avoidance of immune recognition includes genetic and epigenetic 
changes such that tumor cells can reduce their expression of MHC molecules, alter 
their expression tumor antigens, express soluble factors or membrane proteins that 
negatively regulate T cells, or change the tumor microenvironment to include 
immune cells that result in T cell suppression, including Tregs and MDSCs.

CD4+ and CD8+ T cells recognize peptides derived from tumor antigens in the 
same way they would recognize foreign peptides, and DCs are critical for priming 
of these T cell responses. Tumor antigens can be divided into three basic types that 
are important to recognize when designing or utilizing adoptive cell therapy. Tumor- 
associated antigens are overexpressed normal proteins that either play a role in 
oncogenesis or represent a protein expressed at high levels by both tumor cells and 
normal cells of the same origin (“differentiation” antigens). T cells are normally 
tolerant to these antigens, but they can be useful targets of certain forms of 

B. T. Edelson



23

immunotherapy. Tumor-restricted antigens, also referred to as “cancer-testes” anti-
gens, are proteins which are normally only expressed on germ cells but become 
aberrantly expressed on tumor cells. These can be immunogenic and can be recog-
nized by T cells. Tumor-specific antigens are either viral proteins expressed in 
tumor cells by oncogenic viruses or mutated self-proteins. This latter group, termed 
neoantigens, encompass either peptides derived from oncogenic proteins or “pas-
senger” mutations to non-oncogenic proteins such that the amino acid changes 
result in a peptide that can be presented by MHC molecules and recognized as for-
eign by T cells. Neoantigenic peptides presented by MHC class I molecules to 
CD8+ T cells have garnered the most attention, but similar peptides exist that are 
presented by MHC class II molecules to CD4+ T cells. Optimal anti-tumor T cell 
responses require the priming of both types of T cells, and tumors with a higher 
mutational burden possess more neoantigens. Neoantigen-based cancer vaccines 
offer the promise of identifying neoantigens in a personalized fashion and deliver-
ing a vaccine that could prime or boost T cells specific to these peptides [41].

Finally, a few words on the three most prominent forms of cancer immunother-
apy, immune checkpoint blockade, T/NK cell engagers, and adoptive T cell therapy 
[42]. Immune checkpoint blockade refers to monoclonal antibody-based therapeu-
tics which block negative costimulatory molecule signaling on T cells. The most 
prominent negative costimulatory molecules expressed on T cells to date are CTLA4 
and PD-1, and agents targeting these have been remarkably successful at inducing 
profound anti-tumor responses in a subset of patients in a variety of cancer types. 
These work, in general, through enhanced activation of T cells and increased prolif-
eration, effector function, and memory cell development. They may also have nega-
tive effects on Tregs such that the tumor microenvironment becomes more amenable 
to the action of effector T cells. Other negative costimulatory molecules on T cells 
are also of considerable interest as targets for novel checkpoint inhibitors.

T/NK cell engagers are engineered multi-functional antibody-like proteins with 
at least one antigen-binding site specific for a T cell or NK cell activating receptor 
and at least one antigen-binding site specific for a surface-expressed tumor- 
associated antigen. T/NK engagers coordinate an interaction between a lymphocyte 
and a tumor cell to promote direct tumor cell killing.

Adoptive T cell therapy refers broadly to the injection of patient-derived or allo-
genic T cells aimed at promoting an anti-tumor response. “Donor lymphocyte infu-
sions” can be a component of allogeneic hematopoietic stem cell transplantation 
and mediate graft vs. tumor effects. Other forms of adoptive T cell therapy include 
the in vitro expansion and reinfusion of patient-derived tumor-infiltrating lympho-
cytes (TILs) that target tumor antigens, TCR gene-modified T cells (TCR-T), viral 
specific cytotoxic lymphocytes (viral CTLs), NK cells, and chimeric antigen recep-
tor T cells (CAR-T cells). In particular, the last few years has seen an explosion in 
interest in CAR-T cells and related forms of engineered cells that are the subject of 
many of the subsequent chapters in this volume. These cells are being designed with 
specificity for new target antigens that may allow them to target solid tumors and are 
being modified to enhance their trafficking, function, and longevity. Challenges for 
both immune checkpoint blockade-based therapies, T/NK cell engagers, and 
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adoptive cell therapies include patient selection, serious immune- mediated adverse 
events, high cost, and treatment resistance. These challenges are being tackled by 
numerous basic, translational, and clinical studies, and the future is bright for cancer 
immunotherapy.
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Abstract Chimeric antigen receptors (CARs) are engineered receptors that redi-
rect immune cells to target cancer cells. CAR-T cells have had impressive results in 
patients with hematologic malignancies, leading to the FDA approval of five CAR-T 
cells for relapsed or refractory B cell malignancies. The components of these CARs 
(the extracellular antigen-binding domain, hinge and transmembrane region, co-
stimulatory domains, and activation domain) were methodically designed to opti-
mize cell activation and improve cell persistence. Using different domains or 
making minor modifications to the domain sequence greatly changes the CAR-T 
cell’s efficacy. Despite their success thus far, many patients develop CAR-T cell- 
associated toxicities and relapse from CAR-T cell therapy. Next-gen CAR-T cells 
aim to reduce toxicity and prevent relapse through refining antigen targeting, regu-
lating assembly or activation of the CAR components, preventing anti-CAR immu-
nity, and/or armoring the cell to respond to its surroundings. While the FDA 
approved CAR-T cells target two B cell antigens, CD19 and B cell maturation anti-
gen (BCMA), additional targets for B cell malignancies, other hematologic cancers, 
and solid tumors are rapidly emerging. Antigens shared across tumor types that have 
been or are currently being tested in clinical trials are discussed.
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 Overall Anatomy and Design of CAR-T Cells

Chimeric antigen receptor (CAR)-T cells are lymphocytes that are genetically engi-
neered to express an antigen receptor and signaling domains that reprogram the T 
cell to activate in response to binding a specific target. Engineered T cell therapies, 
an emerging branch of immuno-oncology, have achieved impressive response rates 
and durable remissions in patients with hematologic malignancies. Following their 
FDA approval, CAR-T cell research rapidly expanded, with new and innovative 
designs improving their function. Each component of the CAR has a specific func-
tion in antigen binding, signaling, and persistence—factors that influence CAR-T 
cell anti-tumor efficacy.

 First, Second, and Third Generation CARs

CARs are composed of four major domains: antigen binding, hinge, transmembrane 
and intracellular signaling. Each domain plays a role in recognizing the CAR target 
and relaying this signal to activate the T cell. Determining the optimal components 
to drive CAR-T cell function is a major area of CAR-T cell research. First genera-
tion CARs contained an extracellular antigen binding domain composed of the 
single- chain variable fragment (scFv) of an antibody sequence attached to a trans-
membrane domain and CD3ζ intracellular signaling domain from the endogenous T 
cell receptor (Fig. 1a, b) [1–3]. These CARs were designed so that when the scFv 
region binds its target antigen, CD3ζ transduces an activating signal for the T cell to 
expand, kill the target cell, and persist for long-term tumor control. However, clini-
cal trials using first generation CARs showed little efficacy in patients due to limited 
expansion and persistence of the CAR-T cells [4].

To improve their function, second generation CARs were developed with addi-
tional intracellular signaling domains aimed at boosting the activation signal. 
Second-generation CARs typically contain either a CD28 or 4-1BB co-stimulatory 
domain placed between the transmembrane domain and CD3ζ Fig. 1b [5, 6]. Either 
combination implemented in CD19-targeted CAR-T cells demonstrated anti-tumor 
efficacy in patients, with profound and durable responses achieved for relapsed or 
refractory B cell leukemia [7–9]. These results led to the FDA approval of two 

Fig. 1 (continued) Third generation CAR-T cells feature multiple co-stimulatory domains. (c) 
The improved efficacy of second generation CARs led to the FDA approval of four CD19- targeted 
and one BCMA targeted engineered T cell therapies in 2017, including CD28-containing 
Axicabtagene ciloleucel and 4-1BB-containing Tisagenleleucel. Brexucabtagene autoleucel, 
approved for use in mantle cell lymphoma in 2020, uses the same CAR construct as axi-cel, but 
differs in the method of T cell isolation. Lisocabtagene maraleucel uses a 4-1BB costimulatory 
domain with a CD28 transmembrane domain and contains a 1:1 mixture of transduced CD4 and 
CD8 T cells. Idecabtagene vicleucel, approved this year for use in multiple myeloma, is another 
second generation CAR with an anti-BCMA scFv and a 4-1BB costimulatory domain
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Fig. 1 Schematic of CAR design by generation. (a) Canonical chimeric antigen receptor (CAR) 
constructs contain an extracellular binding domain derived from an antibody single-chain variable 
fragment (scFv) sequence, including variable light (VL) and variable heavy (VH) regions of the antigen 
binding fragment (Fab) of an antibody. Intracellular signaling domains are derived from sequences in 
the endogenous T cell receptor (TCR) and vary by generation (b). First generation CAR-T cells con-
tain only CD3ζ sequence, however, resulting T cell expansion and persistence is inadequate for clini-
cal use. Second generation constructs harbor an additional co-stimulatory sequence—typically either 
CD28 or 4-1BB—and have shown improved efficacy and persistence in humans. 
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second-generation CAR-T cells in 2017 (Fig. 1c). Axicabtagene ciloleucel (axi-cel, 
brand name Yescarta, manufactured by Kite Pharma Inc.) is composed of a CD19- 
specific scFv, CD28 hinge and transmembrane domain, CD28 costimulatory 
domain, and CD3ζ activation domain. Axi-cel is approved for relapsed or refractory 
large B-cell lymphoma [10], and more recently for relapsed or refractory follicular 
lymphoma. Tisagenleleucel (tisa-cel, brand name Kymriah, manufactured by 
Novartis) harbors the same scFv and activation domain but contains a CD8 hinge 
and transmembrane domain with a 4-1BB costimulatory domain. Tisa-cel is 
approved for pediatric and young adult relapsed or refractory B-cell acute lympho-
blastic leukemia (ALL) and adult relapsed or refractory large B-cell lymphoma 
[11, 12].

Since then, three more second generation CAR-T cells have been approved by 
the FDA (Fig.  1c). In 2020 and 2021, two additional second-generation CD19- 
targeted CAR-T cells were approved by the FDA.  Brexucabtagene autoleucel 
(brexu-cel, brand name Tecartus, manufactured by Kite Pharma Inc), approved for 
use in mantle cell lymphoma, is identical to the axi-cel CAR construct, but varies in 
the manufacturing process [13]. During manufacturing, the T cells are isolated to 
ensure that no leukemia or lymphoma cells are included in the product. Lisocabtagene 
maraleucel (liso-cel, brand name Breyanzi, manufactured by Juno Therapeutics 
Inc./Bristol-Myers Squibb) harbors a similar 4-1BB costimulatory domain as tisa- 
cel, but also has a CD28 hinge and transmembrane domain [14]. During the manu-
facturing process, genetically modified lymphocytes are allocated into a 1:1 mixture 
of CD4:CD8 T cells prior to infusion into the patient. Finally, in March of 2021, 
idecabtagene vicleucel (ide-cel, brand name Abecma, manufactured by Bristol- 
Myers Squibb) was approved by the FDA for treatment of relapsed or refractory 
multiple myeloma [15]. Ide-cel is a second generation CAR with an anti-BCMA 
scFv, a 4-1BB costimulatory domain, and a CD8 ∝ hinge and transmembrane domain.

Third generation CARs contain two co-stimulatory domains adjacent to CD3ζ to 
further enhance the strength of the intracellular signal. Other costimulatory domains 
that have been tested in CAR-T cells include OX40 [16], CD27 [17], and inducible 
T cell co-stimulator (ICOS) [18] (Fig. 2). The type of costimulatory domain included 
in the CAR renders different CAR-T cells with varying functional properties, which 
will be discussed later in this section.

 Extracellular Antigen-Binding Domains

The extracellular segment of the CAR is classically composed of an scFv that binds 
to the target antigen (Fig. 2). The scFv contains variable light (VL) and variable 
heavy (VH) regions of an antibody specific to the target antigen connected by a flex-
ible linker. The affinity of the scFv for its target antigen influences the strength of 
the activation signal relayed to the T cell, with higher affinity leading to greater 
activation. When the binding affinity is low, CAR-T cells can discern between cells 
with overexpression or normal expression of the target antigen [19–21]. This is 

T. R. Berger et al.



33

advantageous if the target is found on both normal and tumor cells. On the other 
hand, an scFv with high binding activity can lead to overactivation of the T cell, 
resulting in activation-induced cell death (AICD) [22, 23] or toxicity [24, 25]. The 
organization of the VL and VH within the CAR construct can also affect the binding 
activity of the scFv, with the VL-linker-VH orientation (versus VH-linker-VL) typi-
cally having greater binding activity [26].

The linker is traditionally composed of repeated glycine and serine residues, 
allowing for flexibility and solubility respectively. The length of the linker affects 
the binding activity of the scFv, since it determines the distance between the VL and 
VH. Depending on the composition, some scFvs have the tendency to dimerize or 
multimerize without interacting with their target antigen, leading to activation- 
independent or “tonic” signaling of the CAR. This can result in CAR-T cell exhaus-
tion or activation-induced cell death (AICD) [27, 28]. The length of the linker can 
also affect this clustering, as longer linkers tend to decrease dimerization [26, 29]. 
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Fig. 2 CAR domain components. Chimeric antigen receptor (CAR) proteins consist of an extra-
cellular antigen-binding domain, a hinge, a transmembrane domain, a co-stimulatory domain, and 
an activation domain. The extracellular portion of the CAR is most often composed of a single- 
chain variable fragment (scFv) molecule, though camelid nanobodies and humanized natural 
ligands or cytokines have been used. The intracellular regions, which function in activation upon 
antigen binding, typically harbor a T cell activation domain derived from the CD3ζ chain of the T 
cell receptor. Co-stimulatory domains often include CD28 or 4-1BB and can influence CAR-T cell 
memory, phenotype, and metabolism. Other co-stimulatory domains have been tested including 
OX40, CD27, and inducible T cell co-stimulator (ICOS). The activation domain, composed of 
CD3ζ, DAP12, or other sequences, contains immunoreceptor tyrosine-based activation motif 
(ITAM) regions that can be mutated to attenuate downstream activity
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Linkers with different compositions, such as the Whitlow linker [30], have also been 
used to enhance the stability and affinity of the scFv.

The scFv is usually derived from monoclonal antibodies of mouse origin, and 
thus can be recognized as foreign by the immune system. In some cases, patients 
have developed immunity to the mouse portions of the CAR, thereby limiting the 
persistence of the CAR-T cells [31]. To address this issue, several CARs were 
developed with a fully humanized scFv sequence that does not trigger rejection 
[32–38]. However, some instances of anti-CAR immunity have been reported even 
with a human scFv [39]. Camelid antibodies, composed of a single domain heavy 
chain (VHH, also known as nanobodies), have low immunogenic potential due to 
high sequence homology with human VH fragments and may circumvent immune 
rejection [40]. CARs using VHH demonstrate high binding affinity to various tumor 
antigens and efficiently trigger T cell activation when used in a third generation 
CAR construct with CD28 and OX40 costimulatory domains [41, 42] or a second 
generation CAR with CD28 [43].

Rather than using antibody fragments, the antigen binding domain can be engi-
neered from natural ligands to receptors found on cancer cells. Natural ligands are 
attractive because they are also fully human and less likely to elicit rejection. 
Previously studied candidates include tumor receptor ligands, such as APRIL, 
which binds to BCMA and TACI on myeloma cells [44, 45] or T1E, which binds to 
ErbB receptors on various tumors [46]. These CARs are referred to as “promiscu-
ous” because they can bind multiple antigens with a single receptor. Immobilized 
cytokines (called zetakines) may also serve as the binding domain in the CAR con-
struct and have been shown to bind natural receptors expressed on tumor cells [47].

 Hinge and Transmembrane Domain

The extracellular antigen-binding domain is connected to the transmembrane 
domain through a hinge, also known as a spacer (Fig. 2). Most CAR designs use 
immunoglobulin (Ig)-like hinges, either derived from IgG or from native T-cell mol-
ecules. IgG-derived hinges can be targeted by myeloid cells or other lymphoid cells 
with Fc gamma receptors (FcγR) against the CH2 IgG domain. This interaction can 
lead to AICD of the CAR-T cell and decreased engraftment in animal models [48–
50]. However, mutating or removing the CH2 prevents interaction with FcγR and 
restores CAR-T cell function in vivo [48, 51, 52]. On the other hand, T cell derived 
hinges are commonly composed of domains from CD28 or CD8 [53, 54].

Hinge length and flexibility play important roles in CAR activation, since a spe-
cific distance between the interacting cells is required for an immune synapse to 
form. The length of the hinge influences flexibility. For example, longer hinges 
provide more flexibility to target epitopes of the target antigen that are closer to the 
cell membrane [55, 56] or with complex glycosylation [57]. Alternatively, short 
hinges are best for tumor antigen epitopes near the amino terminal of the target 
protein, which are easily accessible [22, 55].
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The transmembrane portion anchors the CAR to the cell membrane through a 
hydrophobic α helix, usually derived from CD3ζ, CD28, CD4, or CD8α. Though it 
is the least studied of all the CAR components, the transmembrane domain has a 
significant role in the stability and function of the CAR-T cell [58, 59]. CD28 pro-
vides more stability, whereas a CD3ζ transmembrane domain can associate the 
CAR with other molecules of the native TCR/CD3 complex [58, 60].

 Costimulatory Domains

CARs are designed with one or multiple costimulatory domains intracellular to the 
transmembrane domain (Fig.  2). Costimulatory domains were added to second- 
generation CARs, since signaling from the CD3z domain alone was insufficient to 
activate resting T cells [61]. As discussed previously, the primary costimulatory 
domains used in CARs are 4-1BB and CD28. Both are used in FDA-approved 
CAR-T cells and we now recognize that the activity and function of these products 
vary depending on which costimulatory domain is used [62, 63]. For example, 
CAR-T cells with a 4-1BB costimulatory domain tend to expand more slowly and 
persist longer compared to those with a CD28 costimulatory domain, which expand 
rapidly but are more prone to T cell exhaustion [10, 64]. In patients, CD28 CAR-T 
cells are usually undetectable within 3 months [7, 65], while 4-1BB CAR-T cells are 
detectable for several years [66]. This discrepancy is thought to be due to the consti-
tutive association of the tyrosine kinase LCK with the CD28 costimulatory domain, 
resulting in a high magnitude of protein phosphorylation upon activation. In contrast, 
4-1BB CAR-T cells show a lesser degree of phosphorylation, which may result in 
decreased sensitivity to triggering in the setting of low antigen density [67]. The 
costimulatory domains also influence the CAR-T cell memory phenotype and metab-
olism. CAR-T cells bearing a 4-1BB domain have a more central memory phenotype 
and exhibit fatty acid metabolism while those with a CD28 domain have an effector-
like memory phenotype and primarily undergo glycolytic metabolism [67–71].

Most studies directly comparing costimulatory domains have been conducted in 
mice, though two small studies investigated products with different domains in the 
same patient. In the first of these clinical studies, patients with B cell malignancies 
were simultaneously injected with first and second generation CD19-targeted 
CAR-T cells. Serum FACS analyses revealed improved expansion and enhanced 
persistence among second-generation CAR-T cells, suggesting more favorable 
pharmacokinetics [72]. The same group similarly compared second and third-gen-
eration CARs (with both CD28 and 4-1BB) in patients and showed further improved 
expansion and persistence with the addition of the 4-1BB domain [73].

Alternative costimulatory domains have been tested in CAR-T cells in preclini-
cal models but have not yet been tested in clinical trials. These include OX40 [16, 
74, 75], CD27 [17], ICOS [18], MYD88 and CD40 [76], and killer cell 
immunoglobulin- like receptor SDS2 (KIR2DS2) combined with an immunotyro-
sine-based activation motif-containing adapter (DAP12) [77]. CD27 has been 

Biology of CAR-T Cells



36

shown to enhance CAR-T cell survival compared to CD28 [17]. ICOS drives a Th1/
Th17 phenotype in CD4+ T cells and increases in vivo T cell persistence compared 
to CD28 or 4-1BB [18]. When ICOS is used in combination with 4-1BB in a third 
generation CAR, T cells exhibit greater antitumor effects and increased persistence 
in vivo compared to second generation CAR-T cells [59].

 Activation Domains

The activation domain, the most distal intracellular portion of the CAR, is most 
commonly composed of the CD3ζ sequence (Fig. 2). It contains three immunore-
ceptor tyrosine-based activation motifs (ITAMs) that are phosphorylated when the 
CAR is activated by the target antigen. ZAP70 is subsequently recruited to initiate 
a signaling cascade similar to that of the endogenous T cell receptor [78]. Mutating 
the ITAM motifs in CD3ζ can optimize activation, prevent exhaustion, and create a 
central memory phenotype without sacrificing effector functions in a preclinical 
model [79]. These ITAM-mutant 1XX CAR-T cells are the subject of several ongo-
ing clinical investigations in patients (NCT04464200; NCT04577325). In a differ-
ent strategy, a second generation CAR using DAP12 in combination with 4-1BB 
demonstrated comparable tumor killing but decreased cytokine-mediated systemic 
toxicity, relative to 4-1BB-CD3ζ CARs, in a xenograft mouse model [80].

 Next-Gen Modifications

Next-generation CAR-T cells are engineered with creative designs to combat fac-
tors that limit efficacy in patients. Three common mechanisms of treatment failure 
include antigen escape, CAR-T cell-associated toxicities, and limited persistence 
in vivo, which can be in part due to suppression in the tumor microenvironment 
(TME.) Next-gen CAR-T cell modifications can enhance tumor cell killing, miti-
gate toxicities, and overcome suppression.

 Multi-Targeted CARs

As more patients have been treated with CAR-T cells, a common mechanism of 
relapse is antigen escape—where the tumor downregulates or mutates the target 
antigen, resulting in outgrowth of antigen-negative tumor cells [81, 82]. In fact, up 
to 25% of ALL patients treated with CD19-targeted CAR-T cells relapse with 
CD19-negative disease [64, 83]. To overcome this limitation, CARs targeting more 
than one tumor antigen have been developed to increase tumor cell elimination and 
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decrease the potential for antigen negative tumor outgrowth. In addition to promis-
cuous CARs discussed previously, multi-targeted CAR-T cells use two or more 
antigen binding domains to target multiple antigens simultaneously. This can be 
achieved through the transduction of multiple CAR constructs into the same T cell, 
either via the same [84] or separate construct(s) [85], or coadministration of sepa-
rately transduced CAR-T cells [86–88] (Fig. 3a). Alternatively, two scFvs specific 
to different target antigens can be expressed in tandem and attached to a single 
intracellular signaling domain [89–91] (Fig. 3a). Each of these combinations has 
required optimization of the CAR design, including the use of different configura-
tions of the linker and antigen binding variable regions [92, 93].

CAR-T cells can also target multiple tumor antigens by secretion of a bispecific 
T cell engagers (Fig. 3b). T cell engagers are composed of two scFvs in tandem: one 
specific to a tumor antigen and the other to the CD3 domain of the TCR. Upon bind-
ing the tumor antigen, T cell engagers can recruit endogenous T cells in the tumor 
microenvironment to kill tumor cells. T cell engagers have known efficacy when 
delivered as monotherapy, though significant cytokine-mediated toxicity can occur 
[94]. Local secretion by CAR-T cells enables antigen targeting without systemic 
dissemination of the antibody or downstream immune-related adverse effects 
(irAEs) due to target antigen expression in normal tissue [95].

 Self- or Triggered-Assembly of CARs

Several methods of indirect antigen binding have been devised to allow for a single 
CAR-To target different antigens. These “universal” CARs allow the same CAR 
design to be used across different tumor types. This can be achieved through the use 
of a bridging molecule that binds to a tumor-associated antigen and provides a com-
plimentary binding domain for the CAR. For example, an scFv can be linked to a 
leucine zipper that binds to a cognate leucine zipper CAR (also known as a SUPRA 
CAR) [96]. When the leucine zippers interact, the CAR self-assembles, and the T 
cell is activated. A variation of this strategy is to use a tagged tumor antigen anti-
body with an anti-tag CAR, such as a biotinylated antibody and a CAR with an 
avidin binding domain [97, 98] or a fluorescein (FITC)-tagged antibody and a 
FITC-binding CAR [99]. Similarly, CARs can be engineered with a CD16 binding 
domain that recognizes the Fc constant region of tumor-specific antibodies when 
bound to their target antigen [100]. These methods are highly dependent on T cell 
persistence and the half-life of the adaptor.

Adaptor systems can also improve the safety of CAR-T cells by enabling 
dynamic control of cell activation. Among the safety issues posed by CD19-directed 
CAR-T cells is overactivation of the T cells leading to cytokine release syndrome 
(CRS) or immune cell-associated neurotoxicity syndrome (ICANS). The ability to 
rapidly turn off CAR-T cells when toxicity becomes apparent can circumvent these 
potentially fatal irAEs in patients. Low molecular weight adapters can be designed 
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Fig. 3 Next generation CAR-T cell modifications. Chimeric antigen receptor (CAR)-T cells can 
be designed to evade tumor antigen escape and mitigate off tumor effects. (a) Antigen escape can 
be evaded by infusing a mixture of CAR-T cell products targeting different antigens or multi-tar-
geted CAR-T cells designed to target multiple tumor antigens either via the same or different CAR 
constructs or (b) CAR-T cells engineered to secrete bi-specific T cell engagers which recruit 
endogenous T cells to engage in tumor killing. (c) To improve safety, one approach is to turn 
“OFF” the CAR by attaching a zinc finger degron motif to the C-terminus, which binds lenalido-
mide. When lenalidomide is added, a ubiquitin ligase is recruited, which targets the CAR for 
degradation and inactivates the CAR-T cell. (d) Triggered assembly CARs improve safety by 
enabling dynamic control of CAR-T cell activation via exogenously administered agents. In one
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to bridge FITC to a molecule that will bind a receptor on the tumor cell, such as 
folate and the folate receptor. When coadministered with FITC-binding CAR-T 
cells, this adaptor molecule induced tumor killing in a mouse model [101]. 
Importantly, cessation of adaptor infusion or administration of a competing ligand 
halted cytokine- mediated toxicity [101]. A similar system uses a tumor-specific 
antibody fragment (Fab) containing a neo-epitope peptide that will bind to a CAR 
with an scFv specific to the neoantigen (termed a switch CAR) [102]. When this 
strategy was implemented using a Fab against CD19 in a xenograft model of B cell 
leukemia, it enabled dose-adjusted tuning of activity with comparable efficacy and 
lower systemic cytokine levels relative to standard CD19-targeted CAR-T 
cells [102].

CAR-T cell activation can also be controlled through the addition of small mol-
ecules that trigger CAR assembly. One version of an “ON-switch” CAR uses a split 
CAR with an antigen-binding domain that assembles with the intracellular signaling 
domain only in the presence of a heterodimerizing small molecule. This CAR, nick-
named a remote-control CAR [103], provides a tunable system to control the CAR-T 
cell activation. Another “ON-switch” CAR, termed a SWIFF-CAR, uses a CAR 
construct linked by a protease site to a protease that is connected to a degron. In the 
absence of a protease inhibitor, the protease will cleave the site, disconnecting the 
CAR and allowing its expression on the cell membrane. Conversely, in the presence 
of a protease inhibitor, this activity is blocked and the CAR construct is targeted for 
proteolytic degradation by the degron [104]. Another degron-based system directly 
targets the CAR for degradation by including a C-terminal zinc finger degron motif 
that recruits a ubiquitin ligase in the presence of lenalidomide, thus targeting it for 
degradation (Fig.  3c) [105]. Lenalidomide, which is FDA-approved for treating 
multiple myeloma and non-Hodgkin lymphoma, can be used in a similar system to 
activate CAR expression on the T cell surface. A split CAR can be engineered with 
one subunit containing the extracellular antigen- binding and CD28 intracellular 
domains connected to the zinc finger degron and the other subunit made up of CD28 
and CD3ζ domains flanking a CRBN lenalidomide binding motif (normally found 
as part of the E3 ubiquitin ligase complex.) In this system, addition of lenalidomide 
induces dimerization of the CAR and activation in the presence of target antigen 
(Fig. 3d) [105].

Fig. 3 (continued) example, lenalidomide-binding (CRBN) and zinc finger degron (IKZF3) 
domains can be engineered into SPLIT CARs to enable dimerization and thus activation only in the 
presence of lenalidomide. (e) Logic-gated CAR-T cells can mitigate on-target off-tumor effects by 
introducing another layer of specificity. Multi-targeted SPLIT CARs activate only when two tumor 
antigens are bound by separate scFvs. (f) Conditional expression of a CAR against one antigen is 
activated by binding of a separate synthetic Notch (synNotch) receptor against a different tumor 
antigen. (g) CAR-T cells can inactivate upon binding to an antigen on non-malignant cells. Thus, 
activation depends on binding to one tumor antigen but not the other in a “NOT” logic gate 
approach. (iCAR, inhibitory chimeric antigen receptor; ITIM, immunoreceptor tyrosine- based 
inhibitory motif; PD-1, programmed cell death 1)
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 Logic-Gated and Drug-Controlled CARs

When targeting multiple antigens, CAR-T cells can be designed to activate via bind-
ing of either one antigen, both antigens, or one antigen but not the other. According 
to Boolean logic, the former can be referred to as “OR” gate CARs. While “OR” 
gate CARs address the challenge of variable antigen expression and tumor hetero-
geneity, the risk of on-target off-tumor effects remains a concern due to their ability 
to bind two antigens that may be expressed on normal tissue. To mitigate this toxic-
ity, multi-target CAR-T cells have been engineered to activate only when both anti-
gens are recognized, referred to as “AND” gate CARs [106]. Dual activation can be 
achieved by using a split-CAR construct in which the scFv targeting one antigen is 
linked to the CD3ζ domain and the scFv targeting the other antigen is linked to 
CD28 and 4-1BB. Only when both scFvs are bound to their target antigens will the 
CARs cluster together and transduce an activation signal (Fig. 3e) [106–108].

Another strategy for regulation of CAR-T cells is the synNotch system, which 
utilizes a synthetic notch receptor (synNotch) with a tumor-specific extracellular 
antigen binding domain linked to an intracellular transcription factor (Fig. 3f). Upon 
binding to its target antigen, the receptor is cleaved, and the transcription factor is 
triggered to move into the nucleus to induce transcription of a separate construct, 
encoding a CAR against a different tumor antigen [109]. Implementation of this 
complex “AND” gate exhibited safe anti-tumor efficacy in a solid tumor model 
[110] but had significant on-target off-tumor effects in a hematologic tumor model, 
felt to be due to co-localization of dual and single antigen expressing cells [111]. 
Recently, synNotch receptors have been used to create a three-antigen “AND” gate 
that is composed of three sequentially linked CARs. This system is capable of selec-
tively eliminating tumor cells expressing all three tumor antigens, while ignoring 
tumors expressing only two of the target antigens in a bilateral tumor mouse 
model [112].

Inhibitory CARs use a “NOT” gate approach, through which CAR-T cell activa-
tion depends on the presence of one antigen and the absence of another (Fig. 3g). In 
this system, a canonical CAR construct targeting a tumor-associated antigen is 
paired with a separate CAR tethered to an inhibitory intracellular domain, usually 
from CTLA-4 or PD-1. CAR-T cell binding to the latter target antigen transduces 
downstream dephosphorylation (and therefore inactivation) of the intracellular 
domain of the first CAR [113]. This results in CAR-T cell inactivation upon binding 
to antigen on non-malignant cells.

CAR-T cell activation can also be dynamically regulated using drug-controlled 
systems to rapidly turn off downstream activity. It was recently discovered that 
dasatinib, which is FDA-approved for the treatment of chronic myeloid leukemia 
and ALL, inhibits LCK binding to CD3ζ and therefore inhibits CAR intracellular 
signaling [114]. Although the use of dasatinib for treatment of CRS in patients has 
not been reported, in mouse models of lymphoma, dasatinib reduced mortality from 
CRS by reversibly limiting CAR-T cell activation [114]. CAR-T cells can also be 
engineered to express non-signaling receptors, such as the extracellular and 
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transmembrane domains of EGFR or CD20, which can be targeted with monoclonal 
antibodies cetuximab and rituximab respectively [115–118]. Administration of the 
corresponding drug results in antibody-mediated CAR-T cell destruction. The clini-
cal utility of this approach is limited by its slow kinetics, which is unable to rapidly 
reverse CRS symptoms.

More rapid off switches have been designed, including the suicide switch induc-
ible caspase 9 system (iCasp9), which uses the pro-apoptotic caspase 9 protein 
fused to a modified form of the FK506 binding protein FKBP1A. Administration of 
a biologically inert small molecule (AP1903) triggers dimerization of Caspase 9, 
resulting in CAR-T cell apoptosis. Use of this switch in genetically modified donor 
lymphocytes enabled reversal of acute graft versus host disease (GVHD) in leuke-
mia patients after allogeneic hematopoietic stem cell transplants [119] and was 
shown to eliminate T cells within 30 minutes.

 Armored CARs

CAR-T cell efficacy can also be significantly limited by the hostile tumor microen-
vironment (TME), comprised of anti-inflammatory cytokines and immune cells that 
directly suppress T cell function. Armored CAR-T cells (alternatively referred to as 
fourth generation CAR-T cells, Fig.  4) are designed to dampen the suppression 
signal, transform it into an activation signal, or recruit bystander immune effectors 
to promote tumor cell targeting. For example, armored CAR-T cells expressing 
dominant negative (dn) cytokine receptors, such as dnTGFβRII [120], can effec-
tively deplete locally secreted cytokines, such as TGFβ. Alternatively, CARs engi-
neered with a switch receptor, such as the TGFRβR linked to a second-generation 
CAR intracellular signaling domain, converts an inhibitory stimulus to an activating 
signal [121]. Switch receptors can also transduce homeostatic signals by expressing 
a CAR with the IL-4 receptor ectodomain linked to an IL-7, IL-2, or IL-15 receptor 
intracellular signaling domain [122–124].

T cell function can be suppressed by direct binding to inhibitory ligands, such as 
PD-L1, expressed on tumor cells and tumor-associated myeloid cells [125]. Binding 
of PD-L1 to its receptor (PD-1) on T cells promotes T cell exhaustion diminishes 
CAR-T cell persistence [125]. Several armored CARs have been designed to com-
bat this pathway, including expressing a dnPD-1 receptor [126], using a PD-1 switch 
receptor with a CD28 intracellular signaling domain [127], engineering the CAR to 
secrete an anti-PD-1 antibody [128] or a blocking scFv [129, 130], and silencing 
PD-1 expression using short hairpin RNAs [126] or CRISPR-Cas9 [131, 132] 
(Fig. 4a). CAR-T cells that secrete anti-PD-1 antibodies or scFvs exhibit autocrine 
and paracrine effects, thereby bolstering the endogenous and CAR-T cell-mediated 
anti-tumor response.

More recently, CAR-T cells have been engineered to express co-stimulatory 
ligands, such as the proinflammatory marker CD40 ligand (CD40L) and 4-1BB 
ligand (4-1BBL) to foster a more supportive TME (Fig. 4b). CD40L is expressed on 
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environment (TME). Armored CAR-T cells are designed to combat these barriers by attenuating 
suppressive signals or by promoting endogenous immune effectors and inflammatory cytokines. 
For example, (a) CAR-T cells can circumvent inhibitory immune checkpoint signaling via target-
ing of the programmed cell death 1 (PD-1) pathway. This can be accomplished via knockdown of 
PD-1, engineered dominant-negative PD-1 or PD-1 switch receptors, or direct secretion of anti- 
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activated T cells and binds to CD40 receptor on antigen presenting cells (APCs). 
Interaction of CD40L with its cognate receptor results in APC activation and down-
stream secretion of proinflammatory cytokines. CAR-T cells expressing either 
membrane bound or soluble CD40L activate APCs in the TME and promote endog-
enous (non-CAR)-T cells to recognize and eliminate tumor cells [133, 134]. CAR-T 
cells co-expressing membrane-bound 4-1BBL exhibited enhanced persistence and 
decreased expression of exhaustion markers in a murine lymphoma model [135]. 
These were later used in a phase I clinical trial in patients with relapsed or refractory 
B cell NHL, and demonstrated a complete response rate of 59% with durable remis-
sion achieved in 29% of patients [65, 136].

CAR-T cells can be programmed to secrete their own cytokines, which promotes 
proliferation, survival, and antitumor activity of T cells while also altering the 
immune milieu of the TME [137]. (Fig. 4c). Cytokines such as IL-12, IL-15, and 
IL-18, can promote T cell persistence and expansion. IL-12 secreting CAR-T cells 
exhibit enhanced expansion and persistence, have greater cytotoxicity, and are more 
resistant to apoptosis and suppression by PD-1 [138]. A clinical trial of these 
armored CAR-T cells is currently underway in patients with ovarian cancer 
(NCT02498912) [139]. IL-15 similarly promotes expansion, antitumor activity, and 
persistence of CAR-T cells when secreted [140–142], or tethered to the cell mem-
brane [143], but has demonstrated little effect on the surrounding TME. IL-18 also 
enhances functionality of CAR-T cells in humanized mouse models, while altering 
the TME by increasing the abundance of proinflammatory macrophages, depleting 
anti-inflammatory macrophages and T regulatory cells, and recruiting endogenous 
T cells [13, 144, 145]. Cytokine-secreting CAR-T cells can, however, promote CRS 
in animal models despite the fact that secretion predominantly occurs locally. So far, 
pre-clinical models have confirmed this strategy to be safe with minimal systemic 
toxicity at lower doses.

 CAR Targets

The ideal CAR-T cell target antigen is expressed exclusively on cancer cells, with 
minimal or absent expression on normal cells to mitigate unwanted on-target off- 
tumor toxicities. Four of the five FDA-approved CAR-T cells target CD19, a 
membrane- bound protein expressed on both normal and malignant B cells. Patients 
treated with these therapies develop B cell aplasia and hypogammaglobulinaemia, 
though this adverse effect is tolerable with periodic intravenous immunoglobulin 
replacement. CARs have been designed to target many different tumor antigens, 
including additional targets in hematologic malignancies and novel targets in solid 
tumors. At the time of this publication, there are over 500 active clinical trials inves-
tigating CAR-T cell therapies for cancer registered with the United States National 
Library of Medicine.
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 Hematologic Malignancies

CAR-T cell design to date has primarily focused on hematologic malignancies. In 
addition to the five FDA approved CAR-T cells, there have been a number of trials 
focused on improving the function and expanding the use of CAR-T cells targeting 
CD19. Additional clinical trials for CD19-targeted CAR-T cells are underway in 
patients with multiple myeloma [146, 147] and mantle cell and follicular lymphoma 
[148]. Additional B cell malignancy targets are being explored to overcome CD19 
antigen escape that occurs after CAR-T cells are administered. CAR-T cells target-
ing both CD19 and CD20 or CD22 are being investigated as individually transduced 
CAR-T cells that are co-administered or in tandem CAR designs [86, 92, 149–151]. 
Another tandem CAR showing promising results in preclinical models targets 
CD79b in addition to CD19 [152].

CAR-T cells targeting B-cell maturation antigen (BCMA) hold great promise in 
the treatment of multiple myeloma. BCMA expression is restricted to terminally 
differentiated B cells and plasma cells but is also found on multiple myeloma cells 
[153]. Two CAR-T cells targeting BCMA, bb2121 (ide-cel) [154, 155] and JNJ-4528 
[156, 157], were granted breakthrough therapy designations by the FDA and ide-cel 
was approved for treatment of relapsed or refractory multiple myeloma in 2021 
[15]. Despite this success, evidence of antigen escape has been observed with 
BCMA-negative relapses [158, 159], and immune rejection of the mouse scFV of 
BCMA-targeted CAR-T cells has also been a therapeutic obstacle [160]. To over-
come these limitations, CAR-T cells targeting dual antigens or using alternative 
antigen binding domains have been developed for multiple myeloma. In addition to 
BCMA, transmembrane activator and CAML interactor (TACI) can be targeted by 
CARs using a natural ligand that binds both BCMA and TACI, which has demon-
strated anti-tumor activity in preclinical models [44, 45]. BCMA-targeting CAR-T 
cells with camelid VHH or fully human antigen binding domains have also been 
developed [156, 160–162]. Additional targets being explored for multiple myeloma 
include CD38, CD138, CS1 (SLAMF7), immunoglobulin kappa light chain, 
CD44v6, CD56, Lewis Y, CD229, and others [162, 163]. Many of these are also 
being explored for the treatment of other B cell malignancies [164]; however, most 
have overlapping expression on normal tissues, which may limit their therapeutic 
potential. Another target, G protein-coupled receptor, class C group 5 member D 
(GPRC5D), is expressed both on hair follicles and myeloma cells but has been 
safely targeted by CAR-T cells, eradicating multiple myeloma in a BCMA antigen 
escape model without significant off-tumor effects [165].

Individual targets are also being explored in T cell malignancies and acute 
myeloid leukemia (AML). CAR-T cells targeting CD37, an antigen expressed by B 
and T cell malignancies, have shown efficacy in xenograft mouse models [166], and 
a phase I trial of CAR37 cells is ongoing (NCT04136275). Other targets for T cell 
malignancies include CD5 [167] and CD7 [168]. CAR-T cell development for AML 
has been difficult due to the lack of surface target antigens unique to tumor cells 
[169]. The most common targets used in clinical trials for AML are CD33, also 
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expressed on hematopoietic stem and progenitor cells (HSPCs) and in the lung, 
skin, and prostate [169], and CD123, with lower HSPC expression. CD33-targeting 
antibody-drug conjugates caused significant toxicities when administered in patients 
[170], whereas a CD33-targeted CAR-T cell reduced marrow blasts in one patient 
for 9 weeks with only minor toxicities [171]. More recently, a unique approach of 
knocking out CD33 in HSPCs and performing a bone marrow transplant along with 
the CD33-CAR was successful in a preclinical model [172]. A similar approach has 
been taken with CD5 and CD7, to prevent fratricide of T cells when targeting a T 
cell antigen [173, 174]. The first few patients treated with CD123 CAR-T cells 
experienced severe toxicities, but there are still ongoing clinical trials (NCT03672851, 
NCT04265963, NCT04014881).

 Solid Tumors

Identifying CAR-T cell targets for solid tumors is challenging, in part due to tumor 
antigen heterogeneity and simultaneous expression on normal tissues. Many targets 
are being explored for numerous types of solid tumors [175]. We will discuss a 
subset of antigens shared across different tumor types that have been or are cur-
rently being tested in clinical trials.

One very promising target, EGFRvIII, is uniquely expressed on tumor cells as a 
mutated form of the epidermal growth factor receptor (EGFR) lacking the ligand 
binding domain. It is a neoantigen expressed on several tumor types including glio-
blastoma, medulloblastoma, non-small cell lung carcinoma, and breast, colon, ovar-
ian, head and neck, and metastatic prostate cancer [176]. EGFRvIII-targeted CAR-T 
cells have unfortunately not shown promising response rates in phase I trials in 
glioblastoma patients [177, 178]. Post-treatment tumor biopsies in these patients 
demonstrated infiltration of suppressive regulatory CD4+ T cells and a decrease in 
EGFRvIII protein expression, suggesting TME-mediated immunosuppression and 
antigen escape as mechanisms of treatment failure [177]. Given that EGFR is over-
expressed in glioblastoma and other cancers, CAR-T cell targeting EGFRvIII were 
designed to secrete a T cell engager specific to EGFR and showed promising results 
with no off-tumor toxicity after injection locally in a xenograft mouse model [95].

Another member of the EGFR family, HER2, has also been explored as a CAR-T 
cell target. While HER2 is overexpressed in multiple tumor types, including glio-
blastoma, breast cancer, and GI malignancies, it is also widely expressed on normal 
tissues [179]. A clinical trial of CAR-T cells targeting HER2  in glioblastoma 
patients demonstrated safety, without dose-limiting toxicity, in a trial of 17 patients 
[180], but limited anti-tumor effect was observed. Another studied target in glio-
blastoma is IL-13Rα2, which is overexpressed in tumors but also found in normal 
tissues [181]. CAR-T cells targeting IL-13Rα2 were engineered with an IL-13 zeta-
kine as the antigen binding domain and showed impressive tumor killing in a patient 
after direct tumor injection and intrathecal infusion [182]. CARs targeting HER2 
and IL-13Ra2 in tandem or in a tricistronic CAR-T cell also targeting ephrin-A2 
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(EphA2) have been developed to overcome tumor heterogeneity and antigen escape, 
showing promising results in preclinical models [84, 89]. HER2 and IL-13Ra2 are 
also being targeted by CAR-T cells in other types of tumors, including sarcoma, 
colorectal cancer, and melanoma.

Other promising targets for CAR-T cells in solid tumors are mesothelin, B7-H3, 
and MUC1. Mesothelin, a cell-surface antigen highly expressed in lung, pancreatic, 
ovarian, and other cancers, has been used as a target in multiple CAR-T cell pre- 
clinical studies and showed promising efficacy [183]. Several clinical trials of 
mesothelin-targeting CAR-T cells are ongoing [184, 185]. B7-H3 is an immune 
checkpoint molecule with low surface expression that has been studied as a CAR-T 
cell target. To minimize on-target off-tumor toxicity, B7-H3 CARs were designed 
with an scFv recognizing only high concentration of target antigen, a strategy that 
showed safe anti-tumor activity in pre-clinical models of pediatric brain tumors and 
sarcomas [186, 187]. MUC1, a glycoprotein expressed in many normal tissue types, 
is also expressed as a unique isoform in certain cancers and represents a potential 
neoantigen target. CAR-T cells targeting Tn-MUC1 have demonstrated anti-tumor 
efficacy in xenograft mouse models [188] and there are several clinical trials under-
way for CAR-T cells targeting MUC1 in esophageal, breast, and non-small cell lung 
cancer (NCT03706326, NCT03525782, NCT04020575).

Though CAR-T cells are designed to target antigens on the surface of cancer 
cells and initiate a T cell response in a non-MHC restricted manner, there are many 
intracellular antigens that are unique to tumor cells but are out of reach for CAR-T 
cells. One way to overcome this is to design a CAR with an antigen binding domain 
based on an antibody that binds to a specific peptide epitope of a tumor antigen 
presented on an MHC. For example, NY-ESO-1 is a cancer testis antigen that is 
expressed in the cytoplasm of a wide range of tumors but is not expressed in normal 
somatic cells [189]. CAR-T cells specific to an NY-ESO-1 peptide in the context of 
HLA-A*0201 have shown efficacy in mouse models of melanoma [190] and mul-
tiple myeloma [191]. This approach has the potential to vastly expand the range of 
target antigens for CAR-T cells by making them accessible to more neoantigens and 
opening new avenues for cancer immunotherapy.
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Abstract The most common CAR T-cell product generated and infused into 
patients, today and in the past, is an unsorted, αβ Τ-cell derived directly from the 
cancer patient. Although this personalized autologous T-cell manufacturing method 
has many advantages and has resulted in outstanding clinical data in hematologic 
malignancies, a number of aspects require improvement for cell therapy to impact 
broader patient populations. The first aspect relates to the poor sustained anti-tumor 
response of CAR T-cells in solid tumors as well as a significant group of leukemia 
and lymphoma patients. Utilizing cells that naturally penetrate larger tumor masses 
better, kill through additional mechanisms, are less prone to antigen escape or 
intrinsic cytotoxic resistance, or that better establish and maintain an anti-tumor 
microenvironment, may overcome some of the deficiencies of CAR T-cells in poorly 
responsive tumors. Further, utilizing other cell types may lessen the tremendous 
cost of autologous manufacturing, the possibility of manufacturing failure in some 
patients, the length of time for manufacturing, and the side effect profile. This chap-
ter will discuss alternative cellular sources developed to date, including allogeneic 
T-cells, Natural Killer (NK) cells, invariant NK T-cells (iNKT), induced pluripotent 
stem cells (iPSCs), T-cells of a defined CD4/CD8 ratio, T-cells of a defined memory 
phenotype, and myeloid cells modified with a CAR.
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 Allogeneic CAR T-Cells

For hematologic malignancies treated with CAR T-cells for which efficacy is quite 
impressive, a current major limitation is patient access to the product, and the 
financial burden placed on the healthcare system due to the high cost of manufac-
turing a single product from a single patient using their own autologous T-cells 
[1]. The current list price for the approved CAR T-cell therapies is $373,000, and 
the process takes roughly 3 weeks to manufacture. These 3 weeks are a vulnerable 
time for patients; they have already progressed on the most effective known che-
motherapy regimens so keeping their disease controlled can be a challenge, and 
progression of disease in this time sometimes renders them ineligible to receive 
the manufactured CAR T-cells. Even if they remain eligible, progression in this 
time may make the disease less controllable by the CAR T-cells. Allogeneic, or 
“off-the-shelf” CAR T-cells would provide a solution to these problems. Of 
course, the challenging question remains, can allogeneic CAR T-cells address 
these limitations while still providing the same level of efficacy as autologous 
CAR T-cells?

Theoretically, cancer patients who have anergic, exhausted, or senescent T-cells 
as a result of their cancer, their age, or their multiple prior lines of cytotoxic therapy 
[2], may enjoy improved disease response if given a CAR product from a healthy 
donor with optimally-functioning T-cells. However the inclination of the host 
immune system to reject the foreign T-cells tends to limit their efficacy, and the 
inclination of the foreign T-cells to reject the host’s tissues or organs (i.e., graft- 
versus- host disease or GVHD) introduces the potential for additional toxicities with 
this strategy.

Overcoming these obstacles requires first understanding the mechanisms by 
which cells are rejected by either the host or the donor. Since GVHD is a major 
cause of death in allogeneic stem cell transplant, much research has been devoted to 
the subject, and αβ T cells have been found to be central to its pathogenesis [3]. The 
αβ TCR recognizes peptides presented by MHC molecules, which in humans are 
comprised of HLA proteins. HLA genes have more polymorphisms than any other 
human genes, leading to thousands of slightly different HLA protein variants. Of 
these many different variants, up to six MHC-I and six MHC-II variants are present 
in each individual. Through a process of negative selection in the thymus, T-cells are 
educated to not react against any self-MHC molecule, or even any self-MHC mol-
ecule loaded with a peptide derived from any of the thousands of proteins encoded 
in that individual’s genome. However, a new peptide presented by a self-MHC, or a 
different MHC variant, may still be recognized and lead to alloreactivity. Further, 
amino acid differences in the peptide-binding region of a given MHC molecule 
determine the specific sequence of peptides that are capable of being presented, and 
thus simply changing the MHC results in a wide variety of different peptides pre-
sented that were not present in the thymus’s negative selection process, even if the 
full proteins themselves are identical.
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While it is nearly impossible to match all HLA variants among donors and 
recipients, matching HLA-A, HLA-B and HLA-DR is sufficient to reduce the 
incidence of allogeneic graft rejection. However, establishing a matched HLA 
CAR T-cell program would require a large bank from a wide range of donors, and 
would inevitably exclude a number of patients, especially ethnic minorities or 
those with less common HLA variants. Further, even though partially-matched 
CAR T-cells may not react strongly against the host, it is likely that these infused 
allogeneic CAR T-cells will be more rapidly eliminated by either host T-cells or 
antibodies recognizing remaining discordant peptide-MHC complexes, or other 
surface proteins.

Thus, achieving allogeneic CAR T-cell persistence is a major challenge. In 
addition to HLA matching, more intense lymphodepletion therapy may be required 
to further immunosuppress the host response against the infused CAR T-cells; 
however, this approach also compromises other aspects of host immunity, such as 
effective responses to infectious agents. Repeating intensive lymphodepletion for 
subsequent CAR T-cell administration carries additional risk and morbidity. A 
more specific, genetic approach to improving CAR T-cell persistence is to knock 
out (genetically delete) MHC-I, which is a potential major target of rejection of 
CAR T-cells by the host immune system. The most efficient way to do this is to 
delete β2-microglobulin, which is essential for forming functional MHC-I mole-
cules on the cell surface. MHC-II is also expressed on activated T-cells and may 
also likely be a target of host immune mediated rejection of allogeneic CAR 
T-cells. Therefore, knocking out or blocking MHC-II on CAR T-cells would also 
be necessary to maximize their persistence. A relatively efficient way of doing this 
is to knock out the master regulator of all MHC-II molecule expression, 
CIITA. Knocking both MHC-I and MHC-II molecules in CAR T-cells has been 
achieved in mouse studies [4].

Since MHC molecules are major inhibitors of NK cell cytotoxicity as they sig-
nify self, depleting MHC-I and MHC-II makes the CAR T-cells more susceptible 
to NK-mediated elimination. To circumvent this problem, the additional expres-
sion of non-classical HLA molecules (HLA-E or HLA-G), which can inhibit NK 
cells but are less common targets for T-cell rejection, can be added to the CAR 
vector [4, 5].

An option available to the relatively small number of patients who have previ-
ously had an allogeneic stem cell transplant and have subsequently relapsed is to 
generate CAR T-cells from the original stem cell donor. In this way, the host immune 
system, which has already been reconstituted with a different donor, will be geneti-
cally identical to the infused CAR-modified cells. In a series of 20 patients who 
underwent this strategy, eight had a response to CAR T-cells (six complete responses 
[CRs] and two partial responses [PRs]), and none developed new-onset GVHD after 
CAR T-cell infusion [6].

In addition to solving the problem of allogeneic CAR T-cell persistence, the 
problem of GVHD needs to be addressed. Beyond HLA matching, preventing 
GVHD can be successfully achieved through a variety of other means, such as 
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knocking out the TCR from the infused cells, using a cell product with a restricted 
TCR profile (such as only those that recognize a viral antigen), or using cell types 
that naturally lack an αβ TCR. The TCR is a heterogeneous group of proteins con-
sisting of either an α-chain and a β-chain (in αβ Τ cells) or a γ-chain and a δ-chain 
(in γδ T cells), as well as four separate CD3 transmembrane proteins (CD3δ, CD3γ, 
CD3ε and CD3ζ). The β-chain contains two possible constant regions, while the 
α-chain has one, making it logistically easier to abolish the αβ TCR by targeting the 
single α-chain (TRAC). Methods have progressed from successfully knocking out 
the TRAC in CAR T-cells [7], to knocking the CAR gene into the TRAC locus, put-
ting the CAR under the natural transcriptional regulation of the TCRα and amelio-
rating some of the exhaustive effects of tonic signaling from constitutive high CAR 
expression [8]. TCR knockout CAR T-cells (UCART19) have shown feasibility in 
two clinical trials with relapsed B-cell leukemia, demonstrating a 67% CR, and a 
6-month PFS of 27% [9]. In these studies, the UCART19 product has both the TCR 
and the mature lymphocyte marker CD52 knocked out, which allows for additional 
lymphodepletion but not CAR T-cell depletion using the monoclonal anti-CD52 
antibody alemtuzumab. This strategy thus both prevents the CAR T-cells from rec-
ognizing the host through its TCR (deleted by CRISPR/Cas9), and reduces the 
host’s ability to eliminate the CAR T-cells by depleting host lymphocytes (via infu-
sion of alemtuzumab). How this approach will compare to autologous CAR T-cell 
efficacy remains to be seen in further studies.

While knocking out the TCR is an eloquent approach, it requires sophisticated 
and relatively expensive techniques. Another potential strategy, which still utilizes 
intact αβ T-cells, is to selectively employ memory T-cells that recognize a viral 
antigen for CAR transduction. Since the risk of GVHD is proportional to the diver-
sity of the TCRs present, selecting for a smaller number of TCR clones against a 
known, non-human target should greatly reduce the risk. However, since TCRs are 
degenerate, the possibility remains that a particular antiviral TCR may still cross- 
react with a host tissue antigen. Additionally, since these are all T-cells that have 
previously encountered the viral antigen at least once, the baseline phenotype will 
be different; the effect of using this population of prior antigen-exposed cells is 
unknown. This approach has been demonstrated in glioblastoma patients targeting 
HER2 in a clinical trial, which showed feasibility and one partial response among 
17 patients [9]. Whether this approach is will be effective against a more responsive 
tumor like ALL remains to be reported in clinical trials.

 γδ T-Cells

Although αβ T-cells make up 95% of the T-cell population and have been most 
heavily studied over the years, the less common γδ T-cell has gained attraction as a 
CAR substrate for a variety of reasons. The γδ TCR does not utilize MHC mole-
cules for antigen recognition, and is much less likely to cause GVHD if used in an 
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allogeneic setting. γδ T-cells can naturally exert antitumor cytotoxicity without a 
CAR [10], demonstrating they have the appropriate machinery for tumor killing. 
They have a natural predilection for tissue residence, which may provide an advan-
tage in tumors in which tissue infiltration by T-cells is a limitation, such as most 
solid tumors. CAR modified γδ T-cells can expand nearly 100-fold in the course of 
2 weeks in vitro, and exert target-specific killing [11]. Clinical trials underway test-
ing CAR γδ T-cells in solid tumors (NCT04107142) and liquid tumors 
(NCT02656147, NCT03885076) will provide insight into whether these types of 
CAR T-cells are safe and feasible, and may provide some insight into potential for 
efficacy in humans.

 NK Cells

NK cells are the most common and successful non-T-cell source for CAR therapy 
to date. NK cells, like T-cells, exert potent cytotoxicity against target cells, making 
them an attractive candidate for CAR modification. Unlike T-cells, they do not have 
a TCR and do not exert significant GVHD, making them an attractive allogeneic 
product. NK cells recognize and kill their targets through a variety of mechanisms, 
including through activating receptors such as NKG2D, NKp44, NKp46, NKp30, 
and others, which can be triggered by a variety of ligands, many of which are upreg-
ulated by cellular stress and are thus often naturally found on tumor cells. 
Additionally, NK cells express the Fc receptor FcγRIIIa (CD16) and can recognize 
and kill cells coated with antibodies through antibody-dependent cellular cytotoxic-
ity (ADCC). Thus, their ability to kill through multiple mechanisms in addition to 
the CAR may reduce the risk of tumor antigen escape. NK cells also possess inhibi-
tory receptors, such as those that prevent killing of MHC-expressing self-cells, 
which may be useful in tumors that have downregulated MHC in order to escape 
endogenous T-cell recognition.

Unlike T-cells, NK cells do not undergo clonal expansion. While this can effec-
tively limit toxicity of the therapy, it also makes transduction and generation of 
suitable numbers for treatment a challenge. However, also unlike T-cells, there is an 
NK cell line that is effective in cell killing (NK-92), which can be transduced with 
a CAR as a clinical-grade product and used in patients. A clinical trial of anti-CD33 
CAR NK-92 cells expressing the 4-1BB costimulation domain treated three AML 
patients, one of whom experienced MRD+ remission for a short period [12]. Other 
sources for CAR NK cells that can be more readily expanded include cord blood, 
human embryonic stem cells, or induced pluripotent stem cells.

Additional strategies such as co-expressing IL-15 with the CAR have resulted in 
prolonged CAR NK survival [13, 14]. In 11 patients treated with IL-15 expressing 
CAR NK cells derived from HLA-mismatched cord blood, no GVHD or other 
major toxicity was observed, and 7 of the 11 patients had a CR (4 with lymphoma 
and 3 with CLL). Although NK cells generally survive an average of 2 weeks in 
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humans, the cord blood-derived CAR NK cells utilized in this study expanded and 
persisted at low detectable levels for at least a year [14].

Like T-cells, NK cell activity can be modulated by a variety of cytokines. NK 
cells cultured with IL-12, IL-15, and IL-18 display enhanced effector function in 
response to further cytokines or tumor targets for weeks after the initial preactiva-
tion, developing a “memory-like” (ML) phenotype [15]. Modifying these ML NK 
cells with a CAR endows them with the capacity to specifically recognize tumor in 
an antigen-dependent manner, and to control lymphoma burden in mice [16]. 
Clinical trials using this strategy have yet to be performed.

Although many CAR NK studies utilize a traditional CAR design from a CAR 
T-cell, NK cells have different natural receptor requirements and the optimal 
costimulatory domain for NK cells may be different. Changing the costimulatory 
domain to the NK-cell-associated activating receptor 2B4, for example, results in 
increased engraftment and CAR NK persistence in mice [17]. Additional NK 
costimulatory CAR domains are under investigation and further improved combina-
tions are likely to continue to emerge.

 NKT and iNKT Cells

While NK cells can be easily distinguished from T-cells by the lack of a TCR, NKT 
cells have markers typical of NK cells, such as NK1.1, but also contain an αβ ΤCR, 
and fall within the T-cell lineage. Unlike the αβ ΤCR of conventional T-cells that 
recognize peptides displayed on MHC-I, the αβ ΤCR of NKT cells recognizes gly-
colipid antigens presented on CD1d. Type I NKT cells (invariant or iNKT) possess 
a semi-invariant Vα14-Jα18 TCR in mice, and Vα24-Jα18 in humans paired with a 
limited repertoire of Vβ-chains making them an attractive choice for allogeneic 
cells. Type II NKT cells utilize a more diverse TCR repertoire, although still almost 
all exclusively recognize glycolipids presented on CD1d due to their positive selec-
tion process in the thymus. Rather than inducing GVHD like their conventional 
T-cell counterpart in allogeneic infusions, NKT cells are associated with protection 
from GVHD [18–21], further increasing their appeal for allogeneic therapy. CD1d 
is expressed on some tumors, allowing for additional killing through this receptor 
[22]. They also are reported to express CD40L, an activating molecule for macro-
phages and dendritic cells [23], which may help to favorably remodel the tumor 
microenvironment. Since NKT cells are a type of T-cell, they expand and persist 
much more readily than NK cells [24]. However, engineering sufficient numbers for 
therapy is still a challenge since they naturally make up <1% of peripheral T-cells. 
Ongoing clinical trials testing CAR NKT cells for GD2 (NCT03294954) and CD19 
(NCT03774654) expressing malignancies are expected to offer more insight into 
their safety and feasibility in humans.

C. DeSelm



63

 iPSC

An attractive source for theoretically unlimited CAR T-cells, or other immune cells, 
for allogeneic use is iPSCs. These cells could be genetically modified in numerous 
ways over time, unlike primary cells which are limited by the number of possible 
transductions before the must be used. For example, theoretically the TCR could be 
knocked out to prevent GVHD, MHC-I and MHC-II genes could be deleted to pre-
vent T-cell rejection, non-classical HLA molecules (such as HLA-E or HLA-G) 
could be introduced to prevent NK cell rejection, additional inhibitory molecules 
such as PD1 could be removed, and/or they could be made to express stimulatory 
cytokines. Alternatively, a broad repository of HLA typed iPSCs could be utilized 
to create HLA-matched infusion products. Even without knocking out the TCR, 
since one clone can be used to generate all of the cells, the risk of GVHD would 
likely be very low. However, drawbacks of this approach are that iPSCs are difficult 
and expensive to culture in great quantities, and the process of differentiation into 
fully functional effector immune cells such as T-cells or NK cells after modification 
with a CAR is not a trivial process. However, iPSCs have been successfully used to 
generate CAR NK cells with functionality similar to CAR T-cells and less signs of 
GVHD in mice [25]. Human clinical trials with iPSC derived CARs are ongoing 
with results yet to be reported.

 Defining the T-Cell Phenotype and CD4/CD8 Ratio

All of the clinical trials that led to initial FDA CAR T-cell approval used bulk T-cells 
derived from the peripheral blood of patients, without intentionally excluding or 
enriching a particular subset of T-cells for CAR modification or re-infusion. 
Subsequently, a CAR T-cell product has been approved by the FDA that consists of 
a defined 50:50 mixture of CD4:CD8 T-cells (lisocabtagene maraleucel). T-cells 
exist in a number of phenotypes, which depends on such things as whether they are 
in the throes of an antigen-specific response, have previously been strongly acti-
vated but have had some time to rest, or have never been activated at all. All T-cells 
start in a naïve state, and upon antigen encounter acquire an effector (TE) or a mem-
ory phenotype (TM), which can further be divided into central memory (TCM) and 
effector memory (TEM) compartments. An additional group of stem cell-like mem-
ory T cells (TSCM) have been identified as a long-lived human memory T cell popula-
tion with an enhanced capacity for self-renewal [26]. In addition to these phenotypes, 
T-cells are either CD8 or CD4 positive. CD8+ T-cells are traditionally thought of as 
the cytotoxic T-cells which are responsible for killing, while CD4+ T-cells perform 
a helper function, by secreting cytokines to improve CD8+ T-cell proliferation and 
function. However, after modification with a CAR, CD4 T-cells can effectively kill 
similarly to CD8+ T-cells. Amidst all of these complexities, it is not inherently obvi-
ous whether particular subsets, or combinations of subsets, may provide greater 
efficacy against tumor.
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To begin to answer this question, mouse studies were performed in which puri-
fied individual CD8+ and CD4+ T-cell subsets were CAR modified and then injected 
into tumor-bearing mice [27]. First, pure CD4+ CAR T-cells generated from naïve 
or TCM precursors significantly improved survival compared with TEM CD4+ CAR T 
cells. Among the purified CD8+ CAR T-cell subsets, TCM cells were slightly better 
than naïve, which were slightly better than TEM. Additionally, combining CD8+ TCM 
CAR T-cells with CD4+ naïve or CD4+ TCM CAR T-cells significantly improved 
survival relative to pure CD8+ TCM cells alone [27].

These findings inspired clinical trials utilizing defined T-cell subsets. A phase 
I-II study of CAR T-cells targeting CD19 using a 1:1 ratio of CD4:CD8 was per-
formed in ALL patients, in which the CD8 T-cells were enriched for a TCM pheno-
type. Patients achieved a 93% remission rate by flow cytometry and 86% 
MRD-negative CR rate, which compared favorably with other trials using bulk 
T-cells [28, 29]. CD19 CAR-T cells have also been administered in a 1:1 CD4+:CD8+ 
ratio, in which the CD8 T-cells were enriched for a TCM phenotype, to relapsed and/
or refractory B cell non-Hodgkin lymphoma patients [30]. The CR in patients 
treated with Cy/Flu at the maximally tolerated dose was 64%, with a low incidence 
of serious toxicity.

Since patients exhibit a wide range of dominant T-cell phenotypes at baseline, 
which is reflective of their antigen-exposure history, treatment history, and numer-
ous other factors, informative correlations have been drawn from those who respond 
well to CAR T-cells versus those who do not. In single cell RNAseq analysis of 
CD19 CAR T-cells isolated from the infusion bag of large cell lymphoma patients, 
the CD8 T-cell phenotype most associated with achieving a CR was a TCM pheno-
type. The frequency of these cells were also low in patients with high-stage disease 
(III and IV) and high international prognostic index (IPI 3–4), suggesting clinical 
factors prior to leukapheresis may influence the transcriptional state of CAR T cells 
[31]. Similarly, transcriptomic profiling revealed that CAR T cells from complete- 
responding patients with CLL were enriched in memory-related genes prior to infu-
sion [32].

It is still unclear whether enriching for a particular phenotype prior to infusion, 
or whether attempting to induce a favorable phenotype during the CAR modifica-
tion process such as through culture with IL-7 and IL-15, will lead to improved 
result in patients. However, the preclinical and phase I human data suggest these 
approaches may confer advantages, especially for more difficult to treat tumors, and 
warrant further investigation.

 Macrophages

Macrophages, being completely unrelated to T-cells on the hematologic family tree, 
have a plethora of different functions that make them attractive candidates for CAR 
modification in cases where T-cells encounter changes. For example, while T-cells 

C. DeSelm



65

poorly infiltrate solid tumors, macrophages are often summoned to them by cyto-
kines released by the tumor; the actively migrate into the tumor against a pressure 
gradient while T-cells largely lack this capacity. While T-cells kill primarily through 
inducing apoptosis by granzyme and perforin secretion, to which tumor cells have 
variably levels of innate and acquired resistance, macrophages can theoretically dis-
pose of their targets by direct phagocytosis. Additionally, they have been known to 
exert cytotoxic effects through antibody dependent cytotoxicity (ADCC). 
Unfortunately, macrophages are usually drawn to the tumor microenvironment to 
provide a “healing” role; they sense destruction and arrive to reduce inflammation 
and promote recovery. This role generally has the effect of promoting tumor growth, 
spread, and metastasis. Since they are highly plastic, they can change from this 
reparative, pro-tumor role to an inflammatory, anti-tumor role and back again, 
depending on their stimuli.

Engineering macrophages with a CAR is an appealing way to genetically instruct 
them to maintain an inflammatory anti-tumor phenotype, as well as to infiltrate and 
phagocytose tumor. Macrophages modified with a CAR containing a signaling 
domain from Megf10 or FcRɣ have both been found to achieve target-specific 
phagocytosis [33]. A CAR macrophage targeting the extracellular matrix protein 
CD147 successfully reduced tumor collagen deposition and improved T-cell infil-
tration [34]. CAR macrophages expressing a CD3z-based CAR phagocytosed tumor 
in vitro and reduced tumor burden in vivo, expressed proinflammatory cytokines 
and chemokines, converted bystander M2 macrophages to M1, resisted the effects 
of immunosuppressive cytokines, and activated anti-tumor T-cells [35]. Challenges 
to macrophage therapy include genetically modifying the cells in large numbers, 
and potentially finding ways to increase the magnitude of their direct anti-tumor 
efficacy in vivo, as studies thus far have shown tumor reduction but not elimination. 
Given the number of T-cell supportive functions CAR macrophages have, they may 
function synergistically with CAR T-cells; however, these studies have yet to be 
reported. One Phase I clinical trial is currently open utilizing CAR macrophages for 
HER2 expressing tumors (NCT04660929).

 Neutrophils

Neutrophils, like macrophages, often have pro-tumor functions, however they are 
relatively less well characterized in the tumor microenvironment. Their ability to 
kill through alternative mechanisms, such as netosis, is conceptually appealing. 
Before CAR T-cells had gained significant momentum, a report in 1998 of neutro-
phils being modified with a CAR (then called a CIR, for chimeric immune receptor) 
containing a CD3z intracellular domain showed antigen-specific tumor lysis [36]. 
However, no CAR neutrophil reports have been generated since. Whether these 
cells may someday play a more central role in CAR therapies remains to be seen 
(Fig. 1).
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Combination Therapeutics with CAR-T 
Cell Therapy

Mohamad M. Adada, Elizabeth L. Siegler, and Saad S. Kenderian

Abstract Adoptive cellular immunotherapy, specifically chimeric antigen receptor 
T-cell (CAR-T) therapy, has recently emerged as a breakthrough treatment for mul-
tiple hematological malignancies with potential for long term cure. However, mul-
tiple hurdles remain to be overcome. Some issues are inherent to CAR-T cells, such 
as suboptimal expansion, rapid exhaustion, or rejection. Other problems are related 
to the immunosuppressive tumor microenvironment, which dampens CAR-T activ-
ity. Additionally, CAR-T cell treatment is associated with significant toxicities relat-
ing to activation of the immune system, most notably cytokine release syndrome 
(CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS). 
Multiple strategies are currently underway to increase CAR-T efficacy and decrease 
toxicity. Some of those strategies involve creating optimized stand-alone CAR-T 
cell products, while other strategies involve combining existing CAR-T therapies 
with other treatment modalities. In this chapter, we will focus on combination 
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 strategies that are currently being used and/or are under exploration. We will first 
discuss strategies used to increase CAR-T effectiveness through combination with 
immunomodulatory agents, cancer-directed therapies, tumor antigen expression 
enhancers, or HCT.  We will then discuss strategies aimed at decreasing CAR-T 
toxicity through combination with other immunomodulatory agents. All current 
clinical trials exploring these strategies will also be discussed.

