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Preface

This volume was born out of an idea I had thought of through an email from
the publisher Springer Nature calling for Editors for the Cancer Treatment and
Research series. Having had experience in both industry and publishing on cancer
immunotherapies, in particular immune checkpoint inhibitors and chimeric antigen
T cell therapies, I thought I would approach the Editor at the time about my idea
to produce an edited collection on Cancer Immunotherapies. It was well received
by the Editor, and the proposal was passed along to the Series Editor for the
Cancer Treatment and Research series, who ultimately approved. After a series
of requests for chapters and further communication, the volume started to take
shape, and finally we had ten contributors established. These contributors are emi-
nent researchers and scholars from a variety of national and international locales
and preeminent cancer centers, including the Fred Hutchinson Cancer Research
Center at University of Washington, Duke University, Memorial Sloan Kettering
Cancer Center, Oxford University, Indiana University School of Medicine, Uni-
versity of Calgary, The University of Hong Kong, Winship Cancer Institute at
Emory University, and the National Yang-Ming Chiao Tung University in Taipei,
Taiwan. The volume begins with an in-depth discussion on the development of can-
cer immunotherapies and covers immune checkpoint inhibitor therapies for solid
tumors such as melanoma. Other contributions focus on chimeric antigen receptor
T cell therapies, CAR-T cell therapy for glioblastoma multiforme, and comprehen-
sive accounts on genitourinary malignancies and acute myeloid leukemia, as well
as molecules in the tumor microenvironment such as Lag3, along with single-cell
sequencing for enhancing cancer immunotherapy. We aim to provide state-of-art
knowledge and expertise on the fast-paced field of cancer immunotherapies for the
clinician, scientist, and interested stakeholders in this collection that the audience
will find enlightening.

San Mateo, CA, USA Priya Hays
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Introduction

Cancer Immunotherapies: Solid Tumors and Hematologic Malignancies contains
the following chapters from national and international contributors, spanning the
spectrum of the wide applications of immunotherapies for cancer malignancies of
all types. The first chapter, “Development of Cancer Immunotherapies,” by Diana
DeLucia and John Lee fittingly discusses how cancer immunotherapies evolved as
a “concept of harnessing the immune system” for the purposes of cancer therapy
from its origins in “Coley’s Toxins” to the production of cytokines and mono-
clonal antibodies to vaccines, immune checkpoint inhibitors and chimeric antigen
receptor T cell therapy. The chapter “focuses on recent advances, current strategies
and future outlook” for cancer immunotherapies. The second chapter “Melanoma”
by Vishal Navani and colleagues offers a fascinating window into the role of
immune therapies in non-cutaneous subtypes and a “review of the impact of under-
lying genomic, transcriptomic, epigenetic, proteomic and immunological correlates
alongside their interaction with patient phenotypes” in understanding immune
checkpoint inhibitor therapies for melanoma and the impact of immunotherapy
response and resistance. Michael Brown in the third chapter “Engaging pattern
recognition receptors in solid tumors to generate systemic antitumor immunity”
reflects with great insight on how “malignant frequently exploit innate immu-
nity to evade immune surveillance” and how these contexts are “determined in
large part by pathogen recognition receptors” whose “activation induces the deliv-
ery of T cell priming cues from antigen-presenting cells.” Brown discusses how
this phenomenon influences the tumor microenvironment, “ultimately providing a
personalized antitumor response against relevant tumor-associated antigens.” Zaki
Molvi and Richard O’Reilly provide their contribution for the fourth chapter, “Al-
logeneic tumor antigen-specific T cells for broadly applicable adoptive cell therapy
of cancer” and explain how “tumor antigen-specific, donor-derived T cells are
expected to be the mainstay in the cancer immunotherapy armamentarium” and
“analyze clinical evidence that tumor antigen-specific donor-derived T cells can
induce tumor regressions”. They conclude on the applicability of this technology
in pre-clinical and clinical settings. An excellent, innovative read. Sarwish Rafiq
and Amitesh Verma provide “Chimeric Antigen Receptor (CAR) T Cell Ther-
apy for Glioblastoma,” a well-researched chapter on a topic that focuses on a

xi



xii Introduction

malignancy that has great urgency for novel and efficacious treatments, glioblas-
toma multiforme. They remark that the remarkable clinical outcomes have been
observed in hematologic malignancies and that similar outcomes in solid tumors
such as glioblastoma have been challenging. They note that “recent data sup-
port the clinical efficacy and safety of CAR-T cell therapy” in glioblastoma,
and conclude on “emerging techniques of optimizing CAR-T cell therapy for
GBM.” Francesca Aroldi and colleagues, in “Lag-3: From Bench to Bedside” dis-
cuss Lymphocyte-activation gene 3, a transmembrane protein involved in cytokine
release and inhibitory signaling in T cells, as a target to “overcome the resistance,
improve the activity and reduce the toxicity of checkpoint inhibitor therapy.” The
explain in excellent detail how LAG-3 “is a negative regulator of both CD4+ T
cell and CD8+ T cell and the activity on CD8+ T cell is independent of CD4+
activation” and how the “blockade of LAG-3 has been tested in several com-
bination therapies.” In another valuable contribution to this volume. Kevin Lu
and colleagues provide an in-depth analysis of immunotherapies in genitourinary
malignancies in their chapter, “Immunotherapy in genitourinary malignancy: evo-
lution in revolution or revolution in evolution.” They discuss how immunotherapies
for this tumor type have evolved from IL-2 for metastatic renal cell carcinoma
to immune checkpoint inhibitors, which “demonstrate meaningful survival ben-
efit and durable clinical response.” They cite common hurdles that arise from
“benefits limited to a minority of unselected patients due to the complexities of
biomarker development” and “figuring out which patients best respond to immune
checkpoint inhibitors and which patients won’t respond to immune checkpoint
inhibitors?” They conclude on common therapeutic strategies for genitourinary
cancers for achieving health-related quality of life and efficacy. Fabiana Perna
and colleagues provide a comprehensive, outstanding account of immunotherapies
for acute myeloid leukemia, spanning from allogeneic stem cell transplantation,
immune checkpoint inhibitors, chimeric antigen T cell therapies, and antibody-
drug conjugates. They state that immune checkpoint inhibitors “have been used
with limited success in relapsed/refractory acute myeloid leukemia” since “AML
mutational burden is low” and that “identification of cell surface targets is crit-
ical for the development of other antibody-drug conjugates potentially useful in
the induction and maintenance regimens.” They “highlight active areas of research
investigations toward fulfillment of the great promise of immunotherapy to AML.”
The two penultimate chapters, written by Ryohichi Sugimura and colleagues, “Off-
the-shelf chimeric antigen receptor immune cells from human pluripotent stem
cells” and “The single-cell level perspective of the tumor microenvironment and
its remodeling by CAR-T cells” are meant to be read in sequence. They write that
“autologous donors” for autologous CAR-T therapy face “technical challenges”
and provide evidence for “the development of safe and efficient allogeneic CAR-T
therapy.” “Since the advent of the generation of immune cells from pluripo-
tent stems cells, numerous studies focus on the off-the-shelf generation of CAR
immune cells derived from PSCs,” they write, and conclude that the “combination
of PSCs-derived immune cells and CAR engineering pave the way for develop-
ing next-generation cancer immunotherapy.” The second of the two-series chapters
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discusses “delineating the tumor microenvironment at a single-cell level”, a very
timely topic, that “will provide useful information for cancer treatment.” They
discuss the “cellular and molecular features that curb response to CAR-T cells,
for example, high expression of immune checkpoint molecules (PD-1, LAG3) and
anti-inflammatory cytokines (IL-4, TGFb) that block CAR-T cell function” They
discuss how newly invented single-cell technologies would benefit the understand-
ing of cancer immunotherapy. The final chapter is written by the Guest Editor
(Priya Hays) upon invitation from the Editor, Corinna Hauser, and Series Edi-
tor, Steven Rosen, entitled “Clinical Development and Therapeutic Applications
of Bispecific Antibodies for Hematologic Malignancies,” focusing on the canoni-
cal bispecific antibody blinatumomab for acute lymphocytic leukemia. Bispecific
antibodies (also discussed by the Perna and colleagues for AML) are “composed
of two monoclonal antibodies that are designed to target tumor cells by directing
T cells to the antigens on these cells. They recognize and bind to two distinct anti-
gens. The majority of bispecific antigens fall into the category of bispecific T cell
engagers or BiTEs.” Blinatumomab is the FDA-approved agent in the BiTE class
with CD19 and CD3 epitopes. This chapter discusses the mechanism of action of
BiTEs, their clinical development and efficacy, and adverse events associated with
their use in treating hematologic malignancies.

In total, these chapters provide profound insight into our understanding of
cancer immunotherapies. I speak for all of the chapter contributors and editors
who worked diligently to produce an edited collection that advances the field
forward and promotes a greater awareness of immunotherapies for all interested
stakeholders for solid tumors and hematologic malignancies and beyond.

San Mateo, CA, USA Priya Hays
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1Development of Cancer
Immunotherapies

Diana C. DeLucia and John K. Lee

1.1 Cancer Immunotherapy—Precision Medicine

Cancer is a leading cause of death globally that is second only to cardiovascu-
lar diseases such as ischemic heart disease and stroke [1]. It is likely cancer will
become the primary cause of death worldwide as treatments for cardiovascular
disease and infectious diseases continue to improve with modern medicine and
the continued extension of average life expectancy. The development and imple-
mentation of both localized and systemic therapeutic strategies, such as radiation
therapy and chemotherapy, for the treatment of cancer have significantly improved
the quality of life and survival rates for many individuals with cancer. Although
radiation and systemic chemotherapy can successfully eliminate early disease and
help manage disease, improving patient prognosis and overall survival, incomplete
elimination of all cancerous tissue can occur alongside unwanted side effects due
to off-target damage to healthy tissue [2, 3]. Targeted cancer treatment strategies
utilize agents that block the progression of cancer by targeting molecules in the
body that specifically promote the growth and spread of tumor cells. Variation in
tumor-associated genetic alterations is responsible for a high level of molecular
heterogeneity among targetable tumor molecules within patients as well as among
different patients with the same or differing cancers. Such intra and interindivid-
ual heterogeneity have formed the basis of “precision medicine” through which
known characteristics of a patient’s tumor are used to develop a personalized
treatment regime. Despite the success of such strategies, millions of people con-
tinue to die of cancer every year. Cancer immunotherapy is a form of precision
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1891

Coley’s toxins - Dr. Coley treats cancer 
patients with live, attenuated bacteria

1909

Ehrlich proposes “Immune 
Surveillance Hypothesis”

1940s

First mouse experiments leading to the 
discovery of anti-tumor immune response

1950s

“Immune surveillance 
of cancer hypothesis” 
(Thomas and Burnet)

1960s

Identification of 
cytotoxic T cells

1980s

Identification of IL-2
allowing for culturing and 
study of T cell in vitro

1990s –Present 

Explosion in interest, development and use of 
immune-based therapies for cancer treatment

Fig. 1.1 Pioneering events that shaped the historical evolution of immune-oncology and
immunotherapy

medicine whereby the genetic status or protein expression profile of an individ-
ual’s tumor is used to formulate immune-based treatment agents that induce an
anti-tumor immune response in patients. The goal of immunotherapy is to harness
the antigen-specific nature and cytotoxicity of the human immune system to mount
a potent anti-tumor immune response capable of eliminating all tumor cells with-
out harming healthy tissue. Over the past century, an improved understanding of
how the human immune system interacts with cancerous cells in the body has pro-
vided a foundation upon which immunotherapies are developed and studied today
(Fig. 1.1).

1.2 Immune Surveillance and Recognition of Cancer

Efforts to treat cancer with immune-based therapies originated over a century ago,
prior to the identification of tumor antigens and without an appreciation of the
many components of the human immune system and anti-tumor immune response
that we have today. Some of the first reported associations of immunity and cancer
occurred in the late nineteenth century by German physicians Wilhelm Busch and
Friedrich Fehleisen who observed that some of their cancer patients with concur-
rent erysipelas, a common streptococcal infection of the skin, experienced tumor
regression or complete remission [4]. Similar findings and strategies were also
observed and implemented by the American physician, Dr. William Coley, in the
1890s. Upon a vast review of patient medical records in search of information that
might aid in the treatment of his own patients, Coley identified a number of cases
where patients with otherwise incurable tumors entered into remission following
a diagnosis of erysipelas. Coley subsequently used intratumoral inoculations of a
cocktail of heat-killed strains of Streptococcus to treat his patients with soft tissue
sarcomas with unforeseeable success [5, 6]. The streptococcal cocktail was later
coined “Coley’s Toxins”. Despite the unrivaled success of Coley’s toxins at the
time, Coley’s colleagues heavily debated and were hesitant to adapt the therapeutic
technique due to a lack of understanding of the mechanism by which the bacte-
rial inoculation induced tumor regression [5]. Consequently, Coley’s achievements
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went unnoticed for the better part of the following 50 years while surgery and
radiotherapy became the standard of care for cancer patients in the early twentieth
century.

1.3 Cancer Immunoediting

In 1909, Paul Ehrlich was the first to propose the “immune surveillance hypoth-
esis” which postulated that it was not unreasonable to think that the immune
system can identify transformed cells, eliminate them from the body, and pre-
vent primary tumor formation [7]. At the time, Ehrlich lacked the technical means
to generate experimental evidence in support of his hypothesis. In the 1950s,
the conversation of immune surveillance was resurrected by two scientists Lewis
Thomas and Frank McFarlane Burnet. Soon after, the existence and immune
recognition of tumor-specific antigens was empirically demonstrated [8] thereby
providing evidenced-based support for Erlich’s immune surveillance hypothesis.
Despite these groundbreaking findings, it remained clear that many people con-
tinued to develop tumors and succumb to cancer, suggesting anti-tumor immune
response did not always effectively prevent tumor formation. In the 2000s, Robert
Schreiber proposed the “three E’s theory” to describe three stages of cancer immu-
noediting: (1) Elimination phase, previously the immune surveillance hypothesis,
(2) Equilibrium phase, and (3) Escape phase [9]. During the elimination phase,
immune cells effectively identify and eliminate tumor cells in otherwise healthy
tissues. The immune pressure applied to the tumor during the elimination phase
drives some cancerous cells to undergo changes that mediate immune evasion
resulting in a subset of variant tumor cells that are resistant to immune recogni-
tion and/or killing resulting in an equilibrium phase of immune-tumor interaction.
Lastly, tumors enter the escape phase once all immunogenic tumor cells have been
eliminated and only variant tumor cells remain to spread unhindered due to their
acquired immune resistance. Additionally, tumor cells that have undergone Epithe-
lial Mesenchymal Transition (EMT) often acquire improved metastatic potential
through enhanced mobility and resistance to both apoptosis and immune-mediated
killing [10, 11]. Therapeutic strategies targeting EMT have potential to improve
the efficacy of immune-based therapies.

Acquisition of evidence directly demonstrating cancer immunoediting has his-
torically been challenging due to the need for large patient numbers, the heavy
demand for long-term study follow-up, and significant biological sample collec-
tion. The first collective body of data in support of human immune surveillance
of cancer consisted primarily of studies comparing cancer incidence and progres-
sion rates in individuals with robust versus compromised immune systems. By
the late 1980s, it was well documented that immunocompromised individuals,
such as transplant patients, non-transplant patients receiving immunosuppressive
treatment, established cancer patients receiving immunosuppressive chemother-
apy, individuals with genetic immunodeficiencies, and individuals with acquired
immunodeficiency syndrome, have a higher incidence of developing certain types
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of primary or secondary cancer [12]. A recent study of 907 immunocompromised
heart and/or lung transplant patients between 1989 and 2004 found that the trans-
plant patients were seven times more likely to develop cancer compared to the
non-transplant population [13]. While the clear association between immune defi-
ciency and cancer incidence supported an important role for the immune system
in cancer development, mechanisms of cancer immune surveillance and the use-
fulness of immunotherapies became more evident as the scientific community’s
discovery and understanding of human tumor antigens advanced.

1.4 Tumor Antigens

Throughout much of the twentieth century, it was unclear whether the immune sys-
tem could detect malignant cells or develop a protective immune response against
tumors. The development of inbred mice strains and the discovery that tumors
could be induced with carcinogens and transplanted between mice provided the
tools necessary for the first essential studies that demonstrated immune recogni-
tion and elimination of tumors [14–17]. Mice injected with tumor cells rendered
replication-incompetent through irradiation, were often protected against subse-
quent injection of growth competent cells of the same tumor type, but not of a
different tumor type [18]. These experiments helped validate immune recognition
and protective immunity against tumors and established the concept that differ-
ent tumor types have unique immunogenic antigens, known as tumor recognition
antigens.

1.4.1 Tumor-Specific Antigens

Tumor recognition antigens are categorized into two subsets: Tumor-specific
antigens (TSAs) and tumor-associated antigens (TAAs). TSAs are “self” protein-
derived peptides strictly found in tumor cells and not in nonmalignant cells that
are presented on major histocompatibility complexes (MHC). TSAs are typi-
cally caused by genomic mutations or gene rearrangements leading to amino acid
changes in proteins of cancer cells from which unique peptides can be generated,
known as neoantigens or neopeptides [19]. Neoantigens form when the coding
sequence of a peptide that is normally presented is altered leading to the de novo
presentation of a novel peptide on MHC. For example, specific mutations in CDK4
in melanoma cells result in presentation of highly immunogenic CDK4-derived
neopeptides [20, 21]. Common mutations in tumor-suppressor genes such as TP53
in cancer also represent immune-reactive TSAs [22, 23].
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1.4.2 Tumor-Associated Antigens

TAAs are proteins or peptides that are expressed at a higher level in cancer
cells while also being expressed in healthy cells but at a much lower level.
Cancer-testis antigens, such as melanoma-associate antigens (MAGE) and New
York esophageal squamous cell carcinoma 1 (NY-ESO-1), are well-studied exam-
ples of TAAs because they are only expressed in healthy male germ cells which
lack MHC expression. TAAs also include differentiation antigens which are only
expressed in select tissues such as CD19 on B lymphocytes and B cell lymphomas
and MART-1 in melanoma [24–26]. Expression of TAAs can be upregulated in
malignant cells through abnormal gene expression as well as post-transcriptional
and post-translational modifications [26, 27]. Oncoviral proteins, foreign proteins
expressed by cancer cells following infection and transformation by cancer-causing
viruses, also serve as TAAs. The E6 and E7 proteins encoded by human papillo-
mavirus type 16, one of the most common etiological agents of cervical cancer,
and the K8.1 glycoproteins expressed by Kaposi’s sarcoma virus are examples of
immunogenic oncoviral proteins [28, 29].

1.5 Methods of Tumor Antigen Identification

The identification of cytotoxic T lymphocytes (T cells) in the 1960s [30] and the
development of methods to propagate and study antigen-specific T cells in vitro
in the 1970s and 80s [31–33] provided the foundational knowledge and technical
methods required to identify tumor antigens. Additional technological advance-
ments over the past 30 years have led to a sharp increase in the number of known
tumor antigens, many of which are now utilized for cancer diagnostics and thera-
peutic targeting. A large range of molecular strategies continues to be explored to
improve the identification of tumor antigens.

1.5.1 Gene Expression Profiling

Safety concerns when selecting tumor antigen targets are a primary focus for
preclinical and clinical studies evaluating precision cancer therapies. To avoid
off-tumor toxicity and undesired side effects, ideal tumor antigens for therapeutic
targeting should be expressed exclusively or preferentially by tumor cells com-
pared to healthy cells in the body. Tumor antigen expression should also be present
across all or most malignant cells within tumors to maximize efficacy of the anti-
gen targeting agent or drug and to minimize therapeutic resistance due to antigen
escape. A common strategy to identify tumor-restricted antigens involves com-
paring the gene expression profiles of malignant and healthy cell lines or tissues
using a variety of technologies such as microarrays, RNA-sequencing, direct digi-
tal mRNA counting, and real-time PCR [34–39]. Proteins encoded by genes widely
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expressed or overexpressed by tumor cells compared to healthy tissue can be inves-
tigated as potential tumor rejection antigens. However, analysis of gene expression
alone does not always mirror protein expression profiles and is less effective for
the discrimination of intracellular versus cell surface protein expression. An alter-
native approach is to integrate the analysis of transcriptomics and proteomics. We
have recently used this method to specifically study differential cell surface protein
expression to identify candidate tumor antigen targets for CAR T cell therapy in
molecular subsets of prostate cancer [40, 41].

1.5.2 Serological Screening for Antibody-Targeting Antigens

Studies demonstrating humoral immune responses against tumors as well as a
continued increase in the use of antibodies for immunological studies sparked
interest in the identification of human antibody-binding tumor antigens. The first
antigen discovery methodology of this type, serological screening of recombinant
cDNA expression libraries (SEREX) was developed in 1995 [42]. SEREX uti-
lized reverse proteomics whereby cancer patient sera were used to screen a phage
cDNA library derived from various human malignancies for potential tumor anti-
gens recognized by patient tumor-specific antibodies. Several novel tumor antigens
have been identified using traditional SEREX strategies, including the cancer-testis
antigen NY-ESO-1 [43]. The use of traditional, modified, and high-throughput
optimized SEREX technology has aided in the identification of thousands of
additional tumor antigens. The serological and proteomic evaluation of antibody
responses (SPEAR) method combines the use of 2-D polyacrylamide gel elec-
trophoresis of patient tumor samples, immunoblotting with patient sera, and mass
spectrometric protein analysis to rapidly identify tumor antigens. SPEAR, as well
as similar methods, has been used successfully in the setting of renal cell carci-
noma for which identification of tumor antigens has been historically challenging
[44, 45].

1.5.3 Recognition by Reactive Patient Lymphocytes

The use of tumor-reactive lymphocytes, specifically T cells, from patients as a
screening tool has been one of the most widely used strategies for tumor antigen
identification and continues to be used today. Tumor-infiltrating lymphocytes or
lymphocytes isolated from patient peripheral blood are co-cultured with human
leukocyte antigen (HLA)-matched cells expressing cDNA libraries corresponding
to protein expression profiles derived from specific tumor types. Reactivity of the T
cells is used to screen for immunogenic tumor antigens. The first tumor-associated
antigen, melanoma-associated antigen MAGE-1 [46], was identified using this
method and many others have followed [47–54]. While advancements in tumor
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antigen identification have led to the discovery of an abundance of potential tar-
gets for immunotherapy, antigen selection remains a challenging and essential step
in the development of all targeted immunotherapeutic modalities.

1.6 Tumor Immune Evasion

Tumors employ various mechanisms to avoid activation of and detection by
the host immune system such as decreasing overall immunogenicity through
modulation of antigen expression, inducing T cell tolerance of tumor antigens,
and creating a suppressive tumor microenvironment (TME). Some cancer types
referred to as “cold tumors”, inherently have poor immunogenicity whereby the
majority of the tumor cells, as well as nonmalignant cells found in the TME, do
not express tumor rejection antigens or other molecules that mediate immune cell
infiltration and activation. Such tumors can (1) alter adhesion molecule expression
that would otherwise mediate contact growth inhibition as well as proinflammatory
signaling, (2) express few neoantigens due to a low tumor mutation burden, or (3)
exhibit aberrant MHC expression due to somatic mutations in antigen-presenting
genes or downregulation of MHC gene expression [55–57].

Tumor cells can also undergo antigen escape due to genetic instability resulting
in altered amino acid sequences of tumor antigens or downregulation of tumor
antigen expression to evade immune detection. Some tumor cells have been found
to downregulate expression of T cell costimulatory molecules such as CD80 and
CD86 which are essential for antigen-specific T cell activation and anti-tumor
cytotoxicity [58, 59]. T cells that interact with tumor antigen presented on MHC
on the tumor cell surface in the absence of these costimulatory signals are more
likely to become tolerized rather than mediate killing of the tumor cell [60]. Addi-
tionally, cancer cells can induce immune suppression and promote a “pro-tumor”
microenvironment by acting directly on cytotoxic T cells through the secretion of
factors that directly suppress T cells such as tumor growth factor-beta (TGF-β) and
indoleamine 2,3-dioxygenase (IDO) or induce tumor cell surface expression of T
cell inhibitory molecules such as PD-L1 [61]. Some of the same factors can attract
or drive the differentiation of suppressive immune cells such as regulatory T cells
(Treg) and myeloid-derived suppressor cells (MDSC) to and within the tumor [61].
The production of collagen by tumor cells often functions to create an extracellu-
lar matrix through which immune cells struggle to pass. This physical barrier can
create a tumor-induced privileged site that effectively blocks the entrance of any
component of the cellular immune response.

Despite the multitude of mechanisms used by tumors to evade elimination by
the immune system, a large body of research conducted over the past several
decades has improved our understanding of the ways in which the immune system
and cancer cells interact, thereby better positioning scientists to develop strategies
for effective immunotherapy against cancer.
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1.7 Passive Immunotherapy

The overall goal of cancer immunotherapy is to harness the antigen-specific and
cytotoxic potency of the immune system to eliminate cancer cells from the body
at both local and metastatic disease sites. An extensive range of modalities uti-
lizing modified components of both the humoral and cellular immune response is
under investigation for the generalized treatment of a broad spectrum of cancers.
Immunotherapies are grouped into two main categories: passive immunotherapies
and active immunotherapies. Passive forms of immunotherapy involve the intro-
duction of donated or ex vivo-derived immune system components into a cancer
patient to specifically target that patient’s tumor. The most common forms of pas-
sive immunotherapy currently under investigation are tumor-specific antibodies,
immune checkpoint inhibitors, and adoptive T cell therapy.