Keywords Chimeric antigen receptor T cells · Cellular immunotherapy · CAR-T 
combination therapy · Immunomodulation · Solid tumors · Oncolytic viral therapy 
· Cytotoxic therapy · Radiation · Hematopoietic cell transplantation · Tocilizumab 
· GM-CSF

 Introduction

Cellular immunotherapy has increasingly been used alongside or as an alternative to 
the traditional cancer treatments of surgery, chemotherapy, and radiation [1]. 
Chimeric antigen receptor T (CAR-T) cells are modified with an artificial receptor 
composed of an extracellular antibody-derived antigen-binding domain and intracel-
lular T cell signaling and costimulatory domains [2]. CAR-T cells are MHC- 
independent and recognize tumor-associated antigens expressed on the cell surface. 
CAR-T cell therapy has displayed impressive clinical results in certain hematologi-
cal malignancies, and outcomes from pivotal trials have led to the FDA approval of 
four different CD19-targeted CAR-T (CAR-T19) and one BCMA-targeted CAR-T 
cell products to date [3–5]. CAR-T cells display potent antitumor effects and high 
initial responses, but relapse within 1 year of treatment is common, often as a result 
of antigen escape or limited CAR-T persistence [6]. Additionally, CAR-T cell ther-
apy is largely ineffective in solid tumors, due in part to the surrounding tumor micro-
environment, which includes suppressive immune cells such as regulator T cells and 
myeloid-derived suppressor cells [7]. CAR-T cell therapy is often accompanied by 
severe toxicities. CAR-T cells can cause cytokine release syndrome (CRS) by 
prompting a massive release of inflammatory cytokines. CRS has been reported to be 
as high as 100% in some CAR-T19 clinical trials. CAR-T cell therapy also often 
results in immune effector cell-associated neurotoxicity syndrome (ICANS), which 
occurs in up to two-thirds of patients treated in CAR-T19 clinical trials [8].

CAR-T cell therapy is promising, but several significant hurdles must be over-
come: achieving durable responses, demonstrating clinically significant activity in 
solid tumors, and mitigating toxicities such as CRS and ICANS. Researchers have 
sought to improve CAR-T cell therapy through combination therapies of CAR-T 
cells and additional agents such as monoclonal antibodies, small molecule inhibi-
tors, and chemotherapeutic drugs (Table  1). These combinations are aimed to 
improve efficacy in hematological malignancies and in solid tumors as well as to 
reduce toxicity, are increasingly used in clinical trials (Table 2), and will likely play 
a role in the future of CAR-T cell therapy.
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Table 1 Summary of CAR-T cell therapy combinations with different agents

Main
Goal Agent Rationale References

Increase 
CAR-T 
efficacy

Lenalidomide –  Shift Th2 to Th1
–  Inhibit regulatory T cells

[12–15]

Ibrutinib –  Irreversibly inhibit BTK
–  Immunomodulator
–  Shift Th2 to Th1

[16, 17, 
19–23]

Immune checkpoint 
inhibitors (pembrolizumab)

–  Block the exhaustion marker, PD-1, 
expressed on CAR-T cells

[24–31, 
93]

Anti-4-1BB antibody –  Bind and activate the 4-1BB 
co-stimulatory domain on CAR-T cells

[32, 33]

Oncolytic viruses –  Induce cancer cell lysis, thus 
exposing antigens to activate CAR-T 
cells
–  Use as a vehicle to carry antigens, 
antibodies, chemokines to the tumor 
cells to enhance CAR-T-specific 
functions

[35–38]

PI3K inhibitors (idelalisib, 
bb007)

–  Reduce CAR-T differentiation
–  Decrease rapid exhaustion

[40–47]

Long-acting interleukin-7 
agonist, NT-I7 (efineptakin 
alpha)

–  Enhance UCAR T19 proliferation, 
persistence and tumor killing

[48]

Anti-CD20 antibody 
(rituximab)

–  Enhance synergistic cytotoxicity 
against tumors co-expressing CD19 and 
CD20 (B-NHL)

[49]

Venetoclax –  Antagonize anti-apoptotic Bcl-2 
family of proteins
–  Pre-sensitize cancer cells to CAR-T

[52]

Radiation –  Sensitize CAR-T cells against tumor 
cells
–  Expose tumor antigens

[53, 54]

Small molecule g-secretase 
inhibitors

–  Reduce soluble BCMA shedding
–  Increase BCMA antigen expression 
on MM cells

Bryostatin 1 –  Modulate PKC activity
–  Increase CD22 expression
–  Enrich effector and memory CAR-T 
cells

[55]

HCT –  Use CAR-T as a bridge to induce 
remission prior to HCT consolidative 
treatment
–  Use CAR-T as a rescue following 
HCT relapse

[2, 56, 94]

(continued)
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Table 1 (continued)

Main
Goal Agent Rationale References

Decrease 
CAR-T 
toxicity

IL-6 or IL-6R inhibitors 
(tocilizumab, siltuxumab)

–  Target IL-6, an essential cytokine in 
CRS development
–  Reduce CRS manifestations

[50, 71]

GM-CSF blockers 
(lenzilumab)

–  Block GM-CSF to suppress myeloid 
cells, a significant source of pro- 
inflammatory cytokines

[70, 77]

IL-1 inhibitors (anakinra) –  Block pro-inflammatory cytokine 
IL-1, which in turn reduces IL-6 during 
CRS, to lessen CRS and ICANS 
manifestations

[78]

JAK/STAT inhibitors 
(ruxolitinib, itacitinib)

–  Decrease levels of inflammatory 
cytokines

[79, 81]

CAR-T inhibitors (dasatinib) –  Reversibly suppress T cell activity by 
inhibiting T cell signaling kinases (Src, 
Fyn,Lck)
–  Decrease cytokine and chemokine 
levels

[82, 83]

Defibrotide –  Protect endothelial cells from 
excessive cytokines, which may play a 
role in endothelial damage and ICANS

[84]

TNF-a inhibitors 
(etanercept)

–  Block the effect of the 
proinflammatory mediator TNFa

[85–87]

Steroids –  Systemically suppress the immune 
system
–  Inhibit white blood cell and cytokine 
production

[88–90]

PI3K inhibitors (duvelisib) –  Decrease the secretion of IL-6
–  No effect on CAR-T19 functions

[91]

Table 2 Current clinical trials examining different combination therapeutics with CAR-T 
cell therapy

Agent Agent function
Clinical trial 
identifier CAR-T target Cancer type

Lenalidomide Immunomodulatory 
drug

NCT03070327 EGFRt/
BCMA-41BBz- 
CAR-T

MM

NCT04287660 BCMA-CAR-T MM
Ibrutinib BTK inhibitor NCT03960840 CD19-CAR-T 

(YTB323)
CLL
SLL
DLBCL
ALL

NCT04234061 CD19-CAR-T 
(tisagenlecleucel)

MCL

NCT03331198 CD19-CAR-T 
(JCAR017)

CLL
SLL

(continued)
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Table 2 (continued)

Agent Agent function
Clinical trial 
identifier CAR-T target Cancer type

Durvalumab Anti-PD-L1 
antibody

NCT02706405 Autologous CD19–4-
1BB- CD3zeta-
EGFRt-expressing 
CD4+/CD8+ Central 
Memory 
T-lymphocytes 
JCAR014

DLBCL
Primary 
Mediastinal 
Large B-Cell 
Lymphoma
High Grade 
B-Cell 
Lymphoma

NCT03310619 CD19-CAR-T 
(JCAR017)

NHL
DLBCL
FL

Atezolizumab Anti-PD-L1 
antibody

NCT02926833 KTE-C19 DLBCL

Pembrolizumab Anti-PD-1 antibody NCT03287817 CD19/CD22- CAR-T 
(AUTO3)

DLBCL

NCT02650999 CD19-CAR-T 
(CTL019)

DLBCL
FL
MCL

Utomilumab 4-1BB/CD137 
agonist antibody

NCT03704298 CD19-CAR-T 
(axicabtagene 
ciloleucel)

Large B-cell 
Lymphoma

CAdVEC Oncolytic 
adenovirus

NCT03740256 HER2-CAR-T Bladder 
Cancer
Head and 
Neck 
Squamous 
Cell 
Carcinoma
Cancer of the 
Salivary 
Gland
Lung Cancer
Breast 
Cancer
Gastric 
Cancer
Esophageal
Colorectal 
cancer
Pancreatic 
cancer

bb007 PI3K inhibitor NCT03274219 BCMA-CAR-T 
(bb21217)

MM

Rituximab Anti-CD20 
antibody

NCT00799136 CD19-CAR-T AIDS-related 
lymphoma

(continued)
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Agent Agent function
Clinical trial 
identifier CAR-T target Cancer type

Venetoclax BH3 mimetic NCT04640909 CD19-CAR-T CLL
Radiation NCT04473937 CD19-CAR-T B-cell 

Lymphoma
NCT04726787 CD19-CAR-T DLCBL
NCT03392545 CAR-T cells High Grade 

Glioma
Glioblastoma

LY3039478 
(JSMD194)

Small molecule 
g-secretase inhibitor

NCT03502577 BCMA-CAR-T MM

Lenzilumab Anti-GM-CSF 
antibody

NCT04314843 CD19-CAR-T 
(axicabtagene 
ciloleucel)

Large B-cell 
Lymphoma

Anakinra Anti-IL1 receptor 
antibody

NCT04148430 CAR-T cells ALL
B-Cell 
lymphoma
NHL

NCT04359784 CD19-CAR-T 
(axicabtagene 
ciloleucel)

NHL

NCT04432506 CD19-CAR-T 
(axicabtagene 
ciloleucel)

DLBCL
Primary 
Mediastinal 
Large B-Cell 
Lymphoma
High Grade 
B-Cell 
Lymphoma

NCT04150913 CD19-CAR-T 
(axicabtagene 
ciloleucel)

NHL

NCT04205838 CD19-CAR-T 
(axicabtagene 
ciloleucel)

DLBCL
Primary 
Mediastinal 
Large B-Cell 
Lymphoma
High Grade 
B-Cell 
Lymphoma

NCT03430011 BCMA-CAR-T 
(JCARH125)

MM

Itacitinib JAK1-specific 
inhibitor

NCT04071366 CD19-CAR-T Any 
approved 
hematologic 
indication

Dasatinib Tyrosine kinase 
inhibitor

NCT04603872 CD19-CAR-T and 
BCMA-CAR-T

MM
ALL
NHL

Defibrotide Endothelial cell 
protector

NCT03954106 CD19-CAR-T DLBCL

MM multiple myeloma, DLBCL Diffuse large B-cell lymphoma, FL Follicular lymphoma, NHL 
Non-Hodgkin Lymphoma, MCL Mantle Cell Lymphoma, ALL Acute lymphocytic leukemia, CLL 
chronic lymphocytic leukemia, SLL small lymphocytic lymphoma, Th T helper
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 Combinations that Increase CAR-T Efficacy

 CAR-T Combination with Immunomodulatory Agents

 Lenalidomide

Lenalidomide (LEN) is currently approved for the treatment of multiple myeloma 
(MM) and mantle cell lymphoma (MCL) [9, 10]. LEN acts by inducing the degrada-
tion of transcription factors (such as Ikaros and Aiolos) [11]. This leads to modifica-
tion of T cell responses by increasing IL-2 production, shifting the T helper 2 (Th2) 
response to Th1, and inhibiting the expansion of regulatory T cells (Treg). LEN was 
shown to increase the efficacy of CD19- and CD20-targeted CAR-T cells by increas-
ing IFNg production and CD69 activation marker in vitro [12]. It also resulted in 
increased antitumor activity in various murine models of B-cell non-Hodgkin lym-
phoma (B-NHL) [12]. Similarly, LEN enhanced the immune functions of CAR-T 
cells targeting CS1 [13] or B-cell maturation antigen (BCMA) [14] for the treatment 
of MM by improving cytotoxicity, Th1 cytokine production, and immune synapse 
formation. Importantly, LEN maintained CAR-T activity in repeated stimulation 
assays, suggesting a possible role in curbing T cell exhaustion [14]. Multiple clini-
cal trials evaluating the effectiveness of CAR-T combination with LEN are cur-
rently underway. Among these are a phase 1 study of EGFRt/BCMA-CAR-T cells 
in patients with MM with or without LEN (NCT03070327) and a phase 3 trial that 
is evaluating the safety and efficacy of BiRd regimen (clarithromycin, LEN, dexa-
methasone and BCMA-CAR-T cells in MM patients (NCT04287660). The effect of 
LEN in promoting CAR-T cell activity against solid tumors was also recently tested 
in preclinical studies. CAR-T cells directed against CD133 and HER2 expressed in 
glioma and breast cancer exhibited superior killing of target cells, and enhanced 
CAR-T proliferation and cytokine secretion [15]. However, these effects were only 
tested on human cancer cell lines in vitro and not in vivo in solid cancer models.

 Ibrutinib

Ibrutinib is an irreversible inhibitor of Bruton’s tyrosine kinase (BTK) that is cur-
rently being used for the treatment of several types of B-cell lymphoma, 
Waldenstrom’s macroglobulinemia, and chronic graft versus host disease. Several 
reports have demonstrated the immune-modulatory properties of ibrutinib on 
CAR-T cells. It was noted that patients with chronic lymphocytic leukemia (CLL) 
who were receiving ibrutinib for more than 1 year at the time of apheresis to gener-
ate CD19- targeted CAR-T cells (CAR-T19) had improved CAR-T expansion ex 
vivo and enhanced engraftment and positive clinical response following treatment 
[16]. This also correlated with decreased expression of exhaustion markers such as 
PD-1 and CD200. These results were also verified in xenograft mouse models of 
acute lymphoblastic leukemia (ALL) in which concurrent therapy with ibrutinib 
and CAR-T19 resulted in enhanced T cell expansion and decreased tumor burden 
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[16]. Similar results were obtained in vitro and in in vivo mouse models of MCL 
[17]. This combination has been hypothesized to induce complete remission in 
patients with high- risk CLL with TP53 aberrations that failed prior Bcl-2 inhibitor 
therapy, and to act as an excellent bridge for hematopoietic stem cell transplantation 
[18]. Given the promising results of these preclinical experiments, the first clinical 
trial assessing the safety and feasibility of administering ibrutinib concurrently with 
CAR-T19 in patients with CLL was completed and published in 2020 [19]. Out of 
the 19 patients enrolled, 15 patients responded, with 11 patients achieving undetect-
able minimal residual disease in bone marrow. Although CRS severity was lower 
with the addition of ibrutinib, progression-free survival was unchanged [19]. 
Furthermore, ibrutinib has recently been shown to improve CAR-T19 production 
from patients with CLL, with increased cell viability and expansion, and enrich-
ment in less- differentiated naïve-like CAR-T cells (CD45RA  +  CCR7+) with 
decreased expression of exhaustion markers such as PD-1, TIM-3 and LAG-3 [20]. 
Finally, emerging evidence suggest that this combination can be applied to other 
types of B-cell lymphomas [21]. It remains unclear how or when ibrutinib should be 
used to enhance CAR-T cell therapy. One study treated patients with CAR-T19 
after they achieved partial or minimal residual disease positive response with ibru-
tinib while another study used CAR-T19  in patients progressing/failing ibrutinib 
[22, 23].

 PD-1 Blockade

 (a) Hematologic malignancies
CAR-T19 cell therapy has been shown to induce complete remission in more 

than 90% of patients with ALL with durable remission rates of 50–60%; how-
ever, only 20–30% of CLL patients achieve sustained remission following 
CAR-T cell therapy [24]. Transcriptomic analyses revealed that T cells obtained 
from non-responder CLL patients have upregulated pathways involved in 
exhaustion and apoptosis with increased expression of co-inhibitory receptors 
such as PD-1, TIM-3 and LAG-3. Pediatric patients with ALL who had failed 
previous CAR-T19 therapy displayed improved outcomes and better CAR-T 
persistence when the anti-PD-1 antibody pembrolizumab was added to the 
treatment regimen [25]. These outcomes were similar to two other reports that 
evaluated the role of combining CAR-T19 cells with another anti-PD1 anti-
body, nivolumab, in 11 patients with refractory/relapsed B-NHL [26] and 
refractory follicular lymphoma [27]. Multiple clinical trials are currently 
exploring the role of immune checkpoint blockade with CAR-T cell therapy in 
diffuse large B cell lymphoma (DLBCL) (NCT02706405, NCT02926833, 
NCT03287817), aggressive B-NHL (NCT03310619), and MCL 
(NCT02650999).

 (b) Solid tumors
The application of CAR-T cell therapy to solid tumors has proven to be more 

challenging due to antigen sequestration in organ tissues (discussed below) and 
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the immunosuppressive tumor microenvironment. The combination of immune 
checkpoint inhibition (ICI) with CAR-T cell therapy has proven to be beneficial 
in Her-2 transgenic mice models where anti-PD-1 antibody improved CAR-T 
proliferation and antitumor efficacy [28]. Similar findings were also observed in 
an orthotopic mouse model of pleural mesothelioma, where anti-PD-1 antibody 
rescued the effector functions of exhausted CAR-T cells [29]. Blocking PD-1 
on liver myeloid-derived suppressor cells (L-MDSC) proved beneficial in a 
murine model of carcinoembryonic antigen+ liver metastases, where L-MDSCs 
are thought to suppress CAR-T function [30]. On the other hand, not all trials 
yielded a clear benefit of adding PD-1 blockade to CAR-T cell therapy. In par-
ticular, one clinical trial investigated the efficacy of combining ICI with CAR-T 
cell therapy in patients with relapsed or refractory neuroblastoma. While lym-
phodepletion with fludarabine and cyclophosphamide increased CAR-T cell 
expansion and persistence, the addition of pembrolizumab did not yield addi-
tional benefit [31]. This trial was conducted on 11 patients; therefore, larger 
trials are needed.

 Agonistic Anti-Costimulatory Receptor Antibodies

Third-generation CAR constructs contain two co-stimulatory domains: CD28 and 
4-1BB.  Initially, these had been developed to improve the efficacy and decrease 
rapid exhaustion of second-generation CARs, which only had one co-stimulatory 
domain; however, they did not show superiority over second-generation CARs, and 
it is unclear whether including more than two co-stimulatory signals adds any ben-
efits to CAR-T cell function. Alternatively, stimulatory monoclonal antibodies 
against 4-1BB have been developed and used in combination with second- generation 
CARs [32]. Anti-4-1BB enhanced the anti-tumor efficacy of CAR-T cells directed 
against Her2 in a Her-2 transgenic mouse model [33]. Surprisingly, this not only 
resulted in increased IFNg secretion, but also reduced the levels of Tregs and 
MDSCs, thus decreasing immunosuppression [33]. This could prove to be a safer 
approach for using CAR-T cells, as it would allow for dose reduction and overcom-
ing the immunosuppressive tumor environment. Zuma-11 (NCT03704298) is cur-
rently underway to evaluate the safety of CAR-T19 in combination with utomilumab 
(a human monoclonal antibody that is a 4-1BB/CD137 agonist [34]) in patients with 
refractory large B-cell lymphoma.

 Oncolytic Viral Therapy

Oncolytic viruses (OV) have emerged as encouraging agents for the treatment of 
solid tumors. They are currently being engineered to specifically target cancer cells, 
which they infect, undergo replication, and induce lysis. OVs are also used as a 
vehicle to carry genes encoding cytokines, chemokines, enzymes, or antibodies to 
further bolster their therapeutic potential. The recent approval of talimogene 
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laheparepvec (T-VEC), human herpes simplex virus carrying recombinant granulo-
cyte macrophage colony-stimulating factor (GM-CSF) for the treatment of mela-
noma, has increased the interest in the field and resulted in a boom of clinical trials 
assessing the use of OV therapy in a myriad of tumors. OV therapy is able to release 
tumor antigens that were previously hidden from the immune system, promote a 
strong anti-tumor response, and debulk solid tumors. This provided a strong ratio-
nale to combine OVs with CAR-T cell therapy, and several strategies have been 
employed. One study aimed to use OV as an approach to overcome the failure of T 
cells to migrate to the highly immunosuppressive tumor milieu of neuroblastoma. 
The oncolytic adenovirus Ad5d24 was engineered to express IL-15 and RANTES, 
which are known in inducing T cell migration and survival. When combined with 
CAR-T cells directed against the tumor antigen GD2, the apoptosis of cancer cells 
was accelerated and the intratumoral concentration of CAR-T cells was increased. 
This led to an increase in the survival of tumor-bearing mice [35]. Further studies 
assessed the possibility of blocking inhibitory immune checkpoints such as PD-L1 
by local production of anti-PD-L1 mini-antibodies to improve CAR-T efficacy. The 
co-administration of the OV expressing PD-L1-blocking mini-antibody, CAd- 
VECPDL1, with CAR-T cells directed against HER2 in a prostate cancer xenograft 
mouse model led enhanced antitumor activity compared to the administration of 
each element as a monotherapy [36]. This strategy was further optimized by allow-
ing the OV to co-express the PD-L1 mini-antibody and IL-12p70 to prevent the loss 
of CAR-T cells from the tumor site in a head and neck squamous cell carcinoma 
xenograft mouse model [37]. This proved to be superior to Cad-VECPDL1, with 
substantial improvement in overall survival [37]. Surprisingly, this result was not 
reproduced by coadministration of CAR-T cells and systemic infusion of anti-PD-
 L1 antibody [36]. A different approach engineered OV to express the same tumor 
antigens targeted by the CAR-T cells as a strategy to re-stimulate the CAR-T cells 
and enhance their functions [38]. These promising strategies opened the door to a 
myriad of other opportunities that can be exploited by combining OVs which act as 
a local source of multiple proteins to enhance CAR-T effectiveness. In addition to 
delivering immunostimulatory cytokines and ICIs, we can envision other tactics 
such as using OVs to deliver immune co-stimulatory molecules, molecules targeting 
immunosuppressive cells or metabolic pathways, pro-apoptotic molecules, or mol-
ecules that are able to alter the structure of the tumor microenvironment such matrix 
metalloproteinases.

 Inhibitors of the PI3K Pathway

The PI3K-AkT-mTOR-c-myc pathway is essential for T cell activation, prolifera-
tion, and differentiation [39]. It was suggested that inhibiting this pathway might 
halt T cell differentiation during ex vivo T cell expansion and thus shift the CAR-T 
phenotype into a less differentiated state that is less prone to rapid exhaustion. IL-15 
has been reported to reduce mTOR activity, and its supplementation to CAR-T cell 
culture resulted in less differentiated CAR-T cells [40]. Similarly, inhibition of AkT 
yielded analogous results [41]. Importantly, the treatment of T cells with the B cell 
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receptor and PI3K delta inhibitor, idelalisib (which is currently approved for the 
treatment of CLL and follicular lymphoma), led to the production of less differenti-
ated CAR-T cells with improved antitumor activity against CD19+ [42], CD33+ 
[43], and mesothelin+ target cells [44]. The simultaneous treatment of CAR-T cells 
with vasoactive intestinal peptide and PI3K antagonists lead to the inhibition of 
anti-CD5 CAR-T cell differentiation during ex vivo expansion, which lead to 
increased persistence in DLBCL mouse models [45]. These results have led to the 
development of bb21217, which is an anti-BCMA CAR-T cell therapy that adds the 
PI3K inhibitor, bb007, during ex vivo expansion to enrich memory-like T cells. 
Clinical trial NCT03274219 (CRB-402) is currently underway to assess the safety, 
efficacy and duration of bb21217 therapy in patients with relapsed refractory mul-
tiple myeloma. Preliminary results published in 2019 were encouraging, with 83% 
of patients demonstrating clinical response and long term persistence of CAR-T 
cells [46]. Updated results presented at the ASH annual meeting in 2020 showed 
similar trends. Other possible modulators of this pathway include B cell adaptor for 
PI3K [47] and c-myc [47], which have been shown to decrease CAR-T differentia-
tion and improve CAR-T persistence and antitumor activity upon inhibition. 
Therefore, the inhibition of the PI3K/AkT axis represents a generalizable strategy 
that can generate large numbers of CAR-T cells with superior cytotoxic abilities and 
an early memory phenotype.

 Long-Acting Interleukin-7 Agonist (NT-I7)

IL-7 is pro-lymphoid growth factor that promotes T cell growth. Its efficacy in pro-
moting CAR-T functions was tested using its long-acting form of recombinant 
human ilterleukin-7 that is fused with hybrid Fc and is known as NT-I7 or efinepta-
kin alpha [48]. Mice treated with Universal CAR-T19 (UCAT19) and who received 
3 infusions of NT-I7 had improved survival compared to those that did not receive 
interleukin 7 products. In addition, there was a better tumor control with enhanced 
UCAR  T19 proliferation and persistence [48]. This combination has recently 
received FDA clearance to initiate phase 1b clinical trial for patients with relapsed/
refractory large B-cell lymphoma.

 Combination with Cancer Directed Therapies

 Rituximab

Rituximab is an anti-CD20 antibody that is used in a vast array of B cell lymphomas 
with variable success. The development of CAR-T cells targeting CD19 or CD38 on 
B-NHL cells has shown clinical benefit. It was previously shown that the combina-
tion of CAR-T19 and/or anti-CD38 CAR-T with rituximab confers an enhanced 
synergistic cytotoxicity against B-NHL in xenograft models [49]. In addition, this 
combination increased tumor suppressing activity for over 2 months [49]. Antigen 
escape was a common resistance mechanism that was observed in patients who 
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relapsed or failed CAR-T19 therapy in the landmark Zuma-1 trial that led to CAR-
T19 approval in adults with NHL [50]. Currently, ZUMA-14 (NCT04002401) is a 
clinical trial that is evaluating the combination of CAR-T19 with either rituximab or 
lenalidomide in refractory large B cell lymphoma [51].

 Venetoclax

The anti-apoptotic Bcl-2 family of proteins is overexpressed in CLL and 
NHL. Compounds such as venetoclax are BH3 mimetics and antagonize these pro-
teins. They have demonstrated significant efficacy in clinical trials and are currently 
used in the clinic. The combination of venetoclax with CAR-T19 was studied under 
three different conditions: pre-treatment with venetoclax prior to CAR-T19 admin-
istration, simultaneous therapy, or the injection of CAR-T19 cells following veneto-
clax treatment [52]. It was shown that only the pre-sensitization of the cancer cells 
with venetoclax enhanced CAR-T cells cytotoxicity and persistence by upregulat-
ing the CD19 antigen and pro-apoptotic proteins [52]. On the other hand, veneto-
clax administration with or following CAR-T cell administration decreased CAR-T 
proliferation and led to inferior outcomes [52]. A new cohort of the TRANSCEND 
004 clinical trial is investigating the combination of venetoclax with the CAR-T19 
product lisocabtagene maraleucel in the treatment of CLL.

 Radiation

Radiation is emerging as an attractive tool to sensitize CAR-T cells against tumor 
cells. Exposing pancreatic cancer cells to low dose radiation increased the efficacy 
of CAR-T cells in killing sialyl Lewis-A (sLeA)  +  cells. Surprisingly, it also 
increased CAR-T efficacy in killing sLeA- cells, providing a novel approach to 
preventing CAR-T resistance upon antigen escape [53]. Similarly, radiation 
increased CAR-T cell efficacy, persistence, and activity in an orthotopic glioblas-
toma mouse model [54].

 Combination to Modulate Tumor Antigen Expression

 Small Molecule g-Secretase (GS) Inhibitors

BCMA is a tumor necrosis factor receptor superfamily member that binds B-cell 
activating factor to promote differentiation of B cells and survival of malignant 
MM. However, most patients relapse following treatment. Failures has been attrib-
uted to decreased levels of BCMA expression on the MM cell surface due to cleav-
age by the GS complex, thus limiting CAR-T cell recognition. In addition, following 
cleavage, there is release of soluble BCMA, which in turn is capable of inhibiting 
CAR-T cell functions. GS inhibitors that were initially studied for Alzheimer’s dis-
ease have been tested to see if they can reduce soluble BCMA shedding and thus 
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restore CAR-T functions. Indeed, administration of GS inhibitors increased the den-
sity of BCMA on MM cells in mice and in patients. A clinical trial is currently 
underway to test the efficacy of combining GS inhibitors and anti-BCMA CAR-T 
in MM patients (NCT03502577) (36).

 Bryostatin 1

Anti-CD22-CAR-T cell therapy has been proven to induce rapid remission in the 
majority of patients with ALL. Unfortunately, most patients relapse due to antigen 
escape manifested by decreased CD22 expression on malignant cells. Bryostatin 1, 
a natural product that is used in humans and shown to modulate protein kinase C, is 
known to upregulate CD22 expression. Bryostatin 1 pretreatment of both B-ALL 
and DLCBL cell lines enhanced CD22 CAR-T cytotoxicity and cytokine produc-
tion. Mice that received leukemic cells that were pretreated with bryostatin 1 showed 
enrichment in effector and memory CAR-T cell populations. In addition, the admin-
istration of bryostatin 1 following CAR-T injection resulted in increased CAR-T 
persistence and lengthening of the remission time [55].

 Combination with Hematopoietic Cell Transplantation

The role of CAR-T cell therapy in the context of hematopoietic cell transplantation 
(HCT) has been studied with different orders of administration. HCT remains an 
important option in multiple hematologic malignancies as it offers considerable cure 
rates. However, it comes with significant morbidity and mortality, and relapses are not 
uncommon. Several studies have shown that CAR-T cells can induce remissions as a 
bridge to HCT; This is especially true in patients with B-ALL. In multiple trials, chil-
dren and young adults with ALL who received CAR-T19 constructed with the CD28 
co-stimulatory domains showed improved survival among those who proceeded with 
allo-HCT [56, 57]. This was not the case in another study performed at the University 
of Pennsylvania Children’s hospital of Philadelphia, where the ELIANA trial showed 
that proceeding with allo-HCT following CAR-T19 does not confer a survival benefit 
[58–61]. This trial differed from the previous as it used CAR-T19 cells constructed 
with the 4-1BB costimulatory domain, which showed superior persistence. However, 
these results did not hold in multiple subsequent studies done in the United States and 
outside, where bridging to allo-HCT seemed to provide better outcomes [62–65]. In 
summary, until further randomized trials are conducted, the decision to proceed with 
allo-HCT following CAR-T19 administration should be individualized according to 
the tumor involved, patients’ characteristics and prior treatment. In general, young 
patients with B-ALL that received CD28-based CAR-T19 should proceed to allo-
HCT due to lack of persistence. Those who received 4-1BB-based CAR-T 19 (such as 
tisagenlecluecel) may not need transplantation given sustained remissions. However, 
it is prudent to prepare all these patients for possible transplant given unpredictability 
of CAR-T19 persistence in this population. On the other hand, unlike B-ALL, current 
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trials data does not support consolidative transplantation for Non Hodgkin Lymphoma 
patients, and who responded to CAR-T19 [66].

 Combinations that Decrease CAR-T Toxicity

Despite the remarkable efficacy of CAR-T cell therapy, treatment-associated toxici-
ties remain a huge barrier, with considerable morbidity and mortality. The two most 
common CAR-T-associated toxicities are CRS and ICANS, which will be described 
in detail later in this book [67]. In short, these events are caused by the secretion of 
high levels of pro-inflammatory cytokines, particularly IL-6 and GM-CSF, by acti-
vated T cells and myeloid cells and are characterized by fever, hypotension, pulmo-
nary insufficiency and altered mental status. Currently, the mainstays of treatment of 
CAR-T cell toxicities include tocilizumab and steroids. While tocilizumab is effec-
tive in reversing CRS, it does not reduce the severity or rates of ICANS [68, 69]. The 
use of steroids has been shown to ameliorate the severity of ICANS in cohort 4 of the 
Zuma-1 clinical trial, but its role in the management of ICANS remains controver-
sial, and concerns exist regarding the impact of steroids on CAR-T cell efficacy.

In this section, we will be describing several therapeutic agents that are given 
alongside or shortly after CAR-T injection to manage CAR-T-associated toxicities.

 IL-6 or IL-6R Inhibition (Tocilizumab, Siltuxumab)

The inflammatory cytokine IL-6 has been shown to play an essential part in the devel-
opment of CRS [70]. Monoclonal antibodies targeting IL-6R (tocilizumab) or IL-6 
(siltuxumab) are currently the main stay of treatment for CRS [50, 71]. Tocilizumab, 
originally used for the treatment of rheumatoid arthritis, has been more commonly 
used than siltuxumab, and usually results in the resolution of CRS symptoms within 
hours [72]. It has proven to be compatible with CAR-T cell therapy as it does not 
appear to affect therapeutic outcomes [50, 71]. Combination of CAR-T19 with the 
IL-6 receptor blockade tocilizumab has been investigated as a strategy to prevent 
CAR-T cell toxicity. Results from the PLAT-02 study, which was originally designed 
to study the safety and efficacy of CAR-T19 cell therapy in patients with ALL, showed 
that giving tocilizumab early in the course of mild CRS decreased the transition into 
severe CRS with no negative effects on therapeutic efficacy of CAR-T cells [73]. 
Similar results were seen in the safety expansion cohort of the Zuma-1 trial evaluating 
CAR-T19 cell therapy in patients with NHL [74]. Tocilizumab administration on day 
2 reduced the incidence of severe CRS but had no effect on ICANS [74].
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 GM-CSF Depletion (Lenzilumab)

Multiple recent studies have suggested that myeloid cells are considered an essen-
tial source for the production of proinflammatory cytokines that are involved in 
CRS and ICANS [75, 76]. Therefore, GM-CSF, an important growth factor involved 
in myeloid cell stimulation, evolved as a possible target for the treatment of CAR-
T-associated toxicities. Indeed, the neutralization of GM-CSF with lenzilumab sig-
nificantly reduced markers of CRS and ICANS (weight loss, neuroinflammation, 
inflammatory cytokines) when administered with CAR-T cells in a patient-derived 
ALL xenograft model [77]. GM-CSF neutralization also enhanced CAR-T19 thera-
peutic efficacy. Given the dual benefit of improved CAR-T efficacy and reduced 
toxicity, a phase I/II clinical trial (NCT04314843) is currently under way to evaluate 
the safety and efficacy of sequenced therapy with CAR-T19 and lenzilumab in 
patients with relapsed or refractory large-B-cell lymphoma [70].

 IL-1 Inhibition (Anakinra)

The failure of tocilizumab to ameliorate ICANS has led to the investigation of the 
role of other cytokines in ICANS development. IL-1 has been shown to precede 
IL-6 secretion in CAR-T-associated toxicities. Anakinra, an IL-1 receptor-blocking 
antibody used in the treatment of rheumatoid arthritis, abolished both CRS and 
ICANS in a humanized leukemia mouse model [78]. This led to a substantial 
increase in survival and paved the way for two clinical trials (NCT04148430, 
NCT04150913) currently underway for the evaluation of anakinra as a strategy to 
prevent ICANS during the infusion of CAR-T19 in patients with NHL.

 JAK/STAT Inhibition (Ruxolitinib, Itacitinib)

Ruxolitinib, a JAK/STAT pathway inhibitor, has been shown to be efficacious in 
decreasing the levels of inflammatory cytokines in myelofibrosis, polycythemia vera 
and hemophagocytic lymphohistiocytosis in multiple clinical studies. In an acute 
myeloid leukemia xenograft model, mice that were co-treated with CD23- targeted 
CAR-T cells and ruxolitinib exhibited a decrease in the levels of IFN-g and TNF-a, 
with less severe CRS manifestations than mice treated with CAR-T alone. In addition, 
CAR-T anti-leukemic efficacy was not affected, and survival was improved [79]. The 
inhibition of the JAK/STAT pathway was further studied with the JAK1-specific inhibi-
tor itacitinib [79] [80],. Using NSG mice bearing CD19- expressing NAMALWA 
human lymphoma cells, itacitinib significantly reduced CRS-associated cytokine lev-
els without affecting the antitumor activity of CAR-T19 cells [81]. Interestingly, the 
inhibition of cytokine release was more substantial than that seen with the current stan-
dard of care, tocilizumab. This has led to a clinical trial (NCT04071366) that is cur-
rently evaluating the role of itacitinib in the prevention of CRS.
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 Reversible CAR-T Inhibition (Dasatinib)

Dasatinib is a tyrosine kinase inhibitor that is FDA-approved for the treatment of 
chronic myelogenous leukemia and ALL.  It suppresses the activity of T cells by 
inhibiting signaling kinases (Src, Fyn, Lck) which are downstream of the T cell 
receptor. Dasatinib has also been shown to decrease the levels of multiple cytokines 
and chemokines; as such, it has subsequently been explored in preventing CAR-T-
associated toxicities. Treatment with dasatinib caused a rapid and reversible inhibi-
tion of antigen-dependent activation of CAR-T cells with decreased proliferation, 
killing and cytokine production in a xenograft model [82]. Interestingly, dasatinib- 
treated CAR-T cells regained their full anti-tumor capacity once dasatinib was 
removed. Similar results were described in another publication, which also showed 
that a short course treatment with this kinase inhibitor was protective against CRS 
in a xenograft mouse model [83].

 Endothelial Cell Protection (Defibrotide)

Defibrotide is a mixture of single-stranded oligonucleotides and is used in the treat-
ment of veno-occlusive disease by protecting endothelial cells and inhibiting clotting. 
ICANS has been suggested to be caused by endothelial cell damage from excessive 
cytokine release [84]. There are currently no preclinical studies assessing the combi-
nation of CAR-T19 and defibrotide; however, a clinical trial (NCT03954106) is cur-
rently under way to evaluate the safety and efficacy of defibrotide in the prevention of 
ICANS in patients with relapsed or refractory DLBCL receiving CAR-T cell therapy.

 TNF-a Inhibition (Etanercept)

Etanercept, soluble TNF-a receptor, is widely used in the treatment of CRS in clinical 
trials conducted in China [85, 86]. However, its efficacy is not well studied, and results 
have been controversial. One ALL patient who was treated with CAR-T19 and devel-
oped severe CRS responded very well to a combination treatment of etanercept and 
tocilizumab without affecting CAR-T expansion [87]. In another study involving ALL 
as well, one patient developed severe and ultimately fatal CRS that was unresponsive 
to this combination treatment [87]. Further larger scale studies are needed to evaluate 
the benefit of TNF-a blockade in the treatment of CAR-T-associated toxicities.
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 Systemic Immune System Suppression (Steroids)

Steroids have long been used to suppress an overly active immune system in the 
context of auto-immune disease. Steroids are commonly used in the treatment of 
CAR-T-associated CRS and ICANS in addition to currently approved therapies 
such as tocilizumab. Earlier reports have suggested that corticosteroids are associ-
ated with CAR-T cell exhaustion and decreased efficacy [88]. Recent studies are 
more controversial. One study has shown no difference in patients who received 
steroids versus those that received tocilizumab in patients with B-cell ALL [89]. On 
the other hand, a more recent report that was presented at ASH in 2021 showed that 
corticosteroids used at higher dosages, or at earlier stages with prolonged use, have 
been associated with shorter progression-free and overall survival in patients with 
large B-cell lymphoma [90].

 PI3K Inhibition

Finally, duvelisib, a selective dual PI3K-δ,γ that is approved for the treatment of 
relapsed/refractory CLL and follicular lymphoma, has been shown to decrease CRS 
while maintaining CAR-T19 functions [91]. This has been shown by measuring the 
levels of IL-6, as a surrogate marker for CRS. Although duvelisib resulted in signifi-
cant reductions of IL-6 levels in vitro and in-vivo, there was a statistically insignifi-
cant decrease of CAR-T19 efficacy (~20%) [92]. Further preclinical and clinical 
studies are needed to confirm the role of PI3K inhibition on CRS prevention.

The use of novel molecular inhibitors or antibodies to modulate the toxicities of 
CAR-T cell therapy is promising yet still in its beginning. There is a fine balance 
between decreasing toxic amounts of proinflammatory cytokines induced by CAR-T 
cells while still maintaining their antitumor efficacy. While current modalities focus 
on treating CAR-T side effects, there is emerging evidence which suggests that 
treatment with these molecules prior to CAR-T administration could be more ben-
eficial. Additional studies are needed to weigh the benefits of preventative, preemp-
tive, vs reactive treatment with respect to CAR-T cell efficacy.

 Conclusion

CAR-T cell therapy has demonstrated remarkable clinical outcomes in certain blood 
cancers, but lack of long-term efficacy, inactivity in solid tumors, and serious toxici-
ties present challenges to its widespread adoption. As the mechanisms behind each 
of these shortcomings become untangled, researchers have applied additional agents 
in CAR-T cell therapy to improve safety and efficacy. Immunomodulatory agents, 
including small molecule inhibitors, monoclonal antibodies, and oncolytic viruses, 
have been shown to improve CAR-T cell function in hematological malignancies 
and in solid tumors. Combination with existing chemotherapeutic drugs or radiation 
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has demonstrated increased tumor suppression and CAR-T persistence. Small mol-
ecule drugs have been employed to prevent antigen escape, which remains one of 
the most common reasons for CAR-T failure. Progress has been made on the toxic-
ity front as well, with small molecule drugs and monoclonal antibodies displaying 
improved outcomes regarding CRS and ICANS incidence and severity. Clinical tri-
als of such combination therapies are nascent but promising and need close follow 
up as new results emerge. Additional patient data and clinical experience is needed 
to bring these therapies into mainstream medicine. The current studies outlined in 
this chapter offer potential solutions to removing medical, geographical, and finan-
cial barriers to CAR-T cell therapy through improving therapeutic efficacy and 
expanding applications to solid tumors, lowering safety risks to allow the adoption 
of CAR-T cell therapy outside select large medical facilities, and reducing costs 
through the simplification of patient care.
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Abstract Gene and cellular immunotherapy is rapidly changing the way we treat 
cancer. But, unfortunately, these promising therapies can result in serious, some-
times fatal complications. Safety switches are increasingly used to manage serious 
side effects associated with these advanced cellular therapies. In this chapter, we 
review safety switches categorized in three classes: (a) metabolic (gene-directed 
enzyme prodrug therapy, GDEPT), (b) dimerization-induced apoptosis, and (c) 
monoclonal antibody-mediated cytotoxicity.

Keywords Suicide gene · Safety · Cellular therapy · T cells · Immune effector 
cells · iCasp9 suicide gene · HSV-TK suicide gene · Gene-directed enzyme 
prodrug therapy (GDEPT) · CD19 · CRS · Neurotoxicity · GVHD

 Introduction

Cellular therapies represent one of the important components in the current man-
agement of cancer [1], from the infusion of hematopoietic stem cells (HSC) to 
ensure hematopoietic reconstitution, to the infusion of mature donor lymphocytes 
(DLI) to boost adoptive immunity [2], or to the treatment with genetically redirected 
T cells via T cell receptor (TCR) or chimeric antigen receptor (CAR) gene transfer 
[3]. Cellular therapies also pose a risk of serious adverse events. Donor T cells 
within the HSC product or infused post-transplant as DLI have been associated with 
potentially fatal graft-versus-host-disease (GVHD). Administration of engineered T 
cells has also resulted in toxicity, related to on/off-target effects as well as serious 
cytokine release syndrome (CRS) and neurotoxicity [4]. Additionally, 
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vector- induced insertional mutagenesis following HSC transduction can result in 
neoplastic transformation [5, 6]. Overall, these issues prompted the Recombinant 
DNA Advisory Committee of the National Institute of Health to make some clinical 
recommendations, including implementing careful dose-escalation plans and co- 
expressing a suicide gene for switching off or controlling unpredicted or long-term 
toxicities [7].

Genetic modification of cells with a suicide gene enables the selective ablation 
of gene-modified cells with potential amelioration of the associated adverse event 
[8, 9]. A suicide gene can be applied for the safety of therapies employing hemato-
poietic stem cells, inducible pluripotent stem cells and progeny, or immune effector 
cells. (Table 1). Suicide gene technologies can be broadly classified based upon 
their mechanism of action in (a) metabolic (gene-directed enzyme prodrug therapy, 
GDEPT), (b) dimerization-induced apoptosis, and (c) monoclonal antibody- 
mediated cytotoxicity. Examples of GDEPT include the Herpes simplex virus thy-
midine kinase (HSV-TK) activated by the prodrug ganciclovir. The iCasp9 suicide 
gene is a chimeric protein composed of a drug-binding domain linked in frame with 
a component of the apoptotic pathway, allowing conditional dimerization and apop-
tosis of the transduced cells after administration of a non-therapeutic small mole-
cule dimerizer [10–13] (Table 2, Fig. 1). Genetic modification of cells with a protein 
expressed in the plasma membrane [14] enables cell removal after administration of 
a specific monoclonal antibody. Examples of this class of suicide genes include: 
CD20 [15–17], the compact suicide gene (RQR8) combining epitopes from CD34 
and CD20 enabling CD34 selection, cell tracking, and deletion [18], epidermal 
growth factor receptor (EGFR) [19], and the incorporation of a myc-tag sequence 
within the transgenic construct [20].

The ideal inducing agent for suicide gene activation should be biologically inert 
with adequate bio-availability and bio-distribution. These strategies should permit 
flexibility in which the cell therapy could be either downregulated to control moder-
ate toxicities while preserving the therapeutic effect, or eliminated completely in the 
case of severe toxicities for which the presence of residual cells after suicide gene 

Table 1 Suicide gene applications for the safety of cellular products

Cell type Major toxicity risk Desirable suicide gene strategy

T cells GVHD All cells must harbor suicide gene
Gene redirected 
T cells (CAR, 
TCR)

Cytokine release 
syndrome, 
neurotoxicity,

All transduced cells must harbor suicide gene

Gene corrected 
stem cells

Malignant 
transformation

All transduced cells must harbor suicide gene

Pluripotent cells 
(PC)

Malignant 
transformation
Excessive 
proliferation

Expression only in PC: Pluripotent cell-specific 
promoter, but progeny cells can still give adverse 
events (transformation, reversion to pluripotency, or 
damage from excess proliferation)
Bystander effect (killing of surrounding cells) can be 
desirable in case of solid tumor formation.

GVHD graft versus host disease, CAR chimeric artificial receptors, TCR T cell receptor
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activation is unwanted. In this chapter, we present an overview and update [8] of 
available suicide gene therapy strategies. We will analyze the clinical results of the 
inducible Caspase 9 (iCasp9), and the Herpes simplex virus thymidine kinase 
(HSV-TK) clinically investigated safety switch systems in the setting of allogeneic 
hematopoietic transplant, and present the state-of-the-art of suicide gene applica-
tions for other immune effector cell therapies.

Fig. 1 Mechanism of action of the different suicide gene technologies. (a) Suicide gene modifica-
tion of cells of interest to allow conditional elimination in case of serious adverse events. Surface 
marker suicide genes, e.g., CD20, can also function as a selectable markers. (b) Dimerization- 
induced, e.g., iCasp9 protein with FKBP12-F36V binding domain joined to human caspase-9. 
Administration of AP1903 leads to dimerization of iCasp9, activating the intrinsic mitochondrial 
apoptotic pathway. (c) Metabolic, e.g., HSV-TK leads to phosphorylation of ganciclovir, and its 
triphosphate form (also phosphorylated through cellular kinases) incorporates into DNA with 
chain termination. (d) Monoclonal antibody (mAb)-mediated, e.g., CD20 overexpression allows 
elimination after exposure to CD20 mAb through complement/antibody dependent cellular cyto-
toxicity (CDC/ADCC). LTR: long terminal repeat, psi: retroviral packaging element, iCasp9: 
inducible Caspase9, CARD: Caspase recruitment domain, HSV-TK: Herpes simplex virus thymi-
dine kinase, GCV: ganciclovir, mAb: monoclonal antibody. Reproduced from [8]
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 Suicide Genes for Control of GVHD

Two suicide genes have been validated in the clinic for control of GVHD from the 
administration of donor T cells after allogeneic hematopoietic stem cell transplant 
(HSCT) to enhance immune recovery and maximize graft-versus-tumor: the iCasp9 
and the HSV-TK suicide genes. Clinical results are summarized in Table 3.

 iCasp9 Suicide Gene

The iCasp9 suicide gene is a chimeric protein composed of a drug-binding domain 
linked in frame with a component of the apoptotic pathway, allowing conditional 
dimerization and apoptosis of the transduced cells after administration of a non- 
therapeutic small molecule dimerizer [9–13]. In a Phase 1 clinical trial, the induc-
ible Caspase9 (iCasp9) suicide gene [21, 22] was used in concert with the small 
molecule dimerizer AP1903. Seminal experiments performed by Spencer et al. [21, 
23] and Clackson et al. [8], demonstrated the ability to control signaling pathways 
through administration of lipid-permeable synthetic ligands, inducing conditional 
dimerization of intracellular proteins. They generated an inducible Casp9 suicide 
gene consisting of a FKBP12-F36V domain linked, via a flexible Ser-Gly-Gly-Gly-
Ser linker, to ∆caspase 9, which is caspase 9 without its physiological dimerization 
domain, or caspase recruitment domain (CARD) [13]. FKBP12-F36V consists of an 
FKBP domain with a substitution at residue 36 of phenylalanine for valine, binding 
the synthetic dimeric ligand, such as AP1903 [24], with high selectivity and sub-
nanomolar affinity. Straathof et  al. [13] and Tey et  al. [25] validated the iCasp9 
construct for T cell applications, demonstrating optimal transduction efficiency, 
expansion, and elimination of iCasp9 T cells with strong expression of the transgene 
[13, 22, 25]. iCasp9 was cloned in-frame, using a 2A-like sequence from Thosea 
asigna insect virus [26, 27], with a truncated CD19 domain (ΔCD19) serving as a 
selectable marker to ensure ≥90% purity (Table 4) [25, 28, 29].

 Administration of Allo-Depleted iCasp9 T Cells

Brenner and collaborators reported their early results of a phase I clinical trial using 
the iCasp9 system [22]. Recipients of CD34-selected haplo-HSCT for hematologi-
cal malignancies received escalating doses (1 × 106–1 × 107 cells/kg) [25, 30] of 
iCasp9-modified allo-depleted T cells from day 30 onwards. [45; 50] The iCasp9- 
modified T cells expanded and were detected in the peripheral blood as early as 
7 days after infusion and persisted for at least 2 years in surviving patients. The 
engrafted iCasp9-modified T cells included both CD4+ and CD8+ T cells and pre-
dominantly had an effector-memory or central-memory phenotype. Four patients 

Safety Switches Used for Cellular Therapies
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out of ten developed acute GVHD (aGVHD) grade 1–2 of the liver and/or skin. 
Administration of a single dose of 0.4 mg/kg AP1903 resulted in apoptosis of ≥90% 
of iCasp9-modified T cells within 30 minutes, followed by a rapid (within 24 hours) 
and permanent abrogation of GVHD. Remarkably, residual iCasp9-modified T cells 
were able to re-expand, contained pathogen-specific precursors, and had a poly-
clonal T cell receptor repertoire. The cell counts and composition of T cell subsets 
of patients who developed GVHD and were treated with AP1903 were similar to 
those who did not require the administration of the drug. Although they found that 
T cells recognizing tumor-associated antigens can be reactivated ex vivo from the 
peripheral blood both before and after AP1903 infusion, three of the four patients 
receiving AP1903 for control of GVHD subsequently relapsed, compared to only 
one of six patients who were not treated. One patient who relapsed without prior 
GVHD was subsequently salvaged with a second allograft, while another patient 
died of complications secondary to autoimmune hemolytic anemia. Overall, five 
patients were alive and in ongoing remission at a median follow-up of 1016 days 
after transplant (range 835–1440 days) [31].

Given this success, several ongoing clinical trials have replaced the time- 
consuming in vitro allo-depletion step with in vivo allo-depletion using AP1903 for 
those developing GVHD in the haploidentical (Clinicaltrials.gov identifier 
NCT01494103; NCT02065869; NCT01744223, NCT03459170) and matched 

Table 4 Suicide gene-modified chimeric antigen T-cell clinical trials

Clinical Trial Study sponsor Description

Suicide 
gene/
activating 
drug Diagnosis

NCT03696784 UNC Lineberger 
Comprehensive 
Cancer Center

Phase I: 
Autologous 
activated CD 19 
CAR-T cells.

iC9; AP1903 Relapsed/refractory B 
cell lymphoma

NCT03016377 UNC Lineberger 
Comprehensive 
Cancer Center

Phase I/II: 
Autologous CD19 
CAR T cells

iC9; AP1903 Relapsed/refractory 
Acute Lymphoblastic 
leukemia

NCT01822652 Baylor College of 
Medicine

Phase I: 
Autologous 
activated GD-2 
CAR-T cells

iC9; AP1903 Relapsed or 
refractory 
Neuroblastoma

NCT01953900 Baylor College of 
Medicine

Phase I: 
Autologous 
VZV-specific 
GD2 CAR-T cells

iC9; AP1903 Relapsed or 
refractory 
Osteosarcoma or 
Neuroblastoma

NCT03190278 Cellectis S.A. Phase I: 
Allogeneic 
engineered 
CD123 CAR 
T-cells

RQR8; 
rituximab

Relapsed/Refractory 
Acute Myeloid 
Leukemia
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related setting (Clinicaltrials.gov identifier NCT01875237, NCT02849886, 
NCT03459170). Some studies also included non-malignant diseases (NCT03733249, 
NCT03639844). An additional advantage of infusing suicide gene-modified 
T-lymphocytes is the omission of immune-suppressive agents associated with organ 
dysfunction and dampened immune responses.

 Administration of Alloreplete iCasp9 T Cells

Zhou et al. investigated whether the iCasp9 activation alone is sufficient to produce 
both rapid and long-term control of GVHD caused by alloreplete haploidentical 
donor T cells in 12 patients. This new method greatly shortened the manufacturing 
time to less than 2 weeks. In this subsequent clinical trial, alloreplete iCasp9-T cells 
were also able to engraft when given at doses of 1 × 105/kg or higher, persisted for 
at least 2  years, provided effective antiviral immunity, and enabled more rapid 
immune reconstitution than reported after haplo-HSCT without adoptive T cell 
transfer. The absolute count of endogenous CD3+ T cells was greater than 500 cells 
per μl at 4 months after iCasp9 T cell infusion (approximately 5.5 months post- 
transplantation), while similar T cell counts are reached only between 9–12 months 
after haplo-HSCT if patients do not receive T lymphocyte add-back. Four patients 
required activation of the suicide gene for GVHD, with the elimination of 85–95% 
gene-modified cells, amelioration of GVHD without recurrence within 90  days. 
One patient in this study who received multiple doses of the drug had mild and 
transient pancytopenia (Grade 2) that was present immediately after each adminis-
tration of AP1903 and resolved within 72 hrs. The mechanism underlying this idio-
syncratic reaction is unclear, but it is likely not attributable to direct myelotoxicity. 
In one patient, acute GVHD became associated with cytokine release syndrome 
(CRS), as manifested by hyperpyrexia and a high level of circulating cytokines. 
Within 2 h of AP1903 administration and in the absence of additional therapy, the 
patient’s temperature normalized, skin rash dramatically improved, and the elevated 
plasma cytokine levels declined. From these seminal studies, there is evidence that 
AP1903 can effectively deplete iCasp9 T cells in the CNS as well as in the skin, gut, 
and liver if these organs are affected by GVHD. Thus, iCasp9 in vivo allodepletion 
can be achieved by a single dose of AP1903 dimerizer administration, with the reso-
lution of associated signs and symptoms of GVHD within 6–48  h. Importantly, 
there was no recurrence of GVHD associated with the gradual recovery of iCasp9 T 
cells following AP1903 administration.

It remains to be determined if mitigation of GVHD with AP1903 impacts the 
graft-versus-leukemia (GVL) effect of donor T cells. In the clinical trial described 
above, the suicide gene is activated only in patients whose GvHD is unresponsive to 
standard treatments. An alternative approach would be a regulated elimination of 
the allo-reactive cells by titrating the dose of the dimerizing agent using a continu-
ous reassessment method.
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 HSV-TK Suicide Gene

Gene-directed enzyme prodrug therapy (GDEPT) [32] converts a nontoxic drug to 
a toxic drug in gene-modified cells, as with HSV-TK [33, 34]. HSV-TK phosphory-
lates nucleoside analogs, including acyclovir and ganciclovir (GCV), resulting in 
their triphosphate forms being incorporated into DNA via the action of DNA poly-
merase, leading to chain termination and cell death [35]. Unlike the mammalian 
thymidine kinase, HSV-TK is characterized by 1000 fold higher affinity to specific 
nucleoside analogs [36], including GCV, making it suitable for use as a suicide gene 
in mammalian cells. A report in Science in 1997 by Bonini et al. demonstrated the 
efficacy of HSV-TK suicide gene-modified T cells in controlling aGVHD resulting 
from donor T cell infusion after HSCT for disease relapse or treatment of EBV post- 
transplant lymphoproliferative disease (PTLD). A GVL effect was demonstrated in 
five patients receiving donor lymphocyte infusions (DLI). Of the three patients that 
developed aGVHD post-DLI, two patients had a rapid (<24 h) resolution following 
treatment with GCV. Additionally, the single patient who developed chronic GVHD 
(cGVHD) achieved a partial response with GCV [37]. Subsequently, the French 
group led by Tiberghien investigated 12 patients with hematologic malignancies 
who underwent HLA-matched related donor allogeneic HSCT [38]. These patients 
were treated with HSV-TK gene-modified T cells on the day of transplantation. 
Three patients developed aGVHD of at least grade 2, and one patient developed 
cGVHD. Treatment with GCV alone resulted in complete remission (CR) in two of 
the three patients with aGVHD and CR was achieved with the addition of steroids 
in the third. GCV treatment also resulted in CR for the patient with cGVHD [38].

The anti-tumor effects of HSV-TK-engineered donor lymphocytes were studied 
in 23 patients with hematologic malignancies who relapsed after matched related 
allo-HSCT. 65% of the patients had clinical benefit, with either a CR or partial 
response (PR) consequent to the administration of donor T cells. Seven patients 
developed antibodies against HSV-TK, but this did not preclude a GVL effect. 
Interestingly, the patients who achieved complete remission remained in remission 
after administration of ganciclovir or development of an anti-HSV-TK immune 
response. The authors postulated it was likely due to the eradication of disease and 
survival of a low numbers of alloreactive T cells after GCV treatment, resulting in 
continued and effective immune-surveillance. Three patients developed aGVHD 
(grade 1–3 skin/liver) that was controlled by GCV in all but one patient, while one 
patient with cGVHD also had a clinical benefit after GCV treatment [34]. Of note, 
infused T cells persisted in vivo up to 14 years after infusion [39]. Another long term 
follow-up study in haploidentical and matched transplant recipients demonstrated 
persistence of these cells for up to 2 years post-infusion [40].

The largest study of suicide gene engineered DLI after haploidentical HSCT was 
published in 2009 by the Milan group [33]. This phase I/II study enrolled 50 patients 
with high-risk hematologic malignancies, and 28 were eligible for HSV-TK 
DLI. Infusions started at day 28 after transplant and continued monthly up to a total 
of four infusions, with doses ranging from 0.9 to 40 x 106 cells/kg. After HSV-TK 
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DLI, no GVHD prophylaxis was given. Ten out of 22 immune-reconstituted patients 
developed aGVHD, and one had cGVHD. Nine patients were treated with GCV at 
5 mg/kg twice daily for 2 weeks and attained complete resolution of GVHD. Some 
patients required transient courses of other immune-suppressive agents including 
steroids, cyclosporine, and mycophenolate mofetil for treatment of GVHD. There 
were no cases of GCV resistance, progression from acute to chronic GVHD or 
GVHD-associated deaths in this study. For patients with primary acute leukemia 
transplanted in remission, the non-relapse mortality was 19% at 3 years. All patients 
in remission 3  years after transplant remained in remission (longest follow up 
9 years) [33, 39]. Indirect evidence suggesting a GVL effect was the finding of de 
novo loss of mismatched HLA expression on leukemic blasts in one haploidentical 
transplant recipient at the time of relapse [41].

In contrast to the iCasp9 suicide gene, the HSV-TK transgene proved immuno-
genic as measured by development of TK-specific CD8+ T cells in immune- 
competent patients with limited persistence of HSV-TK cells [42]. Additionally, 
GCV-resistant truncated HSV-TK forms have been observed in some patients [43]. 
In both the HSV-TK and iCasp9 studies, infusion of suicide gene-modified cells 
aided non-gene modified T cell immune reconstitution [22, 33, 44], possibly as a 
consequence of interleukin-7 secretion by gene-modified cells [45]. The lack of 
further acute GVHD in these studies might suggest either complete elimination of 
alloreactive cells or development of peripheral tolerance. Additionally, the inci-
dence of chronic GVHD was low in the HSV-TK T cell studies, and absent in the 
iCasp9 trial [22, 31]. Finally, no skewing of the T cell-repertoire was observed with 
either suicide gene platforms [22, 46].

 Suicide Gene Application with Gene-Redirected T Cells

T Cell Receptor (TCR)- or Chimeric Antigen Receptor (CAR)-redirected T cells 
have now been used widely for the treatment of hematologic and solid tumor malig-
nancies. Autoimmune phenomena due to infusion of TCR-redirected T cells may be 
due to expression of the target antigens on normal tissues [47–51] or cross-reactive 
phenomena [52]. In theory, mispairing of alpha or beta TCR chains with the endog-
enous TCR could generate TCR of autoreactive specificities. However, this has not 
been observed in clinical trials (Table 4) [53].

Toxicities observed in CAR T cell clinical trials include cytokine release syn-
drome (CRS), neurotoxicity, and tumor lysis syndrome [54–62], organ damage 
including fatal acute lung injury [63], liver toxicity [64, 65], hypogammaglobu-
linemia from depletion of normal host CD19 expressing B cells [54], and anaphy-
lactic reactions due to the development of antibodies to the mouse sequences in 
CAR constructs [66].

Since toxicities resulting from these living drugs cannot be reduced by stopping 
the offending agent as is the case with pharmacologic agents, suicide gene modifi-
cation of gene redirected T cells is an appealing strategy. CRS is an inflammatory 
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response arising from CAR stimulation. Clinical manifestations include fever, nau-
sea, headache, tachycardia, hypotension, hypoxia, as well as cardiac [56, 59], tox-
icities. Although no standard treatment exists, CRS has been managed with steroids 
and the interleukin-6 monoclonal antibody tocilizumab [67]. It is unclear whether 
activation of a suicide gene would abate CAR-T cell-mediated CRS when already 
clinically evident. Trials of iCasp9 suicide gene-modified T cells infused after hap-
loidentical hematopoietic stem cell transplantation showed that administration of 
the AP1903 resulted in defervescence and reduction of inflammatory cytokines, 
including serum interleukin-6. Additionally, some indirect preliminary evidence 
suggested a reduction in iCasp9-T cells in the CNS following dimerizer administra-
tion [68].

Pre-clinical experiments in which iCasp9 is expressed in conjunction with CAR 
CD19/CD20  in genetically modified T cells support the feasibility of such an 
approach [69–71]. Clinical trials combining CAR CD19 and the iCasp9 are ongoing 
both in lymphoma (NCT03696784) and acute leukemia (NCT03016377). 
Additionally, phase 1 clinical trials in patients with sarcoma or neuroblastoma 
receiving iCasp9 T cells co-expressing a CAR against the disialoganglioside GD2 
molecule are ongoing (Clinicaltrials.gov identifier NCT01822652, NCT01953900, 
respectively).

Finally, in an approach targeting CD123 for AML (NCT03190278), the gene- 
modified T cells harbor the RQR8 compact suicide gene. RQR8 is a highly compact 
epitope-based construct that acts as both a suicide gene as well as a selective marker. 
It is a CD20 mimotope that renders T cells susceptible to lysis by CD20 monoclonal 
antibody, Rituximab in combination with the QBend10 epitope of CD34 which is 
recognized by anti-CD34 antibody used in the Miltenyi CliniMACS CD34 selection 
system. [18]

 Insertional Mutagenesis Risks of Gene-Modified 
Cellular Products

Examples of insertional mutagenesis and malignant transformation were reported in 
the setting of gene-modified hematopoietic stem cells using gamma retroviral vec-
tors in clinical trials for severe combined immune deficiency (SCID) [72–74], 
X-linked chronic granulomatous disease [75], and Wiskott-Aldrich syndrome [76]. 
Clonal dominance has also been reported from a clinical trial in beta-thalassemia 
using a lentiviral vector [77, 78]. Modifications of the lentiviral vector (incorpora-
tion of insulator sequences) have overcome this complication and this approach is 
currently under clinical investigation in patients with hemoglobinopathies 
(NCT01745120 and NCT02140554). Although newer self-inactivating lentiviral 
vectors are being used for hematopoietic stem cell gene therapy, no serious adverse 
mutagenic events had been reported in T cells using retroviral vectors, despite the 
identification of integration hotspots in some patients, likely due to safer packaging 
systems or the inability to transform T cells vs. stem cells.
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With the broader application of gene-modified cellular products, costs and acces-
sibility need to be taken into account. Some experts are suggesting waiving the 
costly testing for replication-competent retroviral/lentiviral particles, in view of 
demonstrated safety over several decades. In fact, a recent commentary [79] sum-
marized the negative results reported in the literature for replication-competent ret-
roviral/lentiviral testing of 188 vector products, 2797 genetically-modified T cell 
products, and 3861 patient follow-up samples. In 2011, the National Gene Vector 
Biorepository similarly reported that 16 lentiviral vector products manufactured for 
clinical trial use had no evidence of replication-competent lentiviruses [79].

Fascinating reports on the mapping of retroviral integration sites have been pub-
lished from both studies employing the HSV-TK or the iCasp9 suicide gene system. 
Those studies reported an absence of substantial genotoxic risks and selection bias. 
Consistently, retroviral vectors display an integration pattern distinct from lentiviral 
vectors. Cattoglio et al. [80] reported a selective post-infusion loss of cells harbor-
ing proviruses in direct transcriptional orientation within introns or exons. A study 
from Chang et al. [81] involved extensive characterization of vector integration sites 
using epigenetic and promoter-level atlas, reporting that elimination of iCasp9 T 
cells is determined by a minimum expression threshold of the transgene, which is 
dependent on T cell receptor activation state of the T cells, as well as cis-acting 
influences by host promoters on the proviral transgene. Viral integration studies 
highlighting safety have also been performed in the context of CAR-T cells [82].

 Conclusions

Potent immune effector cell therapies have entered clinical practice. Such therapies 
require attention from regulatory agencies to provide guidelines and accreditation 
for the safe delivery of therapeutic products to the patients. The advent of such novel 
forms of treatment have been associated with the emergence of novel toxicities. 
Patients and staff education are crucial for recognizing, scoring, and prompt initia-
tion of the most appropriate available treatment for these toxicities. Successful clin-
ical validation of suicide gene strategies to control GVHD after allogeneic HSCT or 
to reduce toxicities associated with infusion of genetically modified stem cells and 
T cells are currently underway. In vivo elimination of therapeutic cellular products 
via suicide gene therapy or other forms of cellular switches may be essential to 
eliminate or mitigate many of their expected toxicities while maintaining their ther-
apeutic benefits. Effective safety switches could aid in broader applicability of 
emerging complex cellular therapeutics for cancer or regenerative medicine.
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Abstract The FDA has approved CAR-T cell therapy for the treatment of B cell 
malignancies. Despite the clinical success of CD19 targeted CAR-T, several barri-
ers limit the wider adoption of CAR-based therapies as viable long-term cancer 
therapies. Many of the barriers that limit the routine use of CAR-T cell therapies 
stem from utilizing autologous patient T cells as the starting material to generate 
CAR-T. Here we will describe the limitations of autologous CAR-T, the advantages 
and hurdles of allogeneic donor CAR-T, the learnings from clinical trials using 
allogeneic CART19 and discuss the future direction of the field.

Keywords Off the shelf CAR-T · Universal CAR-T · Allogeneic cellular therapy · 
Allogeneic CAR-T · Genetically edited donor derived CAR-T · CAR-T · TCRab 
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TRAC · β2-microglobulin (B2M)

 Autologous Donor CAR-T

 Limitation of Autologous Donor CAR-T

Currently approved CAR-T cell therapeutics are generated using autologous T cells 
derived from the patient. In general, a single therapeutic dose is manufactured from 
a single apheresis. As with any personalized medicine, CAR-T represent a great 
financial burden. The cost of currently approved therapies ranges from 
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$373  K–$475  K per product. CAR-T manufacture is time-consuming and labor 
intensive and the number of patients that can be treated is limited by the capacity of 
external manufacturing sites, presenting logistical hurdles for scheduling personal-
ized manufacturing runs. Additionally, failure of CAR-T cell manufacturing, 
reported in as many as 13% of patients has been observed [1], primarily due to low 
T cell numbers in patient derived apheresis products; a common occurrence in 
patients with hematological malignancy undergoing chemotherapy. As a result, 
CAR-T clinical trials often exclude patients with low absolute lymphocyte counts. 
Unfortunately, a number of patients fail to survive the length of time required for 
CAR-T manufacturing (~3–6 weeks) and never receive the final product [1]. The 
use of allogeneic donors as a cell source is an attractive solution to the limitations of 
autologous cellular therapies.

 Allogeneic Cellular Therapy

For allogeneic cellular therapies to be successful, they must exhibit certain criteria. 
First and foremost, they must be safe and not induce undue toxicity resulting from their 
unrelated, mismatched donor source. They must overcome immunological rejection 
and persist long enough to demonstrate sufficient efficacy and may need to be amena-
ble to repeat dosing regimens. Additionally, allogeneic cell therapies must maintain 
consistent efficacy and safety profiles accounting for donor-to-donor variability.

There are essentially two different strategies for developing ‘off-the-shelf’ allo-
geneic cellular therapies. The first is to use an innate donor cell type that is generally 
safe to transplant into HLA disparate patients without the risk of inducing Graft 
Versus Host Disease (GvHD), a potentially life-threatening condition in which the 
donor T cells recognize the recipient as foreign, leading to immunological reactions 
against the patient. Suitable innate cell types deficient at inducing GvHD include 
gamma delta T cells, in which activation occurs primarily in an MHC independent 
manner [2]; invariant natural killer T cells (iNKT), which express restricted T cell 
receptors unable to recognize allo-antigens [3, 4]; and NK cells which express 
germline encoded receptors of the innate immune system which do not induce 
GvHD [5]. The second option is an engineered approach in which donor Alpha Beta 
T cells, capable of adaptive immunity, are modified to inhibit alloreactivity.

 Genetically Edited Allogeneic Donor Derived CAR-T

Allogeneic donor derived CAR-T risk inducing life threatening GvHD, providing 
the greatest barrier to the safe use of universal donor T cells. Fortuitously, the advent 
and evolution or genome editing strategies coincided with the early development of 
CAR-T. Furthermore, the ex vivo manipulation of CAR-T provides an opportune 
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environment in which to implement gene-editing strategies clinically. Efficient 
genetic deletion of the T cell receptor (TCR) allows for the generation of CAR-T 
cells from healthy donors without risk of these T cells causing severe and life- 
threatening GvHD. Disruption of the TRAC gene, encoding the TCRα chain was 
initially targeted for this purpose [6]; similarly, deletion of TCRβ or CD3ε will 
result in the failure of the TCR to complex and present on the cell surface [7–10]. 
Additionally, mechanical cell selection strategies, such as anti-TCRαβ magnetic 
bead-based depletion, are currently required to remove residual TCR+ T cells that 
escaped gene editing [9]. This ensures the fraction of TCR+ T cells contained in the 
final product is below the threshold required to induce GvHD.

TCR deficient or “universal” CAR-T offer several other advantages over autolo-
gous CAR-T (Fig.  1).  Multiple patients (perhaps 50–200) can be treated with 
CAR-T manufactured from a single apheresis product, which in turn, substantially 
reduces production costs. Additionally, patients could be infused with CAR-T 
sooner after diagnosis since the product can be generated and frozen in advance, 
eliminating the risk of patients succumbing to disease before receiving CAR-T due 
to manufacturing issues. Allogeneic CAR-T are manufactured from healthy donor 
T cells and thus, eligibility for CAR-T cell therapy is not dependent on patient lym-
phocyte counts allowing patients that have received multiple rounds of chemother-
apy to receive CAR-T.

While TCRαβ deleted T cells may improve the safety of CAR-T cells, allogeneic 
T cells may themselves be subject to immunological rejection by the recipient, 
which may be antibody or cell mediated. Strategies being adopted clinically to pre-
vent CAR-T rejection will be discussed in subsequent sections in the context of 
UCART19.