1.7.1 Tumor-Specific Antibodies

1.7.1.1 Monoclonal Antibodies
Monoclonal antibodies (mAb) have been routinely used for the clinical treatment
of cancer for the past decade and represent some of the earliest immunotherapies
tested in clinical trials and approved for clinical use due to their improved effi-
cacy over current standard of care and versatility. Unlike polyclonal antibodies,
which are a collection of antibodies that recognize different epitopes within the
same antigen due to their isolation from a pool of B cells in an antigen immunized
organism, mAb are isolated from clonal selection of antigen-specific hybridomas
and are therefore identical to one another [62]. Hybridomas generated from the
fusion of B cell clones from antigen immunized mice with immortalized myeloma
cells lacking antibody production were first used to generate mAb [63]. The ability
to produce large amounts of antibodies targeting a single epitope made monoclonal
antibodies ideal for clinical use. Strong human anti-mouse antibody responses in
patients have been demonstrated against some mouse monoclonal antibodies lead-
ing to decreased efficacy of the therapeutic antibody [64]. Molecular techniques
have since been developed to humanize or generate chimeric versions of mouse
mAb in order to eliminate patient immune reactivity without sacrificing the desired
antigen specificity of the original antibody [65]. The variable regions of therapeu-
tic mAb recognize and bind to protein antigens expressed on the surface of tumor
cells effectively tagging the tumor cells for recognition by other immune cells
which bind the constant region (Fc) of the antibody. Fc receptor binding facili-
tates direct killing of tumor cells through complement-dependent cytotoxicity, or
indirectly through antibody-dependent cellular cytotoxicity (ADCC), usually medi-
ated by natural killer (NK) cells [66] or phagocytosis of the tumor cell-mediated
by myeloid cells such as macrophages [67]. The CD20-targeting chimeric mAb,
Rituximab, was shown in a phase II clinical trial of 37 patients with relapsed
non-Hodgkin’s lymphoma following chemotherapy to provide improved patients
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outcomes and a better safety profile compared to chemotherapy alone [68]. Subse-
quently, in 1997 Rituximab became the first mAb to receive approval from the US
Food and Drug Administration (FDA). Between 1997 and 2020, 16 mAb targeting
10 separate tumor antigens received FDA approval for the treatment of 13 types
of cancer, including both hematologic and solid malignancies [69].

The primary efficacy-limiting challenges associated with mAb therapy are the
half-lives of the antibodies in vivo, poor penetration of the therapeutic product
into solid tumor tissue, and dependency on homogenous tumor antigen expression.
Orthotopic genetically engineered mouse models (GEMMs) have allowed for the
recapitulation of human tumor molecular heterogeneity and microenvironments
in mouse tumors allowing for better assessment of mAb penetration and efficacy
compared to subcutaneous or orthotopic syngeneic models [70, 71]. An alternative
strategy by which mAb encoding DNA plasmids are introduced to patients through
electroporation-enhanced intramuscular injection has been demonstrated with the
PSMA-targeting mAb in preclinical models of prostate cancer [72]. Enhancement
of tumor penetration with nanoparticle delivery systems that take advantage of
the Enhanced Permeability and Retention effect to allow for greater accumu-
lation of nanoparticles in newly vascularized tumor tissue by passive diffusion
through endothelial gaps generated during extravasation has been demonstrated
in a mouse sarcoma model [73, 74] and is worth exploring in other contexts.
mAb-directed therapies, whereby mAbs are linked to drugs with toxic properties,
promote antigen-guided delivery of genotoxic or cytotoxic payloads more specifi-
cally to tumor cells and enhance the anti-tumor effects of naked mAb therapies as
discussed next.

1.7.1.2 Antibody-Targeted Radiotherapy
The localized delivery of high doses of ionizing radiation to cancerous regions of
the body, or radiotherapy, is commonly used for the treatment of cancer. Radiother-
apy is used for both curative and palliative intent in the treatment of cancer patients
[75]. Although radiotherapy can be localized to known tumor regions within the
body, damage to nearby healthy tissue and toxicity-associated side effects are com-
monly observed following radiation with significant impacts on quality of life
[76]. Modernized methods to improve anti-tumor efficacy of external beam radi-
ation therapy include improved tumor target delineation with different imaging
strategies, fractionated dosing, and conformal techniques [77]. Yet it remains chal-
lenging to deliver a consistent, controlled dose of radiation to tumor sites using
an external source. Antibody-targeted radiotherapy has been explored as a strat-
egy to deliver a toxic dose of radioisotopes directly to tumor cells inside the body
resulting in improved efficacy and reduced off-target toxicity [78]. The technol-
ogy involves linking tumor antigen-targeting mAbs to radioisotopes that kill the
cancer cell once the antibody is bound and internalized, thereby concentrating
the genotoxicity of the radiotherapy within tumor cells and sparing surrounding
healthy tissue. In the early 2000s, the first antibody-targeted radiotherapy drugs,
yttrium-90 (90Y)-ibritumomab tiuxetan and iodine-131 (131I)–tositumomab, were
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FDA-approved, both targeting CD20 for the treatment of non-Hodgkin’s lym-
phoma [69]. Unfortunately, this form of radioimmunotherapy has not been widely
used due to reports of severe systemic toxicities associated with treatment and
poor efficacy in solid tumors [76]. Both high toxicity and poor solid tumor mass
penetration have been linked to the size of the antibody isotype. High rates of bone
marrow toxicity have been observed with IgG mAb-based drugs, which is believe
to be a result of the long half-life and high rate of hepatic uptake compared to
smaller antibody isotypes [79]. Smaller molecules, such as single-chain variable
fragments (scFv) have demonstrated significantly higher rates of systemic clear-
ance [80] and likely represent less toxic alternatives for the delivery of tumor toxic
drugs.

Antibody-directed radiotherapy has demonstrated reasonable efficacy against
solid tumors, including immunologically cold tumors, such as prostate cancer.
Targeting prostate-specific membrane antigen (PSMA) has been heavily studied
for the treatment of prostate cancer. PSMA is expressed on the tumor cell sur-
face in the majority of prostate cancers, with increased expression observed in
association with late-stage disease progression, making it a good candidate for
antibody-targeting therapies. The PSMA-targeted mAb, J591, conjugated to 177Lu
or 90Y radionuclides has demonstrated targetability of both soft tissue and bone
metastases in prostate cancer and promising clinical efficacy across four clinical
trials [81–84]. Based on the observed benefit of 177Lu-PSMA-617 treatment of
prostate cancer [85–87], the ongoing international phase III VISION trial aims
to assess survival benefit of 68Ga-PSMA-11 and 177Lu-PSMA-617 in men with
PSMA-expressing metastatic castrations-resistant prostate cancer [88]. Targeted
radiotherapy for solid tumors such as prostate cancer could be also advanced with
the use of ultrasmall gold nanoclusters, which have been shown to be internal-
ized by prostate cancer cells and rapidly cleared from the body [89]. Extensive
clinical trial data indicate that antibody-mediated delivery of radioisotopes to can-
cer cells improves the tolerability of radiotherapy in patients and supports the
use of antibody-directed immunotherapies to improve the efficacy and safety of
anti-cancer agents.

1.7.1.3 Antibody–Drug Conjugates
Antibody–drug conjugates (ADCs) are another form of antibody-targeted therapy
that has gained great interest in the cancer immunotherapy field. ADCs consist of a
therapeutic mAb connected by a chemical linker to a bioactive cytotoxic drug that
is designed to be internalized by and kill tumor cells. To date, seven ADCs have
been FDA-approved targeting a variety of tumor antigens, such as CD33, HER2,
CD20, and recently TROP2, for the treatment of a range of both hematologic and
solid tumors [69].

Over the past decade, three generations of ADCs have evolved during which
the features of all three ADC components (antibody, linker, and cytotoxic payload)
have been finely tuned. Considerations for the selection of targetable antigens for
therapeutic mAb identification discussed earlier in this chapter are translatable to
ADCs. Favorable characteristics of antibody–drug linkers include (1) appropriate
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stability to minimize drug release from the ADC prior to reaching target tumor
cells and (2) effective cleavability for drug release and activity once internalized
by tumor cells. Both cleavable and non-cleavable linkers have been investigated
and utilized in FDA-approved ADCs. The current cleavable linkers used in clini-
cal ADCs or in development utilize hydrolysis, enzymatic activity, or reduction by
glutathione as cleavage mechanisms [90]. Examples include the valine–citrulline
dipeptide linker, utilized in the ADC brentuximal vedotin for the treatment of
CD30+ Hodgkin lymphoma, which is sensitive to and cleaved by cathepsin B, a
protease found in lysosomes [91]. CLA2, the linker in sacituzumab govitecan,
is hydrolyzed by a decrease in pH following entry into the lysosomal path-
way of tumor cells [92]. Recently, the CEACAM5-targeting ADC labetuzumab
govitecan was demonstrated to have remarkable anti-tumor activity in preclinical
studies against multiple CEACAM5-expressing prostate cancers, including highly
lethal neuroendocrine prostate cancer with varying levels of and heterogeneous
CEACAM5 expression [93]. The moderate stability of the CLA2 linker used in
labetuzumab govitecan was hypothesized to contribute to a bystander effect allow-
ing for complete clearance of tumors despite antigen heterogeneity. Linkers with
poor stability, as were utilized with many first-generation ADCs, have a greater
potential for unwanted toxicities in patients [94]. This suggests that although strong
linkers are commonly preferred for safety reasons, there is also a clinical space for
the use of moderately stable linkers as the efficacy of ADC linkers with differing
stability is likely dependent on-tumor context.

Optimal cytotoxic payloads have high potency for cell killing, low hydropho-
bicity, and an adequate structural feature to which the antibody linker can
bind. Although there are many toxic payloads being studied for use with
ADCs, the majority fall into two categories: (1) DNA-targeting agents or (2)
microtubule-targeting agents. DNA-targeting payloads, such as irinotecan, Dox-
orubicin, Pyrrolobenzodiazepine, and Duocarmycin function by creating DNA
damage through topoisomerase inhibition or interfering with DNA processing in
tumor cells leading to cell death. Such drugs function against both proliferating as
well as non-proliferating cells [94]. Microtubule-targeting payloads, such as auris-
tatins and maytansinoids provide anti-tumor activity by blocking tubulin assembly
in tumor cells and therefore function against only proliferating cells [94]. Insuffi-
cient intracellular delivery of the payload to tumor cells is considered the primary
reason for poor ADC efficacy and ultimate failure of ADCs in clinical settings.
Identifying payloads with high potency/low IC50 values and reliable linkers have
been a primary focus of second- and third-generation ADCs to promote the deliv-
ery of higher payload concentrations to target cells even in low antigen settings [94,
95]. ADC payload hydrophobicity has been directly linked to poor drug stability,
as well as suboptimal clearance and efficacy in vivo [96, 97]. Because some linked
payloads require some level of hydrophobicity to retain their biological function,
the addition of polyethylene glycol or PEGylation of the linker or the payload has
been used in many ADCs to help mask the hydrophobicity of the payload as well
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as improve ADC solubility [96]. Optimization of the ADC structure and compo-
nents have expanded the therapeutic window of modern, third-generation ADCs
compared to mAb therapy, chemotherapy, or earlier generation ADCs [98, 99].

1.7.1.4 Bi-specific T Cell Engagers
Bi-specific T cell engager antibodies (BiTEs) are composed of two conjugated
single-chain antibodies, one of which is specific for the CD3 component of the
T cell receptor (TCR) and the other which is specific for the tumor antigen of
interest. The conjugated antibodies offer enhanced T cell activation and antigen-
specific killing of tumor cells by cytotoxic T cells. Through engagement of the
TCR, the CD3-specific antibody activates the cytotoxic effector functions of CD8
T cells while the tumor antigen-specific antibody binds to the surface of antigen-
expressing tumor cells. The binding of both the T cell and tumor cell in proximity
collectively redirects the cytotoxicity of the T cell toward the tumor cell, regard-
less of the cognate specificity of the T cell [100]. The only FDA-approved BiTE,
blinatumomab, targets CD19 for the treatment of acute lymphoblastic leukemia
[101]. Although blinatumomab conferred a significant improvement in overall
survival compared to the chemotherapy standard of care, median survival in the
blinatumomab group remained less than 8 months [102]. Several other BiTEs are
currently under investigation, including a HER2 BiTE in the context of gastric
and breast cancer and an EGFR BiTE in the context of non-small cell lung cancer
(NSCLC) [69]. Due to the extremely short half-life of standard first-generation
BiTEs which require frequent continuous infusion due to the absence of antibody
Fc domains, extended half-life BiTEs with fused Fc domains that impart improved
stability and bioavailability are favored for the design of clinical products [100].

1.7.2 Immune Checkpoint Inhibitors

The immune system has a set of checks and balances in place designed to minimize
or prevent over-activation of cellular immune responses resulting in unwanted,
indiscriminate killing of healthy or self-tissue during a response mounted against
a foreign antigen in the body, such as a pathogen or a tumor-specific neoanti-
gen. Immune checkpoint receptors are commonly upregulated by T cells following
antigen-specific activation and cytotoxicity which serve as negative regulators of
T cell function [103, 104]. The expression of immune checkpoints by T cells also
influences positive selection of antigen-specific T cells in the thymus during T cell
development and ultimately influences the T cell repertoire [105]. Tumor cells also
upregulate immune checkpoint receptors and ligands to dampen anti-tumor T cell
responses [106]. Immune checkpoint inhibitors (ICIs) are antibodies administered
therapeutically that are designed to competitively bind to checkpoint receptors or
ligands and block the inhibitory activity of checkpoint receptors to improve anti-
tumor T cell responses. The two checkpoint receptors/ligand pairs that have been
most commonly targeted are cytotoxic T-lymphocyte associated protein 4 (CTLA-
4) binding to CD80 or CD86 and programmed cell death protein 1 (PD-1) binding
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to programmed death-ligand 1 (PD-L1). During T cell activation, CD80 and CD86
receptors on antigen-presenting cells (APC) bind to CD28 and provide a costim-
ulatory signal following MHC peptide binding to the TCR [107]. Once the T cell
has performed its effector function, CTLA-4 and PD-1 are upregulated on the T
cell surface and serve as a T cell “off switch” which can competitively bind to
CD80 or CD86 on APCs resulting in inhibition of TCR signaling to prevent any
potential damage caused by a prolonged T cell response [108]. Following antigen-
specific activation, T cells similarly upregulate PD-1 on the cell surface which can
be engaged by PD-L1 expressed on the surface of anti-inflammatory immune cells,
such as Tregs to suppress T cell activation and increase T cell apoptosis [109].
Tumor cell upregulation of PD-L1 and effective blocking of T cell activation upon
tumor cell-T cell interaction is well documented [110].

The use of immune checkpoint blockade for the treatment of cancer was first
proposed by James P. Allison in the early 1990s, however, significant doubt and
lack of support was displayed from the cancer and immunology research com-
munities for many years. In the 2000s, Allison and colleagues demonstrated that
targeting of CTLA-4 with a fully human mAb led to durable responses in patients
with melanoma [111, 112], which ultimately led to FDA approval of Ipilimumab
for the treatment of melanoma [113]. Allison’s perseverance and ultimate suc-
cess in treating melanoma with ICI earned him the Nobel Prize in Physiology
or Medicine in 2018. The approval of Ipilimumab in 2011 generated significant
excitement in the cancer field and re-ignited a fierce interest in immunotherapy
paradigms for the treatment in the scientific and clinical oncology communities.
Six additional ICIs targeting, PD-1, PD-L1, and CTLA-4 have been approved for
clinical use since Ipilimumab in 2011, the majority of which are for solid tumor
indications.

Despite the success of ICIs in many patients targeting numerous tumor types,
widespread use of ICIs has been hindered by relatively low response rates
and severe immune-related adverse events (irAEs) in some patients [114, 115].
The presentation of irAEs can vary significantly with ICI and tumor type. ICI-
associated irAEs most commonly affects the skin, but have been observed across
many tissues, including vital organs, but can often be effectively treated with
immune-suppressive drugs [115]. Neurotoxicity caused by neurological immune-
related adverse events (NirAEs), is of particular concern with ICI treatment.
Although NirAEs is a relatively rare side-effect of ICIs and more commonly
affect the peripheral rather than the central nervous system, their potential severity
makes them a significant clinical concern [116]. This has led to significant inves-
tigation into the identification of biomarkers associated with ICI response [106].
Specific genomic profiles across different cancers associated with tumor expres-
sion of neoantigens, antigen presentation, DNA repair, and oncogenic pathways
have been correlated to patient response to ICIs [117]. Additionally, epigenetic
changes in nonmalignant cells within the TME have been shown to contribute to
solid tumor escape from immune surveillance and subsequent resistance to ICIs
[114, 118].
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Novel strategies to reduce the non-specific toxicities associated with ICIs are
being actively investigated preclinically and clinically. Enhancing ICI targeting to
tumor to reduce off-target toxicities has been demonstrated by leveraging exposed
collagen in tumors. The fusion of ICI antibodies to collagen-binding domains
has demonstrated strong on-tumor efficacy with improved safety over traditional
ICIs [119]. ICIs used in combination with other ICIs or other approved cancer
therapies, such as chemotherapy, radiotherapy, or tumor-specific therapies have
demonstrated considerably enhanced tumor responses and patient benefit com-
pared to ICI monotherapy [120]. Oncogenic kinases have been shown to increase
immune suppression of solid tumor TMEs and kinase inhibition in combination
with ICI has demonstrated clinical benefit for the treatment of breast cancer [121].
Approved kinase inhibitor monotherapies used for the treatment of other cancer
types may also be strong candidates for combination with ICI therapy.

Although the research community has extensively explored mechanisms to
improve and optimize antibody-based therapy design for tumor targeting, the
majority of drugs tested in clinical trials do not meet the criteria for FDA approval.
To improve the efficiency and speed at which novel therapies are translated into
the clinical, improved models are required for preclinical assessment of drug effec-
tiveness and safety. A well-known example is that of the CD28 agonist antibody
TGN1412, a drug that performed well with an extremely high safety profile in
animal models, but caused life-threatening toxicities, in the first patients tested in
the first phase of clinical trials [122, 123]. In fact, the preclinical studies evaluating
TGN1412 used cynomolgus and rhesus non-human primates rather than mice or
rats because they demonstrated drug binding affinities similar to that of humans.
While small changes in cytokine production were detected in the TGN1412 mon-
keys, the preclinical trials did not predict the life-threatening cytokine release
syndrome observed in the first phase I clinical trial [122, 124, 125], indicating the
potential for poor translation between seemingly representative preclinical models
and in vivo human testing.

1.7.3 Adoptive T Cell Therapies

An alternative form of passive immunotherapy involves the adoptive transfer of
cellular components of the immune system, most commonly T cells that naturally
express or are engineered to express TCRs that recognize tumor antigens. The
importance of T cells in tumor-specific immune responses has been apparent based
on both mouse and human studies for several decades [126, 127]. The genetic engi-
neering of patient T cells provides an avenue through which large numbers of T
cells expressing high-affinity antigen-specific surface receptors can be produced
in a lab generating a highly potent therapeutic product. Optimization of proto-
cols for adoptive T cell product manufacturing has significantly reduced the time
from peripheral blood collection to re-infusion of a therapeutic product. A variety
of genome modification techniques have been employed to improve production
of “off the shelf” chimeric antigen receptor (CAR) T and NK cell products for
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broad use in patients [128]. Here we discuss the development, use, and challenges
associated with the three main types of adoptive T cell therapy products under
investigation or in clinical use: tumor-infiltrating lymphocytes, TCR transgenic T
cell, and CAR T cells.

1.7.3.1 Tumor-Infiltrating Lymphocytes
Tumor-associated immune cells can provide both pro- and anti-tumor functions
from within the TME [129]. Due to their ability to penetrate the solid tumor
environment and greater potential to recognize TSA/TAAs due to their intertu-
moral trafficking, tumor-infiltrating lymphocytes (TILs) have been widely studied
for their prognostic value [130–134] and were also the first form of autologous
T cells utilized for adoptive therapy against cancer [135]. Adoptive TIL therapy
aims to improve T cell-mediated tumor elimination through the introduction of a
large number of tumor-specific T cells in cancer patients. Most studies and clini-
cal trials have focused on adoptive TIL therapy for melanoma, arguably the most
immunogenic tumor type, and have demonstrated objective response rates of 50%
and durable responses in approximately 10% of treated patients across studies
performed at multiple treatment centers across the US [136]. TIL therapy has also
demonstrated tolerability and sustained anti-tumor responses for at least 12 months
against Epstein Barr virus (EBV)-driven nasopharyngeal carcinoma [137]. More
recently, adoptive TIL therapy showed moderate anti-tumor activity but high lev-
els of infused TIL exhaustion in a small pilot study of patients with metastatic
ovarian cancer [138]. Interest in the therapeutic use of tumor-specific B cells
has also recently emerged. The adoptive transfer of tumor-infiltrating B cells has
demonstrated efficacy and patient benefit against lung cancer [139].

Studies have shown that ex vivo antigen-specific TIL expansion prior to infusion
into patients is associated with therapeutic benefit in the context of nasopharyn-
geal carcinoma and metastatic melanoma [140, 141]. However, some tumor types,
such as prostate cancer, exhibit minimal to no infiltration of lymphocytes. Prostate
cancer is considered immunologically “cold” due to a lack of immune activation
within the tumors. 3D models, such as tumor organoids or spheroids, have been
developed to aid in studies investigating mechanisms to improve the infiltration of
immune cells and immunotherapeutic drugs in vitro [142]. While researchers have
reported methods to successfully isolate tumor-reactive TILs from prostate tumors
[143], the reliable identification and isolation of TILs within prostate tumors and
other cold tumors remains challenging.

1.7.3.2 TCR Transgenic T Cells
An alternative method to TIL therapy is the genetic engineering of transgenic T
cells isolated from patient peripheral blood to express receptors that recognize
TSA/TAAs. Transgenic TCR therapies are generated by isolating patient periph-
eral blood from which T cells are isolated and genetically modified to express a
TCR specific to a tumor antigen. Once a small number of patient T cells are mod-
ified to express the therapeutic TCR, the transgenic cells are expanded in vitro to
larger numbers that are then infused back into the patient [144]. Although there
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are no TCR transgenic T cell therapies currently approved for clinical use, several
have demonstrated strong efficacy in clinical trials for the treatment of melanoma,
myeloma, AML [145–147]. Other TAAs, such as mesothelin, HA-1, WT-1, alpha-
fetoprotein, gp100, and numerous oncoviral proteins have demonstrated strong
preclinical efficacy, many of which are currently being tested in clinical trials
[148–150].

The development of TCR transgenic T cells involves antigen selection, the iso-
lation of tumor-specific T cells, identification of TCR receptors recognizing tumor
antigen-derived MHC-presented peptides from tumor-specific T cell clones, engi-
neered expression of TCRs in patient T cells, and expansion of the resultant TCR
transgenic T cells for infusion back into the patient. Optimized strategies for the
design and manufacturing of transgenic TCR cell products for adoptive therapy
have evolved over the past several decades.

Antigen Selection
While antibody-based therapies are restricted to targeting epitopes of cell surface
antigens, TCR-targeted therapies can target a relatively broad range of tumor anti-
gens localized within the cell or on the cell surface. Native TCRs recognize antigen
in the form of peptides presented on the cell surface of various antigen-presenting
cells including tumor cells in complex with MHC molecules. Proteins associated
with a cell, including both self and foreign or neo-proteins, are routinely processed
into peptides and transiently presented on the cell surface [151]. The diversity of
MHC molecules encoded by the human genome is responsible for the signifi-
cant diversity in antigen presentation and recognition by the immune system both
within and among individuals. Human MHC molecules are highly polymorphic
and encoded by HLA genes from which a single allele is inherited from each par-
ent resulting in a total of 12 potential MHC molecules expressed by cells in the
body [151]. Each T cell expresses a unique TCR that recognizes a specific HLA-
type (i.e., MHC molecule) and will only become activated upon recognition of the
proper cognate peptide antigen presented by the MHC molecules to which it is
specified. Unique MHC molecules present different peptide antigens derived from
the same protein based on the characteristics of the MHC peptide-binding groove
and the properties of the amino acids encoded by the peptide. Some MHC types
recognize similar or shared amino acid motifs and are often grouped into HLA
supertypes, but the percentage of peptides within the peptidome capable of being
presented by multiple MHC is believed to be relatively limited [152]. Therefore, a
transgenic T cell utilizing a TCR that recognizes a peptide presented by one HLA-
type, will likely only be effective in patients who have the same HLA allele. This
HLA restriction limits the patient population eligible for individual TCR therapies.
While most work has focused on antigens restricted by the common HLA-A*0201
allele, targeting shared antigens presented by multiple HLA types, as well as tar-
geting multiple peptide antigens within a single protein would improve the reach
of TCR therapies within HLA diverse patient populations.

Some of the earliest transgenic TCR therapies were targeted against melanoma-
associated antigens such as the melanoma-associated antigen recognized by T cells
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(MART-1) and melanoma-associated antigen 3 (MAGE-A3). In a clinical trial of
36 patients, a TCR developed against the MART-127–35 peptide epitope demon-
strated tumor regression in 30% of melanoma patients and favorable persistence
of adoptively transferred T cells in the peripheral blood. However, off-target tox-
icities were reported in 41% of patients receiving the adoptive therapy, primarily
in the form of skin rash, anterior uveitis, and ototoxicity, due to the expression
of MART-1 in healthy melanocytes found in the skin, eyes, and ear, respec-
tively [145]. Similarly, another clinical trial in nine melanoma patients resulted
in promising clinical responses in 56% of patients that received an adoptive TCR
therapy targeting MAGE-A3112-120 accompanied by a high rate of neurotoxicity
associated with the expression of MAGE-A12 protein in the brain, within which
the MAGE-A3112-120 is conserved [153]. While these studies were instrumental in
demonstrating the power of TCR therapies for targeting tumor cells based on spe-
cific tumor antigens, they also suggested that the potency of TCR therapy likely
requires selection of target antigens that have minimal or no expression in healthy
tissue to avoid unwanted therapeutic toxicities. A later study demonstrated an
80% response rate in a clinical trial of 20 myeloma patients treated with adop-
tively transferred T cells expressing a TCR targeting the NY-ESO-1157–165 peptides
[146]. The study reported minimal off-target toxicities likely owing to the restricted
expression of NY-ESO-1 to myeloma cells. Adoptive TCR therapy targeting NY-
ESO-1 has also demonstrated efficacy in preclinical models of neuroblastoma with
no evidence of off-target toxicity [154]. More studies are now focusing on identi-
fying and utilizing TCRs specific for neoantigens driven by mutations rather than
TAAs [155]. Tumor types with high mutation rates, such as melanoma, and tumors
from which patient-specific tumor mutations can be identified have been the pri-
mary focus of such studies [156–159]. However, the significant effort and cost
associated with identification of patient-specific tumor mutations and the gener-
ation of a patient-customized therapeutic product is a current limitation of this
approach.

Antigenic Peptide Identification
In silico-based predictive peptide-MHC binding algorithms are commonly used as
a fast and inexpensive method of epitope discovery, however, experimentally iden-
tified peptides with high-affinity for selected MHC molecules have been shown
to rank poorly by such predictive methods [160]. Furthermore, peptides selected
by in silico methods must be experimentally validated for MHC binding affinity.
Mild acid elution and immunoaffinity chromatography methods for the immuno-
precipitation of cell surface MHC are alternatively used to identify MHC-presented
peptides from cells [161–163], but commonly result in modest recovery of MHC
which results in poor representation of the immunopeptidome. Additional method-
ologies designed to identify immunopeptides from a single protein antigen include
antigen immunization of and peptide-MHC isolation from humanized HLA mice
or the assessment of large overlapping peptide matrices representative of entire
protein sequences [164]. As tumor antigens represent a small fraction of the total
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peptidome of a tumor cell due to intracellular variation in target antigen expres-
sion and the presentation of multiple HLA molecules by each cell, analysis of the
complete peptidome is quintessential for antigen discovery methods.

Antigen-Specific T Cell Isolation andTCR Identification
TCRs with high-affinity for selected tumor antigens have been identified from
naturally occurring T cells isolated from patients with antigen-expressing tumors.
As TILs are more likely to contain TCRs specific for tumor antigens, therapeutic
TCR candidates have been identified from TILs isolated from tumors express-
ing the target antigen [156, 165, 166]. TCR candidates have also been identified
from peripheral blood T cells isolated from similar patients [166]. The most com-
mon strategies used to identify antigen-specific T cells include labeling based
on peptide-MHC (pMHC) multimer affinity and T cell cytokine production in
response to antigen stimulation. pMHC multimers are complexes consisting of
varying numbers of pMHC molecules typically conjugated to fluorochromes that
are used to identify reactive T cells by flow cytometry. The interaction of individual
pMHC with TCRs is relatively weak and short-lived, however pMHC multimers
have higher TCR binding avidity due to the presence of multiple binding sites
[167] which improves their functionality in antigen-specific T cell detection pro-
tocols. Traditionally, pMHC trimers and tetramers, formed by biotinylation of
peptide-MHC molecules and streptavidin binding for multimerization, have been
used for antigen-specific T cell detection. Single polypeptides consisting of MHC
molecule and peptide joined by linkers, known as single-chain trimers, were later
developed as a highly stable alternative to traditional multimers [168] and have
been successfully used to detect antigen-specific T cells [169] and identify tumor
antigen recognizing TCRs [170]. More recently, pMHC dextramers, containing a
large number of fluorescently labeled pMHC covalently attached to a dextran back-
bone have been developed for T cell detection [171]. The high binding capacity
of dextran glucose polymers allows for the formation of pMHC dextramers with
up to 10 times more pMHC molecules than traditional tetramers which provides
superior TCR binding avidity. In support of this, dextramers have an improved abil-
ity to identify lower affinity TCRs compared to traditional multimers [172, 173].
Alternatively, antigen-specific T cells can be detected based on expression of acti-
vation markers and/or cytokine production in response to stimulation with antigen
in vitro. Detected antigen-specific cells, using multimer technology, activation sta-
tus, or cytokine production can then be enriched by antibody-directed magnetic
bead separation or fluorescence-activated cell sorting (FACS) [172, 174, 175].

Once T cells with demonstrated antigen specificity are identified, the sequences
of the α and β chains of the TCR are determined to engineer their expression in
patient samples. The two main methods currently used to identify TCR sequences
are single-cell sequencing and the use of RNA bait libraries targeting TCR α and β

chain loci for TCR gene capture [176, 177]. Sufficient genomic material for TCR
sequencing from single cells following intracellular cytokine production analysis
and FACS has until recently been unattainable. A new droplet-based polymerase
chain reaction (PCR) technique called CLINT-seq utilized reversible cross-linking
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that allows for the isolation of genomic material following intracellular cytokine
staining (ICS) that is comparable to the use of viable cells, unlike traditional
methods of fixation and permeabilization for ICS [178].

Historically, TCR affinity for cognate antigen in complex with MHC has been
directly associated with T cell activation and response to antigen [179, 180].
However, the absolute nature of this correlation has been challenged [181]. The
induction of cytotoxic T cell effector function typically requires intracellular sig-
naling mediated by the binding of TCR variable regions to cognate peptide, as well
as CD8 interaction with the MHC molecule. However, the binding of high-affinity
TCRs to peptides alone can be sufficient to elicit a cytotoxic T cell response [182].
Consequently, this allows for the generation of transgenic CD4 and CD8 T cells.
Therapeutic adoptive T cell products consisting of TCR transgenic CD4 and CD8
T cells have been shown to have superior efficacy and greater therapeutic potential
than products that contain transgenic CD8 T cells alone [183–185].

Identifying high-affinity TCRs targeting TAAs can be challenging as many
TAAs are self-antigens against which strongly reactive T cells are eliminated dur-
ing thymic selection. The MART-1-targeting TCR named DMF4 showed antigen
reactivity in patients but was characterized as having low affinity and demon-
strated an inability to target cells with lower levels of antigen expression. This
was thought to be the major reason for poor efficacy of the TCR in a clinical
trial of 31 melanoma patients, of which only 13% of patients exhibited an objec-
tive clinical response [186, 187]. One method to engineer high-affinity TCRs is
through the humanization of mouse TCRs. Human HLA-matched transgenic mice
immunized with human TAA of therapeutic interest produce antigen-reactive T
cells from which high-affinity mouse anti-human TCRs can be isolated [145, 188,
189]. Genetic strategies to improve TCR interactions and affinity to peptide-MHC
complexes by altering the physical properties of the TCR are also being explored,
including mutations to the complementarity determining regions CDR1 and CDR2
to improve binding to MHC [190]. The enhancement of TCR antigen affinity must
be carefully monitored for safety as high-affinity TCRs are more likely to sur-
mount the activation threshold that is defined during thymic selection which can
lead to undesired off-target toxicity and autoimmunity. Extensive safety studies are
required prior to the clinical assessment of affinity-enhanced TCRs. While some
affinity-enhanced TCRs have demonstrated high toxicity in vivo [191, 192], oth-
ers appear to be safe [193]. Expression levels of antigen in healthy tissue and the
essential nature of those healthy tissues remain the main factors associated with
the severity of toxicities related to TCR therapies.

Eliminating Transgenic—Endogenous TCR Interactions
Transgenic expression of therapeutic TCR sequences into otherwise unaltered
patient T cells poses the risk of TCR αβ chain mismatch pairing with endoge-
nously expressed TCR α and β chains [194]. Unique pairing of transgenic and
endogenous TCR chains can result in TCRs with unexpected specificities which
have the potential to lead to off-target toxicity and lack of TAA specificity [195].
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Replacement of the constant regions of the human TCR with mouse TCR con-
stant regions has been used to prevent mismatch pairing while maintaining antigen
specificity of the therapeutic TCR [196]. The introduction of specific point muta-
tions into the constant region of the α and β chains to add cysteine residues has
also been shown to improve pairing of the transgenic chains and limit mismatch
pairing with endogenous chains [197]. An alternative method under heavy inves-
tigation is the disruption of endogenous TCR expression in patient T cells prior
to introduction of the therapeutic TCR. This has been accomplished successfully
by using zinc-finger nucleases, transcription activator-like effector nucleases, and
meganucleases [198, 199] as well as through targeted insertion of the therapeutic
TCR coding sequences into the endogenous TCR locus [200].

Chimeric Antigen Receptor T Cells
An additional type of genetically engineered T cell receptor under heavy clinical
investigation for adoptive T cell therapy are CARs or chimeric antigen receptors.
CARs are designed to combine the antigen specificity of a TAA/TSA-specific anti-
body with the cytotoxic signaling of a CD8 T cell receptor. The receptor consists
of two primary components: (1) the light and heavy variable regions of the tumor
antigen-specific antibody in the form of a single-chain variable fragment (scFv)
which confers the antigen specificity of the receptor and (2) the transmembrane
and cytoplasmic signaling domain of the CD8 T cell receptor, through which cyto-
toxic T cell effector functions are induced following scFv engagement with tumor
antigen [201] (Fig. 1.2). Unlike TCRs, most CARs do not recognize peptide-MHC,
therefore their specificity and activation are not HLA-dependent. Although multi-
ple types of structures have been used as ligand-binding domains in CAR design,
scFvs are the most common and recognize intact native protein or lipid epitopes
present on the surface of cells [201]. Additionally, CARs are monomeric recep-
tors, therefore the risk of mismatch pairing with endogenous TCR chains is not of
concern for CAR T cell therapies.

The manufacturing of CAR T cell products is similar to TCR transgenic T cells.
Autologous T cells isolated from the peripheral blood of patients are engineered
to express an optimized tumor surface antigen-specific CAR through viral or non-
viral transgenesis. CAR T cells are subsequently expanded to large numbers before
infusion back into the patient following systemic lymphodepletion. Numerous
strategies related to tumor antigen-specific antibody identification, scFv selection,
spacer optimization, and the production of CAR T cell therapeutic products have
been employed to optimize the efficacy of and minimize toxicities associated with
CAR T therapy.

Selecting Antigens for CARTTherapy
Several CAR T therapies have received FDA-approved, all for the treatment of
B cell malignancies. Three CAR T cell adoptive therapies targeting CD19 were
approved between 2017 and 2021, and a novel CAR targeting B cell maturation
antigen (BCMA) was approved for the treatment of multiple myeloma in 2021. All
four approved CAR T therapies generated impressive response rates and improved
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Fig. 1.2 CAR structure

patient outcomes in clinical trials [202]. However, long-term treatment targeting
CD19 that is expressed on both healthy and malignant B cells results in chronic B
cell aplasia and hypogammaglobulinemia in patients due to the on-target therapeu-
tic elimination of healthy B cells [203–205]. While B cell aplasia is anticipated,
tolerated, and managed clinically with immunoglobulin replacement therapy [206],
the selection of non-self, TSAs is likely a safer option for future CAR T ther-
apies. TSAs such as EGFRvIII, NY-ESO-1, and the glycolipid GD2 are being
investigated clinically [207].

ScFv Antigen Affinity
The overall affinity and functional avidity of CARs are likely determined by sev-
eral factors including scFv affinity for antigen, costimulatory signaling, and the
level of antigen expression of target cells. Similar to TCRs, scFv with higher
affinity for cognate antigen is often associated with better antigen recognition and
more potent T cell responses [208, 209]. However, high-affinity can result in a
greater potential for off-target toxicities. scFv with finely tuned antigen affinities
have been demonstrated to better discriminate between higher densities of TAAs
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on-tumor cells and lower antigen expression on healthy tissue [210]. In instances
where TSAs with exclusive expression in tumors and absence in heathy tissue
have not been identified, CARs with lower affinity scFv for the targeted TAA may
exhibit improved anti-tumor efficacy and better safety profiles against healthy cells
as has been demonstrated with CD19-targeting CAR T therapy [211]. This is most
likely due to the ability of the CAR to bind tumor cells with higher surface anti-
gen concentrations and inability to bind healthy cells with lower antigen density
or binding insufficient for activation of cytotoxic T cell effector function.

Optimization of CAR Spacer Length
Unlike antibodies, which due to their small size and solubility have the ability to
bind to a greater diversity of confirmational epitopes of surface antigens even with
complex or large, 3-dimensional structures, the scFv of CARs can have greater
difficulty accessing and binding antigens due to physical hindrances associated
with being bound to the T cell surface [201]. Optimization of the CAR spacer
length and isotype for specific scFv has been shown to improve the ability of the
CAR to engage the targeted antigen. Optimal spacer length is often dependent on
the location of the epitope within the extracellular antigen on the target cell sur-
face that the CAR is required to bind. Longer spacers are usually better suited for
binding epitopes near the cell membrane or with limited exposure, while shorter
spacers are often sufficient for highly-exposed membrane distal epitopes [212].
However, this is a general observation, therefore the unique context of using a
specific CAR to target a particular antigen often requires individual optimization.
Spacer hinges derived from the IgG4 isotype have been shown to interact with Fc
receptors of certain mouse cells leading to sequestering of therapeutic CAR T cells
in mouse lungs and decreased efficacy in a preclinical study [213]. However, the
introduction of specific mutations in the spacer domain led to diminished Fc recep-
tor binding and improved tumor localization in both CD19- and PSCA-targeting
CARs [213, 214].

Selection of T Cell Costimulatory Domains
First-generation CARs constructs consisted of an antigen-binding extracellular
scFv and hinge, a transmembrane spanning domain, and an intracellular CD3ζ T
cell receptor signaling domain linked to a co-receptor, such as CD4 or CD8. Such
prototype chimeric receptors were first developed in the 1990s and were capable
of targeting directing T cells to tumor cells expressing the antigen targeted by the
scFvs. While the scFv and linkage of the intracellular CD3ζ domain to CD4 or
CD8 provide “signal 1” to the T cells required for antigen-specific T cell acti-
vation and proliferation, such first-generation CARs lacked the ability to employ
cytolytic functions against targeted tumor cells due to a lack of T cell costimula-
tory signaling (i.e., “Signal 2”) [215]. The efficacy of most first-generation CARs
was poor due to issues with CAR T cell persistence and therapeutic-associated
toxicities in vivo [216–219]. A lack of costimulatory signaling domains and an
effective signal 2 in first-generation CARs has also been associated with CAR T
cell tumor antigen tolerance and elimination following antigen engagement [220].
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Second- and third-generation CARs included single or multiple costimula-
tory domains, respectively in addition to the scFv and CD3ζ signaling domains
(Fig. 1.2), which provided additional signaling to the T cell essential for effector
function activation following antigen engagement [221, 222]. The type of costimu-
latory signal, as well as the order of the intracellular domains and their association
with CAR function and efficacy, has been extensively studied. The main costim-
ulatory molecule domains utilized to provide an activating “signal 2” to the T
cells are CD28, 4-1BB, OX40, and ICOS [222]. In the context of CD19 CAR
T therapy, clinical data show minimal to no difference in clinical response rates
to CARs that use either CD28 or 4-1BB domains [223]. Preclinical studies have
demonstrated CAR T cells with both CD28 and 4-1BB costimulatory domains
induce greater cytokine production, anti-tumor activity in mice, and persistence of
T cells compared to single costimulatory domain CAR T cells [224]. Additionally,
a CD19 CAR that uses a CD28-derived hinge in addition to a 4-1BB intracel-
lular costimulatory domain yielded a higher complete response rate compared to
most prior studies using single costimulatory domain CARs [225]. In a preclinical
study, CARs with dual ICOS and 4-1BB domains targeting mesothelin expressed
by NSCLC tumors demonstrated greater anti-tumor efficacy and longer in vivo
persistence but was dependent on the ICOS domain being positioned proximal to
the plasma membrane [226]. A more recent fourth-generation of CARs has been
created utilizing the addition of stimulated production of cytokines, such as IL-12,
to single costimulatory domains to further augment tumor-targeted effector func-
tion of the T cells. It has been suggested that the presence of IL-12 is “signal 3”
and required for full interferon-driven CD8+ T cell effector function [227]. IL-12
is believed to improve CAR T efficacy via a multi-pronged approach including
autocrine effects of the CAR T cells as well as manipulation of APCs within
the tumor microenvironment to promote inflammation and T cell killing [228].
Such T cell products are commonly referred to as T cells redirected for universal
cytokine-mediated killing or TRUCKs [229]. This concept of adding autocrine T
cell stimulation with cytokines or the expression of activation and proinflamma-
tory ligands is referred to as “armoring” T cells [228] and has focused primarily on
the addition of IL-12, IL-15, CD40L, and 4-1BBL to second- or third-generation
CAR constructs [228]. An extensive set of armored approaches is under investi-
gation to continue the advancement of the efficacy and safety of future adoptive
T cell therapy. Current studies focus on the efficacy of armored CARs and the
identification of biological markers of response as well as therapeutic-associated
toxicities. The development of humanized mouse models that allow for studying
human cell lines or patient tumor-derived xenografts in immunodeficient mice or
mice with autologous human immune systems by peripheral blood mononuclear
cell or hematopoietic stem cell transplant has been essential for assessing adoptive
T cell therapy efficacy in vivo [230]. Carcinogen-induced syngeneic models and
GEMMs that recapitulate tumor molecular heterogeneity and complexity of the
tumor microenvironment in immune-competent mice are being developed as bet-
ter models for assessing toxicity and the broader effect of adoptive T cell therapies
on anti-tumor immune responses preclinically [231, 232].
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ReducingToxicities Associated with CARTTherapy
Toxicities associated with CAR T therapy are driven by two mechanisms:
(1) excess on-target CAR T activity against tumor cells, referred to as on-
target/on-tumor toxicity and (2) CAR T cytotoxic activity against non-tumor
antigen-expressing cells, referred to as on-target/off-tumor toxicity. Toxicity due
to on-target/on-tumor immune activation following infusion of a CAR T prod-
uct occurs when CAR T cells engage the targeted antigen on-tumor cells and
undergo activation resulting in a systemic proinflammatory immune response with
massive cytokine production known as cytokine release syndrome (CRS) [233].
Similarly, on-target/off-tumor toxicity results from potent immune activation that
occurs following unwanted CAR T cell recognition of cognate antigen on healthy
cells. While many cytokines are produced during the cytokine storm responsible
for CRS, studies in humanized mouse models have demonstrated that IL-6 is most
commonly inked to the majority of tissue-damaging symptoms associated with
the detrimental effects of CRS [234, 235]. CRS severity has a significant range
and is clinically graded to aid with clinical management [236]. Symptoms include
fever and varying degrees of hypoxia, hypotension, and organ damage [236], many
of which can be mitigated by treatment with IL-6 blocking drugs [237] as well
as other immune dampening medications such as corticosteroids [234]. Changes
in immune monitoring of patients through temporal tumor biopsy and peripheral
blood collection during clinical trials have promoted our understanding of the fac-
tors implicated in the development of CRS and neurotoxicity associated with CAR
T therapy, as well as identification of markers of response to therapy [231, 238].

Several strategies are under investigation for the design of CAR T cells to help
mitigate CAR T-related toxicities. While on-target/off-tumor toxicities can be elim-
inated or reduced by targeting tumor-restricted antigens or by optimizing scFv
antigen affinity as previously discussed, on-target/on-tumor toxicities have been
more challenging. If a tumor antigen is expressed on both tumor cells and healthy
tissue, strategies that require dual antigen engagement to allow T cell killing can
improve selective targeting [239]. A novel example is logic-gated CAR expres-
sion controlled by synthetic Notch (synNotch) receptors. Upon engagement of a
T cell synNotch receptor with antigen #1, regulated intracellular signaling trig-
gers expression of the CAR which will only lead to T cell-mediated killing of
the tumor cell if the CAR-targeted antigen #2 is present [240, 241]. The use of
suicide genes or safety switches is also being explored to regulate CAR T cells
once infused into the patient. Such genes are included in the expression vectors
of the CAR constructs and allow for selective elimination of transgenic T cells
in patients [242]. This concept was adapted from techniques used to treat graft-
versus-host disease (GVHD) following hematopoietic stem cell transplant (HSCT).
Safety switches function through conditional expression of a gene in the transgenic
T cells that encodes a product that converts a non-toxic pro-drug into a toxic pay-
load that eliminates the T cell, thereby reducing T cell-mediated toxicity. The
pro-drug is given upon observation of therapy-driven irAEs in a patient. Induction
of Herpes simplex virus-tyrosine kinase (HSV-tk) with ganciclovir treatment has
been extensively tested in and used to treat GVHD in leukemia patients receiving
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HSCT [243] and has also been used to control expression of HSV-tk-expressing
adoptive T cells targeting CD44 [244]. More recently an inducible Cas9 safety
switch system has been shown to effectively mitigate CAR T toxicity in the con-
text of patients with acute leukemia relapse receiving HSCT and adoptive T cell
therapy [245].

Switch Receptors to Improve Efficacy of CART Against Solid Tumors
Unique genetic engineering of CAR constructs is being explored to counteract the
immunosuppressive features of solid tumors that often restrict CAR T efficacy,
such as expression of immune checkpoints. Chimeric switch receptors containing
an extracellular domain of PD-1 linked to an intracellular CD28 T cell costim-
ulatory domain equip therapeutic T cells with the ability to undergo activation
upon engagement with PD-L1 rather than inactivation with a classic PD-1 recep-
tor. This strategy has been shown to confer improved CAR T efficacy against
several preclinical solid tumor models [246]. Dominant-negative TGF-βRII has
been implemented as well to block the suppressive effect of TGFβ on T cells and
was shown to enhance PSMA-directed CAR T therapies against multiple mouse
models of prostate cancer [247]. However, there is some evidence in mice that
use of a dominant-negative TGF-βRII can promote autoimmune disease and fur-
ther exacerbate off-target toxicities [248]. While much of what we know about
T cell therapy-associated toxicities have been collected from clinical studies, the
development and use of orthotopic syngeneic or GEMMs in animals with func-
tional immune systems are imperative for identifying the toxicity of T cell based
therapies in preclinical setting.

1.8 Active Immunotherapy

The second overarching category of immunotherapies is active immunotherapy.
Unlike passive immunity, which involves introducing exogenously produced tumor
targeting agents or cells to a patient, active immunotherapy modalities are designed
to stimulate or activate a patient’s native immune system to mount a response to
cancer. The most common types of active immunity currently under investigation
are cancer vaccines and oncolytic viruses.

1.8.1 Prophylactic Cancer Vaccines

Some of the most successful cancer vaccines to date are preventative cancer vac-
cines that are prophylactically given to at-risk individuals and are designed based
on successful vaccines against infectious agents. Such preventative cancer vaccines
are designed to induce a long-term adaptive immune response against oncoviruses
to reduce the risk of cancers that can be caused by the targeted viruses and most
commonly function by eliciting a strong antibody response against virus-derived
antigens. Several oncoviral-targeted cancer vaccines have been FDA-approved
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including Cervarix, Gardasil, and Gardasil-9 for the prevention of several repro-
ductive cancers and head and neck cancers caused by human papilloma viruses
(HPC) and HEPLISAV-B for the prevention of liver cancer due to hepatitis B virus
(HBV). The HPV vaccines consist of virus-like particles (VLP) that lack the HPV
genome and viral replication ability but retain the immunogenic HPV L1 protein
on the VLP surface for immune recognition without the risk of vaccine-induced
active viral infection [249]. HEPLISAV-B consists of a cocktail of immunogenic
HBV surface proteins in recombinant form as well as the toll-like receptor 9
agonists, cytidine-phospho-guanosine, as an adjuvant [250]. Despite the success
of cancer vaccines targeting etiological oncoviral antigens, such therapies are
restricted to the few cancers that form due to viral infection-induced transformation
and therefore have limited reach in the cancer patient population.

1.8.2 Therapeutic Cancer Vaccines

Similar to preventative cancer vaccines, therapeutic vaccines are designed to
induce a long-term adaptive immune response but target non-viral TAAs or TSAs
within a patient with a cancer diagnosis. Most therapeutic vaccines concentrate
on inducing or improving the presentation of peptide-derived antigens in com-
plex with MHC molecules for the activation of anti-tumor T cell responses.
Types of therapeutic cancer vaccines that have been investigated include viral-
and cellular-based cancer vaccines, as well as peptide, RNA, and DNA vaccines.

1.8.2.1 Viral Vector-Based Cancer Vaccines
Several viral-based cancer vaccines have been developed using strategies drawn
from vaccines developed for infectious diseases. Both inactivated (i.e., replication-
incompetent) and active, replication-competent viruses containing tumor antigens
have been used to infect tumor cells and improve anti-tumor immune responses
[251, 252]. PVSRIPO, a recombinant nonpathogenic poliovirus-based vaccine tar-
geting the CD155 receptor often expressed on glioblastoma cells, has demonstrated
improved survival in a study of 61 patients with recurrent, malignant glioblastoma
[253]. Other viral vectors, such as vaccinia, adenovirus, and alphaviruses have
been tested against a variety of cancer types, including prostate cancer, NSCLC,
and colorectal cancer [254–257]. However, the development of neutralizing anti-
bodies by patients against components of the native viral vectors limits the use and
effectiveness of viral-based cancer vaccines [252].

1.8.2.2 Cellular-Based Cancer Vaccines
Autologous or Allogeneic Tumor Cells
The use of autologous tumor cells as a therapeutic product involves the use
of replication-incompetent tumor cells or tumor cell fragments to stimulate an
immune response to the antigens expressed by the tumor. Whole tumor cell
vaccines are prepared in a variety of ways, most of which involve induction
of tumor cell death through apoptosis or necrosis or by rendering the cells
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replication-incompetent. Ultraviolet B irradiation induces tumor cell apoptosis
which ultimately results in uptake of tumor cell components by APCs both in vitro
and in vivo thereby improving the likelihood of antigen presentation in patients
[258]. Hypochlorous acid has been used in a similar manner to induce tumor cell
necrosis for whole tumor vaccine production [259]. Lastly, the heating of tumor
cells has been shown to not only increase MHC expression and antigen produc-
tion by tumor cells but also increase heat shock protein expression and release
from tumor cells which can induce proinflammatory immune signaling through
engagement with toll-like receptors on immune cells [260].