Fig. 1 Advantages and disadvantages of autologous and allogeneic CAR-T
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 Off-the-Shelf “Universal” Gene-Edited CAR-T Cells 
for B-Cell Malignancies: Results from Clinical Trials

 Clinical Experience in Acute Lymphoblastic Leukemia (ALL) 
Using TALEN-Edited CAR19 T Cells

Children experiencing relapse/refractory (R/R) ALL are now considered for immu-
notherapy interventions including monoclonal antibodies, bi-specific T cell engager 
(BiTE) agents, CAR therapy and allogenic hematopoietic stem cell transplantation 
for a chance of cure [11, 12]. The success of autologous CAR-T cells in seminal 
clinical trials led to approval by health authorities in U.S. and Europe of 
Tisagenlecleucel (autologous lentiviral transduced CAR19 T cells) for treatment of 
pediatric ALL, and since 2017, immunotherapy using adoptive T cells has become 
a licensed therapy [13, 14]. However, the high demand of so called “salvage” strate-
gies for patients refractory to first and second line of treatments, has highlighted 
challenges of manufacturing, timing, logistics and costs for the generation of a 
highly personalized treatment, such as autologous CAR-T. Pre-manufactured CAR 
T cells from non-HLA matched donors have been in development but have had to 
overcome above mentioned key barriers. These include addressing host mediated 
rejection and cell driven graft versus host disease (GvHD), while preserving anti- 
leukemic effects. In 2015, the highly attractive potential of this approach was evalu-
ated in the first clinical experience of genome edited off-the-shelf CAR-T cell 
therapy used to treat two infants with R/R B-ALL [9]. Here, ‘universal’ CAR19 T 
cells (UCART19) from a non-HLA matched donor were manufactured by TALEN 
mediated editing of lentiviral modified T cells. Genome editing disrupted the 
expression of CD52, allowing evasion of the depleting antibody alemtuzumab by 
the UCART19s, and simultaneously knocked out the TRAC gene in order to limit 
occurrence of GvHD. Cells were infused in a single dose in both infants, after lym-
phodepletion comprising fludarabine, cyclophosphamide and alemtuzumab and 
mediated molecular remissions within 28 days, allowing consolidation with alloge-
neic stem cell transplantation (SCT). Phase 1 trials were subsequently conducted in 
both children (“PALL trial”) and adults (“CALM trial”)(Table 1) [15] Results from 
21 patients treated revealed a response rate of 67%, comparable to autologous CAR 
T cells. Allogenic CAR-T cells actively expanded in the first weeks after infusion 
and treatment response was correlated with UCART19 exposure, although persis-
tence started to decline by day 28 in most patients. The importance of lymphodeple-
tion and immunosuppression was highlighted as when anti-CD52 monoclonal 
antibody (alemtuzumab) was omitted, UCART19 failed to expand and, conse-
quently, no response was observed. These early data suggest that optimization of 
lymphodepleting regimen will be pivotal to facilitate donor cell activity while bal-
ancing the risk of infections during prolonged lymphopenia. Of importance, neither 
GvHD nor CAR-T specific severe toxicities (cytokine release syndrome, neurotox-
icity) impeded the application of UCART19 cells. These early milestones showed 

M. L. Cooper et al.



113

for the first time the feasibility of generating and delivering genome-edited alloge-
neic CAR T cells in the clinical arena, with minimal side effects, and promising 
response rates. Next generation CRISPR/Cas9 genome edited CAR-T cells, incor-
porating advances in editing techniques and automated cell manufacturing are 
underway in children at Great Ormond Street Hospital (London, UK) for R/R 
B-ALL (NCT04557436).

Following the promising experience of TALEN genome edited allogenic CAR-T 
cells in patients with ALL, clinical application has been directed towards other 
hematological malignancies that can be efficiently targeted using anti-CD19 CAR, 
such as non-Hodgkin lymphoma (NHL). Two phase 1, dose escalating clinical trials 
(ALPHA studies) are currently investigating safety and efficacy of UCART19  in 
adult patients with relapsed/refractory large B-cell or follicular lymphoma. Data on 
the first 9 patients treated were reported in early 2020 showing promising safety 
results: only mild CRS and neurotoxicity were observed, and one patient experi-
enced multiple viral infections/reactivation (maximum grade III). Response rate 
was 80%, with complete response in 3/9 patients [16]. Updated results were lately 
communicated on 22 patients treated within this trial showing no dose-limiting tox-
icities, no GvHD and manageable CRS and neurotoxicity.

Table 1 Summary of first-in-human application of universal CAR-T cell therapy for B cell 
malignancies

Setting Disease
Genome 
editing tool Efficacy Safety Clinical trial

Pediatric 
(specials, 
off-trial) [19]

B-ALL TALEN Achieved complete 
remission (CR), 
successful HSCT, 
in both patients

No CRS, no 
neurotoxicity, 
mild GvHD

N/A

Pediatric 
(PALL trial) 
& adult 
(CALM trial) 
[15]

B-ALL TALEN Complete 
remission or CR 
with incomplete 
count recovery 
(CRi) obtained in 
67%

CRS ≥ grade 3: 
15%
Neurotoxicity 
≥grade 2: 5%
GvHD grade 1: 
10%
Cytopenia: 32%

NCT02808442
NCT02746952

Adults B-NHL
FL
LBCL

TALEN Response rate 80% No severe CRS/
neurotoxicity
No GvHD

NCT03939026
NCT04416984

Adults B-NHL CRISPR/Cas9 Remission in 3/11 
patients

No severe CRS/
neurotoxicity
No GvHD

NCT04035434

Adults B-NHL
B-ALL

Meganuclease Response in 2/3 
patients

No severe CRS/
neurotoxicity

NCT03666000

ALL acute lymphoblastic leukemia, FL follicular lymphoma, LBCL large B cell lymphoma, NHL 
non-Hodgkin lymphoma, CR complete remission, CRS cytokine release syndrome, GvHD graft 
versus host disease
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 Emerging Experience with Next-Generation Genome Edited 
CAR19 T Cells in B-Cell Malignancies

The rapid evolution of genome editing tools has provided new and more efficient 
route to exploit the potential of allogeneic adoptive immunotherapies for cancer. 
New platforms for DNA editing, such as CRISPR/Cas9 have expanded the design 
of next generation allogenic CAR-T cell therapies. Simultaneous disruption of 
multiple targets and precision insertion of DNA sequences in specific sites can 
provide alternative strategies to overcome HLA-barriers and enhance anti-leuke-
mic effect of CAR-T cells. New iterations of off-the-shelf CAR-T cells based on 
this technology have recently entered the clinic for treatment of B-cell malignan-
cies. CRISPR Therapeutics has deployed CTX110, multiplexed genome edited T 
cells with a CAR19 cassette inserted into the TCR α-chain locus, generating a 
CD19-targeted T cell with CAR expression under the control of endogenous tran-
scriptional machinery. This approach appeared attractive as pre-clinical data 
showed enhanced anti- tumor activity and reduced risk of early exhaustion. Insertion 
of the CAR gene into the TRAC locus simultaneously disrupted native TCR and 
cells were also knocked out for β2-microglobulin (B2M) leading to abrogation of 
MHC class I expression. Preliminary data from the first eleven patients with NHL 
were communicated in 2020, with remission in 3/11, and no GvHD or severe CRS/
neurotoxicity were observed (NCT04035434). Precision Biosciences has devel-
oped another platform for genome editing (ARCUS®), using meganuclease to 
manufacture off-the-shelf CAR-T cells, again with a CAR gene in the TCR locus, 
albeit with an added internal promoter [17]. Interim analysis of the first three NHL 
patients treated at the lowest dose showed an encouraging safety profile and in vivo 
expansion (NCT03666000) [18].

Clinical applications of off-the-shelf CAR T cells for ALL and NHL have pro-
vided encouraging proof of principle for universal CAR-T cell therapy. While more 
robust data from patients treated using next-generation genome edited CAR-T cell 
are anxiously awaited, issues to be resolved include the most efficient lymphode-
pleting regimen, duration and persistence of T cell activity, and the need for stem 
cell transplant consolidation (Fig. 2).

 Off-the-Shelf “Universal” Gene-Edited CAR-T Cells 
for Indications beyond B-Cell Malignancies

 Allogeneic CAR-T for the Treatment of T Cell Malignancies

The inability to separate healthy T cells from malignant T cells due to the shared 
expression of T cell antigens, lends itself to the use of allogeneic CAR-T products 
for treating T cell cancers. The inadvertent generation of antigen negative, therapy 
resistant clones, has been observed in manufacture of autologous CART19 [20], in 
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which removal of malignant B cells from the starting material is significantly less 
challenging. Additionally, the shared expression of target antigens between healthy 
T cells and malignant T cells has limited the development of CAR-T targeting T cell 
cancers because of unintended CAR-T fratricide in which the CAR-T recognize 
themselves as the target. Strategies to overcome fratricide include the use of gene- 
editing to delete the target from the CAR-T cell surface, preventing CAR-T from 
recognizing and killing each other [21]. Off-the-shelf fratricide-resistant CAR-T 
can be generated by suppressing expression of both the target and the TCR simulta-
neously (Fig. 3) [22]. UCART7, a multiplex gene-edited allogeneic CD7 targeted 
CAR-T demonstrated preclinical efficacy in vitro and against in vivo xenogeneic 
models of T-ALL [22]. This approach has since attracted the attention of companies 
seeking to deliver a commercially viable therapeutic product for the treatment of T 
cell cancers, including Wugen Inc., Gracell Bio, and Beam therapeutics. In an open-
label single arm study (NCT04264078), 100% of patients (5/5) achieved a complete 

Fig. 2 Genome editing strategies to overcome HLA-barriers and generate universal CAR-T cells 
currently explored in clinical trials. Up-ward green arrow shows expression of CAR. Down-ward 
red arrows show disruption of T cell surface molecules: CD52 knock-out provide resistance to 
alemtuzumab; TCR genes knock-out prevent alloreactivity; Beta-2-Microglobulin knock-out blocks 
the formation and expression of MHC class I, providing resistance to immune-mediated rejection

Fig. 3 Allogeneic CAR-T for the treatment of T cell cancers. The target is removed to prevent 
fratricide. The TCR is removed to mitigate the risk of GvHD
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response 28 days following administration of GC027, Gracell’s CD7 and TRAC 
deleted allogeneic CAR-T, with 80% of patients achieving a minimal residual dis-
ease (MRD) negativity [23]. Furthermore, no neurotoxicity or GVHD was observed 
in this initial cohort. These clinical data appear to validate the approach of targeting 
T cell malignancies with off-the-shelf gene edited CAR-T, and unlike the setting of 
UCART19, without the requirement of conditioning with alemtuzumab.

Alternative genome engineering strategies have been explored, both academi-
cally and commercially, to generate CD7 targeted CAR [24]. CRISPR guided base- 
editing approaches enable editing of genes without inducing DNA double strand 
breaks and offers the ability to add additional genetic modifications [25] while miti-
gating the risk of introducing genetic translocations.

Other T cell targets being explored in the setting of allogeneic CAR-T include 
CD2 [26] and CD3 [27], both of which are preferentially expressed on more mature 
T cell cancers such as T-NHL. CD3 targeted CAR, in which the TCR is also deleted, 
has the additional benefit of self-purification, harnessing fratricide as a mechanism 
for eliminating potentially GvHD inducing TCR+ CAR-T, and eradicating the 
requirement of additional mechanical depletion strategies [27]. Similarly, the co- 
culture of CD3 targeted CAR-T, during manufacture of other allogeneic CAR-T for 
T cell cancers, may also negate the need for additional TCR depletion strategies 
[24]. As CD3 and CD7 expression is largely restricted to the same cells, it is feasible 
to achieve a high degree of TCR- purity in the final product without negatively 
affecting the safety profile.

 Allogeneic CAR-T for the Treatment of Multiple Myeloma

The autologous BCMA-targeted CAR-T, ide-cel (idecabtagene vicleucel, Abecma), 
is the lasted adoptive cellular therapy to gain FDA approval based on a response rate 
of 72% and a median duration of response of 11  Months [28]. With the recent 
approval of ide-cel, multiple myeloma is considered an optimal indication for trans-
lation of allogeneic CAR-T. Approaches for allogeneic CAR-T targeting BCMA 
include TALEN edited ALLO-715 [29] (Allogene NCT04093596), CRISPR/Cas9 
edited CTX120 (CRISPR Therapeutics NCT04244656) [30], which utilizes an 
AAV vector to insert the CAR into the TRAC locus, and PBCAR269a manufactured 
using Precision Biosciences’ proprietary ARCUS meganuclease platform 
(NCT04171843). A further alternative allogeneic BCMA targeted CAR-T, 
CYAD-211, utilizes a shRNA mediated approach to silence the TCR expression and 
mitigate GvHD (NCT04613557). All four platforms are currently in phase 1 clinical 
testing. In addition to BCMA, other targets include CS1 (SLAMF7). Cellectis has 
developed a TALEN edited, fratricide-resistant, allogeneic CAR-T targeting CS1 
[31], which, in addition to high expression on malignant plasma cells, is expressed 
on CD8+ T cells. Phase 1 clinical testing of UCARTCS1 is currently ongoing 
(MELANI-01: NCT04142619).
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 Allogeneic CAR-T for the Treatment of AML

Identifying a selective target antigen for AML has proven challenging in the setting 
of both autologous and allogeneic CAR-T. Targeted AML antigens, such as CD33, 
FLT3 and CD123, which are expressed on hematopoietic stem cells or early myeloid 
progenitors, pose the risk of bone marrow failure. As such, targeting CAR-T therapy 
for AML is largely restricted to patient’s pre-allogeneic transplantation. Targets 
such as CLL-1 (CD371), which are highly expressed on AML blasts but absent 
on normal HSC, may offer the ability to limit off-tumor toxicities in the setting 
of  AML and are being pursued commercially in the allogeneic CAR-T setting 
(Caribou Biosciences).

Another potential strategy to mitigate off-tumor toxicities in the setting of AML 
includes transplantation of donor HSC in which the target epitope is genetically 
deleted or modified. In preclinical models, CD33 edited HSC maintain multilineage 
hematopoietic engraftment post-transplant while protecting HSC from CAR33 
mediated cytotoxicity [32–34]. HLA compatible allogenic donor T cells, sourced 
from the HSC donor will not be subjected to the same degree of rejection as fully 
allogeneic CAR-T and will likely result in prolonged persistence but may still be 
subject to many of the current limitations of autologous CAR-T therapeutics. Phase 
1 clinical trials assessing the safety of CD33 deleted HSC are expected to initiate 
later this year.

Allogene Therapeutics recently reported preclinical data supporting the role of a 
rituximab responsive suicide switch into their FLT3 targeted CAR-T construct 
(FLT3-CAR-R2, ALLO-819) as a mechanism to minimize bone marrow toxicity 
[35]. Following AML eradication, rituximab mediated CAR-T deletion enabled 
hematopoietic recovery in humanized mouse models suggesting a potential mecha-
nism to clinically mitigate off-tumor targeting.

Considering the complexity of targeting AML, clinical data utilizing alloge-
neic CAR-T for AML is scarce. Cellectis developed UCART123, a TALEN edited, 
TRAC and CD52 disrupted, allogeneic CAR-T targeting CD123 [36] that is cur-
rently ongoing clinical testing. To enhance the safety profile, a suicide receptor 
(RQR8) [37] was incorporated into UCART123, enabling selective deletion of 
CAR expressing cells through rituximab administration. UCART123, has been 
tested clinically in two phase 1 clinical trials: AMELI-1 (NCT03190278) for 
AML and ABC123 (NCT03203369) for BPDCN (blastic plasmacytoid dendritic 
cell neoplasm). However, the first patient dosed in the ABC123 trial succumbed to 
severe cytokine release syndrome and vascular leak syndrome resulting in FDA 
clinical holds to both phase 1 trials. The BPDCN trial was discontinued, however, 
a revised clinical protocol, incorporating a lower UCART123 dose, was subse-
quently approved for the treatment of AML and results from AMELI-01 are 
eagerly awaited.
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 Summary

CAR-T cells have profoundly altered the therapeutic landscape for the treatment of 
hematologic malignancies. Increasingly sophisticated engineering strategies are 
being employed to build upon the success of autologous CAR-T to develop off-the- 
shelf allogeneic treatments. The initial clinical data from UCART19 is promising; 
however, off-the-shelf cellular therapies remain in their infancy and face several 
challenges if they are to expand to indications beyond B cell cancers. Key questions 
remain to be answered and how the field evolves will largely depend on the lessons 
learnt from the current clinical trials.
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Abstract The recent approval of five chimeric antigen receptor (CAR)-T cell prod-
ucts by the US food and drug administration (FDA) in the context of hematological 
malignancies has generated the impetus to broaden CAR-T cell therapy applica-
tions, resulting in growing production demand. Successful CAR-T cell manufactur-
ing is not only the foundation of these promising therapies, but the choice of 
manufacturing platform and technology also contributes to defining the CAR-T cell 
product phenotype, therapeutic efficacy, potential toxicities, and affects the cost of 
goods. Although multiple methodologies and cell manufacturing platforms have 
become available, the core components of autologous CAR-T cell manufacturing 
such as source material collection, T cell isolation, activation, genetic modification, 
expansion, end of process formulation and cryopreservation remain constant. 
Current methodologies and cell manufacturing platforms are highlighted in the con-
text of recent clinical trials. Quality requirement and quality control assays enabling 
the release of clinical CAR-T cell products for infusion are also underscored. The 
broadening of the scope of CAR-T cell applications beyond cancer therapies is also 
touched upon as this novel therapeutic paradigm is still evolving.
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 Introduction

The remarkable therapeutic efficacy of CD19 targeted CAR-T cells for hematologi-
cal malignancies such as B cell acute lymphoblastic leukemia (ALL), non- hodgkin’s 
lymphoma (NHL) and diffuse large B-cell lymphoma (DLBCL) [1] has led to the 
approval of five CAR-T cell products by the US food and drug administration 
(FDA): Tisagenlecleucel (Kymriah) for the treatment of pediatric ALL, DLBCL, 
high-grade B-cell lymphoma; Axicabtagene (Yescarta) for the treatment of relapsed 
or refractory large B-cell lymphoma; Brexucabtagene autoleucel (Tecartus) for 
relapsed and refractory mantle cell lymphoma; Lisocabtagene maraleucel (Breyanzi) 
for adults with relapsed or refractory large B-cell lymphoma, and idecabtagene 
vicleucel (Abecma) for relapsed/refractory multiple myeloma. Hundreds of early 
stage clinical trials using CAR-T cells targeting various tumor antigens, such as 
BCMA, CD33, CD123, GD2, mesothelin, PSMA, or using CAR-T cells in combi-
nation with immune checkpoint blockade such as anti-PD-1, anti-PD- L1 and 
CTLA-4, are registered at clinicaltrials.gov. [2].

The impetus for the establishment of new CAR-T cell therapies has resulted in 
growing production demands which are in turn fueling the rapid development of 
CAR-T cell manufacturing science and methodologies. Successful manufacturing is 
not only the foundation for every CAR-T cell clinical trial, but the choice of CAR-T 
cell manufacturing strategy and methodology also contributes to the phenotype and 
efficacy of the cells and drives the cost of goods. Despite the availability of multiple 
methodologies and cell manufacturing platforms, the core components of the 
CAR-T cell manufacturing procedure remain consistent between processes. They 
include source material collection, T cell isolation, activation, genetic modification, 
expansion, end of process formulation and cryopreservation. The quality of the 
CAR-T cell product is built within the manufacturing procedure and is demon-
strated by the in-process and final product release testing. The stepwise CAR-T cell 
manufacturing procedure is described below and illustrated in Fig. 1.

 CAR-T Cell Manufacturing

 T Cell Collection: The Beginning

CAR-T cell therapy at present time is mostly an autologous therapy [2]. Emerging 
clinical studies aim at testing CAR-T cells in an allogeneic setting with additional 
genetic modification of T cells using gene-editing tools to mitigate the risk of graft 
versus host disease (GVHD) [3]. For both autologous and allogeneic CAR-T cell 
therapies, the manufacturing processes starts from the collection of patient or donor 
peripheral blood mononuclear cells (PBMCs), most commonly through a leuka-
pheresis, whereby white blood cells are collected and all other components in the 
blood are returned to the circulation. Alternative T cell sources that have been 
reported so far include PBMCs enriched from Ficoll-Hypaque density gradient sep-
aration [4].
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Collected PBMCs contain contaminants including anticoagulants that are included 
during PBMC collection, plasma, red blood cells (RBCs), and platelets. It is important 
to remove these contaminants to minimize their impact on downstream processing 
such as impairment of T cell activation and increased cell clumping [5]. Several cell-
washing devices are suitable to remove the plasma, RBCs and platelets, such as COBE 
2991, Haemonetics Cell Saver 5+, and Fresenius Kabi LOVO. Terumo Elutra [6, 7] 
and GE Sepax system [8] can further deplete monocytes and isolate lymphocytes with 
cell-size-based fractionation. Washed or fractionated cells can either be used directly 
for the next manufacturing step or cryopreserved until further processing.

 T Cell Selection: Fine-Tuning the Starting Material

CD3+ T cell population is currently the most widely used starting cell population 
for CAR-T cell manufacturing [9]. Selection of CD3+ cells can be achieved by 
using the Dynabeads® magnetic separation technology. Washed apheresis product 
is first incubated with CD3/CD28 antibody-coated magnetic Dynabeads® to allow 
binding of beads to CD3+ T cells. T cells can subsequently be pulled out by a mag-
net, such as the ClinExVivo magnetic particle concentrator (MPC). CD3+ T cells 
selected using this method may contain high numbers of monocytes due to the 
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Fig. 1 Simplified CAR-T cell manufacturing scheme. T cells are first selected from patient or 
donor apheresis products and subsequently activated. After CAR transgene is introduced into acti-
vated T cells through various gene transfer methods, the culture is further expanded and formulated 
upon meeting the dose requirements. Formulated cells can be cryopreserved in either cryobags or 
vials. Cellular products are ready to be released for infusion upon meeting all release criteria
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engulfment of beads through phagocytosis, and high numbers of tumor cells if the 
patient has a large circulating tumor burden. High level of monocyte contamination 
poses a manufacturing challenge through inhibition of T cell expansion [10] and 
negatively impacts CAR-T cell function [11, 12]. The contaminating tumor cells 
can potentially be transduced and prevent the antitumor activity of CAR-T cells by 
tumor antigen epitope-masking [13]. To prevent these deleterious outcomes, T cells 
can be either positively selected by incubating the washed apheresis product with 
anti-CD4 and anti-CD8 microbeads and using CliniMACS [14] or by depleting 
CD19+, CD14+, and CD56+ cells using anti-CD19, anti-CD14, and anti-CD56 
microbeads and CliniMACS (our unpublished data). In a phase I clinical trial of 
anti-CD22 CAR T-cells for children and young adults with relapsed/refractory 
CD22+ malignancies, it was shown that CD4/CD8 T-cell selection of the apheresis 
product improved CAR T-cell manufacturing feasibility as well as heightened 
inflammatory toxicities as compared to products that were derived from whole 
apheresis, leading to dose de-escalation [15].

Studies from several laboratories have further demonstrated that CAR-T cells 
derived from subpopulations such as naïve (TN, CD45RA+CD62L+) [16], central 
memory (TCM, CD45RA-CD62L+) [17, 18], or memory stem cell (TSCM, CD45RA+
CD62L+CCR7+CD27+CD28+CD127+CD95+) [19] subsets, mediate stronger anti-
tumor activities when compared to CAR-T cells derived from bulk T cell population 
in in vivo animal models. Despite challenging low numbers, investigators have used 
the TCM subset as starting material in the clinical setting by combining CD14+, 
CD25+, and CD45RA+ depletion to CD62L+ positive selection, and subsequent 
manufacturing of CAR-T cells which led to glioblastoma regression in one patient 
[20]. CD8 TCM subset was also successfully selected by depletion of CD4+, CD14+, 
and CD45RA+ cells followed by CD62L+ positive selection in pre-clinical models 
[17, 18, 21]. CAR-T cells with defined CD4+CAR+ and CD8+CAR+TCM or 
CD4+CAR+ and CD8+CAR+ ratio have been infused in patients with B-ALL and 
NHL which potentially mitigated toxicity and improved disease-free survival [18]. 
Generation of CAR-T cells from a T cell population with defined properties is an 
attractive approach. A caveat related to the use of T cell subsets is the increased com-
plexity of the manufacturing scheme and cost related to the selection procedure. The 
merit of using these refined T cell subsets still awaits long-term patient follow up and 
clinical outcome in larger patient cohorts to determine whether superior therapeutic 
benefit will emerge and outweigh simpler and yet robust manufacturing platforms.

 T Cell Activation: Preparing T Cells for Gene Transfer 
and Expansion

Sustained and adequate T cell activation is needed for in vitro expansion of T cells 
and is required for transfer of the CAR transgene mediated by gamma-retroviral 
vectors. Activation of T cells in vivo requires the engagement of T cell receptor and 
its cognate antigen presented on the MHC molecule (signal 1) on antigen presenting 
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cells (APCs) and activation of co-stimulatory molecules such as CD28, 41BB and 
OX40 by the APCs (signal 2). Various in vitro T cell activation methods have been 
established and they can be largely classified as T cell stimulation by either soluble 
antibodies, Expamer, antibody-coated beads, or artificial antigen presenting cells 
(AAPCs).

T Cell Activation by Soluble Antibodies: The engagement of CD3 monoclonal 
antibody OKT3 in the presence of high dose IL-2 has been used to activate and 
expand donor CD19-CAR T cells in numerous clinical trials [9]. Soluble tetrameric 
CD3, CD28, and CD2 antibodies have also been developed to cross-link CD3, 
CD28 and CD2 on T cell surface as T cell activator [22] . Guanylyl cyclase 
C-targeted CAR-T cells have been generated from T cells activated by this CD3/
CD28 tetrameric antibody complexes and these CAR-T cells can significantly pro-
tect the syngeneic metastasis of colorectal cancer to the lung in an animal model [23].

T Cell Activation by Expamer: The core of the Expamer technology is the solu-
ble multimer backbone of the mutated streptavidin molecule, Strep-Tactin. The 
strep-tags of Strep-Tactin bind to biotinalyted anti-CD3 and anti-CD28 Fab frag-
ments, which facilitates the polyclonal stimulation of T cells. The interaction 
between biotinylated Fab to Strep-Tactin is reversible and Expamer can be removed 
by cell washing. It has been reported that Expamer can efficiently induce TCR sig-
naling, activate T cells to enable transduction using retroviral vectors and support T 
cell expansion [24, 25]. Its soluble nature and ease of removal during cell washing 
makes Expamer an attractive T cell activation reagent.

T Cell Activation by Antibody-Coated Beads: the soluble anti-CD3 monoclonal 
antibody, OKT3, has been shown to be less effective for T cell activation when 
compared to its immobilized counterpart. In addition, the T cell activation function 
of OKT3 antibody can be enhanced by immobilized monoclonal antibodies against 
costimulatory molecules, such as CD28 [26–28]. A handful of companies have 
developed CD3- and CD28- antibody coated beads, such as Dynabeads™ human 
T-Activator CD3/CD28 (ThermoFisher Scientific), and the T cell TransAct™ CD3/
CD28 (Miltenyi Biotech) [29, 30]. Dynabeads are paramagnetic beads that are used 
for both selection and activation of CD3+ T cells; they must be removed at the end 
of the culture before formulation. TransAct CD3/CD28 beads are polymeric nano-
beads intended for the in vitro stimulation of pre-selected T cells. They are bio- 
degradable and can be largely washed out during formulation, therefore they do not 
need to be removed at the end of the process. These off-the-shelf T cell activation 
cGMP reagents are currently the most widely used for the activation of T cells in the 
context of CAR-T cell manufacturing [9].

T Cell Activation by AAPC: Natural activators for T cells are autologous profes-
sional antigen presenting cells (APCs), including dendritic cells (DCs), B cells and 
macrophages. The preparation of DCs derived from apheresis products is not only 
tedious, the potency of primary DCs also significantly varies from patient to patient 
[31]. These limitations have hampered the application of DCs as a reliable source 
for T cell activation. Alternatively, artificial antigen presenting cells (AAPCs) have 
been developed from the chronic myelogenous leukemia (CML) cell line K562. 
K562 cells do not express MHC molecules or T cell costimulatory ligands, allowing 
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investigators to customize the stimulatory and costimulatory molecules in these 
cells to activate, expand and amplify subsets of T cells. In comparison to antibody 
coated beads, K562 AAPCs are more efficient at activating and expanding CD8+ 
and antigen-specific T cells [17, 32, 33]. Irradiated K562-derived AAPCs have been 
successfully used to activate T cells and expand CD19-specific CAR-T cells [34]. 
Patient derived irradiated autologous PBMCs [35] as well as PBMCs together with 
EBV-specific lymphoblastoid B-cell lines (LCLs) [36] in combination with OKT3 
anti-CD3 antibody and IL2 have also been reported for T cell activation as means  
to generate CD19- and CD20-specific CAR-T cells, respectively. Nonetheless, the  
usage of cell-based T cell activation is rather limited as compared to other T cell 
activation approaches due to the complexity of generating cGMP compliant AAPC 
lines [37].

 Gene Transfer: Introduction of CARs into T Cells

CARs can be introduced into T cells either permanently or transiently by using viral 
or non-viral gene transfer methodologies. Current CAR-T cell therapies largely rely 
on the stable and robust expression of CARs. Gammaretroviral vectors, lentiviral 
vectors and transposon/transposases are the three major approaches for permanently 
incorporating CAR transgenes into the genome. Alternatively, AAV-CAR (Adeno- 
Associated Virus-CAR) expression cassettes flanked by homology arms are also 
used in conjunction with CRISPR/Cas gene editing tools for site-specific CAR inte-
gration [38, 39]. Transient CAR expression is advantageous for screening CAR 
specificity towards tumor antigens and for investigating the on-target off tumor 
effect, where short-term expression of CAR can mitigate the side effects of constitu-
tive CAR expression. CAR mRNA electroporation is currently the method of choice 
to mediate transient expression of CARs. Each delivery system is described below 
and summarized in Table 1.

Gammaretroviral Vectors: Gammaretroviral vectors are widely used in cell and 
gene therapy applications as gene delivery vehicles. The first gammaretroviral vec-
tors developed for gene delivery and still used up to this day are derived mostly from 
the Moloney murine leukemia virus (Mo-MLV) and the Myeloproliferative sarcoma 
virus (MPSV) [40, 41]. In addition to promoting high expression levels of the 
transgene(s), another instrumental advantage is the availability of multiple stable 
packaging cells lines that facilitate the generation of pseudotyped gammaretroviral 
vectors with a wide range of tropisms and are available for manufacturing according 
to cGMP [42, 43]. Despite the adverse events observed in SCID-X1 and WAS 
patients engrafted with gammaretroviral vector-transduced HPSCs, owing to the 
integration of the transgene near proto-oncogene sequences such as LMO2, CCNDs, 
and MDS1-EVI 1 [44, 45], long-term patient follow up studies have shown the 
remarkable safety profile of gammaretroviral vectors in the context of adoptive T 
cell therapies [46–49]. Three of the five current FDA-approved CAR-T cell prod-
ucts, axicabtagene (Yescarta), brexucabtagene autoleucel (Tecartus) and 
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Table 1 Current major gene transfer platforms for CAR-T cells

Category Platform

Theoretical 
Packaging 
capacity

CAR 
expression Pros Cons

Viral 
vectors 
[76, 77]

Gamma- 
retroviral 
vectors

7.5 kb Permanent Stable and high 
levels of transgene 
expression; 
availability of 
multiple packaging 
cell lines with wide 
tropism; feasibility 
to generate large 
vector lot

Unable to efficiently 
transduce non- 
dividing or slowly 
dividing cells; low 
probability of giving 
rise to replication 
competent retroviral 
virus; insertional 
genotoxicity in 
HSCs; expensive 
release testing; 
long-term monitoring 
of recipient

Lentiviral 
vectors

7.8 kb Permanent Stable and high 
levels of transgene 
expression; 
transduce non- 
dividing cells; safer 
genome insertional 
profile

Lack of stable 
packaging cell lines; 
complex transient 
transfection 
manufacturing 
platform; larger lot to 
lot variability; 
possibility of giving 
rise to replication 
competent lentivirus; 
potential insertional 
genotoxicity; 
expensive release 
testing

AAV 5 kb Permanent Facilitate site- 
specific 
incorporation of 
CAR transgene, 
persistent and stable 
transgene expression

Requires gene editing 
technology and 
special homologous 
sequences for 
site-specific 
incorporation.

Non-viral 
vectors 
[78–80]

Transposon/
transposase 
system

6 kb Permanent Plasmid based: 
Simpler to 
manufacture; 
simpler to test; 
lower cost 
comparing to viral 
vector; low 
immunogenicity

Low efficiency; 
potential insertional 
genotoxicity

mRNA 10 kb Transient No genome toxicity; 
biodegradable; 
self-limiting 
off-target toxicity of 
transgene

Transient expression 
of transgene; mRNA 
stability
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lisocabtagene maraleucel (Breyanzi), utilize gammaretroviral vectors as the CAR 
delivery vehicle to transduce T cells [50]. cGMP gammaretroviral vectors can be 
manufactured in various scalable platforms [51–53] and are not at risk of promoting 
replication-competent retrovirus (RCR) during manufacturing [54].

Lentiviral Vectors: Lentiviral vectors present the advantage of being able to 
transduce non-dividing cells. The most common lentiviral vectors are derived from 
HIV-1 pseudotyped with VSV-G envelope (env). VSV-G env confers a high level of 
tropism to the viral particles and the ability to infect a wide variety of cell types 
[55]. Owing to the low level of expression of the receptor of VSV-G env, the low 
density lipoprotein receptor (LDLr), in unstimulated T cells, activation of T cells is 
also required to promote high levels of transduction with lentiviral vectors [56, 57]. 
Similar to retroviral vectors, lentiviral vectors mediate high levels of stable CAR 
expression. They also present a safer genome insertional profile [58]. The major 
drawback of lentiviral vectors is the lack of stable packaging cell lines due to the 
intrinsic fusogenic nature of the VSV-G env. Lentiviral vectors are typically pro-
duced via the multi-plasmid transient transfection process that requires large amount 
of plasmid DNA and downstream purification, which renders the process difficult to 
scale up and expensive [59]. Nonetheless, two FDA-approved CAR-T cell product, 
tisagenlecleucel (Kymriah) and idecabtagene vicleucel (Abecma), utilizes lentiviral 
vector produced by transient transfection as the vehicle for CAR delivery in T cells 
[60, 61]. Progress is being made in manufacturing these vectors using scalable plat-
forms [62, 63]. Many researchers are also actively working on the development of 
stable producer cell lines for lentiviral vectors either by using elaborated inducible 
systems to control VSV-G env expression [59], or by employing alternative envelop 
glycoproteins such as the feline endogenous gamma retrovirus RD114 [64, 65] and 
the Baboon retroviral envelope glycoprotein [66].

Transposon and Transposase System: Transposon/transposase system is a 
relatively new plasmid-based CAR delivery method through electroporation of T 
cells. The CAR transgene is inserted into the genome via the transposase excision 
and insertion mechanism. This plasmid-based method is comparatively less 
expensive than retroviral and lentiviral vectors which are complex biologics 
requiring more intensive and expensive manufacturing and biosafety testing. It 
has been shown that sleeping beauty (SB) transposon/transposase has a theoreti-
cally higher safety profile [67]. Clinical trials have been conducted with CAR-T 
cells genetically modified via this SB platform with modest efficacy [68]. When 
compared to viral vector platforms, the drawbacks of the transposon/transposase 
system include the higher cell dose requirement due to less efficient gene transfer, 
hence longer ex vivo culture expansion period and the requirement for the selec-
tive propagation of CAR+ T cells via artificial antigen-presenting cells (AAPC) 
stimulation in addition to cytokines [37].

Adeno-Associated Viral Vectors: AAV vectors are used in a wide range of clini-
cal applications [69]. In the context of CAR-T cell manufacturing, AAV vector has 
recently been used to facilitate the site-specific incorporation of CAR transgene in 
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conjunction with gene editing tools. A site-specific double-stranded break at a tar-
geted genomic location such as the T-cell Receptor Alpha Chain (TRAC) locus, 
enabled by gene editing tools such as CRISPR/cas9 and guide RNAs can subse-
quently be repaired by homology-directed repair (HDR). Transduction of gene 
edited T cells bearing a site-specific double-stranded break with an AAV-CAR 
expression cassette containing homology arms to the DNA break flanking sites 
facilitates the homologous recombination and enables the introduction of the CAR 
sequence at a specific location in the genome [38, 70].

mRNA: Unlike the gene transfer methods discussed above which enable perma-
nent incorporation of CAR transgene into the genome and allow constitutive expres-
sion of CAR, transfer of in vitro transcribed CAR mRNA through electroporation 
mediates only transient expression. Since there is no genomic integration event 
associated with this platform, there are no concerns related to genotoxicity or for-
mation of replication competent viruses. mRNA transfection has been successfully 
used to deliver mRNA encoding TCR [71], CAR [72], chemokine receptor and 
cytokines [73]. The self-limiting nature of CAR expression mediated by this plat-
form is advantageous when serving as a safety check for on-target-off-tumor effect 
or off-tumor toxicities, and other unwanted side effects resulting from steady long 
term expression. mRNA-transfected mesothelin targeting CAR-T cells have been 
administered to patients with advanced solid tumors either through repeated sys-
temic or intratumoral infusions [74, 75], indicating the feasibility of this gene trans-
fer platform.

 Large Scale CAR-T Cell Expansion: Growing Cells 
to Therapeutic Dose

For current CAR-T cell applications, cell expansion is typically needed to generate 
the amount of cells required for therapeutic clinical dose and release testing. Several 
platforms are available to enable this requirement. They are generally classified as 
static culture, wave-mixed bioreactor and expansion in continuous bioreactor.

Expansion in Static Culture: At the onset of CAR-T cell adoptive therapy, 
CAR-T cell expansion was mostly accomplished in static culture systems such as T 
flasks [81] or gas permeable cell bags [36]. As the cells expand, the large number of 
static vessels and volumes of culture become difficult to handle. The process is not 
only labor-intensive, but also requires highly trained operators working under the 
biosafety cabinet in a cGMP cleanroom environment. Although the handling of cell 
culture bags is simpler than that of tissue culture flasks, they are still not suitable for 
large-scale manufacturing. In recent years, a new type of cell culture flask with a 
gas-permeable membrane at the base, the G-Rex bioreactor, was developed. This 
scalable cylindrical bioreactor allows initial low seeding density, one time upfront 
feeding regiment, growing of cells in an incubator, robust cell expansion, and ease 
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of end of process volume reduction [82]. It mimics the format of the tissue culture 
flask but with features enabling a simple and cost-effective setting for early clinical 
application. Due to the static culture environment, G-Rex is especially suitable for 
co-culture of T cells with feeder cells, such as TILs [83] and expansion of T cell 
subset using AAPCs [84].

Expansion in Wave-Mixed Bioreactor: Wave-mixed bioreactors are more 
sophisticated bioreactors enabling efficient mixing and gas exchange using a low- 
shear rocking side-to-side wave motion. This type of scalable system comprises a 
single use cell bag bioreactor, a temperature enabling rocking base, a controller for 
gas and rocking speed, a pump enabling perfusion mode, and single use sensors 
monitoring pH and dissolved O2. Wave-mixed bioreactor is a functionally closed 
system with build-in automation features. It largely reduces the amount of labor 
required and allows cells to expand to higher cell density with the perfusion mode. 
This type of bioreactor has a working culture volume of 1–50 L with a minimal 
inoculation volume of approximately 300 mL, therefore requiring an initial seed 
train in either flasks or cell culture bags. This platform is wildly used by academic 
centers and biotech companies for CAR-T cell expansion to support early stage 
clinical trials [9, 85, 86].

Expansion in Continuous Culture Bioreactor: One of the newest technology 
for CAR-T cell expansion is the CliniMACS Prodigy System. It is a combination of 
a cell washer, a magnetic cell separation device, a shaker, a centrifuge, and a cell 
cultivation bioreactor. This system is fully enclosed and is designed to incorporate 
all steps of CAR-T cell manufacturing including T cell selection, activation, trans-
duction, expansion and formulation. It enables a higher degree of automation, sup-
ports continuous cell culture, and largely decreases operator interpersonal variability. 
CAR-T cells generated in the CliniMACS Prodigy display significant anti-tumor 
activities in animal models and the transduction efficiency and T cell expansion 
were found comparable to those of CAR-T cells generated in Xuri/WAVE bioreac-
tor [87]. Phase I clinical trials conducted with CD19 targeting CAR-T cells gener-
ated in CliniMACS Prodigy have generated encouraging results with 27 out of 31 
pediatric patients with ALL (NCT03467256) [88] and 4 out of 5 adult patients with 
high risk NHL (NCT03434769) [89] achieving complete responses respectively. 
Additional trials using either CD19 specific CAR (NCT03434769) [90] and 
CD20.19 bi-specific CAR-T cells [91] were also successfully manufactured in aca-
demic cell processing facilities using this device. Another available integrated end- 
to- end cell manufacturing solution is the Cocoon platform, which also enables the 
activation, transduction, expansion and formulation steps of the manufacturing pro-
cess. A clinical trial using CD19-targeted CAR-T cells manufactured with the 
Cocoon platform is currently being conducted (NCT02772198). These integrated 
and continuous culture bioreactors have the potential to enable the concept of point- 
of- care manufacturing.
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 Cryopreservation: Enabling Storage and Long 
Distance Shipment

Once the required cell dose is reached, expanded CAR-T cells are washed to remove 
the culture medium and contaminants such as cytokines, growth factors, magnetic 
beads, and resuspended in an infusion compatible formula, such as Plasmalyte with 
low percentage of human serum albumin [85]. The CAR-T cell product can be 
infused fresh within a short time frame (e.g. 24 h), upon passing all the release test 
criteria or be cryopreserved for infusion at a later time. Both practices are currently 
in use, but the time constraints relative to the rather complicated testing required to 
release CAR-T cell products for infusion (Table 2) and other logistics, such as real- 
time documentation review, real time issuance of certificate of analysis, and patient 
pre-treatment scheduling constitute major challenges for infusion of fresh products. 
The impact of cryopreservation on CAR-T cells has been evaluated in recent studies 
by comparing either the phenotypes and functions of fresh and cryopreserved 
CAR-T cells generated from healthy donor T cells or clinical outcomes of patients 
receiving either fresh or cryopreserved CAR-T cell products [92, 93]. Elevated 
expression of cell surface expression of apoptotic markers, activation of apoptosis 
and cell cycle pathways, as well as decreased in vitro secretion of IL-2, TNF and 
interferon-γ were observed in cryopreserved CAR-T cells when compared to fresh 
cells. However, no significant changes in transduction, T cell subsets composition, 
or antitumor activity in mouse models were found [92]. Moreover, retrospective 
studies in six clinical trials indicated that there was no difference in in vivo CAR-T 
persistence and clinical responses between fresh and cryopreserved CAR-T prod-
ucts in patients [93]. Further studies are warranted to evaluate the cell damage 
related to various cryoprotectant reagents [94], formulations and CAR-T cell freez-
ing programs. However, cryopreservation of CAR-T cell product is currently a 
widely used strategy in many clinical applications and will be required for off-the- 
shelf applications and centralized manufacturing model.

 Release of CAR-T Cell Products: Obtaining the Driver’s License

Quality of the CAR-T products is built in the manufacturing procedure through cur-
rent good manufacturing practices (cGMP) and current good documentation prac-
tices (cGDP). Because of the complexity of CAR-T cell manufacturing process, a 
cautiously designed set of in-process and release tests is needed to provide adequate 
evidence for product safety, identity, purity and potency. The release of the CAR-T 
cell product is governed by the certificate of analysis (CofA), that must include tests 
for the aforementioned critical quality attributes (CQA), the assay methods used, 
the identification of the testing facility, the release specification and the actual test-
ing results. Examples of the general release testing and testing methods for CAR-T 
cell products are summarized in Table 2. Additional aspects of cell manufacturing 
quality checkpoints have been previously reviewed by Wang and Rivière [95].
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Table 2 Example of quality control release assays for CAR-T cells [85, 96]

Critical 
quality 
attributes Testing Example assays Example release criteria

Safety Viability Trypan blue, automatic 
cell count, or FACS

Typically ≥65–70%

Sterility USP No growth for 14 days
BACTEC/BACT 
ALERT

48 hr. or base on validation [97]

Gram stain (for fresh 
product conditional 
release)

Negative

Mycoplasma PTC culture assay on 
indicator cell line

Negative

PCR Negative
MycoAlert rapid test Negative

Endotoxin/Pyrogen Kinetic chromogenic 
(LAL) assay

<5 EU/kg

Average vector copy 
number

qPCR ≤4–5 copies/cells

RCR or RCL Marker rescue cell 
culture or qPCR

Negative

Identity T cell marker FACS Application specific, such as 
>90%,

CAR expression FACS Application specific, such as 
>4–10%

Purity T cell markers and 
CAR expression

FACS See above (purity and identity 
of CAR-T cell product could 
have some overlap)

Contaminating cells
(e.g. tumor, feeder 
cells)

FACS Application specific

Residual Dynabeads Microscopy <100 beads/3E6 cells
Other residual 
reagents

Such as ELISA Application specific

Potency Cytotoxicity T cell 
assay

51Cr release, or 
luciferase assay

Application specific

Cytokine secretion, 
such as IFN-γ

ELISA or ELISpot Application specific

CD107a FACS Application specific

PTC point to consider, PCR polymerase chain reaction, qPCR quantitative real-time PCR, ELISA 
enzyme-linked immunosorbent assay, ELISpot Enzyme-linked immunospot
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 Future Perspectives

The last decade has witnessed a revolution in the development and application of 
autologous CAR-T cell therapy. The success of CAR-T cell engineering through the 
use of retroviral and lentiviral vectors has enabled this cell therapy to benefit thou-
sands of patients and has led to the approval by the FDA of four CD19 targeted 
CAR-T cell products for hematological B-cell malignancies and one BCMA CAR 
for multiple myeloma [98, 99]. In the autologous setting, a seemingly minor change 
in the manufacturing process may have substantial impact on the quality of the final 
product, for example, usage of T cell subsets such as CD4/CD8 selected T cells 
[15], TSCM [19] or TN [16] in combination with better CAR design [38, 100] and 
could largely drive down the therapeutic dose requirements. The combination of 
gene editing and gene transfer technologies is currently being investigated. This 
rapidly evolving field is heading towards nucleases targeted CAR gene transfer at 
specific loci to alleviate random vector integration and towards off-the-shelf alloge-
neic CAR-T therapy to prevent inter-product variability in yield and phenotype and 
to overcome the impairment of anti-tumor functions of CAR-T cells derived from 
patients. New reagents, technologies and manufacturing platforms are being devel-
oped to meet the evolving needs [101]. In particular, minimally manipulated CAR-T 
cells kept in culture for less than 24 h. have demonstrated some level of anti-tumor 
activities in animal models. The optimization of this approach could simplify the 
CAR-T manufacturing process and has the potential to drastically decrease the 
overall cost [102, 103]]. Uniform batches of therapeutic T cells derived from 
induced pluripotent stem cells (iPSCs) [104, 105] could potentially mitigate the 
challenges posed by the poor quality of T cells derived from heavily pretreated can-
cer patients and generate a consistent product, although rejection by the host 
immune system remains to be solved [106].

Currently, CAR-T studies are largely geared toward the treatment of malignant 
diseases and have shown efficacy in hematological diseases. CAR-T cell inefficien-
cies in solid tumors are currently being tackled. In addition, this therapy could be 
applied to a much broader spectrum of diseases, including but not limited to (1) 
control of viral infection, such as hepatitis B [107], hepatitis C [108], CMV [109] 
and HIV [110]; (2) control of auto-reactive T cells [111]; and (3) control of graft- 
versus- host disease [112]. CAR-T cell therapy is becoming one of the pillars in 
modern immunotherapy and is poised to become incorporated into various types of 
applications. The future of CAR-T cell therapy relies on robust and reliable manu-
facturing processes, and the success in developing such processes is driven by our 
further understanding of the biology of the immune cells, the characterization of the 
products as well as the control of the processes.
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Abstract By utilizing the inherent therapeutic properties of human cells, cellular 
immunotherapies and genetically-modified cellular immunotherapies are changing the 
treatment landscape of serious medical conditions such as autoimmune diseases, neuro-
degenerative disorders, and cancer. These products, including autologous or allogeneic 
lymphocytes, chimeric antigen receptor (CAR)-T cells, antigen- presenting cells, or can-
cer cells manipulated or processed ex vivo, present unique manufacturing and validation 
challenges compared to other immunotherapeutics (e.g. monoclonal antibodies). In 
addition, cellular immunotherapies may produce long-acting changes in the human 
body, leaving patients at increased risk of unpredictable, delayed adverse events. As 
such, product development should produce a consistent, safe, pure, and potent product 
for a clinical trial that balances patient safety with a condition’s severity and the unmet 
medical need. This chapter focuses on US Food and Drug Administration (FDA) regula-
tory considerations for human cellular immunotherapy products used for the treatment 
of cancer, including genetically- modified cellular immunotherapies.
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 Introduction

Cellular immunotherapies and genetically-modified cellular immunotherapies, 
hereafter referred to as cell and gene therapy (CGT) to align with current Food and 
Drug Administration (FDA) guidance, are dramatically changing the treatment 
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landscape of serious medical conditions by utilizing the inherent therapeutic proper-
ties of human cells (e.g.- hematopoietic stem cells, tissue-regenerating cells, cyto-
toxic lymphocytes) to treat disorders such as autoimmune diseases, neurodegenerative 
disorders, and cancer [1, 2]. In general, these products consist of autologous or 
allogeneic lymphocytes (e.g., T cells, natural killer (NK) cells, natural killer T 
(NKT) cells, B cells), antigen-presenting cells (e.g., dendritic cells (DCs), mono-
cytes), or cancer cells manipulated or processed ex vivo. When human cells are 
genetically modified ex  vivo, such products (e.g., chimeric antigen receptor 
(CAR)-T cells, T cell receptor (TCR)- engineered T cells, and CAR NK cells) are 
also considered gene therapies [3]. Most clinical investigations with CGT immuno-
therapy products focus on cancer indications [4]. See Table 1 for a list of FDA-
approved CGT immunotherapy products for cancer indications.

In the United States, human CGT are reviewed by the FDA’s Office of Tissues 
and Advanced Therapies (OTAT) in the Center for Biologics Evaluation and 
Research (CBER). CGT products are regulated as biologics under authority of the 
Public Health Service Act (PHS Act, 42 USC 262, section 351) and Federal Food, 
Drug, and Cosmetic Act (FD&C Act, Chapter 9 sections 321-399i). The implement-
ing regulations are in Title 21 of the Code of Federal Regulations (21 CFR). CGT 
regulated under section 351 of the PHS Act1 are evaluated in clinical studies under 
an Investigational New Drug (IND) application and licensed under a Biologics 
License Application (BLA) [5]. 21 CFR 312 contains procedures and requirements 
governing the use of investigational new biologics, including submission of IND 
applications and IND review by FDA [6]. Biologics must demonstrate both safety 
and efficacy in well-controlled clinical studies (21 CFR 314.126) for marketing 
approval under BLA (21 CFR 601.2) [6, 7].

This chapter focuses on FDA regulatory considerations for human cellular 
immunotherapy products used for the treatment of cancer, including genetically- 
modified cellular immunotherapies. Again, we refer to these products as CGT to 
align with current FDA guidance. This chapter pertains to US regulations only. FDA 
has published several useful documents applicable to these products, found at: 
ht tps: / /www.fda.gov/vaccines-  blood- biologics/biologics-  guidances/
cellular- gene- therapy- guidances and https://www.fda.gov/vaccines- blood- 
biologics/news- events- biologics/otat- learn.

1 Some human cells, tissues, or cellular or tissue-based products (HCT/Ps), including CGT prod-
ucts, are regulated solely under section 361 of the PHS Act and 21 CFR part 1271 and do not 
require premarket review and approval. Briefly, these cellular products must be: (1) minimally 
manipulated; (2) intended for homologous use only; (3) not combined with other articles except for 
water, crystalloids, or the sterilizing, preserving or storage agent; and (4) either does not have a 
systemic effect or depend on the metabolic activity of living cells for its primary function or, if it 
has such an effect, be designated for autologous use, for allogeneic use in a first- or second- degree 
blood relative, or for reproductive use. See “Guidance for Industry and Food and Drug 
Administration Staff: Regulatory Considerations for Human Cells, Tissues, and Cellular and 
Tissue-Based Products: Minimal Manipulation and Homologous Use” (July 2020) and https://
www.fda.gov/vaccines-blood-biologics/tissue-tissue-products/fda-regulation-human-cells-
tissues-  and-cellular-and-tissue-based-products-hctps-product-list for additional information and 
examples of cellular therapy products regulated under sections 361 or 351 of the PHS Act.
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 Regulatory Chemistry, Manufacturing, and Control (CMC) 
Considerations for Cellular Immunotherapies

CGT products present unique manufacturing and validation challenges compared to 
other immunotherapeutics, such as monoclonal antibodies and recombinant cyto-
kines. These challenges include lot-to-lot variability in the final product attributes 
due to patient-specific source material, inability to terminally sterilize the product 
due to presence of live cells, need for rigorous aseptic processing given lack of ter-
minal sterilization, small lot/batch size due to planned administration to a single 
patient or small target population, stability issues as a result of short product shelf 
life, and manufacturing logistics due to patient conditioning prior to cell donation, 
short manufacturing time windows, and/or limited shelf life. Like all biologics, 
CGT product development should produce a consistent, safe, pure, and potent prod-
uct through controlled and validated manufacturing processes. To help achieve 
these goals, critical quality attributes (CQA)2 and critical process parameters (CPP)3 
should be employed based on the mechanism of action (MOA), active ingredient(s), 
and composition of the product [8].

All CGT INDs should include sufficient information to assure the identity, qual-
ity, purity, and potency of the investigational agent (21 CFR 312.23(a)(7)(i)). The 
information provided in the CMC section of the IND allows for evaluation of the 
manufacturing process, critical reagents, in-process intermediates and testing, and 
control of the final product safety and quality.

 CGTP and CGMP Requirements for Manufacturing

CGT products are subject to applicable Current Good Tissue Practice (CGTP) 
requirements and Current Good Manufacturing Practices (CGMP). CGTP require-
ments under 21 CFR part 1271 (subparts C&D) govern the manufacturing methods, 
facilities, and controls to prevent introduction, transmission, or spread of communi-
cable diseases [9, 10]. As CGT starting materials originate from human donors who 
can carry communicable diseases, CGTP requirements help ensure product safety. 
CGMP regulations assure proper design, monitoring, and control of manufacturing 
processes and facilities (21 CFR 210 and 21 CFR 211) [11–13]. CGMP and CGTP 

2 A critical quality attribute (CQA) is a physical, chemical, biological, or microbiological property 
or characteristic that should be within an appropriate limit, range or distribution to ensure the 
desired product quality. CQAs are generally associated with excipients, in-process materials, and 
the drug product. See “Guidance for Industry: Q8(R2) Pharmaceutical Development” (November 
2009) for additional information.
3 A critical process parameters is a process parameter whose variability has an impact on a CQA 
and therefore should be monitored or controlled to ensure the process produces the desired quality. 
See “Guidance for Industry: Q8(R2) Pharmaceutical Development” (November 2009) for addi-
tional information.
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regulations also require established procedures for product tracking to prevent prod-
uct contamination or mix up, which is especially important for patient-specific 
CGT. Certain requirements in 21 CFR part 211 may not be appropriate to the manu-
facture of most investigational drugs used for phase 1 clinical trials. Phase 1 studies 
should comply with appropriate manufacturing controls to ensure product quality 
and safety, as clarified in FDA guidance [13]. CGMP regulations under 21 CFR 211 
and 21 CFR 600 s apply to Phase 2 and 3 studies, and full CGMP compliance is 
expected for licensure. CGMP compliance is verified through FDA inspection dur-
ing BLA review.

 Reagents and Raw Materials

Reagents are materials used for cell growth, differentiation, selection, purification, 
or other manufacturing steps [3, 14]. For many CGT products, reagents include 
serum, growth factors, cytokines, monoclonal antibodies, cell separation reagents 
such as antibody-conjugated magnetic selection beads, media, and media compo-
nents. Qualification is required, especially if a reagent is not FDA-approved/cleared. 
Prior to introducing into the manufacturing process, a qualification program should 
be established for all critical materials, including appropriate safety tests (e.g., ste-
rility, endotoxin, mycoplasma, adventitious agents (AA)), identity tests, functional 
analysis, and purity testing, as needed [3, 11, 14]. Additional requirements may be 
necessary for reagents derived from human or animal sources, including AA screen-
ing and/or testing [15, 16]. As these materials are not intended to be a part of the 
final product, the final product should be tested for residual manufacturing reagents, 
and lot release specifications may be required [3, 11, 14].

 Cell Source Material and Donor Eligibility

Typical source materials for CGT products include peripheral blood mononuclear 
cells (PBMCs), hematopoietic stem/progenitor cells (HPCs), or tumor biopsy. The 
source material may come from either an autologous or allogeneic donor. Donor 
screening, donor testing, and making a donor eligibility determination are not 
required for donors of cells or tissue for autologous use (21 CFR 1271.90(a)(1)); 
however, if full donor eligibility is not determined for an autologous donor, then 
specific label regulations apply (21 CFR 1271.90). If autologous donors are 
screened/tested, compliance with 21 CFR 1271 is recommended. A donor eligibility 
determination based on donor screening and testing for relevant communicable dis-
eases agents or diseases (RCDADs) (defined in 21 CFR 1271.3(r)) is required for 
allogeneic donors of cells or tissue as described in 21 CFR 1271 and FDA guidance 
[17, 18]. Donor screening is required for the following RCDADs: human immuno-
deficiency virus (HIV), hepatitis B virus (HBV), hepatitis C virus (HCV), human 

Navigating Regulations in Gene and Cell Immunotherapy



146

transmissible spongiform encephalopathy including Creutzfeldt-Jakob disease 
(CJD), Treponema pallidum (syphilis), sepsis, vaccinia, West Nile virus (WNV), 
and Zika virus (ZIKV) [17, 19–25]. Donors of viable, leukocyte-rich cells or tissue 
must be screened for risk factors for and clinical evidence of relevant cell-associated 
communicable disease agents and diseases, including human T-lymphotropic virus 
(HTLV) (21 CFR 1271.75) [26]. Donors must also be screened for communicable 
disease risks associated with xenotransplantation [17]. Donor testing must be per-
formed by a laboratory that either is certified to perform such testing on human 
specimens under the Clinical Laboratory Improvement Amendments (CLIA) of 
1998 and 42 CFR part 493 or has met equivalent requirements as determined by the 
Center for Medicare and Medicaid Services (CMS), using appropriate FDA- 
licensed, approved, or cleared donor screening tests (21 CFR 1271.80(c)) [27, 28]. 
A complete description of donor screening and testing should be included in the 
IND. Current required donor testing for RCDADs (21 CFR 1271.85) and a list of 
tests that adequately and appropriately reduce the risk of transmission of RCDADs 
(21 CFR 1271.80) are located in Table 2 [28, 29].

 Cell Bank Systems

Cell banks may provide source material to produce a specific final product (e.g., ex 
vivo expansion, differentiation, activation) or could function itself as the final prod-
uct. For example, undifferentiated induced pluripotent stem cells (iPSC) could serve 
as a master cell bank (MCB) for an allogeneic T cell product. Alternatively, a mes-
enchymal stem cell (MSC) bank could serve as an off-the-shelf allogeneic immuno-
modulatory cell product. Cell banks are typically scaled to treat a large number of 
patients, and therefore different patients will receive a more uniform product com-
pared to patient-specific product lots manufactured from different donors. Due to 
the ability to be manufactured at a larger scale, more cells and volume are available 
for more comprehensive testing and extensive product characterization. Unlike 
immortalized cell lines, most cell bank-based CGT therapies are limited in passage 
number and scale. The cell bank history, source, derivation, and characterization 
should be included in the IND [3, 14]. Extensive cell bank safety testing (sterility, 
mycoplasma, in vitro and in vivo AA testing) is important as higher risk is associ-
ated with the larger number of doses to treat more patients [3, 14, 15, 30]. MCB will 
undergo more extensive characterization and safety testing than working cell banks 
(WCB), which are derived from one or more vials of the MCB [3, 14, 30–32]. 
However, WCB should still undergo AA, sterility, mycoplasma, and limited identity 
testing to ensure cell bank safety and identity [3, 14]. Please note that if the cell 
bank is the final drug product, additional release testing to ensure product safety, 
purity, identity, dose, and potency is required. Table 3 and Table 4 include non- 
exhaustive information on recommended characterization and safety testing for cell 
banks [3, 14, 15, 30–32].
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Table 2 Donor Screening Tests for Allogeneic Cell or Tissue Donors

RCDADa

Donor 
screening 
test(s)b Additional information Referencesc

HIV, type-1 •  Anti-HIV-1
•  HIV-1 NAT

•  Anti-HIV-1 or combination test for anti-HIV-1 and 
anti-HIV-2 is acceptable
•  NAT for HIV-1 or combination test including 
HIV-1 NAT is acceptable
•  Establishments not utilizing an FDA-licensed 
donor screening test that tests for group O antibodies 
must screen donors for risk associated with HIV 
group O infection

[24, 25]

HIV, type-2 •  Anti-HIV-2 •  Anti-HIV-2 or combination test for anti-HIV-1 and 
anti-HIV-2 is acceptable

[9, 24, 25, 
32]

HBV •  HBsAg
• anti-HBc 
(total IgG 
and IgM)
•  HBV NAT

•  NAT for HBV or combination NAT including 
HBV is acceptable

[19, 23]

HCV •  Anti-HCV
•  HCV NAT

•  NAT for HCV or combination NAT including 
HCV is acceptable

[18, 24, 25, 
42]

Treponema 
pallidum 
(syphilis)

•  Non- 
treponemal 
or 
Treponemal

•  A donor whose specimen tests positive or reactive 
on a non-treponemal screening test for syphilis and 
negative or nonreactive on a specific treponemal 
confirmatory test may be determined eligible if all 
other required testing and screening are negative or 
nonreactive. A donor whose specimen tests positive 
or reactive on either a specific treponemal 
confirmatory test for syphilis or on a treponemal 
screening test is not eligible (21 CFR 1271.80(d)
(1)).

[21]

WNV •  WNV NAT •  For living donors of cells or tissue during the 
timeframe described in the FDA WNV NAT 
guidance for donors of HCT/Ps

[20]

HTLV,
Types I and 
II

•  Anti- 
HTLV- I/II

•  For donors of viable, leukocyte-rich cells or tissue 
only

[26]

CMV •  Anti-CMV
(total IgG 
and IgM)

•  For donors of viable, leukocyte-rich cells or tissue 
only
•  CMV is not an RCDAD, however, testing for 
CMV is required for donors of viable, leukocyte-rich 
cells or tissue.
•  A donor who tests positive or reactive for CMV 
(total antibody) is not necessarily ineligible.
•  Additional documentation is required for a 
CMV-positive donor.

[17]

CMV cytomegalovirus, HBc hepatitis B core antigen, HBsAg hepatitis B surface antigen, HBV 
hepatitis B virus, HCV hepatitis C virus, HIV human immunodeficiency virus, HTLV human 
T-lymphotropic virus, IgG immunoglobulin G, IgM immunoglobulin M, NAT nucleic acid test, 
WNV West Nile virus
aRelevant communicable disease agents or diseases (21 CFR 1271.3(r))
bFDA-licensed, approved or cleared donor screening tests (21 CFR 1271.80(c))
cFor general references applicable to donor eligibility screening, see [17, 18, 27–29]
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 Vector Qualification and Testing

Genetic modification of cells is typically performed by delivering genetic material 
by physical, chemical, or viral methods to induce expression of a transgene. Recent 
advent of genome-editing technologies has enabled a new paradigm in which the 
sequence of the human genome can be precisely manipulated to achieve a therapeu-
tic effect. This includes the correction of mutations that cause disease, the addition 
of therapeutic genes to specific sites in the genome, and the removal of deleterious 
genes or genome sequences [33, 34]. Retroviruses, most often gamma retroviruses 
and lentiviruses, are predominantly used to generate CGT such as TCR- and CAR- 
transduced T cells. The IND should contain information on the characterization and 
qualification of the vectors, including history and derivation of the source material, 
generation of recombinant vectors, description of all intermediate plasmids, com-
plete annotated sequences of the plasmids, and sequencing of the vectors (for vec-
tors smaller than 40 kb, complete sequencing is recommended at the IND stage) [3]. 
Vector preparations, including viruses, should be tested for safety (sterility, myco-
plasma, endotoxin, AA), identity, purity, potency, and stability [3, 15]. If retrovi-
ruses are used, it is recommended that testing for replication-competent retrovirus/
lentivirus be performed on the vector producer cell MCB, vector supernatant, end of 
production cells, and ex vivo transduced cells [3, 35].

Table 3 Recommended cell bank characterization testsa

Test typeb Example

Identityc •  Cellular phenotype
•  Transgene expression
•  Genetic fingerprinting

Viability •  Doubling time
Purity •  Quantification of cell population of interest

•  Quantification of other cell populations that should be 
controlled (impurities)

Genetic stability •  Cytogenetic analysis
•  Stability of transgene

Biological assays •  Cellular activity
•  Cellular maturation

Cellular composition and 
heterogeneity

•  Target cell phenotype

aIf the cell bank is the final drug product, release testing to ensure product purity, identity, dose, and 
potency is required
bIf using a two-tiered cell bank system (master cell bank (MCB) and working cell bank (WCB)), 
more extensive cell bank characterization is recommended for the MCB than the WCB
cLimited identity testing is recommended for the WCB
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Table 4 Recommended cell bank safety testinga

Test
Recommended 
method Additional information

Sterility <USP 71>
Mycoplasma Culture-based 

assay PCR
Endotoxin <USP 85>
Relevant human 
communicable disease agents

PCR Recommended testing:
•  CMV
•  HIV-1/2
•  HTLV-1/2
•  HHV-6/7/8
•  JCV
•  BKV

•  EBV
•  Parvovirus 
B19
•  HBV
•  HPV
•  HCV

Retrovirus or other 
endogenous virus

In vitro infectivity 
assays

•  Select sensitive cell cultures

Electron 
microscopy

•  May also detect other infectious agents

Reverse 
transcriptase

•  Not necessary if positive by retrovirus 
infectivity test

Other virus- 
specific tests

•  As appropriate for cell lines known to 
be infected by such agents

Species-specific 
nonendogenous or 
adventitious virus

In vitro assays •  Inoculation of test article into 
susceptible indicator cell cultures
•  Cell selection based on species of cell 
bank
•  Include human and/or nonhuman 
primate cell susceptible to human viruses

In vivo assays •  Inoculation of test article into suckling 
and adult mice and embryonated eggs

Antibody 
production tests

•  Apply to cell banks exposed to 
animal-derived reagents
•  Usually applicable for detection of 
rodent viruses
• e.g. MAP, RAP, HAP

Other virus- 
specific tests

•  Tests for cell lines derived from other 
species
–  e.g. human, nonhuman primate
•  Tests for reagent-associated 
adventitious virus
–  e.g. bovine, porcine
•  Apply to cell banks exposed to 
animal-derived reagents

BKV BK virus, CMV cytomegalovirus, EBV Epstein-Barr virus, HAP hamster antibody produc-
tion, HBV hepatitis B virus, HCV hepatitis C virus, HHV human herpes virus, HIV human immu-
nodeficiency virus, HPV human papillomavirus, HTLV human T-lymphotropic virus, JCV JC 
virus, MAP mouse antibody production, PCR polymerase chain reaction, RAP rat antibody 
production
aIf the cell bank is the final drug product, additional release testing to ensure product safety and 
purity is required
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 Lot Release Testing and Product Specifications

Lot release specifications are defined as a group of tests, references to analytical 
procedures, and appropriate acceptance criteria used to assess product quality and 
safety [36]. Characterization of the CGT product (e.g., physicochemical properties, 
biological activity, immunochemical properties, purity, impurities) is necessary to 
establish relevant specifications [36]. Acceptance criteria should be based on defined 
CQA gained through prior scientific knowledge and/or data obtained from manu-
facturing experience [8]. However, setting acceptance criteria for CGT products can 
be challenging due to inherent lot-to-lot variability given the donor source material. 
Setting wide release acceptance criteria may allow for this variability but can pres-
ent challenges for assuring manufacturing consistency, comparability after a manu-
facturing change, and quality of the final product. Thus, in-process and release 
specifications should be set with careful consideration. The final product must con-
form to the release specifications to be considered acceptable for use in clinical 
investigation. Typically, few specifications are validated or finalized in early stages 
of clinical development, but the IND should include proposed and justified accep-
tance criteria and test methods to assure product safety (e.g., sterility and purity), 
dose, potency, and identity in early studies [3, 14]. Evidence of product stability is 
also expected at all stages. It is anticipated that acceptance criteria be refined during 
product development, and optimized acceptance criteria should be based on safe 
and effective clinical lots. Release specifications to ensure product safety, purity, 
identity, dose, and potency should be fully validated for the BLA.

 Safety Assays

Release safety testing is essential to ensure product safety during all phases of clini-
cal development [3, 14]. Safety testing specifications should be established prior to 
the initiation of Phase 1 clinical investigation. Safety testing should be performed at 
the manufacturing stage most likely for detection of contaminants, and methods 
should be qualified for use with reagents, excipients, and other materials present in 
the test sample [3, 14]. Please note that release testing for potency, viability, and 
purity may also address product safety concerns (see relevant sections below).

Sterility: Product sterility is defined as the absence of viable microorganisms 
(bacterial and fungal) and is required for drug product testing under 21 CFR 610.12. 
Sterility testing should also be performed on all product intermediates, as applicable, 
and the final product formulation. The FDA recommends that a 14-day sterility test 
be performed according to USP<71> or an equivalent method, as appropriate [3, 14, 
37, 38]. If the product is cryopreserved prior to use, it is recommended that USP<71> 
sterility testing be performed prior to freezing. This allows for sterility testing results 
to be available before product administration; however, if the product is manipulated 
after thawing, additional sterility testing should be performed. Some CGT products 
cannot be cryopreserved and require administration prior to obtaining the results of 
14-day sterility testing. If complete sterility testing results are not available prior to 
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product release, in process-sterility testing taken 48–72 h prior to the final harvest 
should be implemented, a qualified rapid microbial test (e.g., Gram stain) on the 
final product should be performed, and an action plan should be developed in the 
event of a positive sterility test results obtained after product administration [3, 14].

Mycoplasma Assay: Cultured CGT products should be tested for mycoplasma on 
the final harvest, prior to final product manipulations (e.g. washing). The cells and 
supernatant should be tested using a mycoplasma assay for release testing. 
Polymerase chain reaction (PCR)-based or other rapid detection assays may be 
qualified for products with a short shelf life, like many CGT [3, 14].

Endotoxin Assay: Endotoxin testing of final product is required to ensure product 
purity (12 CFR 610.13). The USP <85> Limulus Amebocyte Lysate (LAL) assay 
method is commonly used to detect endotoxin in cellular products [39, 40]. For any 
parenteral drug, except those administered intrathecally or intraocularly, the recom-
mended upper limit of acceptance criterion for endotoxin is 5 Endotoxin Unit (EU)/
kg body weight/hour [3, 14, 40, 41].

Adventitious Viral Agents: As appropriate, the final drug product should be tested 
for adventitious viral agents. A risk assessment can be used to determine the need 
for this release testing. Similar to mycoplasma testing, testing for adventitious viral 
agents should be performed on cell culture harvest material (cells and supernatant) 
prior to further processing [3].

 Dose

Prior to initiating Phase 1 clinical studies, assays used to determine product dose 
(e.g., cell count) should be qualified [3, 14]. It can be a challenge to achieve a tar-
geted dose for patient-specific products, so consideration should be given to the 
feasibility of a specified dose for these products. For many CGT products, the prod-
uct dose may represent a population within the product, not the total number of 
viable cells (e.g., dose is based on number of CD3+ T cells or transduced cells). As 
such, it should be documented in the IND whether a maximum number of cells per 
dose has been established and the justification for that level.

 Identity

Identity assays are required to uniquely identify a product and distinguish it from 
other products manufactured in the same facility. Identity tests are performed on the 
final drug product to verify its contents (21 CFR 610.14), and the assay should ade-
quately reflect the composition of product [3, 14]. Identity assays for CGT products 
typically use phenotypic cell surface markers or secreted molecules to identify target 
and residual populations (see purity section for more information on residual cells) 
[14, 42], while identity tests for genetically-modified CGT include a measure of the 
presence of the vector (i.e. transduced vs. non-transduced cells) and the cellular 
composition [3]. CGT are generally complex products containing more than one cell 
type, and the composition of these products may vary due to differences in 
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donor-specific starting material. Thus, a single test may not distinguish the identity 
of the final product [3, 14]. It is recommended to qualify multiple test methods to 
confirm identity and continue characterizing the drug product throughout 
development.