Cancer cell lines and patient tumor cell lysates have also been used directly
for vaccination of patients. In particular cancer settings, tumor lysates have been
shown to perform as well or better than defined tumor antigens in clinical tri-
als [261]. Peptide complexes derived from the heat shock-gp96 protein isolated
from melanoma patient tumors have been used to successfully treat some patients
following autologous vaccination [262]. Autologous tumor cell lysate has been
used as a source of antigen for antigen loading for APC-based vaccines in sev-
eral studies [263–265]. Autologous tumor cell RNA has also been transfected into
APCs to allow for patient tumor-specific antigen expression and presentation for
vaccination [266].

Expression of immune-activating cytokines by genetic modification of tumor
cells for vaccination has been used to combat the immunosuppressive envi-
ronments of many tumors. Granulocyte–macrophage colony-stimulating factor
(GM-CSF) transgene expression is arguably the most comprehensively studied
growth factor in the context of cancer vaccines. It is been well established for
over two decades that GM-CSF expression in tumor cells can improve tumor
antigen presentation and proinflammatory cytokine secretion of APC such as den-
dritic cells and macrophages and is associated with more productive anti-tumor
immune responses [267]. Additionally, a phase I/II clinical trial of vaccination with
autologous tumor cells expressing GM-CSF resulted in improved overall survival
of NSCLC patients compared to vaccination with cells not modified to excrete
GM-CSF [268]. GVAX, an allogeneic, tumor cell vaccine engineered to express
GM-CSF has shown promise in clinical trials in various patient and cancer set-
tings [269]. GVAX for prostate cancer, consisting of irradiated GM-CSF-secreting
LNCaP and PC3 prostate cancer cell lines, was associated with a significant PSA
decline in phase II clinical trials compared to chemotherapy [270, 271]. These
findings led to two phases III clinical trials, VITAL-1, and VITAL-2, testing
GVAX alone or in combination with chemotherapy compared to chemotherapy
alone. However, both trials were discontinued due to futility and worse patient
outcomes in the GVAX arm, respectively [272, 273]. A pancreatic GVAX vaccine
has also been tested in the setting of resectable as well as unresectable metastatic
pancreatic ductal adenocarcinoma. Phase II clinical trials have demonstrated that,
while pancreatic GVAX monotherapy or in combination with cyclophosphamide,
live, attenuated mesothelin-expressing Listeria (CRS-207), and nivolumab did not
improve overall survival of patients compared to standard therapy, the combination
led to improved immune cell infiltration into the TME [274, 275]. GVAX lung has
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been tested in several clinical trials of patients with NSCLC with modest clinical
benefit in a small number of participants compared to standard, approved treatment
regimens [268, 276, 277]. GVAX is also currently being tested in the neoadju-
vant setting for melanoma and NSCLC [278]. Belagenpumatucel-L is an allogenic
tumor cell vaccine consisting of a cocktail of NSCLC cell lines modified to express
a TGFβ2 antisense gene which has been shown to improve immunogenicity of the
tumor cells in early clinical trials [279, 280].

Dendritic Cell Vaccines
Dendritic cells (DC) are professional APCs well-known for their role in the induc-
tion of antigen-specific T cell responses. Once technical advances were developed
that improved the ability of scientists to study and generate DC in vitro, DC-based
vaccines have become the primary form of cell-based cancer vaccines under inves-
tigation, overshadowing the use of irradiated autologous tumor cells as a source
of tumor antigen for immune activation. All DC lineages are derived from CD34+

hematopoietic progenitor cells within the bone marrow [281]. The majority of DC
are localized in tissues throughout the body where they survey the environment for
pathogens and other foreign antigens that they are designed to take up, process,
and present to T cells in complex with MHC within primary and secondary lym-
phoid tissues [281]. While many differentiated subsets of DC have been identified,
blood-derived DC has been used the most in the context of cancer vaccines due
to the ease with which they can be generated and manipulated in vitro. The ear-
liest DC-based cancer vaccines were tested in the 1990s and early 2000s against
well-known tumor antigens, including MART-1, gp100, and MAGE. Therapeutic
DCs were derived in vitro from CD14+ monocytes isolated from patients using
GM-CSF and IL-4. Following differentiation, DV was loaded with established
immunogenic tumor antigen peptides or patient tumor lysates and infused back
into patients [282–284]. Recent advances in DC vaccine design have focused on
targeting better antigens such as neoantigens arising from mutations. This approach
has yielded positive results but requires labor-intensive strategies for personalized
antigen discovery [285]. Preconditioning of the injection site with adjuvants such
as tetanus toxoid prior to DC vaccination is also being explored [286]. DC vaccines
have also been tested in clinical trials against acute myeloid leukemia (AML), and
B cell lymphoma [287]. Despite evidence of immunogenicity and acceptable safety
profiles, these DC vaccines showed inferior efficacy compared to other standard
of care treatments.

The only FDA-approved DC vaccine to date is the prostatic acid phosphatase
antigen (PAP) targeting vaccine, Sipuleucel-T (Provenge), for the treatment of
prostate cancer. Sipuleucel-T contains DCs derived from autologous patient mono-
cytes that presents an HLA-A*0201-restricted PAP-derived peptide [288]. The
FDA approval of Sipuleucel-T in 2010 has generated significant interest in the
utilization of DC vaccines for additional cancer types by the scientific community.
Efforts to optimize development and improve efficacy of DC vaccines have been at
the forefront of the field and have focused on identifying optimal in vitro culture
conditions for DC generation and enhanced antigen-loading strategies.
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Selecting a Source and Differentiation State for DC Generation
The majority of DC-based cancer vaccines have utilized autologous DC-derived
in vitro from CD14+ monocytes isolated from patient blood due to the ease of
access to such cells. Several studies have used directly isolated patient CD34+

hematopoietic stem cells for DC derivation. Other sources of DC include differ-
entiated DC such as plasmacytoid DC or conventional DC; however, such DC
primarily reside in tissues and are challenging to isolate from the periphery due
to their low frequency in the blood [289, 290]. A more recent approach involving
antigen loading and stimulation of DC within patients, such as the liposome-based
vaccine-targeting DC, Lipovaxin-MM, has shown preclinical and safety in clini-
cal trials for patients with melanoma while eliminating the need to produce a DC
product ex vivo [291, 292].

In addition to DC source, the maturation status of DC used for vaccination
has been identified as an important factor impacting vaccination efficacy. Most
DC patrolling tissues for antigen are phenotypically immature and characterized
by low expression of T cell costimulatory molecules. However, they are uniquely
positioned for optimal antigen uptake, processing, and presentation [293]. Upon
antigen uptake, immature DC undergoes maturation involving the upregulation
of adhesion molecules that aid in DC transport to lymphoid tissues for antigen
presentation to T cells [294]. Mature DC are better equipped to activate T cell
responses to their presented antigen [295–297].

Antigen-Loading Strategies
Various antigen sources have been assessed for DC antigen loading including vari-
ous lengths of MHC class I and II-restricted synthetic peptides, whole recombinant
protein, killed autologous tumor cells, and tumor cell lysates, all of which have
demonstrated immunogenicity in vitro [285]. Although MHC class I restricted
peptide antigens may be most effective for CD8 cytotoxic T cell activation, whole
protein antigen sources, such as recombinant, full-length protein, and autologous
tumor cells, have demonstrated CD4 and CD8 T cell activation leading to a more
potent cellular anti-tumor response. Intact protein antigens serve as a natural source
of both MHC class I and II-restricted antigens that can be processed and pre-
sented by DC following exogenous protein uptake. This strategy also eliminates
HLA-specific restrictions and may therefore be more suitable for the genera-
tion of autologous DC vaccines for patients across all HLA haplotypes. More
recent strategies to develop efficacious DC vaccines have focused on the load-
ing and targeting of tumor-specific neoantigens, as well as antigen presentation
mediated by lentiviral antigen expression platforms [285]. Other strategies cur-
rently being explored to improve DC vaccine T cell activation include the use of
immune-activating adjuvants, such as co-immunization with tetanus toxoid [286].

While DC vaccines have demonstrated significant clinical promise and DC
remain a powerful tool for the initiation of anti-tumor T cell responses, the many
factors involved in DC vaccines design and determinants of vaccine efficacy such
as DC subset selection, DC maturation status, and antigen selection and loading
have yet to be fully elucidated.
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B Cell Vaccines
Although DC is considered the primary professional APC, both B cells and
macrophages are heavily involved in antigen presentation and can induce antigen-
specific T cell responses. Autologous B cells stimulated with CD40L and loaded
with antigen in the form of peptides or tumor cell lysates have been shown to
induce anti-tumor T cell responses in vitro against melanoma antigens [298]. B
cell vaccines have also demonstrated antigen reactivity in models of bladder can-
cer and lymphoma [299, 300]. The ease of access to B cells in the periphery and
their insensitivity to many immune-suppression mechanisms employed by tumors
make them an exciting option for cell-based immunotherapy vaccines [301].

1.8.2.3 Nucleic Acid Vaccines
Direct vaccination of tumor antigen peptides not in association with autologous
cells is an alternative strategy under investigation. Genetic material in the form of
RNA or DNA encoding tumor antigen peptides or proteins has also been used for
direct vaccination. Cells that receive the RNA or DNA transiently express tumor
antigens for induction of an immune response [302]. Alternatively, viral and bacte-
rial vectors have been used to introduce genes encoding the desired vaccine tumor
antigen into patient cells. Vaccinia, adenovirus, and lentivirus-based vectors among
others have all been tested for this purpose [303]. Vector delivery systems, while
lacking the replication competency of live pathogens, enable efficient delivery of
antigen genetic material to patient cells compared to direct injection or the use
of gene guns. Viral and bacterial vector vaccines can generate both humoral and
cell-mediated adaptive immune responses against target antigens [302]. Histori-
cally, non-formulated plasmid DNA vaccines have shown strong safety profiles
but modest efficacy in patients. Modern DNA vaccines are focused on targeting
better tumor antigens and employing combination strategies to counter immuno-
suppressive mechanisms. Most DNA vaccines currently under investigation encode
a tumor antigen as well as other genes that aid in immune activation such as IL-2
(IL-2) or GM-CSF [304].

Delivery Methods
A variety of methods have been used to deliver plasmid-based vaccines including
mucosal, subcutaneous, intradermal, and intramuscular administration. Methods
that improve DNA entry into cells, such as gene guns and DNA tattooing are
modern methods being explored as alternatives to standard injections [305, 306].
Plasmid DNA detected within the cell can induce non-specific innate immunity as
double-stranded DNA (dsDNA) represents a pathogen-associated molecular pat-
tern recognized by toll-like receptor 9 when outside of the nucleus. Once DNA
has been successfully delivered to targeted APC, it is then transcribed and trans-
lated into protein using cellular machinery for subsequent MHC presentation to
antigen-specific T cells.
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Improving Immunogenicity of DNAVaccines
Despite significant improvements in DNA delivery technology, DNA vaccines con-
tinue to have limited immunogenicity and efficacy in both preclinical models of
cancer and in clinical trials [304]. Codon optimization has been used to both
improve expression of vaccine encoded genes and ultimately improve gene-based
vaccine immunogenicity designed for the treatment of both infectious disease and
cancer [307–311]. To improve the overall immunogenicity and efficacy of DNA
vaccines, most modern DNA vaccine designs focus on targeting multiple tumor
antigens or neoantigens and make use of adjuvants. Multi-epitope introduction
and presentation can be easily implemented with gene-based vaccines and have
demonstrated improved efficacy in the context of multiple myeloma, for example,
targeting multiple epitopes across several myeloma-associated proteins [312]. One
group recently demonstrated that a cocktail of MHC class I restricted synthetic
neoantigens delivered by DNA vaccination elicited potent, CD8 T cell dominant,
anti-tumor effects in preclinical models of several ICI-resistant tumor models,
including lung and ovarian cancer [313]. Others have demonstrated immuno-
genicity and anti-tumor activity of multi-epitope DNA vaccines targeting patient
tumor-derived peptides against preclinical models of breast cancer and pancreatic
neuroendocrine cancer [314]. Transgenic mice with selective expression of tumor
antigens, such as Her-2 and MUC-1 for breast and pancreatic cancer, respectively
have been essential for testing vaccines targeting tumor antigens [315]. In addition
to targeting multiple CD8-specific tumor antigens, the ability to induce both CD8
and CD4 T cell responses using both MHC class I and II-restricted antigens has
been demonstrated to generate a more effective anti-tumor response [316]. Despite
the compelling interest in targeting neoantigens, the processes of neoantigen dis-
covery and subsequent vaccine design are laborious and time-consuming requiring
several months from tumor biopsy to patient vaccination [304]. Novel strategies to
improve the efficiency of both immunogenic antigen discovery and vaccine man-
ufacturing are needed for practical, widespread use of personalized gene-based
therapy.

1.8.2.4 Peptide Vaccines
Peptide-based vaccines injected into the dermis and/or muscle are designed to be
taken up by resident antigen-presenting cells such as DC and subsequently pre-
sented to T cells. Most peptide vaccines consist of one or more short (i.e., 8–10
amino acids) MHC class I restricted peptides that are immunologically recog-
nized by CD8 T cells. Such vaccines have demonstrated good tolerability and
have been shown to activate cytotoxic CD8 T cell responses but have only trans-
lated to moderate anti-tumor efficacy in clinical trials [317], most likely due to a
lack of CD4 T cell engagement and subsequently limited CD4-mediated “help”
which improves activation and potentiation of CD8 T cell response [318, 319].
Longer peptides (i.e., 15–30 amino acids) designed to include CD4 and CD8 epi-
topes or combinations of CD4- and CD8-recognized peptides of various lengths
are also being explored [320]. Although peptide-based vaccines are one of the
most highly studied types of cancer vaccine, no peptide-based formulations have
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received FDA approval due to limited therapeutic responses thus far in clinical
trials. Novel strategies are needed to overcome the numerous challenges faced by
peptide cancer vaccines.

Improving Peptide-Vaccine Efficacy
Peptide-based vaccines are often hindered by immunological tumor characteris-
tics and vaccine design including heterogeneity in HLA restriction and tumor
antigen expression within the patient population. Personalized peptide vaccines
(PPV) are designed to trigger quick anti-tumor cytotoxic T cell responses by using
peptide antigens to which a patient’s immune system has already been exposed
through the activation of memory T cells. Most PPV that has been tested utilize
a cocktail of peptides derived from numerous TAA proteins restricted or shared
by multiple HLA types [321]. Noguchi and colleagues have collectively stud-
ied 31 CD8-directed peptide candidates as multi-peptide cancer vaccines assessed
against castration-resistant prostate cancer, glioblastoma multiforme, pancreatic
cancer, several subtypes of lung cancer, colorectal cancer, and others [321] and
concluded that immunological memory to vaccine-targeting epitopes correlates
strongly with the magnitude and duration of response to a peptide vaccine. This
highlights the importance of determining a patient’s immunological memory to the
vaccine-targeting epitopes patient screening and selection for treatment.

Peptide-vaccine efficacy has also been linked to vaccine design, most com-
monly due to the use of formulations that do not prevent peptide degradation
in vivo. Naked peptide formulations are highly susceptible to degradation prior to
reaching APC using standard delivery systems [320]. The use of nanoparticles to
improve peptide to cell delivery is under heavy investigation. Numerous types of
organic and inorganic nanoparticles are being explored in peptide-vaccine strate-
gies. Manipulation of particle makeup, size, and formulation have improved the
immunogenicity and efficacy of peptide-based vaccines [322]. Overall, selection
of epitopes guided by patient immunity and prolongation of vaccine persistence
in vivo are promising techniques to enhance peptide-vaccine efficacy, but new
strategies are still needed to identify biomarkers of response for improved epitope
and peptide selection.

1.9 Conclusion

Twenty years ago, the idea of utilizing immune-based therapies for the treat-
ment of cancer was shrouded in doubt. The success of CAR T cell therapy
and ICI against hematologic malignancies and solid tumors, respectively has pro-
vided a significant boost to the exploration and implementation of novel cancer
immunotherapies. Recent advances elucidating interactions between the immune
system and tumor have uncovered novel opportunities for the use of immune-based
therapeutic strategies against a broad range of cancer types. Over the past decade,
multiple antibodies- and immune cell-based cancer therapies have been approved
for clinical use and clinical trials are increasingly showing efficacy of a broad
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range of passive and active immunotherapies. Overall, to improve the clinical ben-
efit of cancer immunotherapies, current research efforts are focused on tailoring
antigen selection, optimizing drug development and manufacturing, developing
improved preclinical models, identifying reliable biomarkers of response, and
using combinatorial treatment strategies to overcome immune evasion and antigen
heterogeneity within and among the patient population.
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AUROC Area under receiver operating characteristic
B2M Beta 2 microglobulin
BOR Best overall response
BRAFi BRAF inhibitor
BSLD Baseline sum of long diameters
CD4 Cluster of differentiation 4
CI Confidence interval
CRS Cytokine release syndrome
ctDNA Circulating tumor DNA
CTL Cytotoxic T lymphocyte
CTLA-4 Cytotoxic T lymphocyte associated antigen - 4
DCs Dendritic cells
DMFS Distant-metastases free survival
DNMT1 DNA methytransferase 1
DoR Duration of response
EGF Epidermal growth factor
FACS Flow cytometry
FDA United States Food & Drug Administration
FGFR Fibroblast growth factor receptor
G3 Grade 3
G4 Grade 4
GEP Gene expression profile
PTEN Phosphatase and tensin homolog
MDSCs Myeloid-derived suppressor cells
TCGA The cancer genome atlas
LOH Loss of heterozygosity
TMB Tumor mutational burden
NGS Next-generation sequencing
GM-CSF Granulocyte–macrophage colony-stimulating factor
HDAC(S) Histone deacetylase (s)
HLA Human leukocyte antigen
HR Hazard ratio
ICB Immune checkpoint blockade
IC Investigator’s choice
ICC Investigator’s choice chemotherapy
ICOS Inducible T-cell co-stimulatory
IFN-α Interferon-alpha
IGF-I Insulin-like growth factor 1
IHC Immunohistochemistry
IPRES Innate anti-PD-1 resistance signatures
IL-1 Interleukin 1
IL-10 Interleukin 10
IL-2 Interleukin 2
IL-2Rα Interleukin 2 alpha receptor
IL-6 Interleukin 6
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IL-8 Interleukin 8
ILC2 Innate lymphoid cells
irRECIST Immune-related response evaluation criteria in solid tumors
L-35 Interleukin 35
LAG-3 Lymphocyte activation gene 3
LDH Lactate dehydrogenase
M1 Macrophage 1
M2 Macrophage 2
mAB Monoclonal antibody
MDS Myelodysplastic syndrome
MDSC Myeloid-derived suppressor cells
MEKi MEK inhibitor
MGSA/GRO Melanoma growth-stimulatory activity
MHC Major histocompatability complex
ORR Objective response rate
MHC Major histocompatibility complex
mNSCLC Metastatic non-small cell lung cancer
mOS Median overall survival
mPFS Median progression-free survival
MTD Maximum tolerated dose
NDA New drug application
NGF Nerve growth factor
NK Natural killer cells
NR Not reached
RECIST Response evaluation criteria in solid tumors
NSCLC Non-small cell lung cancer
ORR Objective response rate
OS Overall survival
SOC Standard of care
TCR T-cell receptor
pCR Pathological complete response
PD Pharmacodynamics
PFS Progression-free survival
PD Progressive disease
SD Stable disease
PR Partial response
CR Complete response
PD-1 Programmed cell death protein 1
PD-L1 Programmed death ligand 1
PD-L2 Programmed death ligand 2
PDGF Platelet derived growth factor
PDGF-A - Platelet derived growth factor A,
PDGFRα Platelet derived growth factor receptor alpha
PK Pharmacokinetcs
PTM Post-translational modifications
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RFS Recurrence-free survival
T regs Regulatory T-cells
TCR T-cell receptor
TFS Treatment-free Survival
TGF-β Transforming growth factor beta
Th1 T helper type 1
Th2 T helper type 2
TIGIT T-cell immunoreceptor with Ig and ITIM domains
TIL Tumor infiltrating lymphocytes
TIM3 T-cell immunoglobulin and mucin domain-containing protein 3
TMD Therapeutic drug monitoring
TME Tumor microenvironment
TAM Tumor-associated macrophage
UM Uveal melanoma
TME Tumor microenvironment
TT Targeted therapy
ULN Upper limit of normal
UV Ultraviolet
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
βFGF Basic fibroblast growth factor

2.1 Introduction

Melanoma gave science a window into the role immune evasion plays in the
development of malignancy. The entire spectrum of immune focused anti-cancer
therapies has been subjected to clinical trials in this disease, with limited suc-
cess until the immune checkpoint blockade era. That revolution launched first
in melanoma, heralded a landscape change throughout cancer that continues to
reverberate today.

We aim, in this chapter, to outline the pre-clinical developments that permitted
the development of immune checkpoint-focused therapies and subsequently their
role across all stages of the disease. We describe the practice changing pivotal
data that accompanied these drugs and the rapidly evolving regulatory and reim-
bursement environment that was required to facilitate their quick deployment from
bench to bedside.

This is followed by a focus on the role of immune therapies in non-cutaneous
subtypes and our evolving understanding of the factors driving response and
resistance to immune checkpoint blockade. We review the impact of underly-
ing genomic, transcriptomic, epigenetic, proteomic and immunological correlates
alongside their interaction with diverse patient phenotypes in order to understand
the variability in outcomes seen with immune checkpoint blockade. There is a
focus on the underlying pharmacology of these agents and the resultant impact
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on current dosing regimens. We explore the role of predictive and prognostic
biomarkers in this space.

We conclude with insights into immune-based therapies beyond the checkpoint,
including harnessing the innate immune system, combinations that target aberrant
oncogenic signaling pathways, DNA-damaging agents, epigenetic approaches, and
cellular therapies.

2.2 Immune Hallmarks of Melanoma

A combination of the observed phenomena of spontaneous remission [1], a brisk
lymphocytic infiltrate in primary and metastatic disease alongside a UV-induced
tumoral mutational burden have long highlighted melanoma as an immunogenic
malignancy. Clemente [2] and colleagues demonstrated over 25 years ago that
TILs were a positive prognostic factor for melanoma. It is now well documented
that density, localization and composition of TILs in melanoma influence risk of
metastasis and survival. Despite this, lymph node metastasis and Breslow thickness
remain the most utilized prognostic factors for resectable melanoma, with “M”
stage and LDH remaining critical in advanced disease [3–5].

Melanoma development and metastasis occur when tumorigenic cells interact
with components of the immune system that normally prevent cancer progres-
sion [6]. Melanoma cells invade localized and distant tissue by interacting with
the TME and suppressing the tumor immune response. Melanoma cells overcome
the carefully controlled production and release of growth-promoting signals, which
normally ensure homeostasis and maintenance of normal tissue structure and func-
tion, to direct their own cellular destinies [7]. These signals are mostly conducted
by growth factors (typically containing intracellular tyrosine kinase domains)
which bind to cell surface receptors. These tyrosine kinase growth factors regulate
cell cycle progression, cell growth as well as other cell properties such as cell
survival and energy metabolism. Autocrine growth factors (bFGF, MGSA/GRO,
IL-8 and sometimes IL-6, PDGF-A, IL-10) produced by melanoma cells stimu-
late proliferation while paracrine growth factors (e.g., PDGF, EGF, TGF-β, IL-1,
GM-CSF, IGF-I, NGF, VEGF) modulate the microenvironment to the benefit of
tumor growth and invasion [8]. Melanoma cells also send PDGF to the TME to
potentiate growth and invasion [9].

The melanoma microenvironment contains many immune-suppressive immune
cells: T regs, MDSC and TAM. CD4 + regulatory T-cells function suppresses the
over-reactive immune response to prevent it from damaging the host [10]. In
melanoma, the number of T regs is increased both in the peripheral blood, lymph
nodes, and within the tumor. MDSC are formed by cancer cells transforming
myeloid cells (from the bone marrow) and are critical in cancer progression.
Their function is to reduce T-cell function in the tumor microenvironment by dis-
rupting T-cell metabolic pathways, resulting in T-cell apoptosis [11]. MDSC can
differentiate into TAMs and the TAM phenotype is dependent upon the tumor
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microenvironment. There are two TAM phenotypes, M1 and M2. The M1 phe-
notype occurs in normoxic conditions and is associated with anti-tumor effects.
Whereas, the M2 phenotype TAMs are hypoxic driven and observed as melanoma
progresses.

There are two subclasses of helper T-cells, Th1 and Th2, which are responsible
for the M1 and M2 TAM polarization, respectively [12]. In melanoma, the Th2
subclass is dominant with systemic chronic inflammation and supports melanoma
progression [13] by driving TAMs into an M2 phenotype. As the disease pro-
gresses, there is a further shift from M1 toward M2 phenotype supporting tumor
growth and tumor immune evasion [14].

Melanoma also evades the immune system by establishing a process of immune
editing. This occurs by selection of subclones based on their capability to evade
immune detection—a process known as elimination, equilibrium, and escape [15].
During melanoma progression, there is a progressive loss of antigen presentation
capacity to cytotoxic T-cells by dendritic cells [16]. In the elimination phase, the
dendritic cells detect immunogenic melanoma clones and capture these melanoma
antigens. The melanoma antigens are then processed by the dendritic cells and
presented by the MHC II on the outside of dendritic cells to naïve T-cells in
the lymph nodes. Cytotoxic CD8 + T-cells, which are melanoma-specific, are
produced from this antigen exposure and are able to eliminate transformed malig-
nant melanoma cells. During the next equilibrium step, non-immunogenic clonal
populations achieve a selection advantage and co-exist with the immune response
in a dynamic equilibrium [17]. This phase can last for a significant period of
time, with tumor cells undergoing a constant state of editing to achieve mmune-
quiescence. However, while the immune system may eliminate the majority of
the highly immunogenic melanoma clones, some that are irrelevant in the eyes
of the adaptive immune response escape, rapidly proliferating and disseminating
throughout the body, termed the escape phase.

The final immune feature of melanoma is the high TMB driven predominantly
by UV exposure [18, 19]. Both intermittent and chronic sun exposure increases
the UV-induced mutation burden and leads to local and systemic immune system
suppression. UV-induced mutations are presented as neo-antigens by major his-
tocompatibility complex MHC proteins to T-cells. To evade immune eradication,
melanoma uses immune checkpoints to dampen T-cell reactivity.

2.2.1 Pre-clinical Rationale for Checkpoint Blockade

Melanoma can evade the body’s defenses by manipulating intrinsic and extrinsic
biological pathways. These evasive manipulations were classified by Hanahan and
Weinberg [20] into eight biological components: sustaining proliferative signaling,
evading growth suppressors, resisting cell death, enabling replicative immortal-
ity, inducing angiogenesis, activating invasion and metastasis, reprogramming of
energy metabolism and evading immune destruction.
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Checkpoint immune therapies target the molecules involved in the regulation
of T-cells to block melanoma immune evasion. The PD-1/PD-L1 axis regulates
the immune response and protects the host against autoimmunity [21, 22]. Cells
in healthy tissue express PD-L1, which interacts with invading cytotoxic T-cells
to prevent further T-cell activation and avoid cell damage from reactivity against
self-antigens. The PD-1/PD-L1 axis is hijacked by melanoma cells to escape
the immune system. Melanoma upregulates the expression of PD-L1 and PD-1
expressing T-cells interact with the PD-L1 tumor cell leading to T-cell exhaus-
tion [23]. PD-L2 is the second ligand for PD-1 and is expressed by melanoma
and antigen-presenting cells and is a negative regulator of cytotoxic T-cell activity
[24]. In human melanomas, PD-L2 is more abundant than PD-L1, with PD-L2
having a greater affinity for PD-1. This suggests a differential contribution by PD-
L1/PD-L2 in regulating immune response [25]. Clinical efficacy of PD-1 pathway
inhibitors relies on the reactivation of endogenous tumor-specific immunity and on
the priming of distinct TCR repertoire in lymphoid organs [26]. Yost [26] showed
that pre-existing tumor-specific T-cells may have limited reinvigoration capacity
and the T-cell response to checkpoint blockade derives from a distinct repertoire
of T-cell clones that may have recently entered the tumor.

CTLA-4 is a negative regulator of the immune system. CTLA-4 inhibits T-cell
activation by outcompeting CD28 for the ligands CD80/CD86. T-cell activation is
inhibited via a tolerance mechanism where the lymphocyte is intrinsically func-
tionally inactivated but remains alive for an extended period in a hyporesponsive
state [27]. Within the lymph nodes, two signals are required for adequate T-cell
activation—TCR interaction with the MHC/peptide complex (on dendritic cells)
and the secondary signal of CD28 on T-cells, binding with CD80/CD86 on den-
dritic cells [28]. CTLA4 outcompetes CD28 for CD80/CD86 binding, inhibiting
the downstream TCR signaling and impeding anti-tumor CD8+ T-cell function.

Anti-CTLA4 (ipilimumab) overcomes T-cell anergy within lymph nodes and
allows anti-tumor T-cell cytotoxicity [28]. Ipilimumab binds to the CTLA4 on
T-cells, preventing CTLA4 binding to CD80/CD86, allowing the expansion of
antigen-specific, anti-tumor cytotoxic CD8 + T-cells and CD4 + T-cells [29, 30].
The role of PD-1, PD-L1 and CTLA-4 not only includes negative regulators of
the immune system but might be responsible for tumor intrinsic cell proliferation,
survival [31], and metastatic signals [32].

2.3 Immunotherapy in Metastatic Cutaneous Melanoma

2.3.1 The Development of Immunotherapy in Advanced
Cutaneous Melanoma

2.3.1.1 IL-2
An understanding of the immunogenicity of melanoma and the dense lympho-
cytic infiltrate often seen pathologically led to the T-cell growth cytokine IL-2,
to be used in advanced disease. Durable responses were restricted to only the
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6% (17/270) of patients that experienced CR [33]. Ubiquitous expression of the
IL-2Rα on Treg cells paradoxically restrains the intended anti-tumoral immune
response when exposed to exogenous IL-2, hampering efficacy in melanoma [34].
Restricted efficacy, concurrent with significant toxicities such as vascular leak
syndrome and hypotension hampered the utility of this immunotherapy.

2.3.1.2 ICB
A decade of unprecedented advances in the treatment landscape across advanced
solid organ tumors, the ICB era, was ushered in with the 2010, MDX-010–20
study. Patients with treatment-refractory advanced melanoma were randomized to
four cycles (induction) of ipilimumab, an anti-CTLA-4 mAb±peptide vaccine
gp100 or gp100. A small improvement in mOS (10 vs. 6.4 months HR 0.68 p
< 0.001) belied the real benefit, namely a prolonged OS in a proportion of patients
that represented the tail of the survival curve, with 23.5% of patients alive at
2 years (cf 13.7% with gp100 alone) Fig. 2.1 [35].

KEYNOTE-001, a phase I study heralded the first FDA-approved anti-PD-1
mAb, pembrolizumab. The adaptive study design facilitated rapid clinical devel-
opment, with numerous expansion cohorts across tumor streams gaining approval
in metastatic melanoma and NSCLC. Durable responses across a wide dose range
of 2 mg/kg Q3W–10 mg/kg Q3W provided an ORR of 26% [36], with mOS

Fig. 2.1 Pivotal immune checkpoint blockade trials in metastatic melanoma timeline By Vishal
Navani, made with BioRender
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23.8 months in a cohort containing treatment naïve and ipilimumab experienced
patients, with 34% achieving 5-year survival [37]. KEYNOTE-006 moved the
use of pembrolizumab to the front-line setting, testing the higher dose 10 mg/kg
against ipilimumab in ICB naïve patients. Overwhelming efficacy at the second
interim analysis led the data and safety monitoring committee to unblind the study
results and make pembrolizumab available to all patients with progression on
ipilimumab, 1Y OS Q3W pembrolizumab 68.4% versus ipilimumab 58.2% HR
0.69 CI 0.52–0.90 p = 0.0036 [38]. In an exploratory subsequent analysis, these
responses proved deep and durable with mOS in the pembrolizumab arm 32.7
vesus 15.9 months ipilimumab HR 0.79 p = 0.00049 [39].

Nivolumab, another anti-PD-1 mAb established efficacy at 3 mg/kg Q2W in
randomized fashion against the previous standard of care treatment in melanoma,
dacarbazine in CHECKMATE 066, ORR 40% versus 14% with overwhelming
efficacy again prompting study unblinding early and crossover to ICB upon pro-
gression [40], mOS 37.5 months versus 11.2 (HR 0.46 p < 0.01) [41]. Traditional
endpoints such as mPFS did not capture the benefit seen with nivolumab in
CHECKMATE-037, which randomized patients that had progressed with ipili-
mumab to nivolumab 3 mg/kg Q2W (mPFS 4.7 months CI 2.3–6.5) versus ICC
(mPFS 4.2 months CI 2.1–6.3 HR 0.82 descriptive) [42]. This was likely due to
significant prognostic imbalances between groups favoring ICC such as 19 versus
14% M1d disease and 51 versus 35% baseline LDH > ULN, alongside recognition
that tumor response kinetics with ICB could skew BOR toward pseudoprogression
before exhibiting durable response. The impact of crossover and subsequent ther-
apies (44% ICC arm receiving subsequent PD-1 vs. 11% nivolumab arm) on hard
endpoints such as OS was also illustrated here, with similar mOS (15.7 months vs.
14.4 h 0.95 CI 0.73–1.23) influenced by increased drop-out in the ICC group when
randomization informed (23% vs. 1%). Median duration of response was notably
higher for nivolumab (32 vs. 13 months), keeping with the pattern seen in those
responding to ICB [43].

Synergistic dual targeting of CTLA-4 and PD-1 with doublet ipilimumab and
nivolumab induction, followed by maintenance nivolumab met co-primary end-
points confirming benefit in PFS over ipilimumab alone in CHECKMATE-067
(median PFS 11.5 CI 8.9–16.7 months vs. 2.9 CI 2.8–3.4 h 0.42 p < 0.001) [44].
Extended follow-up data met the pre-specified OS endpoint over ipilumumab,
median NR CI 38.2-NR versus 19.9 months CI 16.8–24.6 h 0.52 p < 0.001
[45], with 52% of patients in the doublet arm alive at 5 years. Descriptive statis-
tics, due to a lack of formal pre-specified power to compare the doublet ICB
and single-agent nivolumab arm, found consistent improvement in mPFS (11.5
vs. 6.9 months HR 0.74 CI 0.6–0.92), with this direction of benefit maintained
with mOS (72.1 CI 38.2-NR vs. 36.9 months CI 28.2-NR) [46]. Figure 2.2 out-
lines a cross-trial comparison of overall survival curves from the pivotal trials in
metastatic melanoma.

Increased CD4+& CD8+T lymphocyte infiltration [47] and upregulated
melanoma antigen mRNA levels [48] during BRAFi/MEKi therapy gave trans-
lational merit to conducting a combination trial of anti-PD-L1 mAb atezolizumab
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Fig. 2.2 Cross-trial comparison of overall survival. Reprinted by permission from Prof. Georgina
Long: ASCO21 Educational Session—On the Shoulders of Giants, Journey to Success in Manag-
ing Melanoma, ASCO 2021

in combination with BRAFi vemurafenib/MEKi cobimetinib versus BRAFi/MEKi
alone, IMspire 150. At the first published interim analysis, a mPFS benefit was
noted (15.1 months vs. 10.6 h 0.78 CI 0.63–0.97 p = 0.025) albeit at a high cost
of≥Grade 3 AE (79% vs. 73%), with similar ORR (66.3% vs. 65%) and no OS
signal at this early follow-up (HR 0.83 CI 0.64–1.11 p = 0.23) [49]. PFS curves
only began to separate after 7 months, invalidating traditional Cox-proportional
hazards, but proving significant with a Flemington-Harrington approach, which
adds weighting to late events more heavily. Similar studies evaluating triplet com-
bination therapies have missed the PFS endpoint, such as COMBI-I, spartalizumab
+ dabrafenib/trametinib versus dabrafeninb/trametinib (HR 0.82 CI 0.655–1.027 p
= 0.042), despite the numerically similar mPFS in the triplet of 16.2 months and
improved landmark 24 months PFS of 50% [50] (35% estimated atezolizumab +
cobimetinib/vemurafenib), suggesting statistical design, baseline prognostic char-
acteristics and performance of the control arm as potentially impacting the positive
result of Imspire 150.

2.3.1.3 The Evolving Supporting Landscape
Shortening of the clinical development time for ICB, from investigational NDA to
market, was achieved by the breakthrough therapy designation for many ICB pro-
vided by regulatory authorities. Pembrolizumab was the first oncological therapy
granted this status, allowing expedited development via rolling review, based on
preliminary phase I evidence characterized by impactful ORR and DoR. Accel-
erated approval allowing a route to patients was subsequently granted, since
meaningful clinical benefit was likely with these preliminary surrogate endpoints,
prior to the confirmatory KEYNOTE-006.
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Alongside regulatory innovation, novel imaging criteria were created to account
for the nonclassical tumor kinetics seen with ICB response, such as pseudopro-
gression, delayed response, and mixed response prior to durable benefit [51].
Pseudoprogression, more commonly seen with ipilimumab, arises from CD4 +
& CD8+ T-cell infiltration into sites of metastases [52] leading to tumor size
increases often meeting traditional RECIST [53] defined progressive disease.
Novel criteria, such as irRECIST, introducing the concept of unconfirmed pro-
gressive disease, requiring subsequent confirmation, facilitates treatment beyond
progressing and an appreciation of novel patterns of response [54].

2.3.1.4 Advanced Cutaneous Melanoma in the Clinic
The advances in our understanding of the genomic basis of melanoma facilitated
development of BRAFi/MEKi combinations as targeted therapy (TT) for patients
with mutations in BRAF at the 600th codon (V600), with clear improvement
in OS [55–57]. The ability to gain rapid, but limited control for the major-
ity of eligible patients with targeted therapy contrasted with the delayed and
durable benefit for a proportion receiving ICB. Prospective data comparing these
approaches is best informed by SECOMBIT, which randomized patients to TT
(encorafenib/binimetinib) versus doublet ICB versus TT induction followed by
doublet ICB, with patients receiving the alternate regimen on progression. The
trial showed similar 2-year PFS across all arms, with median 1st PFS mirroring
trial data and OS results immature. Responses in both initial TT arms were lim-
ited, with only 30% durable to 2 years as opposed to the 70% seen with up front
doublet ICB [58]. Real-world data identifying outcomes in patients with M1d dis-
ease progressing on TT found significantly poorer than expected outcomes with
subsequent ICB therapy, with mOS of doublet ICB only 7.2 months (CI 5.2–
9.1) [59]. Though this retrospective data in patients with poor prognosis disease
should be taken with caution, it may inform practical treatment decision mak-
ing. The randomized phase III DREAMseq is eagerly awaited [60]. If clinicians
have the luxury of allowing early progression, as seen with inferior disease control
rates with ICB, the propensity for long durable responses are attractive. Consen-
sus guidelines advise consideration on ECOG, sites of disease, tumor progression
kinetics, LDH, patient preference, and short versus long-term treatment goals in
order to tailor treatment decision making [61].

The availability of long-term survival data has allowed inferences to be made
regarding therapy choice despite the fraught nature of cross-trial comparisons.
PFS curves, unadulterated by subsequent therapies may help define contribu-
tion to the picture revealed from OS analysis. In the BRAF +ve population of
CHECKMATE-067, a PFS plateau at 3 years in the ipilimumab/nivolumab arm of
40% was maintained to 38% at 5 years, with a 32% to 29% plateau for nivolumab
alone over the same timeframe [62].

No similar plateau is seen for dabrafenib/trametinib (3Y PFS 22%—5Y PFS
17%) [63]. Differences in baseline patient characteristics across these trials may
contribute partly to these differences.
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The potential for a persisting immune-mediated anti-tumor response from ICB
is evidenced by a novel surrogate endpoint, TFS (treatment-free survival). This
is defined by the area under the KM curve for two traditional endpoints, time to
ICB cessation and time to next systemic therapy or death/censoring, for the entire
randomized population. Analysis of this endpoint from 5 year CHECKMATE-
067 follow-up data showed that patients initially randomized to doublet ICB alive
at this timepoint, with the inherent immortal time bias of such a data set, spent
33% of that time free of any systemic treatment and alive (restricted mean TFS
19.7 months) (cf 17% with nivolumab restricted mean 9.9 months and 20% ipili-
mumab restricted mean 11.9 months) [64]. Details of duration of a treatment-free
interval for BRAF/MEKi pivotal trials are not available, with real-world case series
suggesting a median time to next treatment ranging from only 2.5–6.6 months [65].
The undoubted patient and clinician preference for a clinical state alive without any
systemic treatment are compelling.

Within ICB options, treatment selection between single-agent anti-PD-1 and
doublet ICB approaches has to balance a higher immune-related toxicity and treat-
ment discontinuation profile in the doublet arm, with an 8% overall survival benefit
in absolute terms (52% vs. 44%) and the aforementioned absence of statistical
power in the pivotal study to test for a difference between nivolumab contain-
ing groups [45]. Favorable prognostic factors for a durable survival outcome with
single-agent PD-1; M1b disease, normal LDH, and baseline sum of tumor dimen-
sions under 102 mm [66, 67] may suggest nivolumab or pembrolizumab in this
context. Alternatively, presence of disease in sites of immune privilege, e.g., active
M1c/d disease, may prompt doublet ICB due to improved ORR and landmark OS
outcomes: 63 vs. 51% 2Y OS [68].

Integrating the triplet atezolizumab + cobimetinib/vemurafenib approach into
the current treatment paradigm is made challenging due to the rapidity of clinical
development in this tumor and evolution of appropriate control arms. Arguably a
suitable comparator now would involve anti-PD-1±anti-CTLA-4 and given the
low likelihood of such a trial eventuating, cross-trial comparisons are again a
necessity. A clinically meaningful OS signal, in the subgroup of patients likely
to be most benefited by this all up-front approach, i.e., younger BRAF V600 + ve
patients with M1c/d disease, high baseline LDH and numbers of metastatic sites,
is necessary before incorporation into clinical practice routinely.

2.4 Adjuvant and Neoadjuvant Immune Checkpoint
Inhibitor Therapy

2.4.1 Adjuvant Immune Checkpoint Blockade

With the transformational outcomes of anti-PD-1 and anti-CTLA4 treatment in
the metastatic setting, efforts have been made to bring these treatments to earlier
stages of cutaneous melanoma. In the setting of other tumor streams, adjuvant
treatment is a commonly used strategy for high-risk resected disease to improve
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survival. Efforts to find effective treatments for high-risk, resected melanoma
have been attempted for many years, with many strategies such as conventional
chemotherapy, local therapy, isolated limb perfusion therapy, all not demonstrat-
ing any improvement in outcomes [69]. The first strategy to show some promise
was high-dose IFN-α therapy, which had shown a recurrence-free and overall sur-
vival benefit at the time of the original paper, but has since shown to have only
recurrence-free survival benefit [70, 71]. This loss of an overall survival benefit
has been attributed to non-melanoma-related deaths in patients with the longer
follow-up, given the lack of data on cause of death, a melanoma-specific survival
could not be ascertained [71]. An individual patient-level data meta-analysis of all
IFN-α trials showed only modest absolute RFS and overall survival (OS) benefit
of approximately 3% at 10 years [72]. IFN-α therapy comes with significant toxi-
cities, with 67% of patients in the trial suffering from Grade 3 toxicity, including
hepatitis, myelosuppression, constitutional and neuropsychiatric symptoms, and in
the E1684 trial, there were two deaths associated with hepatotoxicity. Thus, despite
its FDA approval, it has not been considered standard of care.

Given the ongoing need for adjuvant treatment in the high-risk melanoma popu-
lation, ICB was moved earlier into the treatment paradigm. Since 2015, there have
been three positive pivotal trials in the adjuvant setting: EORTC 18,071, Check-
Mate 238 and KEYNOTE-054 looking at the use of ipilimumab, nivolumab, and
pembrolizumab, respectively. EORTC 18,071 was the first trial looking at ICB
treatment in the adjuvant setting. It was a double-blind placebo-controlled trial
investigating the use of ipilimumab in patients with resected stage III cutaneous
melanoma. Patients were randomly assigned to receive ipiliumumab 10 mg/kg
or placebo three weekly for four cycles, then every 3 months for a maximum of
3 years. Between 2008 and 2011, 951 patients were assigned to receive ipilimumab
or placebo, and the trial showed a statistically significant median RFS benefit of
26.1 months versus 17.1 months HR 0.75 (CI, 0.64–0.90; p = 0.0013) [73]. A
subsequent 7-year follow-up results showed a persistent RFS benefit that translated
into an OS benefit, with a hazard ratio of 0.73 (CI, 0.60–0.89; p = 0.002) and a
7-year OS rate of 60% versus 51.3% [74]. Furthermore, there was also a reduction
in the distant-metastasis-free survival of 44.5% in the ipilimumab group versus
36.9% in the placebo group at 7 years. Notably, there was a significant proportion
of people with toxicity from ipilimumab, with 54% of the patients who received
ipilimumab experiencing Grade 3 or 4 toxicities. Similar to the metastatic setting,
the most common Grade 3 or 4 immune-related toxicities were gastrointestinal,
endocrine, and hepatic events.

CheckMate-238 was a randomized, active-controlled double-blind, phase 3
trial in patients with resected stage IIIB, IIIC, and IV which compared adjuvant
nivolumab 3 mg/kg every 2 weeks to ipilimumab 10 mg/kg, which was given
three weekly for four doses, then every 12 weeks for up to 1 year [75, 76]. 906
patients were randomized, and at a minimum follow-up of 48 months, the 4-year
recurrence-free survival was 51.7% (CI 46.8–56.3) in the nivolumab group, com-
pared to 41.2% (CI 36.4–45.9) in the ipilimumab group [76]. At the time of the
final recurrence-free survival analysis, the overall survival data were immature
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but reported 4-year overall survival was 77.9% for nivolumab compared to 76.6%
for ipilimumab. Furthermore, the 4-year distant-metastasis-free survival (DMFS)
was 59.2% (CI 53.7–64.2) with nivolumab and 53.3% (CI 47.7–58.5) with ipili-
mumab. Importantly, the rates of toxicities were significantly better with nivolumab
compared to ipilimumab, with rates of treatment-related Grade 3 or 4 toxicities
occurring in 14.4% in patients receiving nivolumab, in contrast to 45.9% in the
ipilimumab group [75].

Pembrolizumab was tested in the KEYNOTE-054 trial, which was a placebo-
controlled, phase 3, double-blind trial of pembrolizumab 200 mg every 3 weeks
for 18 doses or placebo for patients with resected stage IIIA, B, or C melanoma
as per AJCC 7th edition [77–79]. 1019 patients were randomized 1:1 to receive
pembrolizumab or placebo, and at a median follow-up of approximately 36 months
in both groups, the 3.5-year recurrence-free survival was 59.8% (CI 55.3–64.1)
in the pembrolizumab group in contrast to 41.4% (CI 37.0–45.8) in the placebo
[79]. Similar to the CheckMate 238 trial, the overall survival data is immature.
Pembrolizumab also reduced the occurrence of distant metastases, with a 3.5-year
distant-metastasis-free survival of 65.3% (CI 60.9 – 69.5) versus 49.4% (CI 44.8
- 53.8) for pembrolizumab and placebo, respectively. Rates of Grade 3 or higher
treatment-related adverse events similar to nivolumab seen in CheckMate 238.

The anti-PD-1 therapies have been approved for use in the adjuvant setting with
the current information on the benefits on RFS and DMFS awaiting a confirma-
tory OS advantage. However, these therapies clearly demonstrate a reduction in the
occurrence of distant metastases, which are a common first site of recurrence and
can have a devastating impact on a person’s quality and quantity of life. Further-
more, given the significance of patients who received subsequent ICB therapy in
the control arms for both trials (57% in the ipilimumab group in CheckMate 238
and nearly 70% in the placebo arm in KEYNOTE-054), the overall survival data
may not prove to be significant in the absence of information regarding sequencing
of ICB therapy in melanoma. However, it is important to highlight that although
RFS has been validated as a surrogate marker for OS in IFN-α treatment, it has
not yet been validated in the ICB setting.

Combination ipilimumab and nivolumab have shown to be a highly effec-
tive strategy in the metastatic setting for high-risk patients, especially in those
with brain metastases, showing greater response rates and overall survival than
single-agent treatment. This approach was tested in the adjuvant setting with the
CheckMate 915 trial. This trial randomly assigned 1844 patients with resected
stage IIIB—IIID in a 1:1 ratio to receive either nivolumab 240 mg every 2 weeks
with ipilimumab 1 mg/kg every 6 weeks versus nivolumab 480 mg every 4 weeks.
The 2-year RFS in this study was 64.6% (CI, 61.3–67.7) compared to 63.2%
(CI 59.9–66.4), and thus did not meet statistical significance [80]. Notably, those
who received combination therapy had a shorter median duration of therapy com-
pared to nivolumab alone, at 7.6 months compared to 11.1 months, which led to a
lower cumulative nivolumab dose. Also, the incidence of Grade 3/4 toxicities was
significant in the combination group, at 33% compared to 13% in the single-agent
group. This study demonstrated that single-agent treatment is the standard of care
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in the adjuvant setting which balances the benefit of risk reduction against the
toxicities.

2.4.2 Neoadjuvant Immune Checkpoint Blockade

Given the promising results of ICB in the adjuvant setting as described previously,
efforts have been made to test ICB in the neoadjuvant setting. The rationale is that
this will allow for assessment of the response to ICB of the disease, potentially
reduce the tumor burden pre-operatively, and theoretically, the presence of the
melanoma may enhance the T-cell responses to melanoma in the adjuvant setting
given it has had the opportunity to respond to the melanoma while it is in situ
[81]. 3 trials were published in 2018 looking at the safety and efficacy of ICB in
the neoadjuvant setting for patients with resectable melanoma.