 Purity

Product purity is defined as the relative freedom from an extraneous matter in the 
finished product, whether or not it is harmful to the recipient or deleterious to the 
product (21 CFR 600.3(r)). Common impurities for CGT products include residual 
cell populations, proteins or peptides used for cell stimulation, or reagents used dur-
ing the manufacturing process, such as cytokines, growth factors, antibodies, serum, 
or magnetic selection beads. These process- and product-related impurities should 
be measured throughout product development, and acceptance criteria should be set 
to ensure an appropriate level of product quality and safety [3, 14].

 Viability

The function of many CGT products is dependent on the activity of live, viable 
cells. As such, a minimum release criteria for cell viability, usually set for at least 
70%, should be established for CGT products [3, 14]. If 70% viability cannot be 
achieved, it is recommended that data are included in the IND to support a lower 
release criterion. It should also be demonstrated that non-viable cells will not affect 
the safety or efficacy of the product [3, 14, 42].

 Potency

Potency assays measure the biological function of the drug product and are required 
to assure product quality, comparability following manufacturing changes, and sta-
bility [43]. Potency assays are typically unique for each product, and a product’s 
potency assay should be supported by product characterization data collected 
through preclinical and clinical development. The selected potency assay should 
reflect a relevant biological property or the MOA of the product, a challenge when 
assessing complex CGT.  For CGT immunotherapy products, the MOA typically 
involves multiple cellular attributes, such as cytokine secretion, expression of extra-
cellular receptors, cytotoxicity, transgene expression, and/or function of the 
expressed transgene protein. The relevance of some of the attributes may not be 
firmly established during the early phases of development, so it is recommended 
that potency assays are developed to evaluate each biological function of the drug 
product. Thus, a potency assay may change significantly during product develop-
ment due to increased understanding of the drug product. While it is recommended 
that the potency assay be quantitative, a matrix of both quantitative and qualitative 
measures of potency may be used to measure the product’s strength/activity [3, 14, 
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43]. FDA regulations allow for considerable flexibility in determining an appropri-
ate measure of potency; however, all potency assays used for release testing must 
comply with applicable biologics and CGMP regulations [43]. Potency assays 
should be qualified prior to initiating the clinical studies intended to provide the 
primary evidence of effectiveness for licensure. The potency assay should be fully 
validated for the BLA [3, 14, 43].

 Stability

Many CGT products have a short shelf life and, if able to undergo cryopreservation, 
are administered within hours or days after manufacture. Stability studies are 
required to establish the dating period (shelf life) of the source material, intermedi-
ates, and the final drug product [44]. Stability testing must be performed during 
early stage development to demonstrate that the product remains within acceptable 
limits at the time of administration (21 CFR 312.23(a)(7)(ii)). Early stability analy-
sis may be limited (e.g., viability, cell dose). For licensure, the stability analysis 
should include tests of product sterility, identity, purity, quality, and potency [3, 14, 
44]. Transgene expression is a common additional test for genetically-modified 
CGT. Of note, changes in product formulation, manufacture, or storage conditions 
require additional stability testing [3, 14, 44].

 Regulatory Preclinical Considerations for Cellular 
Immunotherapy Products

Adequate preclinical studies must be performed to conclude the product is reason-
ably safe to conduct proposed clinical trials (21 CFR 312.23(a)(8)). CGT are com-
plex and diverse products, so conventional pharmacology and toxicity testing may 
not be appropriate to determine product safety and activity. Thus, the extent of pre-
clinical studies for a product is determined on a data-driven, case-by-case basis [42, 
45]. Please see the FDA’s Guidance for Industry: Preclinical Assessment of 
Investigational Cellular and Gene Therapy Products [45] for additional information.

 Regulatory Clinical Considerations for Cellular 
Immunotherapy Products

 Early-Phase Trials

Early-phase trials should be designed to successfully identify a safe dose and regi-
men that can be used in later-phase trials [46]. The current FDA guidance 
“Considerations for the Design of Early-Phase Clinical Trials of Cellular and Gene 
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Therapy Products” provides OTAT’s current recommendations regarding early- 
phase clinical trials, of which the primary objectives are assessment of safety, toler-
ability, and/or feasibility of administration of these agents [47]. Most of these trials 
are Phase 1 (including first in human studies); however, some are Phase 2.

The regulation of CGT is different from other pharmaceuticals as these products 
present unique challenges regarding dosing and administration and may pose sub-
stantial risks to human subjects, including unexpected off target organ toxicities and 
delayed clonal proliferation with risk of secondary malignancy [47]. When consid-
ering early-phase trial objectives, 21 CFR Part 312 IND regulations place impor-
tance on the assessment of trial risks/safeguards for subjects. Safety evaluations 
must include assessments of potential adverse events and the likelihood that these 
events are related to the investigational agent. The clinical components for an IND 
early-phase protocol should contain the rationale for the product’s use in a specific 
patient population, information on previous human experience, anticipated risks, 
objectives, and inclusion/exclusion criteria. Other recommended objectives for 
early-phase trials include dose exploration, feasibility assessments, and activity 
assessments [46, 47]. The selection of the starting dose, dose-escalation scheme, 
and dosing schedule should be supported by data generated from preclinical and/or 
prior human experience [48]. Study protocols should clearly define a dose-limiting 
toxicity (DLT), off-treatment criteria, and the study stopping rules, irrespective of 
the dose-escalation scheme. It is recommended that the study should identify a max-
imum tolerated dose (MTD) in early development [47]. If the MTD or the optimal 
biological dose is not identified, this may lead to subsequent trials using sub- 
therapeutic dose levels [47]. There should also be adequate safety and endpoint 
monitoring, information on adverse event reporting, and long term follow-up, where 
appropriate [46].

 Patient Population

Patients with metastatic or relapsed/refractory disease have typically been the sub-
jects for early-phase trials to demonstrate the safety and efficacy of investigational 
anti-tumor therapeutics [48]. When safety and efficacy were established in this pop-
ulation, the investigational agent would then typically be tested in patients with 
earlier-stage cancer. Selecting a patient population for a cellular immunotherapy 
trial can differ from this traditional model as patients with advanced disease may not 
have sufficient time to have an anti-tumor immune response or may have received 
multiple prior therapies which may mitigate the effectiveness of the CGT [48]. On 
the other hand, as CGT products may have uncertain benefits and significant risks, 
this argues for the enrollment of patients with advanced disease or those where there 
are no further treatment options [47]. Additionally, CGT trials may require the use 
of a companion diagnostic (e.g. for HLA or tumor neoantigen identification) to 
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determine the subject population, making the knowledge of a product’s mechanism 
of action in a specific disease essential. This may allow for an early assessment of 
the product’s activity. [46]

It is equally important to consider the inclusion and exclusion criteria when 
designing a trial for CGT. Inclusion and exclusion criteria must be broad enough to 
achieve the proposed trial’s objectives and endpoints while not restricting the enroll-
ment of patients who may receive a potential benefit from the investigational agent 
[49]. This is particularly true in oncology, where patients are more likely to have a 
poor prognosis. This suggests the need for a standardized, evidence-based approach 
when developing inclusion/exclusion criteria.

There are CGT products developed for pediatric patients. Title 21 CFR Part 50 
Subpart D (Subpart D) states specific safeguards for children in clinical trials. 
Subpart D requires that the Institutional Review Board (IRB) finds that the risk of 
the investigational agent holds out the prospect of direct benefit, the risk is justified 
by anticipated benefit, the relation of anticipated benefits to the risk is at least as 
favorable as that presented by alternative approaches, and adequate provisions are 
made for the assent of children and parental/guardian permission [47].

 Trial Design and Endpoints

Trial design and endpoint selection are critical to support effectiveness claims in 
biologics license applications (BLAs), new drug applications (NDAs), or supple-
mental applications [50]. In oncology drug development, early phase clinical trials 
typically evaluate safety and identify evidence of biological drug activity. Later 
phase oncology studies typically evaluate whether a drug has a clinical benefit such 
as prolongation of survival. Additional endpoints based on tumor assessments typi-
cally used in oncology trials include disease-free survival, event-free survival, 
objective response rate, complete response rate, time to progression, progression- 
free survival, and time to treatment failure. Time to treatment failure is not encour-
aged as this endpoint may be subject to investigator bias. Additionally, it should be 
noted that time to event endpoints are difficult to interpret in single arm studies.

As early-phase trial objectives typically focus on feasibility, dose finding and 
tolerability, a control group (typically the current standard of care in oncology) may 
not be needed or appropriate [47, 51]. However, when feasible and appropriate, a 
control arm is recommended as it can facilitate interpretation of safety data and 
provide a comparator for the assessment of both activity and/or efficacy. This may 
prove useful in trials for subjects with a wide-range of disease severity. Control 
arms can also minimize the risk of bias in interpretation of study results. If a trial 
requires the use of a procedural device which may pose an unreasonable risk to the 
subjects in the control group, review by the FDA’s Center for Devices and 
Radiological Health (CDRH) may be required. In addition, historical control groups 

Navigating Regulations in Gene and Cell Immunotherapy



156

present challenges in interpretation and are subject to multiple sources of bias—
refer to ICH E10 Choice of Control Group and Related Issues in Clinical Trials at 
https://www.fda.gov/media/71349/download.

 Dose Regimen

Finding an optimal dose and regimen should be one of the primary objectives of 
early clinical trials of investigational therapies for cancer therapies [46]. This pro-
cess allows the investigator to define the acceptable range of the investigational 
agent’s potential toxicities. In studies evaluating advanced cancer patients, a higher 
toxicity threshold is expected and may be acceptable, provided the benefit risk is 
acceptable and adequate justification is provided [46]. To determine the starting 
dose of an early-phase trial, proof-of-concept data from pre-clinical studies is typi-
cally needed and pharmacodynamic activity is preferred but not required [52]. The 
starting dose is typically based on the preclinical results from pharmacology, toxi-
cology, and pharmacokinetic (pK) studies as well as data from prior human experi-
ence, recognizing that sometimes animal models are not feasible. Similarly, dose 
escalation decisions require balancing the individual subject’s safety against the risk 
of failing to find the correct dose range that may be used in future studies or aban-
doning the development of a possibly beneficial agent.

Identifying the maximum-tolerated dose (MTD) and defining dose-limiting tox-
icity (DLT) is important in early-phase trials. The definition of a dose-limiting 
toxicity (DLT) is generally based on protocol and product-specific adverse events 
[49]. It usually is defined as a Grade 3 or higher toxicity according to the National 
Cancer Institute (NCI) Common Terminology Criteria (CTCAE) [49]. The primary 
objective is to generally identify the highest dose that can be administered and 
tolerated by an acceptable number of patients, which is defined as the maximum-
tolerated dose (MTD). There are unique challenges to define DLTs and locating the 
MTD in CGT. CGT agents have the potential for both acute and long-term toxicity 
as they may expand in vivo [49] Consequently, the definition of a DLT and a MTD 
may not be the same. As CGT agents may cross react to off-target antigens, DLT 
definitions need to take this into consideration. This cross reactivity may be to vital 
tissues (brain, heart, liver, kidney, gut) and could potentially cause severe, life-
threatening toxicity. In addition, significant toxicity which allows the identification 
of the MTD, may not occur in the expected therapeutic dose in some CGT agents, 
so the goal of dose exploration may need to shift to find the optimal feasible dose 
and regimen [46].

Staggering enrollment is also important when designing an early-phase trial as 
administering the investigational agent to subjects simultaneously may expose them 
to unreasonable risk [47]. There should be a specified follow-up interval between 
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administration to subjects to allow evaluation of the agent’s safety and to evaluate 
for acute and subacute adverse events. The cohort size and staggering interval 
within a dose escalation scheme are also important to consider when evaluating an 
agent’s potential toxicity.

 Adverse Event Monitoring and Reporting

Sponsors are legally required to report serious and unexpected adverse events 
(SAEs) to all stakeholders and the FDA (21 CFR 312.32) [53]. Investigators should 
report unanticipated events to the IRB under 21 CFR 56 (Institutional Review 
Boards), 21 CFR 312 (Investigational New Drug Application) and 21 CFR 812 
(Investigational Device Exemption).

Evaluation and monitoring of expected and unexpected adverse events is imper-
ative, as the major objective of an early-phase trial is to evaluate the safety of the 
investigational agent. Standard safety monitoring to include physical examina-
tions, blood counts, blood chemistry, liver function tests, coagulation studies, etc., 
should be performed in a CGT early-phase trial. In addition to these studies, CGT 
has unique toxicities including cytokine release syndrome (CRS), hemophagocytic 
lymph histiocytosis/macrophage activation syndrome (HLH/MAS), and immune 
effector cell-associated neurotoxicity syndrome (ICANS). One of the most com-
mon toxicities in CD19 CAR-T cell therapy is CRS, which represents a common, 
expected and potentially delayed AE after infusion [54]. The use of standardized 
guidelines for the grading and treatment of CRS and HLH/MAS in the safety- 
monitoring is recommended. Guidelines for standardized grading (which guides 
treatment) of CRS have been developed by the American Society for Transplantation 
and Cellular Therapy (ASTCT) and may be used [55]. In addition, the National 
Comprehensive Cancer Network (NCCN) have provided guidance for the assess-
ment and management of CRS and HLH/MAS. ICANS represents a range of neu-
rological symptoms. Patients may initially develop a tremor, dysgraphia, mild 
expressive aphasia, apraxia and impaired attention [54]. The ASTCT have also 
developed a grading system for the severity of ICANS and NCCN guidelines for 
treatment exist.

There are other specific safety concerns for CGT including acute or delayed infu-
sion reactions, autoimmunity, graft failure, GVHD, new malignancies, transmission 
of infectious agents from a donor and viral reactivation depending on the specific 
product. [47] Some CGT products can be locally administered (intratumorally or 
intraventricularly) and require safety assessments for both local and systemic tox-
icities [46]. The monitoring and assessment of the above listed toxicities are critical 
in the development and design of CGT trials.
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 Long-Term Follow-Up

Designing a long-term follow-up plan is essential to capture any delayed AE follow-
ing the administration of CGT products [56]. Characteristics unique to human GT 
products that may be associated with delayed adverse events include the integration 
activity of the GT product, genome editing activity, prolonged expression and 
latency. The duration of follow-up can depend on pre-clinical study results, experi-
ence with related products, and knowledge of the disease process [47]. Some prod-
ucts may have an indefinite duration of activity and, in those cases, a longer follow-up 
may be required. Due to specific safety concerns and developmental outcomes of 
pediatric subjects, pediatric studies also may require a longer follow-up period [47]. 
In particular, novel gene therapy products such as transposon-based gene insertion 
and genome editing have unique genome modifying activities and can cause delayed 
adverse events [56]. It is important that long-term follow-up observations for novel 
CGT products are designed to consider product-specific characteristics, preclinical 
data and basic and translational knowledge developed in the field.

 Treatment Discontinuation Criteria and Trial Stopping Criteria

Establishing treatment stopping rules is essential, especially when designing an early-
phase trial. This protects patients from experiencing undue toxicity. The purpose of 
study stopping rules is to control the number of subjects put at risk if early experience 
with the investigational agent uncovers important safety problems [47]. These rules 
typically specify the number or frequency of events such as serious adverse events or 
deaths, that will result in the temporary suspension of enrollment until these events 
can be assessed. This can be challenging given the uncertainty regarding the severity 
of the adverse events with CGT products. Study stopping rules may not permanently 
stop the trial. Certain trials may resume after a dose reduction, change in product 
preparation/administration, or changes in the safety monitoring plan.

Sponsors should define acceptable toxicity and procedures for dealing with 
unacceptable toxicities when establishing treatment stopping rules [57]. Most crite-
ria specify one of the following: (1) halting subject dosing or trial enrollment until 
toxicity data can be further studied; (2) evaluation of additional subjects in a par-
ticular dose cohort without exposing further subjects to a higher dose; (3) imple-
mentation of a smaller dose increase between dose cohorts and (4) exclusion of 
certain patients considered higher risk for a particular toxicity.

 Later Phase Clinical Trials

Phase 2 trials are controlled clinical studies conducted to evaluate the effectiveness 
of the drug for a particular indication and to determine the drug’s risks and short- 
term side effects and typically involve no more than several hundred subjects (21 
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CFR 312.21). Confirmatory studies are conducted after preliminary evidence sug-
gesting effectiveness of the drug has been obtained and are intended to confirm 
effectiveness and safety of the investigational product and to assess the overall risk- 
benefit relationship of the drug (21 CFR 312.21).

 Interaction with FDA

Due to the complexity of CGT products, there are significant challenges for product 
development. For sponsors of clinical trials, OTAT encourages early interaction 
through pre-scheduled meetings [58, 59]. Prior to submitting an IND, it is highly 
recommended that sponsors take advantage of the INTERACT and pre-IND meet-
ings to obtain FDA’s guidance on early stage product characterization, preclinical 
development, and clinical trial design [59–62]. After submitting an IND, sponsors 
may have formal meetings with the FDA, such as end of Phase 1, end of Phase 2, or 
pre-BLA. These meetings help support the clinical development program and pro-
vide specific guidance on clinical trials essential intended to provide evidence of 
both safety and effectiveness [58]. The following website contains information 
related to guidance, compliance and regulatory information: https://www.fda.gov/
vaccines- blood- biologics/other- recommendations- biologics- manufacturers/
references- regulatory- process- office- tissues- and- advanced- therapies.

 Expedited Programs

The FDA implemented five programs to facilitate and expedite development and 
review of new drugs and biologics that address unmet medical need in the treatment 
of serious or life-threatening conditions: Fast Track (FT) Designation, Accelerated 
Approval Pathway, Priority Review Designation, Breakthrough Therapy (BT) 
Designation, and Regenerative Medicine Advanced Therapy (RMAT) Designation. 
Regenerative medicine products are defined in section 506(g)(8) of the FD&C Act 
as cell therapy, therapeutic tissue engineering products, human cell and tissue prod-
ucts, or any combination product using such therapies or products [63]. Additionally, 
FDA interpretation of Section 3033 of the 21st Century Cures Act considers RMAT 
to also include “gene therapies, including genetically modified cells, that lead to a 
durable modification of cells or tissues” [63]. Cellular immunotherapies, including 
CAR-T cells, qualify as regenerative medicine products. As of September 30, 2020, 
55 of 145 RMAT designation requests were granted [64]. The majority of the RMAT 
requests were for cellular therapies [65]. Table 5 contains a summary of the expe-
dited programs, including timing of application, qualifying criteria, and program 
features [63, 66].
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 Conclusions

Cellular immunotherapy and gene therapy products are diverse and prone to unique 
manufacturing challenges such as high lot-to-lot variability, complex composition, 
small batch size, patient-specific administration, and short shelf life. All CGT prod-
ucts are evaluated to ensure consistency, safety, purity, and potency.

CGT products may pose substantial risks to human subjects and produce perma-
nent or long-acting changes in the human body. This may leave subjects at increased 
risk of unpredictable, delayed adverse events. When designing any clinical trial, 
important regulatory factors to consider include the patient population, trial design, 
objectives, endpoints, starting dose, treatment modifications, stopping rules, long 
term follow-up, and developing a safety monitoring plan. Clinical trials designed 
for cancer indications must balance safety with cancer’s severe and life-threatening 
nature and the need to identify products to support unmet medical needs.
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Abstract Chimeric antigen receptor (CAR)-T cell therapy is now a standard of 
care clinical therapy. The first United States Food and Drug Administration (US 
FDA) approval was in 2017 for CD19-directed CAR-T cell therapy using tisagenle-
cleucel (tisa-cel) for the treatment of pediatric patients (up to age 25) with relapsed 
or refractory (R/R) B-acute lymphoblastic leukemia (B-ALL). That same year, 
CD19 CAR-T cell therapy with axicabtagene ciloleucel (axi-cel) was approved for 
adults with R/R large B cell lymphoma (LBCL), which included histologies such as 
diffuse large B cell lymphoma, high grade B cell lymphoma, transformed follicular 
lymphoma, and primary mediastinal B cell lymphoma. In 2020, CD19 CAR-T cell 
therapy was approved for R/R mantle cell lymphoma (MCL) using brexucabtagene 
autoleucel (brexu-cel). Within the first few months of 2021, CD19 CAR-T cell ther-
apy was approved for R/R follicular lymphoma (FL) using axi-cel and BCMA- 
targeted CAR-T cell therapy was approved for R/R multiple myeloma (MM) using 
idecabtagene vicleucel (ida-cel). In the case of R/R LBCL, three different CD19 
CAR-T cell products are now approved, including axi-cel, tisa-cel, and lisocabta-
gene maraleucel (liso-cel), and in time multiple products are likely to be approved 
for most diseases. Altogether, over 8000 patients worldwide have been treated with 
approved CAR-T cell products as of 2020. The rapid growth in the number of 
patients receiving CAR-T cell therapies has created a need for physicians, nurses, 
and other health professionals to learn more about the clinical complexities of these 
patients and to develop the clinical management plans to optimize care. This chapter 
will review recent data about the clinical management of patients receiving CAR-T 
cell therapies in the standard of care setting.
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 Overview of the CAR-T Patient Journey

The patient journey through CAR-T cell therapy begins with the recognition that 
disease has relapsed or is refractory to standard therapy. While the number of cen-
ters offering CAR-T cell therapy is growing, most patients require referral to a ter-
tiary center with skills in cellular therapies and stem cell transplantation. The 
processes for patient selection and obtaining authorization to proceed to CAR-T cell 
therapy varies across regions and nations around the world . Upon identification of 
a potential patient for CAR-T cell therapy, testing of organ function such as heart 
and lung function is typically performed to identify and optimize any issues as well 
as to ensure overall fitness for therapy. Once approved, patients undergo leukapher-
esis to collect their T cells, which are then shipped to the manufacturer (Fig. 1). 
Manufacturing generally takes 3–6 weeks depending on product, and patients may 
require treatment during this time, termed “bridging therapy,” to ensure disease sta-
bility. Upon confirmation of successful CAR-T cell product manufacturing meeting 
all defined release criteria and shipment of viably frozen CAR-T product, patients 
undergo lymphodepleting chemotherapy followed by CAR-T cell infusion. Early 
monitoring of patients involves management of well-known CAR-T cell toxicities 
such as cytokine release syndrome (CRS) and immune effector cell- associated neu-
rologic syndrome (ICANS), as well as the effects of the lymphodepleting chemo-
therapy. After these early toxicities have resolved (generally within the first few 
weeks), patients need to be monitored for infection, disease relapse, and other 
issues, often involving the patient’s local and specialist physicians. Finally, despite 
the success of CAR-T cells to generate durable remissions in some patients, many 
patients will relapse and will require additional management of their disease. With 
an increasing number of patients that are long term survivors without relapse, a 
clinical understanding of CAR-T survivorship is needed.

 Patient Selection

Patient selection for CAR-T cell therapy depends on the disease being treated, alter-
native options, and willingness to undergo intensive therapy with close monitoring 
for weeks to months. Since clinical CAR-T cell therapy with autologous T cells 
requires a manufacturing period, patients with rapidly progressive disease or who 
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are symptomatic from their lymphoma may not survive long enough to obtain the 
benefits of treatment. On the other hand, chronic organ comorbidities or advanced 
age do not clearly affect CAR-T cell therapy outcomes. For example, patients over 
the age of 65 had equivalent outcomes to younger patients on the ZUMA-1 clinical 
trial [1]. Moreover, in the standard of care setting patients with comorbidities such 
as a prior solid organ transplant or chronic infections such as HIV or Hepatitis B and 
C, or CNS involvement of lymphoma have all been reported to have successful 
results with CAR-T cell therapies [2–4]. An emerging theme is that disease charac-
teristics are the strongest determinant of outcome after CAR-T cell therapy, with 
high tumor burden associated with poorer outcomes. For example in B-ALL, 
patients with low marrow blast counts have the best outcomes [5, 6], and in DLBCL, 
patients with low metabolic tumor volume on PET/CT have higher efficacy and 
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lower toxicity [7]. Indeed, high tumor burden is associated with higher LDH and 
higher levels of inflammatory markers such as ferritin and IL-6, markers that are 
known to be associated with inferior outcomes [8]. Therefore, it is important for 
physicians, patients, and systems to minimize delays that result in excessive tumor 
growth while awaiting CAR-T cell therapy, and to use caution when selecting 
patients with high tumor volume and/or rapidly progressive disease.

 CAR-T Product Selection

For many diseases there is only one CAR-T cell product approved. However, in 
diseases such as R/R LBCL there are now three products approved for the same 
indication and in the future there are likely to be multiple products available in each 
disease category (Table 1). Currently, a center must undertake a new effort to obtain 

Table 1 FDA approved CD19 CAR-Ts for large B cell lymphoma

Zuma-1
Axicabtagene 
ciloleucel
(Yescarta)

Juliet
Tisagenlecleucel
(Kymriah)

Transcend
Lisocabtagene 
maraleucel (Breyanzi)

Company Kite, a Gilead 
company

Novartis Juno/Celgene/BMS

Source Phase 1/2
N Engl J Med 
2017;377:2531–44
Lancet Oncol, 2019; 
20: 31–4

Phase2
N Engl J Med 2019; 
380:45–56

Phase 2
Lancet. 2020 Sep 
19:839–852

Population    • 76% DLBCL; 
16% TFL; 8% 
PMBCL

   • 79% refractory
   • 21% relapsed 

post-ASCT

   • 80% DLBCL; 18% 
TFL

   • 46% relapsed; 54% 
refractory

   • 49% post ASCT

   • 51% DLBCL, 13% 
HGBCL, 6% 
PMBCL, 1% FL 
grade 3b

   • 67% 
chemorefractory

   • 35% post transplant
Enrollment 111 enrolled; 101 

dosed and evaluable
165 enrolled; 111 
dosed, 93 in efficacy 
analysis group

344 leukapheresed, 269 
treated, 256 in efficacy 
analysis group

CAR Second generation, 
CD28
Retroviral vector

Second generation, 
41BB
Lentiviral vector

Second generation, 
41BB
Lentiviral vector (CD4/
CD8: 1/1)

Dose 2.0 × 106 CAR-T 
cells/kg
>100 kg 2.0 × 108 
fixed

Median, 3 × 108

Range, 0.1–6.0 × 108 
cells

DL1S 50 × 106 CAR-T 
cells (N = 45)
DL1D 100 × 106 CAR-T 
cells (N = 183)
DL2S 150 × 106 CAR-T 
cells (N = 41)

(continued)
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and maintain approval to use each manufacturer’s product, and depending on treat-
ment volume, centers may limit the products they use. There are no randomized 
head-to-head studies nor well-conducted observational studies available to compare 
products. There is the temptation to compare the reported efficacy and toxicity rates 
across different clinical trials, but the enrolled patients may differ widely in key 
features such as tumor burden and inflammation, which strongly influence both 
efficacy and toxicity rates. In addition, the clinical management of CRS and neuro-
toxicity is evolving. In earlier clinical trials the use of anti-IL-6 and steroids were 
reserved for severe cases. However, clinical trials increasingly recommend treat-
ment earlier in the treatment course and for patients with milder toxicity. The effect 
of earlier management of treatment is an overall reduction in CRS severity in newer 
trials, but with unclear effects on neurotoxicity and product efficacy [9]. Generally 

Table 1 (continued)

Zuma-1
Axicabtagene 
ciloleucel
(Yescarta)

Juliet
Tisagenlecleucel
(Kymriah)

Transcend
Lisocabtagene 
maraleucel (Breyanzi)

Lymphodepleting 
chemotherapy

Flu 30 mg/m2 and cy 
500 mg/m2 on days 
−5, − 4, and −3

Flu 25 mg/m2 and cy 
250 mg/m2 on days −5, 
− 4, and −3 or
Bendamustine (90 mg/
m2) daily for 2 days 
1 week before infusion

Flu 30 mg/m2 and cy 
300 mg/m2 × 3 days, 
2–7 days before CAR 
infusion

Bridging 
chemotherapy

No Yes (90%) Yes (59%)

Efficacy mITT = 108
   • 24 month follow 

up
   • ORR: 82%; 58% 

CR
   • PFS: 12 m (44%), 

24 m (39%)
   • Median DOR: 

11.1 m

Minimum efficacy f/u: 
3 m
   • 18 month follow up
   • ORR: 52%; CR: 

40%
   • Median DOR: NR
   • DOR for 

responders: 12 m: 
65%

mITT: 256
   • ORR: 73%; CR: 

53%
   • Median DOR: Not 

reached
   • PFS at 12 m: 44.1%

Safety    • Gr ≥ 3 CRS 11% 
(Lee)

   • Gr ≥ 3 NE 28%
   • Gr 5 AE 3% (2 

due to CRS, one 
due to PE)

   • Gr ≥ 3 CRS 22% 
(UPenn)

   • Gr ≥ 3 NE 12%
   • Gr 5 AE 3% (3 

subject within 30d all 
due to disease 
progression)

   • Gr ≥ 3 CRS 2%
   • Gr ≥ 3 NE 10%
   • Gr 5 AE: No death 

due to CRS or NE

Abbreviations: DLBCL diffuse large B cell lymphoma, TFL transformed follicular lymphoma, 
HGBCL high grade B cell lymphoma, PBMCL primary mediastinal B cell lymphoma, ASCT autol-
ogous stem cell transplant, Flu fludarabine, Cy cyclophosphamide, mITT modified intention to 
treat, ORR overall response rate, CR complete response, DOR duration of response, NR not 
reached, PFS progression free survival, Gr grade, AE adverse events, CRS cytokine release syn-
drome, NE neurologic events
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speaking, CAR-T products with 4-1BB endodomains appear to have lower toxicity 
rates than CD28-costimulated products [10], but whether this comes at the cost of 
efficacy is unknown, and early CRS management may mitigate this difference. A 
further consideration is the length of time needed for manufacturing and its reliabil-
ity, since the failure to produce a CAR-T cell product after apheresis can be cata-
strophic to patients with rapidly progressive disease. Additional considerations 
include the ability to deliver CAR-T cell therapy in the inpatient versus outpatient 
settings, and an individual center’s comfort with a particular product.

 Approved CAR-T Cell Products in Clinical Use

 Axicabtagene Ciloleucel

Axicabtagene ciloleucel (axi-cel) [Yescarta] is a CD19-directed CD3ζ/CD28-co- 
stimulated CAR-That utilizes a gamma-retrovirus vector without T cell selection 
during manufacturing. It is currently approved for patients with LBCL and FL that 
is relapsed or refractory (R/R) after 2 or more prior lines of systemic therapy.

For DLBCL, the pivotal ZUMA-1 clinical trial reported on 108 patients with R/R 
LBCL including DLBCL, TFL, and PMBCL who received axi-cel after flu/cy lym-
phodepletion [11, 12]. Best ORR was 82%, best CR 58%, and at a median follow up 
of 27 months, 39% of patients remained in durable remission. Severe CRS and neu-
rotoxicity occurred in 13% and 28%, respectively. Different from the pivotal trials of 
the other CAR-T products, bridging therapy was not allowed on ZUMA-1. In patients 
treated as standard of care in the non-trial setting, results were similar. The 17-center 
US Lymphoma CAR-T cell Consortium reported on 298 patients with R/R DLBCL 
planned for standard of care axi-cel, of which 43% would not have met ZUMA-1 
trial criteria for comorbidities, and over half received bridging therapies [13]. In that 
cohort, ORR was 82% and best CR was 64% at a median follow up of 12.9 months. 
On multivariate analysis, patients who had a poor ECOG performance status of 2 or 
lower and patients with an elevated LDH had shorter progression free survival (PFS) 
and shorter overall survival (OS). Non-relapse mortality was mainly due to infec-
tions and occurred in 4% of patients. Similarly, in a cohort of standard of care 
DLBCL patients described by Jacobson et al., patients who would not have met eli-
gibility for the ZUMA-1 clinical trial had a shorter PFS and OS, but overall results 
were similar to clinical trials [14]. However, durable responders were still found 
among the higher risk patients in both studies and there is no comorbidity that has 
been identified that clearly excludes patients from CAR-T cell therapy eligibility.

As of March 2021, the FDA approved the use of axi-cel for follicular lymphoma 
(FL) that has relapsed after 2 or more lines of prior systemic therapy. This is based 
on data in the ZUMA-5 trial where among 81 evaluable patients the ORR was 91%, 
with 74% remaining in continued remission at 18 months [15]. Among 146 patients 
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evaluable for safety, severe CRS and neurotoxicity occurred in 8% and 21%, respec-
tively. The trial is ongoing and longer follow up is needed to determine the propor-
tion of patients with FL who obtain long term remissions after CAR-T cell therapy.

 Tisagenlecleucel

Tisagenlecleucel (tisa-cel) [Kymriah] is a CD19-directed, CD3ζ/4-1BB co- 
stimulated CAR-That is manufactured using a lentivirus vector after T cell selec-
tion. It is approved for clinical use in pediatric and young adult R/R B-ALL up to 
age 25 and adults with R/R LBCL.  In pediatric and young adult B-ALL, the 
ELIANA phase 1/2 clinical trial demonstrated an EFS of 50% and OS of 76% at 
12 months after infusion [16]. Overall, 77% of patients experienced CRS and 40% 
had neurological toxicities. For DLBCL, the JULIET clinical trial initially reported 
data from 93 infused patients with median age 56 (range 22–76). In this cohort the 
ORR was 52% with 40% of those in CR [17]. More recently, 115 patients from the 
study were reported at a median follow-up of 40 months [18]. The 24- and 36-month 
PFS in the infused patients are reported at 33% and 31%, respectively, highlighting 
the paucity of late relapses. Similar efficacy outcomes with tisagenlecleucel in the 
standard of care setting have been reported, with a CR rate and 12 month EFS rate 
of 86% and 52% in 255 ALL patients, and a CR rate and 6 PFS rate of 40% and 39% 
in 155 DLBCL patients [19]. The main toxicities seen in the trial included severe 
CRS in 22% and severe neurotoxicity in 12%. However, it should be noted that the 
toxicity grading system used in the JULIET trial differed from that used in other 
trials, and on re-grading to ASTCT criteria, the rate of severe CRS decreased to 
13.5% while the rate of severe neurotoxicity remained similar [20, 21].

 Lisocabtagene Maraleucel

Lisocabtagene maraleucel (liso-cel) [Breyanzi] is the third FDA-approved CAR-T 
cell therapy for the treatment of R/R LBCL after two prior lines of systemic therapy. 
One difference from the other two products is that it is also approved for FL grade 
3B (although not FL grades 1–3A at the time of writing), due to the inclusion of FL 
3B in the pivotal trial. It is a CD19-directed, CD3ζ/4-1BB costimulated CAR that is 
manufactured using a lentivirus. Uniquely, the manufacture of liso-cel results in the 
supply of a 1:1 ratio of CD4 and CD8-positive CAR-T cells, with each component 
provided in separate vials. In preclinical studies the 1:1 ratio of CD4:CD8 improved 
CAR-T cell performance compared to unselected products [22], although it is 
unknown whether this is also true in the clinical setting. The TRANSCEND trial 
reported 344 patients who underwent leukapheresis, of which 269 received 
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infusion, and among 256 evaluable patients the ORR was 73% with 53% remaining 
in CR at 18.8 months [23]. Grade 3 or higher adverse events included 2% CRS and 
10% neurotoxicity. Interestingly, over half of patients had no CRS at all, and in a 
cohort of patients treated in the outpatient setting, 41% did not require any hospital 
admission [24].

 Brexucabtagene Autoleucel

Brexucabtagene autoleucel (brexu-cel)[Tecartus] is a CD19 targeted, CD3ζ/CD28 
co-stimulated CAR approved for the treatment of R/R MCL. The CAR construct is 
the same as axi-cel, but the manufacturing differs in that brexu-cel uses a T cell 
selection step. The reason for this difference is that MCL more often manifests with 
leukemic involvement than DLBCL, and selection reduces leukemia cell contami-
nation during manufacturing. On the pivotal ZUMA-2 clinical trial, 94 patients 
underwent apheresis, 91 patients received CAR-T cells, and in the pre-specified 
primary analysis of 60 patients the ORR was 93% with 67% achieving CR.  At 
12.3 months, 57% remained in remission. Severe CRS occurred in 15% and severe 
neurotoxicity occurred in 31%. Key points include that bridging therapy with corti-
costeroids and/or BTK inhibitors was allowed and was given to 37% of patients. 
Moreover, although the US FDA label indicates use for R/R disease without speci-
fying prior treatment, eligibility for ZUMA-2 required prior treatment with chemo-
therapy (anthracycline or bendamustine) and either intolerance or disease resistance 
to a BTK inhibitor.

 Idecabtagene Vicleucel

Idecabtagene vicleucel (ide-cel) [Abecma] is the first approved B cell maturation 
antigen (BCMA)-targeted CAR-T cell therapy. It was approved by the US FDA in 
March 2021 for the treatment of R/R multiple myeloma (MM) after 4 or more prior 
lines of therapy including an immunomodulatory agent (i.e. lenalidomide), a pro-
teasome inhibitor (i.e. carfilzomib), and an anti-CD38 (i.e. daratumumab). Ide-cel is 
a BCMA-targeted, CD3ζ/4-1BB costimulated CAR-That utilizes a lentiviral vector. 
BCMA is expressed on the surface of myeloma cells and normal late maturation B 
cells such as plasmablasts, plasma cells, and activated B cells. The pivotal phase 2 
KarMMa study enrolled heavily pre-treated myeloma patients who had experienced 
a median of 6 prior lines of therapy (range 3–16), and 88% of patients received 
bridging therapy. Of 140 patients who underwent apheresis, 128 received ide-cel. 
Among treated patients, ORR was 73% and CR was 33%. At a median follow up of 
13.3  months, the median PFS and OS were 8.8 and 19.4 months, respectively. 
Toxicities associated with treatment included CRS in 84% of participants, however, 
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only 6% had severe CRS and 3% had severe neurotoxicity. Clinical trials are under-
way to determine if treating patients with fewer lines of prior therapy may increase 
the durability of myeloma remission after CAR-T cell therapy.

 Clinical Management of Patients Receiving CAR-T 
Cell Therapy

 Referral and Authorization

It is important to limit the length of time that elapses between relapse and CAR-T 
cell treatment, since tumor burden is a key determinant of outcome, and patients 
with aggressive disease may experience clinical decline in a short period of time. 
Therefore, it is useful to refer patients to a CAR-T cell therapy center early in their 
disease course, especially if the patient has high risk characteristics or is demon-
strating signs of refractory disease. That way, once the patient meets the approved 
label indication they can be quickly moved through the authorization, vital organ 
testing, apheresis, and manufacturing periods and receive CAR-T cell infusion. The 
process for CAR-T cell therapy approval varies between systems or insurance car-
riers. Many centers utilize a multidisciplinary tumor board or expert committee to 
ensure appropriate allocation of this resource. However, these processes also may 
cause delays, and clinicians must advocate to quickly move patients to apheresis 
and infusion.

 Patient Fitness Testing

There is no established consensus on the required tests or patient performance prior 
to CAR-T cell therapy. However, many centers have adopted testing in a manner 
analogous to that performed prior to autologous stem cell transplantation. The goal 
of the testing is to understand patient comorbidities early in the process, thereby 
allowing the opportunity for optimization while awaiting CAR-T cell manufactur-
ing. Since CRS is commonly associated with cardiac dysfunction [25], reasonable 
workup includes a 2D echocardiogram, and ECG, and cardiology consultation in 
selected cases. CRS is also associated with hypoxia and pulmonary function testing 
may be helpful to assess pulmonary reserve. The NCCN guidelines recommend 
consideration of a baseline MRI brain, both to assess malignant involvement of the 
CNS and to provide a baseline to compare when a repeat MRI is performed as part 
of neurotoxicity workup. Neurology consultation and/or lumbar puncture may be 
indicated in specific patients. It is important to try to prevent the lymphoma from 
causing disability while awaiting CAR-T cell manufacturing, so restaging imaging 
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is needed, allowing consideration of bridging therapy. In addition to routine blood-
work, obtaining a baseline ferritin and C-reactive protein can help identify patients 
at higher risk for CAR-T toxicity [26]. Finally, patients are immunosuppressed in 
multiple ways after CAR-T cell therapy, including lymphopenia due to condition-
ing, B cell aplasia, cytopenias, and from the anti-cytokine or steroid treatment 
needed to manage CRS and neurotoxicity [27]. Therefore a thorough evaluation of 
infection including hepatitis B and C and HIV testing is needed.

 Apheresis

Apheresis (alternatively called leukapheresis) is the process by which leukocytes 
are collected from a patient’s peripheral blood. Among the apheresed leukocytes are 
the patient T cells that are used for autologous CAR-T cell manufacturing. The 
patient T cells are made up of a mixture of T cell subsets that varies between patients 
in terms of their relative quantity and quality. This influences the characteristics of 
the manufactured CAR-T cell product, which in turn affects the ability of the CAR-T 
cells to expand and eliminate the tumor. For example, in a biomarker study of the 
ZUMA-1 clinical trial, the percentage of CD8-positive T cells in the apheresis mate-
rial strongly correlated with the percentage of CD8-positive T cells found in the 
manufactured CAR-T cell product [28]. Similarly, the study found that a higher 
proportion of stem and central memory-like T cells (CCR7 + CD45RA+) in the 
apheresis product was associated with a shorter CAR-T cell doubling time during 
manufacturing, which associated with greater CAR-T cell expansion after patient 
infusion. Therefore, patient T cell characteristics influence the quality of the manu-
factured CAR-T cell product, characteristics that are affected by prior or recent 
chemotherapy, tumor biology, or other factors. For this reason, manufacturers sug-
gest guidelines for washout of prior therapies prior to apheresis, for patient blood 
lymphocyte counts at the time of apheresis, and for the blood volume that will be 
targeted for apheresis. Therapies that cause lymphocyte depletion (for example, 
bendamustine) may require a lengthy washout period to allow T cell recovery prior 
to apheresis. In addition, patients may require transfusion prior to apheresis. For 
example, hemoglobin >8 g/dl and platelets >50 k/μl allow patients to tolerate apher-
esis, while a total wbc count >1 k/μl allows efficient leukapheresis into a pellet that 
contains the desired CD3+ lymphocytes. Another consideration is the presence of 
circulating malignant cells and each manufacturer has a limit as to the number of 
leukemic cells recommended before apheresis. For products that utilize T cell selec-
tion to sort out the T cells from the malignant cells, some amount of circulating 
malignant cells may be tolerable, but in many cases therapeutic reduction of leuke-
mic phase blasts or circulating malignant cells may be required prior to apheresis. 
The risk of including malignant cells in the apheresis product used for CAR-T cell 
manufacturing is that they may impair manufacturing, or worse, that the CAR trans-
gene is inserted into a malignant cell leading to a CAR leukemia with downregula-
tion of the CAR target on the malignant cells due to intracellular binding of CART 
and the target in the malignant cells [29]. Strategies to clear circulating malignant 
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cells vary between diseases, including the use of monoclonal antibodies a few days 
before planned apheresis [30]. Finally, it may be possible to use treatments to 
improve patient T cell quality prior to apheresis. For example in chronic lympho-
cytic leukemia, use of the BTK/ITK inhibitor ibrutinib is associated with an 
improvement in T cell quality and improved outcomes when used prior to apheresis 
and continued concurrent to CAR-T cell therapy [31, 32].

 Bridging Therapy

Bridging therapy includes chemotherapy, radiation, steroids, or targeted therapy given 
between apheresis and the completion of CAR-T cell manufacturing. Prior to apher-
esis clinicians must remain concerned about T cell quantity and quality, but once the 
cells are safely sent off for manufacturing, patients may be treated to prevent cancer 
progression and/or disability. The choice to use bridging therapy depends on balanc-
ing the expected anti-cancer effects of the therapy with the risk of toxicities or morbid-
ity from the therapy itself. The initial clinical trials varied in terms of whether bridging 
therapy was allowed. For example in DLBCL, ZUMA-1 did not allow patients to 
receive bridging while JULIET (92% of patients) and TRANSCEND (59% of 
patients) did allow bridging. In diseases other than DLBCL, clinical trials typically 
allow bridging using therapies specific to the disease. For example, the BCMA CAR-T 
cell trials typically allow targeted anti-myeloma therapies while awaiting CAR-T 
manufacturing. Overall, the value of bridging therapy may depend on how effective it 
is at reducing tumor burden and morbidity. The US Lymphoma CAR-T Cell 
Consortium retrospectively reported the outcomes of standard of care patients receiv-
ing axi-cel for DLBCL and found that patients selected for bridging therapy had a 
higher proportion of high risk features compared to those who were not given bridg-
ing. When multivariate analysis or propensity matching was used to balance high risk 
features, bridging remained associated with a poorer outcome [13, 33]. In other cases 
radiation therapy has been used for bridging patients who are chemorefractory [34, 
35]. Overall, the optimal bridging strategy has yet to be determined and may differ 
between diseases. Some patients may unexpectedly attain a complete remission (CR) 
from their bridging therapy but may still receive CAR-T cells. For example, 7 patients 
on the JULIET trial achieved CR from bridging, and after tisa-cel infusion there was 
observable CAR-T cell expansion and 5 of the 7 patients were progression-free at 
12 months, with low rates of CRS and neurotoxicity [36].

 Lymphodepleting Chemotherapy Prior to CAR-T Cell Infusion

Use of conditioning chemotherapy aimed at depleting lymphocytes (lymphodeple-
tion) prior to CAR-T cell infusion has been shown to improve CAR-T cell expan-
sion and tumor control, and is part of the FDA label for each product [37, 38]. The 
universally regimen consists of fludarabine and cyclophosphamide and may be 

Bringing CAR-T to the Clinic



176

given in the outpatient setting. Data is limited, but some patients with low baseline 
lymphocyte counts have been treated without using chemotherapy [17, 39]. The 
cytokine response to lymphodepletion allows for homeostatic repopulation of 
CAR-T cells and is associated with efficacy outcomes [8, 37, 40], but the optimal 
dosing and scheduling of lymphodepletion remains unknown. Clinicians must con-
sider renal function as fludarabine is renally cleared, and dose reductions may be 
required in patients with low GFR.

 Acute Monitoring after CAR-T Cell Infusion

Patients need to be monitored carefully after CAR-T cell infusion to identify and 
manage potential toxicities. On clinical trials, patients are typically monitored in the 
inpatient hospital setting for CRS, neurotoxicity, infection, and other complications 
that may occur after infusion (CAR-T complications are discussed in detail in the 
next chapter). However, due to considerations around resource utilization, efforts 
are underway to treat patients more commonly in the outpatient setting (discussed 
in detail in chapter “Roadmap for Starting an Outpatient Cellular Therapy Program”) 
[41]. For example, 53 clinical trial patients with DLBCL were recently reported to 
be treated with liso-cel in the outpatient setting and 23 (43%) did not require hospi-
talization at any time [42]. A key requirement for patients who are outpatient after 
CAR-T cell therapy is a dedicated caregiver, which is generally a family member or 
friend. The caregiver needs to be educated on the acute toxicities of CAR-T cell 
therapy and to bring the patient to medical attention when toxicities occur (i.e. neu-
rotoxicity) or when the patient cannot advocate for themselves. There is a strong 
desire to move the therapy into smaller community based practices, however it is 
important to note that CAR-T cell treatment in the outpatient setting requires sig-
nificant infrastructure similar to, or in excess of, that needed for inpatient treatment. 
Another aspect of monitoring after CAR-T cell therapy is the Risk Evaluation and 
Mitigation Strategy (REMS) that is an FDA requirement that accompanies each 
product. For example, the REMS program for axi-cel and brexu-cel requires that 
each hospital has available at least 2 doses of tocilizumab for each CAR-T cell 
patient, that patients must remain within 2 h of the administering hospital for at least 
4 weeks after CAR-T cell therapy, that patients must be issued a wallet card to indi-
cate their CAR-T cell treatment, and specifies training requirements for adverse 
reaction management. In addition, there are processes in place for long-term, real- 
world data reporting that vary by region.

 Disease Response Evaluation and Relapse Prevention

Outcomes of patients relapsing after CAR-T cell therapy are dismal [13, 43, 44]. 
There is no consensus on the optimal timing of disease response evaluation in the 
standard of care setting, and there is currently no relapse prevention strategy that is 
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superior to observation in non-relapsed patients. Overall, outcomes of patients 
attaining CR are superior to those without CR and for aggressive diseases such as 
B-ALL or DLBCL most relapses occur within the first 6 months, with late relapses 
uncommon. In DLBCL, a partial response or stable disease identified on a day 30 
PET/CT may deepen over time into a CR, so these patients are typically observed. 
Some patients with high risk B-ALL may benefit from consolidative allogeneic 
stem cell transplant to prevent relapse [45]. In pediatric B-ALL treated with 
4-1BB-costimulated CAR-T cell therapy there is data that a loss of B cell aplasia 
coincides with shorter remissions [46]. In DLBCL this is not the case, and patients 
may recover B cells without lymphoma relapse [11]. Prospective trials are needed 
to identify high risk patients and determine if any early interventions can improve 
the outcomes of these patients.

 CAR-T Cell Therapy Survivorship

Patients with durable remissions after CAR-T cell therapy remain in need of survi-
vorship to address the physical, psychosocial, and immunologic issues that may 
remain. Apart from the known survivorship issues of patients with hematologic 
malignancies [47], CAR-T cell therapy poses some specific challenges to survivors. 
A major issue is the immune reconstitution that occurs after CAR-T cell therapy. 
Patients may have prolonged cytopenias, T cell quantitative and qualitative deficits, 
and/or B cell aplasia that create chronic infectious risks [27, 48]. Most centers pro-
vide prophylactic treatment against Pneumocystis jiroveci infection as well as against 
varicella zoster virus reactivation, although the duration and agents used vary [49]. 
There is also variation in the provision of intravenous immunoglobulin (IVIG) to 
patients with hypogammaglobulinemia due to B cell aplasia. Moreover, during the 
global pandemic caused by SARS-CoV2, vaccination has emerged as a key survivor-
ship issue affecting return to normal life. The current data suggest that some antiviral 
antibodies persist after CAR-T cell therapies, presumably due to long-lived plasma 
cells, while others do not [50, 51]. It remains poorly described to what extent patients 
with B cell aplasia after CAR-T cell therapy can generate responses to new vaccines, 
such as those against SARS-CoV2, and whether patients need a different vaccine 
dose schedule than the general public. Finally, little data exists on the rate of second-
ary malignancies in CAR-T cell patients who have had high levels of prior chemo-
therapy and are left with immunologic deficits. More data is needed to understand the 
survivorship needs specific to the CAR-T cell patient population.

 Conclusion

CAR-T cell therapy is now an established clinical standard of care for patients with 
R/R B-ALL, DLBCL, FL, MCL, and multiple myeloma. Best practices in clinical 
management continue to evolve as more patients receive these therapies for a 
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broader range of indications. There are now also long term survivors after CAR-T 
cell therapy. Further research and dissemination of existing clinical knowledge are 
needed to meet the needs of this growing patient population.
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CAR-T Cell Complications

Emily C. Ayers, Dustin A. Cobb, and Daniel W. Lee

Abstract Autologous T-cells genetically modified to express a chimeric antigen 
receptor (CAR) have shifted the treatment paradigm for adults and children with 
relapsed and/or refractory B-cell malignancies. Multiple CD19-directed and now a 
B cell maturation antigen (BCMA) CAR T-cell therapies have been approved for 
use. Despite their differences, they all share the same toxicities and risks to patients. 
Cytokine release syndrome (CRS) and immune effector cell-associated neurotoxic-
ity syndrome (ICANS), the two most common complications, appear to result from 
the exponential and uncontrolled expansion and supraphysiologic activation of 
CAR T-cells followed by the wider adaptive immune system. Though the exact 
mechanisms have yet to be elucidated, several animal models approximating the 
clinical effects have been developed. Until more mechanistic data is available, side 
effects in patients can be minimized via appropriate and timely interventions 
described herein such that the majority can be treated safely. Additional issues 
including prolonged cytopenias, on-target but off-tissue B-cell cytotoxicity and 
resulting aplasia and hypogammaglobulinemia, the theoretical development of 
replication- competent virus, and the risk of insertional mutagenesis resulting in sec-
ondary neoplasms will also be discussed.
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 Introduction

Chimeric antigen receptor (CAR) modified T-cells are shifting the treatment para-
digm for the management of relapsed or refractory B-cell malignancies, and many 
more indications are likely forthcoming in the next several years. Along with never- 
before- seen response rates in patient populations for which all viable therapies have 
been exhausted, CAR T-cells also bring never-before-seen toxicities, at least in 
terms of severity. Identifying and appropriately managing these toxicities is para-
mount to a successful outcome, and this chapter provides the basis for doing just 
that. Though we focus on the most common toxicities of CAR T-cell therapy, cyto-
kine release syndrome (CRS) and immune effector cell-associated neurotoxicity 
syndrome (ICANS), additional complications including prolonged cytopenias and 
hypogammaglobulinemia and potential late effects of virally-modified, genetically 
engineered cells will be discussed.

 Pre-Clinical Models of CRS and Neurotoxicity

It is essential that the development of strategies for pre-clinical modeling of CAR T 
cell-induced toxicities coincide with the advancing field of CAR T-cell therapeutics 
as it continues to grow and expand into the clinical setting. Thus far, the lack of 
animal models has impaired the ability of clinicians and researchers in predicting 
the development of CAR T-cell-induced toxicity, studying the underlying biology, 
and evaluating clinical intervention strategies. Recently, the establishment of two 
xenogeneic mouse models of CRS has facilitated the understanding of the biologi-
cal factors involved. Modeling of CAR T-cell-induced neurotoxicity has also been 
lacking with the exception of a non-human primate model. However, one of the 
above-mentioned xenogeneic mouse models for CRS has also been shown to exhibit 
some features of neurotoxicity seen in patients.

In SCID-beige mice, severe CRS develops following CD19 CAR T-cell injec-
tion. In this model, CRS is characterized by a systemic inflammatory response that 
highly recapitulates human CRS, including IL-6 and IFN-γ production [1]. Several 
additional inflammatory cytokines, including human GM-CSF and IL-2 were also 
highly correlated with CRS severity and survival. Intervention with IL-6 receptor 
blockade or anakinra, an IL-1 receptor antagonist, abolished severe CRS in mice. 
Myeloid cells, particularly macrophages, were found to be key drivers of IL-6 pro-
duction and exhibited increased inducible nitric oxide synthase (iNOS) expression, 
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which leads to elevated nitric oxide and stimulation of vasodilation and hypoten-
sion, both features of severe CRS in patients.

In the second model, humanized mice (NSG mice expressing IL-3, stem cell fac-
tor, and GM-CSF human transgenes and engrafted with human hematopoietic stem 
cells) also develop CAR T-cell treatment-induced toxicity [2]. This model recapitu-
lated important features of severe CRS, including fever and a systemic inflamma-
tory cytokine response, with the addition of delayed neurotoxicity after CD19 CAR 
T-cell treatment. In this case, therapeutic blockade of either IL-6 (tocilizumab) or 
IL-1 (anakinra) prevented CRS, however, only inhibition of IL-1 was effective at 
preventing lethal neurotoxicity. Development of CRS in this model required human 
monocytes which were the primary producers of IL-6 and IL-1.

Lastly, a non-human primate model for CAR T-cell toxicities using rhesus 
macaques has also been developed. Upon injection of autologous CD20 CAR T-cells, 
animals exhibited clinical signs of CRS and neurotoxicity [3]. Systemic inflammatory 
cytokines, including IL-6, were increased. Further, high levels of pro- inflammatory 
cytokines were present in the cerebrospinal fluid (CSF) with accompanying T-cell 
infiltration. Similar to clinical observations in human patients experiencing neurotox-
icity, significant accumulation of CAR and non-CAR T-cells were detectable in the 
CSF and brain parenchyma coinciding with neurologic symptoms.

Collectively, these animal models closely recapitulate key features of CAR T 
cell-induced toxicities and provide critical insights into the underlying mechanisms 
leading to CRS and neurotoxicity, which are summarized in Fig. 1. These and any 
future models in development will make it possible to further investigate the biol-
ogy and provide improved pre-clinical tools for evaluating the efficacy of strategies 
to mitigate CRS and neurotoxicity.

 CAR T-Cell Toxicity in Clinical Studies 
and Correlative Studies

The incidence and clinical phenotype of CRS and ICANS vary depending upon a 
number of different factors. Clinical studies report a range in the incidence and 
severity of toxicity between the different CAR T-cell products among the several 
hematologic malignancies for which patients are treated. Here we will review the 
incidence, clinical presentation, and kinetics of CRS and neurotoxicity in clinical 
studies (Table 1) as well as examine the correlative risk factors for severe toxicity 
identified by various analyses.

 Cytokine Release Syndrome in Diffuse Large B-Cell Lymphoma

Three dominant clinical trials have informed our expectations regarding the inci-
dence of CRS among patients with diffuse large B-cell lymphoma (DLBCL). The 
ZUMA-1 study, which first investigated the use of axicabtagene ciloleucel in 111 
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patients with relapsed and/or refractory (R/R) DLBCL, identified any grade CRS in 
93% of patients with a median time to onset of 2 days (range 1–12 days) [4]. Grade 
3 or 4 CRS was seen in 13% of patients and median duration of toxicity lasted 
8 days. In this trial, management of CRS included tocilizumab in 43%, corticoste-
roids in 27%, and vasopressors in 17% of patients.

The JULIET study describes the toxicity profile associated with tisagenlecleucel 
in the treatment of patients with R/R DLBCL [6]. In this study, median time to onset 
of CRS was similar to that seen with axicabtagene ciloleucel at 3 days with a range 
of 1–9 days from time of T-cell infusion. Median duration of CRS was 7 days with 
a range of 2–30 days in this study. The authors report any grade CRS in 58% with 
grade 3–4 CRS seen in 23% of patients. Tocilizumab, corticosteroids, and high-dose 

Fig. 1 Mechanisms of CRS and Neurotoxicity. Development of CAR T cell-induced CRS and 
neurotoxicity. Upon recognition of tumor cells and subsequent activation, CAR T-cells secrete 
IFN- 𝝲 and TNF- α, which stimulates myeloid cells including macrophages and monocytes, other 
non-immune cells, and endothelial cells. Activated myeloid cells secrete IL-6, IL-1, and other 
cytokines and chemokines. Macrophages also upregulate inducible nitric oxide synthase (iNOS) 
leading to abundant production of nitric oxide (NO) which promotes vasodilation and hypotension. 
Highly-activated CAR T-cells and recruited myeloid cells further exacerbate this systemic inflam-
matory response through elevated cytokine/chemokine release. The exacerbated inflammatory con-
dition leads to endothelial cell activation and increased vascular permeability. This response can 
ultimately lead to a compromised blood brain barrier and capillary leak, allowing an influx of 
inflammatory cells including CAR T and non-CAR T-cells and other inflammatory mediators into 
the brain parenchyma and cerebrospinal fluid (CSF) that is concomitant with neurologic symptoms
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vasopressors were used for management in 16%, 11%, and 6% of patients with 
CRS, respectively, in addition to supportive care.

Most recently, the TRANSCEND study reports the experience with lisocabtagene 
maraleucel in this same patient population [8]. Of interest, this group reports lower 
incidence of CRS compared to the previously published clinical trials of CAR T-cell 
therapy in the R/R DLBCL patient group. The group reports any grade CRS in 42% 
of patients with only 2% classified as grade 3–4. In this study, tocilizumab was used 
in 21% and corticosteroids in 17% of patients. Use of vasopressors was not specified.

When comparing available CAR T-cell commercial products and their individual 
toxicity profiles, it is important to note the lack of a standardized grading system at 
the time of publication. Covered in more detail later in this chapter, the formaliza-
tion of a cohesive grading system for both CRS and neurotoxicity did not exist at the 
time of these original clinical studies. As such, the cross comparison of the inci-
dence of all grades and severity of CRS should be performed with extreme caution.

As the use of CAR T-cell therapy has been adopted into standard-of-care practice 
across the world, evidence in real-world settings has grown. In the last several years, 
a number of groups have published their experiences with available commercial 
products. In the real-world setting, axicabtagene ciloleucel has been associated with 
grade ≥ 3 CRS in 7–14% of patients with any grade CRS seen in up to 83% of 
patients [13–15]. CRS onset seems to mirror that seen on clinical trial with a median 
onset of 2–3 days and a median duration of 5–7 days. Tocilizumab was used in 
62–70% of patients and steroids used in 26–57% of patients in these published 
series. Of note, the more frequent use of tocilizumab in these real-world studies 
suggests the earlier implementation of anti-IL-6 directed therapy in the standard-of- 
care setting compared to the initial clinical trials as we have a better understanding 
that cytokine-directed therapy does not alter antitumor efficacy.

In the real-world setting, tisagenlecleucel is associated with any-grade CRS in 
45% of patients with grade 3–4 CRS seen in 1–4.5% of patients [15]. As expected, 
median onset is 3 days with a median duration of 5 days. Tocilizumab use has been 
reported in 13–43% of patients with corticosteroid use in 7–10%.

 Cytokine Release Syndrome in B-Cell Acute 
Lymphoblastic Leukemia

The pivotal, multicenter, international ELIANA trial investigated the use of tisagenle-
cleucel across 11 different countries in children with B-cell acute lymphoblastic leu-
kemia (ALL) [9]. Any grade CRS was reported in 77% with grade 3 or higher CRS 
seen in 38% of patients. With regards to management, 37% of patients received tocili-
zumab and 25% received high-dose vasopressors. Forty-seven percent of patients 
required admission to the ICU with a median duration of stay in the ICU of 7 days.

In the standard-of-care setting with commercially available CAR T-cell therapy, 
CRS was observed in 55% of patients with severe CRS seen in 16.1%, including 1 
death [13]. Overall, tocilizumab was used in 25% of patients with 6% requiring 
corticosteroids as well.
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 Cytokine Release Syndrome in Mantle Cell Lymphoma

CAR T-cell therapy has also received approval based on results from the ZUMA-2 
study in patients with relapsed or refractory mantle cell lymphoma treated with brexu-
cabtagene autoleucel [10]. In patients on this study, 76% developed any grade CRS 
with 15% experiencing grade 3 or higher CRS. Onset of symptoms was similar to 
other disease subtypes with a median onset of 2 days, and all cases resolved at a median 
of 11 days. Patients were managed in a similar way as well, with 59% receiving tocili-
zumab, 22% corticosteroids, and 16% of patients requiring vasopressors. As this prod-
uct is newly approved, real-world studies have yet to be published in this setting.

 Cytokine Release Syndrome in Indolent 
Non-Hodgkin Lymphoma

Compared to rates of CRS in aggressive non-Hodgkin lymphoma (NHL), patients 
with indolent NHL have experienced lower rates of toxicity. In the ZUMA–5 study, 
axicabtagene ciloleucel was associated with grade 3 or higher CRS in only 7% (6% 
in follicular lymphoma and 9% in marginal zone lymphoma) and 99% of CRS had 
resolved at time of data cut-off [11]. Again, experience in the standard-of-care set-
ting is currently not available.

 Cytokine Release Syndrome in Multiple Myeloma

The KarMMa study investigated the efficacy of anti BCMA-directed CAR T-cell 
therapy using idecabtagene vicleucel among multiple myeloma patients [12]. In this 
clinical trial, CRS occurred in 84% of patients with only 5% demonstrating grade 3 
or higher CRS. Median time to onset was 1 day (range 1–12) and duration was 
5 days (range 1–63) with tocilizumab used in 52% and glucocorticoids in 15%.

 Neurotoxicity in Diffuse Large B Cell Lymphoma

Each of the aforementioned clinical trials of CAR T-cell therapy in relapsed or 
refractory DLBCL have also helped shape our understanding of expected neurotox-
icities associated with available commercial products. ICANS had not been for-
mally defined at the time the pivotal studies were performed, so neurologic side 
effects on these trials were largely described and graded as per the Common 
Terminology Criteria for Adverse Events (CTCAE) v4.0 [16], which is largely sub-
jective. Therefore, comparisons across trials are not possible. In the ZUMA-1 study, 
neurotoxicity was seen in 64% of patients with 28% exhibiting grade 3 or greater 
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neurotoxicity. Median onset among these patients was 5 days from T-cell infusion 
with a range of 1–17 days and a median duration of 17 days.

In the JULIET study, tisagenlecleucel demonstrated slightly lower rates of neurotox-
icity with 20% of patients having any grade toxicity and 11% suffering from grade 3 or 
greater neurotoxicity. Similarly, lisocabtagene maraleucel showed slightly lower rates 
compared to axicabtagene ciloleucel in the TRANSCEND study with any grade reported 
in 30% of patients and 10% of patients experiencing grade 3 or higher. In this study, the 
median time to onset was 9 days (range 3–23) with a median duration of 11 days.

In a post-marketing safety analysis, axicabtagene ciloleucel has been associated 
with neurotoxicity in up to 61% of patients using data from the Center for International 
Blood and Marrow Transplant Research (CIBMTR)  with a median onset of 6 days. 
Additional analyses performed in the real world setting have shown rates of neuro-
toxicity between 31 and 41% of patients with this product [14]. ICANS seems to be 
less commonly observed with tisagenlecleucel in the standard of care setting with 
rates ranging from 3–24% of patients receiving commercial product.

 Neurotoxicity in B-Cell Acute Lymphoblastic Leukemia

Neurologic events were reported in 40% of patients in the ELIANA trial with 13% 
of patients experiencing grade 3 toxicity [9]. Symptoms began during the time of 
CRS or shortly after its resolution and 50% of grade 3 or higher neurologic episodes 
recovered within 10 days with an additional 25% recovering within 18 days. The 
authors report 2 deaths related to neurologic toxicity thought to be secondary to 
tisagenlecleucel in this study.

 Neurotoxicity in Mantle Cell Lymphoma

Neurologic events among the mantle cell lymphoma patient group receiving brexu-
cabtagene autoleucel were reported in 63% of patients [10]. Of patients with 
reported events, 50% were grade 1–2 and 50% were grade 3 or higher with a median 
onset of 7 days from T-cell infusion and a median duration of 12 days. Thirty-eight 
percent of patients received corticosteroids and 26% of patients received tocili-
zumab in the study. The group reports that neurotoxicity resolved completely in 
86% of patients at the conclusion of follow-up.

 Neurotoxicity in Indolent Non-Hodgkin Lymphoma

In the ZUMA-5 study of axicabtagene ciloleucel in patients with relapsed/refractory 
indolent NHL, grade 3 or higher neurologic events were reported in 19% of patients 
overall, with 15% in follicular lymphoma and 41% in marginal zone lymphoma [11]. 
The authors report 93% of neurologic events of any grade resolved at time of data cutoff.
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 Neurotoxicity in Multiple Myeloma

The KarMMa study reported neurotoxic effects in 18% of patients with 3% of grade 
3. No grade 4 or 5 neurologic events were seen in the study. Median time to a neu-
rotoxic event was 2 days with a duration of 3 days (range 1–26 days) [12].

 Risk Factors and Predictors of Toxicity

Patient characteristics that predict severity of CRS include tumor burden, with the 
most robust data seen in the ALL population. Increased percentage of blasts in bone 
marrow as well as higher percentage of CD19+ cells in the marrow are predictive of 
CRS severity [17, 18]. Higher tumor burden has also been associated with both 
higher incidence and severity of CRS among DLBCL patients [8]. Elderly age and 
preexisting neurologic comorbidities have been associated with increased risk of 
neurotoxicity, although the data is not definitive [8, 19, 20]. Following T-cell infu-
sion, earlier onset of fever (within 3 days) has also been associated with more severe 
CRS/ICANS [21].

With regards to treatment characteristics, some studies suggest higher CAR 
T-cell doses infused into the patient are potentially predictive of increased inci-
dences of CRS and ICANS, although definitive data is lacking [19, 20]. In addition, 
lymphodepletion therapy with fludarabine and cyclophosphamide has been associ-
ated with increased risk of both neurotoxicity and CRS compared to other chemo-
therapeutic regimens used in this setting. Manufacturing CAR T-cells without 
selection of CD8+ central memory cells is predictive of CRS in one study [21]. 
There is also evidence that structural differences between the available commercial 
CAR products are responsible for the different kinetics of T-cell expansion and 
effector functions noted. For example, CARs with 4-1BB costimulatory domains, 
namely tisagenlecleucel, have been associated with more gradual T-cell expansion. 
In contrast, the CD28-based CARs, including axicabtagene ciloleucel and brexu-
cabtagene autoleucel, induce more rapid expansion that is thought to explain the 
faster onset of symptoms reported using these commercial CAR products [22, 23].

With improved understanding into the pathogenesis of CRS and ICANS follow-
ing CAR T-cell therapy, there has also been a significant effort to identify biomark-
ers which could predict severity of toxicity. In general, elevated inflammatory 
markers have been linked with higher-grade CRS and ICANS. In the ZUMA-1 trial, 
IL-15, IL-6, IL-1Ra, IL-2Rα, IFNγ, IL-10, IL-8, and granzyme B were all statisti-
cally significantly associated with grade ≥ 3 CRS compared to grade 1–2 CRS [4]. 
In the B-ALL population, higher peak levels of IL-6, soluble IL-2R, ferritin, IFNγ, 
and CRP predict more severe CRS [18, 24, 25].

Similarly, inflammatory markers including IL-15, IL-6, IL-2Rα, IFNγ, IL-10, 
and granzyme B also predict higher grade ICANS based on correlative studies on 
clinical trial [4]. Markers of diffuse intravascular coagulation have also been associ-
ated with severity of neurotoxicity [19, 26]. One study developed a model which 
predicted grade 4 or higher neurotoxicity with 100% sensitivity using fever ≥38.9 
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degrees Celsius, serum IL-6, and MCP-1 in the first 36 h after T-cell infusion [19]. 
Additionally, a more robust T-cell expansion in vivo portends more severe CRS and 
ICANS on several studies, although the data here is not consistent [4, 21].

 Consensus CRS and Neurotoxicity Grading Systems

These early studies were hampered by a lack of agreed-upon definitions and grading 
systems for cytokine release syndrome and the unique neurotoxicity syndrome dis-
covered with the advent of CAR T-cell therapy. While early CAR T-cell immuno-
therapists expected toxicities typically associated with immune system activation, 
such as with robust vaccination responses, the extent and severity of these toxicities 
as well as the narrow therapeutic window of CAR T-cell dosing was a surprise. The 
CRS term provided in the CTCAE in effect at the time was far from adequate to 
describe CAR T-cell-associated CRS.  This prompted a small group of pediatric 
oncologists from the few institutions with CAR T-cell clinical trials in 2014 to rede-
fine CRS and offer a more relevant grading system that was tied to a simplified 
management algorithm [5]. The Lee Criteria, as it came to be called, was widely 
adopted across most later trials though other grading systems were also published 
and utilized over the years [7, 27–29].

Concurrently, unique constellations of neurotoxicities appreciated for the first 
time with CAR T-cell therapy were subjected to definitions and grading in the 
CTCAE that were overlapping and highly subjective. Most grading was based on a 
patient’s ability to perform activities of daily living, which does not typically apply 
to the already hospitalized patient. These challenges made comparing one CAR 
T-cell therapeutic to another across clinical trials impossible.

Finally, in 2018 a broader, international group of academicians, immunothera-
pists, industry and professional society partners assembled to develop consensus 
definitions and grading systems for CRS and CAR T-cell associated neurotoxicity, 
which they termed ICANS. Facilitated by the American Society for Transplantation 
and Cellular Therapy (ASTCT), the ASTCT criteria simplifies grading and can be 
applied by any care team member at the bedside in real time. Leaders in the field 
agree that the ASTCT grading system should be utilized for all future academic and 
industry sponsored clinical trials as well as for real-world reporting as encouraged by 
the CIBMTR [30].

 Definition of CRS

The ASTCT consensus criteria defines CRS as, “a supraphysiologic response fol-
lowing any immune therapy that results in the activation or engagement of endog-
enous or infused T-cells and/or other immune effector cells. Symptoms can be 
progressive, must include fever at the onset, and may include hypotension, capillary 
leak (hypoxia) and end organ dysfunction.”
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In order to diagnose CRS, the patient must have developed a fever at the onset. 
After CRS has been diagnosed, fever is no longer required if the patient has been 
treated with antipyretics or anti-cytokine therapy. Similarly, absence of fever is 
required for CRS to be considered resolved but is not sufficient. If hypotension or 
hypoxia persist and are not attributable to another cause, then CRS is considered to 
persist even in the absence of fever. These must completely resolve in order to con-
sider CRS resolved.