The first was from Amaria et al., who assessed the efficacy of either nivolumab
(3 mg/kg fortnightly for four cycles) or the combination of ipilimumab/nivolumab
(ipi 3 mg/kg; nivo 1 mg/kg three weekly for three cycles) in patients with AJCC
7th edition clinical stage III or oligometastatic, resect stage IV patients. All patients
underwent surgery if there were no contraindications to surgery, then went on to
receive 13 doses of nivolumab in the adjuvant setting. Twenty-three patients were
randomized, 12 patients were randomized to the nivolumab alone group, and 11
patients received combination therapy. This trial was stopped early due to safety
concerns regarding disease progression in single-agent treatment and the high rates
of Grade 3 toxicities in the combination therapy. Treatment with nivolumab alone
resulted in a pCR rate of 25%, compared to 45% in the combination ICB group
[82]. Furthermore, although not statistically significant, there was improved sur-
vival in the combination ICB group compared to the single-agent group. Toxicity
was significant with the combination group, with 73% of the patients having a
Grade 3 toxicity, compared to only 8% in the single-agent group. The OpACIN
trial was a Phase 1b trial assessing the feasibility of combination ICB in the adju-
vant and neoadjuvant setting. Twenty patients with palpable stage III melanoma
(i.e., IIIB and IIIC as per AJCC 7th) were randomized 1:1 to either receive 4
cycles of ipilimumab (3 mg/kg) or nivolumab (1 mg/kg) every 3 weeks all in an
adjuvant fashion or two cycles neoadjuvant followed by two cycles of adjuvant.
78% of patients in the neoadjuvant arm had meaningful pathological responses
to ICB (33% complete response, 33% near complete response, and 12% partial
response) [81]. However, the median number of cycles received was two, with only
one patient in each group receiving all four planned cycles. Most of the patients
stopped treatment due to Grade 3/4 adverse events, the incidence of which was
90%, much greater than observed in the metastatic setting.

The OpACIN trial was followed up by the OpACIN-neo trial to assess whether
a different regimen of anti-CTLA-4 and anti-PD-1 therapy may yield similar
responses, but with reduced toxicity. Eighty-nine patients with histologically
or cytologically confirmed stage III melanoma with macroscopic lymph node
metastases were randomly assigned 1:1:1 to receive either: ipilimumab 3 mg/kg
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concurrently with nivolumab 1 mg/kg every 3 weeks (IPI3/NIVO1); ipilimumab
1 mg/kg concurrently with nivolumab 3 mg/kg every 3 weeks(IPI1/NIVO3); or
two cycles ipilimumab 3 mg/kg followed by two cycles of nivolumab 1 mg/kg
given every 2 weeks (second cycle of ipilimumab overlapped with the first cycle
of nivolumab, sequentially). The trial had an early interim analysis due to safety
concern of the sequential group, and the incidence of Grade 3/4 immune-related
adverse events were 40% in the IPI3/NIVO1 group, and 50% in the sequential
group, with one patient requiring a colectomy for colitis. This was in compari-
son to only 20% in the IPI1/NIVO3 group, which had no incidence of Grade 3/4
colitis. This reduction in toxicity did not affect the response rates, with 80% (CI,
61–92) in the IPI3/NIVO1 group having a pathological response, compared to 77%
(CI, 58–90) of those who received IPI1/NIVO3 [83]. Notably, none of the patients
who had a pathological response had relapsed at time of data analysis, with a min-
imum follow-up of 5.6 months. The results of this trial have sparked further efforts
to assess viability of the neoadjuvant strategy in a larger group of patients in the
phase III NADINA trial. In order to optimize surgical management, the PRADO
trial looks to assess whether those who have had a pathological response to neoad-
juvant therapy can be spared therapeutic lymph node dissection without detriment
to survival and to give adjuvant therapy to those who have not had a response to
neoadjuvant immunotherapy.

Adjuvant and now neoadjuvant immune checkpoint inhibitor therapy will likely
change the paradigm of management of high-risk melanoma and keep more people
free of metastatic disease. The key research area going forward, consistent with
the metastatic setting, is to clearly define the patients who will benefit from ICB
treatment in advance, in order to intensify or de-escalate approaches according to
inherent risk.

2.5 Immunotherapy in Specific Contexts

2.5.1 Uveal Melanoma

UM arising from melanocytes in the pigmented components of the eye has been
acknowledged to be immuno-quiescent. The molecular mechanisms underlying
the immune-privileged site of the eye; upregulation of TGF-β induced CTLA-4
mediated APC tolerance [84], coupled with a CD8+ CTL inhibitory TME mediated
by TAMs [85] at the liver (the most common site of metastatic disease) lead to
these patients being excluded from most pivotal ICB trials. The low TMB of UM
and resultant small number of neo-epitopes have limited efficacy of ICB, with an
absence of robust randomized data for ICB use.

In this context, without a robust SOC, a bispecific artificial TCR fused to
anti-CD3, tebentafusp, capable of redirecting T-cells independent of their native
specificity, to melanocytes expressing target antigen gp100, showed improvement
over IC therapy in the randomized phase III IMCgp100-202 trial in systemic ther-
apy naïve patients Fig. 2.3. The control arm received primarily pembrolizumab
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Fig. 2.3 ImmTAC (Immune mobilising monoclonal T-cell receptors against cancer) molecules are
designed to mimic the natural immune synapse formed by the interaction of a TCR with a peptide
human leukocyte antigen complex. The anti-CD3 effector function binds to CD3 (activating) recep-
tors on T-cell surfaces, triggering T-cell-mediated cancer cell lysis. Reprinted by permission from
MDPI Basel [Tebentafusp: T-cell Redirection for the Treatment of Metastatic Uveal Melanoma,
Bertil E. Damato et al., Page 971, 2017].

or ipilimumab. Early separation of OS curves resulted in a stratified HR of 0.51
(CI 0.37–0.71) mOS 21.7 (CI 18.6–28.6) versus 16 (CI 9.7–18.4) p < 0.0001 in
favor of the investigational agent. Consistent treatment effect was seen across all
subgroups including those with poorer prognostic features such as M1c disease
those with > ULN LDH. This benefit was seen without significant improvements
in PFS and ORR, with OS benefit maintained in patients RECIST defined PD, with
a landmark survival analysis of these patients at from 100 days revealing an HR of
0.40 (CI 0.248–0.642) [86]. This suggests the TCR therapeutic stabilizes disease
after a period of initial ongoing tumor growth across metastatic sites, with many
patients continuing on tebentafusp beyond conventional PD without additional tox-
icity, alongside a drop in their ctDNA. Unlike other T-cell-mediated approaches,
CRS was limited to 1% G3/4 AE This TCR therapeutic is restricted to patient’s
expressing HLA-A*0201, limiting generalisability. Regulatory approval from the
FDA has recently been granted in early 2022.

2.5.2 Mucosal Melanoma

Melanoma arising from mucosal surfaces, in the advanced setting, is characterized
by higher LDH, BSLD, and fewer BRAF V600 mutations than metastatic disease
with a cutaneous site of origin, all negative prognostic factors [87]. Robust ran-
domized data for ICB in this tumor is absent, but exploratory analyses of mucosal
subgroups (n = 86) from pooled ICB trials have shown a doublet approach over
either PD-1 or CTLA-4 alone in monotherapy provided a prolonged PFS benefit
once the curves separated at the 3-month mark (6.2 months HR 0.61 CI 0.39–0.96
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p = 0.116 doublet vs. nivolumab, HR 0.42 CI 0.23–0.75 p = 0.003 doublet vs.
ipilimumab), alongside a numerically larger ORR (37.1% vs. 23.3), with a median
DoR NR (CI 7.6 to NR). This benefit was maintained across all clinically relevant
subgroups, including M1c disease [88]. Given these were unplanned, post-hoc sub-
groups, no formal statistical comparison was undertaken with the outcomes seen
in metastatic cutaneous melanoma, but the efficacy outcomes were poorer across
all endpoints, likely representing variations in disease biology such as upregu-
lated KIT expression, a lower somatic mutation rate and lack of immunogenic UV
genetic mutation signature [89].

2.5.3 Melanoma with Brain Metastases

Brain metastases pose a significant unmet medical need in the management of
metastatic melanoma, with 75% of patients having M1d disease at the time of
their death [90]. Approaches such as surgical resection and sterotactic radiosurgery
achieve effective local control rates, but have scant impact on development on other
sites of intracranial disease and thus OS [68]. Metastasis to the brain, a sanctu-
ary site due to the tight endothelium of the blood–brain barrier, compounded by
its active drug efflux pumps [91], portends a poor prognosis. Multiple impact-
ful clinical endpoints abound in this context, but intracranial PFS is particularly
important as neurological compromise and a resultant drop in functional status
must be avoided in order to countenance further systemic options. Prospective non-
randomized data from COMBI-MB showed a 19% 12 month PFS (CI 10–31% n
= 76), in patients with asymptomatic BRAF V600E +ve asymptomatic melanoma
brain metastases without previous local therapy, using dabrafeninb/trametinib, with
50% of patients on corticosteroids. A cautious cross-trial comparison with a sim-
ilar group without corticosteroid use permitted found a 59.5% (CI 47.9–69.3%)
intracranial PFS [92] with doublet ICB. The co-operative group led ABC study,
allowing pretreatment with BRAFi/MEKi and a maximum 10 mg of prednisolone
for symptom control but maintaining the other aforementioned baseline character-
istics found a 12 and 24 month intracranial PFS of 49%. A synergistic effect of
combined checkpoint blockade is suggested given the poor single-agent nivolumab
intracranial PFS of 20% and 15%, respectively [93]. This data suggests a role
for systemic therapy with doublet ICB in the specific M1d context of asymp-
tomatic metastases, under 40 mm maximally, agnostic to BRAF status, over a
BRAFi/MEKi, single-agent PD-1 or local therapy approach. The role of targeted
SABR alongside ICB is being outlined in the ABC-X study [94].

2.6 Pharmacology of Immune Checkpoint Blockade

Over the last ten years, there has been a significant jump in the understanding
of the interaction between immune effector cells and tumor tissue leading to the
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development of drugs that enhance the body’s immune surveillance ystems to pro-
mote apoptosis. These drugs include ICB mAbs that are directed at PD-1, PD-L1,
or CTLA-4.

Despite the large number of jurisdictions that now have given full or provisional
registration and the vast number of publications on the efficacy of these agents,
few have critically outlined the key role of clinical pharmacology to guide optimal
use for individual patients, preferring instead to recommend use as a “flat dose”,
or a dose per unit mass, a regimen known to be relatively unrelated to how the
body handles most drugs in the adult setting. Yet drug dose, route of adminis-
tration, entry to the “activity” compartment, the relationship of dose to exposure
and exposure to efficacy and toxicity, dosing regimen, and dose in combination is
proving key to our ability to predict safety and efficacy in the clinical setting.

It is notable that many of these therapies have “fast-tracked” regulatory approval
in the FDA, and by other regulatory bodies without therefore the usual complete
pharmacological work up or knowledge gleaned from an extensive clinical trial
portfolio, which when available enables better predictions of likely drug efficacy
and safety in real-world clinical practice. PK-PD modeling has helped with predic-
tions, but even then the information on which the assumptions are made is sparse
and does not include the complex patients treated. Specifically, “real-world” clini-
cal practice often involves older patients with more comorbidities and complexities
than the patients in clinical trials, an important fact as pharmacologically it has
been observed that these drugs at similar doses have different effects in different
population groups. An understanding of the clinical trial data alongside a knowl-
edge of pharmacology helps predict alterations in doses and regimens, particularly
for populations for which there is zero or limited clinical trial information [95].

Establishing the registered dose of mAbs and particularly of the ICBs is a
challenge, with main criteria used for dose selection along with their limitations
previously outlined [96, 97]. This work has identified the general features of the
relationships between ICB pharmacokinetic parameters and treatment outcome
(efficacy and/or toxicity) of the various drugs, which differ, sometimes signifi-
cantly. Additionally, it is increasingly clear that the relationship between exposure
and efficacy is complex, with variable relationships in exposure, age, and outcomes
[97].

Understanding the pharmacology is also important for optimal use of these
agents not just in monotherapy, but particularly in combination, where serious
immune-related adverse events often have to be navigated.

What else is there that is known about the clinical pharmacology of these
agents, or predictable based on a knowledge of the molecule and of clinical
pharmacology principles? While summary of the predicted clinical pharmacol-
ogy of these agents in special groups is available [51, 95] it may be helpful to
revise some general aspects of the pharmacology of these agents. In summary,
these ICBs are monoclonal antibodies, i.e., proteins, and thus share many of
the clinical pharmacokinetic characteristics of mAb “targeted” therapies. These
characteristics are different from our more traditional cytotoxic chemotherapies
or the small-molecule targeted therapies such as tyrosine kinase inhibitors (e.g.,
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“nibs”.) However, it is known, for example, that inter-individual pharmacokinetic
variability in clearance affects outcome [98]. Similarly, higher clearance values
observed in some patients potentially result from characteristics associated with
poor predictive factors of efficacy [98, 97] Finally, the schedule, and particularly
its frequency of administration, in different population groups requires a consider-
ation for dose individualization including regimen. The following section gives an
overview of relevant pharmacokinetics of individual cancers and ICBs to illustrate
such principles.

2.6.1 Pharmacokinetics of ICBs

The PK of all ICBs used for melanoma are relatively similar [99]. ICBs have low
volumes of distribution (4.72–6.9 L), confinement to the vascular compartment
[99], long half-lives, and receptor-mediated specific degradation and clearance
mechanisms, ubiquitous throughout plasma and tissues [100]. This suggests drug
interactions in the liver are unlikely but that renal impairment will affect clearance.

All dose ranges of ICBs showed linear PK characteristics with non-linear PK
only occurring at lower doses of <0.1 mg/kg for pembrolizumab, <3 mg/kg for
durvalumab and <10 mg/kg for avelumab [101]. MTD was not achieved in early
phase trials and was therefore not available to guide dosing in subsequent Phase II
and III studies as would occur in a traditional cancer therapeutic trial. MTD was
not achieved due to absence of dose-limiting toxicities in these highly selected
populations and when promising efficacy occurred, the trial design of rapid mul-
tiple expansion cohorts was adopted [102]. Subsequently, PK/PD modeling and
simulation studies were utilized to determine dosing regimens and schedules for
ICBs for fast track approvals [103]. The PK/PD simulation studies have estimated
residual error ranging from 16 to 27% [99], albeit based on assumptions of the
patients in the trials.

Serum pembrolizumab concentrations from three KEYNOTE studies (−001, −
002, −006) utilized a model-based approach to justify the absence of dose adjust-
ments in subpopulations. In these studies, those that had “non-reportable serum
concentrations” were excluded [104], inclusion of non-detected serum concentra-
tions may have provided valuable insight into inter-patient variability. Therefore,
the range of plasma exposures seen in real-world context is yet to be determined.

2.6.2 Dose and Scheduling of ICBs

Loose and wide body weight-guided dosing was used across early phase trials
of the first PD-1 inhibitors [99], followed by pivotal trials for pembrolizumab in
melanoma using a variety of dosing regimens. Later trials of pembrolizumab used
doses ranging from 50 to 400% of the phase I dose [105] contributing to multiple
subsequent changes in dose and schedule. The limited early data on linearity of
PK & PD and reliance on modeling to guide dosing for Phase II and III trials [106]
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also led to a number of adjustments to schedules and dosing of pembrolizumab,
with a 200 mg flat Q3W dosing now FDA approved for melanoma [107].

Flat exposure–response and exposure-safety curves (from 0.5 to 10 mg/kg) and
limited effect of body weight on PK were used as sponsors to support fixed-dose
regimens for pembrolizumab [108] and nivolumab [109]. Population-based PK/PD
modeling showed similarities of pembrolizumab exposure of 2 mg kg−1 Q3W and
200 mg Q3W, data from KEYNOTE-024 confirming these results with use of a
fixed-dose regime [103]. A similar approach with nivolumab, initially based on
modeling [109, 103] led to FDA approval of 240 mg Q2W and 480 mg Q4W
[110] regimens across multiple tumor types. The 480 mg Q4W dosing regimen
was later supported by an open-label extension of a phase III trial.

PD measured as receptor occupancy of PD-1 by nivolumab in circulating human
T-cells saturates at 0.3 mg kg−1, with flat exposure–response above 1 mg kg−1

Q2W [111]. Indeed, two neoadjuvant doses of nivolumab have led to a major
pathological response in 45% (n = 20) of patients in an NSCLC trial [112]. Simi-
larly, retrospective real-world evidence has found low-dose nivolumab (20–100 mg
Q3W) had similar efficacy in a metastatic NSCLC cohort [113]. Taken together,
this indicates that nivolumab could be a candidate for dose adjustment in the future
[99].

Ipilimumab has been more extensively studied for appropriate dose selection.
Phase III trial data from metastatic melanoma showed an improvement in mOS
with 10 mg/kg Q3W versus 3 mg/kg Q3W dosing (15.7 vs. 11.5 months HR
0.84 p = 0.04). There was higher toxicity with≥Grade 3 adverse events in the
higher dose group (34% vs. 18% n = 362) [114]. This is particularly relevant
as patients with this toxicity often stop treatment and may not realize the full
benefit of a potential increase in OS. As with other therapies a relationship between
dose, survival benefit, and toxicity with ipilimumab, is not seen in the approved
dosing ranges of anti-PD-1/PD-L1 PCIs [115]. The currently approved doses in
the melanoma context for metastatic disease remain 3 mg/kg with the 10 mg/kg
regimen approved, but largely unused, in the adjuvant setting.

The safest and most effective doses and schedules of ICBs may change as our
appreciation of the underlying pharmacology grows, with dose individualization
yet to be investigated, as it has for oral TKIs [116, 117].

2.6.3 Therapeutic Drug Monitoring

TDM is an approach used to individualize dosing with other systemic therapies and
may play a role with ICB mAbs also [118]. TDM for any drug is most clinically
relevant when there is large inter-patient variability, low intra-individual variabil-
ity, a valid assay, and an exposure–response relationship [119]. PK modeling,
prompted by concern from regulatory authorities [101], has suggested clearance of
ICBs varies over time [120, 121]. Changes in BOR were associated with decreased
maximal clearance change [122], despite a lack of trial data showing any relation-
ship between plasma exposure (AUC steady state at 6 weeks) to pembrolizumab
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and overall survival, over a fivefold dose range (2 mg/kg and 10 mg/kg Q3W
[123].

Prospective data from real-world practice has found a statistically and clini-
cally significant negative clearance response relationship in patients with mNSCLC
treated with nivolumab (PD mean clearance 0.244 L/day vs. PR/CR 0.172 L/day)
[98]. A cohort of mNSCLC patients treated with an identical weight-based dosing
of Q2W nivolumab found, within 10 weeks of ICB initiation, responders (n =
15) had 73% higher (p = 0.002) trough concentrations than non-responders and
those with the highest trough concentrations had significantly longer mOS (NR
vs. 306 days p = 0.001). Similarly, in a real-world practice study in metastatic
melanoma treated with pembrolizumab, the high pembrolizumab exposure group
(plasma trough concentration = 55.9±25.6 mcg/ml, n = 14) experienced mean-
ingfully longer OS than the low exposure group (plasma trough concentration =
104.2±8.1 mcg/ml) with median OS not reached versus 48 months (p = 0.014).
A similar positive exposure PFS relationship was found (median not reached vs.
48 months, p = 0.045) [124].

Higher baseline clearance has been associated with disease markers for cancer
cachexia syndrome [125], suggesting higher malignancy-induced catabolic clear-
ance and a lower chance of response. Given the number of confounders at play,
both patient (altered catabolic state) and malignancy-related (histopathology, tumor
burden, and receptor expression), it is difficult to determine whether higher drug
exposure is the cause or effect of tumor response, especially given the aforemen-
tioned flat exposure–response curves [126, 127]. However, given the consistent
data emerging out of real-world practice, further studies are required to iden-
tify whether a TDM for ICBs may identify patients more likely to need dose
or therapeutic escalation early in their treatment course.

2.7 Response and Resistance to Immune Checkpoint
Blockade

2.7.1 Somatic Genotype and Immune Phenotype

A framework to illustrate the underlying principles governing the immune–tumor
interaction within the TME is outlined by the phenotypes in Fig. 2.4 [128]. The
immune inflamed, immune excluded, and immune desert nomenclature [128],
based on the characteristics of the immune infiltrate and local TME milieu prior to
ICB identifies both threats and opportunities inherent in the immune response to
cancer. Sites of metastatic disease in cutaneous melanoma have been shown, via
a combined multiplex IHC & FACS approach, to primarily be immune inflamed,
with a lack of ICB response associated with the excluded or desert phenotype
[129]. This spatial approach to the TME has to be viewed orthogonally, through the
lens of tumor genomic instability or transcriptional error leading to T-cell-specific
tumor neoepitope recognition. Unrepaired ultraviolet radiation-induced DNA dam-
age [130] with a resultant mutagenic signature characterized by a high mutational
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Fig. 2.4 The Cancer-Immune Setpoint. Reprinted by permission from Springer Nature: Nature
[Elements of cancer immunity and the cancer-immune set point, Daniel S. Chen et al., Page 324,
2017]

load is characteristic of melanoma. TMB is a composite measure of the total num-
ber of somatic mutations in the exome of a tumor [131]. Some of these mutations
are immunogenic, capable of creating mutated proteins processed into neopep-
tides by the proteasome and subsequently competently presented as tumor-specific
neoepitopes to CD8 + T-cell by MHC Class 1 [132]. Neoepitope recognition is
uncommon, and thus somatic TMB is an imperfect predictive biomarker for ICB
response. Pre-clinical work suggests only 10% of nonsynonymous point mutations
leading to peptides presented with sufficient affinity by MHC Class 1, with even
less capable of stimulating an immune response [128, 133]. These approaches are
only a snapshot of the dynamic interaction between the immune system and sites
of tumor, which may fluctuate between immune phenotype and genotypic status
in periods of response and resistance.

The immune inflamed, or “hot” tumor consists of exhausted CD4 + and
CD8+T lymphocytes in close proximity to tumor cells. Despite presence of type
1 IFN, IL-12, TNF-alpha, and other inflammatory cytokines [134], upregulated
PD-L1 expression on tumor cells and the infiltrating immune cohort halts a
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pre-existing anti-tumor immune response in the TME [128], which may be re-
invigorated by ICB [135]. A “cold” non-inflamed tumor, the immune-excluded
phenotype is characterized by a dense stroma with an excluded T-cell infiltrate.
This is likely mediated by upregulation of melanoma intrinsic oncogenic WNT/β
catenin signaling, [136] preventing anti-tumor immunity even in the presence
of ICB. Immunological ignorance or induction of tolerance with an absence of
requisite CD8 + T-cells characterizes the “cold” immune desert, with limited
tumor-specific neoepitopes to recognize, ineffective antigen presentation, and an
immunosuppressive cytokine environment, poorly response to ICB.

2.7.2 Predictors of Response

2.7.2.1 Tumoral
TMB broadly correlates with response to anti-PD-1 therapy, (R2 0.55 for differ-
ence in ORR across cancer types explained by TMB) [137], but despite the recent
approval of anti-PD-1 therapy for tumor agnostic TMB-High patients [138], multi-
ple factors contribute to this biomarker remaining imperfect for accurate predictive
probability of ICB response. Defining TMB remains problematic, with variations
in assay utilized genomic factors such as; breadth (WES vs. NGS vs. specific can-
cer gene panel), depth [132], mutation type (frameshift, indel, and RNA splicing
mutations are more immunogenic than the nonsynonymous SNV that dominate
TMB [139]) and germline testing. Patient technical factors such as inter and intra-
tumoral genomic heterogeneity, site of biopsy, and specimen tumor content add to
the limitations.

TMB makes no account of specific mutations within genes known to affect
ICB response, e.g., JAK2 [140]. Concurrently equivalent weighting to all mutation
locations and types is given, ignoring the significant heterogeneity in immunogenic
quality of subsequent neoepitopes formed [51]. The substantial heterogeneity in
the ability of various TMB cut-offs to predict response across various tumor sites
of origin is clearly outlined with an AUROC for CR/PR in melanoma of only
0.63 (95% CI 0.53–0.74) with a 10 mut/MB cut off having a false positive rate of
55%, limiting confidence in using it exclusively for discriminating ability to predict
objective response. The same cut-point in NSCLC generates a false positive rate of
only 10% with similar sensitivity (80%), [141] enforcing that one size, and indeed
one tumour site, does not fit all with this biomarker.

CheckMate 067 explored the utility of tumoral staining for PD-L1 as a predic-
tive biomarker, with both doublet ICB and nivolumab alone approaches improving
all clinical endpoints irrespective of PD-L1 cut-point. A Receiver operated char-
acteristic curve for PD-L1 only showed an AUC of 0.53 (CI 0.46–0.60) again
suggesting poor predictive accuracy. This is consistent with the high ORR (41%)
seen in non-PD-L1 expressing tumors [45]. A hypothesis-generating, separation of
survival curves in the PD-L1 < 1% cohort with doublet ICB over nivolumab after
9 months (post-hoc HR 0.69 CI 0.5–0.97, with overall HR 0.83 CI 0.66–1.03),
absent in all other expression cohorts, suggests this expression level as a cut-point
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where the risk–benefit of doublet ICB should be weight carefully over single-agent
PD-1 monotherapy. Similar to TMB, PD-L1 use is hampered by intratumoural het-
erogeneity of staining, fresh versus archival tissue, and significant discordance in
assays and scoring [51].

Given that neither low PD-L1 expression nor low tumoral mutational load pre-
cludes a meaningful response to ICB [142], understanding the dynamic interaction
of these immunological correlates within the TME is important in order to identify
stratification tools for those most likely to respond to ICB. Transcriptomic avenues,
such as GEPs create a molecular signature for mRNA expression across specific
immune inflamed genes [143]. A T-cell inflamed GEP signature, containing IFN-γ
responsive genes involved with antigen presentation, cytotoxicity, adaptive immune
resistance, and chemokine upregulation [144] has been identified. This was com-
bined with PD-L1, to reflect the extent of an inflamed TME, and assessed alongside
TMB—a broad score for the inherent tumoural immunogenicity [145]. Low corre-
lation between TMB and this T-cell inflamed GEP (r= 0.252), alongside retention
of significance as independent predictors of objective response in a multivariate
model allows stratification of meaningful ICB response along these axes. Moder-
ate correlation between PD-L1 and GEP (r = 0.53) gives confidence that a PD-L1
IHC assay is an appropriate correlate for an immune inflamed TME. Objective
responses were largely absent in the GEPloTMBlo melanoma cohort (1/89) with
significantly longer PFS in theGEPHiTMBHi versus GEPloTMBlo cohort (median
504 vs. 123 days HR 0.63 CI 0.36–1.09) [145].