Many of the symptoms of CRS overlap with other disorders, such as sepsis, often 
seen in patients with refractory cancer. A prerequisite for CRS, therefore, must be 
an appropriate temporal relationship between the cell product infusion and the onset 
of symptoms accounting for known trends in toxicity kinetics between different cel-
lular products, particularly when cells other than T-cells and/or engagement of 
tumor cells with methods other than CARs are used. Other causes that may result in 
overlapping symptoms, such as infections, must be excluded.

Severe CRS has many features that overlap with hemophagocytic lymphohistio-
cytosis or macrophage activation syndrome (HLH/MAS), though mild to moderate 
CRS is clearly distinct from HLH/MAS. Whether these represent a continuum of 
the same process or are due to distinct pathologies remains to be elucidated. For 
these reasons, the ASTCT consensus excludes HLH/MAS from the definition of 
CRS. Finally, while previously thought to be an extension of CRS, neurotoxicities 
are called out separately in the ASTCT criteria as its own, separate syndrome.

 Grading of CRS

ASTCT consensus CRS grading allows any provider to assign CRS grade at the 
bedside if they know three basic facts: (1) presence or absence of fever (defined as 
temperature ≥ 38 °C), (2) presence or absence of hypotension and what manage-
ment is being provided for it, and (3) type of oxygen delivery device, if any. Grading 
of CRS is shown in Table 2. The more severe symptom, hypotension or hypoxia if 
present, drives the grading of CRS. For example, if a patient requires one vasopres-
sor for hypotension and is intubated and mechanically ventilated due to overwhelm-
ing pulmonary edema resulting in respiratory compromise, then he/she has Grade 4 
CRS as the degree of hypoxia drives CRS grading in this circumstance.

 Definition of Immune Effector Cell Associated Neurotoxicity 
Syndrome (ICANS)

Early CAR T-cell studies and the Lee Criteria initially considered the new and 
unusual constellation of neurotoxicities a manifestation of CRS. However, as the 
number of patients treated expanded it became clear that these neurotoxicities, 
termed ICANS by the ASTCT consensus group, represented a separate entity from 
CRS. Cytokines may be involved in its pathogenesis but its mechanism remains 
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unclear. ICANS can present either concurrent with CRS or after CRS has com-
pletely resolved, further implicating a distinct process. The constellation of ICANS 
symptoms has not been previously described justifying its designation as a novel 
syndrome.

The ASTCT consensus group defines ICANS as, “a disorder characterized by a 
pathologic process involving the central nervous system following any immune 
therapy that results in the activation or engagement of endogenous or infused T-cells 
and/or other immune effector cells. Symptoms or signs can be progressive and may 
include aphasia, altered level of consciousness, impairment of cognitive skills, 
motor weakness, seizures, and cerebral edema.” [30]

Typically, the initial symptoms of ICANS are tremor, dysgraphia, and impaired 
attention [30]. Expressive dysphasia, particularly with the ability to name objects, is 
common as the syndrome progresses, and patients ultimately may not be able to 
communicate. To help identify early ICANS, the ASTCT consensus group estab-
lished the Immune Effector Cell-Associated Encephalopathy (ICE) score, which is 
a 10-point scale that focuses on the domains first affected by ICANS (Table 3). 
Modified from a similar score by the CARTOX group [28], this tool can be applied 
by any trained professional at the bedside several times a day, if needed, and takes 
just a few minutes to complete. The first identification of an ICE score < 10 or a 

Table 2 ASTCT CRS consensus grading [30]

CRS 
parameter Grade 1 Grade 2 Grade 3 Grade 4

Fevera Temperature ≥  
38 °C

Temperature ≥  
38 °C

Temperature ≥  
38 °C

Temperature ≥  
38 °C

With:
Hypotension None Not requiring 

vasopressors
Requiring one 
vasopressor with or 
without vasopressin

Requiring multiple 
vasopressors 
(excluding 
vasopressin)

And/orb

Hypoxia None Requiring 
low-flow nasal 
cannula or 
blow-byc

Requiring high-flow 
nasal cannulac, 
facemask, non-
rebreather mask, or 
Venturi mask

Requiring positive 
pressure (e.g.: CPAP, 
BiPAP, intubation 
and mechanical 
ventilation)

Organ toxicities associated with CRS may be graded according to CTCAE v5.0 but they do not 
influence CRS grading
CPAP continuous positive airway pressure, BiPAP bilevel positive airway pressure
aFever is defined as temperature ≥ 38 °C not attributable to any other cause. In patients who have 
CRS then receive antipyretics or anti-cytokine therapy such as tocilizumab or steroids, fever is no 
longer required to grade subsequent CRS severity. In this case, CRS grading is driven by hypoten-
sion and/or hypoxia
bCRS grade is determined by the more severe event: hypotension or hypoxia not attributable to any 
other cause. For example, a patient with temperature of 39.5 °C, hypotension requiring one vaso-
pressor and hypoxia requiring low-flow nasal cannula is classified as having Grade 3 CRS
cLow-flow nasal cannula is defined as oxygen delivered at ≤6 L/min. Low flow also includes blow-
 by oxygen delivery, sometimes used in pediatrics. High-flow nasal cannula is defined as oxygen 
delivered at >6 L/min
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significant drop in ICE score should be followed with prompt evaluation by the 
immunotherapy team. As ICANS progresses, patients may develop delirium, 
encephalopathy, aphasia, lethargy, difficulty concentrating, agitation, tremor, sei-
zures, and rarely cerebral edema [30].

 Grading of ICANS

The approach to grading ICANS is two-fold: 1) determine the encephalopathy score 
and 2) evaluate for other symptoms of particular concern. For most patients, the ICE 
score should be determined first and drives the grading assignment. Those who have 
a depressed level of consciousness, seizure, deep focal motor weakness, or evidence 
of increased intracranial pressure or cerebral edema are assigned a higher grade of 
ICANS regardless of their ICE score. In other words, the more severe symptom, 
including the ICE score, drives the grade of ICANS. The grading system is outlined 
in Table 4. Of note, an awake patient or one who awakens to voice or tactile stimula-
tion may have an ICE score of 0 and would meet criteria for Grade 3 ICANS. However, 
a patient who is unarousable and therefore cannot perform any of the tasks involved 
in the ICE assessment will also have an ICE score of 0 but is considered to have 
grade 4 ICANS owing to his/her unarousable state.

ICANS grading for children is similar but utilizes the Cornell Assessment of 
Pediatric Delirium [31] (CAPD; Table  5) in place of the ICE score. Note that a 
higher CAPD score correlates to a lower ICE score and that the difference between 
grades 1 and 2 ICANS in children is determined by the level of consciousness [30].

 Guidelines for Management

With the adoption of novel therapeutic strategies has come a unique set of toxicities 
described here that differs widely from previously seen adverse events associated 
with antineoplastic therapies. As such, the importance of newer, specific manage-
ment strategies became palpably apparent with increased use of CAR T-cell therapy 
in both the clinical trial and standard-of-care settings. While a number of 

Table 3 ICE score [30]

Domain Task Points

Orientation Orientation to year, month, city, hospital 4
Naming Ability to name 3 objects (e.g., point to clock, pen, button) 3
Following 
commands

Ability to follow simple commands (e.g., “show me 2 fingers” or 
“close your eyes and stick out your tongue.”)

1

Writing Ability to write a standard sentence (e.g., “our national bird is the 
bald eagle.”)

1

Attention Ability to count backwards from 100 by 10 1

ICE immune effector cell-associated encephalopathy
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publications have explored the optimal management of these syndromes, a better 
understanding into the pathophysiology and subsequently the appropriate treatment 
of CRS and ICANS has led to consensus guidelines which were published by the 
Society for Immunotherapy of Cancer (SITC) to help standardize treatment [26]. As 
always, these recommendations are not a substitute for carefully considered clinical 
decision making for each individual patient’s circumstance.

Table 4 ICANS grading [30]

Neurotoxicity 
domain Grade 1 Grade 2 Grade 3 Grade 4

ICE score for 
age ≥ 12 yearsa

7–9 3–6 0-2 0 (unarousable patient 
and unable to perform 
ICE)

CAPD score for 
age < 12 years

1–8 1–8 ≥ 9 Unable to perform 
CAPD

Depressed level 
of 
consciousnessb

Awakens 
spontaneously

Awakens 
to voice

Awakens only to tactile 
stimulus

Patient is unarousable or 
requires vigorous or 
repetitive tactile stimuli 
to arouse. Stupor or coma

Seizure None None Any clinical seizure 
focal or generalized 
that resolves rapidly or 
nonconvulsive seizures 
on EEG that resolve 
with intervention

Life-threatening 
prolonged seizure 
(>5 min); or repetitive 
clinical or electrical 
seizures without return 
to baseline in between

Motor findingsc None None None Deep focal motor 
weakness such as 
hemiparesis or 
paraparesis

Elevated ICP/
cerebral edema

None None Focal/local edema on 
neuroimagingd

Diffuse cerebral edema 
on neuroimaging; 
decerebrate or 
decorticate posturing; or 
cranial nerve VI palsy; 
or papilledema; or 
Cushing’s triad

ICANS grade is determined by the most severe event (ICE score, level of consciousness, seizure, 
motor findings, raised ICP/cerebral edema) not attributable to any other cause; for example, a 
patient with an ICE score of 3 who has a generalized seizure is classified as grade 3 ICANS
N/A indicates not applicable
aA patient with an ICE score of 0 may be classified as grade 3 ICANS if awake with global aphasia, 
but a patient with an ICE score of 0 may be classified as grade 4 ICANS if unarousable
bDepressed level of consciousness should be attributable to no other cause (eg, no sedating 
medication)
cTremors and myoclonus associated with immune effector cell therapies may be graded according 
to CTCAE v5.0, but they do not influence ICANS grading
dIntracranial hemorrhage with or without associated edema is not considered a neurotoxicity fea-
ture and is excluded from ICANS grading. It may be graded according to CTCAE v5.0
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 Management of CRS

All patients with any-grade CRS require close monitoring with daily physical exam 
and laboratory tests including daily complete blood counts, comprehensive meta-
bolic panel, magnesium, phosphorus, C-reactive protein, and ferritin. As cytokine 
levels have not been validated for use in clinical decision making, daily trending of 
these markers is not currently recommended. A thorough and appropriate infectious 
workup should be ordered for these patients and strong consideration should be given 
to the use of empiric antimicrobials if deemed appropriate by the treating physician.

Monitoring for disturbances in coagulation by measuring prothrombin and partial 
thromboplastin times and fibrinogen should be performed at the time of CRS onset and 
periodically (e.g., every 1–3 days) thereafter. Patients may develop profound hypofibri-
nogenemia later in the course of CRS or even after CRS has resolved despite an initial 
rise in fibrinogen, which is an acute phase reactant. Aggressive repletion of plasma and/
or cryoprecipitate should not be delayed when disturbances in coagulation are noted.

Treatment of CRS varies with severity of toxicity and ranges from supportive 
care including antipyretics and intravenous fluids (IVF) to anti-cytokine directed 
therapy, corticosteroids, and vasopressor support with close monitoring in the 

Table 5 Encephalopathy assessment for children <12 years using the CAPD [30]

Answer the following based on interactions with the child over the course of the shift

Never, 4 Rarely, 3 Sometimes, 2 Often, 1 Always, 0
1. Does the child make eye contact 
with the caregiver?
2. Are the child’s actions purposeful?
3. Is the child aware of his/her 
surroundings?
4. Does the child communicate needs 
and wants?

Never, 0 Rarely, 1 Sometimes, 2 Often, 3 Always, 4
5. Is the child restless?
6. Is the child inconsolable?
7. Is the child underactive; very little 
movement while awake?
8. Does it take the child a long time 
to respond to interactions?

Adapted from Traube et al [31]
For patients age 1–2 years, the following serve as guidelines to the corresponding questions:
1. Holds gaze, prefers primary parent, looks at speaker
2. Reaches and manipulates objects, tries to change position, if mobile may try to get up
3. Prefers primary parent, upset when separated from preferred caregivers. Comforted by familiar 
objects (i.e., blanket or stuffed animal)
4. Uses single words or signs
5. No sustained calm state
6. Not soothed by usual comforting actions, eg, singing, holding, talking, and reading
7. Little if any play, efforts to sit up, pull up, and if mobile crawl or walk around
8. Not following simple directions. If verbal, not engaging in simple dialog with words or jargon
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intensive care unit when necessary. Suggested foundations for managing CRS are 
presented in Table  6. Vasodilatory hypotension, common in moderate to severe 
CRS, can be initially managed with 1–2 liters of IVF boluses but vasopressors 
should be initiated early and rapidly. Reliance on more than 2–3 liters of IVF 
boluses is counterproductive given the developing capillary leak.

While the earliest studies restricted the use of tocilizumab, an IL-6 receptor 
blocking antibody, for higher-grade CRS, current standards recommend earlier 
intervention to mitigate morbidity as there is no evidence to suggest that cytokine- 
directed therapy hinders treatment efficacy [32, 33].

Current SITC guidelines recommend consideration of tocilizumab for ASTCT 
grade 2 CRS and recommend its use in grade 3 or higher CRS. Elderly patients or 
patients with extensive comorbidities should be considered eligible for earlier 
administration in the course of CRS. If CRS does not improve following a single 
dose of tocilizumab, corticosteroids should be administered along with a second 
dose of tocilizumab. In patients with ongoing or progressive CRS following 2 doses 
of tocilizumab in conjunction with steroids, other agents such as siltuximab, 
anakinra, and high-dose methylprednisone can be considered but repeat broad 
infectious workup should also be performed. When steroids are employed in the 
management of CRS, it is recommended that the starting dose be no higher than 
1 mg/kg prednisone equivalent with a rapid taper over 7–10 days [34, 35].

Table 6 Foundations for CRS management

ASTCT CRS 
grade Recommended management

1. Daily physical exam, laboratory tests: CBC with differential, CMP, Mg, Phos, 
CRP, ferritin, PT/PTT, fibrinogen
Infectious workup
Anti-pyretics

2. Manage symptoms as per grade 1
Intravenous fluids for hypotension
Low-flow oxygen support if indicated
Consideration of tocilizumab for elderly or patients with extensive comorbidities

3. Management as per grade 2
Vasopressor support for hypotension
Non-invasive oxygenation support as needed
Tocilizumab recommended
Consideration of steroids and second dose of tocilizumab if refractory

4. Management as per grade 3
Invasive ventilator support as needed
Consideration of siltuximab, anikinra, and/or high-dose methylprednisone

Note: See SITC guidelines [26] for comprehensive management recommendations
Abbreviations: CBC complete blood count, CMP comprehensive metabolic panel, Mg magnesium, 
Phos phosphorus, CRP C-reactive protein, PT/PTT prothrombin and partial thromboplastin time
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 Management of ICANS

Management of ICANS is more varied in practice owing to its poorly understood 
pathophysiology and wider array of symptoms. We provide a foundation for manag-
ing ICANS in Table 7, though individual practitioners should heed additional issues 
detailed in the SITC guidelines [26].

Similar to the management of CRS, patients experiencing neurologic toxicity 
from CAR T-cell therapy should be monitored closely with daily physical exam and 
laboratory testing as described above. In addition to the standard infectious workup, 
a lumbar puncture should be considered when feasible and additional radiographic 
examination with a CT scan or MRI should be performed to rule out any other acute 
neurologic process. An electroencephalogram should be performed as well as sub-
clinical, electroencephalographic seizures have been reported [26].

While cytokine directed therapy has marked success in the treatment of CRS, 
tocilizumab has not been effective in mitigating neurologic symptoms. Furthermore, 
there is a theoretical risk that transient increases in serum concentrations of IL-6 
following tocilizumab administration may potentially worsen neurotoxicity of CAR 
T-cell therapy, as tocilizumab does not cross the blood-brain barrier [36, 37]. 
Corticosteroids, on the other hand, have demonstrated efficacy in the treatment of 
ICANS and remain the cornerstone of therapy [26].

In patients treated with 4-1BB CAR T-cell products, specifically tisagenlecleu-
cel, SITC guidelines recommend corticosteroids for grade 3 or higher ICANS and 
state that steroids may be considered for grade 2 toxicity. For patients receiving 
CD28-based CAR products, steroids are recommended for grade 2 ICANS. Rapid 

Table 7 Foundations for ICANS management

ASTCT ICANS 
grade Recommended management

1. Daily physical exam, laboratory tests: CBC with differential, CMP, MG, 
Phos, CRP, ferritin, PT/PTT, fibrinogen
Infectious workup including lumbar puncture if able
Imaging with head CT or MRI
Electroencephalogram

2. Manage symptoms as per grade 1
If CD28-based CAR construct, initiation of corticosteroids
Consider prophylactic levetiracetam

3. Management as per grade 2
If 4-1BB CAR construct, initiation of corticosteroids
Levetiracetam for any seizure activity

4. Management as per grade 3
Consider higher-dose corticosteroids
Levetiracetam for any seizure activity

Note: See SITC guidelines [26] for comprehensive management recommendations
Abbreviations: CBC complete blood count, CMP comprehensive metabolic panel, Mg magnesium, 
Phos phosphorus, CRP C-reactive protein, PT/PTT prothrombin and partial thromboplastin time, 
CT computed tomography scan, MRI magnetic resonance imaging scan

CAR-T Cell Complications



198

taper is recommended following steroid initiation [26, 38]. While there is insuffi-
cient evidence to recommend prophylactic antiepileptics, levetiracetam is recom-
mended for management of patients with seizures [26].

 Prolonged Cytopenias and Their Management

In addition to CRS and ICANS, hematologic toxicity occurs frequently among 
patients receiving CAR T-cell therapy. As may be expected, the majority of patients 
will experience early cytopenias, predominantly neutropenia and thrombocytope-
nia, following lymphodepletion therapy with a median time to onset of 3 days from 
cell infusion and a median duration of 19.5 days [39]. The mechanism of these early 
cytopenias is thought to be directly related to expected myelosuppression as a result 
of cytotoxic chemotherapy and is not specific to CAR T-cell products. In addition, 
the cytokine milieu of CRS and ICANS have also been implicated in this process.

However, a substantial portion of patients will go on to experience a biphasic 
nature of post CAR hematologic toxicity with a second, separate nadir in neutrophil 
count and/or platelet count. Many patients will have a transient, intermediate count 
recovery, although this is also sometimes absent in patients with prolonged cytope-
nias. While the field is starting to understand more, the mechanism behind the sec-
ond cell count nadir is still somewhat elusive. One group postulates that perturbations 
in SDF-1 levels, a chemokine responsible for neutrophil egress from the bone mar-
row, following rapid B-cell expansion in CAR T-cell patients is responsible for late-
onset neutropenia [39].

The incidence of prolonged cytopenias varies in the literature with 20–50% of 
patients reported to experience cytopenias beyond 1 month following CAR T-cell 
infusion [39–41]. With median follow up of 5 years, median time to resolution of all 
cytopenias was 56 days from T-cell infusion in one study of tisagenlecleucel [41]. 
Similarly, 18 (17%) of 108 patients treated with axicabtagene ciloleucel for large- 
cell lymphoma experienced grade ≥ 3 cytopenia at 3 months or later with just 2 of 
these persisting long-term [42]. Patients with higher grade CRS and/or ICANS, as 
well as prior stem cell transplantation are at increased risk for prolonged cytopenias, 
and there is a correlation between late thrombocytopenia, anemia, and neutropenia. 
Additionally, the CAR construct has been implicated with higher rates of prolonged 
cytopenias reported with the use of axicabtagene ciloleucel compared to tisagenle-
cleucel or the BCMA CAR products [43].

Regarding management of cytopenias following CAR T-cell therapy, consensus 
guidelines recommend against the use of G-CSF within the first 14 days due to a 
theoretical aggravation of CRS and/or ICANS [26]. For persistent neutropenia after 
28 days, growth factor support may be used, but a bone marrow biopsy should also 
be performed to evaluate for myelodysplasia. The use of colony stimulating factors 
for other cell lines, namely platelets and red blood cells, has not been formally 
investigated but may be indicated in some circumstances.
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 Antimicrobial Prophylaxis During CAR T Cell Therapy

Patients are at risk for opportunistic infections during the course of CAR T cell 
treatment beginning with the lymphodepletion regimen. No specific consensus or 
data-driven guidelines have been published, but most practitioners take a similar 
approach to prophylaxis as they do during allogeneic hematopoietic stem cell trans-
plantation. Though differences in practice exist between institutions, in general 
most patients receive prophylaxis. A few expert opinion recommendations have 
been published and is the basis for the following [44, 45].

Those who are seropositive for herpes simplex viruses and/or varicella zoster 
virus should receive antiviral prophylaxis with acyclovir or valacyclovir beginning 
at the time of lymphodepletion and continuing throughout their therapy.

Patients with neutropenia from either their disease or lymphodepletion chemother-
apy are at risk for bacterial infections. While many practitioners caring for adult patients 
will provide fluoroquinolone prophylaxis during the period of neutropenia (absolute 
neutrophil count <500/μL), this practice is not as widespread in the pediatric population.

Severely neutropenic patients are at risk for infections with fungus or mold. 
Hence, antimicrobials directed at Candida species, such as fluconazole or micafun-
gin, are often employed while patients are neutropenic. For those who have more 
prolonged neutropenia, clinicians should consider voriconazole or posaconazole to 
minimize the risk of infections with mold.

Finally, prophylaxis for Pneumocystis jiroveci pneumonia using trimethoprim- 
sulfamethoxazole or an appropriate alternative is well accepted for most patients 
during all stages of their treatment irrespective of CAR T cell therapy. However, 
myelosuppression that is sometimes seen with trimethoprim-sulfamethoxazole use 
may prolong neutrophil recovery, so an alternative agent may need to be considered.

 Hypogammaglobinemia and Management

A challenge for any CAR T-cell therapy is on-target but off-tumor cytotoxicity. For 
CD19, CD20, and CD22-targeted CAR T-cell therapies, normal B-cells and follicular 
dendritic cells are the only off-tumor casualty known. Fortunately, B-cell aplasia is 
well tolerated by most individuals. Antibodies may still be produced by plasma cells, 
which do not express these target antigens, but their priming will be compromised by 
the continuous elimination of B-cells by persistent CAR T-cells, particularly in chil-
dren who have yet to develop full immunity to pathogens. Ultimately, this may result 
in profound hypogammaglobulinemia (as well as low IgA and IgM) potentially for 
years or even for a lifetime [26]. The implications of this is largely unknown, is the 
subject of much opinion and speculation, and may differ between adults and children.

Only a few groups have published primary data related to hypogammaglobu-
linemia in CAR T-cell treated patients. Cappell and colleagues reported on 43 adults 
with B-cell lymphomas or chronic lymphocytic leukemia (CLL) who received a 
CD19-directed, CD28 co-stimulated CAR T-cell product at a median follow up of 
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42 months [42]. Excluding infections in close proximity to CAR T-cell infusion, 
four patients required subsequent hospitalization for infections: one each with dis-
seminated herpes zoster, pneumonia, and Citrobacter bacteremia and one patient 
hospitalized once with influenza and twice with pneumonia. These hospitalizations 
occurred over the course of 6  months to 3  years after CAR T-cell infusion and 
appear to have been in spite of intravenous gamma immunoglobulin (IVIG) admin-
istration for levels less than 400–500 mg/dL. Regardless, the incidence of serious 
infections well after CAR T-cell therapy in this patient population was high.

A subset of these patients had sufficient data to analyze immunoglobulin trends. 
The only patients who normalized all three immunoglobulins were those that lost 
CAR T-cell persistence. At last follow up, IgA, IgM, and IgG levels were below 
normal in 63%, 33%, and 21% of patients, respectively. 79% of patients with long- 
term IgG data available received at least one dose of IVIG with 17% still receiving 
regular IVIG at last follow up.

Corderio and colleagues described their experience with 86 adults with R/R 
ALL, NHL, or CLL who were treated with a 4-1BB containing CD19 CAR and 
survived at least 1 year [46]. 67% of patients had IgG <400 mg/dL or were admin-
istered IVIG at a median follow up of 28 months. Though the data is confounded by 
preexisting hypogammaglobulinemia prior to CAR T-cell infusion and a lack of 
control over indications for IVIG infusions, the infection density was 0.55 infec-
tions/100 days at risk or 2.08 infections per patient- year. While the vast majority 
were managed in an outpatient setting, 20% required admission with 5% necessitat-
ing admission to the intensive care unit.

The ZUMA-1 trial of 108 adults receiving axicabtagene ciloleucel recommended 
providing IVIG to maintain an IgG level > 400 mg/dL, especially during infections. 
As a result, 31% of all patients and 17 of 39 (44%) patients with an ongoing response 
received IVIG. Despite this, 28% of all patients developed a ≥ Grade 3 infection 
within the first 2 years [4, 47]. Similarly, 18% of the 111 adults with DLBCL treated 
on the JULIET study experienced a ≥ Grade 3 infection 8 weeks or later after CAR 
T-cell infusion, though the number of patients receiving IVIG was not reported and 
results are confounded by a high degree of prolonged, severe neutropenia seen in 
this population [6].

In the absence of data from randomized controlled trials, therefore, a panel of 
experts arrived at the consensus that adults deemed to be high risk for infections or 
those with recurrent infections should be considered for IgG replacement therapy when 
IgG levels are less than 400 mg/dL [26]. This is in contrast to current practice in adults 
after stem cell transplants where routine IVIG replacement is not recommended [48].

In children, where the only U.S.  Food and Drug Administration (FDA) or 
European Medicines Agency (EMA) approved product is tisagenlecleucel, no 
long- term data exist regarding infections or IVIG use after the initial CAR T-cell 
treatment period. Since IVIG supplementation is standard of care at most pediatric 
centers for managing hypogammaglobulinemia after stem cell transplant, most 
pediatric CAR T-cell patients are likely receiving regular IVIG infusions. This is 
particularly important as children have not yet established mature immunity 
against common pathogens (via immunization or natural exposure) and so are 
thought to be at higher risk than most adults. Whether and when IVIG replacement 
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in children can be discontinued is a matter of speculation, and well-designed clini-
cal trials are needed to address this important issue. In the meantime, consider-
ation should be given to transitioning patients to a weekly subcutaneous form of 
IgG replacement administered at home with lower cost as this has been demon-
strated to produce adequate and stable serum IgG levels over time in children with 
agammaglobulinemia [49].

 Monitoring for Replication Competent Retrovirus/Lentivirus, 
Mutagenesis, and Secondary Malignancies

Most CAR T-cells are manufactured using a viral-based system utilizing either 
gamma retroviruses or HIV-1-based lentiviruses. Replication-incompetent viral par-
ticles infect the target T-cell and incorporate its transgene permanently in the T-cell 
genome. This allows for in vivo expansion of CAR T-cell products and is a pivotal 
cornerstone of the success of the therapy. The FDA has identified the accidental gain 
of replication competence of these viral particles through mutagenesis or cross-over 
events as well as insertional mutagenesis as risks of interest following genetic engi-
neering. As such, the FDA has established guidance and regulations to monitor for 
both events during the manufacturing process and after infusion in the patient.

 Replication Competent Virus

Both academic and commercial producers of genetically engineered cellular prod-
ucts utilizing retro- or lentiviruses are subject to required testing for replication 
competent retrovirus (RCR) or replication competent lentivirus (RCL) at multiple 
points during manufacturing. Briefly, master cell banks or producer lines (retrovi-
rus) as well as viral supernatant (retrovirus and lentivirus) prior to CAR T-cell man-
ufacturing and aliquots of CAR T-cell products themselves after manufacturing 
(retrovirus and lentivirus) are subjected to RCR or RCL testing at each of these 
steps. Methods of RCR and RCL testing is summarized in Fig. 2 [50].

Patients infused with investigational CAR T-cell products are subject to addi-
tional scrutiny for RCR/RCL for up to 15 years after cell infusion, and the institu-
tion that infused them is often responsible for ensuring compliance. Current FDA 
Guidance documents require that blood samples from these patients be collected 
and tested for RCR or RCL at the following time points: pretreatment, 3, 6, and 
12 months after infusion followed by an annual history and physical for a total of 
15 years [51]. Additional testing beyond 12 months is required in the case of a posi-
tive test. While these requirements do not apply to patients infused with a 
commercially- available CAR T cell product, practitioners should be vigilant to the 
risk of replication competent virus and promptly investigate suspicious secondary 
malignancies with the aid of the manufacturer.
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Using the latest data published, no RCR has been detected in 282 samples 
across 14 clinical trials at the NIH-sponsored National Gene Vector Biorepository 
(NGVB) at Indiana University [52]. No RCR or RCL was detected in another 
study of 17 vector lots, 375 manufactured T-cell products, and 308 patients after 
cell infusion [53]. NGVB has tested a total of 1745 post-treatment patient samples 
for RCR, representing 64 different retroviruses, and 461 samples for RCL, repre-
senting 12 lentiviruses, which have all been negative (personal communication). 
By now, many more such products have been produced and infused in patients, 
particularly in the commercial setting, and there is no current indication that RCR 
or RCL events have occurred in a product administered to a patient. Nevertheless, 
it remains an unlikely possibility and required patient testing on clinical trials still 
applies.

Fig. 2 Replication Competent Retrovirus (RCR) and Replication Competent Lentivirus (RCL) 
Testing. Current methods used in the National Gene Vector Biorepository at Indiana University are 
illustrated. The left figure depicts testing for RCR with RCL testing shown on the right. The 3 week 
amplification is mandated by the US FDA to allow slow growing recombinant viruses to expand to 
a detectable level. The PG4 Sarcoma+/Leukemia- (S+/L-) cell line is used to detect RCR. Gamma 
retroviruses transform S+/L- cell lines and foci of transformed cells indicate the presence of an 
RCR. For RCL detection, the combination of an ELISA method for detecting HIV capsid (p24), 
and a quantitative PCR (qPCR) based method for detecting reverse transcriptase (Product Enhanced 
Reverse Transcriptase, PERT), are used
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 Insertional Mutagenesis and Development 
of Secondary Malignancies

Previous experience with a retroviral vector transducing the IL2RG gene in hemato-
poietic stem cells (HSCs) of 10 children with X-linked severe combined immuno-
deficiency led to the development of T-cell leukemia in 4 of the 9 responding 
patients. Analysis revealed that the transgene was inserted within or near the proto- 
oncogenes LMO2 or CCND2, which directly contributed to leukemogenesis [54]. 
Other trials utilizing retroviral modification of stem cells in children had similar 
experiences [55]. Vector copy number, or number of times the transgene is inserted 
in the host cell genome, is directly proportional to the risk of mutagenesis and is the 
subject of scrutiny at the regulatory level for every new investigational new drug 
application involving gene transfer.

Many clinical trials and even FDA-approved CAR and T-cell receptor (TCR) 
products still utilize retroviruses for gene transduction, and to date there has been no 
reported case of malignancy arising therefrom. This is likely due to both the 
improvements in viral vector design, resulting in fewer insertions per cell and tar-
geting so-called “gene deserts,” and the fact that mature T-cells are exceedingly less 
likely to redevelop stem-like properties that are active in undifferentiated HSCs 
[56]. Lentiviruses pose an even smaller risk of insertional mutagenesis and by 
extension secondary malignancy as the number of insertions per cell is limited to 
1–3 on average when modern, fourth generation viruses are used [57].

Despite these data and advances in the field, disruptions of intact genes do occur 
on occasion and can lead to clonal expansion of an aberrant T-cell population. Such 
a discovery in a patient requires mandatory reporting via appropriate channels for 
the therapy being used and additional workup by experts in the field.

 Conclusion

As promising as CAR T-cell therapies are, complications arising from uncontrolled, 
rapid and exponential expansion and activation of T-cells and the broader immune 
system creates a perfect storm of toxicities that if not managed promptly and appro-
priately may have devastating outcomes for a patient. While we have provided a 
foundation for identifying and managing CAR T-cell-associated toxicities, includ-
ing the ramifications of virally transducing and genetically engineering T-cells, 
optimal patient care requires more study and training as additional toxicities exist 
that are not addressed here. Understanding the pathophysiologies involved in CRS, 
ICANS, and prolonged cytopenias among others will require additional research, 
but is paramount to mitigating CAR T-cell complications.

The current cadre of FDA-approved CAR T-cell products are just the prototypes. 
Reestablishing control of T-cell and immune system activation to a more physio-
logic state while maintaining anti-tumor efficacy should be the goal of investigators 
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for the next generation of CAR T-cell therapies. In the meantime, prompt identifica-
tion of toxicities and early intervention remains the best approach to delivering 
positive outcomes to patients.
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Abstract Chimeric antigen receptor (CAR)-engineered T cells can mediate impres-
sive responses in a subset of patients with B cell malignancies. Clinical trial and 
real-world data, however, reveal that most patients will not achieve durable remis-
sion. Therapeutic failure appears to segregate into two distinct models: inherent 
resistance, in which there is no meaningful disease response after treatment, or 
acquired resistance, in which disease recurrence follows a transient response. A host 
of studies have identified that both forms of failure can result from tumor-intrinsic 
evasion mechanisms which can be antigen-dependent or independent. Alternatively, 
resistance or relapse can occur due to T cell dysfunction, both intrinsic to the cells 
prior to infusion or that develops after delivery to patients. In this chapter, we review 
the mechanistic and correlative studies investigating resistance to CAR-T cells, and 
discuss strategies designed to overcome this significant hurdle to the broader suc-
cess of this therapy.
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 Introduction

As outlined elsewhere in this volume, CAR-T cell therapy can enable durable remis-
sions in select patients with B cell malignancies. In both adults and children with 
highly-refractory disease, CD19-directed CAR-T cells (CART19) therapy has been 
shown to eradicate chronic and acute B-cell leukemias (respectively) for >8 years—
a milestone most would consider cure. Despite many instances of clinical success, 
mature clinical trial and commercial product data reveal that most patients will not 
experience long-term remission. The landmark clinical trials of CART19 in non- 
Hodgkin lymphoma (NHL) [1–4] and acute lymphoblastic leukemia (ALL) [5–10] 
highlight two distinct patterns of therapeutic failure. In NHL, failures primarily 
manifest as an up-front lack of disease regression, a phenomenon we have termed 
“inherent resistance” [11, 12]. Failure in ALL, however, is distinct. The majority 
(>85%) of patients will achieve minimal residual disease-negative remission 
30 days after treatment [5, 6], but ~half of these patients will relapse within one 
year. Intriguingly, this pattern is also observed following therapy with CAR-T cells 
targeting B cell maturation antigen (BCMA) for multiple myeloma [13]. The mech-
anism of this “acquired resistance” has been heavily explored, with several distinct 
biological processes already identified as contributors. As with classical cancer 
immune surveillance and escape [14], a dynamic interplay between malignant cells 
and CAR-T cells determines disease control or progression. In this chapter, we will 
examine the cellular mechanisms that underlie both cancer cell-driven immunosup-
pression as well as T cell-intrinsic biological failure.

 Tumor Evasion

The vast majority of clinical experience with CAR-T cells is in the treatment of 
hematologic malignancies. As such, we will focus this review on the mechanisms 
by which hematopoietic cancers evade CAR-T cell activity. Two fundamental para-
digms have emerged that can lead to evasion: antigen-dependent and antigen- 
independent (Fig. 1). A great deal of research has focused on the biology that can 
lead to antigen modulation, while less has been reported about antigen-independent 
mechanisms.

 Antigen Loss: Genomic and Transcriptional Modulation

Mechanisms that result in complete antigen loss have been heavily explored. In a 
study of 17 pediatric and young-adult patients who received tisagenlecleucel for 
B-cell ALL [15], specimens obtained at initial enrollment were compared to speci-
mens obtained at the time of clinical relapse after CAR-T cell therapy. 12 of 17 
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patients had undetectable CD19 surface expression, highlighting the frequency of 
antigen loss as a mechanism of relapse. Deep sequencing of both DNA and RNA 
revealed several distinct mutations that were predicted to lead to truncated protein 
translation, resulting in nonfunctional or absent transmembrane domains. Analyzing 

TME

Alternative Splicing
Lineage Switching

Loss of Heterozygosity
Biallelic genetic loss 

Outgrowth of Antigen-Negative Cells
Dysregulated Membrane Trafficking 

Antigen Masking

Trogocytosis

Antigen loss Antigen modulation

Antigen Independent

Poor T cell fitness Manufacturing variability

Development of T cell dysfunction

B

A

FADD

BID

Endogenous T Cell

CAR-T Cell

Tumor Cell

PD-L1

Fig. 1 Mechanisms of resistance and relapse. (a) Tumor-dependent and (b) T cell-dependent 
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allelic frequencies of the CD19 loss of function mutations also showed that acquired 
loss of heterozygosity was common at the time of relapse, suggesting that homozy-
gous mutation combined with loss of the wild-type CD19 allele was the primary 
cause of CD19 loss in this cohort.

Parallel investigations in a BCMA-targeted CAR for multiple myeloma demon-
strated similar biallelic loss of target antigen genes as the central cause of relapse 
[16]. Single cell genomic characterization showed a deletion of one allele and a 
mutation creating an early stop codon in the second. A second reported demonstrated 
complete loss of BCMA expression in a single patient at time of relapse after BCMA 
CAR-T therapy [17]. These authors found that loss of BCMA expression in patients 
relapsing after BCMA CART therapy was a rare event (~4–9% of patients) but more 
frequent; 28 of 33 patients in patients that were hyperhaploid prior to CART therapy 
manifested as loss or partial loss of chromosome 16 (BCMA locus) and duplication 
of the second allele with a mutated BCMA gene. Thus although loss of BCMA 
expression in patients relapsing after BCMA CART therapy is uncommon, those 
patients with loss of chromosome 16 and hyperhaploid appear to be at very high risk 
for loss of BCMA expression when relapsing after BCMA CART therapy.

While future studies with larger samples sizes are needed to validate this finding, 
these observations further highlight the need to carefully examine for target antigen 
alterations at the genomic level in patients being treated or re-treated with CAR-T 
cell therapy. Even if there is a very low level of biallelic deletion in the pre- treatment 
tumor, clonal selection in response to immune pressure can realistically lead to out-
growth of antigen-negative disease over time. It is also possible that a resistant clone 
merges and becomes dominant over the course of CAR-T therapy. In either setting, 
targeting multiple tumor-associated antigens presents an exciting approach to poten-
tially overcome these genomic alterations, and upcoming trials of dual targeted 
CARs in leukemia and myeloma will demonstrate if similar genomic escape occurs.

In addition to loss of heterozygosity and biallelic loss of antigen, alternative 
mRNA splicing has also been shown as a mechanism for CD19 loss. In a seminal 
report, Sotillo et al. [18] demonstrated that CD19 mRNA can undergo distinct splic-
ing events, some of which lead to production of truncated CD19 protein. Elimination 
of exon 2 leads to a more stable CD19 transcript than the full-length CD19; how-
ever, exon 2 contains a critical component of the CAR antigen recognition domain, 
leading to the production of an “invisible” antigen. Mechanistically, splicing factor 
SRSF3 was found to be a regulator of exon 2 inclusion. In two patients with CD19 
negative relapses, lower amounts of SRSF3 were found compared to pre-treatment 
samples. While many questions remain, these findings can certainly guide potential 
strategies for more durable anti-tumor responses. For example, as the endogenous 
immune system is capable of epitope spreading and the generation of immune 
responses to epitopes distinct from the initial target, it may be useful to consider 
broad stimulation of the anti-tumor response with checkpoint blockade therapy 
combined with CAR-T cell therapy. Researchers are also developing CAR-T cells 
that are further modified to secrete immune stimulatory cytokines that can enhance 
the endogenous antitumor response in the tumor microenvironment to overcome 
loss of antigen in low-frequency clones [19].
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Several reports have identified transitions in leukemic cell state from lymphoid 
to myeloid, a phenomenon known as lineage switching [20–22]. In two patients 
with rearrangements involving KMT2A (resulting in mixed-lineage leukemia, 
MLL), treatment with CD19 CAR-T cells was followed by transition from B-ALL 
to myeloid leukemia. In both cases the emergent disease was clonally related to the 
original lymphoid leukemia. Translocations leading to the MLL phenotype are 
known to induce a stem cell like-state that enables lineage conversion and the thera-
peutic pressure from CAR-T cell treatment may additionally facilitate or induce the 
lineage switch. These reports suggest that consideration of MLL status prior to 
treatment with a lineage-directed therapy may be needed if lineage switching 
emerges as a common cause of failure.

Mechanistic studies using murine models have explored the etiology of lineage 
switching after CAR therapy more closely [20]. Early relapses after CAR-T cell 
treatment retained a pre-B cell phenotype and demonstrated loss in CD19 exon 1 
and exon 2 mRNA, consistent with previous reports of alternative splicing. However, 
late relapses showed complete loss of CD19 mRNA and protein expression with 
concurrent loss of PAX5 and EBF1 suggesting loss of the B-cell phenotype. RNA 
sequencing further confirmed the presence of myeloid, stem cell, or T-cell pheno-
typic markers, pointing to potential lineage switching. Furthermore, evidence of an 
intermediate phenotype with cells expressing both myeloid (Gr1, CD11b) and B 
cell markers (B220, CD22) was found suggesting divergent lineage identities as 
opposed to clonal selection.

Darwinian-like selection of preexisting antigen negative clones is also a mecha-
nism for CAR-T cell treatment failure. Single cell RNA sequencing demonstrated 
the presence of CD19 negative leukemic cells before CAR-T cell therapy [23]. 
While relatively rare initially, the selective pressure caused these pre-existing sub-
clones to expand, ultimately leading to targeted therapy failure. Other reports have 
also documented the presence of CD19 negative precursor cells in patients with 
ALL [24, 25]. This highlights the utility of pre-treatment screening in B-ALL 
patients potentially with single cell RNA sequencing to identify those at high risk of 
relapse after CAR-T cells therapy. Additionally, this is another mechanism of treat-
ment resistance where dual antigen targeting would be an effective approach to 
decrease the likelihood of relapse.

 Antigen Modulation: Structural

Trogocytosis is a cellular process in which membrane reorganization occurs at the 
immunological synapse between a T cell and an antigen-presenting cell. Hameih 
et al. identified that, in the context of CAR therapy, this reorganization can lead to 
transfer of the target antigen from malignant cells to the T cell surface, thus decreas-
ing the density of the target antigen on the tumor cells [26]. This promotes tumor 
escape by reducing target detectability and T cell activity. It also leads to T cell 
fratricide as result of recognition of target antigen on other CAR+ cells. Beyond 
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fratricide, the persistent activation of CARs by antigen expressed by other CAR-T 
cells led to exhaustion-like T cell dysfunction.

Antigen escape in CAR-T cell therapies targeting the B cell antigen CD22, 
however, appear to be mechanistically distinct. Fry and colleagues recently 
reported their findings of anti-CD22 CAR-T cell therapy in B-ALL.  They 
observed that 12/21 patients achieved complete remission, and 9 of these 12 
experienced an MRD- negative CR.  Eight of 12 patients, however, relapsed 
1.5–12 months post-infusion [27]. Intriguingly, all relapses were associated with 
reduced CD22 protein expression. Genomic analysis demonstrated that CD22 
copy number profiles remained stable in the two patients studied, and none of the 
samples revealed the acquisition of mutations within the CD22 locus. RNA-
sequencing analysis of samples prior to and following CAR-T cell infusion did 
not identify a reduced CD22 expression level after treatment. Furthermore, 
whereas Sotillo and colleagues identified alternative splicing as a contributing 
factor to anti-CD19 CAR-T cell escape [18], the investigators here observed no 
evidence of alternative CD22 isoforms underlying the reduced CD22 protein 
expression levels on tumor cells. These data therefore suggested that CD22 sur-
face protein expression levels on tumor cells were regulated at the post- 
transcriptional level. A pre-clinical model consisting of a human ALL cell line 
reconstituted with low, intermediate, or high CD22 expression levels showed that 
mice infused with CD22low leukemia cells demonstrated negligible responses to 
CD22 CAR-T cell therapy. These findings suggest that the role of antigen density 
may vary depending on the target antigen, the CAR itself, or both.

While rare, unintentional transduction of the CAR into a single malignant cell 
resulting in antigen masking of CD19 has also been seen [28]. In this report, a 
patient who had relapsed with seemingly CD19-negative ALL was found to, 
instead, have a clonal leukemia which had undergone unintentional transduction 
with the CAR construct during manufacturing for the CAR-T product. The sur-
face CAR on the ALL cell bound in cis to the CD19 epitope, thus masking it from 
recognition by the anti-CD19 CAR-T cells. As this clone grew under selective 
pressure, the patient experienced relapse nine months after initial infusion of 
tisagenlecleucel. These findings highlight the need for careful manufacturing 
technologies that can accurately delineate contaminating tumor cells from engi-
neered T-cells.

Dysregulated antigen membrane trafficking can be another cause for treat-
ment failure. Even if the CD19 protein is expressed and is structurally intact, 
defects in the membrane export process will result in failed CD19 surface expres-
sion. This has been previously identified following treatment with the CD19/
CD-3 bispecific T-cell engager blinatumomab, in which the apparent CD19 nega-
tivity of the relapsed clone was attributed to a loss of expression of CD81 [29]. 
This protein is essential for CD19 membrane trafficking from the Golgi, and its 
absence led to lack of CD19 surface expression despite an intact CD19 transcrip-
tion and translation.
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 Antigen-Independent Resistance

While the preponderance of data has focused on antigen modulation, a recent report 
from the University of Pennsylvania interrogated antigen-independent mechanisms 
of resistance [11]. Using a genome-wide loss-of-function screen in ALL, the investi-
gators found that impairments in pro-apoptotic death receptor signaling proteins 
resulted in resistance to CAR-T cell cytotoxicity. Specifically, loss of Fas-associated 
protein with death domain (FADD) and BH3 interacting-domain death agonist (BID) 
enabled ALL to progress nearly unabated in mice. This inherent resistance in turn led 
to the persistent presence of CD19 antigen that led to T cell dysfunction, further 
impairing anti-tumor activity and permitting disease progression. Impressively, eval-
uation of pre-infusion bone marrow from patients receiving CD19 CAR-T cells sug-
gested that baseline expression of death receptor genes was predictive of response.

Crosstalk between the tumor microenvironment (TME) and CAR-T cells also 
affects the development of antigen-independent resistance. The TME can affect 
both the infiltration and function of CAR-T cells. As an example, tumor cells can 
upregulate PD-L1 to induce apoptosis of local immune effector cells and can also 
release PD-L1 into the circulation to affect the global response to immunotherapy 
and cellular therapy. Local hypoxia, glucose depletion, and lactic acid accumulation 
leading to low pH can also suppress T-cell effector function [30]. On the other hand, 
CAR-T cells can substantially modify the TME and enhance endogenous T cell 
activation. Multiplex immunostaining of lymphoma biopsies after CAR-T cell ther-
apy showed that CAR-T cells surprisingly constitute only a small fraction of all T 
cells in the TME after 5 days. However, not only did the CAR-T cells show evidence 
of an activated phenotype, but endogenous T cells were also activated in large num-
bers [31]. A recent study showed that CART-cells specifically produce interferon-γ 
which enhances endogenous T cell and natural killer cell activity and helps sustain 
cytotoxic function [32]. These studies together suggest a model where CART cell 
therapy supports the activation of larger numbers of endogenous immune cells. 
However, tumor cells also employ mechanisms to confer resistance and more stud-
ies to better understand this complex interplay in the TME are required.

While CAR-T cell therapy has been a sea change in the care for patients with B 
cell malignancies, the multiplicity of mechanisms by which cancer cells evade and 
resist infused cells highlights the need for continued improvements. While each of 
these mechanisms have been described individually, there is likely a dynamic and 
multifactorial interplay between each. Emerging combination therapies that can tar-
get multiple resistance mechanisms represent some of the most promising strategies 
to overcome CAR-T cell treatment resistance.

 T Cell Failure

In contrast to malignant cell evasion, T cell failure has also recently been identified 
as an etiology of therapeutic failure. This can occur either as a result of defects in 
the product itself, or as a result of the development of dysfunction after infusion.
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 T Cell Fitness

Health of the T cells collected for CAR-T cell manufacturing can vary dramatically 
between patients, and this health has a direct impact on the quality and quantity of 
CAR-T cells that compose the final product. Many factors can influence T cell 
health. Data suggest that different cancers differentially impair circulating T cell 
biology, wherein chronic malignancies appear to cause more T cell dysfunction than 
acute diseases [33, 34]. Additionally, previous chemotherapy also can differentially 
impair T cell effector potential [34, 35]. A study conducted in pediatric patients with 
ALL and non-Hodgkin lymphoma found that the fraction of less-differentiated T 
cells, defined as having either naïve or stem central memory phenotypes, directly 
correlated with the ability of harvested T cells to produce an effective CAR-T cell 
product. This study further demonstrated that chemotherapy given early in therapy 
for ALL, such as cyclophosphamide and cytosine arabinoside specifically depleted 
less-differentiated cells [34]. The addition of cytokines that support early-lineage 
cells, such as interleukin-7 (IL-7) and interleukin-15 (IL-15), into manufacturing 
culture media can help T cells to recover from the detrimental effects of chemo-
therapy. Notably, inclusion of IL-7 and IL-15, but not IL-2, in culture media may 
specifically help by enriching naïve and central memory-like T cells without also 
enriching more terminally-differentiated cells [36]. Finally, it has long been 
observed that age has a direct impact on T cell function, wherein T cells from older 
adults have less expansion potential than those from younger adults or children. 
Interestingly, T cells from older adults have also been shown to secrete cytokines 
that can support cancer growth, adding further complexity to the dynamics of 
immune surveillance [37, 38]. Intriguingly, a recently published post-hoc subgroup 
analysis from the ZUMA-1 trial studying axicabtagene ciloleucel showed better 
investigator-assessed objective response rates and higher complete response rates at 
two years among patients aged ≥65 years than those patients aged <65 years [39].

 Product Manufacturing

The process of CAR-T cell manufacturing is discussed in detail elsewhere in this 
volume. The process of manufacturing occurs at either an academic or private labo-
ratory, and while there is not significant variability in procedure, this process 
remains to be standardized. As such, distinctions in product quantity and quality 
exist as a direct result of distinctions in process.

Collected T cells can enter the manufacturing process either as a bulk pool, or 
manipulations can be made to alter the “pre-production” composition. It has been 
speculated that using standardized ratios of CD4:CD8 cells can improve the predic-
tivity of the clinical outcome [40, 41]. In a variation on this strategy, a recent phase 
I anti-CD22 CAR-T cell trial applied a CD4/CD8 T cell selection approach to purify 
T cells prior to manufacturing. They found that this approach improved successful 
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product manufacturing rates, and was associated with more inflammatory toxicities; 
it is not clear if this enhanced responses, but did increase the number of patients 
who were able to receive therapy. Another study showed that using elutriation, a 
method to separate monocyte/granulocyte contaminants from lymphocytes, during 
manufacturing increased CAR-T cell yield, suggesting an inhibitory effect of mono-
cytes/granulocytes on CAR-T cell expansion [42].

In an intriguing case report Fraietta et al. found that, in a patient who achieved 
remission following CD19 CAR-T cell infusion, there was outgrowth of a single T 
cell clone [43]. Deep sequencing found that this clone had undergone CAR lentivi-
ral integration within in the TET2 locus, disrupting the activity of this regulator of 
DNA methylation and promoting a beneficial central memory phenotype. This find-
ing, while isolated, further highlights the need to infuse the “right” cell lineage.

Analysis of axicabtagene ciloleucel infusion products from adult large B-cell 
lymphoma patients by single-cell RNA sequencing revealed that products with a 
higher proportion of central memory CD8+ T cells associated with durable clinical 
benefit whereas an exhausted phenotype characterized by dual expression of LAG3 
and Tim3 was associated early progression [44].

 CAR-T Cell Dysfunction

T cell exhaustion is defined as a dysfunctional state triggered by prolonged antigen 
exposure due to chronic infection or cancer [45]. Several recent studies have identi-
fied that CAR-T cell dysfunction also limits anti-tumor activity. In a model of persis-
tent exposure to CD19+ ALL cells, CD19-targeted CAR-T cells rapidly become 
dysfunctional as a direct result of prolonged antigen engagement [11]. These cells, 
while appearing functionally exhausted, do not bear the classical phenotypic features 
of exhausted T cells, such as high PD-1, Tim3 or LAG3 surface expression, or the 
epigenetic changes that define exhaustion [46, 47], suggesting that CARs may drive 
the development of dysfunction via distinct pathways. Studies in murine models of 
solid tumors have found that tumor-infiltrating dysfunctional CD8+ CAR-T cells 
have upregulated expression of nuclear receptor transcription factors, NR4A1, 
NR4A2 and NR4A3, which are regulators of the inhibitory surface proteins PD-1 
and Tim3. Loss of all three NR4A transcription factors in CAR-T cells improved 
tumor regression and survival in mice, drawing a direct link between expression of 
these transcription factors and CAR-driven T cell dysfunction [48]. In parallel to this 
study, Liu et al. independently identified NR4A1 as a key regulator of T cell exhaus-
tion in a genome wide screen [49]. The investigators found that NR4A1 mediates T 
cell dysfunction via its preferential recruitment to AP-1 binding sites, where it blocks 
the expression of AP-1 associated activator genes. Consistent with this finding, Lynn 
et al. [50] used a tonically signaling CAR model system to demonstrate that the over-
expression of canonical AP-1 factor c-Jun alleviates T cell dysfunction. Collectively, 
these data identify several key transcription factors that may regulate the develop-
ment of CAR-driven T cell dysfunction in an antigen- dependent manner.
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Single cell profiling of CAR-T cells from infusion products and patient blood also 
provided interesting insights on CAR-T cell behavior [51]. For example, clonal diver-
sity of CAR-T cells is highest before infusion and the most dominant clones that 
expand after infusion originate from cells that highly express cytotoxicity and prolif-
eration genes. Soon after infusion CAR-T cells display a gene expression phenotype 
similar to activated CD8+ effector T-cells; however, over time the transcriptional sig-
natures marking activation and proliferation progressively decline. No enrichment of 
an exhaustion gene signature or increase in inhibitory receptor expression was detected 
at later times after infusion but further studies are required to detail the exhaustion 
state of CAR-T cells after infusion both in the blood and at the site of the tumor.

CAR structural design itself can also contribute to dysfunction in an antigen- 
independent manner. Several reports have identified that tonic signaling of CARs 
with CD28 co-stimulatory domains leads to the development of dysfunction [52, 
53]. Intriguingly, replacement of CD28 with 41BB in the setting of tonic signaling 
alleviates the development of dysfunction, and may in fact improve CAR-T cell 
function.

 Next Steps

Improving outcomes after CAR-T cell therapy in hematologic cancers will require 
several approaches that are directed specifically at the mechanism of failure. A cen-
tral feature during the next decade of cellular immunotherapy will be appropriate 
patient selection, matching the right patients with the right cell products. Patients 
with disease that has evidence of an underlying antigen-low or negative population 
may mandate therapy that is multi-antigen targeted, using novel products such as 
dual CARTs, T cells that contain to full-length CARs targeting different antigens 
[54], or tandem CARTs, T cells that contain one CAR with two scFvs each targeting 
a distinct antigen [55]. Targeting antigen-independent mechanisms of resistance 
will rely on deep understanding of the underlying biology. For example, pairing 
CAR-T cells with small molecule regulators that can inhibit anti-apoptotic signaling 
to enhance effective T cell cytotoxicity [56].

Addressing T cell failure will require distinct strategies. A great deal of work is 
ongoing to identify the ideal pre-manufacture T cell populations to include in the 
production process. While this is certain to lead to innovation in product manufactur-
ing, without standardized practice across institutions to rigorously compare CAR-T 
products to each other we are likely to remain clouded in our ability to declare win-
ners. Several groups have worked to design T cells that bear CARs as well as addi-
tional therapeutic or support proteins, such as cytokines [57, 58] or secreted bi-specific 
antibodies [59]. Deletion of suppressive proteins such as PD-1 has also demonstrated 
success in improving CAR-driven T cell function [60]. A provocative recent report by 
Weber et al. demonstrated that transient rest of CART in vitro or in vivo using multi-
ple approaches can dramatically restore functionality and reverse exhausted pheno-
type of these CART resulting in enhanced survival and anti-tumor efficacy [61].
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 Conclusions

CD19-directed CAR-T cell therapy represents a watershed in the management of B 
cell cancers. Its promise, however, remains to be achieved. Careful and detailed 
understanding of the biology leading to therapeutic failure that is driven both by 
tumors and T cells has begun to identify strategies to improve the efficacy of this 
platform. The combination of product innovation as well as basic discovery will no 
doubt lead to a new cadre of CAR-based therapies in the coming years that are more 
successful than their first-generation predecessors, moving us closer to the wide-
spread use of this therapy for both hematologic and solid tumors.
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Tumor Infiltrating Lymphocytes (TIL): 
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Abstract While the number of therapeutic options for patients with cancer have 
grown exponentially as the collective knowledge of cancer biology and genomics 
has improved, the fact remains that the majority of those with metastatic solid 
tumors will never be cured of their disease. With the development of targeted thera-
pies that disrupt aberrant signaling pathways in cancer cells caused by distinct 
genetic alterations, the paradigm of “personalized therapy” has developed, with the 
goal of individualizing a patient’s treatment to their own tumor’s distinct mutational 
make-up. However, a truly personalized approach that takes advantage of the ability 
of the immune system to not only recognize and destroy tumor cells, but also to 
prevent recurrence through immune memory, has been successfully applied to 
patients with metastatic disease for more than 3 decades. Preclinical observations 
by many groups using mouse models beginning in the first half of the twentieth 
century led to pioneering work carried out by the group led by Steven A. Rosenberg 
at the Surgery Branch of the National Cancer Institute (NCI) that developed adop-
tive cellular therapy (ACT) with tumor infiltrating lymphocytes (TIL). Numerous 
clinical trials have now demonstrated the feasibility of generating large numbers of 
TIL from surgical biopsies which can be safely administered to patients to effec-
tively treat multiple solid tumor histologies. The availability of TIL products has 
proven instrumental for the demonstration that tumor-specific T-cell populations are 
capable of inducing complete therapeutic responses lasting for decades. As our 
understanding of how the immune system recognizes pathogens and is regulated to 
prevent autoimmunity has grown, pharmacologic approaches utilizing antibody- 
mediated blockade of immunologic “checkpoint” molecules now provide additional 
treatment options for patients. This has led to the opening of a substantial gap in the 
treatment landscape of many solid tumors of patients that do not derive long-term 
benefit from currently available immunotherapies, and much ongoing work is 
directed at filling this gap with novel TIL approaches in the coming years. Here, we 
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review the preclinical studies that served as the basis for human translation of TIL 
therapies, clinical trial data for TIL across tumor types, and discuss future develop-
ments in TIL therapy that seek to refine personalized treatments for patients directed 
at tumor-specific mutations.

Keywords Tumor infiltrating lymphocytes (TIL) · Adoptive cellular therapy 
(ACT) · Lymphokine-activated killer (LAK) cells · IL-2 · Melanoma · Renal cell 
carcinoma · Non-small cell lung cancer · Malignant gliomas · Gastrointestinal 
cancers · Gynecologic malignancies · Lifileucel · CD28 · CD27 · Tumor-associated 
antigens (TAA) · Cancer-germline/cancer testis antigens (CTA) · Tumor-specific 
antigens · Neoantigens

 Preclinical Demonstration that Tumor Infiltrating 
Lymphocytes Have Therapeutic Potential

Using chemically induced sarcomas, it had become established by the 1940s that 
inbred mice immunized with small doses of tumor cells were resistant to a subse-
quent challenge of the same, but not an unrelated, tumor cell line [1]. In subsequent 
decades, preclinical mouse models became invaluable tools used by many groups to 
understand how the immune system could be harnessed therapeutically [2]. Single- 
cell suspensions of tumor draining lymph nodes from mice with progressively 
growing sarcomas were found to provide resistance to a subsequent sarcoma chal-
lenge after transfer, strongly suggesting that a cellular basis for mediating antitumor 
responses existed [3]. Further evidence that lymphocytes could demonstrate antitu-
mor properties came with the finding that in vitro incubation of lymphocytes, but 
not serum, from preimmunized animals inhibited the establishment of a sarcoma 
challenge [4, 5]. However, while adoptive transfers of lymphocytes from immu-
nized animals could provide prophylaxis against a tumor challenge, it soon became 
apparent that controlling the growth of established tumors was more difficult. Using 
a rat fibrosarcoma model, in 1964 Delorme and Alexander showed that adoptive 
transfer of lymphocytes isolated from the thoracic ducts and lymph nodes of rats 
previously immunized with the same tumor could slow, but not eliminate, the 
growth of previously implanted tumors [6]. Established methylcholanthrene- 
induced sarcomas could also be inhibited by transfer of lymphocytes isolated from 
the spleens of immunized syngeneic mice [7]. As these studies utilized the adoptive 
transfer of large numbers of fresh lymphocytes, further clinical translation would 
require the technical development of methods that would enable the culture of suf-
ficient numbers of lymphocytes at clinical scale in vitro for infusion into patients.

The addition of growth factors that are not present in standard cell growth media 
are required for the long-term propagation of lymphocytes in vitro. By the late 
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1970’s protocols had become available for the production of “T-cell growth factor” 
from cultures of activated lymphocytes that enabled long-term culture of both 
mouse and human T-cells, but the cloning of the gene for IL-2 would not be reported 
until years later [8, 9]. This innovation made it possible to isolate and amplify lym-
phocytes directly from tumor tissues in order to test their reactivity against autolo-
gous tumor cells [10]. In 1983, Eberlein et  al. showed that adoptive transfer of 
lymphocytes from mice previously immunized with the FBL-3 lymphoma and cul-
tured for more than 2 months in vitro were able to cure mice with disseminated 
disease [11]. Notably, adoptive transfer of lymphocytes with recombinant IL-2, 
which supported persistence of the transferred lymphocytes, was more effective at 
prolonging the survival of mice with disseminated lymphoma than IL-2 or cultured 
lymphocytes alone [12]. Administration of cyclophosphamide together with spleen 
cells from mice previously immunized with tumor cells could also improve thera-
peutic efficacy [13]. Efforts also focused on the use of ACT in solid tumor models. 
Adoptive transfer of spleen cells from mice previously immunized with sarcoma 
tumor cell lines could be utilized therapeutically, demonstrating the potential of cel-
lular therapies to treat both hematologic and solid tumor malignancies [14]. For 
clinical translation for the treatment of human tumors, however, a cellular source 
with antitumor activity and which could be generated to large numbers was required. 
Efforts soon focused on preclinical studies utilizing murine lymphocytes generated 
from in vitro culture with IL-2, termed lymphokine-activated killer (LAK) cells. 
Upon transfer into tumor-bearing hosts, LAK cells slowed the growth of pulmonary 
metastases in sarcoma and B16 melanoma models, and their antitumor efficacy 
could be further improved by concomitant administration of IL-2, as well as by total 
body irradiation [15–17] Soon, techniques that enabled the culture of LAK cells 
from the peripheral blood of patients using purified preparations of IL-2 that were 
also able to lyse autologous tumor cells were reported [18, 19]. The stage was set 
for the first clinical trials of ACT in patients with metastatic disease.

 Clinical Demonstration of Tumor Responses with Lymphokine 
Activated Killer Cells (LAK)

The initial clinical trial to utilize LAK cells in patients with metastatic cancers 
administered cultured cells alone. Four separate phase I studies were completed at 
the NCI and first reported in 1984 [20]. In the first 10 patients treated, lymphoid 
cells were obtained by leukopheresis and cultured for 48 h in medium containing 
the lectin phytohemagglutin. In this cohort, infusions of up to 1.7 × 1011 cells were 
well tolerated, with fevers being seen in all patients; however, no objective tumor 
regressions were noted Efforts to improve clinical efficacy with either pretreatment 
with cyclophosphamide, addition of activated macrophages into the infusion prod-
uct, or activation of LAK cells with recombinant IL-2 ultimately proved unsuccess-
ful [20]. As systemic administration of IL-2 together with LAK cells in preclinical 
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models had markedly improved the antitumor efficacy, efforts were undertaken at 
the NCI to identify the maximum tolerated dose that could be safely administered 
in humans. In two pioneering studies, purified IL-2 was shown to have a short half- 
life of approximately 7 min and induce multiple dose-related toxicities, including 
fever and a capillary leak syndrome which resolved with discontinuation of therapy 
[21, 22]. Objective tumor responses were not seen on these early studies, which 
used lower doses than would be tested in subsequent larger trials. However, this 
expertise in the clinical administration of IL-2 would prove to be critical, and in 
1985, Rosenberg et al. reported a small trial of 25 patients with refractory metastatic 
malignancies treated with autologous LAK cells and IL-2. Patients underwent mul-
tiple rounds of leukapheresis and received as many as 90 doses of IL-2 (in some 
cases well over a million units), together with as many as 14 infusions of LAK cells. 
Tumor regressions were seen in 11 of 25 patients, defined as at least 50 percent of 
tumor volume, including a complete response in a patient with melanoma. Responses 
were also seen in rectal, colon, renal cell, and lung carcinomas [23] Similar results 
were seen in a separate study which administered LAK cells with a constant infu-
sion of IL-2 instead of repeat boluses [24]. While this therapeutic approach was able 
to reproduce the clinical activity seen in the earlier NCI studies, the high doses of 
IL-2 required to maintain LAK cell function remained a challenge to more wide-
spread clinical use. Work soon turned to identifying alternative sources of tumor- 
specific immune cells suitable for ACT.

 Identification and Purification of Tumor-Infiltrating 
Lymphocytes (TIL)

In 1986, the Rosenberg laboratory published their initial experience utilizing tumor- 
infiltrating lymphocytes (TIL) for the treatment of established tumors in multiple 
murine tumor models [25]. It was found that lymphocytes could be induced to egress 
from tumor fragments upon in vitro culture in high doses of IL-2 and subcultured for 
prolonged periods, allowing the generation of the large cell numbers required for 
ACT experiments [25]. When transferred into tumor-bearing hosts, TIL were found 
to be 50 to 100 times more potent on a per cell basis than LAK cells in curing mice 
of pulmonary metastases. While infusion of TIL alone or together with IL-2 was 
ineffective at curing mice of large, established lung or liver metastases, the addition 
of either cyclophosphamide or total body irradiation (TBI) to TIL and IL-2 was capa-
ble of inducing cures in the majority of mice. A subsequent report demonstrated the 
efficacy of murine TIL against preclinical models of sarcoma, melanoma, colon car-
cinoma and bladder carcinoma. The concomitant administration of systemic IL-2 
with TIL was two- to five-fold more effective at eliminating pulmonary metastases 
than TIL alone [26]. Using antibody depletion studies, Thy-1-positive T-cells were 
demonstrated to be the precursor of TIL that mediated antitumor efficacy [26] A year 
later, a report demonstrated the successful isolation of TIL from a series of six 
patients with metastatic melanoma that were capable of lysing autologous tumor 
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cells [27]. TIL from three of these patients had a limited ability to also recognize 
allogeneic melanoma cell lines, but the others did not, suggesting that TIL recog-
nized tumor-specific antigens. Given the consistency that sufficient numbers of TIL 
could be generated for infusion into patients and the clear therapeutic benefit in pre-
clinical models, clinical trials utilizing this approach in patients were soon initiated.

 Initial Clinical Trials of TIL Therapies

In a small phase I trial reported in 1987, 7 patients with metastatic lung adenocarci-
noma received TIL isolated from biopsy specimens that were cultured in IL-2 [28]. 
While infusions were safe, no objective responses were seen. Significant efforts 
were made by the Rosenberg group at the NCI to develop protocols for the expan-
sion of the large numbers of TIL that would make clinical trials feasible. In initial 
studies, tumor fragments from 24 separate patients representing sarcomas, melano-
mas, and adenocarcinomas were cultured in high doses of IL-2, and TIL could be 
maintained over many weeks [29]. These methods were subsequently refined in an 
effort to expand TIL on a sufficient scale for clinical use, with 5 of 8 TIL cultures 
generating more than 1010 lymphocytes over a 3–6 week period [29]. With these 
methods in place, Topalian et al proceeded with a pilot study of 17 patients who 
underwent tumor resections to generate TIL cultures. TIL were successfully gener-
ated from 12 patients in sufficient numbers to allow infusion (six with melanoma, 
four with renal cell carcinoma, and one each with breast and colon carcinoma). The 
trial was designed to test a variety of treatment protocols and included escalating 
doses of cyclophosphamide and at least 1 × 1010 TIL together with IL-2 at one of 
three separate dose intensities. Two partial responses, defined as a decrease of at 
least 50% in the sum of the products of the perpendicular diameters of all measur-
able lesions for at least 1 month, were seen in one patient each with melanoma and 
renal cell carcinoma [30]. A larger study was subsequently undertaken in patients 
with metastatic melanoma at the NCI [31]. An initial cohort of 13 patients was 
treated with escalating doses of cyclophosphamide from 10–50  mg/kg followed 
36 h later by boluses of IL-2 given at a dose of 100,000 IU/kg every 8 h. Two of the 
13 patients achieved partial responses, which was concluded to be a response rate 
similar to what would be expected with IL-2 alone. An additional 20 patients were 
then treated on a defined protocol consisting of administration of a single 25 mg/kg 
dose of cyclophosphamide 36 h prior to the first infusion of TIL.  IL-2 was then 
given at a dose of 100,000 IU/kg every 8 h beginning immediately following the 
first dose of TIL until dose-limiting toxicity occurred [31]. On this study, eleven of 
the 20 patients achieved a clinical response, including one patient with complete 
resolution of all subcutaneous sites of disease. Responses were seen across a wide 
variety of systemic sites, including the lungs, liver, spleen, lymph nodes, bone, and 
skin. The infused TIL products consisted of more than 90% CD3+ T-cells in all but 
3 cases, with a wide range of CD4 to CD8 ratios, with some products containing 
more than 90% of either cell type.
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Additional studies were subsequently completed at other centers that corrobo-
rated the efficacy of TIL therapy when given together with IL-2. In a small trial of 
28 patients from Massachusetts General Hospital, 3 of 13 patients with melanoma 
had a partial response (defined as reduction of more than 50% of the product of 
vertical and horizontal diameters of all measurable lesions), as did 2 of 7 patients 
with renal cell carcinoma [32]. Notably, cyclophosphamide was not part of this 
study’s treatment regimen. Responding patients with subcutaneous melanoma were 
characterized histologically by lymphocytic infiltrates and tumor necrosis, which 
were not present in progressing lesions. Goedegebuure and colleagues reported a 
study of 26 patients (18 metastatic melanoma and 8 renal cell carcinoma) utilizing 
TIL expanded using the anti-CD3 antibody OKT3 together with moderate-dose 
IL-2 at a maximum dose of 30,000 IU/kg per injection given every 8 h for a total of 
28 doses [33]. The overall response rate amongst melanoma patients was 19%, all 
with complete regressions of tumor, although one patient had a delayed response 
within a year of therapy.

 Role of Nonmyeloablative Conditioning and Total Body 
Irradiation Prior to TIL Therapy

Early TIL studies utilized different nonmyeloablative chemotherapy regimens or 
eliminated this step altogether. Work in murine models had demonstrated that cyclo-
phosphamide therapy prior to ACT improved therapeutic efficacy, which was 
hypothesized to be due to depletion of suppressive immune cell components [13, 
25]. While CD4+ helper T-cells provide IL-2 that enables persistence of the CD8+ 
T-cells that mediate tumor cytotoxicity post transfer, CD4+ CD25+ regulatory 
T-cells, which are sensitive to depletion by cyclophosphamide, can prevent effective 
ACT responses [34]. An additional potential mechanism for the efficacy of nonmy-
eloablative conditioning is the depletion of host cells that exhaust stores of IL-7 and 
IL-15, thereby increasing the amounts of these homeostatic cytokines available for 
adoptively transferred CD8+ T-cells [35]. Multiple clinical studies have subse-
quently been undertaken in an effort to improve conditioning regimens for patients 
undergoing ACT.

Wallen et al. conducted a phase I trial of TIL therapy in patients with refractory 
metastatic melanoma that utilized an innovative design to assess the utility of the 
purine analog fludarabine for conditioning [36]. Patients received two infusions of 
a tumor-specific CTL clone; the second of these infusions was given after a course 
of 25  mg/m2 fludarabine for a period of 5  days. In this study, 3 of 9 evaluable 
patients achieved stable disease, and fludarabine provided a 2.9 fold increase in the 
persistence of the adoptively transferred CTL, from a median of 4.5  days to 
13.0 days [36].

In further optimization of the NCI protocol, nonmyeloablative conditioning with 
2 days of cyclophosphamide at a dose of 60 mg/kg followed by 5 days of fludara-
bine (25  mg/m2) was trialed in 35 patients with metastatic melanoma prior to 
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infusion of rapidly expanded TIL and high-dose IL-2 at 720,000 IU/kg every 8 h to 
tolerance [37]. There were 18 responses, for an ORR of 51%. Using this study as a 
baseline, follow-up protocols assessed the role of the addition of total body irradia-
tion (TBI) as an adjunct. Administration of either 2 Gy or 12 Gy of TBI to cyclo-
phosphamide/fludarabine conditioning increased the ORR to 52% and 72%, 
respectively [38]. Similar to data from murine studies, host lymphodepletion was 
associated with an increase in circulating IL-7 and IL-15 levels [38]. In three 
sequential clinical trials that enrolled 93 patients with metastatic melanoma who 
received autologous TIL and IL-2 after three different lymphodepletion regimens, 
the ORR was 49% for chemotherapy alone, 52% with chemotherapy plus 2 Gy TBI 
and 72% with chemotherapy plus 12 Gy TBI [39]. The CR rate was 22%, and in all 
but one patient who achieved a CR responses were ongoing at 3 years [39]. The role 
of TBI as part of the ideal nonmyeloablative conditioning regimen was definitively 
assessed in a randomized trial of 101 patients with metastatic melanoma who 
received one of two separate conditioning regimens consisting of cyclophospha-
mide/fludarabine with or without 2 Gy of TBI twice daily for 3 days [40]. Results 
were similar in the two groups, with an ORR of 45% in the chemotherapy alone arm 
and 62% in the arm with radiation. The CR rate was 24% in both arms. At a median 
follow up of 40.9 months, only one patient with a CR had recurred. In all of these 
trials, treatment toxicity was largely a result of the nonmyeloablative chemotherapy 
and high-dose IL-2 administration. Febrile neutropenia was reported in 25% of 
patients receiving chemotherapy alone and 36% of patients receiving chemotherapy 
and TBI [40]. TBI itself caused the late onset of thrombotic microangiopathy in 
27% of patients and was the cause of death of one patient who had achieved a prior 
CR. The median ICU length of stay was 4 days in each arm, attributable to the 
administration of high-dose IL-2, and the median length of hospital admission was 
18 days in the chemotherapy arm. Based on these results, a commonly utilized pre-
parative regimen in NCI trials has remained cyclophosphamide 60 mg/kg/day on 
days −7 and − 6 and fludarabine 25 mg/m2 per day given on days −5 to −1 prior to 
TIL infusion [41, 42].

 Management of Side Effects of High Dose IL-2 Therapy

High-dose IL-2 (HD IL-2) administration has been utilized to induce durable com-
plete responses, sometimes for decades, in metastatic renal cell carcinoma and mel-
anoma, but due to it toxicity has largely lost favor with the introduction of checkpoint 
blockade immunotherapies and targeted therapies. The lessons learned from this 
experience, however, now has added importance with the routine introduction of 
HD IL-2 to TIL protocols. Prior HD IL-2 trials in solid tumors typically adminis-
tered the maximum number of IL-2 doses as limited by toxicity in multiple courses, 
with patients often receiving a range of 16–20 doses in two prescribed cycles of 
treatment [43]. Currently ongoing TIL trials utilize differing doses of systemic IL-2 
following TIL infusion, such as at the dose of 720,000 IU/kg every 8 h beginning 
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24 h post-TIL infusion for a maximum of 15 doses in NCI trials [41] and 600,000 IU/
kg for up to 6 doses in commercial multicenter trials conducted by Iovance [42]. 
There are many management considerations for how HD IL-2 therapy is adminis-
tered to maximize patient safety, and treatment guidelines are available [44]. HD 
IL-2 is typically given in the inpatient setting, either on specialized oncology or 
stem cell transplantation units, or in intensive care units. This is due to the require-
ment for frequent patient monitoring to manage multiple potential adverse events. 
Hypotension occurs in nearly all patients and is due to capillary leak and decreased 
peripheral vascular resistance with high cardiac output, similar to the systemic 
inflammatory response syndrome [44]. HD IL-2 induced hypotension is typically 
managed with intravenous fluids and/or vasopressors, the management of which 
requires substantial nursing support. High fevers with rigors, gastrointestinal com-
plications, such as high-volume diarrhea, skin breakdown, infection, and neurologic 
toxicity are not infrequent. Other commonly observed laboratory abnormalities 
include hypoalbuminemia (secondary to both capillary leak and decreased synthe-
sis), elevated bilirubin and hepatic enzymes, mild coagulopathy, thrombocytopenia, 
lymphopenia and rises in creatinine. While all of these events are promptly revers-
ible with discontinuation of IL-2 therapy, substantial provider expertise is required 
to manage these complications and make decisions on when to safely administer 
subsequent doses in order to maintain therapeutic dose intensity.

 Generation of TIL Products at Clinical Scale

While successful in most patients, the approach for isolation and expansion of TIL 
developed at the NCI is extremely laborious and can require up to 6 weeks to gener-
ate sufficient cells for infusion [29]. Patient age, history of prior therapy, and sex can 
all predict for the efficacy of the generation of TIL cultures [45]. Figure 1 outlines 
the logistics of manufacturing and administering TIL in the clinical setting. The 
protocol consists of cutting surgically resected tumors into small fragments that are 
cultured in high doses of IL-2 to allow TIL to egress from the tumor. High numbers 
of TIL can then be generated using a clinical-scale rapid expansion procedure in 
gas-permeable flasks by co-culture with allogeneic irradiated peripheral blood 
mononuclear cells and monoclonal anti-CD3 antibodies [41]. Prior to expansion, 
TIL can be first tested for reactivity against autologous cell lines or against indi-
vidual peptides incubated with antigen-presenting cells, and only reactive lines 
expanded for use. Most patients will receive a single infusion of TIL following 
nonmyeloablative conditioning. While the exact number of TIL is specified by each 
individual protocol, it is often approximately 1 × 1010 cells, although it is also known 
that repeat infusions are safe and feasible [46].

Efficacy has also been reported utilizing protocols that culture TIL for a shorter 
duration of 10–18 days before rapid expansion and administration with nonmye-
loablative chemotherapy and IL-2 [47]. The overall response rate of an early study 
was 29% (less than what has been reported in some NCI Surgery Branch studies) 
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with a median overall survival of 9.8 months, although responding patients had a 
3 year OS of 78%. Lifileucel is a commercial TIL product developed by Iovance 
that is being tested in multiple ongoing multicenter clinical trials in different disease 
histologies. Lifileucel is manufactured using a rapid proprietary process over 
approximately 22  days [42]. Once approximately 109–1011 cells have been pro-
duced, the lifileucel product is harvested, washed, and may be cryopreserved to 
facilitate shipment and patient administration. In a recent single-arm phase II trial 
of patients with metastatic melanoma refractory to prior therapies, 66 patients 
received nonmyeloablative conditioning with cyclophosphamide 60  mg/kg for 
2 days and fludarabine 25 mg/m2 daily for 5 days, followed 24 h later by a single 
infusion of previously cryopreserved lifileucel at a dose of 1 × 109 to 1.5 × 1011 cells 
[48]. Following TIL infusion, patients received bolus HD IL-2 at a dose of 
600,000 IU/kg every 8–12 h for up to 6 doses. All patients had received prior anti- 
PD- 1 or anti-PD-L1 therapy, and 80% had received prior anti-CTLA-4 therapy. The 
ORR was 36% with two CRs. The median progression free survival was 4.1 months 
and median overall survival 17.4 months. The duration of response had not been 
met at the time of the report. The median number of IL-2 doses given was 5.5, and 

Fig. 1 Overall process for manufacturing and administration of TIL
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the most common grade 3 or 4 adverse events occurring in more than 50% of 
patients were thrombocytopenia, anemia, and febrile neutropenia, consistent with 
the expected toxicity profile of the conditioning chemotherapy and IL-2. There were 
two fatal treatment emergent adverse events due to hemorrhage of an intraabdomi-
nal tumor that was possibly related to TIL therapy, and acute respiratory failure that 
was not felt to be related.

 Clinical Trial Data in Non-melanoma Tumor Histologies

While the majority of clinical trials of TIL therapies have enrolled patients with 
metastatic melanoma, studies have assessed the efficacy of TIL in both the meta-
static and adjuvant setting in other malignancies. A direct comparison between stud-
ies is complicated by the use of different conditioning regimens, IL-2 dosing, 
number of TIL infused, as well as methods utilized to isolate and generate the TIL 
product. Here, results of clinical trials are summarized by disease histology.

 Renal Cell Carcinoma

TIL can be readily isolated and expanded from surgically resected renal cell carcino-
mas [49]. Administration of interferon alpha prior to nephrectomy and infusion of 
TIL together with low-dose IL-2 and interferon alpha successfully induced complete 
responses in a small trial published in 1993 [50]. These results, as well as those in 
other small trials eventually led to an international, multicenter trial that was reported 
in 1999 [51]. In a phase III design, 178 patients underwent nephrectomy and were 
randomized to receive either purified CD8+ TIL plus IL-2 for one to four cycles at a 
dose of five million IU/m2 by continuous infusion daily for 4  days per week for 
4 weeks or a placebo cell infusion plus IL-2 alone. Only 59% of patients randomized 
to the TIL group received a cell infusion due to difficulties with generation of suit-
able cell products, and the study was terminated early due to lack of efficacy.

 Non-small Cell Lung Cancer

TIL products isolated from treatment-naïve NSCLC patients demonstrate reactivity 
against primary tumor digests [52]. An early trial of TIL therapy given with 
continuously- infused IL-2 enrolled 8 patients with NSCLC, without any clinical 
responses [32]. TIL were subsequently investigated as an adjuvant therapy to pre-
vent recurrence after definitive surgical resection. In a randomized study, 113 
patients received a TIL infusion 6–8 weeks post-operatively together with subcuta-
neous IL-2 or standard chemoradiotherapy [53]. The median survival was prolonged 
in the group that received TIL (22.4 months vs 14.1 months) and subgroup analysis 
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demonstrate that the benefit was predominantly in patients with stage III disease. 
Studies are currently ongoing to test the efficacy of TIL therapy in patients with 
metastatic NSCLC who have failed checkpoint inhibitor therapies.

 Gynecologic Malignancies

In an early study, 7 patients with advanced or recurrent ovarian cancer were treated 
with a regimen of TIL alone or in combination with cisplatin-containing chemo-
therapy [54]. Of seven patients treated with two to three infusions of TIL preceded 
by cyclophosphamide, there were 5 responses, one of them complete. Responses 
were seen at the primary tumor sites as well as in lung, liver, and lymph node metas-
tases, although they were of short duration in all but one patient. An additional 10 
patients were treated with TILs together with FCAP (cyclophosphamide, doxorubi-
cin, 5-FU, and cisplatin) or the cisplatin analogue 254-S (for those with platinum- 
resistant disease). Nine of ten patients responded (7 complete), and three responses 
lasted more than 2 years. A later study assessed responses to TIL therapy in 13 
patients with epithelial ovarian cancer who were disease-free following surgical 
resection and cisplatin-containing chemotherapy [55]. The estimated disease-free 
survival was 82.1%, compared to 54.5% in a historical control of 11 patients who 
were not treated with TIL infusion as a comparator arm.

Given the ability of T-cells to recognize cells infected with HPV, the causative 
agent of cervical cancer, TIL therapy has been investigated in this patient population. 
In an initial study of 9 patients with refractory metastatic cervical cancer, a single 
infusion of TIL selected for reactivity against HPV-16 or HPV-18 E6 and E7 resulted 
in two complete and one partial response, for an ORR of 33% [56] Reactivity against 
HPV antigens correlated with response. In a subsequent phase II study of patients 
with HPV-positive malignancies, 28% of patients with cervical cancer and 18% of 
patients with non-cervical cancer HPV-related tumors achieved a response. Two of 
the cervical cancer patients had CRs that were ongoing more than 4 years post-ther-
apy [57]. Based on these results, a trial of checkpoint blockade naïve patients with 
advanced cervical cancer is ongoing where patients receive cyclophosphamide and 
fludarabine conditioning followed by a single infusion of TIL, followed by up to 6 
doses of IL-2 (600,000 IU/kg) [105] . At the 2020 ESMO meeting, early results from 
this study reported an ORR of 44% with a disease control rate of 85%. Interestingly, 
TCR sequencing demonstrated that 47% of TIL products did not react with HPV, 
although clinical responses in this cohort were still seen [58].

 Gastrointestinal Malignancies

A group from Yamanashi Medical University in Japan reported a protocol for the 
generation of TIL by repetitive stimulation in vitro with autologous tumor cells in 
2002. Patients with metastatic gastric cancer were randomized to receive TIL 
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expanded using this method in combination with cisplatin/5-FU chemotherapy or 
chemotherapy alone, with a small survival benefit of 3 months reported (11.5 vs 
8.3 months) [59]. TIL therapy has also been assessed in the adjuvant setting in hepa-
tocellular carcinoma (HCC). A small Chinese trial reported the successful genera-
tion of TIL cultures following surgical resection of HCC in 88% of patients, with 12 
of 15 patients without evidence of recurrence after a median follow up of 
14 months [60].

 Malignant Gliomas

In 1999, a pilot study of 6 patients was reported by Quattrocchi et al. that assessed 
the safety of delivering TIL therapy to the intracranial tumor bed locally through an 
Ommaya reservoir. TIL were successfully expanded from tumor fragments from all 
six patients available in the presence of IL-2 and were infused twice, 14 days apart, 
together with intratumoral infusion of IL-2 three times weekly for 1 month. Three 
responses were seen, with one patient each with anaplastic astrocytoma and glio-
blastoma multiforme (GBM) achieving a partial response, and one additional patient 
with GBM achieving a complete response that lasted over 45 months [61].

 Persistence of TIL Post-Infusion

During the initial clinical trials of TIL therapy, efforts were made to assess the abil-
ity of infused lymphocytes to traffic into tumor tissues. Using labeling with indium 
111 (111In), the Rosenberg group noted that TIL immediately localized to the lung, 
liver, and spleen within 2 h of infusion [62]. Using tumor biopsies as well as 111In 
imaging, TIL could be identified having migrated into tumor tissues by 24  h. 
Cyclophosphamide conditioning increased the likelihood that TIL would traffic into 
tumors [63]. In 1990 five patients received TIL that had been modified with retrovi-
ral vectors expressing a neomycin resistance cassette [64]. Gene-marked TIL could 
be detected in the peripheral circulation in all five patients for 3 weeks and for up to 
2 months in two patients. Notably, the gene-marked TIL could be recovered from 
tumor biopsies as long as 64 days following infusion. More than a decade later, 
using sequencing of TCR beta-chain variable regions, similar results were seen with 
a significant correlation between tumor regression and persistence of transferred 
TIL in peripheral blood [65].

Each time a cell divides, the repetitive sequences that make up telomeres at the 
ends of chromosomes shorten. TILs from responders to therapy have been shown to 
possess longer telomeres, as have individual clonotypes of TILs that persisted lon-
ger following transfer [66]. This observation contributed to the hypothesis that the 
ideal T-cell type to utilize for ACT exhibits a more naïve phenotype. It has been 
shown in murine models that while the acquisition of a terminal effector phenotype 
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increases the efficacy of tumor cell killing in vitro, it impairs in vivo persistence and 
tumor clearance [67]. Attempts to insert IL-2 and IL-12 transcripts into TIL did not 
lead to improved persistence and resulted in unexpected toxicities [68, 69]. To 
investigate the phenotypes of TIL during the transition from in vitro cultured effec-
tor cells into memory cells that persist long-term in vivo, six patients with metastatic 
melanoma treated on NCI protocols were assessed with multiparameter flow cytom-
etry [70]. TIL used for adoptive transfer had lower expression of the costimulatory 
molecules CD27 and CD28 as well as low expression of the IL-7 receptor. However, 
TIL that persisted in the circulation rapidly upregulated IL-7Ra, providing addi-
tional evidence for the requirement of IL-7 for long-term TIL persistence.

 Determination of TIL Specificity

The efficacy of TIL therapy depends on the presence of T-cells capable of recogniz-
ing antigens expressed by tumor cells that are presented in the context of major 
histocompatibility complex (MHC) molecules; however, the results of early clinical 
trials had to be interpreted without a clear understanding of the antigen determi-
nants that defined this reactivity. Methods were available to facilitate the culture of 
melanoma cells derived from clinical biopsies, and it was recognized that the major-
ity of successful TIL products contained T-cells that could react against autologous 
tumor. An analysis of 860 attempted TIL cultures from 62 individual HLA-A*02 
positive patients demonstrated reactivity against autologous melanoma cells in 29 
of 36 patients screened (81%) [71]. Importantly, patients whose TIL cultures were 
capable of lysing autologous tumor cell lines were more likely to respond to ACT 
[72, 73]. Identifying the types of antigen determinants that were recognized by TIL 
became a priority for multiple groups by the mid-1990’s.

Tumor antigens can be categorized into three broad classes: (1) tumor-associated 
antigens (TAA), (2) cancer-germline/cancer testis antigens (CTA) and (3) tumor- 
specific antigens or neoantigens (reviewed in [74, 75]). There is evidence for the 
presence of T-cells reactive with all three classes in TIL. TAA are proteins encoded 
in the normal genome that may be expressed aberrantly by tumor cells. Using clas-
sical cDNA expression cloning, CTL derived from the TIL of melanoma patients 
were found to recognize the glycoprotein gp100 [76], tyrosinase-related protein 1 
[77] and melanocyte lineage-specific protein (MART-1) [78]in an MHC Class I 
restricted manner. All three of these transcripts were found to be highly expressed 
in melanoma cell lines but were also present in normal melanocytes or other tissues. 
CTA are expressed in germ cells (testis and ovary), and can also be overexpressed 
in cancer cells, often as a consequence of epigenetic mechanisms. The first human 
example was identified by the group of Thierry Boon in 1991 via screening of 
cDNA expression libraries with HLA-A*01 restricted CTL’s derived from mela-
noma TIL [79]. Melanoma antigen family A1 (MAGE-A1), as this CTA is now 
known, belongs to a family of molecules with expression in multiple tumor types, 
as well as the testis. Another example of a CTA is NY-ESO-1, which was identified 
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from a patient with an esophageal squamous carcinoma using serological analysis 
of recombinant cDNA expression library, or SEREX, in 1995 [80]. The experience 
and expertise developed in the TIL research field were also critical to the identifica-
tion of the first human cancer neoantigens, which are aberrant proteins that are 
formed by nonsynonymous mutations that occur during cellular transformation. In 
1995, Wolfel et al. reported the identification of a R24C mutation in CDK4 that was 
recognized by an HLA-A*02:01 restricted CTL line derived from a melanoma 
patient [81] and Coulie and colleagues also isolated a mutation at an intron/exon 
boundary that could be recognized by human CTL [82]. These studies clearly sug-
gested the molecular basis for the antigen determinants expressed on melanoma 
cells and opened the door to refinements in TIL clinical protocols.

 Clinical Studies of Tumor Antigen-Targeted TIL

Tumor-associated antigens clearly provide an attractive class of antigen targets for 
TIL therapy. Selective expansion of T-cells specific for gp100 and MART-1 was 
attempted in a small NCI trial reported in 2002 [83]. Of 7 patients identified whose 
cell products contained HLA-A*02-restricted CD8+ T-cells specific for MART-1 
treated with T-cell transfer and IL-2 following nonmyeloablative chemotherapy, 3 
had a tumor response. However, multiple autoimmune side effects were also seen in 
this cohort, including vitiligo and uveitis, raising concerns that even low expression 
of TAA molecules in normal tissues is sufficient to cause treatment limiting toxicities.

As cancer neoantigens are tumor-specific and therefore not expressed in normal 
tissues, additional studies have been undertaken to identify TIL products containing 
cancer neoantigen-specific T-cell clones. Lennerz et al. showed in 2005 that a single 
TIL product contained CD8+ T-cells specific for three separate TAAs and five neo-
antigens [84], and a separate study from the NCI identified two separate neoanti-
gens in a patient who had experienced a CR to TIL therapy [85]. One challenge to 
be surmounted was that the cDNA expression library approaches utilized to identify 
the first cancer neoantigens in melanoma were extremely laborious. In 2012, an 
immunogenomics approach taking advantage of next generation sequencing and 
bioinformatic MHC Class I epitope prediction algorithms was reported that suc-
cessfully identified a cancer neoantigen in a murine sarcoma [86]. A similar strategy 
was able to successfully identify neoantigens using TIL lines from three separate 
melanoma patients treated on NCI protocols [87].Multiple groups have since dem-
onstrated that the presence of T-cells specific for cancer neoantigens in TIL products 
is a generalizable finding. Of three patients with melanoma who achieved a CR fol-
lowing TIL infusion that were assessed for neoantigen-specific CD8+ T-cell 
responses, the infusion products contained reactivities against 5, 4, and 1 neoanti-
gens, respectively. One of these patient’s products contained CD8+ T-cells specific 
for 5 separate antigens, with one specificity making up 29% of the total [88]. A 
single TIL product from a patient that induced a complete response for over 3 years 
recognized as many as 10 separate cancer neoantigens [89]. Interestingly, 
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neoantigen- specific CD8+ T-cells are present in TIL products isolated from patients 
with HPV-positive malignancies, suggesting that tumor-specific mutations may be 
preferentially recognized by the immune system in comparison to viral-derived 
peptides [90]. MHC Class II restricted neoantigens that elicit CD4+ T-cell responses 
have also been identified in patient TIL products, strongly indicating that CD4+ 
T-cells play a significant role in TIL therapy mediated responses [91].

While these early studies focused on the identification of neoantigens in melano-
mas, the role of neoantigen-specific T-cell responses in other histologies were also 
investigated. In a pivotal case report, a 43-year-old female with metastatic cholan-
giocarcinoma who received TIL therapy derived from resected lung metastases on a 
clinical trial at the NCI initially achieved a partial response for 13 months [92]. 
Assessment of her TIL product demonstrated that approximately 25% of the 42.4 
billion transferred cells were composed of three separate clones of CD4+ T-cells 
specific for a missense mutation in ERBB2IP. Following development of disease 
progression in the lungs, a second TIL infusion was administered, of which >95% 
was composed of a single clone of ERBB2IP-reactive CD4+ T-cells that induced a 
long-term tumor response. Subsequent work suggested that in gastrointestinal 
malignancies, approximately 80% of patients generate neoantigen-specific T-cell 
populations, although less than 2% of all missense mutations may encode immuno-
genic peptides [93]. The NCI group has also reported two additional case reports of 
responses to TIL therapy consisting of neoantigen specific T-cells: a 50 year old 
woman with metastatic colorectal carcinoma who achieved a response in lung 
metastases following infusion of HLA-C*08:02-restricted CD8+ T-cells specific for 
a G12D mutation in KRAS, as well as a 49 year old woman with metastatic estrogen- 
receptor positive, HER2 negative breast cancer who achieved a durable response in 
a chest wall mass and liver metastases after receiving a TIL product containing 
CD4+ and CD8+ T-cells specific for four separate neoantigens and the PD-1 block-
ing antibody pembrolizumab [41, 94]. These observations have led to the re- 
assessment of TIL therapy in non-melanoma tumor histologies, and multiple clinical 
trials are currently in progress (Table 1).

Table 1 Active clinical trials of TIL therapies

Study title Tumor type Phase Institution
Start 
date

Clinicaltrial.
gov identifier

Adoptive transfer of tumor 
infiltrating lymphocytes for 
biliary tract cancers

Biliary tract 
cancer

2 University of 
Pittsburgh

19- 
Feb- 19

NCT03801083

Adoptive transfer of tumor 
infiltrating lymphocytes for 
metastatic uveal melanoma

Uveal 
melanoma

2 University of 
Pittsburgh

14- 
May- 
18

NCT03467516

Adoptive transfer of tumor 
infiltrating lymphocytes for 
advanced solid cancers

Multiple solid 
tumors

2 University of 
Pittsburgh

3-Dec- 
19

NCT03935893

(continued)
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Table 1 (continued)

Study title Tumor type Phase Institution
Start 
date

Clinicaltrial.
gov identifier

Autologous tumor infiltrating 
lymphocytes MDA-TIL in 
treating patients with 
recurrent or refractory ovarian 
cancer, colorectal cancer, or 
pancreatic ductal 
adenocarcinoma

Ovarian, 
colorectal and 
pancreatic 
cancer

2 MD 
Anderson

17- 
Aug- 18

NCT03610490

Autologous tumor infiltrating 
lymphocytes in patients with 
pretreated metastatic triple 
negative breast cancer

Triple 
negative 
breast cancer

2 Yale 
university

23- 
Dec- 19

NCT04111510

Adoptive cell transfer of 
autologous tumor infiltrating 
lymphocytes and high-dose 
interleukin 2 in select solid 
tumors

Melanoma, 
head and neck 
cancer

1 UC san 
Diego

7-Oct- 
20

NCT03991741

Nivolumab and tumor 
infiltrating lymphocytes (TIL) 
in advanced non-small cell 
lung cancer

NSCLC 1 Moffitt 
Cancer 
Center

11- 
Oct- 17

NCT03215810

Tumor-infiltrating 
lymphocytes after 
combination chemotherapy in 
treating patients with 
metastatic melanoma

Melanoma 2 Fred hutch/
university of 
Washington

20- 
Aug- 13

NCT01807182

A study of metastatic 
gastrointestinal cancers 
treated with tumor infiltrating 
lymphocytes in which the 
gene encoding the 
intracellular immune 
checkpoint CISH is inhibited 
using CRISPR genetic 
engineering

GI 
malignancies

1 + 2 University of 
Minnesota

15- 
May- 
20

NCT04426669

Lymphodepletion plus 
adoptive cell therapy with 
high dose IL-2 in adolescent 
and young adult patients with 
soft tissue sarcoma

Sarcoma 1 Moffitt 
Cancer 
Center

27- 
Aug- 19

NCT04052334

Prospective randomized study 
of cell therapy for metastatic 
melanoma using short-term 
cultured tumor infiltrating 
lymphocytes plus IL-2 
following either a non- 
Myeloablative lymphocyte 
depleting chemotherapy 
regimen alone or in 
conjunction w/1200 TBI

Melanoma 2 NCI 24- 
Mar- 11

NCT01319565

(continued)
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Table 1 (continued)

Study title Tumor type Phase Institution
Start 
date

Clinicaltrial.
gov identifier

Pembrolizumab, standard 
chemotherapy, tumor 
infiltrating lymphocytes, and 
high- or low-dose Aldesleukin 
in treating patients with 
metastatic melanoma

Melanoma 2 MD 
Anderson

7-Aug- 
15

NCT02500576

Immunotherapy using tumor 
infiltrating lymphocytes for 
patients with metastatic 
melanoma

Melanoma 2 NCI 12- 
Dec- 13

NCT01993719

LN-145 or LN-145-S1 in 
treating patients with relapsed 
or refractory ovarian cancer, 
anaplastic thyroid cancer, 
osteosarcoma, or other bone 
and soft tissue sarcomas

Sarcomas 2 MD 
Anderson

27- 
Apr- 18

NCT03449108

Autologous LN-145 in 
patients with metastatic 
non-small-cell lung cancer

NSCLC 2 Multicenter, 
sponsor 
Iovance

Mar-21 NCT04614103

A pilot study using short-term 
cultured anti-tumor 
autologous lymphocytes

Melanoma 1 Yale 
university

6-Feb- 
18

NCT03526185

Study of LN-145, autologous 
tumor infiltrating lymphocytes 
in the treatment of patients 
with cervical carcinoma

Cervical 
cancer

2 Multicenter, 
sponsor 
Iovance

22-Jun- 
17

NCT03108495

Study of LN-145/LN-145-S1 
autologous tumor infiltrating 
lymphocytes in the treatment 
of squamous cell carcinoma 
of the Head & Neck

Head and 
neck cancer

2 Multicenter, 
sponsor 
Iovance

9-Jan- 
17

NCT03083873

Study of autologous tumor 
infiltrating lymphocytes in 
patients with solid tumors

Melanoma, 
head and neck 
cancer, 
NSCLC

2 Multicenter, 
sponsor 
Iovance

7-May- 
19

NCT03645928

Study of Lifileucel (LN-144), 
autologous tumor infiltrating 
lymphocytes, in the treatment 
of patients with metastatic 
melanoma (LN-144)

Melanoma 2 Multicenter, 
sponsor 
Iovance

Sep-15 NCT02360579

Lymphodepletion plus 
adoptive cell transfer with 
high dose IL-2 in patients 
with metastatic melanoma

Melanoma Pilot Moffitt 
Cancer 
Center

20- 
Oct- 09

NCT01005745

(continued)
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Study title Tumor type Phase Institution
Start 
date

Clinicaltrial.
gov identifier

Gene-modified T cells with or 
without Decitabine in treating 
patients with advanced 
malignancies expressing 
NY-ESO-1

Multiple 
tumor types

1 + 2a Roswell Park 30-Jun- 
17

NCT02650986

Combining PD-1 blockade, 
CD137 Agonism and adoptive 
cell therapy for metastatic 
melanoma

Melanoma 1 Moffitt 
Cancer 
Center

8-Mar- 
16

NCT02652455

Vemurafenib with 
Lymphodepletion plus 
adoptive cell transfer & high 
dose IL-2 metastatic 
melanoma

Melanoma 2 Moffitt 
Cancer 
Center

26-Jul- 
12

NCT01659151

Genetically modified T-cells 
followed by Aldesleukin in 
treating patients with stage 
III-IV melanoma

Melanoma 1 MD 
Anderson

15- 
Oct- 14

NCT01955460

Ipilimumab with 
Lymphodepletion plus 
adoptive cell transfer and high 
dose IL-2 in melanoma Mets 
pts

Melanoma Pilot Moffitt 
Cancer 
Center

9-Oct- 
12

NCT01701674

Genetically modified 
therapeutic autologous 
lymphocytes followed by 
Aldesleukin in treating 
patients with stage III or 
metastatic melanoma

Melanoma 1 + 2 MD 
Anderson

28-Jan- 
15

NCT01740557

Lymphodepletion plus 
adoptive cell transfer with or 
without dendritic cell 
immunization in patients with 
metastatic melanoma

Melanoma 2 MD 
Anderson

1-Feb- 
06

NCT00338377

Immunotherapy using tumor 
infiltrating lymphocytes for 
patients with metastatic 
cancer

Multiple 
tumor types

2 NCI 26- 
Aug- 10

NCT01174121

Table 1 (continued)

 Future Directions

The development and clinical application of TIL therapy is one of the most signifi-
cant bench-to-bedside-and-back-again stories of the 20th and 21st centuries, span-
ning discoveries made in mouse models to the design and conduct of large clinical 
trials. Unlike commercially produced chimeric antigen receptor T-cell therapies, to 
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date no TIL product has received FDA approval, although pivotal clinical trials are 
ongoing that may lead to this milestone in the years to come. While TIL therapies 
are currently utilized at experienced medical centers, the scientific observations that 
have been made from these studies have highly influenced the tumor immunology 
field. In the coming years, further advances that strive to address some key remain-
ing questions will no doubt continue to push innovation forward.

 Which Populations of TIL Have the Best Capacity 
for Therapeutic Efficacy?

As TIL products are isolated from tumor tissue, only lymphocytes that have migrated 
into the tumor are able to be selected. Besides this inherent selection, responses in 
clinical trials that selected TIL cultures prior to the rapid expansion step based on 
screening for reactivity against autologous tumor cells or individual antigens have 
successfully demonstrated the validity of these approaches. However, the best strat-
egy for how to select TIL for infusion into patients is unclear. Recent reports of the 
efficacy of neoantigen-specific TIL with a stem-like phenotype make the identifica-
tion of tumor-specific T-cells a priority; however, these approaches are time and 
labor-intensive [95]. Recent gene expression profiling studies of T-cell clones that 
persisted for more than 40 days following infusion have revealed expression changes 
in multiple transcripts, which may provide additional markers to facilitate the iden-
tification of TIL with therapeutic potential [96]. The ideal ratio of CD4+ and CD8+ 
T-cells for TIL therapy also remains undefined. While a large body of investigation 
has demonstrated that CD8+ T-cells are involved in TIL therapy responses, recent 
studies demonstrating that TIL products consisting almost exclusively of neoantigen- 
specific CD4+ T-cells can induce clinical responses has led to studies to better 
understand these mechanisms. Cytotoxic CD4+ T-cells with the capacity to destroy 
bladder cancer cells in an MHC Class II restricted manner have recently been 
described, leading to the possibility that future TIL therapy trials may benefit from 
identification of neoantigen-specific CD4+ T-cells for expansion as well [97, 98]. 
Finally, multiple studies have demonstrated that T-cell receptors (TCRs) isolated 
from CD8+ TIL can demonstrate reactivity against autologous cell lines when ret-
rovirally transduced [99]. These findings lead to the possibility that TIL could be 
used as a source for the identification of TCRs that can be used for therapeutic pur-
poses, even if antigen specificity is not available.

 What Are the Ideal Conditions for the Generation 
of TIL Products?

The majority of TIL protocols continue to utilize similar techniques to those devel-
oped at the NCI Surgical Branch for the generation of cell products. The basic pro-
cedure is based on the in vitro expansion of TIL that are first allowed to egress from 

Tumor Infiltrating Lymphocytes (TIL): From Bench to Bedside



242

surgically excised tumor fragments in medium containing high-dose IL-2 before 
rapid expansion in the presence of irradiated allogeneic feeder cells, IL-2, and anti-
 CD3 antibody. This is a very time intensive process, and while total preparation 
times in excess of 6 weeks per patient have been reported in earlier clinical trials, 
shorter-duration protocols have been developed and are being assessed in ongoing 
studies.

Culturing techniques using preselection of TIL by flow cytometry with CD134, 
CD137 and/or PD-1 allowed detection of neoantigen-specific populations that were 
missed using conventional techniques utilizing culture of small tumor fragments, 
which suggests that further optimization of conditions has the potential to improve 
on therapeutic efficacy [100]. For example, the addition of agonistic anti-CD137 
antibodies has been suggested to increase TIL yield and shorten production time, 
and further optimization of these processes are likely [101, 102].

 Where Does TIL Therapy Fit into the Current 
Clinical Landscape?

Currently, TIL therapies have mostly been administered as part of clinical trials at 
highly experienced centers. Patients with solid tumors who have either not bene-
fited from or progressed following treatment with checkpoint-blockade immuno-
therapies currently represent a major unmet need in clinical oncology and may 
prove to be a population who may benefit from TIL therapy. Early results suggest 
that TIL therapy is indeed effective in melanoma patients refractory to prior tar-
geted therapy or checkpoint blockade, and cost-effectiveness analysis indicates 
that TIL therapy is expected to yield an improvement in quality adjusted life years 
vs ipilimumab as second line therapy in metastatic melanoma [48, 103]. While 
small studies suggest that TIL therapy can eliminate small brain metastases in 
patients with melanoma as well, further study will be necessary to validate this 
approach [104].

Decades of work utilizing preclinical model systems, clinical investigation, 
and correlative studies of patient samples has led to the current treatment land-
scape where a large fraction of patients with metastatic cancer will receive some 
form of checkpoint blockade immunotherapy during their treatment course. The 
recognition that multiple histologies of epithelial malignancies as well as mela-
noma contain tumor-specific T-cells with the capacity to effectively restrain tumor 
growth upon expansion and re-infusion provides hope that TIL therapy approaches 
may be beneficial for a wide range of tumor histologies. Within the next few 
years, the results from ongoing clinical trials and studies in development will 
further inform on the potential of TIL therapy to become a standard of care option 
for patients. 
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Abstract Immune-modulatory treatments have shown a great promise in treating 
patients with advanced or metastatic disease. Currently approved immunother-
apy approaches target PD1/PDL1 pathway or use specific autologous T-cells geneti-
cally modified to express a chimeric antigen receptor (CAR). Although promising, in 
most patients with solid malignancies these approaches either do not work or the 
disease becomes resistant to treatment. Unlike CAR-T cell therapy, genetically mod-
ifying T cell receptor T cells (TCR-T) have an advantage of targeting intracellular 
proteins and expanding number of potential targets. These approaches are limited by 
recognition of peptides bound to specific MHC molecules. There are currently no 
approved TCR-T cell products but increasing number of clinical trials are providing 
us with preliminary efficacy and toxicity data. Encouraging results in reported clini-
cal trials show the potential for impressive and durable responses, but also highlights 
the challenges of on-target off-tumor toxicities. Current research is focusing on 
improving efficacy, expanding targets and limiting toxicities. Continual development 
of multiple products holds a great promise and new technologies aim to improve 
efficacy, identify novel targets and streamline production to allow larger number of 
patients to be eligible to be treated with TCR-T cell approaches in the future.

Keywords T cell receptor (TCR) · MHC · HLA · CEA · MART-1 · NY-ESO-1 · 
gp100 · Mage-A3 · Mage-A4 · Neurotoxicity · Cardiotoxicity

 Introduction

The immune system has been shown to play an ever-increasing role in tumorigen-
esis, metastasis, and response to treatments. It is increasingly clear that in order to 
have a robust anti-tumor response there needs to be recognition, infiltration, 
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activation, and continued stimulation of the lymphocytic component of the immune 
system. Innate infiltrating tumor lymphocytes (TILs) have been recognized as 
strongly correlating with clinical outcomes in many malignancies [1–3]. TILs are 
often addressed as single subset, but they are not a uniform entity and specific sub-
types are more prognostic correlating with their function [4, 5]. CD8+ T cells have 
the best described direct anti-tumor effect and can produce high levels of known 
anti-tumor cytokines [6]. One of the limitations of effective CD8+ T cell response is 
T cell exhaustion after persistent antigen stimulation resulting in decreased anti-
tumor activity [7, 8]. The exhaustion results in upregulation of multiple inhibitory 
signals [9, 10]. Immune checkpoint inhibitors currently target the PD1/PDL1 path-
way and their successes in multiple tumors show the importance of the pathway in 
tumor immunotherapy [11–16]. Unfortunately, despite multiple approvals in many 
cancer diagnoses most patients never respond or become resistant to these 
approaches [17–20]. Manufacturing of TILs is challenging as it requires isolation 
and expansion of TILs from surgically removed tumor. T cell receptor (TCR) gene 
modified T cells (TCR T) are generated by transduction of T cells isolated from 
peripheral blood of patients with TCR specific to a tumor associated antigen being 
presented in the context of a specific HLA (usually class I). T cells are unique due 
to their specific TCR which was first identified in 1980s [21, 22]. TCRs enables T 
cells to recognize and bind to specific peptides/antigens presented in the context of 
specific HLA. Binding of TCR to the antigen/HLA complex triggers a signaling 
cascade which results in activation of T cell and cell lysis. TCR (CD3) is a compli-
cated multimeric complex consisting of polymorphic α and β chains, gamma and 
delta chains, two monomorphic epsilon chains and a signaling zeta chain. 
Approximately 1–5% of T cells have TCR constructed of γ and δ chains (without 
surface expression of α and β chains or have an invariant TCR recognizing glycolip-
ids bound to CD1d on antigen presenting cells.

 Tumor Infiltrating Lymphocytes

TILs are presented in detail in chapter “Tumor Infiltrating Lymphocytes (TIL): 
From Bench to Bedside” but described briefly as relevant to this topic. The autolo-
gous transfer of ex vivo expanded non-specific T lymphocytes has shown limited 
clinical efficacy in treatment of cancers as these cells often lack specificity. 
Expanding TILs and infusing them after pre-conditioning regimen improved 
response rates [23–25]. These approaches have allowed investigators to identify and 
clone specific TCR genes which recognized specific cancer antigens [26]. These 
genes were the first examples of identifying specific cancer directed 
TCR. Unfortunately, tumor specific T cells are not identified in most patients there-
fore these approaches were limited to only a few diseases. Another approach for 
identifying cancer antigens in other tumor types was to use allogenic T cells or T 
cells from transgenic mice that express human MHC. These cells are incubated with 
tumor cells and activated T cells are identified and their TCRs cloned [27, 28]. 
Further refinement of the receptor can be done once cancer antigens have been 
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identified resulting in optimization of binding, optimizing of codon sequences and 
humanization of TCRs to minimize eventual immunologic rejection by the host 
innate immune system. TCR phage library can be established to screen for TCRs 
that have increased affinity and specificity [29–31]. TCR can be further modified to 
improve its clinical performance. Amino acids in the antigen binding region can be 
changed to increase binding and sensitivity of TCR [32].

 TCR Receptor

Unlike CAR-Ts, which are engineered with an antibody fragments (scFvs) that rec-
ognizes specific membrane antigens on surface of cancer cells, TCRs recognized 
peptides presented on the surface of cells when bound to specific MHC molecules 
(Fig. 1). Most current engineered TCRs are restricted to peptides bound to HLA- 
A*02. Because the engineered TCR contains all of the other components of the 
multimeric TCR (CD3) complex, TCR-T cells can be activated and induce strong 
anti-tumor effects even when target antigen (peptide) is expressed in small amounts 
on target cells. Another advantage of TCR in addition to recognizing shared tumor 
associated antigens (TAA) that are differentially expressed on tumor cells is their 
ability to also recognize mutated peptides (neoantigens) that are unique to cancers 
and not expressed in normal cells [33].

 Manufacturing of TCR Gene Modified T (TCR-T) Cells

Limitation of large-scale treatment of patients with engineered TCR T cells is the 
labor-intensive manufacturing process. Peripheral blood mononuclear cells 
(PBMCs) are collected from patients through leukapheresis. The cells are cultured 
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Fig. 1 Representation of T cell receptor interacting with tumor antigen
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in medium containing IL2 and stimulated with a mitogeneic anti-CD3 epsilon anti-
body. 24–48 h after stimulation the cells are transduced with, most commonly, viral 
vectors containing transgenes composed of cloned TCR α and β chains. Recently 
other techniques are being explored including the use of sleeping beauty transpo-
sons and minicircle transposons. After effective transduction, the cells are expanded 
with IL-2 for additional 3–6 days to achieve the desired yield and administered fresh 
or thawed after cryopreservation. Each step requires spinning, washing and transfer 
of cells which increases risk of contamination (Fig. 2). Therefore, multiple checks 
are employed throughout the process to assure safety to patients and accurate calcu-
lation of viable, transfected cells [34]. The process is moving toward automation 
and several modular closed or semi-closed systems are being tested. The sufficient 
yields have been a bigger challenge as compared to CAR-T cell production. This 
transition will be another step in making these therapies a more viable option in 
clinic through decentralizing production and reducing costs.
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Fig. 2 Outline of the manufacturing process and administration of TCR-T cell therapy
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 Clinical TCR Targets

There is no approved TCR-T cell product. The number of clinical trials using this 
platform is rapidly increasing each year ([35, 36] and Table 1). Here we present 
results of a few clinical trials using this platform.

Table 1 Summary of actively recruiting TCR cell therapies

Target NCT identifier Cancer type Phase

MC2 NCT04729543 Melanoma
Melanoma, uveal
Head and neck cancer

1

LMP2 NCT03925896 Nasopharyngeal carcinoma 1
LMP1, LMP2 and EBNA1 NCT03648697 Nasopharyngeal carcinoma 2
HBV antigen NCT03899415 Hepatocellular carcinoma 1
AFP NCT03971747 Hepatocellular carcinoma 1
EBV antigen
Secreted PD1 antagonist

NCT04139057 Head and neck squamous cell carcinoma 1

AFP NCT04368182 Hepatocellular carcinoma 1
Tumor specific antigens NCT03891706 Solid tumor 1
HPV E6 antigen
Secreted PD1 antagonist

NCT03578406 Cervical cancer
Head and neck squamous cell carcinoma

1

LMP2-
IL12-secreting

NCT04509726 Nasopharyngeal carcinoma 1/2

NY-ESO-1 NCT03462316 Bone sarcoma
Soft tissue sarcoma

1

Mutant KRAS G12V NCT04146298 Pancreatic cancer
Solid tumors

1/2

HBV NCT04745403 Hepatocellular carcinoma 1
Mesothelin NCT04809766 Pancreatic ductal adenocarcinoma 1
NY-ESO-1
DR5
EGFR VIII
Mesothelin

NCT03941626 Esophagus cancer
Hepatoma
Glioma, hepatoma
Gastric cancer

1/2

MCPyV
With anti-PD1/PDL1

NCT03747484 Merkel cell 1/2

E7 NCT02858310 Cervical, vulvar, vaginal, penile, anal, or 
oropharyngeal

1/2

MAGE-A1
With PD1 inhibitor

NCT04639245 Triple negative breast cancer, urothelial 
cancer, or non-small cell lung cancer

1/2

PRAME NCT03503968 High risk myeloid and lymphoid 
neoplasms

1/2

NY-ESO-1 NCT03240861 Solid tumors/sarcoma 1
NY-ESO-1 NCT04878484 Solid tumors 1
HERV-E NCT03354390 Kidney cancer 1
Up to 5 tumor specific 
antigens per patient
With CDX-1140
And Pembrolizumab

NCT04520711 Solid tumors 1

(continued)
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 MART1

The first trial to demonstrate safety, feasibility and early clinical activity of this 
approach was a clinical trial of using anti–MART-1 TCR for treatment of patients 
with metastatic melanoma. The trial treated 17 patients with metastatic melanoma 
who also  had HLA-A*0201 phenotype. The investigators were able to achieve 

Table 1 (continued)

Target NCT identifier Cancer type Phase

NY-ESO-1 NCT02869217 Solid tumors 1
NY-ESO-1 NCT02774291 Solid tumors 1
MAGE-A1 NCT03441100 Solid tumors 1
MAGEA-4/8 NCT03247309 Solid tumors 1
PRAME NCT03686124 Solid tumors 1
MAGE-A3/A6 NCT03139370 Solid tumors 1
Neo-antigens
With nivolumab

NCT03970382 Solid tumors 1

NY-ESO-1/LAGE-1a
With pembrolizumab

NCT03709706 Solid tumors 1

Melanoma antigen 
tyrosinase

NCT02870244 Melanoma 1

gp100 NCT03649529 Melanoma 1
NY-ESO-1
LAGE-1a

NCT04526509 Solid tumors 1

E7 NCT03912831 Human papillomavirus (HPV) 16+ 
relapsed/refractory cancer

1

AFP NCT03132792 Hepatocellular cancer
AFP expressing tumors

1

NY-ESO-1 NCT04318964 Soft tissue sarcoma 1
HBV NCT03634683 Hepatocellular carcinoma 1/2
PRAME
With anti-PD1

NCT04262466 Solid tumors 1

MAGE-A4 NCT03132922 Urinary bladder cancer
Melanoma
Head and neck cancer
Ovarian cancer
Non-small cell lung cancer
Esophageal cancer
Gastric cancer
Synovial sarcoma
Myxoid round cell Liposarcoma
Gastroesophageal junction

1

NY-ESO-1
LAGE-1a

NCT03967223 Solid tumors 2

HA-1 NCT03326921 Relapsed leukemia 1
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transfection efficiencies of 17–62% and demonstrated relative safety of this 
approach with no major autoimmune toxicities. Two out of 17 patients experienced 
disease regression and prolonged clinical benefit. These patients had transfected 
cells that could be detected in the peripheral blood for up to 1 year after infusion 
[37]. A follow-up clinical trial (NCT00910650) tested targeting MART-1 through 
engineered TCR-T cell in patients with metastatic melanoma in a larger cohort of 
patients. Fourteen patients were tested with all eligible patients being HLA-A*0201 
by HLA genotyping. Thirteen patients received treatment and nine demonstrated 
objective responses. The treatment was combined with DC vaccination with an 
observation of increased in  vivo number of MART-1-specific T cells suggesting 
increased expansion. The trial also tested cryopreserved cells but demonstrated 
lower in vivo expansion of these cells and that these cryopreserved TCR-T cells 
were also found to be unresponsive to DC vaccination. The transfected T cells per-
sisted in the peripheral blood for up 100 days [38].

A high affinity MART-1 TCR was developed and tested in 20 patients with 
MRT-1 expressing metastatic melanoma with HLA-A*02 (NCT00509288). 
Compared to previous MART-1 TCR-T trials increased INF-γ was detected in 
serum peaking at day 3–5 after cell infusion. There was noted to be on target off- 
tumor toxicity in majority of patients with evidence of anterior uveitis. Patients’ 
symptoms resolved after ocular administration of steroid eyedrops. 10/20 50% 
developed hearing loss with 7 requiring intratympanic steroid injections with 
improvement and resolution of symptoms (two patients died from progressive dis-
ease prior to retesting). Six of the twenty treated patients (30%) showed objective 
tumor response. There was no correlation between responses and total number of 
cells infused but there was correlation between response and persistence of cells at 
1 month and INF-γ and IL-2 detection. One patient had pre- and serial post- treatment 
biopsies of the subcutaneous lesion which showed T cell infiltration 5 days after cell 
infusion with evidence of progressive necrosis in subsequent biopsies correlating 
with partial response. Most of the T cell infiltrate was shown to be MART-1 tetramer- 
positive demonstrating treatment effect [39].

 gp100

Phase II clinical trial, NCT00509288, evaluated the anti-gp100 TCR-T cell in 16 
patients with metastatic melanoma HLA-A*02 restricted. Patients tolerated treat-
ment relatively well but 13/16 81% developed skin erythema, 4/16 25% experi-
enced anterior uveitis and 5/16 31% developed hearing loss. All of the toxicities 
resolved with minimal intervention with two patients requiring steroid eyedrops 
and one patients intratympanic steroid injection. Three out of sixteen (19%) of 
patients showed objective tumor responses. The trial demonstrated potential of the 
treatment with evidence of manageable predicted toxicities in tissues with known 
melanocytes [39].
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 CEA

TCR-T targeting CEA was tested in patients with metastatic colorectal cancer. CEA 
decrease was observed in all three treated patients and one patient demonstrated a 
partial response. All three patients experienced severe colitis and the clinical trial 
was stopped. This toxicity highlighted the potential for on target, but off-tumor 
antigen recognition expressed in normal tissues [27].

 NY-ESO-1

Next strategy was to target the cancer testis antigen NY-ESO-1. NCT00670748 trial 
was targeting patients with NY-ESO-1 expressing metastatic synovial cell sarcoma 
and metastatic melanoma patients. Four out of six patients with synovial cell sar-
coma who had NY-ESO-1 expression had documented partial responses. In one 
patient the response persisted for 18 months. Two patients with metastatic mela-
noma had complete responses with three of eleven patients having partial responses. 
The CRs persisted for over 1 year. There was no documented on- target off-tumor 
toxicities [40]. In an expansion cohort, patients also received a recombinant APIPOX 
oncolytic viral treatment which encoded the NY-ESO-1 HLA-A*0201 T cell epit-
ope. There were no documented differences in toxicities or clinical responses 
between TCR or combination with virally treated groups. Eleven out of eighteen 
(61%) synovial cell sarcoma patients and eleven out of twenty (55%) melanoma 
patients demonstrated objective clinical responses. For synovial sarcoma cohort, 
one patient received two additional infusions of cells with documented responses 
after each treatment. In melanoma cohort, two patients received a second infusion 
without any evidence of responses. The responses did not correlate with persistence 
of TCR-T in the peripheral blood. Despite small numbers of patients, the treatment 
was felt to be safe and exhibiting promising clinical benefit [41].

A follow-up trial with engineered NY-ESO-1 TCR-T cells targeting HLA-A2–
restricted NY-ESO-1 expressing synovial cell sarcomas was performed. It used an 
affinity enhanced TCR without IL2. Fifteen patients were deemed eligible but only 
twelve underwent treatment. The overall response rate (ORR) was 50% (six out of 
twelve) with one CR. Median time to response was 6.2 weeks with median duration 
of response of 30.9 weeks (13–72 weeks). Most grade 3 toxicities were due to che-
motherapy treatment, but two patients had grade 3 CRS. There was no documented 
neurotoxicity. The cells were detectable in all transfused patients but were signifi-
cantly higher in documented responders. The cells were also detectable in all six 
responders at 6 months as opposed to two out six non-responders. The results pro-
vided evidence for clinical activity with clinically meaningful response rate and 
disease control [42]. Next trial used a transfected T cells with TCR recognizing 
peptide shared by the cancer-testis antigens NY-ESO-1 and LAGE-1  in patients 
with multiple myeloma (MM). Twenty patients were treated with cell infusion 
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2  days after autologous bone marrow transplant. The median survival was 
19.1 months with evidence of clinical response in 16 out of 20 patients. The contin-
ued clinical benefit was related to evidence of persistent transfected cells and persis-
tence of antigen expression on the MM cells [43].

 MAGE-A3

Clinical trial, NCT01273181, evaluated the safety and efficacy of anti-MAGE-A3 
TCR engineered T cells. All patients had tumors which were expressing MAGE-A3 
by IHC or RT-PCR and were HLA-A*0201. Nine patients were treated, most with 
metastatic melanoma, one with synovial cell sarcoma and one with esophageal can-
cer in a dose escalation schema from 5 × 109 to 1 × 1011 cells infused. Five out of 
nine patients demonstrated response with one CR and four PRs. Two of the respond-
ers (CR and PR) were in the initial, lower dose cohort. In higher dose cohort three 
patients experienced neurotoxicity leading to death in two of them. This result again 
highlights the promise of the engineered TCR T cell but also dangers and challenges 
of making the therapy safe for patients [44].

Two other trials tested targeting MAGE-A3 NCT01350401 and NCT01352286 
targeting patients with melanoma and multiple myeloma, respectively. Patients had 
to have documented tumor expression of MAGE-A3 and HLA-A*01 allele. 
Unfortunately, the first two patients enrolled developed fever, hypoxia, and hypo-
tension five to 7 days after the cell infusion. Both patients died and extensive analy-
sis showed that TCR T-cell mediated cardiac injury was the likely cause and the 
testing was stopped [45].

 MAGE-A4

A trial in patients with esophageal cancer used TCR targeting 
MAGE-A4 (UMIN000002395). The engineered TCR T cell therapy was combined 
with a peptide vaccination. The additional difference was that the treatment did not 
include a preconditioning regimen. Ten patients were treated in three dose cohorts. 
All patients had squamous cell esophageal cancer with MAGE4 expression con-
firmed by PCR for nine and one by IHC. Three patients had day 35 tumor biopsy, in 
one out of these three there were detectable TCR-T cells which accounted for 10% 
of all PBMCs. Five patients had established persistence of transfected cells for at 
least 200 days with one for a period of 800 days. Administration of the peptide vac-
cine had no measurable effect on transfected T cell numbers. Out of seven patients 
with evaluable responses  best response obeserved was stable disease. The three 
patients without RECIST criteria for measurable disease had no evidence of pro-
gression for over 1 year. There was no correlation between persistence of trans-
fected cells and tumor responses. There were no high grade  TCR-T cell related 
toxicities observed [46].
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 Toxicities

Treatment with TCT-T cells holds a promise of effective anti-cancer therapy but 
there is also potential for severe toxicities. Most toxicities reported in clinical trials 
are associated with the preconditioning lymphodepleting chemotherapy regimen 
which can be difficult to administer in highly pre-treated patient population. 
Neutropenic fever and infections are more common in the period immediately fol-
lowing the chemotherapy. The diagnosis is often more difficult due to TCR-T cell 
infusion during this period with subsequent initiation of IL2 treatment. The experi-
ence with CAR-T cell treatments has taught us many valuable clinical lessons 
resulting in improved safety for patients.

There are also more specific toxicities related to TCR-T cell themselves. Most 
tumor associated antigens are also expressed on normal cells at lower levels which 
can lead to on target off-tumor toxicity. The transfected T cells continue to have 
endogenous T cell receptor. Transfection of TCR gene may disrupt function of the 
endogenous T cell receptor leading to increased response to self-antigens causing 
autoimmune reaction. Also, transduced TCR can form dimers with endogenous 
TCR resulting in loss of tumor specificity and potential for autoimmune toxicity 
[47]. TCR-T cell therapy can most likely be safely administered even when trans-
fecting T cells recognizing self-antigen as long as the level of the antigen is rela-
tively low [48]. Transfecting TCR gene to more monoclonal population of T cells 
decreases the risk of unanticipated autoimmune response [49].

Transfection of TCR gene product often is achieved through use of viral vector. 
There is a theoretical danger of the viral vector achieving ability to self-replicate. 
Analysis of patient samples post infusion of the cell product did not show any evi-
dence of self-replicating virus [50, 51]. This theoretical toxicity is further attenuated 
by novel, non-viral means of transfecting the TCR gene.

Off-tumor on-target or cross-reactivity of TCR remains a major potential for 
autoimmune toxicity in treatment with TCR-T cell therapies. The experience with 
targeting MAGE-A3 showed that the neurotoxicity that developed in three patients 
was most likely a result of the transfected cell. In the two deceased patients there 
was necrotic brain tissue with lymphocytic infiltration. Further analysis showed 
expression of MAGE-A12 in the brains of these patients [44]. Subsequent attempt 
with targeting different epitope of MAGE-A3 resulted in deaths in the first two 
patients. Both cases underwent extensive investigation, and both were found to be 
related to TCR-T cell infusion. There was evidence of lymphocytic infiltrates in the 
cardiac tissues. Further analysis discovered that the MAGE-A3 TCR can cross react 
to epitope of titin protein found in cardiac smooth muscles [45].

In the trial targeting CEA in patients with metastatic colorectal cancer all three 
patients developed severe colitis leading to early termination of the trial. The 
colon samples showed large infiltration of CD3+ T cells. With known expression 
of CEA in small intestine and colon cells this was an example of off-tumor on 
target toxicity [27].

Targeting MART-1 with a high affinity TCR resulted in increased off-tumor tox-
icities when compared to previous studies. Patients experienced  skin erythema 
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(70% 14/20), anterior uveitis (55% 11/20) and ototoxicity (50% 10/20). Fortunately, 
all the toxicities were temporary. Skin biopsies showed CD3+ T lymphocyte infil-
trate with evidence of destruction of epidermal melanocytes. These patients eventu-
ally developed vitiligo. The rash resolved in all patients without intervention. 
Interestingly, in two patients who had pre-existing vitiligo the rash only developed 
in pigmented skin areas, further providing evidence of on-target off-tumor toxicity. 
Melanocytes are found in the eye which is the explanation for the finding of anterior 
uveitis. One patient had sampling of the eye anterior chamber fluid which demon-
strated MART-1 tetramer-positive T cells. Melanocytes also exist in the striae vas-
cularis of the inner ear which explains the hearing loss in these patients. The increase 
in on-target off-tumor toxicities was most likely the result of increased affinity to 
MART-1 of modified TCR resulting in TCR-T cell activation at lower level of 
MART-1 expression [39].

 Strategies to Enhance TCR-T Efficacy

There are potential resistance mechanisms that tumors employ to develop resistance 
to T cell therapies. The cancer cells can downregulate processing and expression of 
antigens or MHC proteins preventing T cell recognition [52]. One strategy to over-
come MHC pairing limitations and downregulation of MHC expression is using 
TCRs that are MHC independent (reviewed [53, 54]). HLA independent TCRs can 
target multiple tumor specific antigens, pathogen derived lipids, metabolites, 
phospho- antigens and stress-ligands and they offer an attractive modality to over-
come limitation and resistance to TCR therapies. Another strategy is to redirect the 
TCR to cell surface antigens by engineering an antibody-derived specific recogni-
tion domain. Using T cell antigen coupler (TAC) results in efficient TCR signaling 
while targeting MHC independent surface antigens which may have theoretical 
advantages over CAR-T cell approaches targeting the same surface proteins in an 
MHC independent fashion [55, 56].

The tumor microenvironment can support tumor growth and shield them from 
therapies with TCR engineered T cells and other immunotherapies [57]. The tumor 
stroma made up of predominantly tumor associated cells can limit T cells from 
interacting with tumor cells directly [58]. Often tumors downregulate expression of 
molecules that serve as homing signals for T cells thus preventing migration and 
infiltration of TCR engineered cells [59] . Once T cells are able to overcome these 
barriers and come into direct contact with tumor cells there still may be other limita-
tions for optimal TCR-T cell anti-tumor effects including the lack of stimulatory 
cytokines and over expression of suppressive molecules that reduce their function 
[60]. Newer approaches are addressing potential resistance mechanisms to cellular 
therapy. Several approaches are being investigated to improve TCR T cell infiltra-
tion through expression of cytokine and growth factor receptors [61–64]. Introduction 
of positive co-stimulatory molecules or deletion of negative co-stimulatory mole-
cules in CAR-T cells have been extensively studies and these approaches are being 
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investigated clinically with TCR engineered cells. MAGE-A3 cells transduced with 
CXCR2 had increased infiltration into tumors in mouse models [65]. There are sev-
eral approaches of directing T cells to the stroma component which led to increased 
tumor infiltration of T cells. Fibroblast activation protein (FAP) targeting lead to 
increased infiltration of EphA2+ tumor cells [66]. FAP CAR-T cells led to increase 
in tumor infiltration of CD8+ cells with increased anti-tumor responses [67]. FAP 
directed cells led to increased survival of mice in pancreatic model [68]. Therefore, 
targeting the tumor stroma may result in increased tumor associated T cell infiltra-
tion and may represent a viable combination strategy to increase efficacy of TCR 
engineered T cells.

In the context of many clinical trials the persistence of transfected TCR-T cells 
was correlated with enhanced clinical responses. Groups are testing additional T 
cell modifications to enhance T cell persistence by decreasing apoptosis signals 
[69–72]. Reduced expansion of T cells after infusion can also lead to decreased 
clinical responses. Researchers are also working to enhance engineered T cell pro-
liferation often by adding growth factor receptors whose ligands are expressed in 
the tumor microenvironment [73–75]. There are also several approaches being 
tested to overcome tumor immune-suppressive microenvironment by targeting AKT 
or TGFβ or through adding positive co-stimulatory stimulatory molecules to TCR-T 
and to CART [76–78].

 Conclusion

Although adoptive cellular therapy approaches using engineered TCR-T cells show 
considerable promise for the treatment of solid tumors there continues to be chal-
lenges in making them widely available in clinic. Genomic and phenotypic hetero-
geneity of solid tumors may lead to different levels of neoantigen expression making 
effective anti-tumor activity of TCR-T even more challenging. In mouse models it 
has been shown that neoantigen expression can change under selective pressure and 
a broad neoantigen targeting approach might be necessary for higher and more per-
sistent anti-tumor responses [79, 80]. Identification of more tumor-specific antigens 
continues to expand the list of potential targets for both TCR-T and CAR-T thera-
pies. Improved sequencing techniques and algorithms hold promise for identifica-
tion of specific, shared tumor associated antigens and neoantigens. There are 
currently over 100 active protocols using various TCR-T cell approaches in United 
States and over 200 around the world [35, 36] with actively recruiting trials shown 
in Table 1. Majority of the trials target solid tumor malignancies and are in the early 
stages of investigation. Cost, limited patient selection, time of manufacturing and 
requirement for hospital administration continue to be barriers to clinical transla-
tion. Increasingly, protocols include combinatorial approaches to enhance activity, 
infiltration, and persistence of engineered T cells. Improved targeting, antigen 
selection and toxicity profile together with better understanding of mechanisms of 
resistance will expand the promise of this therapeutic approach to more patients.
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Viral Cytotoxic T Lymphocytes (CTLs): 
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Abstract It was first demonstrated almost three decades ago that adoptive transfer of 
viral-specific T cells could prevent or eradicate viral disease in immune- compromised 
recipients of allogeneic hematopoetic stem cell transplant (HCT). Since then, advances 
in our understanding of cellular therapy products as well as in production methods 
have led to progress in this field now on the brink of having FDA-approved products 
available for treatment of patients in need. This chapter will highlight some of those 
advances, as well as the clinical experience to date in the use of these products.

Keywords Viral-specific T cells · Viral cytotoxic T lymphocytes (CTLs) · PTLD · 
CMV · EBV · BK · Adenovirus · HHV6 · GVHD · Latent membrane protein 
(LMP) · CMVpp65 · MHC · HLA

 History

Unlike other arenas of cellular and gene therapy, few of the advances in the field of 
viral-specific T cell therapies have been established in pre-clinical animal models 
prior to first-in-human studies. This is in large part due to a paucity of good models 
for the human infectious diseases that occur in the immune-compromised recipients 
of HCT.  In 1985, Reddehase and colleagues described the population of T cells 
mediating control of murine CMV pneumonitis [1] and demonstrated that transfer of 
syngeneic, polyclonal CD8+ T cells, but not CD4+ T cells, from immune- competent 
mice could protect immunosuppressed mice from LCMV infection [2]. Subsequent 
advances in our understanding of viral-specific T cell responses [3–5] increased 
interest in this approach, and a decade later, it was demonstrated that in humans, 
bulk populations of lymphocytes from seropositive HCT donors contained sufficient 
numbers of polyclonal viral-specific T cells to successfully control adenovirus [6], 
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HHV6 [7] and Epstein-Barr virus (EBV) lymphoproliferative disease arising after 
HCT [8] even in the CNS, although with the potential risk of graft-versus-host dis-
ease (GVHD). At the same time, several groups were establishing in vitro culture 
methods to enrich for either clonal [9] or polyclonal [10] viral-specific cytotoxic T 
cells and demonstrating the in vivo efficacy of these populations [11–13].

These early studies led to multiple reports, primarily in small cohorts of patients 
enrolled on Phase I and Phase II trials. Subsequent advances included techniques 
for more rapid generation and selection, identification of the immunodominance of 
certain viral antigens and HLA presentation of these antigens, characterization of 
the phenotype and function of T cells for adoptive transfer, and the expansion of 
these therapies to target other viruses. Finally, the use of banked, third-party viral-
specific T cells extends the potential of this therapy beyond what can be offered by 
a few specialized centers. Trials have now been reported using these approaches, 
and adoptive T cell therapy for viral infections and virally driven malignancy in 
immunocompromised hosts is more broadly applicable and available.

Simultaneously, investigators have continued to explore whether these approaches 
can be expanded to immunocompetent individuals with virus-bearing tumors.

 Generation

The first products for adoptive T cell therapy targeted CMV and were generated using 
anti-CD3 and CD28 monoclonal antibodies to clone cytotoxic T lymphocytes (CTLs) 
generated against CMV-infected fibroblasts from normal CMV-seropositive donors 
[14]. The clones were assayed for CMV-specific cytotoxicity in a chromium- release 
assay [15]. In these early studies, clones that lysed more than 30% of CMV- positive 
target cells and less than 5% of control target cells at an effector:target (E:T) ratio of 5:1 
were characterized for their antigen recognition. The predominant specificity of these 
clones was for the CMV structural proteins pp65 and pp150, as demonstrated by cocul-
ture with daptomycin [15], establishing that the pp65 protein is immunogenic [16].

The first polyclonal viral-specific CTLs for use in clinical trials were generated against 
EBV [10, 13] using a method initially developed by Rickinson et al [17]. Lymphoblastoid 
cell lines (BLCLs) were generated by infection of donor PBMCs with a laboratory strain 
of the EBV virus, B95.8. These BLCLs present both latent and lytic EBV viral antigens 
with the most immunogenic proteins including EBNA 3a, 3b, and 3c, BLZF1, BMLF1, 
BRLF1, and BMRF1. Donor PBMCs were co- cultured with irradiated BLCLs, re-stim-
ulated with IL-2 weekly at an E:T ratio of 4:1, then transduced with a G1Na retroviral 
vector with an efficacy of 1–10%. These EBV-CTLs were characterized for EBV speci-
ficity, immunophenotype, HLA typing, sterility, and absence of competent retrovirus.

The most formidable limitation of these early approaches was the 12–15 weeks 
it took to generate each line. Given that patients diagnosed with EBV PTLD typi-
cally receive first line therapy with a month of rituximab, and those with disease that 
is refractory to rituximab have a median overall survival as short as 13–31 days 
[18–20], a two-plus month process cannot start only when disease is diagnosed. 
Thus, it was necessary to generate lines in advance of patient need, but for rare 
indications this proved impractical. Two major advances have circumvented this 
issue: (1) methods for rapid expansion and selection of viral-specific T cells (Fig. 1) 
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and (2) established banks of well-characterized viral-specific T cells, allowing use 
of third-party, partially HLA-matched lines.

The first advance in generating populations of viral-specific CTLs more rapidly was 
the use of monocyte-derived dendritic cells (Mo-DC) as the initial antigen presenting 
cells (APCs). This approach requires genetic modification with recombinant adenovi-
ral or lentiviral vectors encoding, e.g., latent membrane protein (LMP) or other viral 
antigens [21, 22]. However, limitations in generating sufficient numbers of mo-DCs 
meant that this approach initially required a second round of stimulation with the more 
time- consuming BLCLs [23–25]. Alternatively, other sources of mo-DCs were also 
explored, including isolation of PBMCs from leukoreduction chambers [26]. 
Alternative sources of APCs included activated monocytes [27], artificial APCs [28], 
or viral antigen mRNA-electroporated CD40-B cells that could induce virus-specific 
CD8+ T cell responses after 7 days of co-culture [29]. Ultimately the introduction of 
gas-permeable systems and optimized cytokine cocktails eliminated the need for the 
second stimulation and decreased production time to 10–14 days [30].

In addition to a more rapid generation timeline, this system also allowed expan-
sion of LMP2-directed and even LMP1-directed EBV CTLs, which could be pref-
erentially used in targeting tumors expressing the less immunogenic EBV antigens 
such as the LMP proteins expressed by Hodgkin Lymphomas. As intracellular 
LMP1 is toxic, this system was optimized with an inactive but still immunogenic 
vector [31]. Similarly, other methods for improving antigenic stimulation have been 
introduced [32], including the addition of inhibitors of the potent anti-inflammatory 
protein A20. Monocyte-derived DCs can also be transduced with adenoviral vectors 
expressing other viral antigens such as CMVpp65 [33] or with HIV viral vectors to 
stimulate HIV-directed T cells. This system can generate clonal [34] as well as poly-
clonal [23] populations sufficient for clinical use in a 3–5 week period.

Fig. 1 Generation of viral-specific CTLs using (a) cultured professional antigen presenting cells. 
These cultured professional antigen presenting cells can be EBV transformed BLCLs (as depicted) 
or monocyte-derived DCs and can be transduced to present other viral antigens or pulsed with 
peptides from other viral antigens or (b) avoiding the use of cultured antigen presenting cells. 
PBMCs can be stimulated with immunogenic viral peptides and selected immediately based on 
IFNg or Streptamer/Tetramer binding or, as depicted, expanded in a peptide and cytokine cocktail
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Advances in identifying the immunodominant viral peptides and responses to 
these peptides led investigators to use a variety of more specific methods for ex vivo 
stimulation, including electroporation of DNA plasmids encoding a range of 
immunodominant and subdominant viral antigens into DCs [35]. Concern about the 
risk of using intact virus as well as advances in optimizing the cytokine cocktail for 
T cell expansion [36, 37] ultimately led to the abandonment of this system in favor 
of broader adoption of pulsing APCs with viral peptides such as those for CMV 
antigen [38–41], also potentially shortening production to a 12–14 day period [42].

Finally, systems were developed that eliminated the need for professional APCs, with 
improved methods for peptide stimulation either independent of or combined with direct 
isolation. Peptide pulsed-activated T cells grown with IL-4 and IL-7  in a G-rex flask 
expands viral-specific T cells in a 10 day period [35]. However, the same approach was 
insufficient to generate autologous EBV-specific CTLs from patients with lymphoma [43].

Direct selection of specific T cells is another method that allows for very rapid avail-
ability of viral-specific T cells. These are based on either viral peptide multimers con-
jugated to magnetic beads to select highly pure cytotoxic T cells or stimulation with 
viral peptides followed by IFN-gamma capture with magnetic beads [44]. Limitations 
of these methods include generation of only CD8+ T cells and relatively limited num-
bers of viral-specific T cells, limiting the extent to which they can be further character-
ized prior to infusion. No studies have directly compared clinical responses or toxicity 
using these approaches, but overall responses are summarized in Table 1.