Composite biomarker approaches, reflecting both TME and tumor immuno-
genicity, are necessary to accurately predict response in the new generation of
ICB trials. This can only be achieved through a nuanced multi-omics methodology
that can fully reflect the complex crosstalk between malignancy and the immune
response stimulated by immune checkpoint blockade. Genomic and immunologi-
cal characteristics such as increased T-cell clonality alongside CD4 + memory and
CD8 + infiltrates in patients with responding tumors, alongside a B cell-enriched
population, and development of tertiary lymphoid structures have all been associ-
ated with meaningful durable response [146, 147]. A multi-omic predictive model
that includes immunoglobulin re-arrangement, T-cell receptor clonality, PD-L1
expression, and mutational burden has generated impressive predictive capacity for
response in a small test cohort (AUROC 0.866 CI 0.72–0.99), but these approaches
have yet to be translated to real-world practice [146].

2.7.2.2 Patient
Moving to patient phenotypic factors and their clinical assessment, most pivotal
ICB trials did not enroll those with an ECOG≥2. This cohort is heterogenous
and the limited available trial data suggests an mOS of only 2.4 months post
ipilimumab in ECOG 2 patients treated with nivolumab [148], with real-world
retrospective data reflecting this finding (mOS 19.5 vs. 1.8 months HR 5.45 p
< 0.0001 in ECOG < 2 vs. > 2)[ 149]. Identifying whether performance status
is independently predictive of poor response or a prognostic clinical marker of
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advanced burden of disease is challenging. Cancer cachexia, a complex multi-
system paraneoplastic disorder seen with worsening ECOG, is associated with a
heightened immunosuppressive TME with upregulated IL-6, decreased T lympho-
cytes, and increased inhibitory MDSCs and Treg cells [150, 151], with resulting
immune effector exclusion contributing to disease progression.

2.7.3 Mechanisms of Resistance

2.7.3.1 Primary/Innate and Adaptive
A consensus approach clinically defines resistance to ICB in the advanced set-
ting into: primary—with best response as PD/SD < 6 months or secondary—with
best response as CR/PR or SD > 6 months [152]. At a cellular level, a patient’s
tumor may never mount an immune response (clinically primary resistance), have
an initial anti-tumor response rapidly halted by adaptive resistance mechanisms
(clinically primary resistance), or benefit from an immune response that later pro-
gresses due to truly acquired resistance to ICB (clinically secondary resistance)
[153]. Intrinsic cellular mechanisms of resistance are outlined in Fig. 2.5 [153].
In melanoma, low tumor immunogenicity due to a lack of tumor-specific anti-
gens [154] or a defective antigen-presenting complex due to genetic loss of MHC
expression (155) can lead to primary resistance. Upregulation of oncogenic sig-
naling can occur early during the course of treatment with PD-1 mAbs, with
loss of tumor suppressor PTEN protein expression resulting in an upregulated
PI3K pathway. This leads to a drop in CD8+T-cell tumor infiltration, a “cold”
immune-excluded phenotype which translates clinically into lower incidence of
objective response in individuals with PTEN loss, via a separate mechanism from
the aforementioned WNT/β catenin pathway [156].

A combination of whole-exome and transcriptome sequencing from pre-ICB
samples to identify mechanisms of resistance in melanoma that did not respond to
ICB has identified increased expression of genes involved in wound healing, angio-
genesis, ECM organization, and cell adhesion, with a transcriptomic signature,
labeled IPRES (Innate anti-PD-1 Resistance), with amplified features of mes-
enchymal transition. This signature was seen more commonly in “cold” immune
excluded, stromal dense, malignancies such as pancreatic adenocarcinoma [142].

Proximity of PD-1+and PD-L1+cells are required to facilitate the initial
immune response post-anti-PD-(L)1 mAb dosing, with primary resistance medi-
ated by a lack of these interactions in the tumor [157]. PD-L1 can be constitutively
expressed on tumors or upregulated as a defense mechanism against T-cells upon
IFN γ signaling, an adaptive resistance mechanism via the IFN receptor [158, 159].

2.7.3.2 Secondary/Acquired
Despite an initial response, up to 1/3rd of patients progress, despite ongoing ICB
administration [160]. Clonal subpopulations of melanoma cells may acquire, epi-
genetic or phenotypic characteristics during the course of ICB that allow them
to evade immune surveillance and thus gain a Darwinian advantage over other
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Fig. 2.5 Mechanisms of resistance. a Intrinsic factors that lead to primary or adaptive resistance
include lack of antigenic mutations, loss of tumor antigen expression, loss of HLA expression,
alterations in antigen processing machinery, alterations of several signaling pathways (MAPK,
PI3K, WNT, IFN), and constitutive PD-L1 expression. b Intrinsic factors that are associated with
acquired resistance of cancer, including loss of target antigen, HLA, and altered interferon signal-
ing, as well as loss of T-cell functionality. Reprinted by permission from Elsevier: [Cell Primary,
Adaptive, and Acquired Resistance to Cancer Immunotherapy, Padmanee Sharma et al., Page 710,
2017]

immune-sensitive populations [161]. Counterpoised against this immune surveil-
lance may become ineffective over time due to immunological ignorance, as seen
in transcriptomic work in PD-1 resistant biopsies that identified tumor MHC
Class I downregulation associated with a de-differentiation phenotype in both pri-
mary and acquired PD-1 resistant samples [162]. ICB can re-invigorate exhausted
T-cells, which have weak (though not absent) efficacy, but if the tumor bur-
den remains high despite this then may render them permanently re-exhausted
epigenetically, preventing an immune response [163, 164].

Paired baseline and recurrence biopsies in case studies of patients with acquired
secondary ICB resistance (anti-CTLA-4 and anti-PD-1), by separate groups, have



76 V. Navani et al.

identified frameshift deletions in exon-1 of B2M (beta 2 microglobulin) and sub-
sequent increase in cancer cell fraction harboring such mutations, to be critical
steps in acquired resistance [165, 166]. These mutations lead to functional loss of
MHC Class I protein expression on the cell surface, due to the key role of B2M in
MHC class I folding and cell surface transport. Collectively 29.4% (5/17) exhib-
ited B2M defects, all non-responders, with a 60% incidence (3/5) in those that
initially responded and then progressed, with no B2M alterations in responders.
Unsurprisingly B2M LOH/mutation has been found to enrich for poorer objective
response and overall survival across all classes of ICB in melanoma. Identification
of genetic aberrations in B2M also in pretreatment biopsies of those with little
response to ICB lead to a composite inference that B2M mutated subclonal popu-
lations are selected via immunoediting early in tumorigenesis or can be acquired
resistance events, enriched via selection pressures, exerted by ICB [166].

IFN-γ, produced by activated tumor-selective T lymphocytes, is key for initiat-
ing (via increased MHC expression and chemokine effects) and maintaining (via
direct apoptosis) an anti-tumor immune response [167]. This is achieved, upon
tumor antigen recognition, via the IFN receptor and subsequent JAK/STAT sig-
naling pathway to upregulate IFN stimulated genes [159]. However continuous
IFN-γ exposure can lead to immune escape [153], mediated partly by inactivat-
ing JAK mutations. In the acquired PD-1 resistance setting, inactivation of JAK
1/2 with clonal selection for mutation-containing populations has been identified
[165]. Evolutionarily, such a mutation would be beneficial in the setting of selec-
tion pressure of PD-1 focused therapy, as the IFN-mediated adaptive resistance
upregulation of PD-L1 [168] would be preferentially avoided in favor of genomi-
cally achieved IFN insensitivity. The TCGA has identified decreased IFN-γ gene
expression as another mechanism by which PTEN loss contributes to immune
resistance in melanoma.

Understanding this heterogenous and dynamic system is key to personal-
izing the approach to resistant disease. Identification of whether a TME has
become immunologically cold, for example, could prompt intervention with an
oncolytic virus-containing tumor-specific antigen to induce suitable T-cell acti-
vation. Informed approaches to resistant oncogenic signaling pathways may
alternatively identify upregulated PI3K signaling with a resultant small-molecule
inhibitor being more appropriate. Until introduction of adequate biomarkers to
assess for such nuances are validated and used in practice, the problem of ICB
resistance will remain unsolved.

2.8 Beyond the Checkpoint

2.8.1 Harnessing the Innate and Adaptive Immune Systems

Research in immune checkpoint blockade has largely been focused on checkpoint
therapies intrinsically targeting the T cell which triggers the cancer-killing poten-
tial of the adaptive immune system. We are now realizing that much of the efficacy
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of the checkpoint therapies are attributable also to the innate immune system which
is activated by direct and indirect pathways. Research is expanding into the role of
the innate subsets of cells in the immune system and the tumor microenvironment.
These cells include TAMs, DC, MDSCs, NK, and ILC2 [169]. Emerging check-
points like LAG3, TIGIT, and TIM3 and additional co-stimulatory checkpoints
(OX40, GIRR, ICOS) [170] are expressed in both the adaptive and innate immune
systems. LAG3 for example has a role in regulating hematopoiesis [171] and con-
tributes to T-cell exhaustion. By blocking LAG3 the TAMs can be shifted to an
anti-tumor phenotype. Anti-TIGIT therapy can reverse NK cell dysfunction [172].
TIM3 is broadly expressed and directly regulates both innate and adaptive immu-
nity. TIM3 blockade may increase DC activation and crosstalk between T-cells and
DC cells, and increase antigen presentation [173].

These novel checkpoints may enhance the action of existing checkpoint ther-
apies as demonstrated in the combination of nivolumab and relatlimab, a novel
checkpoint inhibitor that targets LAG3. This demonstrated improved progression-
free survival (PFS) compared to nivolumab monotherapy for patients with
advanced melanoma, according to a PFS interim analysis of the global phase
II/III RELATIVITY-047 trial. Median PFS in the relatlimab + nivolumab group
(10.1 months CI, 6.4–15.7]) was significantly longer than in the nivolumab alone
group (4.6 months CI, 3.4–5.6]; hazard ratio, 0.75 [CI, 0.6–0.9]; p = 0.0055). PFS
rates at 12 months were 47.7% (CI, 41.8–53.2) and 36.0% (CI, 30.5–41.6), respec-
tively. This is the first phase III trial to explore the clinical benefit of blocking
LAG-3 [174].

2.8.2 Small Molecules

Small molecules that inhibit tyrosine kinases are able to shift the tumor microen-
vironment to an immune stimulatory state. Lenvatinib is an oral small-molecule
inhibitor of VEGFR, FGFRs, PDGFRα, KIT, and RET proto-oncogene [175].
Several of these receptor tyrosine kinases are overexpressed in multiple cancers.
The combination of lenvatinib and pembrolizumab showed immunomodulatory
properties which included increased tumor infiltration of effector CD8 + T-cells
and decreased monocytes and macrophages. The LEAP 004 study of lenvatinib
and pembrolizumab combination therapy showed a 21.4% ORR in patients with
advanced anti-PD1 resistant melanoma. The median duration of response was
8.3 months and 38.6% of responses were ongoing for more than 9 months. The
majority of the participants had primary resistance (60.2%) in the metastatic set-
ting and the ORR was comparable in patients with primary (22.6%) and those with
secondary (22.7%) resistance [176].
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2.8.3 IL-2

Exploration of IL-2 variants in melanoma and other tumor types continue in
attempt to improve upon the safety profile of high-dose IL-2 while building
upon the anti-tumor activity historically associated with high-dose IL-2 [177].
Nemvaleukin alfa (“nemvaleukin,” ALKS 4230) is an engineered fusion protein
composed of a circularly permuted IL-2 and IL-2 receptor-α (IL-2Rα) designed to
selectively activate the intermediate-affinity IL-2R but not the high-affinity IL-2R.
The high-affinity IL-2R is also expressed on vascular and pulmonary endothelial
cells and may contribute to toxicity via capillary leak syndrome. Thus, selective
activation of the intermediate-affinity IL-2R by nemvaleukin has the potential to
enhance tumor killing as well as improve safety and tolerability. In vitro phar-
macology data also supported the hypothesis that nemvaleukin signals through
the intermediate-affinity IL-2R, leading to the expansion and activation of effec-
tor cells, while minimizing the expansion and activation of immunosuppressive
CD4 + Tregs. Intravenous administration of nemvaleukin is currently being eval-
uated in ARTISTRY-1, a first in human, Phase 1/2 study (ALK4230-A101) in
patients with advanced solid tumors after treatment failure of established thera-
pies known to provide clinical benefit. Preliminary data show anti-tumor activity
with IV nemvaleukin at the RP2D of 6 ug/kg/day given as an IV infusion daily
for five consecutive days. The FDA granted fast track designation to nemvaleukin
alfa for mucosal melanoma due to the positive responses seen in this anti-PD-
1 resistant tumor . Enrollment has begun for the global phase 2 ARTISTRY-6
(NCT04830124) study designed to evaluate the anti-tumor activity of monotherapy
nemvaleukin subcutaneously in advanced cutaneous melanoma and intravenously
in advanced mucosal melanoma.

2.8.4 DNA-Damaging Agents

DNA damage repair agents are also showing early positive results in patients with
advanced cutaneous, acral, and mucosal melanoma that have failed immunother-
apy. ATR is a serine-treonine specific protein kinase important for DNA repair.
Ceralasertib (AZD6738- AstraZeneca) has completed phase 1 trials and has
demonstrated an ORR of 33%, a disease control rate of 60.6%, a medial
progression-free survival of 3.6 months, and a median duration of response of
9.9 months in patients with melanoma when given with paclitaxel [178]. This
agent is now being combined with anti-PD-L1 immunotherapy (durvalumab) in an
ongoing phase 2 trial.

2.8.5 Adoptive Cell Therapy

Adoptive cell therapy or tumor-infiltrating lymphocyte therapy is prepared by
extracting a fragment of tumor and expanding it ex vivo to remove the TILs
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from the hostile tumor microenvironment [179]. This reduces the immunosuppres-
sive effects of intratumoural regulatory T-cells and rejuvenates the cells. Lifileucel
(LN-144) was tested in a phase II open-label, single-arm, multicenter study in
66 patients with immunotherapy-resistant advanced melanoma and demonstrated
durable responses. Patients received a nonmyeloablative lymphodepletion regimen,
a single infusion of lifileucel with > 1×109TIL cells, and up to six doses of
high-dose IL-2. The objective response rate was 36% and the median duration
of response was not reached at 18.7-month median study follow-up. The US Food
and Drug Administration has granted lifileucel a Regenerative Medicine Advanced
Therapy designation, Orphan Drug designation, and a Fast Track designation for
advanced melanoma [180].

2.8.6 Epigenetics

Epigenetics are heritable alterations in gene expression without change in the
DNA sequence. Epigenetics that has been successfully targeted for cancer treat-
ment include DNA methylation and histone post-translational modifications. DNA
methylation is the addition of a methyl group to the 5-carbon position of a cytosine
nucleotide, almost exclusively in CpG dinucleotides. CpG dinucleotides cluster
in “CpG islands”; located mostly in gene promoters and in regions of repetitive
DNA. Abnormal methylation patterns are found frequently in cancer with a char-
acteristic pattern of global DNA hypomethylation and promoter hypermethylation
at sites including tumor suppressor genes [181]. The inactivation of tumor sup-
pressor genes occurs as a consequence of promoter region hypermethylation and
numerous studies have demonstrated a broad range of genes are silenced by DNA
methylation across cancer types [182].

Anti-neoplastic agents that target DNA methylation in use for other cancer types
include are decitabine and 5-azacitidine. Decitabine inhibits DNA methytrans-
ferase 1 (DNMT1) after incorporating into DNA during S phase of the cell cycle.
5-azacitidine has a very similar mechanism of action but can be incorporated into
both DNA and RNA. Decitabine and 5-azacitidine are both used for the treatment
of MDS and AML. Low-dose 5-azacitidine in combination with anti-CTLA-4 ther-
apy was shown to be more effective at controlling tumor growth in a mouse model
of melanoma compared to each of the agents alone [183]. This provided the basis
for clinical trials with immunotherapies such as ACTRN12618000053224: Early
phase II study of Azacitidine and Carboplatin priming for Avelumab in patients
with advanced melanoma who are resistant to immunotherapy. This seeks to under-
stand if the combination of an epigenetic modifier and a DNA-damaging agent
improves response to anti-PDL-1 immunotherapy in treatment-resistant metastatic
melanoma [184].
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3Engaging Pattern Recognition
Receptors in Solid Tumors
to Generate Systemic Antitumor
Immunity

Michael Brown

3.1 Pattern Recognition Receptors (PRRs) Induce Innate
Inflammation

Pattern recognition receptors (PRRs) recognize rigid features known as pathogen
associated molecular patterns (‘PAMPs’) or damage associated molecular patterns
(‘DAMPs’) either in the extracellular space, endosome, or cytoplasm to induce
appropriate inflammation during pathogen infection and/or tissue damage. Canon-
ical PRRs include Toll-like Receptors (TLRs), of which there are 10 (TLRs 1-10)
in humans; RIG-I like receptors (RLRs) including MDA5 and RIG-I; cytosolic
double stranded DNA sensors (e.g., cGAS-STING); the AIM2-like receptors; the
NOD-like receptors; and C-type lectin receptors. For information on PRRs, their
locations, and specificities, see Fig. 3.1. Upon recognition of PAMPs or DAMPs
by PRRs, signaling to the Tank Binding Kinase 1 (TBK1) and IKK-α/β kinases
primarily lead to IRF3 phosphorylation and NFκB activation, respectively [1, 2],
to concertedly lead to the synthesis of pro-inflammatory cytokines (e.g., type I
IFNs, TNF, IL-6) and, in DCs, induce co-stimulatory ligand expression (e.g. CD86,
CD80).

3.2 PRR Signaling Dictates CD8+ T Cell Priming,
Recruitment, and Function During Viral Infection

Leveraging antitumor functions of CD8+ T cells to eliminate malignant cells in
an antigen-specific manner is the goal of most cancer immunotherapy strategies.
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Fig. 3.1 PRR cellular locations, specificities, and downstream signaling. Yellow indicates
PRRs, blue indicates signaling adapters/kinases, and red indicates transcription factors that medi-
ate transcription of inflammatory genes. PAMPs that activate PRRs are depicted in italicized red
text. Toll-like Receptors 1, 2 and 4–6 are located on the cell surface and recognize bacterial features
such as lipids, proteins, and lipoproteins. TLRs 3 and 7–9 are localized to endosomes, and recog-
nize viral nucleic acids. TLR4 is both extracellular and endosomal. The specificity and function
of TLR10 (not shown) is currently obscure, but in contrast to other TLRs, may negatively regulate
inflammation [3]. The RIG-I like receptors, RIG-I and MDA5, recognize cytosolic viral double
stranded (ds) RNA and have recently been shown to become activated at endoplasmic reticulum
(ER) derived microsomes [4]. Cytosolic DNA sensing by cGAS-STING is mediated at the ER. The
AIM2 inflammasome recognizes dsDNA in the cytosol to initiate cleavage of caspase-1, followed
by cleavage of pro-IL-1β and pro-IL-18 to their mature, secreted state. The NLRP3 inflammasome
(a NOD like receptor) recognizes various DAMP and PAMP features, including viral dsRNA and
single stranded RNA, and similarly leads to caspase-1 activation. Several variations of inflamma-
somes recognizing diverse features are not shown. The C-type lectin receptors Dectin-1 and 2 rec-
ognize bacterial and fungal features; several additional C-type lectins with various specificities are
not shown. The transcription factors IRF3 and IRF7 largely drive transcription of type I interferons
(IFNs) while NFkB and AP-1 induce other pro-inflammatory cyotkines. The activated transcrip-
tion factors also induce co-stimulatory ligand expression, as well as anti-viral/anti-bacterial gene
products
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Fig. 3.2 Innate immunity engages CD8+ T cells during viral infection. See text for stepwise
details

In a natural infectious setting, CD8+ T cells are enlisted to eliminate intracellular
pathogens, e.g., viruses. Provided below, and depicted in Fig. 3.2, is an example
of how a typical acute viral infection leads to priming of antiviral CD8+ T cells
via the activation of PRRs. The concepts of antiviral CD8+ T cell priming and
effector functions during an infectious process are analogous to events that must
occur to enable priming and effector function of antitumor CD8+ T cells.

Step 1: Viral infection of epithelium occurs (Fig 3.2a).
Step 2: Local inflammation is induced after recognition of viral features (e.g.
viral nucleic acids) by PRRs expressed on tissue resident macrophages, infected
epithelium, or by other tissue resident innate immune populations (Fig 3.2b).
Step 3: PRR mediated inflammatory signals leads to surface expression of
adhesion molecules on the local endothelium (Fig 3.2c).
Step 4: The induction of adhesion molecules on endothelium in concert with
chemokines/cytokines facilitates recruitment of additional innate immune cells
(Fig. 3.2d). Much of the innate inflammation at this stage functions to limit
viral replication and spread, and may lead to killing of infected cells by
innate immune populations including NK cells, neutrophils, and macrophages.
In addition, during this process conventional DCs consume antigens in the
infected site, while receiving activating signals from inflammatory cytokines
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from infected cells and/or direct PRR signaling (Fig 3.2d) that induces their
‘activation’—which includes the induction of co-stimulatory signals.
Step 5: Antigen-bearing DCs then migrate to the draining lymph node or other
lymphatic organ to prime and expand populations of CD8+ T cells recognizing
viral antigen from the infection site (Fig 3.2e).
Step 6: Activated CD8+ T cells chemotract to recognize and kill remaining
infected cells, and inflammation from the infection induces antigen presentation
machinery and stress signals in infected cells that further enable T cell mediated
killing. A pool of memory T cells persist after the infection is cleared for future
pathogen recognition and elimination (Fig 3.2f).

Notably variations in the routes by which these steps occur are pathogen and tissue
specific; alternate modes of CD8+ T cell priming have been demonstrated, e.g. via
antigen transfer between migratory vs lymph node resident DCs [5, 6]; and other
mechanisms of antigen transfer at sites distant from the infection may occur [7].
These processes, originally defined in the context of natural viral infection [8],
have been shown to largely apply to immune surveillance, that is, the recognition
and elimination of malignant cells by the immune system.

3.3 The Cancer Immunity Cycle and PRR Signaling

The host immune system recognizes malignant cells on the basis of protein coding
genetic mutations; abnormal post-translational modifications; aberrantly expressed
proteins (e.g., cancer-testis antigens); and in some cancer types, oncogenic viral
proteins. Recognition of such antigens is mediated by cell surface MHC class I
for CD8+ T cells, and surface MHC class II for CD4+ T cells, with CD8+ T
cells typically being the primary antitumor effectors during immune surveillance.
While co-evolution between malignant cells and the host immune system elim-
inates immunogenic malignant cells and results in outgrowth of ‘immunoedited’
tumors that are less immunogenic [9], and heterogeneity in the expression of tumor
associated antigens is common [10], the success of immune checkpoint blockade
in several tumor types implies that other potentially reversable regulatory nodes
prevent immune recognition and destruction of solid tumors.

The cancer immunity cycle outlines established steps by which antitumor
T cells can become activated endogenously to eliminate malignant cells [11]
(Fig. 3.3). Dying cancer cells release antigens that are taken up by dendritic cells
(DCs) to be loaded on to MHC-class I or II. Tumor antigen presenting DCs present
antigen along with co-stimulatory signals to T cells, typically within the tumor
draining lymph node. If the appropriate co-stimulatory signals along with cognate
antigen are delivered to tumor antigen-specific T cells at this step, activated tumor-
specific T cells may traffic to the tumor site, recognize tumor antigen-expressing
malignant cells, and mediate killing of malignant cells through several mecha-
nisms. The cytotoxic mechanisms of T cells include the release of perforin and
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Fig. 3.3 PRR signaling supports the cancer immunity cycle through multiple mechanisms,
adapted from Chen and Mellman Immunity 2013 [11] with permission. Red boxes denote mecha-
nisms by which PRR signaling impacts cancer immune surveillance. (1) Cancer cells routinely die
due to genotoxic stress, chemo/radiation, nutrient deprivation, hypoxia, and other reasons; lead-
ing to the release of tumor antigens. (2) Migrating antigen presenting cells, including migratory
conventional dendritic cells capable of cross presenting antigens to CD8+ T cells (see Fig. 3.4),
take up antigen in the tumor microenvironment to be processed and presented on MHC-class I or
II. PRRs potentiate this step by increasing antigen presentation on DCs, increasing antigen uptake
(e.g. via calreticulin and HSP surface expression on apoptotic cells) and potentially recruiting addi-
tional migratory DCs into tumors. (3) Within the draining lymph node or other secondary lymphoid
organ, tumor antigen loaded DCs present antigen to T cells, leading to their activation. PRR sig-
naling induces the expression of co-stimulatory signals on DCs to potentiate T cell priming; see
Fig. 3.4 for detailed explanation. (4) T cells traffic to the site of the tumor by surveying endothelial
ligand (e.g. ICAM-1 and VCAM-1) expression and chemokine signals, and (5) infiltrate the tumor
tissue. PRRs enhance endothelial cell T cell adhesion ligand expression and chemokine secretion
from the tumor site to facilitate T cell infiltration. (6) T cells recognize cognate tumor antigen pre-
sented on tumor cells; PRRs facilitate this process by inducing inflammation that causes induction
of antigen presentation machinery in cancer cells. (7) T cells kill cancer cells expressing their cog-
nate antigen via granzymes and perforin, FAS ligand, and secretion of cytotoxic cytokines; PRRs
induce inflammation that enhances antitumor T cell function and cytotoxicity

granzymes, apoptotic signals (FAS-ligand), cytokines that mediate apoptotic sig-
naling, e.g., TNF, as well as cytokines that induce upregulation of MHC class I
and antigen processing machinery in tumor cells, particularly IFN-γ.