 Multi-Viral Targeted Cells

The second advance that has substantially expanded the application of viral- specific, 
T cells is the targeting of viral infections beyond EBV and CMV, such that viral- 
specific CTLs are now part of the armamentarium for adenovirus, BK viral infec-
tion, and HHV6. Most recently, investigators are exploring the treatment of acquired 
viral infections such as Respiratory Syncytial Virus and even Sars-COV-2 with 
adoptive T cell therapy.

Genetic modification of EBV-BLCLs and Mo-DC APCs were the first modifica-
tions leading to multi-viral directed CTLs [23]. EBV+ BLCLs transduced with ade-
noviral vectors encoding CMVpp65 generated CTL lines with T cells specific to all 
three viruses. Electroporation of DNA plasmids with a range of viral peptides into 
the DCs similarly presents multiple viral antigens to T cells in culture. Subsequent 
advances introduced the use of peptide-pulsed APCs, enabling the expansion of T 
cell populations recognizing specific antigens of CMV or EBV. In addition to allow-
ing the generation of T cells recognizing multiple different viral epitopes, this 
approach also enables expansion of T cells recognizing only specific viral epitopes. 
For example, it allows recognition of EBV disease expressing a more restricted set 
of EBV latency proteins. Finally, the need for professional APCs can be eliminated 
completely by culturing PBMCs with cytokines and peptide mixes [35]. In this 
approach, the PBMCs themselves serve as APCs. This approach also allows the 
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expansion of T cells recognizing a broader array of viruses generated from both 
donors and patients themselves, including varicella, HHV6, and BK [45–47].

One concern related to T cell products generated against multiple viruses simul-
taneously is whether antigen competition could impair the expansion of T cells with 
one viral specificity in favor of another [48]. Indeed, it was demonstrated that cul-
tures generated against EBV, adenovirus, and CMV were dominated by CMV- 
specific T cells, and that eliminating the CMV stimulation increased the proportion 
of adenovirus-specific T cells [49]. These studies also revealed that in vivo expan-
sion of adenovirus-specific T cells depends on viral reactivation in a way that expan-
sion of EBV- and CMV-specific populations does not [50]. However, even in the 
absence of transduced or pulsed professional APCs, antigenic competition has been 
demonstrated to control the cell product [51].

It is likely that approaches for expansion of viral-specific CD3 T cells can benefit 
from improved culture conditions. A rapid throughput system for identifying the 
optimal cytokine cocktail recently demonstrated the superiority of specific combi-
nations of IL-15/IL-6 and IL-4/IL-7 [52].

 Lymphocyte Source

Regardless of the method of generation or selection, the use of donor-derived viral- 
specific CTLs is associated with several limitations. As discussed, one is the time it 
can take to generate an appropriately specific T cell line that lacks allo-reactivity. 
However, even with more rapid methods for generation, limitations still exist.

Though serologic typing may not fully identify those individuals from whom 
viral-specific CTLs can easily be generated [53], the generation of viral-specific T 
cells has typically involved the expansion of populations from immune individuals. 
Thus, for example, CMV seropositive recipients of transplants from CMV sero-
negative donors or of cord blood are at increased risk of CMV reactivation, persis-
tent viremia, and even disease. The groups at Children’s National and MD Anderson 
have demonstrated that T cell lines can be made from cord blood-derived, seronega-
tive PMBCs, but it is yet to be demonstrated whether these can be as clinically effec-
tive as T cell lines from seropositive individuals [54]. In fact, the epitopes recognized 
by the T cell lines generated from seronegative individuals and cord blood are atypi-
cal and may not recapitulate the immunodominance demonstrated for recognition of 
these infections.

Another limitation is that in the HLA-disparate donor/recipient setting, donor- 
derived viral-specific T cells may be restricted in recognition and cytotoxicity 
through an HLA allele not shared by the recipient. Thus, if the virally infected target 
or reservoir is of host origin, the donor-derived viral-specific T cells may fail to 
recognize the target. This issue becomes more complex in the setting of multi-viral 
targeted T cells, where recognition of each virus can be through the same or differ-
ent HLA alleles, making a given donor-derived line effective for some but not all 
infections.
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Finally, viral-specific CTLs generated in vitro recognize viral epitopes presented 
in these culture systems. Mutations in endogenous viruses can mean that viral epit-
opes are not presented or fail to be recognized by the adoptively transferred T cells. 
This has been demonstrated by several different investigators in evaluating the rea-
sons for failure of adoptively transferred EBV CTLs to mediate responses [55, 56], 
and has been addressed by investigators exploring the use of banked or third-party 
viral-specific CTLs (as reviewed in [57]). Third-party refers to T cells generated 
from someone other than the patient/recipient or the stem cell/solid organ donor.

It was first demonstrated by Dorothy Crawford and her group in Edinburgh that 
third-party EBV CTLs could clear EBV PTLD in solid organ transplant (SOT) 
recipients [58, 59], and was subsequently demonstrated in HCT recipients [56, 60]. 
These and a few other initial reports [61, 62] led to the development of banks of 
third-party virus-specific T cells. Published results in the largest trials found 60–80% 
efficacy [63–66] with a relatively low burden of GvHD, but signaled caution about 
the potential for triggering bystander GvHD [62]. Importantly, the use of third-party 
viral-specific T cells allows selection of CTL lines restricted by an HLA allele 
shared by the recipient, and for “switch therapy” to enable secondary therapy for 
those with disease refractory to a first cycle of therapy. The principle of switch 
therapy is that a secondary CTL line restricted by a different HLA allele presumably 
recognizes or can be demonstrated to recognize a different viral epitope [65, 67]. 
The initially reported successes have led more centers to establish banks of viral- 
specific T cell lines available for off-the-shelf use [64]. Questions of persistence of 
third-party donor viral-specific T cells remain, though durable responses have been 
demonstrated [65, 68].

 Characterization of T Cells

The T cell products generated with different methods and used in adoptive therapy 
for viral infections have been characterized for their phenotype, antigen specificity, 
and HLA restriction. To date, none of the characteristics have defined a uniformly 
effective T cell product, though multiple investigators have identified the need for 
products that contain both CD8+ and CD4+ populations.

The early Baylor studies characterized EBV CTLs as having a majority of CD8+ 
T cells (71%) (range 3–99%) and median specific lysis of 40% (12–88%). The addi-
tion of adenoviral vectors into transduced APCs increased the proportion of CD4+ T 
cells to a mean of CD4+ 61.2% and a mixed population of Tem (CD45RA− CD62L−) 
and Tcm(CD45RA− CD62L+) cells [69]. Since that time, the variability demon-
strated in these early studies of cultured viral-specific CTLs has been reported by 
other groups [39, 56]. For example, the multi-viral targeted products produced by 
pulsed mo-DCs [70] resulted in mean CD4+ of 55% with 75% Tem and 20% Tcm. 
Careful assessment of the response demonstrates preservation of diversity [71]. 
Selection by tetramer/streptamer or interferon gamma eliminates the need for pro-
longed culture, but results in a less phenotypically diverse product [72, 73].
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Concern about the potential exhaustion of T cell populations cultured for pro-
longed periods is one of the factors that initially drove the desire to isolate viral- 
specific T cells with shorter culture periods and enhanced cytokine mixes [27, 52]. 
Subsequently, memory T cells with stem cell-like properties (Tscm) including the 
capacity of self-renewal and differentiation have been identified and defined by 
CD8+ CD45RA+ CCR7+ CD127+ CD95+. Fewer than 1% of CMV-specific T cells 
express the Tscm phenotype and they do not appear to expand with current isolation 
approaches. Methods to expand this population have been developed [74], though 
not explored in clinical trials yet.

Antigen specificity of clinical grade products measured by Cr release, MHC tet-
ramer, and IFNg production typically demonstrates ~20–40% cytotoxicity. Antigen 
specificity has been characterized by cytotoxicity using Cr release with an E:T ratio 
of 40:1, 20:1, 10:1, and 5:1 in targets including BLCLs, retroviral-transduced LCLs, 
and mo-DCs [10]. This system can be adapted to quantitatively assess the number of 
viral-specific CTL precursors by limiting dilution analysis [75]. Alternatively, char-
acterization of IFNg release by enzyme-linked immunospot (ELIspot) assay has 
been used to characterize donor CTL lines prior to infusion, as well as patient 
responses before and after infusion [76]. As previously discussed, antigen competi-
tion can shape the relative proportions of viral specific CTLs generated in culture. In 
multi-viral cultures, responses to CMV predominate, with more viability in responses 
to adenovirus, BK, and EBV [70, 77].

Identifying the specific viral epitope(s) recognized by each T cell line is also 
important, especially in the context of multi-viral targeting. In addition to shaping 
the T cell repertoire expanded during the culture system, viral peptides representing 
immunogenic antigens for each virus being targeted can be used to identify the viral 
epitope recognized. Evaluating cytotoxicity against targets pulsed with a checker-
board created from overlapping penta-decapeptides spanning the sequence of 
immunodominant antigens is a powerful method to identify specific epitopes pre-
sented by specific HLA alleles [40].

In addition to validating antigen specificity, using third-party banked viral- 
specific T cells requires identification of the HLA allele through which each T cell 
line mediates viral-specific cytotoxicity. This has been done with both the use of 
predictive algorithms [30, 45, 50, 78] as well as by directly demonstrating HLA-
specific cytotoxicity [79]. The careful characterization of HLA-specific cytotoxicity 
has led to an emerging understanding of a hierarchy of immune dominance of 
responses [80, 81] as well as realization that T cells restricted by certain HLA alleles 
may be less effective in the context of specific viral infections, as exemplified by 
responses to CMV [80] and SARS-Cov-2 [82].

 Pre-Clinical Models

As mentioned, few studies of adoptive therapy with viral-specific T cells have been 
validated in preclinical models. That said, the first demonstration of adoptive trans-
fer of CMV clones was in mice with LCMV. Subsequent murine studies demon-
strated the HLA- and epitope-specificity of luciferase-expressing T cells in homing 
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to tumors bearing the targeted HLA/epitope complex but not to other targets [79]. 
Preclinical models of nasopharyngeal carcinoma have targeted Latency II by EBV 
CTLs [83]. More recently, in vitro models for latency switch have demonstrated that 
increased expression of Latency II and III antigens can be induced by decitabine, 
leading to improved trafficking and cytotoxicity by EBV-specific CTLs in a murine 
PDX Burkitt Lymphoma model [84].

 CTL Persistence

In initial studies of adoptively transferred CMV CTLs, persistence was detected in 
a dose-dependent manner by the in  vivo presence of CMV-CTLs with the same 
constant sequences of Vα and Vβ usage [12], but CMV-specific CD4+ populations 
were not found.

The polyclonal and gene-modified CTL populations infused by the group at 
Baylor allowed them to specifically identify the infused CTLs and demonstrate 
long-term in vivo persistence by PCR [13, 85]. This group evaluated cytotoxicity 
against [51] Cr-labeled autologous BLCLs using limiting dilution analysis (LDA) to 
calculate the EBV-specific precursor frequency, and demonstrated in vivo persis-
tence for over 10 years. In addition, the use of gene- marked CTLs demonstrated 
these CTLs in the tumor of a treated patient [69].

Subsequent studies used ELISpot assays as well as LDA analysis to evaluate 
in  vivo persistence demonstrated long-term persistence of transplant donor- and 
autologous donor-derived populations. In contrast, third-party origin viral-specific 
T cells persist for just days to months [63, 65, 66, 86]. Importantly, in the setting of 
third-party adoptive transfer of viral-specific CTLs, correlation between persistence 
and response has been difficult to establish [65].

 Clinical Experience

Overall responses to donor-derived viral CTLs have been demonstrated across mul-
tiple production methods as summarized in Tables 1, 2, 3, 4, 5, and 6. The response 
rate in these reports ranges from ~70–90%. Comparison of results across studies is 
limited by a lack of consistency in the generation of viral CTLs, patient cohorts, and 
defined endpoints used for response assessment.

Banks of well-characterized populations of viral CTLs generated for off-the- 
shelf use have been established by a number of centers. Third party-derived viral 
CTLs have shown efficacy (Table 2) and eliminated some of the limitations of using 
donor-derived viral CTLs.

There are few predictors of response to viral CTLs. In uncontrolled experiments, 
several lines of evidence point to the importance of CD4+ immunity for successful 
adoptive T cell immunotherapy. These include (1) persistence of CD8+ clones in 
patients with concurrent reconstitution of CD4+ responses [12], (2) polyclonal CD4+ 
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T cell populations leading to more robust in vivo expansion and longer persistence, 
and (3) recipient CD4+ T cells predicting response to adoptive T cell therapy for 
refractory CMV [87]. This is consistent with our early understanding of the role of 
CD4+ T cells in maintaining immune memory [88], and the viral-specific transcrip-
tional matrix required for helper T cell responses (reviewed in [89]). Another early 
predictor of response was recently introduced by using mass cytometry in patients 
with CMV reactivation to identify an immune response signature associated with 

Table 2 Experience using CMV CTLs

Study CTL source Method of selection Treatment setting N
Response 
(CR + PR)

Numazaki 
et al.,
Clin Infect 
Dis, 1997

Autologous Co-culture with 
immobilized 
monoclonal antibody to 
CD3 cells and human 
rIL-2

Interstitial 
pneumonia

1 100%

Einsele et al.,
Blood, 2002

Donor- 
derived

CMV antigen 
stimulation

Post-HCT viremia 8 88%

Cobbold et al.,
J Exp Med, 
2005

Donor- 
derived

CMVpp65 tetramer 
isolation

Post-HCT viremia 9 100%

Brestrich et al.,
Am J 
Transplant, 
2009

Autologous CMVpp65 peptide IFNγ 
capture

Post-SOT 
pneumonia

1 100%

Feuchtinger 
et al.,
Blood, 2010

Donor- 
derived

CMVpp65 peptide IFNγ 
capture

Post-HCT viremia 18 83%

Dong et al.,
J Pediatr 
Hematol 
Oncol, 2010

Donor- 
derived

EBV/CMV peptide 
pulsed DCs

Post-HCT viremia 2 100%

Schmitt et al.,
Transfusion, 
2011

Donor- 
derived

CMVpp65 streptamers Post-HCT viremia 2 100%

Uhlin et al.,
Clin Infect 
Dis, 2012

Donor- 
derived or 
third-party

CMVpp65 peptide 
pentamers

Post-HCT infection 
or disease or SCID 
infection

6 83%

Meij et al.,
J Immunother, 
2012

Donor- 
derived or 
autologous

CMVpp65 peptide IFNγ 
capture

Post-HCT viremia 6 100%

Bao et al.,
J Immunother, 
2012

Donor- 
derived

Pooled CMV 
overlapping peptide 
mixes

Post-HCT viremia 7 86%

Crough et al.,
Immunol Cell 
Biol, 2012

Autologous CMV peptide epitopes 
in the presence of γC 
cytokine

GBM 1 100%

(continued)
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Table 2 (continued)

Study CTL source Method of selection Treatment setting N
Response 
(CR + PR)

Leen et al.,
Blood, 2013

Third-party 
donor

Stimulated by BLCLs 
then transduced with an 
Ad5f35 vector encoding 
the CMV-derived pp65 
antigen

Post-HCT viremia 
or disease

23 74%

Koehne et al.,
Biol Blood 
Marrow 
Transplant, 
2015

Donor- 
derived

Monocyte-derived DCs 
loaded with a pool of 
peptides CMVpp65

Post-HCT viremia 16 94%

Holmes-Liew 
et al.,
Respirology, 
2015

Autologous Peptide stimulated Post-SOT viremia 1 100%

Macesic et al.,
Am J 
Transplant, 
2015

Third-party 
donor

Pooled CMV 
overlapping peptide 
mixes

Post-SOT disease 1 100%

Wang et al.,
Blood, 2016

Donor- 
derived

Not documented Post-HCT viremia 15 87%

Neuenhahn 
et al.,
Leukemia, 
2017.

Donor- 
derived or 
third-party 
donor

CMVpp65 streptamers Post-HCT viremia 16 69%

Prockop et al.,
Blood, 2017

Third-party 
donor

CMVpp65 stimulated Post-HCT disease 
or viremia

50 64%

Tzannou et al.,
Blood, 2017

Third-party 
donor

Peptide stimulated Post-HCT disease 
or viremia

19 95%

Pei et al.,
J Infect Dis, 
2017

Donor- 
derived

CMVpp65 peptide and 
cytokine stimulation

Post-HCT viremia 32 84%

Withers et al.,
Blood Adv, 
2017

Third-party CMVpp65 peptide Post-HCT CMV 
viremia and/or 
disease

28 96%

Kallay et al.,
J Immunother, 
2018

Donor- 
derived

CMVpp65 peptide IFNγ 
capture

Post-HCT viremia 3 67%

Lindemann 
et al.,
Bone Marrow 
Transplant, 
2018

Third-party 
donor

CMVpp65 peptide IFNγ 
capture

Post-HCT viremia 1 100%

Alonso et al.,
Bone Marrow 
Transplant, 
2019

Donor- 
derived or 
third-party 
donor

Not documented Post-HCT infection 
or 
immunodeficiency- 
associated infection

10 60%

Seo et al.,
Blood Adv, 
2019

Donor- 
derived

Peptide stimulated Post-HCT CMV 
retinitis

1 100%

(continued)
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Table 2 (continued)

Study CTL source Method of selection Treatment setting N
Response 
(CR + PR)

Smith et al.,
Clinical Infect 
Dis, 2019

Autologous Peptide stimulated Post-SOT CMV 
infection

13 84%

Fabrizio et al.,
Bone Marrow 
Transplant, 
2020

Donor- 
derived, 
third-party, or 
both

Peptide stimulated Post-HCT CMV 
viremia and/or 
disease

85 71%

Table 3 Experience using adenovirus CTLs

Study CTL source Method of selection Treatment setting N
Response 
(CR + PR)

Feuchtinger et al.,
Br J Haematol, 
2006

Donor- 
derived

AdV antigen type C 
IFNγ capture

Post-HCT 
systemic 
infection

9 56%

Leen et al.,
Blood, 2009

Donor- 
derived

Ad5f35null vector 
infection and LCL 
stimulation

Post-HCT 
systemic 
infection

2 100%

Opherk et al.,
Blood, 2009

Donor- 
derived

Hexon-specific T-cell 
isolated by IFNγ 
secretion system

Post-HCT 
systemic 
infection

40 70%

Budig et al.,
Bone Marrow 
Transplant, 2012

Donor- 
derived

IFNγ secretion system Post-HCT 
systemic 
infection

1 100%

Leen et al.,
Blood, 2013

Third-party 
donor

Stimulated by BLCLs 
transduced with an 
Ad5f35 vector encoding 
the CMV-derived pp65 
antigen

Post-HCT 
viremia or 
disease

18 78%

DiNardo et al.,
Pediatr Blood 
Cancer, 2014

Donor- 
derived

Adeno peptide IFNγ 
capture

Post-HCT severe 
respiratory 
failure

1 100%

Papadopoulou 
et al., Sci Transl 
Med, 2014

Donor- 
derived

Peptide stimulated Post-HCT 
viremia

1 100%

Feucht et al.,
Blood, 2015

Donor- 
derived

AdV hexon protein 
IFNγ capture

Post-HCT 
disease or 
viremia

30 70%

Qian et al.,
J Hematol Oncol, 
2017

Donor- 
derived or 
third-party 
donor

Pepmix IFNγ capture Post-HCT 
infection or 
disease

11 91%

Tzannou et al.,
Blood, 2017

Third-party 
donor

Peptide stimulated Post-HCT 
viremia or 
disease

9 78%

Ip et al.,
Cytotherapy, 2018

Donor- 
derived

Peptide stimulated Post-HCT 
viremia

8 100%

Alonso et al.,
Bone Marrow 
Transplant, 2019

Donor- 
derived or 
third-party 
donor

Not documented Post-HCT 
viremia or 
disease

2 50%
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Table 4 Experience using BK virus CTLs

Study CTL source
Method of 
selection Treatment setting N

Response 
(CR + PR)

Tzannou 
et al.,
Blood, 2017

Third-party donor Peptide 
stimulated

Post-HCT viremia or 
disease

19 100%

Pello et al.,
Eur J 
Hematol, 
2017

Donor-derived Pepmix 
stimulated IFNγ 
capture

Post-HCT BK virus 
associated hemorrhagic 
cystitis

1 100%

Eduwu 
et al.,
Am J 
Kidney Dis, 
2019

Not documented Not documented BK virus nephropathy 1 100%

Olson et al.,
Blood, 2019

Third-party donor Not documented BK virus associated 
hemorrhagic cystitis

31 87%

Nelson 
et al.,
Blood Adv, 
2020

Donor-derived or 
third-party donor

Pepmix 
stimulated

Post-HCT or post-SOT 
viremia and/or 
hemorrhagic cystitis

38 86%

Table 5 Experience using HHV6 CTLs

Study CTL source
Method of 
selection

Treatment 
setting N

Response 
(CR + PR)

Tzannou 
et al.,
Blood, 2017

Third-party 
donor

Peptide stimulated Post-HCT 4 100%

Table 6 Experience using JC virus CTLs

Study CTL source Method of selection
Treatment 
Setting N

Response 
(CR + PR)

Numazaki 
et al.,
Clinical Infect 
Dis, 1997

Autologous Co-culture with 
immobilized monoclonal 
antibody to CD3 cells and 
human rIL-2

Interstitial 
pneumonia

1 100%

Balduzzi et al.,
Bone Marrow 
Transplant, 
2011

Donor-derived Stimulation with 15-mer 
peptides derived from VP1 
and large T viral proteins

Post-HCT 
PML

1 100%

Muftuoglu 
et al., NEJM, 
2019

Third-party 
donor

Pepmix stimulated (BK 
specific)

HIV, HCT, 
Ruxolitinib

3 100%

Berzero et al.,
Ann Neurol, 
2021

Autologous or 
donor-derived

Peptide stimulated HIV-negative 
PML

9 67%

Abbreviations: EBV Epstein Barr virus, CMV cytomegalovirus, HHV6 human herpes virus 6, CTLs 
cytotoxic T cell lines, BLCL B cell lymphoblastoid cell line, Pepmix (peptide mixture), NHL non-
Hodgkin lymphoma, PTLD post-transplant lymphoproliferative disorder, NPC nasopharyngeal 
carcinoma, SOT solid organ transplant, HCT hematopoietic stem cell transplant, AdE1 adenoviral 
vector, LMP latent membrane protein
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CMV control. This signature can be documented both in HCT recipients controlling 
CMV as well as those responding to adoptive CMV T cell therapy [90].

 Future Directions

 Accessibility

The use of adoptive therapy with viral-specific T cells is on the brink of becoming 
more broadly available. There are currently multi-center trials in progress (Table 7) 
already expanding access to these therapies to patients in multiple centers. Two of 
these trials are Phase 3 registration trials, and if successful, will lead to FDA 
approval of T cell products for EBV and BK viral infections after both allogeneic 
HCT and SOT.

 Applicability

Applying adoptive viral CTLs to a broader array of viral infections has already been 
demonstrated, and current approaches being explored include generation of HIV- 
specific [91], PML-specific [92, 93], and SARs-COV-2-specific viral CTLs [94]. In 
addition, a better understanding of the best methods for manufacturing, the epitopes 
and HLA alleles associated with best clinical responses, and the ability to shape the 
repertoire of T cells expanded for infusion will improve responses, even in patients 
with more refractory disease.

Table 7 Multicenter clinical trials of viral CTLs

Multi-center trials

Pilot study haploidentical donor CMV CTLs in SOT and HCT; (Ohio state) NCT03665675
Therapeutic infusion of partially HLA matched third party donor derived virus 
and fungus specific T cells in patients after HCT or SOT, (Westmead)

NCT02779439

Pilot study of rituximab and third party LMP specific T cells in treating 
pediatric solid organ recipients with EBV+ CD20+ PTLD, 3 arms. (COG)

NCT02900976

Immunotherapy with tacrolimus resistant EBV CTL for lymphoproliferative 
disease after SOT, (great Ormond street)

NCT03131934

Phase 3 trial of Tabelecleucel for EBV-PTLD after failure of rituximab or 
rituximab and chemotherapy; (Atara biotherapeutics)

NCT03394365

Multivirus-specific T-cell transfer post SCT vs AdV, CMV and EBV 
infections - TRACE (European Commission)

NCT04832607

Virus-specific activated T lymphocytes from a donor in hematopoietic 
progenitor transplanted patients (Vall d’Hebron Institute of Oncology)

NCT04018261

Study of Viralym-M (ALVR105) in transplant patients with BK viremia 
(AlloVir)

NCT04605484
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Finally, the transduction of off-the-shelf viral CTLs with chimeric antigen recep-
tors [95, 96] or transgenic T cell receptors are examples of the potential ways to 
expand the use of viral CTL platforms for a broad range of disorders.
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Abstract Natural killer (NK) cells are innate lymphoid cells with the capacity to 
detect and destroy malignant cells without requiring prior sensitization. As a result 
of their innate ability to target malignant cells, these cells are an attractive candidate 
for immune therapies for cancer. Initial studies following hematopoietic cell trans-
plants for cancer therapy illuminated a potential role for NK cells in exerting a graft 
versus leukemia effect without initiating graft versus host disease (GVHD). The use 
of NK cells in non-transplant settings showed that infusion of NK cells from HLA- 
haploidentical donors in combination with IL-2 after lymphodepletion lead to 
remission in a number of patients with poor prognosis AML. Since then, various 
methods of activating and expanding NK cells for use in the clinical setting have 
been investigated. Preliminary studies show promise for the use of NK cells in a vast 
range of solid and liquid tumor settings including glioblastoma, colorectal cancer 
and ovarian cancer. Activation of peripheral blood derived NK cells with cytokines 
has been shown to induce a memory-like phenotype which results in expansion and 
persistence in vivo pre-clinical models as well as augmented response against tumor 
targets in vitro. These memory-like NK cells are currently being investigated in 
clinical trials for a range of cancer types and offer great promise for the future. 
Utilization of cord blood derived NK cells as well as iPSC-differentiated NK cells 
and immortalized NK cell lines are also being investigated with the hope to offer 
off-the shelf immunotherapies for malignant diseases. This chapter will discuss the 
biology of NK cells, their development from progenitor cells in the bone marrow 
and the balance of inhibitory and activating receptors that govern their interactions 
with both healthy and malignant cells. Methods for culture and expansion of NK 
cells both from peripheral blood cord blood and iPSC-differentiated NK cells will 
also be discussed as well as potential future directions for the use of CAR-NK cells.
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 Introduction

Natural killer (NK) cells are large granular lymphocytes first identified in 1975 as a 
cytotoxic immune cell that could detect and destroy aberrant or infected cells with-
out prior antigen stimulation or sensitization [1, 2]. Pre-clinical work using allograft 
rejection models, showed that NK cells could recognize and kill targets that lacked 
self-MHC class I expression [3, 4], this was termed the “missing self-hypothesis.” 
In humans the ability to detect “missing self” is mediated by inhibitory killer Ig-like 
receptors (KIR) which recognize specific HLA- class I molecules [5], and the CD94/
NKG2A heterodimer which is specific for the non-classical HLA-E molecule, often 
expressed on tumor cells [6]. NK cells also use germline DNA encoded receptors to 
recognizing stress-induced ligands, which in turn provide an activating signal. NK 
cells can therefore recognize cells virus-infected and malignant cells due to the 
reduced of MHC-I and stress-induced ligands. This provides the immune system a 
cell with the capacity to detect cells that escape T cell immunosurveillance.

The pivotal role that NK cells play in controlling viral infection is highlighted by 
human NK cell deficiencies. In the rare cases where humans are deficient in NK 
cells they present with recurrent herpes infections, particularly Epstein-Barr virus 
(EBV) and human cytomegalovirus (HCMV) [7, 8]. An alternative role that NK 
cells play is in the development of the placental vasculature [9].

NK cells constitute 5–15% of circulating lymphocytes in the peripheral blood 
and can be found in lymphoid and non-lymphoid organs including spleen, lung, and 
liver [10, 11]. In the peripheral blood, two distinct populations of NK cells exist that 
can be defined by the differential surface expression of CD56 and CD16, these are: 
CD56dim (low expressing) CD16 positive and CD56bright (high expressing), CD16 
negative NK cells [10, 12, 13]. The dominant NK cell subset in the peripheral blood 
are CD56dim NK cells, which account for 90% of circulating NK cells. CD56bright NK 
cells can be found in higher numbers in the parafollicular regions of secondary 
lymphoid tissue including tonsils, lymph nodes and mucosal activated lymphoid 
tissue (MALT) where they sit alongside CD34+CD45RA+ pre-NK cells and antigen 
presenting cells (APC) [14]. Here CD56bright NK cells respond to changes in the 
inflammatory milieu with the production of chemokines and cytokines including 
IFN-𝛾, TNF, GMSF, IL-10 and IL-13 [13–15]. The role of CD56bright NK cells in 
activating APC and together with dendritic cells (DC), modulating the T cell 
response places them as a link between the rapidly activated innate immune system 
and the adaptive immune response [16, 17]. CD56bright NK cells may also mature 
into CD56dim NK cells following activation in SLT [13–15].

The predominant role of CD56dim NK cells is to act as highly cytotoxic killer 
cells even in the resting state. These cells utilize perforin/granzyme or death recep-
tor pathways to destroy target cells. CD56dim NK cells can also respond to activating 
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receptor ligands or cytokines (e.g. IL-12, IL- 15 and IL-18) to produce cytokines 
including IFN-𝛾, albeit at a lower level than CD56bright NK cells [15]. The release of 
perforin/granzyme from activated CD56dim NK cells relies on initiation of the cyto-
toxic immunological synapse between NK cells and target cells [18]. Initiation of 
the immunological synapse involves close cell-cell contact and adherence of the NK 
cells to its target. The actin cytoskeleton is rearranged and the microtubule organiz-
ing center of the NK cells is polarized towards the point of contact with the target 
cell [19–22]. Adhesion of the NK cells to the target cell involves integrins such as 
LFA-1. A signaling event in the cytoplasm from CD2, DNAM-1, NKG2D, 2B4 or 
Ly49 induces a conformational change within an integrin and primes it for activa-
tion [23–25]. LFA-1 then binds to ICAM-1 on the target cell activating signaling 
pathways within the cell [26]. A ring of peripheral actin forms around the synapse 
after activation. This is key to cytotoxic function; without reorganization of actin, 
NK cells are poorly cytotoxic [27]. Following activation, lytic granules rapidly con-
verge to the MTOC, which polarizes to the immune synapse [28]. In this process the 
centrosome moves to and contacts the plasma membrane at the cSMAC [28]. An 
actin mesh is formed at the center of both inhibitory and activating synapses that 
periodically opens in specific regions, creating gaps for lytic granules to penetrate 
[29]. The movement of cytotoxic granules towards the secretion site depends upon 
kinesin-1, a microtubule dependent motor protein that transports cargo in a plus-end 
direction [30]. Kinesin forms a complex with Rab27a and slp3 to transport lyric 
granules towards the plus-ends of microtubules which are then inserted into the 
F-actin mesh [29, 30]. Myosin IIa is involved in transportation of cytotoxic granules 
through the actin mesh [31]. Secretory lysosomes dock at the plasma membrane and 
fuse with it, releasing their cytotoxic contents [21]. Perforin and granulisin facilitate 
the entry of granzymes from the secretory lysosomes into the cytoplasm of the tar-
get cell where they induce apoptosis [32].

The death receptor (DR) mediated apoptotic process is the second method of 
killing utilized by NK cells. This is a caspase enzymatic cascade induced apoptosis 
mediated by interactions between CD95/FasL and TNF-related apoptosis inducing 
ligand (TRAIL) expressed on NK cells which activate death receptors CD95/Fas 
and TRAIl-R1-R2 on the cell surface of target cells [33–36].

NK cells are also capable of antibody dependent cell-mediated cytotoxicity 
(ADCC), mediated by immunoglobulin G (IgG) in humans [37–39]. The Fab moiety 
of the IgG molecule binds to the tumor-associated antigens (TAAs) on tumor cells and 
the Fc moiety to CD16A (FcγRIIIA) on NK cells triggering their cytotoxic response.

NK cells develop from CD34+ hematopoietic progenitor cells in the bone mar-
row and mature in secondary lymphoid tissue including the lymph nodes, tonsil and 
spleen [40]. NK cell differentiation has been divided into five stages distinguished 
by the expression of distinct cell surface markers, transcription factors and cyto-
kines (Fig.  1) [41–43]. Unlike B or T cells, NK cells do not rearrange genes to 
acquire clonally arranged antigen-specific receptors. NK cell function is instead 
dictated by NK activating and inhibitory signals from various germline DNA- 
encoded activating and inhibitory receptors expressed on the cell surface [44, 45]. 
As technology advances it has become clear that a heterogeneous pool of NKCs 
exists in which over 1000 distinct specificities can be described [46].

Biology of NK Cells and NK Cells in Clinic



Fig. 1 Schematic representation of NK cell development and licensing/education. (a) NK cell 
development from hematopoietic stem cells (HSC) to common lymphoid progenitor (CLP), natu-
ral killer progenitor (NKP), immature NK (iNK) and mature NK (mNK) cells. (b) Models of NK 
cell licensing. The arming model in which cells become “armed” with the capability to respond to 
MHC-I on target cells. The disarming model in which cells become “disarmed” by lack of ligand-
receptor interactions with target cells expressing MHC-I. The rheostat model in which NK cell 
reactivity is defined by the number of self-MHC-I inhibitory receptors expressed by each NK cell 
and the affinity of each of these receptors for the MHC-I ligands they bind
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NK cells undergo an education process called licensing in order to gain func-
tional competence. In this process, NK cells possessing inhibitory receptors specific 
to self-MHC-I functionally mature, and those that lack MHC-I specific receptors are 
rendered unlicensed and hypofunctional —they do not respond to MHC-I deficient 
or aberrant cells [47, 48]. There are three different models that have been proposed 
to describe this process of licensing (Fig. 1b). The first is NK cell “arming” in which 
NK cells gain functionality via ITIM dependent signaling following binding of spe-
cific MHC-I inhibitory receptors to cognate self MHC-I molecules and their ligands 
[47, 49]. An alternative mechanism proposes that rather than gaining a licensed 
function, NK cells lose the ability to respond through “disarming.” In this model, all 
NKC are poised and activated, but cells that lack inhibitory receptors for MHC-I 
become hyporesponsive following continuous stimulatory signaling [50]. A third 
model for NK cell education/licensing is the “rheostat” model. This model suggests 
that NK cell reactivity can be defined by the number of self-MHC-I inhibitory 
receptors expressed by an NK cell and the affinity of each of these receptors for 
MHC-I [51]. NK cells expressing more than one inhibitory receptor for self-MHC-I 
are suggested to respond more robustly than NK cells with a single inhibitory recep-
tor for self-MHC-I. The combined effect of an individual’s KIR and HLA alleles 
therefore contributes to the overall NK cell activity in that individual [52]. This arm-
ing of NK cells is associated with structural organization within the endolysosomal 
compartment. NK cells possessing KIR that recognized self-MHC-I degranulated 
more readily towards K562 cells [53]. In accordance with this, educated, self-spe-
cific KIR expressing cells possessed large granzyme B rich secretory lysosomes 
close to the centrosome [53]. These cells also possessed higher chondroitin sulphate 
4 (CS4) a glyosaminoglycan sidechain and perforin which suggests that the compo-
sition of secretory lysosomes is altered in educated cells [53]. The number of secre-
tory lysosomes, however, is no different within educated and un- educated cells [53]. 
Inhibition of the lysosomal compartment in educated NK cells also affected produc-
tion of cytokines in response to stimuli, suggesting that lysosomal derived signals 
expand beyond degranulation [53]. This study also offered a mechanism for disarm-
ing of NK cells through activation signals [53]. They showed that antagonizing the 
lysosomal calcium channel TRPML1 resulted in loss of granzyme B specific 
degranulation towards K562 target cells and loss of IFN-𝛾 responses [53]. Silencing 
of TRPML1, however led to increased granzyme B production and enlargement of 
lysosomal structures, increased degranulation and IFN-𝛾 production [53].

Inhibitory receptors that are specific to self MHC class include killer cell Ig-like 
receptors (KIR) and NKG2A. KIR receptors contain type 1 transmembrane glyco-
proteins with two or three C2 type IG-like domains (2D or 3D) and either a short (S) 
or long (L) cytoplasmic tails [54]. KIR with short cytoplasmic tails (no ITIMs) are 
activating and long tails (ITIM) inhibitory [55].

KIR interact with MHC-I ligands expressed on the cell-surface. These ligands 
have been divided into 3 categories according to the amino acid sequence that deter-
mines the KIR-binding epitope [56]. HLA-C alleles are denoted C1 (HLA-C group 
1) or C2 (HLA-C group 2) depending on whether they possess an asparagine or 
lysine at position 80 of the alpha-1 domain of the alpha helix [57, 58]. HLA-B 
alleles can be distinguished by the presence of Bw4 and Bw6, where only Bw4 
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motif bearing HLA-B products can function as ligands for KIRs [56]. KIR are sen-
sitive to the peptide bound by HLA-I, offering KIR+ NK cells the propensity to 
detect changes in the peptide and MHC-I repertoire which occurs during viral infec-
tion and tumorigenesis [59–61].

Other inhibitory NK cells receptors in humans include CD94/NGK2A heterodi-
mers. These recognize non-classical HLA-I, HLA-E on the surface of target cells 
and prevent inappropriate activation of NK cells [6, 62]. A recent murine study has 
shown that NKG2A may also play a role in licensing of NK cells [63]. In this study 
it was shown that deletion of Ly49 receptors reduced the responsiveness of NKG2A 
negative cells but significantly increased the function of NKG2A+ cells, suggestive 
of a NKG2A dependent compensation for Ly49 deficiency. Using CRISPR/Cas9 
gene editing it was shown that lack of NKG2A and Ly49 receptors C/G/I rendered 
NK cells functionally impaired an effect that was almost equivalent to that seen in 
β2m−/− mice [63].

NKG2A signals via two ITIMS in its cytoplasmic tail [64]. HLA-E peptide com-
plexes can bind to CD94 homodimers in the absence of NKG2A. This is thought to 
augment inhibitory signaling via CD94-NKG2A [62]. Peptides from viruses includ-
ing EBV, HIV and CMV bind to HLA-E [65, 66]. Activating CD94/NKG2C mole-
cules specific to HLA-E also exist, that associate with DAP-12, in a similar way as 
activating KIR bind to HLA-E. These complexes have a much lower affinity than 
the inhibitory CD94/NKG2A receptor but are involved in the response to CMV [67, 
68]. In response to CMV an expansion of CD94/NKG2C expressing NK cells 
occurs. These cells are shown to possess an adaptive NK cell phenotype in which 
prolonged NKG2C+ NK cell expansion and augmented CD16A-mediated effector 
response occurs [69].

Leukocyte immunoglobulin-like receptors (LILRB1, ILT or CD85) are alternate 
type 1 transmembrane glycoprotein inhibitory receptors that bind to classical and 
non-classical HLA molecules as well as non-HLA ligands [70]. Ligand binding to 
LILRB inhibits NK cell activation by inhibiting polarization of lytic granules. 
HLA-G binding to LILRB1 on NK cells inhibits cytotoxicity towards trophoblasts 
in pregnancy, for example [71]. Inhibition of this receptor may be important in can-
cer therapy. Inhibition of LILRB1 as well as NKG2A can induce killing of AML 
and ALL cells by KIR-deficient NK cells. Blockade of LILRB1 alone has been 
shown to induce cytotoxicity of NK cells towards breast cancer cells [70, 72, 73].

Killer cell lectin-like receptor G1 (KLRG1) is another inhibitory receptor that is 
expressed by a large number of CD56 NK cells and terminally differentiated T cells 
[74]. Its ligands are ubiquitously expressed classical cadherins (E, N and R cadher-
ins) which are present on healthy tissues [75]. This receptor has been shown to be 
increasingly expressed on NK cells in older individuals [74]. The inhibitory poten-
tial of this receptor is directly correlated to its cell surface expression. In individuals 
>70 years old that have a higher KLRG1 expression on both CD56dim and CD56bright 
cells an increased activation threshold of NK cells can be observed [76]. Cells with 
high KLRG1 were shown to spontaneously activate the metabolic sensor Amp-
activated protein kinase (AMPK) which was shown to negatively regulate NK cell 
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function. KLRG1 prevents the de-phosphorylation of AMPK by protein phospha-
tase PP2C, a phosphatase that normally de-phosphorylates AMPK in vitro and in 
vivo. KLRG1 was shown to internalize upon ligation and bind directly to AMPK to 
stimulate its function and inhibit PP2C-like phosphatase activity. It was shown how-
ever that KLRG1 requires pre-existing AMPK activity to stimulate the AMPK path-
way, functioning as an “AMPK enhancer.” This occurs in highly differentiated NK 
cells that exhibit senescence characteristics.

Key activating NK cells receptors include NKp30, NKp46 and CD16 which 
interact with transmembrane adaptor proteins with cytoplasmic ITAMS, CD3ζ and/
or FcεRIγ or alternatively activating KIR, CD94/NKG2C and NKp44 which act via 
DAP12. CD3ζ and FcεRIγ are expressed either as homodimers or heterodimers, 
while DAP12 is always a homodimer [77]. Ligation of ITAM receptor complexes 
lead to recruitment and activation of tyrosine kinases SyK and ZAP70 initiating 
cytotoxicity and cytokine production [77].

NKG2D is an activating receptor which is important for recognizing virus- 
infected and transformed cells that express MICA, MICB and ULBP, signals via 
DAP10 in humans [77–79]. DAP10 contains amino acids that bind to the p85 sub-
unit of PI3 kinase and Grb2 upon phosphorylation, stimulating phosphatidylinosi-
tol- 3 kinase (PI3K) associated pathways [80]. NKG2D, only mediates cytotoxicity 
in the presence of a secondary inflammatory signal [81]. The function of this recep-
tor is in regulating signaling of other receptors promoting CD16 signaling, ADCC 
as well as potentiating signaling via NKp46 and 2B4 [82–84].

CD160 is an Ig-like glycosyl phosphatidyl inositol (GPI)- anchored receptor that 
recognizes HLA-Ia and Ib molecules and recruits PI3-K to trigger cytotoxicity and 
cytokine secretion, including IFN-𝛾, TNF, IL-6, IL-8 and MIP1-β [85, 86]. It has 
been shown that this receptor is crucial for the production of IFN-𝛾 by NK cells and 
subsequent tumor control in pre-clinical models of B16 melanoma and lymphoma 
[87]. Knockout of CD160 in these mice led to impaired tumor control that was res-
urrected with the introduction of CD160 positive NK cells. The authors concluded 
that CD160 is required by NK cells for efficient IFN-𝛾 production [87].

Alongside the various activating and inhibitory receptors expressed by NK cells 
are co-stimulatory receptors which contribute to the activating or inhibitory signals. 
These include NKR-P1 receptors, DNAM-1 and PILR receptor [88, 89]. In humans, 
only one NKR-P receptor exists, NKR-P1A (KLRB1/CD161/CLEC5B [90]. This 
receptor functions via binding to Clr-related ligand, LLT1 (CLEC2D/OCIL/CLAX) 
[91]. DNAM-1 (CD226) is expressed on around 50% of NK cells and its ligands are 
CD155 and CD112 (Nectin-2), which are expressed at low levels on the cell surface 
of monocytes as well as on hematopoietic, epithelial and endothelial both humans 
and mice [88, 92, 93]. It has been implicated in anti-tumor responses and also in the 
recognition of both iDCs and mDCs [84]. DNAM-1 also plays a role in cell adhe-
sion of NK and T effector cells to target cells [92]. Two paired Ig-like 2 receptors 
PILβ and PilR⍺ are also expressed by NK cells which have a role in the recognition 
of carbohydrate chains on target cells, broadening the scope of targets that NK cells 
can recognize [94].
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 NK Cells in Cancer

As a result of their innate ability to detect and destroy tumor cells, NK cells stand 
out as an attractive candidate for cancer immunotherapies. At the same time as 
mounting cytotoxic responses against malignant target cells, NK cells secrete cyto-
kines and chemokines that recruit other immune cells towards the tumor microenvi-
ronment. Secretion of chemokines including CCL 3, 4, 5 and 10 form a chemical 
gradient that directs immune effector cells to the tumor site. The secretion of IL-10 
and IL-6 increase immune activity at the site of production. Secretion of CCL5, 
XCL1 and XCL2 from NK cells promotes the migration of DCs into the solid tumor 
microenvironment [95, 96]. NK cell activation in the lymph nodes aids in the 
recruitment of antigen-presenting cells towards the tumor microenvironment 
(TME), as well as in the activation of T cells in the lymph nodes via production of 
IFN-𝛾 [37].

Following the advent of hematopoietic cell transplants (HCT) for cancer treat-
ments, it was discovered that NK cells from HLA mismatched donors exerted a 
graft versus leukemia effect without initiating T cell mediated graft versus host 
disease (GVHD) [97, 98]. This may be due to the missing self-hypothesis, as allo-
reactive NK cells from an HLA haplotype-mismatched donor were shown to kill 
allogeneic leukemia [98]. Furthermore, transplants from KIR mismatched donors 
had higher engraftment rate. Miller et  al. pioneered the use of NK cells in non- 
transplant settings [99]. Infusion of enriched NK cells from HLA-haploidentical 
donors in combination with subcutaneous IL-2 after lymphodepletion with high 
dose cyclophosphamide and fludarabine however, was successful leading to expan-
sion of donor NK cells and complete remission in a quarter of patients with poor 
prognosis AML [99].

It is important to note that NK cell expansion and in vivo persistence was only 
observed in patients that received high-dose cyclophosphamide and fludarabine 
prior to NK cells infusion [99]. This nonmyeloablative conditioning chemotherapy 
is administered to deplete endogenous lymphocyte populations [99]. These endog-
enous populations would compete with infused NK cells for cytokines, and recipi-
ent T cells would otherwise immediately reject the allogeneic NK cells. Also, in 
patients with hematological malignancies, fludarabine/cyclophosphamide may also 
reduce the tumor burden, increasing the possibility for NK cells to be effective. 
Lymphodepleting agents are associated with toxicities which have negative impacts 
on the patients therefore, safer and more selective approaches are needed to improve 
clinical use of adoptive NK cells [100]. For example, one approach being exploited 
by CART therapeutics is to create CD52 knockout CART cells and utilize alemtu-
zumab, an anti-CD52 antibody as a lymphodepleting treatment that is less toxic 
than chemotherapy [101–103]. This method is being evaluated in trials investigating 
the use of UCART22 and UCART123, both of which have CD52 knocked out for 
the treatment of r/r ALL and r/r AML, respectively. This technique could also be 
utilized for NK cell immunotherapies as CD52 is expressed by NK cells.
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The initial success in adoptive transfer in hematological cancers prompted efforts 
to evaluate its efficacy in the solid tumor setting. Solid tumors provide a number of 
further challenges to overcome including the tumor microenvironment (TME) 
which alters the phenotype, activation, persistence and function of NK cells [104, 
105]. Another hurdle to overcome is getting NK cells to traffic towards and infiltrate 
the tumor. The TME is composed of Tregs, tumor associated macrophages (TAMs), 
regulatory 𝛾𝛿T cells, myeloid-derived suppressor cells (MDSCs) soluble factors and 
the extracellular matrix, endothelial cells, stromal cells, and non-cellular compo-
nents including collagen, fibronectin, hyaluronan and laminin [106–108]. Within 
that TME are secreted cytokines and immunosuppressive factors including prosta-
glandin E2 (PGE2) indoleamine, 2,3-dioxygenase (IDO), IL-10, TGF-β and vascu-
lar endothelial growth factor (VEGF) as well as chemokines such as CXCL8 or 
CCL2 which support the accumulation of Tregs, TAM and MDSCs in the tumor site 
[109]. These cells produce IL-10 and TGF-β which inhibit NK cell cytotoxicity 
[107]. Both Tregs and MDSCs also suppress NK cell activity via membrane bound 
TGF-β in a contact-dependent manner [110, 111]. MDSCs secrete soluble factors 
IDO, NO and adenosine, which limit the release of IFN-𝛾 and TNF as well as inhib-
iting FASL and perforin and granzyme mediated cytotoxicity of NK cells [109, 112, 
113]. Cancer associated fibroblasts also secrete IDO, PGE2 or TGF-β which leads 
to decreased NK cell expression of NKG2D, NKP30 and NKp44 as well as down-
regulating NK cell CD155 expression [114–116]. Despite this immunosuppressive 
TME, NK cell infiltration into solid tumor lesions has been associated with favor-
able prognosis [117]. A meta-analysis of 56 studies showed that high levels of NK 
cell associated markers CD56, CD57, NKP30 and NKp46 significantly correlated 
with better OS in solid cancer [117].

Finding ways to arm NK cells with the capability to overcome the suppressive 
TME and migrate towards the tumor site is therefore likely to be beneficial in the 
treatment of solid malignancies. One method of doing this is to add integrin or 
TGF-β inhibitors alongside NK cells in treatments or to arm them with TGF-β 
receptor gene editing, which inhibit the TGF-β axis and thereafter impeding the 
suppression from the TME [118]. This has shown promise in pre-clinical models of 
glioblastoma. Foltz et al. showed that TGF-β imprinting, induced by activation with 
TGF-β and IL-2 potently induces hypersecretion of IFN-y, TNF-α and GM-CSF in 
response to tumor targets and to cytokine stimulation [119]. This hypersecretion 
was shown to last for one month after imprinting, corresponding to changes in sev-
eral IFN-y genes including JUN, Tbet and SMAD3. In a similar vein, engraftment 
of a dominant negative TGF-β receptor II (DNRII) on NK cells has shown promis-
ing results. In the context of glioblastoma, adoptively transferred cord blood NKCs 
that were retrovirally transduced to express the DNRII were shown to maintain 
perforin and NKG2D/DNMA1 expression in the presence of TGF-β. Henceforth, 
could kill glioblastoma tumor cells showing a functional advantage over control NK 
cells in the TGF-β secreting TME [120].
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HLA-KIR mismatched NK cells have also been shown to be effective in a pre- 
clinical model of glioblastoma. In this study it was shown that HLA-KIR mis-
matched NK cells could target GBM cells both in vitro and in vivo. Further to this, 
it was shown that sorted KIR2DS2 positive NK cell populations showed increased 
cytotoxicity and persistence [121]. It is interesting to note that even in the absence 
of KIR-HLA ligand mismatch, treatment of GBM xenografts in NOD/SCID mice 
with NK cells from a KIR2DS2+ donor led to prolonged survival [121]. This was 
even longer than that observed for NK cells with multiple KIR-HLA ligand mis-
matches but lacking KIR2DS2 positivity [121]. This group concluded that KIR2DS2 
can be used to identify potent alloreactive NK cells against GBM [121].

In colorectal cancer it was shown that umbilical cord blood (UCB) hematopoi-
etic stem cell derived NK cells were more effective against colon cancer cells com-
pared to peripheral blood NK cells, however it was noted that this could be due to 
the higher cytokine concentrations used to activate these cells [122]. In this study 
UCB-NK cells were tested against cetuximab-resistant human EGFR+Ras mutant 
colon cancer cells and shown to be effective in vitro. This finding was confirmed in 
an in vivo preclinical model where UCB-NK cells showed efficacy against tumor 
cells despite EGFR and RAS status, suggesting that UC-NK cells could be a prom-
ising treatment for cetuximab resistant colon cancer [122]. In an analysis of colorec-
tal cancer patients undergoing surgery and chemotherapy, higher numbers of NK 
cell in the peripheral blood was associated with improved prognosis [123]. Xu et al. 
showed that NK cells expanded from UCB with membrane bound IL-21 (eUCB-
 NK cells) effectively lysed CRC cell lines in vitro and secreted higher levels of 
IFN-y, TNF and GM-CSF compared to IL-2 stimulated NK cells. Adoptive transfer 
of mbIL-21 activated NK cells significantly inhibited the growth of xenografts in 
vivo [124]. Interestingly this was only the case for HT29 xenografts, where LoVo 
tumors were not controlled by eUCB-NK cells. This is likely due to the lower num-
bers of infiltrating NK cells observed in LoVo tumors. Bevacizumab, however, was 
shown to increase NK cell extravasation into LoVo tumors, improving the therapeu-
tic activity of eUCB-NK cells in this xenograft model. This study suggests that 
adoptive transfer of NK cells alone or in combination could offer promise in the 
clinic as a treatment for CRC [124]. Other studies utilizing iPSC derived NK cells 
have also shown promising results [125].

In a xenograft model of ovarian cancer, the efficacy of intraperitoneal (IP)-
delivered NK cells was evaluated [126]. IP delivery of human NK cells in concert 
with cytokines led to high levels of circulating NK cells and clearance of ovarian 
cancer burden [126]. This original success in an in vivo model has been recapitu-
lated in various other pre-clinical models including the use of iPSC-NK cells which 
were shown to be as effective as expanded PB-NK cells when administered three 
times intraperitoneally [127]. Umbilical cord derived HSPC NK cells were shown 
to efficiently target ovarian carcinoma spheroids and infiltrate intraperitoneal tumors 
in vivo, highlighting a potential role for these cells in ovarian cancer treatment 
[128]. In humans the frequency of NK cells within the lymphocyte fraction in asci-
tes at diagnosis has been correlate with better overall survival in OC patients [129].
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 Isolation, Expansion and Stimulation of NK Cells

The promising safety profile and efficacy associated with NK cell-based immuno-
therapies have prompted a drive to develop “off-the-shelf” NK cell-based therapies. 
However, there are many logistic challenges to overcome. NK cells are notoriously 
difficult to expand ex vivo, and their persistence in vivo is variable. In recent years 
this has been a major focus of the field [100].

The source of NK cells for use in these therapies has also been subject to debate, 
with limitations associated with utilization of NK cells from each source. There are 
four major sources of NK cells—from the peripheral blood, the umbilical cord, 
IPSC-differentiated NK cells and immortalized NK cell lines.

The predominant source of NK cells in clinical trials currently is the peripheral 
blood collected via non mobilized apheresis. It is imperative that NK cells be puri-
fied prior to infusion to avoid GVHD caused by T cells [130], or passenger lympho-
cyte syndrome by B cells [131]. Purification methods vary. The most popular and 
efficient method is by magnetic bead selection to remove CD3+ cells and enrich for 
CD56 positivity [132, 133]. An alternative method is to perform flow sorting 
CD56+CD3− cells but this is time consuming and often reduces the yield of NK cells 
without prior enrichment [134]. An alternative method is to utilize a single step 
CD3/CD19 depletion to remove T and B cells [135]. If the NK cell source is only 
modestly enriched with many passenger cells, there may be a contribution of these 
additional immune cells to effects observed.

Cord blood is an alternative method for generating NK cells, however in cord 
blood there are a limited number of NK cells per cord blood unit [136]. These NK 
cells also express lower levels of KIRs and granzyme B as well as higher levels of 
the NKG2A receptor pertaining to a potentially more immature phenotype [136]. 
One advantage of cord blood NK cells is that they retain cytotoxicity following 
cryopreservation. This has been shown to be a problem with primary NK cells 
where cytotoxicity is reduced following freezing [137, 138].

It has been of recent interest in the field to develop iPSC-NK therapies to over-
come the supply-chain bottlenecks associated with primary and cell line NK cell 
therapies. iPSCs can be generated from fibroblasts or peripheral blood and retain 
pluripotency during expansion [139]. Human embryonic stem cell derived NK cells 
(hESc-NK) or induced pluripotent stem cell (iPSC-NK) derived NK cells have 
advantages over peripheral blood derived or cord blood derived NK, coming from a 
stem cell population, they can be cultured to develop into a homogeneous popula-
tion without having to worry about the presence of other immune cells. HESC/
hiPSC-NK cells do however display a similar phenotype, transcriptome and func-
tion as primary NK cells, making them a very attractive target for therapeutic use 
[140, 141].

Methods used to generate iPSC-NK cells have improved significantly over the 
last 10 years [127, 140]. Initially, a two-stage stromal dependent culture system was 
utilized in which undifferentiated hESCs were cultured over a stromal cell line such 
as S17 or M2-10B4. Hematopoietic progenitor cells were then sorted and moved to 
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culture over a second stromal cell line, AFT024 or ELO8-IDT cells, in media that 
was supplemented with SCF, FMs-like tyrosine kinase 3 ligand (FLT3L), IL-2, 
IL-15 and IL-7 to support their differentiation towards the NK cell lineage. This 
protocol was adapted to facilitate differentiation of NK cells in a serum-free, 
stromal- free environment to omit the need to use murine cells as stromal layers 
which could inhibit clinical translation [127, 141]. This method known as “spin 
embryoid body” uses recombinant protein-based, animal product-free medium and 
centrifugation to form embryoid bodies from hESC/iPSC [142]. The generation of 
spin EBs involved culture of hESC and iPSC that were lacking any signs of differ-
entiation. Briefly, cells are passaged for a minimum of 10 times, in TrypLE select 
(Invitrogen) to a confluence of 60–70%, differentiated and filtered. To set up spin 
EB formation 3000 cells per well are added to a round bottom 96 well plate in 
bovine serum albumin polyvinyl alcohol essential lipids (BPEL) medium contain-
ing SCF, VEGF and BMP 4. Plates are spin aggregated at 1500 rpm for 5 minutes at 
room temperature and placed in an incubator for 3 days to ensure formation of EBs. 
After 11  days of differentiation, cells are transferred to a 24 well-plate where 6 
wells of the 96 well plate constituted 1 well of the 24-well plate in differentiation 
media that contained SCF, FLT3L, IL-3, IL-15 and IL-7 for 4 weeks to generate 
CD45+ CD56+ NK cells [141]. These cells do not require sorting and are noted to 
form a homogeneous population of CD56+ NK cells. Recent updates to the method 
have been published to improve efficiency and reduce culture time [143].

NK cells derived from iPSCs have proven to be as effective as primary NK cells 
and NK-92 cells in ovarian tumor xenograft models [127]. Interestingly donor 
peripheral blood-iPSC-NK cells have shown greater cytotoxicity towards SKOV3, 
SW480, HCT-8, MCF7 and SCC-25 cancer cell lines compared to donor peripheral 
blood NK cells [144]. Zeng et al. have shown that PB-iPSC-NK cells are capable of 
ADCC, however it is not known if iPSC-NK cells utilize the same activation path-
ways to induce granule and cytokine secretion as PB-NK cells [144]. Further to this, 
Zhu et  al. developed iPSC-NK cells with non-cleavable CD16a (hnCD16-iNK 
cells). These cells are highly resistant to activation-induced cleavage of CD16a and 
henceforth exhibit enhanced ADCC against multiple tumor targets [145]. These 
cells showed great promise when used in combination with mAB such as anti-CD20 
for the treatment of B-cell lymphoma where hnCD16-iNK cells significantly 
improved regression. In an ovarian cancer xenograft model, in combination with 
anti-HER2 mAB hnCD16-iNK led to improved survival. This was in contrast to 
treatment with PB-NK cells and unmodified iNK cells which did not inhibit tumor 
growth. Interestingly treatment with hnCD16-iNK alone did not decrease tumor 
growth in this model. Fate therapeutics have a phase I clinical trial to investigate an 
“off-the-shelf” iPSC-NK product, FT500 that is derived from a clonal master iPSC 
line bank with the capacity to produce homogeneous, quality controlled iPSC-NK 
cells [146].

Expanding cells ex vivo using cytokines is a bone fide method of increasing NK 
cell product yield, however the optimal conditions for this are subject to much 
debate (Table 1). Utilizing IL-2/IL-15/IL-21 together can support the expansion of 
NK cells up to eight fold [147]. Most recent studies however, showed that ex vivo 
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Table 1 NK cell expansion protocols [162]

Stimulation Stimulation
Fold expansion 
(time)

In 
clinical 
use Considerations Reference

IL-15 ~23 
(21–23 days)

Yes – Generate highly 
activated NK cells
– Possibility of 
dependence on 
cytokine
– Expansion is 
facilitated in the 
presence of 
autologous PBMC

[163]

IL-21/IL-15 ~2.3 fold 
(2 weeks)

[164]

IL-21/IL-15 ~4.3 
(10–12 days)

[165]

IL-2/IL-15/
IL-21

~8 (2 weeks) No [147]

IL-15/IL-18/
IL-27

~17 (2 weeks) No [148]

IL-2, IL-18 ~500 (2 weeks) No [149]
Autologous 
feeder cells

OK432, RN-T 
cells

~600 (3 weeks) Yes RN-T cells were 
established by 
activation PBMC 
with OKT-3 and 
RetroNectin 
FN-CH296

[166]

Autologous 
feeder cell 
and 
activating 
antibodies

Anti-CD335 and 
anti CD2

~3800 
(3 weeks)

No CD2 and CD335 
coated 
nanomatrices with 
commercially 
available cell 
stimulation beads 
(Miltenyi Biotec 
Kit)

Patent 
EP2824112b, 
2007

OKT-3 (Anti 
CD3), 
anti-CD52

~1537 (18 days) Yes PBMCs are 
typically irradiated 
25 Gy or more 
GMP-grade 
antibody Anti CD3 
is available

[167]

OKT-3 
(anti-CD3), IL-2

~1000 
(2 weeks)

Yes [168]

Anti CD16 >500 (2 weeks) No [169]

(continued)
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Table 1 (continued)

Stimulation Stimulation
Fold expansion 
(time)

In 
clinical 
use Considerations Reference

Allogeneic 
feeder cells 
PBMC

+ PHA, 
Ionomycin, 
IL-2, IL-15

80–100 No – Without selection 
final product may 
contain up to 40% 
T cells
– PBMCs are 
typically irradiated 
25 Gy or more

[170]

+anti CD3, IL-2 ~300 Yes [171]
Wilms tumor 
cell line 
(HFWT)

~113 (2 weeks) Yes – Feeder can be 
genetically 
modified to 
enhance activation
– Feeder cells 
require irradiation 
and GMP-grade 
production
– Final product 
needs to be feeder 
free assured

[172]

Allogeneic 
feeder cells 
(tumor)

Jurkat ~100 (2 weeks) No – Risk of bacterial 
and viral 
contamination 
derived from 
feeder cells

[173]

EBV 
lymphoblastoid 
cell line 
(EBV-LCL)

~3000 
(2 weeks)

Yes – Feeder cells 
require irradiation
– Safety 
considerations 
associated with 
feeder

[174]

Engineered 
feeder

K562 
41-BB + IL-15

~1200 
(2 weeks)

Yes – Increased 
apoptosis of NK 
cells noted after 
extensive 
expansion

[151, 152, 
175, 176]

K562 
41-BB + IL-21

~30,000 
(3 weeks)

Yes – Greatest rate of 
expansion reported 
so far
– Lower dose of 
supportive IL-2 
required

[152–155, 
176]

(continued)
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stimulation of human NK cells with the combination of IL-15/IL-18/IL-27 can 
achieve 17-fold expansion [148], and the combination of IL-2 with IL-18 can 
achieve up to 500-fold expansion over in two weeks [149]. The presence of autolo-
gous feeder cells (typically CD3-depleted PBMCs) in culture also aids NK cell 
expansion [150]. Expanding NK cells ex vivo has been a subject of study for a long 
time, predominantly owing to the fact that in order to sustain NK cells in culture 
they must receive activation. Too much activation leads to exhaustion or changes in 
the phenotype of NK cells. Further, NK cells can become addicted to the mixture of 
growth factors used for expansion, thereby resulting in limited in vivo persistence 
following adoptive transfer.

Membrane-bound interleukins may offer a potential means for NK cell expan-
sion that is more effective than soluble interleukins. Campana et al. showed that 
stimulation NK cells with K562 cells expressing 4-1BB and IL-15 could induce 
greater than 20-fold expansion over a 7-day period in vitro [151] Other studies have 
shown that up to 30,000-fold expansion can be achieved with K562 expressing 
membrane bound IL-21 (mbIL-21)and 4-1BB ligand [152–155]. These cells have 
been shown to be highly cytotoxic and cytokine producing, displaying a high 
expression of NCRs, CD16 and NKG2D [152, 156]. Further to this, the use of 
mbIL-21 promotes increased telomere length which is a suggested mechanism for 
the increased persistence in vivo observed when using NK cells expanded in this 
way. This protocol is currently being used in a phase I/II clinical trial (NCT01787474) 
utilizing haploid-identical NK cells for relapsed or refractory AML.

NK92 cells are an IL-2 dependent cell line established in 1992 from the periph-
eral blood of a 50-year-old male patient with non-Hodgkin’s lymphoma. They are 
characterized by the expression of bright CD56 and CD2 and the lack of expression 
of CD3, CD8 and FC𝛾RIII and CD16 [157]. They are however highly cytotoxic, 
displaying high cytotoxicity against tumor targets, notably higher than primary NK 

Table 1 (continued)

Stimulation Stimulation
Fold expansion 
(time)

In 
clinical 
use Considerations Reference

Feeder 
particles

K562 
4-1BB + IL21

~250 (2 weeks) – Avoids the safety 
considerations 
associated with 
feeder cells
– Laborious to 
produce

[177]

Group A 
streptococcus 
and zoledronate

~1560 
(3 weeks)

No – > 90% of NK 
cells
– May not require 
magnetic cell 
sorting
– Components IL2, 
streptococcus and 
zoledronate are 
FDA approved

[178]
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cells [158]. NK92 lack the expression of all KIR receptors apart from KIR2DL4. 
Owing to their lack of KIR and other receptors, these cells pose no risk for graft- 
versus- host disease in patients, therefore trials utilizing this potential “off-the-shelf” 
NK cell therapy have been conducted with NK92 cells expanded from a master cell 
bank, tested negative for blood pathogens and fungal and bacterial contaminants 
[158]. Early studies indicated a promising safety profile associated with the use of 
irradiated NK-92 in patients with advanced cancer [159, 160]. The caveat with use 
of these cells being that they must be irradiated before use, which limits their in vivo 
activity and persistence [160]. Arming NK-92 with CAR for better targeting of 
tumor subsets offers a promising off the shelf platform for cancer treatment [161] 
(Table 1).

 Cytokine Induced Memory-Like (CIML) and Adaptive 
NK Cells

NK cells, unlike antigen specific T and B cells, have classically been considered to 
exert short-lived, non-specific responses with no capacity to retain memory like 
responses. However, in recent years studies have suggested that NK cells have the 
capacity to elicit memory-like behavior [133, 179–182]. This phenomenon has been 
shown to occur following hapten exposure, viral infection or cytokine activation 
with a combination of cytokines (IL- 12, IL-15 and IL-18) [183, 184].

The first evidence of a memory like NK cell response was shown in a murine 
model of hapten-mediated contact hypersensitivity [180]. In this model, an epithe-
lial surface is exposed to organic or inorganic molecules that chemically modify 
proteins. These “haptenated” molecules are recognized by the immune system as 
foreign antigens, triggering a memory-like response. This memory response is 
known to be mediated by T and B cells, however in a Rag2 deficient mouse model, 
in which mice lack both B and T cells, a hapten-specific response was shown to be 
elicited by NK cells [180]. This NK cell response was long-lived and antigen spe-
cific with NK cells capable of acquiring memory of three distinct foreign molecular 
entities. Hepatic NK cells that were transferred to naïve mice retained memory-like 
features and antigen specificity [180]. Mechanisms responsible for hapten-related 
NK cell memory remain under investigation.

Evidence of a specific memory like NK cell subset came from studies of murine 
cytomegalovirus (MCMV) in which expansion of a Ly49H+ NK cell subset was 
observed in mice that were infected with this virus [185]. Further studies showed 
that the m157 glycoprotein that was expressed on MCMV-infected cells was recog-
nized by this receptor and that expanded populations of Ly49H+ NK cells exerted a 
more prominent immune response upon subsequent infections [186–188].

In an analogous fashion, CMV infection in humans has been shown to induce 
expansion of a population of NK cells that express the receptor NKG2C [189]. 
These CD56dimNKG2C+ NK cells show enhanced proliferation and cytokine 
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secretion in response to HCMV infected targets [189]. Similarly, in other viral 
infections such as Hepatitis C, HBV, EBV and HIV-1, an expansion of these 
NKG2C+ cells can be observed [190]. NK cell memory for CMV has been shown 
to be associated with chromatin modification and reduced DNA methylation as the 
IFN-𝛾 gene locus, suggesting a differentiated adaptive state, with specialization for 
response via CD16a, NKG2C, and selected other activating receptors [191, 192].

Inflammatory cytokines which are known to play a role in the differentiation and 
function of NK cells also have the propensity to induce a memory-like adaptive 
response in the absence of antigen stimulation. Cooper et  al. first showed that  
in vitro stimulation of NK cells with IL-2, IL-15 and IL-18 lead to an expansion of 
NK cells with enhanced IFN-𝛾 secretion following adoptive transfer into syngeneic 
B6 or syngeneic Rag1−/− mice [182]. These cytokine induced memory-like NK cells 
display enhanced proliferation, prolonged persistence in vivo and increased IFN-𝛾 
production upon re-stimulation. Subsequently, human NK cells were shown to also 
exhibit cytokine-induced memory-like responses. Brief activation with IL-1, IL-15 
and IL-18 endowed cells with the ability to exhibit enhanced IFN-𝛾 production 
[133, 193], as well as an enhanced response upon stimulation with K562 cells in 
vitro. This was true of both CD56dim and CD56bright NK cells subsets. CD56dim stimu-
lated cells were described to increase expression of CD94 and NKG2A as well as 
NKp46 and CD69 and CD56bright NK cells were shown to express NKp46 and CD69 
[133]. One important feature of memory-like NK cell biology is that the enhanced 
function is passed on to daughter cells following cell division, suggesting an epigen-
etic mechanism for a distinct memory-like NK cell differentiation state.

The mechanisms underlying differentiation of CIML NK cells are not fully 
understood. One established mechanism is the demethylation of the IFN-𝛾 locus. 
Stimulation with IL-12/15/18 increased the ability of these NK cells to maintain 
antitumor activity and IFN-𝛾 production which coincided with demethylation of the 
conserved non-coding sequence (CNS) 1  in the IFN-γ locus [194]. This genetic 
imprinting lead to the persistence of an IFN-𝛾 producing phenotype in a xenograft 
mouse model after adoptive transfer [194]. Additional epigenetic mechanisms are 
likely, and this remains an active area of investigation.

Leong et al. showed that human CIML activated NK cells CD25 the high affinity 
IL-2 receptor, elucidating a potential mechanism for their increased production of 
IFN-𝛾 following further activation [195]. Adoptive transfer into immunodeficient 
NOD-SCID-𝛾c−/− mice showed that human CIML activated NK cells expand and 
respond to IL-2 with enhanced survival and functionality [195]. This complemented 
prior work by the Cerwenka laboratory, demonstrating that murine memory-like 
NK cells took advantage of T-cell derived IL-2 in vivo, to enhance function and 
persistence [193]. In addition, Wagner et al. demonstrated that memory-like differ-
entiation rescued “unlicensed” hypofunctional cells, restoring their ability to 
respond to MHC-class I low target cells. In addition, CIML NK cells were shown to 
exhibit enhanced responses via CD16a, demonstrating their potential for antibody 
dependent responses [196].
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 CIML NK Cells in Cancer Treatment

CIML NK cells pose as an attractive target for cancer immunotherapies owing to 
their prolonged proliferation and persistence in vivo coupled with their augmented 
response against tumor targets in vitro.

In an in vivo mouse models of lymphoma and melanoma, adoptive transfer of 
IL-12, IL-15 and IL-18 activated NK cells in irradiated mice resulted in rapid NK 
cell proliferation and enhanced tumor control, compared to conventional NK cells 
[193]. In these mice activated NK cells proliferated rapidly, utilized T cell-derived 
IL-2, and resulted in reduced tumor growth and prolonged survival, compared to 
mice treated with conventional NK cells. This anti-tumor response persisted for 
months after adoptive transfer.

Studies with human NK cells showed similar results. In the first study purified 
human NK cells were stimulated with IL-12, IL-15 and IL-18 for 16 h in vitro. The 
cells were then rested in vitro with a low dose of IL-15 for 1–3 weeks. Following 
rest, these cells were shown to exhibit enhanced IFN-𝛾 production following cyto-
kine re-stimulation or, more importantly in response to tumor target cells blasts 
when compared to NK cells incubated with IL-12, IL-18 or IL-15 alone [133, 197]. 
This enhanced IFN-𝛾 production was shown to be true for both CD56dim and 
CD56bright NK cell subsets. Cells displaying enhanced IFN-𝛾 production had 
increased expression of CD94, NKG2A, NKG2C and CD69 as well as a lack of 
KIR and CD57. These cells were responsive to low concentrations of IL-2, where 
picomolar concentrations of IL-2 resulted in proliferation of these cells both in vitro 
and in vivo and enhanced IFN-𝛾 production and cytotoxicity. Human CIML NK 
cells were shown to exhibit higher granzyme B protein expression and increased 
cytotoxicity against leukemia targets or AML blasts in vitro [197]. This was further 
investigated in a xenograft model where the injection CIML NK cells showed per-
sistent expansion and trafficking to the bone marrow, spleen, liver and blood. In a 
model of leukemia CIML NK cells were shown to improve leukemia clearance sup-
ported by low dose IL-2 [197]. This effect was also shown in vivo in nonobese dia-
betic (NOD)/severe combined immunodeficient (SCID)/common gamma 
chain−/− (γc−/−) (NSG) mouse xenograft models of AML where CIML NK cells 
significantly reduced AML burden and improved overall survival [198].

In light of the pre-clinical evidence demonstrating improved anti-tumor responses 
by CIML NK cells, this approach was translated to the clinic as a cellular therapy. 
HLA-haploidentical adoptively transferred CIML NK cells were utilized in a phase 
I clinical trial [198, 199]. In this study, donor NK cells were purified by CD3 deple-
tion and CD56 positive selection, pre-activated for 12–16 h with IL-12, IL-15 and 
IL-18, washed and infused into patients who had received fludarabine and cyclo-
phosphamide for lymphodepletion. Low does (1 mIU/m2 every other day x 7) IL-2 
was administered following adoptive transfer. Memory-like NK cells were shown to 
peak in frequency between days 7 to 14 and decrease following recovery of the T 
cell compartment, persisting for at least 21 days [198]. In the bone marrow it was 
shown that at day 8 after infusion large percentages of donor NK cells were present. 
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It is important to note that there was heterogeneity here between donor and recipient 
pairs. Functional analysis revealed an increase in donor IFN-𝛾 producing NK cells 
in the peripheral blood and in the bone marrow. The overall IWG response rate for 
this study was 67% with a CR/Cri rate of 47%, suggesting that allogeneic transfer 
of CIML activated NK cells may be a promising therapeutic intervention for r/r 
AML [198]. Further correlative studies used mass cytometry to define a unique 
multidimensional phenotype, that was confirmed using donor or recipient- specific 
HLA monoclonal antibodies. Utilizing this mass cytometry on in vivo differentiated 
CIML NK cells, it was observed that supraphysiologic NKG2A induction on donor 
CIML NK cells associated with treatment failure. In vitro studies confirmed NKG2A 
is a dominant transcriptionally-induced checkpoint that limits CIML NK cells 
response to leukemia, as CRISPR/Cas9 gene editing or antibody- blockade restored 
CIML NK cell function against HLA-E+ leukemia targets [199]. It was also shown 
that the presence of CD8α expression on CIML NK cells was associated with treat-
ment failure, likely owing to reduced ability to proliferate in response to cytokine 
activation [199].

CIML NK cells have also shown promise in a pre-clinical models of solid can-
cers. For example, in an ovarian cancer model Uppendhal et al. showed that CIML 
NK cells displayed enhanced cytokine production and killing of ovarian cancer cells 
when compared to conventional NK cells [200]. This study showed that CIML NK 
cells exhibited enhanced effector function in the immunosuppressive TME [200]. 
Another recent study by Marin et  al. demonstrated that CIML NK cells exhibit 
enhanced responses against human melanoma. Here, both allogeneic healthy donor 
and melanoma-patient memory-like NK cells exhibited enhanced IFN-γ and killing 
of melanoma targets, compared to conventional NK cells. This included enhanced 
autologous response of a melanoma patients’ CIML NK cells against their own 
primary melanoma cells, and an in vivo model demonstrating CIML NK cells with 
improved melanoma control in NSG mice, compared to conventional NK cells [201].

Current clinical trials are investigating the potential for CIML NK cells in 
patients with myeloid malignancies to prevent relapse in the setting of allogenic 
HCT (NCT02782546), and for patients who have relapsed following haploidentical 
hematopoietic stem cell transplant (NCT03068819, NCT04024761). These studies 
are evaluating the use of CIML NK cells from the same stem cell donor to increase 
in vivo expansion and persistence of adoptively transferred CIML NK cells. The 
safety and efficacy of allogeneic CIML NK cells in patients with metastatic head 
and neck cancer is also under current investigation (NCT04290546). This study is 
evaluating the use of CTLA-4 inhibition with ipilumab prior to CIML NK cell infu-
sion with an aim to deplete intratumoral Tregs [200]. Patients enrolled on this study 
are also receiving IL-15 super-agonist which has been shown to preferentially acti-
vate NK cells without affecting Tregs in an aim to maintain durable CIML activated 
NK cell responses [202].

CIML NK cells also represent an intriguing platform for cellular engineering. 
The initial report showing clinical safety and preliminary efficacy of cord-blood 
derived CD19-CAR expressing NK cells in B cell malignancies provided proof of 
concept that CAR-engineering NK cells was both possible and promising [203]. 
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Gang et  al., showed that memory-like NK cells engineered with a CD19-CAR 
(41bb/zeta) had superior in vitro functional responses, compared to conventional 
blood NK cells, against NK-resistant B cell lymphomas [204]. Healthy donor and 
lymphoma patient CIML NK cells exhibited enhanced CAR-directed responses, 
including against autologous lymphoma targets. In vivo, CD19CAR-ML NK cells 
expanded and persisted in NSG mice, and induced responses against a B cell lym-
phoma model in vivo.

 Overcoming Tumor Evasion of the NK Cell Response

The interaction between NK cells and MHC-class I is important for the prevention 
of autoimmunity, however this mechanism is also hijacked by cancer cells to evade 
immune recognition and leads to energy of NK cells. One way that tumor cells 
evade NK cell control is to express inhibitory ligands HLA-E which acts via and 
NKG2A/CD94 to inhibit the activation of NK cells. Recently HLA-G has also been 
shown to bind to NKG2A/CD94 [205].

Monalizumab (previously IPH2201) is an anti-NKG2A checkpoint inhibitor that 
is currently under clinical investigation in head and neck cancer and ovarian cancer 
[206]. Blockade of NKG2A using monalizumab was shown to enhance NK cell 
activity against tumor targets [207]. In combination with PD-L1 blocking mAb dur-
valumab, monalizumab was shown to be effective in promoting both NKG2A+ NK 
cell and CD8+ T cell effector functions. Combination with anti-epidermal growth 
factor receptor (EGF-R) mAb also enhanced NK cell mediated ADCC adding 
weight to the benefit of its use in combination with other cancer mAb treat-
ments [207].

Alternative methods of tumor cell evasion include expression of ligands that bind 
to NK cell and cytotoxic T cell inhibitory “checkpoint” receptors including PD-1, 
lymphocyte activation gene 3 (LAG3), T cell immunoglobulin and mucin-domain 
containing-3 (TIM3) and T cell immunoreceptor with Ig and ITIM domains (TIGIT) 
[208]. Tumor cells also shed NKG2D ligands MICA and MICB to evade NK cell 
control as well as producing TGF-β and kynurenine which act to downregulate the 
expression of NKG2D itself [209].

Cancer immune therapies aim to bypass this tumor evasion and enhance the anti- 
tumor effects of NK cells, the use of checkpoint inhibition is a promising means for 
this. Checkpoint inhibition utilizes blocking antibodies that bind to the checkpoint 
receptor and prevent ligand binding [208]. This prevents the inhibition associated 
with tumor binding to cytotoxic T and NK cells [208].

Inhibition of PD-1 has become the most promising approach to cancer immuno-
therapy in recent years [208]. In vitro treatment of patient-derived PD-1+ NK cells 
with an anti-PD-1 antibody (pidilizumab, CT-011) was shown to increased NK cell- 
mediated killing of autologous cancer cells [210, 211]. In an in vitro system, cyto-
toxicity of NK92 cells and primary NK cells towards PD-L1 positive cancer cell 
lines was enhanced in the presence of anti-PD-L1 mAB with ADCC [212].
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TIM-3 is shown to increase in expression on NK cells with cancer progression. 
The ligand for TIM-3, GAL9 is expressed on the surface of tumor cells [213].  
TIM-3+ NK cells display an exhausted phenotype correlated with poor prognosis 
[214]. In vitro studies have shown highlight the potential for TIM-3 blockade as an 
immunotherapy [206].

Activation of TIGIT an inhibitory receptor expressed on NK cells that binds 
CD115 and CD112 has been shown to prevent in vitro cell killing of target cells. 
Antibody-mediated blocking of TIGIT, however was shown to successfully increase 
NK cell cytotoxicity [207, 215]. Clinical trials are currently investigating the use of 
TIGIT blockade as a monotherapy or in concert with anti-PD1/PDL-1 mAbs in the 
treatment of solid malignancies [216].

The fact that tumor cells upregulate HLA-E and other inhibitory molecules for 
KIR has sparked interest in creating KIR-blocking monoclonal antibodies. A 
humanized (mAb), IPH2101, has been generated and is currently tested in clinical 
trials. Preclinical in vitro and in vivo studies showed IPH2101-mediated KIR block-
ade on human NK cells increased killing of tumor cells [217]. In clinical phase I and 
II studies no severe side effects were observed in patients with acute lymphoblastic 
leukemia or multiple myeloma [218–220]. Unfortunately, however, significant anti-
tumor efficacy was not observed.

Efforts to reduce immune suppressive signaling from the tumor microenviron-
ment such as neutralization of TGF-β signaling have also shown some success in 
vitro [221, 222]. Antibodies recognizing tumor-specific epitopes are an alternative 
strategy to direct the cytolytic activity of NK cells towards malignant cells. One 
approach is to harness ADCC via CD16 (FcγRIIIA) with tumor specific IgG. There 
are currently, several ADCC therapies being tested in clinical trials in use in the 
clinic including, such as α-CD20, α-GD2, α-Her2, and α-EGFR mAbs. However, it 
is important to mention that CD16 is expressed not only on NK cells but also on 
activated myeloid subsets. This means that it is probable several hematopoietic lin-
eages contribute to the observed therapeutic effects of ADCC [218–220]. Besides 
mAbs, bispecific or trispecific killer engagers (BiKEs and TriKEs) that are able to 
target one or two different antigens on the tumor cell as well as binding to an alter-
nate epitope of the CD16 receptor are being developed. These have the promise of 
improved NK cell mediated ADCC effect [223]. When CD16 is activated it is shed 
by NK cells and recycled, thus reducing signaling for a period of time [224, 225]. 
This shedding is mediated by a metalloproteinase (MMP) ADAM17 also known as 
TNFα cleaving enzyme (TACE), a transmembrane protein that induces ectodomain 
protein shedding. Inhibition of this protein is associated with abrogated CD16 loss 
but has no effect on CD107a production by NK cells. Interestingly inhibition of 
ADAM17 actually leads to enhanced IFN-𝛾 production following CD16 activation 
[225]. Utilizing ADAM17 inhibitors is therefore of interest in combination with NK 
cell therapies [226, 227]. Development of NK cells expressing clip resistant CD16 
is also the subject of much interest in the field at present [145].

There has been overwhelming interest in the use of NK cells for cancer therapy 
in the past decade with extremely promising results associated with the use of NK 
cell associated haplo-identical stem cell transplants and efforts to generate 
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“off-the- shelf” novel immunotherapies utilizing NK cells. With their innate tumor 
killing abilities and ability to functionally adapt in response to cytokine stimulation, 
these cells remain at the forefront of cancer immune cell therapy today.
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Abstract Bispecific engagers are cancer immunotherapeutics that incorporate at least 
two antigen recognition domains and engager both a tumor-associated antigen and an 
immune effector cell surface molecule to facilitate targeted antitumor activity. This 
strategy is most advanced for CD19+ B cell malignancies, where the CD19xCD3 
bispecific T cell engager (BiTE) blinatumomab has achieved FDA approval. However, 
efforts are underway to expand the application of this technology to other malignan-
cies. This chapter reviews design strategies to decrease immunogenicity, alter kinet-
ics, enhance effector function, optimize antigen recognition, and direct specific 
assembly. Additionally, we explore alternative immune effector cell platforms and 
delivery methods. We describe the landscape of ongoing clinical studies of bispecific 
T cell and natural killer cell engagers for hematologic malignancies and solid tumors. 
As the clinical translation of bispecific immune cell engagers continues to advance, 
key additional considerations include the impact of the host immune environment, 
integration with other immune and conventional therapies, and mitigation of toxicities.

Keywords Bispecific antibody · Bispecific natural killer cell engager (BiKE) · 
Bispecific T cell engager (BiTE) · Cancer immunotherapy · Trispecific killer 
engagers (TriKE) · Dual affinity retargeting protein (DART) · Duobody · Diabody · 
Immune-mobilizing monoclonal T cell receptor against cancer (ImmTAC) · 
Monoclonal antibody

 Introduction

The advent of immunotherapy has come to revolutionize the oncology field in the 
last decades. Strategies such as checkpoint inhibitors, chimeric antigen receptor 
(CAR) T cells, and bispecific engagers have been the object of preclinical and clini-
cal evaluations [1, 2]. Bispecific engagers are bispecific antibodies that consist of at 
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least two antigen recognition domains. One recognizes a tumor associated antigen 
(TAA) and the other an activating cell surface molecule on an immune effector cell 
(e.g., T cells, natural killer (NK) cells) [3]. Thus, bispecific engagers redirect 
immune cells to tumor cells, facilitating antitumor activity.

Bispecific engagers are off-the-shelf protein therapeutics, an advantage over 
adoptive cellular immunotherapies which rely on a resource-intensive process to 
generate autologous or off-the-shelf cellular products. Clinical application of bispe-
cific engagers is most advanced for B cell malignancies, for which the CD19xCD3 
bispecific T cell engager (BiTE) blinatumomab is FDA approved [4]. There has 
been much interest in building upon this success to develop bispecific engagers for 
other hematologic malignancies and solid tumors [3]. This chapter outlines bispe-
cific antibody design, their biology considerations as well as ongoing clinical trials 
using T and NK cell engagers and combination strategies using innovative delivery 
systems [1, 2].

 Bispecific Antibody Design

Naturally occurring antibodies consist of a constant fragment crystallizable (Fc) 
region, which binds common receptors and mediates effector function, and two anti-
gen-binding fragment (Fab) regions, which confer specificity. Each Fab region is com-
prised of the variable domains of both a heavy (VH) and light (VL) chain [3]. Most 
antibodies found in nature can bind two or more identical binding epitopes (bivalent or 
multivalent molecules). Bispecific antibodies, on the other hand, are engineered to be 
able to recognize two different epitopes. For bispecific engagers, one binding site rec-
ognizes either an extracellular TAA or an intracellular TAA in the context of an MHC 
molecule, and the other an activating cell surface molecule on an immune effector cell. 
Bispecific antibodies can be generated by fusing antibody producing cell lines such as 
hybridomas, conjugating existing antibodies, or engineering recombinant proteins to 
allow for enhanced precision and control of structure [2]. Variations in bispecific 
engager design can modulate functional characteristics including immunogenicity, 
effector function, structure, and pharmacokinetics [2] (Figs. 1 and 2).

 Immunogenicity

Non-human components of therapeutic antibodies include murine-derived 
sequences, or de novo engineered proteins, both of which can lead to immune 
responses. These responses can manifest as acute or delayed hypersensitivity reac-
tions requiring close monitoring and management during infusion or formation of 
anti-drug antibodies which inhibit the therapeutic effect [5]. Early trials of bispe-
cific antibodies were limited due to human anti-mouse antibody (HAMA) responses 
[4] and there has been interest in mitigating the effects of non-human components 
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and decreasing immunogenicity of therapeutic antibodies. This has been achieved 
by replacing immunogenic components with human components, creating chimeric 
or humanized constructs [4]. Increasingly, fully human constructs are being gener-
ated using methods such as phage display to assess for anti-human reactivity and 
raising antibodies in mice transgenic for human IgG [2]. However, humanized con-
structs are still susceptible to anti-idiotype immune responses [6].

 Structure

Bispecific engagers can be classified depending on structural elements such as the 
presence or absence of the Fc domain, their symmetry, and the number of binding 
sites. Bispecific antibodies incorporating the Fc domain are larger and can be 
designed to closely replicate a naturally occurring immunoglobulin or including 
additional binding sites [3]. Including the Fc domain can impact the kinetics and 
mechanism of action of the bispecific antibody, as detailed in the Pharmacokinetics 
section. Pairing heavy and light chains to generate a functional bispecific molecule 
is a challenge in bispecific antibody design [3]. Genetic modifications such as the 
“knob-in-hole” design can encourage heterodimerization of the heavy chains [7–11] 
and force association of coordinating heavy and light chains [12–14]. Additionally, 

Fig. 1 Design strategies for bispecific T/NK cell engaging constructs. Components of naturally- 
occurring antibody (Ab) function are modified to render constructs bispecific. Strategies can 
decrease immunogenicity, alter kinetics by changing half-life (T1/2), enhance effector function, 
change the antigen recognition domain, and direct correct assembly of heterogenous components. 
FAB antigen binding fragment, Fv variable fragment, Fc constant fragment crystallizable region, VH 
variable heavy chain, VL variable light chain, scFv single chain variable fragment. Figure gener-
ated using Biorender

Biology and Clinical Evaluation of T/NK Cell Engagers



332

modifications in the Fc portion can allow for post-assembly purification of heterodi-
mers [15–17]. Modifications to the IgG structure creating symmetric forms include 
fusion of scFv to heavy or light chains [18] and fusion of additional domains are 
innovative configurations to confer dual specificity [3, 19].

Bispecific antibodies lacking the Fc domain are smaller molecules that use a 
single chain variable fragment (scFv) or a single domain (VH or VL) joined by a 
short linker, rather than a Fab region generated from 2 chains. This structure allows 
bypassing the challenges of directing cognate heavy and light chain pairing, BsAbs 
can be engineered without the Fc domain. Tandem scFv constructs joined by short 
linkers have been extensively studied [3, 20–22] and are the foundation of bispecific 
T cell engagers [23] and bispecific NK cell engagers (BiKEs) [24, 25]. Several other 
configurations have been explored, utilizing 1 to 3 binding sites per  antigen [3]. 
Some examples include diabodies, which are bispecific antibodies comprised of 2 
chains, each containing a VH and VL, with a short linker that doesn’t allow for 

Fig. 2 Representative bispecific antibody (BsAbs) formats. BsAbs can be classified based on the 
presence or absence of a functional Fc domain. The addition of an Fc domain can impact T1/2, 
BsAb flexibility and mechanisms of antitumor activity. CL constant light, CH constant heavy, scFv 
single chain variable fragment, BiTE bispecific T cell engager, DART dual-affinity retargeting. 
Figure generated using Biorender
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intrachain association [26–30]. Dual affinity retargeting (DART) proteins are a 
modification with covalent linkages between these chains [31]. Fusion proteins can 
link two antigen recognition regions in a fixed orientation without an Fc molecule 
[32–36]. Other methods fuse unique scFv regions or DARTs to Fc heterodimers [11, 
37].The small size of these molecules also allows for variations with multiple speci-
ficities [3]. A summary of selected bispecific antibody formats is presented in Fig. 2.

 Pharmacokinetics

The pharmacokinetics of antibodies are determined by molecular size. Smaller mol-
ecules have faster pharmacokinetics than larger molecules, with smaller molecules 
having predominantly renal clearance while larger molecules are predominantly 
cleared by the liver [2]. These molecules have a short half-life (T1/2) of 1–2 h, and 
thus require administration via continuous infusion [38, 39]. One method of extend-
ing the half-life of bispecific engager molecules to allow for intermittent administra-
tion is conjugation to albumin [40–43].

 Mechanism of Action

Monospecific antibodies act by activating Fc-mediated antibody effector functions 
such as complement-dependent cytotoxicity (CDC), antibody-dependent cellular 
cytotoxicity (ADCC), and antibody-dependent cellular phagocytosis (ADCP) [4]. 
Bispecific engaging antibodies activate the cytolytic capacity of immune cells and 
its mechanism of action depends on the presence or absence of the Fc region [3]. 
The mechanisms of bispecific antibodies that retain the Fc region involve 
Fc-mediated effector functions, similar to their monospecific counterparts, while 
bispecific antibodies engineered without an Fc domain act by establishing a cyto-
lytic synapse between tumor cell and immune cell, leading to release of perforin and 
granzyme B [44, 45]. The presence or absence of the Fc region also impacts size and 
subsequently half-life. An additional strategy which has been employed to enhance 
effector function and specificity is targeting a third antigen such as an additional 
tumor marker or pro-inflammatory cytokine [46, 47].

 Antigen Selection

As mentioned above, bispecific engagers bind to at least one TAA and one activat-
ing cell surface molecule on an effector immune cell. This brings the immune cell 
in proximity to the tumor, directing the cytolytic activity of the effector cell and 
inciting a local antitumor response. Optimal selection of TAA and activating cell 
surface molecule is key in establishing an effective engager therapy.
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 Tumor Antigens

The goal in selecting a TAA is to identify a marker which is differentially expressed 
on tumor cells with low to normal expression on healthy tissues to limit on-target 
off-tumor toxicity. Ideal TAAs have consistent homogenous expression throughout 
the tumor [48]. In contrast to naturally occurring T cell receptors (TCR) which rec-
ognize intracellular antigens in a major histocompatibility complex (MHC)-
restricted manner, antibody-based therapies recognize cell surface antigens and are 
not restricted by MHC. Engagers couple this unrestricted antigen recognition with 
the cytolytic capacity of immune effector cells [49]. An alternative strategy is to 
engineer a soluble TCR to allow for recognition of an intracellular antigen, though 
these are MHC-restricted [50, 51]. ScFVs can also recognize peptides in the context 
of HLA that are derived from tumor-associated neoantigens [52, 53]. While any cell 
surface antigen can be sufficient for anchoring the engager complex, antigens which 
are essential to tumor growth, proliferation, and carcinogenesis may be less suscep-
tible to immune escape as tumor cells are motivated to retain their expression.

 Immune Cell Antigens

Currently the most common approach in immune effector cell engagers for cancer 
immunotherapy is engaging T cells via CD3ε, a component of the T cell receptor 
complex (CD3) universally expressed on T cells [2]. When a T cell engager binds 
both CD3 and a tumor associated antigen, a cytolytic synapse forms, prompting 
release of perforin and granzyme B and killing of the target cell [44, 45]. Most con-
figurations are effective without including additional costimulatory molecules [54]. 
However, some models have shown enhanced activity with addition of costimula-
tion [2, 55, 56] by methods such as engaging the T cell through the agonistic CD28 
or 4-1BB receptors rather than CD3 [57, 58].

Additional approaches have involved engagement of NK cells. NK cell activity 
is regulated by a balance between activating and inhibitory receptors. A primary 
strategy for engaging NK cells through bispecific engagers is targeting the NK cell 
receptor CD16, also known as FcγRIII [24]. Incorporating additional stimulation 
through interleukin-15 (IL15) enhances proliferation and survival [59]. More 
recently, engagement of NK cells through NK cell receptor G2D (NKG2D) has also 
been described [60–62]. NKG2D is expressed not only on NK cells, but also on NK 
T cells, activated CD8+ αβ T cells, γδ T cells, and activated macrophages [63]. 
Bispecific immunoligands which engage NK cells through the activating NKp30 
receptor have also been evaluated in preclinical studies [64, 65]. Invariant natural 
killer T cells (iNKT), an immune effector subset with potent antitumor activity, 
have been harnessed through targeting CD1d [62, 66]. An alternative strategy to 
specifically direct innate immune responses to tumor cells using bispecific antibod-
ies is by blocking inhibitory receptors on tumor cells. An example is a bispecific 
antibody targeting CD19 and CD47, a molecule upregulated on tumor cells which 
typically inhibits macrophage-mediated killing [67].
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 Clinical Translation of Bispecific Engagers

The clinical translation of bispecific engagers was initially dampened by limited 
antitumor activity and toxicities ranging from cytokine release syndrome [1] to 
severe immune-mediated hepatotoxicity [68, 69]. However, the success of blinatu-
momab, a CD19xCD3 BiTE in the treatment of B-cell malignancies, its FDA 
approval and rapid integration into clinical practice have propelled a robust pipeline 
developing T cell redirecting bispecific engagers [4], and selected clinical studies 
are highlighted in Table 1.

Table 1 Selected clinical trials using T cell Engagers

Target T cell engager type

Reference or 
Clinicaltrials.gov 
ID

Hematological 
malignancies

B-ALL/NHL CD19 BiTE (blinatumomab) [4, 71–74, 169, 
170]

Tandab (AFM11) NCT02848911a

DART (MGD011, 
duvortuxizumab)

NCT02454270a

CD20 Triomab (FBTA05, 
lymphomun)

[83, 171–173]

Duobody (epcoritamab) NCT04628494
NCT04623541
NCT03625037

BsAb (mosunetuzumab, 
glofitamab, 
odronextamab, 
plamotamab)

NCT02500407, 
[87]
NCT03677154
NCT03075696, 
[85]
NCT02290951, 
[84]
NCT03888105
NCT02924402 
[86]

AML CD123 DART (flotetuzumab) [88–90]
Duobody NCT02715011
XmAb (XmAb14045) NCT02730312

CD33 BiTE (AMG330) [4, 91, 92]
TandAb (AMV 564) NCT03144245

FLT3 BiTE [93]
MM BCMA BiTE NCT02514239, 

NCT03287908
Xmab (PF3135) NCT03269136

(continued)

Biology and Clinical Evaluation of T/NK Cell Engagers

http://clinicaltrials.gov


336

 T Cell Engagers

In addition to blinatumomab, clinical studies are advancing for other hematologic 
malignancies including non-Hodgkin lymphoma (NHL), acute myeloid leukemia 
(AML)/myelodysplastic syndrome (MDS), and multiple myeloma [1, 4]. While 
application to solid tumors has been challenged by identification of ideal antigens 
and the impact of an immune suppressive microenvironment, several strategies are 
in development to address these issues and are proceeding to clinical trials [1, 70].

 Hematologic Malignancies

Blinatumomab, a CD19xCD3 BiTE, has become the bellwether for clinical applica-
tion of bispecific T cell engagers. Blinatumomab can induce minimal residual 
disease- negative complete responses in patients with refractory B-ALL, though 
these responses are not sustained, and patients require additional consolidative ther-
apy [38, 71]. Blinatumomab is administered via continuous infusion in 28-day cycles, 
reversible but serious immune-related adverse events including neurotoxicity and 
cytokine release syndrome have been described and counteracted by measures such 
as staged dose increase and dexamethasone prophylaxis [38]. A phase III study in 
adults with B-ALL demonstrated improved survival compared to conventional che-
motherapy and blinatumomab was approved for adult patients in 2014. Safety and 
efficacy were established in pediatric patients [39], and approval was extended to 
pediatric patients in 2018 [72]. A subsequent randomized Phase III study in pediat-
ric patients in first relapse through the Children’s Oncology Group was stopped 
early due to superior efficacy in the blinatumomab arm, and ongoing studies are 
evaluating expanding indications for blinatumomab for higher-risk patients [4, 73, 
74]. While initially evaluated in Ph− patients, subsequent investigation in Ph+ 
patients demonstrated response [75]. Ongoing studies include evaluation of 

Target T cell engager type

Reference or 
Clinicaltrials.gov 
ID

Solid tumors Colon carcinoma CEA CEAxCD3 [14, 105, 106]
Neuroblastoma GD2 Humanized 3F8 BsAb NCT03860207
Prostate cancer PSMA BiTE (Pasotuxizumab) [112]
Lung cancer DLL3 BiTE (AMG 757) [109]
Breast, prostate Her2 Ertumaxomab [110, 111]
Metastatic uveal or 
cutaneous 
melanoma

Gp100 Tebentafusp 
(gp100xCD3)

[113]

aTerminated due to strategic decision

Table 1 (continued)
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blinatumomab with tyrosine kinase inhibitors in this population [76–79]. While the 
safety of this combination strategy has been established, there is concern based on 
preclinical evidence that some tyrosine kinase inhibitors may limit efficacy of T 
cell- based therapies due to inhibition of TCR signaling [80]. Blinatumomab has 
also induced response in CD19+ non-Hodgkin lymphomas (NHL) including Diffuse 
Large B Cell Lymphoma (DLBCL), and phase II/III studies are underway [4, 81], 
in addition to combination therapies [82]. Other design variations of CD19xCD3 
engagers are being clinically evaluated, including tetravalent diabodies, DARTs, 
tandem antibodies, bispecific antibodies, and trifunctional antibodies [4]. 
CD20xCD3 bispecifics have also been shown to induce moderate clinical response 
in B cell malignancies [83] and additional constructs are under evaluation with 
promising early results in Non-Hodgkin Lymphomas [84–87].

Translating targeted immune therapies to AML has been challenging because 
most common antigens in AML are also expressed on hematopoietic progenitors or 
mature neutrophils. Thus, the impact on hematopoietic recovery is an important 
consideration in clinical application of these therapies. Despite this challenge, 
CD123 and CD33 have emerged as attractive candidates in AML. Flotetuzumab is 
a humanized CD123xCD3 DART which is undergoing phase I/II evaluation. Early 
results have demonstrated clinical activity, with correlative analysis indicating that 
pre-treatment immune signatures and presence of TP53 mutations are associated 
with response [88–90]. Additional CD123xCD3 strategies include bispecific anti-
bodies, duobody, and XmAb [4]. AMG330, a CD33xCD3 BiTE, has shown pre-
clinical activity in AML and is undergoing phase I evaluation [4, 91, 92]. In addition, 
clinical evaluation is underway for CD33xCD3 TandAbs. Other AML antigens tar-
geted with T cell engagers include early clinical studies for T cell engagers specific 
for FLT3 [93] and CLL1 (CLEC12A) [1], as well as preclinical development of 
CLL1xCD3 BiFabs [4].

B cell maturation antigen (BCMA) is an antigen almost exclusively specific to 
the malignant plasma cells of multiple myeloma, which makes it an attractive 
immunotherapeutic target. Several bispecific T cell-engaging BCMAxCD3 con-
structs being tested in early phase clinical trials, including BiTEs, bispecific Fab 
molecules, and XmAbs [4]. The bispecific antibody teclistamab had an acceptable 
toxicity profile in phase I evaluation and at therapeutic doses was able to generate 
durable remissions, prompting ongoing phase II evaluation and combination studies 
[94–96]. Additional bispecific antibodies PF06863135 and REGN5458 are being 
evaluated in phase I studies and have thus far been tolerated with some evidence of 
clinical activity [97, 98]. In a phase I study of AMG 420 a maximum tolerated dose 
was established, at which stringent complete responses were achieved, and is pro-
ceeding to further clinical studies [99]. TNB-383B incorporates 2 heavy-chain only 
BCMA recognition sequences coupled to 1 unique CD3 recognition sequence 
which aims to preferentially activate effector T cells [100]. A dose-dependent 
response has been observed in ongoing phase I evaluation [101]. Phase I studies are 
also underway evaluating FcRH5xCD3 and GPRC5DxCD3 in multiple myeloma [1].
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 Solid Tumors

Early clinical experience has shown feasibility and safety of T cell engagers in solid 
tumors, though with only modest efficacy [2]. Catumaxomab, an EpCamxCD3 tri-
functional antibody administered via intraperitoneal injection, was evaluated in a 
phase II/III study and initially approved in the European Union for management of 
malignant ascites [102]. However, it was subsequently withdrawn from the US and 
European markets for commercial reasons. Escalation attempts of other EpCamxCD3 
systemic therapies were hampered by dose limiting toxicities and did not demon-
strate increased clinical efficacy [103, 104].

Due to the heterogeneity of solid tumors, tumor-associated antigens which are 
expressed on multiple tumor types are attractive targets. Examples of such antigens 
under investigation with T cell redirecting engagers include B7-H3, EGFR/
EGFRvIII, GPC3, MUC1, P-cadherin, PRAME, PSCA, PD-L1, and 5T4 [1, 70]. 
Multiple carcinoembryonic antigen (CEA)xCD3 constructs are under clinical eval-
uation for CEA+ tumors including colorectal cancer, with early data supporting 
safety of combination therapy with the checkpoint inhibitor atezolizumab [14, 105, 
106] and favoring continuous infusion for optimal therapeutic index [107, 108]. 
Additional antigens being targeted clinically with T cell engagers for gastrointesti-
nal tumors include MUC17, GUCY2c, gpA33, and CLDN18.2 and for small cell 
lung carcinoma DLL3 [1, 109]. A SSTR2xCD3 engager is in early trials for neuro-
endocrine tumors, and a GD2xCD3 engager for neuroblastoma [1].

HER2 has been explored as a target for breast, prostate, and other solid tumors. 
Initial clinical experience with ertumaxomab, a HER2xCD3 antibody, provoked an 
immune response and had limited antitumor activity [110, 111]. Ongoing studies 
evaluate HER2xCD3 in combination with the checkpoint inhibitor pembrolizumab, 
in addition to HER2 targeting constructs engaging T cells via 4-1BB70. 
Pasotuxizumab, a PSMAxCD3 BiTE, was well tolerated and showed dose- 
dependent clinical response in a phase I study [112]. Ongoing studies are assessing 
the activity of PSMAxCD3 engagers in prostate as well as other solid tumors, both 
alone and in combination with pembrolizumab [70]. In addition to targeting PSMA, 
STEAP1xCD3 T cell engagers are undergoing early clinical evaluation in prostate 
cancer and MUC16 and MSLN in ovarian cancers.

A phase I/II study of tebentafusp, a gp100xCD3 bispecific agent utilizing a sol-
uble TCR, in HLA-A2+ patients with metastatic uveal or cutaneous melanoma 
established the maximum tolerated dose with dose limiting toxicities related to 
cytokine release [113]. Efficacy was most notable in patients with uveal melanoma, 
and expanded clinical studies are underway in this population [113]. This platform 
fusing a tumor antigen-specific TCR and CD3 scFv, described as immune- mobilizing 
monoclonal T cell receptor against cancer (ImmTAC), has also been evaluated clini-
cally targeting MAGE-A4 positive solid tumors [114].
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 Bispecific Innate Immune Cell Engagers

NK cells are a key component of cancer immunosurveillance which have been 
exploited for cancer immunotherapy. Their activity is modulated by a balance of 
activating and inhibitory receptors, with healthy cells expressing predominantly 
inhibitory receptors and some tumor cells increasing expression of activating recep-
tors [24]. The goal of natural killer cell engager therapy is to add additional tumor- 
directed specificity to this response, along with stimulation of activating receptors. 
BiKEs have been generated against several tumor antigens, and have been given 
additional specificities including additional tumor-specific antigens or stimulatory 
cytokines to generate trispecific killer engagers (TriKE) trifunctional natural killer 
cell engagers (NKCE) or tetraspecific killer engagers (TetraKE) [24, 47, 59, 115–
119]. Macrophage-mediated antitumor activity can be engaged using a bispecific 
CD19xCD47 antibody. CD47 is ubiquitously expressed and serves as an inhibitory 
signal for macrophages, and when co-engaged with a tumor antigen allows for 
antibody- dependent cellular phagocytosis [67].

 Hematologic Malignancies

Like T cell engagers, the preclinical and clinical evaluation of NK engagers in 
hematological malignancies has focused on B-cell malignancies (CD19, CD22) and 
MDS/AML (CD33, CLEC12A). Preclinical evaluation of BiKEs and TriKEs spe-
cific for 1 (CD19xCD16) or 2 tumor-associated antigens (CD19xCD22xCD16) 
showed specific antitumor activity in B cell malignancies including ALL, B cell 
lymphoma, and chronic lymphocytic leukemia (CLL), with NK cell activation 
mediated through direct CD16 signaling [117, 120, 121]. CD19 has also been tar-
geted with NK cells via NKG2D [61] and iNKT cells via CD1d51. A CD33xCD16 
NK cell engager demonstrated antitumor activity in MDS/AML and was improved 
with the addition of IL15 [59, 122, 123]. GTB-3550, the CD33 x CD16 x IL15 
TriKE, is being evaluated in an ongoing phase I/II clinical trial. CLEC12A is an 
additional antigen under evaluation as a TriKE for AML [124].

AFM13, a CD30xCD16 NK cell engager, was well tolerated in a phase I study 
for Hodgkin lymphoma, both as a single agent [30] and in combination with pem-
brolizumab [125] and is undergoing phase II evaluation. In multiple myeloma pre-
clinical cytolytic activity has been demonstrated with CS1xNKG2D and 
BCMAxNKG2D bispecific antibodies, mediated through activation of NK cells 
along with other NKG2D+ effectors [60, 62].
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 Solid Tumors

The use of NK engagers against solid tumors has centered around breast cancer 
(HER2) and different carcinomas (EpCAM, CD133, CEA). Clinical evaluation of 
2B1, a HER2xCD16 bispecific antibody in patients with refractory breast cancer 
induced an immune response but did not have notable antitumor activity [126, 127]. 
HER2xCD1d engagers have also been evaluated preclinically [62]. NK engagers 
targeting additional solid tumor antigens are under investigation, including BiKEs 
and TriKEs specific for B7-H3 which are applicable across a spectrum of solid 
tumor models [118, 128]. EpCAMxCD16 and CD133xCD16 engagers demon-
strated activity in preclinical carcinoma models and have been augmented by addi-
tion of IL15 or used in combination (CD133xEpCAMxCD16xIL15) [25, 115, 116, 
129]. Natural killer cells engaged through NKG2D have shown antitumor activity 
in various preclinical models [63] including targeting CEA in colon carcinoma 
[130] and CD24 in hepatocellular carcinoma [131].

 Alternative Delivery Methods and Adoptive 
Cellular Therapies

Traditional delivery methods of bispecific immune effector cell engagers are limited 
by the reliance on an intact host immune system and requirement for frequent or 
continuous dosing. Coupling engagers with ex-vivo expanded adoptive cellular 
therapy products provides additional capacity to generate an antitumor immune 
response and is a platform on which costimulation or additional tumor antigen tar-
geting for localization can be added. The endogenous generation of engagers 
through cellular products, nucleic acids, and oncolytic viruses allows for continuous 
exposure to molecules with a short half-life.

 Bispecific Antibody Armed Activated T Cells

Armed activated T cells are generated by autologous pheresis, activation of T cells, 
incubation with a bispecific antibody, washing out any residual antibody, then infus-
ing the activated T cells with bound bispecific antibody to the patient [132, 133]. 
This was first clinically described with local injection of T cells armed with a CD3 
and anti-glioma antibody [132]. The technique was subsequently employed with 
intraperitoneal injection of Mov28xCD3 and folate receptor(FR)xCD3 armed T 
cells in patients with ovarian cancer [134]. In a pilot study, CD20xCD3 armed T 
cells were well tolerated after autologous hematopoietic cell transplant in patients 
with non-Hodgkin lymphoma [133, 135]. In a phase I studies HER2xCD3 armed T 
cells were tolerated in patients with breast and prostate cancer, in combination with 
granulocyte-macrophage colony stimulating factor (GM-CSF) and low dose IL2, 
with only modest antitumor activity [136, 137]. More recent clinical investigations 
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have expanded to EGFRxCD3 armed T cells for pancreatic cancer [138]. CS1xCD3 
armed T cells are under preclinical development for multiple myeloma [139]. To 
enhance the cytolytic capacity of armed T cells, preclinical work is evaluating 
CD19-CAR T cells armed with either HER2xCD3 or EGFRxCD3 antibodies to 
assess the ability to engage the intracellular signaling components of the CAR in 
CD19 negative targets [140].

 T Cells Secreting Bispecific Engagers

T cells have been engineered to secrete bispecific engaging molecules to administer 
adoptive cellular therapy while engaging the local inflammatory response. An 
advantage of this method over systemic administration of bispecific engagers is that 
the engagers are secreted at the site of action, limiting systemic toxicities [141, 
142]. In this method T cells are activated and expanded, engineered by transduction 
with a lentiviral or retroviral vector or electroporated with RNA encoding the bispe-
cific engager, expanded, and then evaluated in functional assays or infused [141]. 
Because the engager molecule is then produced by the T cell, this allows for con-
stant exposure to a small molecule with a short half-life without the requirement for 
continuous or frequent infusion. The secreted bispecific molecule can engage both 
the adoptively transferred T cells and bystander T cells, augmenting the antitumor 
effect [143]. In vitro and in vivo antitumor activity has been demonstrated across a 
range of tumors, including EphA2xCD3 and CEAxCD3 in solid tumors [143–145], 
CD19xCD3 in ALL [146, 147], and CD123xCD3 in AML[148]. One limitation to 
this strategy in comparison to other adoptive cellular therapies such as CAR-T cells 
is the lack of costimulation, which may dampen the magnitude of the antitumor 
response. This can be augmented by expressing additional ligands on the T cell 
which induce costimulation through CD28 or 4-1BB56. In AML models, activity of 
T cells secreting a CLEC12AxCD3 engager was enhanced by addition of a chimeric 
CD123.IL7Rα receptor, with a dual antigen-specific effect [149]. An additional 
strategy to utilize dual antigen specificity is secreting a bispecific engager from a 
CAR-T cell. This was demonstrated with CAR-T cells targeting tumor-specific epi-
dermal growth factor receptor vIII (EGFRvIII) in glioblastoma secreting a wild 
type-specific EGFRxCD3 engager, with the goal that the engager would be secreted 
at the local tumor site to enhance antitumor activity while minimizing systemic on- 
target off-tumor toxicity [150].

 Alternative Delivery Methods

In addition to T cells, other cell types have been engineered as delivery mechanisms 
for T cell engagers allowing for sustained exposure after a one-time infusion. 
Macrophages secreting an EGFRvIII specific T cell engager had in vivo activity in 
glioblastoma models, which was enhanced when macrophages also secreted IL12, 
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with a hypothesis that macrophages will preferentially localize to tumor sites opti-
mizing local delivery [151]. Alternative strategies have utilized mesenchymal stem 
cells (MSC) as a vehicle for expression of engager molecules. Confined to an extra-
cellular matrix scaffold, engineered MSCs secreted a CEAxCD3 diabody which gen-
erated systemic in vivo antitumor activity [152]. In a hepatocellular carcinoma model, 
MSCs engineered to secrete GPC3xCD3 engagers had in vitro and in vivo antitumor 
activity which was enhanced by added costimulation through CD28 or 4-1BB [153].

Non-cellular based delivery methods have been explored to improve sustained 
delivery of engager molecules. Synthetic nucleic acids including mRNA and DNA 
vectors have generated endogenous production of engager molecules which demon-
strate antitumor activity comparable to corresponding purified bispecific antibodies 
[154–156]. Oncolytic viruses are an attractive delivery method as a single agent 
therapeutic which enhances the local antitumor immune response through multiple 
mechanisms. Oncolytic viruses which have been engineered to secrete T cell engag-
ers demonstrated antitumor activity in preclinical solid tumor models and are under-
going further development [157–160].

 Challenges and Future Directions for Engager Therapy

Despite successes such as the expanding use of blinatumomab in B-ALL, there are 
challenges to be addressed to improve bispecific immune effector cell therapies and 
effectively apply them in other malignancies. Engager therapies rely on the host 
immune system and hence, quantitative or qualitative deficiencies in host immune 
cells resulting from the underlying malignancy or prior treatment can limit efficacy. 
In addition, resident T cell exhaustion and expression of inhibitory ligands can blunt 
the effectiveness of T cell-based immunotherapies, either preventing or limiting 
antitumor activity [1, 14].

Combining bispecific engager with adoptive cellular therapies or small mole-
cules, as well as modifications to the timing of engager therapy within a treatment 
regimen may support the host immune system and increase the chance of success. 
Strategies to mitigate exhaustion include combining engagers with checkpoint 
inhibitors and targeting specific subsets of immune effector cells [70, 100, 105, 106, 
161, 162]. In addition to intrinsic qualities of immune effector cells, the immuno-
suppressive microenvironment limits efficacy of engager therapies, particularly in 
solid tumors. This includes cellular components, cytokines and other soluble fac-
tors, and structural considerations [1]. Targeting stromal components, immune sup-
pressive cells, and exploring combination therapies are all strategies to mitigate the 
inhibitory impact of the microenvironment [1].

One strategy to improve specificity is designing engager prodrugs that are spe-
cifically activated in the tumor microenvironment or assembled in the presence of 
tumor antigens [163–166]. When considering bispecific engager therapies beyond 
CD19-targeted BsAbs, antigen selection is crucial for guaranteeing the effective-
ness bispecific engager therapy. Low levels of tumor antigen expression contribute 
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to suboptimal potency, and immune escape is a key mechanism of resistance to or 
relapse after immune effector engager therapies. Shared expression between tumor 
antigens and healthy tissues can lead to on-target off-tumor toxicity. Targeting more 
than one antigen is a strategy which is being employed to increase specificity, apply 
additional selective pressure to prevent immune escape, and improve safety profile 
[1, 117, 148]. While immune-mediated side effects including cytokine release syn-
drome continue to be a common concern with immune effector cell-redirecting 
therapies, the understanding of optimal management strategies continues to advance 
[167, 168]. As this robust pipeline of enhancement strategies translates to the clinic, 
it is likely that the indications for bispecific immune effector cell engaging therapies 
will continue to expand.
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Abstract Cellular therapy has made a landmark change within the treatment para-
digm of several solid and hematologic malignancies. Novel cellular therapy prod-
ucts, such as chimeric antigen receptor (CAR) T-cell, have demonstrated impressive 
efficacy and produced durable responses. However, cellular therapies have been 
associated with significant toxicities as well as financial burden. Most of these ther-
apies have been administered in the inpatient setting due to their toxicity profile 
particularly with cytokine release syndrome and neurological complications. 
Improved toxicity management strategies and better understanding of cellular ther-
apy processes have been recently established. Therefore, efforts to transition cellu-
lar therapies to the outpatient setting are warranted with the potential to translate 
into enhanced patient quality of life as well as cost-savings. A successful launch of 
outpatient cellular therapies requires several components including a multidisci-
plinary cellular therapy team, and an outpatient center with appropriate clinical 
space and personnel. Additionally, a plan for patient workflow, criteria for admis-
sion upon clinical decompensation, toxicity management guidelines, and incorpora-
tion of telemedicine should be implemented. Effective education about cellular 
therapy and toxicity management is imperative especially for the Emergency 
Department and Intensive Care Unit teams. This information will be discussed to 
support patients as cellular therapy programs transition to outpatient treatments.
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 Introduction

Cellular therapy products hold the promise of providing an unmet therapeutic need 
for several resistant solid and hematologic malignancies. The use of cellular ther-
apy, particularly with chimeric antigen receptor (CAR) T-cell therapy, has greatly 
impacted the treatment paradigm of large cell lymphoma, acute lymphoblastic leu-
kemia, mantle cell lymphoma, and multiple myeloma [1–3]. Tumor infiltrating lym-
phocytes (TIL) is another form of cellular therapy which though still being developed 
in solid tumors, has shown great promise in the treatment of melanoma [4] Although 
these cellular therapy products are producing robust responses with promising effi-
cacy, treatment is associated with various mild to serious adverse events. CAR 
T-cell therapy has peculiar toxicities that occur within the first few days to weeks of 
treatment namely cytokine release syndrome (CRS) and immune effector cell- 
associated neurotoxicity syndrome (ICANS) have necessitated treatment in the 
inpatient setting during each of the pivotal trials [5]. Now that there are data-driven 
management guidelines for patient care, and several products are approved for com-
mercial use, it seems reasonable to explore mechanisms to transition that care to the 
outpatient setting [5].

The term outpatient therapy connotes a situation in which the evaluations and 
interventions in patient care are provided in a designated space that is not consid-
ered to be an inpatient setting because it is unable to provide medical care for 24 h. 
The type and degree of interventions, equipment(s) used in that setting, length of 
time that the area is staffed and the number of days that it is open can be quite vari-
able. Although cellular immunotherapy in lymphoma is new, cellular therapy in 
general is not. Allogeneic hematopoietic cell transplant (HCT) is a form of cellular 
therapy that started many decades ago exclusively in the inpatient setting. It has now 
moved largely to the outpatient setting, at least in part, in many centers especially 
for matched related transplants. Other forms of transplants such as haploidentical 
HCT are also being transitioned to the outpatient setting with planned admissions 
for toxicity management. Other forms of cellular therapies include but not limited 
to T cell receptor gene modified T cells (TCR-T cells), viral CTLs (cytotoxic T 
lymphocytes), unmodified or genetically modified natural killer (NK) cells, and 
tumor infiltrating lymphocytes (TILs). In the case of the approved cellular therapy 
products for lymphoma, namely axicabtagene ciloleucel (Yescarta®), tisagenlecleu-
cel (Kymriah®), and lisocabtagene maraleucel (Breyanzi®), the early trials were 
done in the inpatient setting [6–8]. However, the management protocols have 
improved to the extent that some form of outpatient therapy or at least an explora-
tion of such is warranted (Fig. 1).

 Rationale

The ultimate goal of developing an outpatient cellular therapy center is to deliver 
optimal patient care and at the same time utilize health care resources judiciously. 
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There are many reasons why outpatient therapy is preferred if it can be done as 
safely as in the inpatient setting [9, 10]. Many hospitals operate under conditions in 
which they have to be judicious with the use of resources. This lack of redundancy 
makes it problematic to accommodate unplanned admissions which are likely to 
occur in patients receiving cellular therapy in the outpatient setting. On a positive 
note, the ability to treat patients in the outpatient setting will free up hospital beds 
that can then be used to care for other patients with acute complications.

There are also economic factors that need to be considered. For example, 
Medicare reimbursement for CAR T-cell therapy done in the inpatient setting often 
leaves the healthcare facility at a cost deficit. Contrarily, outpatient care does not 
attract nearly as much of a deficit. Reimbursement contracts are less favorable if 
patients end up being admitted within 3 days of receiving a drug (including CAR 
T-cell therapy) because the institution is reimbursed at a lower rate. Additionally, 
each center may have different workflows in terms of acquiring tocilizumab insur-
ance approval. Some centers are able to bundle the authorization as part of the entire 
CAR T-cell therapy case agreement or case rate. Other centers may need to submit 
a claim for tocilizumab coverage separately and ensure it is approved in anticipation 
of needing to use it emergently in the outpatient setting.

Finally, there are patient comfort considerations that argue in favor of outpatient 
therapy. The treatment paradigm for CAR T-cell therapy is similar to autologous 
HCT and there is evidence that quality of life and patient satisfaction is better with 
outpatient compared to inpatient transplant [11–13].

New Pa Consult 
with History/Phyisical 

and Approval

Apheresis & Cell 
Manufacturing Bridging Chemotherapy*

L
Chemotherapy Cell Infusion

Daily Clinic Visits^ +/-
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Telemedicine Visits (x7-
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(through day 30 post-
infusion)
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Fig. 1 Outpatient cellular therapy workflow for CAR-T. *If needed based on disease burden. 
^Each visit should include key laboratory monitoring including but not limited to CBC, CMP, 
LDH, CRP, ferritin, PT, PTT, INR, and fibrinogen
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 Barriers

There are specific barriers that need to be overcome in order to provide outpatient 
cellular therapies including CAR T-cell therapy. These include but are not limited 
to, familiarity with the cellular product and symptoms that warrant prompt interven-
tion, housing with sufficient proximity to the hospital or admission facility (prefer-
ably 30 min to 1 h), a reliable caregiver, availability of beds to admit a patient on a 
semi emergent basis, and ability to ensure prompt intervention with tocilizumab, 
corticosteroids, and extended spectrum antibiotics.

 Determinants and Components of a Successful 
Outpatient Program

 Key Factors in Planning Phase

Establishing an outpatient cellular therapy center is highly desirable given its poten-
tial for improving patient quality of life as well as beneficial financial implications 
for health care systems. Cellular therapy programs preparing for establishing outpa-
tient cellular therapy centers should perform careful evaluations to ensure adequate 
resources including clinical space and health care workforce are provided and prop-
erly allocated. Additionally, a comprehensive Standard Operating Procedure (SOP) 
Manual needs to be prepared and updated regularly as one of the main requirements 
of FACT (Foundation for the Accreditation of Cellular Therapy) accreditation for 
cellular therapy centers. The dedicated outpatient cellular therapy center should 
ensure it is capable of fully supporting the needs of these patients across each phase 
of outpatient therapy. Any remaining gaps should be addressed and resolved before 
initiating the launch of outpatient cellular therapy program.

 Clinical Space and Logistics of Patient Care

The implementation of a successful outpatient cellular therapy program requires a 
significant logistical planning and execution. In regards to physical location, an out-
patient cellular therapy center should be the dedicated place for the primary compo-
nents of cellular therapy including lymphodepletion therapy/conditioning 
chemotherapy infusion of cellular products, patient and provider visits, and toxicity 
monitoring and management. Ideally, the center should have open hours 7 days a 
week for at least daily patient’s visit for the first 2 weeks post infusion to ensure 
specialized providers can evaluate and manage potential toxicities for example CRS 
and ICANS in patients receiving CAR T-cell [5, 14]. If the dedicated infusion center 
does not support weekend open hours, an alternative option is for the team to offer 
telemedicine visits provided by on-call physicians, hematology/oncology fellows, 
or advanced practice providers (APPs).
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 Workforce

A cohesive cellular therapy multidisciplinary healthcare team is by far the most 
important component of an outpatient cellular therapy program. This core group 
should consist of multiple entities including cellular therapy physicians plus a medi-
cal director, cellular therapy coordinators, APPs, nurses, financial coordinators, 
apheresis and cellular therapy lab personnel, clinical pharmacy specialists, social 
workers, case managers, and procurement personnel. Alliances to this central group 
include pharmacy informatics, emergency department (ED) staff and intensive care 
unit (ICU) staff, and hospitalists [15].

The members of the core cellular therapy team will assume certain roles and 
responsibilities, but the cellular therapy program should ensure each responsibility 
has a designated member to be carried out appropriately. The cellular therapy physi-
cians and APPs should confirm that patients meet criteria to proceed with outpatient 
treatment. The providers will also be heavily involved in monitoring and managing 
cellular therapy related toxicities. Once the need for cellular therapy is identified, 
the financial and procurement coordinators should be in charge of developing case 
rates/agreements, placing orders for the products, and verifying the submission and 
reimbursement of claims. The case managers and social workers are primarily 
focused on arranging plans for dedicated caregivers and local housing if patients 
need temporary housing near the outpatient cellular therapy center. The cellular 
therapy coordinators are heavily involved in scheduling patient visits, educating 
patients and caregivers on appropriate on-call contacts, and logistics regarding the 
treatment. The apheresis and cellular therapy lab personnel will work together to 
collect, process, ship, store, and transfer the cellular products to the outpatient cel-
lular therapy center. They are also fundamental in coordinating the time of cell infu-
sion given most products have short expiration times. The clinical pharmacy 
specialists are involved in creating and verifying the lymphodepleting chemother-
apy orders. They also serve as key educators to the patients, caregivers, and cellular 
therapy team on adverse event management and supportive care strategies. The 
pharmacists are also involved in securing enough tocilizumab supply for patients 
and communicating with procurement personnel to maintain appropriate inventory. 
In some centers, the pharmacists may also be tasked with ensuring the cellular ther-
apy program meets Risk Evaluation and Mitigation Strategy (REMS) program cri-
teria [6–8, 16, 17]. Depending on state regulations, pharmacists may also be required 
to label the cellular product including CAR T-cell product before it is infused to the 
patient. Nurses are tasked with the administration of cellular product and supportive 
care medication and coordination of the time of infusion with the cellular therapy 
lab personnel (see Fig. 2). The cellular therapy program should also have a contin-
gency plan implemented for treating patients who remain ineligible for outpatient 
cellular therapy for any reason.

Each member of the cellular therapy team is indeed an invaluable guide to sup-
port outpatient treatment. However, alliances should be forged with other health 
care groups who may come across these patients requiring an immediate interven-
tion for toxicities such as CRS and/or ICANS. If patients or caregivers recognize 
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worsening symptoms of CRS and/or ICANS, they could present to the ED, prompt 
a direct admission to the ICU, or be admitted to the cellular therapy floor. Healthcare 
professionals staffing ED and ICU should be aware of the severity of CAR T-cell 
therapy associated toxicities as they can often times present similar to sepsis or 
encephalopathy; they need to recognize the need for tocilizumab or corticosteroids 
and have quick access to cellular therapy specialists on call [5, 18]. Therefore, the 
cellular therapy team should engage with key leaders of the ED, ICU, and hospital-
ists to provide education specific to cellular therapies including CAR T-cell and 
anticipated toxicities. Effective communication amongst these teams is crucial for 
appropriate medical management. The ED, ICU, and hospitalist teams should be 
provided with a point of contact designated to discuss the need for tocilizumab or 
corticosteroids. This may vary from center to center, but one example is to create a 
virtual pager that is forwarded to the on-call cell therapy provider when he/she is 
covering the inpatient service. This can ensure one pager number is distributed to 
the ED, ICU, and hospitalist teams instead of multiple pagers or staff numbers 
which can lead to confusion. Furthermore, depending on the institution’s electronic 
medical record (EMR) certain features could be attached to the patient’s profile 
serving as alerts to any provider. For example, the patient’s header on the EMR 
chart may be flagged with a different color or an additional text box stating “CAR 
T-cell therapy patient.” Another feature may be to create a complex condition letter 
with information on the type of CAR T-cell therapy, date of infusion, anticipated 
toxicities and management, and cell therapy on-call provider pager. This complex 
condition letter can then be added to a best practice alert (BPA) which can inform 
providers, remind them of prior education, and provide appropriate CAR T-cell 
therapy resources. Similarly, an alert to prevent the administration of corticosteroids 
for reasons other than ICANS could be added to the patient’s chart by including 
corticosteroids as a conditional allergy for a specified timeframe. If tocilizumab or 
corticosteroids are warranted, they must also be promptly ordered and dispensed for 
administration. Corticosteroids are commonly found in most hospital departments, 
but the clinical pharmacy specialist and nursing teams can ensure that the most 
readily used agents (e.g., intravenous dexamethasone and methylprednisolone) are 
available in the Pyxis or Omnicell stations. Ordering of corticosteroids are typically 
not restricted, but the correct doses and frequencies for CRS and ICANS should be 
reinforced through educational materials. The acquisition of tocilizumab faces more 
challenges but can be appropriately ordered with education and informatics support. 
Each institution may have distinct oncology based EMR systems (e.g., EPIC 
Beacon) allowing for different functionalities for chemotherapy ordering. Per 
REMS program requirements, tocilizumab should be administered immediately 
(within 2 h of observed toxicity) [5, 14]. Pharmacy informatics specialists could 
help build tocilizumab orders to be available for quicker dispensing and administra-
tion. For example, individual tocilizumab orders with correct dose, indication, and 
frequency could be placed within EPIC Beacon treatment plan orders to appear 
daily for hematology/oncology providers to access. For non-EPIC Beacon provid-
ers, an order panel with the correctly prepared tocilizumab order could be created 
for easier searching and access. The coordination of the dispensing, compounding, 
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and administration of tocilizumab between providers, pharmacists, and nurses is 
crucial for prompt delivery and infusion. Education on REMS, tocilizumab order-
ing, and workflow is paramount for appropriate CAR T-cell patient management.

Telemedicine visits are highly encouraged for patients undergoing outpatient 
cellular therapy to help monitor toxicities after hours. Depending on the institution’s 
bandwidth and staffing, telemedicine visits can be coordinated twice a day (e.g., 
4 pm and 10 pm) as well as on weekends if the center is not open 7 days per week. 
Telemedicine should include both audio and video components to do a review of 
systems and focused physical exam. A basic neurological functional assessment can 
be done including viewing a signature. These telemedicine visits can help to iden-
tify signs and symptoms of toxicities including CRS/ICANS and guide the patient 
to appropriate management strategies (e.g., continue to monitor, or direct to hospital 
for administration of tocilizumab and/or corticosteroids).

Additionally, some centers may be able to offer patients wearable devices. 
Because of the relatively noninvasive nature of wearable devices, they can be worn 
for prolonged periods of time (for up to 30 days), and they can give valuable real 
time data that are actionable. It is recommended to use devices that measure heart 
rate, body surface temperature, and blood pressure if possible. Furthermore, some 
CAR T-cell therapy pharmaceutical companies provide support for outpatient treat-
ments with digital platforms to provide pertinent information on personalized prod-
uct and patient support (e.g., Cell Therapy 360) [19].

As with a variety of other clinical applications, SOPs and policies should be cre-
ated to document and follow appropriate practices. It is highly recommended that 
the cell therapy program builds the SOPs outlining the studies and evidence for 
cellular therapy, patient selection, criteria and eligibility for outpatient administra-
tion, assigned staffing roles and responsibilities, patient follow up requirements, 
toxicity management, and supportive care strategies. These policies will help the 
cell therapy program ensure the internal guidelines are followed for each patient 
undergoing outpatient cellular therapy. Some institutions have adopted the use of 
quick reference guides (QRG) to have available for certain diseases, indications, 
therapeutic management and one can be created for outpatient cellular therapy 
workflow. Nevertheless, cellular therapy is changing rapidly and new findings from 
clinical experience may lead to changes for improved patient management. Thus, 
the SOPs and policies are dynamic and should be subject to annual revisions to fine 
tune any outdated areas.

 Resource Utilization and Tracking

Transitioning a cellular product from the clinical trial setting to a commercial pro-
cess is complex and can be a big strain on health care systems. Cellular products 
including CAR T-cell processes require multiple resources which in most institu-
tions are shared resources. Traditionally, clinical trial teams function independently 
and do not often talk to those who govern commercially approved products. This 
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paradigm is unlikely to work with cellular products including CAR T-cell. Apheresis 
labs and cellular therapy labs are shared resources used by both outpatient and inpa-
tient cellular therapy programs; therefore, their management team needs to be 
engaged in the planning and implantation of establishing an outpatient cellular ther-
apy program ensuring adequate communication and staffing. Periodic strategy 
meetings should be held with all stakeholders and upcoming infusions discussed so 
that appropriate resources are made available. Periodic quality metric reviews and 
regulatory processes should be implemented for immune effector cell (IEC) accred-
itation. Additionally, the cellular therapy program should ensure resources are 
appropriately shared and available to support commercial, clinical trial, outpatient, 
and inpatient services.

It is important to have quality metrics with any outpatient program. Since there 
are numerous CAR T-cell products, the choice of metrics should not be dependent 
on the properties of a specific product. Examples of metrics include time from 
screening to apheresis, rate of catheter infections, non-relapse mortality, time to 
admission if necessary, and time to tocilizumab administration [20, 21]. Additionally, 
the cellular therapy program should also specify and track outcomes of interest such 
as rates of grade 3 or higher CRS/ICANS in CAR T-cell patients and incidence of 
major infections.

 Setting up an Outpatient Cellular Therapy Center

Patient selection is an important component to the successful running of an outpa-
tient program. Each program should establish its criteria of minimum requirements 
for a patient to qualify for outpatient therapy. Regular team meetings are essential 
to review patients as they go through cellular therapy to ensure that they remain 
eligible for outpatient therapy. Those who become ineligible (e.g. due to rapidly 
progressive disease that warrants cytotoxic therapy before CAR T-cell is ready) 
should have an alternative way to receive salvage chemotherapy, lymphodepleting 
chemotherapy/preparative chemotherapy and cellular product in the hospitalized 
setting.

The cellular therapy program should be able to support clinic visits to the outpa-
tient unit daily in the morning with the purpose to do a complete physical exam 
including detailed neurological exam, review of systems, and laboratory tests. If 
patients are asymptomatic, they can safely be sent back to their local housing. 
Institutions will have their own series of parameters that guide admission to the 
hospital [22]. Patients should be considered for admission if they have a fever (evi-
denced by a temperature greater than or equal to 38 °C or 100.4 °F. At a minimum, 
a fever should prompt immediate workup for sepsis (e.g., blood cultures, urine cul-
tures, chest X-ray) and initiation of broad or extended spectrum antibiotics. 
However, patients who have been evaluated may also be managed outpatient with 
close monitoring if all other vital signs are stable. Potential strategies include start-
ing Tocilizumab combined with a short course of dexamethasone 10 mg/day for 
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3 days for grade 1 CRS or dexamethasone 10 mg/day for 3 days for grade 1 ICANS 
in the appropriate instance per institution practice [18].

The process for admission will also vary by institution. One recommendation is 
to implement a ‘scatter’ hospital bed that can be made available for the patient to be 
admitted. Additionally, this bed should be in a designated unit where specific inter-
ventions like tocilizumab and high dose corticosteroids are available. Admission 
through the ED is an option so long as the ED is set up as able to rapidly evaluate 
the patient and administer specific interventions. The ED physicians will also need 
to be REMS trained and keep up with other regulatory requirements.

 Cellular Therapy Educational Considerations

The unique toxicities of CAR T-cell and other cellular therapies and the associated 
monitoring warrants provision of extensive education to patients and caregivers by 
various members of the multidisciplinary team [23, 24]. Ideally, this education 
should begin several weeks prior to cell infusion to prepare them for the various 
phases of the treatment journey and some of its life-altering aspects. There are sev-
eral phases to cellular therapy treatment, including initial consultation, apheresis, 
potential bridging chemotherapy, lymphodepleting chemotherapy, cell infusion, and 
close outpatient follow-up and each of these has unique educational considerations 
[25–27].

During consultation and initial evaluation, the patient should be informed of the 
need to identify a 24/7 caregiver as well as making plans for alternative caregivers 
in the event of primary caregiver emergency [23]. The caregiver should be someone 
who knows the patient well and is able to provide direct assistance and care to the 
patient. Caregivers will need to transport patients to appointments following cell 
infusion given restrictions on patient driving following infusion of some cellular 
products and patients deconditioning, as well as assist with medication management 
and administration, meal preparation, cleaning, and telemedicine visits (Beaupierre 
2019 #106) [23]. Caregivers are also essential in aiding the medical team in identi-
fying potential adverse effects of therapy, such as fever (indicator of CRS) and sub-
tle neurologic changes that may indicate ICANS in CAR T-cell recipients [24]. The 
patient will also need to be educated on the need to stay within 2 h (preferably 
30 min) of the hospital or clinic where the patient will receive the cellular therapy 
product for at least 4 weeks following infusion as this may require the patient to 
identify and secure local housing [6–8, 16, 17]. Patients should also receive prelimi-
nary education on the cellular therapy treatment journey and the most serious 
adverse effects of cellular therapy products, such as CRS and ICANS [23, 24]. 
Patient coordinators, APPs, and the cellular therapy physician are the most likely 
and most well suited providers to carry out education at this stage in the cellular 
therapy process (Beaupierre, 2019 #106) [23].

Once the patient has cleared evaluation and ready to undergo apheresis, they 
should receive education on the apheresis process and its potential risks, such as the 
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potential need for central line placement, hypocalcemia, and hypotension [28]. 
They also should be informed of the possibility of a second apheresis in the event of 
a cell manufacturing failure. Following successful manufacturing, the patient will 
begin lymphodepleting chemotherapy/conditioning chemotherapy. This is a crucial 
time point for educating both patients and caregivers. Nurses, APPs, physicians, and 
pharmacists should all be involved in providing information related to the logistics 
of administration and most common side effects of chemotherapy including pancy-
topenia, infection risk, fatigue, nausea/vomiting, and alopecia as well as how to 
manage them [24, 27, 29]. They should also be educated of when and how to report 
serious side effects of chemotherapy to the medical team, ideally through the provi-
sion of a 24/7 number that is staffed by an APP or hematology/oncology fellow. 
Best practice should include pharmacist education on the supportive medications 
the patient will be required to take including but not limited to infection prophy-
laxis, seizure prophylaxis, and tumor lysis syndrome prevention [24, 27, 29]. The 
patient and caregiver should be provided with a medication list or chart to aid in 
correct administration of medications as this responsibility falls uniquely on the 
patient when administering cellular therapy in the outpatient setting.

On the day of cell infusion, patients and caregivers should be informed of the 
infusion process and all providers should assist in education regarding the logistics 
of continued close outpatient follow-up, including the need for any routine at-home 
monitoring of vital signs and neurologic status [23, 24]. They should also be exten-
sively re-educated on the adverse effects of cellular therapy, particularly CRS and 
ICANS in CAR T-cell recipients, and how and when to report these symptoms to the 
medical team. All CAR T-cells products currently approved by the FDA have asso-
ciated REMS programs in place due to the risk for CRS and neurologic toxicities 
[6–8, 16, 17]. A component of all of these REMS programs is the requirement of 
providing the patient with a Patient Wallet Card to inform them of signs and symp-
toms of CRS and ICANS and the requirement to stay within 2 h of the hospital or 
clinic where the patient received the CAR T-cell product for at least 4 weeks follow-
ing infusion [6–8, 16, 17]. The patient and caregiver should be given this card on the 
day of or several days prior to the cell infusion (e.g., at the start of lymphodepleting 
chemotherapy) and keep it with them at all times for appropriate notification and 
identification in the event of an emergency.

At the point of care transition from the cellular therapy team back to the primary 
oncologist, APPs and patient coordinators should educate patients and caregivers on 
the need to refrain from driving or operating heavy machinery for at least 8 weeks 
after cell infusion due to the risk for late neurologic side effects [6–8, 16, 17]. They 
should also be informed of the risk of infection due to cytopenias and/or B-cell 
aplasia. This should include education on appropriate infection prevention prac-
tices, monitoring for signs/symptoms of infection, and any required infection pro-
phylaxis [29].

Materials and techniques that can be useful to consider for providing patient and 
caregiver education include a class or pre-recorded webinar covering all of the 
above topics and/or a folder or binder that includes educational information, patient 
treatment calendars, monitoring information and logs, and medication lists [23].
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 Summary

Outpatient therapy represents the future for cellular therapy. It requires careful 
thought for a successful roll out so that patient safety and satisfaction is preserved, 
and resources are not wasted. It will start with stringent patient selection and mul-
tiple evaluations during the day and night. As data is accumulated, exclusion criteria 
or requirements will be relaxed, patient selection process will be more streamlined, 
and the degree of monitoring will be risk adapted to make it less intense for those 
with a lower risk profile. Hospital resource utilization will also be reduced, and the 
financial implications of cellular therapy delivery will show a more favorable pro-
file. It is anticipated that the distance to the hospital will be extended, and more 
patients will be able to access this life saving intervention from the comfort of 
their homes.

The implementation of outpatient cellular therapy requires an outpatient infusion 
center able to support the needs of the patients during each phase of treatment. Most 
importantly, the cellular therapy program should have a core workgroup of mem-
bers with dedicated roles and responsibilities to provide optimal care for these 
patients from start to finish. The members encompassing this workgroup consist of 
cellular therapy physicians, cellular therapy coordinators, APPs, nurses, financial 
coordinators, apheresis and cellular therapy lab personnel, clinical pharmacy spe-
cialists, social workers, case managers, and procurement personnel. Pharmacy 
informatics, emergency department staff and ICU staff, and hospitalists are also 
healthcare professionals who may care for these patients and will require education 
on how to manage toxicities of cellular therapies including CAR T-cells. Additional 
steps may be necessary to logistically prepare and administer tocilizumab and other 
supportive care agents for non-oncology providers. Institutions should also incorpo-
rate telemedicine visits to be able to provide guidance to outpatient CAR T-cell 
patients if signs/symptoms of CRS or ICANS arise. Wearable technology and other 
pharmaceutical company specific platforms could be useful to track vital signs on 
these patients. The cellular therapy program should also document the workflow for 
outpatient cellular therapy via policies and SOPs and perform routine updates with 
dynamic changes based on experience. Additionally, successful implementation of 
an outpatient cellular therapy program requires extensive patient and caregiver edu-
cation as the share of responsibility in providing care shifts substantially onto the 
patient and caregiver. All members of the healthcare team should be involved in 
providing this education at multiple crucial time points along the cellular therapy 
journey.
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