However, several factors determine whether tumor-specific T cells will ulti-
mately become tolerized and anergic after DC mediated antigen presentation,
whether sufficient signals enable trafficking of tumor-reactive T cells to the tumor
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site, as well as whether antitumor T cells can function within the immune subver-
sive tumor microenvironment (TME). These issues are dictated by that status of
the innate immune system during the cancer immunity cycle, including that of DCs
and tumor associated macrophages/myeloid derived suppressor cells (MDSCs).
PRRs play a multifaceted role in determining the pace, and efficacy of the
cancer immunity lifecycle. PRR signaling enhances antigen presentation and co-
stimulatory signals on antigen presenting cells (Fig. 3.4), culminating in more
effective priming of tumor antigen-specific T cells. In addition, intratumor activa-
tion of PRRs induces chemokines that facilitate the recruitment of newly primed
antitumor T cells, and further supports their function by enhancing tumor antigen
presentation and an inflammatory milieu that potentiates T cell effector functions.
For detailed explanation of the role of PRR signaling at each step of the cancer
immunity cycle, see Fig. 3.3. Accordingly, an emerging clinical strategy aimed
at rectifying stalled cancer immune lifecycles in patients is that of targeting the
activation of PRRs within the TME to provoke the expression of: co-stimulatory
signals on DCs during antigen presentation, T cell recruiting chemokines within

Fig. 3.4 Dendritic cell (DC) activation is dictated by PPR signaling, which enables CD8+

T cell cross-priming. An example of cross presentation is shown, which occurs via loading of
engulfed exogenous antigen onto MHC-class I for presentation to CD8+ T cells, typically by
cDC1s (CD103+, BATF3+ in mice; CD141+ in humans). In the context of viral infection, PRRs
expressed by viral antigen presenting DCs sense PAMPs and DAMPs at the site of inflamma-
tion/infection and receive signals from locally produced cytokines. These signals lead to upreg-
ulation of antigen processing and presentation machinery (signal 1), induction of co-stimulatory
ligands including the CD28 ligands CD80 and CD86 (signal 2), and secretion of cytokines like
IL-12 and type I IFNs that lead to further activation and differentiation of the cognate antigen-
specific CD8+ T cell (signal 3). Upon receiving these signals, CD8+ T cells become activated and
can traffic to the site of infection to eliminate virally infected cells. Similarly, during the cancer
immunity cycle, migratory cDCs take up tumor associated antigens, traffic to the draining lymph
node, and present exogenously acquired antigen on MHC-class I to T cells. As occurs during viral
infection, PRR signaling bolsters the efficiency of tumor antigen uptake, processing, and presenta-
tion on MHC-class I on DCs (Signal 1); the induction of co-stimulatory ligands expressed on the
DC surface (Signal 2); as well as the induction of pro-inflammatory cytokines required for optimal
antitumor CD8+ T cell priming (Signal 3)
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the tumor site, and inflammation within the TME that supports antitumor CD8+ T
cell function.

3.4 Endogenous Activation of PRRs in Cancer

Endogenous signals from cells that are stressed or dying necrotically can induce
DC activation in the absence of foreign pathogen associated features [12]; lending
explanation for how T cell priming and activation in the contexts of spontaneous
antitumor immunity, transplantation rejection, and/or autoimmunity occurs. Recent
work has documented the importance of several PRRs in the context of tumor
biology that lead to DC activation, and generalized inflammation within tumors.
These include the following PAMPs and DAMPs, which represent only a subset
of relevant documented endogenous PRR ligands:

1. Double stranded DNA (dsDNA) from dying tumor cells can be recognized by
cGAS-STING, particularly within DCs that take up debris from dead tumor
cells. STING signaling culminates in IFNβ/antiviral responses that mediates
activation of systemic antitumor T cell immunity and tumor regression [13, 14].

2. High-mobility-group box 1 (HMGB1) is a nuclear protein that is released during
cell death, including after chemotherapy/radiation, to engage TLR4 on DCs
[15].

3. Cell surface calreticulin facilitates phagocytosis of apoptotic tumor cells by
DCs and macrophages and determines the immunogenicity of phagocytosed
cells [16–18].

4. Heat Shock Proteins (HSPs) released from dying cancer cells are widely
reported to bind to TLRs 2 and 4 to induce inflammation [19–24].

5. Endogenous retroviruses have been shown to reactivate in some cancers pre-
sumably due to epigenetic dysregulation or loss of innate signaling in malignant
cells [25], and can induce TLR and RLR signaling due to cytoplasmic presence
of replicating retroviral RNA [26].

6. Uric acid/monosodium urate crystals, a byproduct of purine metabolism that
causes gout, have been shown to induce activation of the NLRP3 inflammasome
[27], TLR2, and TLR4 [28]. Uric acid mediates DC activation [29].

7. The tumor microbiome has recently been defined, demonstrating evidence of
microbial presence (e.g., intracellular bacteria and viruses) in various tumor
types at baseline [30, 31]. The presence of such microbes is likely to impact
endogenous PRR signaling in tumors, though this remains to be determined.

Thus, PRRs in tumors are not inert, but rather may recognize features associated
with cell death; tissue damage; and in some cases, endogenous pathogens. Collec-
tively, their activity in cancer likely explains how spontaneous antitumor T cells
are primed to eliminate malignant cells. In contrast, a lack of co-stimulation from
DCs to antitumor T cells is frequent in cancer [32, 33], causing tolerance and sup-
pression as opposed to activation. This contradiction may be due to insufficient
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PRR signals from endogenous PAMPs/DAMPs, tolerance/desensitization of PRR
signaling due to chronic PAMP exposure, or other mechanisms of tumor medi-
ated immune suppression. Thus, given their roles in orchestrating co-stimulatory
signal expression in antigen presenting cells, targeting PRRs to induce inflamma-
tion compatible with T cell priming and co-stimulation is a therapeutically viable
strategy to engage antitumor CD8+ T cell immunity.

3.5 Engaging PRRs for Cancer Immunotherapy

3.5.1 Inducing Innate Inflammation in Tumors: A Historical
Perspective

The first widespread medical use of a PRR activator in cancer is that of Coley’s
toxin [34, 35] in the late 1800s, though the use of pathogens for cancer therapy, as
well as anecdotal correlations of pathogen infection and spontaneous tumor regres-
sion, was documented much earlier [34, 36, 37]. Based upon clinical case review
of a patient that experienced sarcoma tumor regression after bacterial infection at
the tumor site, William Coley tested if bacterial infection of sarcomas may mediate
tumor regression in patients. After initially using live bacterium, Coley switched
to inactivated bacterium; which caused regression in some patients. This cock-
tail of inactivated bacteria became known as ‘Coley’s toxins’, but the approach
was ultimately overshadowed by advances in radiation therapy, and suffered from
limitations in standardizing the treatment [34].

In the early 1900s Mycobacterium bovis was isolated from a cow with tuber-
culosis mastitis. Laboratory passaging in bovine bile (to prevent clumping) led to
a loss of virulence, and the strain of M Bovis was named Bacillus of Calmette
and Guerin (BCG) after the scientists that developed the strain [38]. Coinciden-
tally, Tuberculosis infection was noted to be associated with a lower frequency
of cancer [39], raising the possibility for using M bovis for cancer therapy. In
1969 the first report of BCG’s use as a cancer therapy was reported by Mathe
et al.in the treatment of lymphoblastoid leukemia where encouraging results were
reported [40]. The first clinical trial of BCG for bladder cancer was published
in 1976 [41] where a decrease in recurrence of superficial bladder cancer was
observed. These observations were confirmed in 1980 [42], spurring widespread
use of BCG as a intravesicular therapy for bladder cancer. BCG was FDA approved
for the treatment of bladder cancer in 1990, and represents the first approved cancer
immunotherapy. BCG mediates innate inflammation that engages CD4+ and CD8+

T cells with several TLRs being shown to mediate the initial innate response,
including TLRs 2, 4, and 9 [43]. The success of BCG, along with discoveries on
the role of PRR signaling in mediating immune surveillance, led to further studies
applying intratumor PRR activators for cancer immunotherapy in several cancer
types.
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3.5.2 Non-Infectious Engagers of PRRs for Cancer
Immunotherapy

PRR activating PAMPs have shown preclinical promise in engaging systemic anti-
tumor immunity. In addition, therapies that evoke PRR signaling through indirect
means are also being explored. Clinically tested approaches to engage immune
surveillance through targeted PRR activation using non-replicating, non-infectious
PAMPs are described below according to their PRR specificities.

3.5.2.1 TLR Agonists
The toll like receptors were first discovered in Drosophila, and later confirmed to
induce innate inflammation in mammalian systems [8]. TLR signaling culminates
in activation of TBK1 and IKKα/β to induce type I IFNs and NFkB dependent
gene expression, respectively (Fig. 3.1).

TLR3
The double stranded RNA mimetics Poly I:C and Poly A:U, and derivatives
thereof, have been widely tested as cancer immunotherapies in several solid tumor
indications. Poly A:U was tested in the 1980–90 s wherein it was shown to extend
relapse free survival after systemic delivery in breast cancer patients [44], but
showed minimal efficacy in melanoma [45], and was associated with less favorable
survival after systemic delivery in colorectal cancer patients [46].

The double stranded RNA mimetic, Poly I:C, effectively induces type I IFN in
several tumor associated cell types and mediates generation of Th1 responses in
mice [47, 48]. A poly-L-lysine stabilized version of Poly I:C in carboxymethyl-
cellulose, Poly ICLC (Hiltonol), also engages MDA5 activation [49, 50] and has
been tested in several trials. Poly ICLC has been delivered intramuscularly to
boost systemic type I IFN responses [51, 52], as well as via intratumoral routes
[53–55]. Poly ICLC was well tolerated in early trials, but limited efficacy as a
monotherapy was reported overall. Ongoing work demonstrating potential clinical
benefit focuses on combining Poly ICLC with other modalities including FLT3L,
radiation, and PD-1 blockade [56]. Poly ICLC is also being used as a person-
alized cancer vaccine adjuvant, where sustained antitumor T cell responses were
demonstrated [57].

TLR4
After the clinical use of Coley’s toxin in sarcomas, it was proposed that TLR4 acti-
vation via bacterial polysaccharides mediated that anti-sarcoma effects of Coley’s
toxin in mice [58]. Lipopolysaccharide (LPS), also known as endotoxin, is the
canonical bacterial polysaccharide used to activate TLR4 signaling in laboratory
studies. Inducing TLR4 signaling leads to robust myeloid cell activation, partic-
ularly macrophages, and in preclinical models has been shown to induce robust
antitumor effects [59–61]. The first clinical trial of LPS in cancer patients occurred
via intravenous injection concomitant with ibuprofen to prevent inflammatory side
effects, and showed induction of pro-inflammatory cytokines in the sera (TNF, IL-6
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and MCSF) with moderate antitumor activity observed in 2 patients with colorec-
tal cancer [62]. A follow-up trial of systemic LPS delivery showed only moderate
antitumor efficacy [63]. Systemic toxicities associated with inflammation were a
common issue for trials using LPS.

Usage of the lipid A subunit of LPS was later shown to induce antitumor activ-
ity with a more favorable toxicity profile [59, 64, 65]. Lipid A isolated from
Salmonella, called monophosphoryl lipid A (MPL) was subsequently tested in
cancer patients intravenously and was found to have minimal antitumor efficacy
[66]. Several derivatives of MPL have been clinically tested in cancer patients
with inconsistent or lacking indication of antitumor efficacy [67–69]. Despite lim-
ited efficacy of various MPL based strategies delivered intratumor, subcutaneous,
or intravenously, MPL succeeded as an adjuvant for the HPV vaccine Cervarix®
and was FDA approved for this use in 2009 [70]. Recent clinical efforts include
the use of the TLR4 activating glycolipid (GSK1795091) in combination with an
activating OX40 antibody, and a synthetic MPL mimetic (GLA-SE) in combination
with radiation therapy [71, 72].

TLR7/8
Imiquimod is a small non-nucleoside TLR7/8 activator that originally demon-
strated utility as an antiviral agent in preclinical models in the 1980s [73–75].
The antiviral effects observed were dependent upon mediating inflammation as
opposed to direct action on viruses [74, 76–82]. Initial clinical trials delivering
oral imiquimod in cancer patients failed to demonstrate efficacy beyond induction
of inflammation [83, 84]. However, topical application of imiquimod cream for
actinic keratosis [85–91] and basal cell carcinoma [92–100] was efficacious, and
was FDA approved in 2004 for these indications. Several studies in various topical
pre-cancerous and cancerous disease have since been conducted [67], with more
recent testing occurring in breast cancer, melanoma, and other solid tumors alone
or in combination with immune checkpoint blockade.

R848 (Resmiquimod) and motolimod (VTX-2337) are TLR7/8 agonists that are
currently being clinically explored for cancer immunotherapy, in pre-cancerous
actinic keratosis and head and neck squamous cell carcinoma, respectively [101].
Other agonists targeting TLR7 and TLR8 are currently being tested alone or in
combination with immune checkpoint blockade in various solid tumors [102].

TLR9
TLR9 agonists induce potent type I IFN responses from plasmacytoid DCs (pDCs),
and generally mimic unmethylated CpG DNA. Importantly, murine cell-type
expression patterns of TLR9 is distinct from that of humans, with TLR9 largely
being expressed in human pDCs and B cells, while murine expression of TLR9
is more ubiquitous in macrophage and DC populations [103]. Numerous clinical
trials using TLR9 agonists have been conducted as monotherapy studies in solid
tumors, exhibiting manageable safety profiles despite association with cytokine
release syndrome related to IFN mediated inflammation [104]. Clinical efficacy
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signals in monotherapy trials have been limited, with more promising signals being
observed when combined with other modalities [104].

Lefitolimod (MGN1703) was tested in two phase II trials in small cell lung can-
cer and metastatic colorectal cancer with subcutaneous delivery and did not meet
survival endpoints [105, 106]. A phase III trial was conducted in a subgroup of
metastatic colorectal cancer patients identified in the phase II trial, where negative
results were posted.

Tilsotolimod (IMO-2125) has been tested in multiple solid tumors, most exten-
sively in melanoma. A phase I/II trial in anti-PD-1 refractory melanoma showed
evidence of efficacy of Tilsotolimod in combination with ipilimumab (anti-CTLA-
4) or pembrolizumab (anti-PD-1) with an objective response rate (ORR) of 22%
(News release, Idera Pharmaceuticals, April 21, 2020 press release). A follow-
up phase III trial of Tilsotolimod in combination with ipilimumab in anti-PD-1
refractory melanoma was conducted but did not meet objective response rate end-
point (Idera pharmaceuticals, March 18, 2021 press release). A phase III trial
in microsatellite stable colorectal cancer in combination with ipilumimab and
nivolumab (anti-PD-1) is ongoing.

SD-101 has shown abscopal effects in indolent lymphoma patients after intra-
tumor administration [107] and demonstrated an objective response rate (ORR)
of 78% in treatment-naïve and 15% ORR in PD-1 refractory melanoma in com-
bination with pembrolizumab [108]. Intratumor SD-101 in combination with
pembrolizumab and paclitaxel in HER2-negative breast cancer showed non-
significant improvement in pathological complete responses [109]. Several trials of
SD-101 as an intratumor therapy are ongoing in combination with other modalities
in melanoma, breast cancer, prostate cancer, and lymphoma.

CMP-001 is a virus like particle comprised of bacteriophage capsid with a CpG
oligodeoxynucleotides. The drug is taken up by pDCs via FCgamma receptor anti-
bacteriophage antibodies that bind the virus like particle leading to robust type-I
IFN induction [110, 111]. In anti-PD-1 refractory melanoma patients, intratumor
CMP-001 in combination with pembrolizumab achieved an ORR of 25% asso-
ciated with abscopal effects noted [112, 113]. Ongoing clinical trials are testing
CMP-001 in melanoma, head and neck squamous cell carcinoma, and lymphoma.

TLR9 agonists remain a very active area of clinical pursuit, particularly with
newer routes of delivery, e.g., in the aforementioned case of bacteriophage-
antibody mediated delivery via CMP-001; NZ-TLR, which uses a cold isostatic
pressing to encapsulate a TLR9 agonist that permits extended release following
intratumor injection; and AST-008, a spherical nucleic acid-based nanomaterial
TLR9 agonist [104].

3.5.2.2 RLR Activation
The RLRs MDA5 and RIG-I are cytoplasmic sensors of viral RNA that have
recently gained attention as potential targets for cancer immunotherapy.
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MDA5
MDA5 recognizes long dsRNA in the cytosol, culminating a distinct type I IFN
dominant activation of macrophages and DCs and cell death signaling in can-
cer cells [114–116]. Poly ICLC activates both TLR3 and MDA5 as mentioned
in Sect. 3.5.2.1, with MDA5 activation being linked to the potent Th1 antitumor
activity observed by Poly ICLC ([49, 50] (see TLR3 agonist description above
for clinical status of Poly ICLC). An emerging route to target MDA5 activation
is via synthetic RNA viruses and indirect reactivation of endogenous retroviruses
(ERVs) using epigenetic modulators.

Synthetic positive-sense RNA viruses and replicons are commonly engineered
from Semliki Forest virus, Sinbus virus, or Venezuelan equine encephalitis virus
and delivers self-replicating RNA into the cytosol of cells, which can be recognized
by both MDA5 and RIG-I [117]. Results from a phase I clinical trial testing a Sim-
liki Forest virus-based HPV vaccine in HPV induced cancers efficiently induced
HPV antigen-specific T cells and was well tolerated [118]. Synthetic coxsack-
ievirus A21 RNA that engage MDA5 are currently in development for clinical use
[119]. How well replicons/synthetic viral RNA engage MDA5 and other PRRs
relative to oncolytic viruses/natural virus infection (see Sect. 3.5.3 below) remains
unknown.

ERVs comprise up to 8% of the human genome [120] where they typically
remain inactive, but have been shown to be reactivated in various cancer types
[25]. Usage of demethylating agents was initially proposed to mediate antitumor
effects by inducing expression of tumor suppressor genes [121]. However, sev-
eral studies have shown that 5-aza-2-deoxycytidine, a DNA methylation inhibitor,
causes re-expression of ERV gene products that induce dsRNA recognized by
MDA5 in cancer cells, sensitizing tumor-bearing mice to anti-CTLA-4 therapy
[122, 123]. Given that immunotherapy success is associated with ERV gene expres-
sion in tumors [124–126], it is possible that optimizing DNA demethylating agents
for induction of ERV mediated MDA5 signaling will enhance immune check-
point blockade therapy. DNA demethylating agents have been tested extensively
in the clinic [127, 128], however it is unclear whether MDA5 engagement occurred
and/or contributed to therapy effect.

RIG-I
In contrast to MDA5, RIG-I recognizes short dsRNA as well as 5’-ppp-RNA that
lacks a 7-methylguanosine cap on the 5’ end of RNA commonly added to endoge-
nous mRNAs. Several RIG-I agonists have been developed and are in clinical
testing.

MK-4621 is a 5’-ppp synthetic RNA oligonucleotide that was delivered intratu-
moral in various solid tumor types where an interim analysis showed a favorable
safety profile and induction of serum chemokine levels [129]. A second study
testing MK-4621 complexed with JetPEI™ and pembrolizumab is also ongoing
[130]. CV8102 is a single stranded, uncapped RNA complexed with cationic pep-
tides that activates RIG-I along with TLR7/8. This drug was tested by intratumor
injection in solid tumors alone or in combination with PD-1 blockade wherein the
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drug was well tolerated and early responses were observed [131]. GEN0101 is a
drug composed of inactivated Sendai virus particles that engage RIG-I and have
shown immunological responses to treatment, declines in prostate-specific antigen,
and potential disease stabilization after intratumoral and subcutaneous injection in
castration-resistant prostate cancer patients [132, 133]. Several other studies of
GEN0101 have been conducted in melanoma and mesothelioma, however results
from these trials have not been reported [134].

3.5.2.3 STING Agonists
Due to the role of endogenous STING signaling in tumors leading to spontaneous
antitumor immunity [13], STING agonists have gained considerable attention as
intratumoral agonists for clinical cancer immunotherapy.

DMXAA was originally developed as an anti-vascular drug that was later
found to activate TBK1-IRF3 signaling [135] via STING [136]. A large phase III
study was conducted in non-small cell lung cancer patients, but was discontinued
[137]. Other clinical efforts with this agent have failed to show compelling clin-
ical responses. However, despite preclinical data indicating its ability to engage
antitumor CD8+ T cell immunity, it was later found to only induce mouse
STING signaling, and not that of humans [138], possibly explaining its lack of
clinical activity.

Other clinical trials of intratumor delivered STING agonists are ongoing and
include GSK3745417, MK-2118, MK-1454, BMS-986301, IMSA-101, ADU-
S100 and E7766; most of which are being combined with immune checkpoint
blockade. At the time of writing, biological activity of STING agonists has been
reported in patients [139, 140], but the clinical efficacy of these agents remains
to be reported. Further development of modified versions of STING agonists in
preclinical settings are ongoing that include the development of orally available
STING agonists [141, 142], as well as higher potency STING agonists [143, 144].

3.5.3 Infectious Agents as Engagers of PRRs for Cancer
Immunotherapy

In addition to BCG described above, attenuated, replication-competent viruses and
bacteria being clinically developed for cancer immunotherapy also engage PRR
signaling. A potential advantage of intratumoral therapy with infectious agents
versus that of targeted PRR engagement with PAMPs is that infectious agents
generally engage multiple PRRs within the spatiotemporal context of a natural
infectious process, possibly recapitulating a more natural T cell priming scenario.
However, infectious agents derived from natural animal viruses and bacterium also
typically mediate some level of innate or adaptive immune interference (e.g. sup-
pression of antiviral signaling or antigen presentation) that evolved to ensure the
successful lifecycle of the pathogen [145–148]. It remains to be determined which
approach (non-infectious agonists vs infectious agents) will be more effective in
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engaging immune surveillance and controlling tumor growth. Beyond the PRR-
engaging attributes of these agents, it also must be noted that oncolytic viruses
also mediate killing of cancer cells, adding an additional dimension of anticancer
and immunogenic activity.

3.5.3.1 Oncolytic Viruses
While dubbed ‘oncolytic’ due to selective toxicity observed by various attenu-
ated viruses in cancer cell lines [149], the antitumor potential of using viruses for
cancer therapy may largely be due to their ability to elicit antitumor CD8+ T cells
through PRR activation [114, 150–152]. Diverse virus species have been developed
for cancer immunotherapy, ranging from large DNA viruses to small RNA viruses,
that have distinct tissue tropisms, viral replication strategies, and mechanisms of
immune subversion. Thus, as with targeting distinct PRRs for cancer therapy, dif-
ferent virus contexts are likely to mediate antitumor efficacy through different
routes, with differing efficiencies. Clinically tested viral cancer immunotherapies
are described below, however, numerous virus contexts beyond these agents are
being considered for future clinical testing.

Herpes Simplex Viruses (HSV). HSV is a dsDNA viruses that engage a number
of PRRs including STING, TLR2, TLR3, and TLR9 [153]. Talimogene laher-
parepvec (T-VEC), an attenuated oncolytic HSV1 (oHSV) expressing GMCSF,
is the only FDA approved oncolytic virus to date, which demonstrated a 16.3%
durable response rate and 33% 5-year response rate in a randomized phase III
clinical trial of melanoma [154]. An abscopal effect was noted, with regression
of non-injected lesions occurring in some patients [155]. Other monotherapy
clinical trials of oHSVs have shown evidence of efficacy similar to what has
been observed for T-VEC in early stage clinical trials [156]. While initial obser-
vations in combination with immune checkpoint blockade suggested promise
[157], a phase III clinical trial testing T-VEC combined with pembrolizumab
was recently discontinued due to futility [158].

The next generation of herpesvirus-based immunotherapies have been
developed with intentions of improving oHSV immunotherapy efficacy, par-
ticularly in regards to preventing oHSV mediated disruption of antigen
presentation (G47� [159]); enhancing oHSV toxicity selectively in cancer
cells (rQNestin34.5v2 [160], RP1 [161]); enhancing IFN resistance of oHSV
(ONCR-177 [162]); and ‘arming’ oHSV with PD-1 or CTLA4 blocking anti-
bodies and immunostimulatory cytokines, particularly IL-12 (M032 [163],
ONCR-177 [164], RP2 [165], MVR-T3011 [166]). Several of these agents
are moving into early stage clinical trials in various solid tumor types as
intratumorally delivered therapies.
Adenovirus. Adenovirus has a dsDNA genome and is recognized by TLR9 on
pDCs[167], STING [168, 169], NOD like receptors [170, 171], with evidence
for roles of other TLRs in vivo [172]. Immunogenic cell death (e.g., release
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of HMGB1, calreticulin, ATP, and HSP70) has also been proposed as a key
mechanism driving the immunogenicity of oncolytic adenoviruses [173–175].
In 2005 China approved the replicating adenovirus H101 (Oncorine) for the
treatment of nasopharyngeal carcinoma [176]. DNX-2401 is a modified aden-
ovirus that selectively replicates in cancer cells with defective Retinoblastoma
(Rb) and has shown promising phase I results in recurrent glioblastoma wherein
20% of patients surviving > 3 years [177]. A follow-up phase II study of DNX-
2401 delivered at the time of biopsy in recurrent glioblastoma patients was
conducted in combination with pembrolizumab, wherein 5/42 patients receiv-
ing the full DNX-2401 dose had confirmed responses [178]. A randomized
phase III study is in planning [178]. Several ‘armed’ adenoviruses are in clini-
cal testing in various indications; armed with GMCSF (CG0070 [179, 180] and
ONCOS-102 [181]), immunostimulatory ligands CD40L and 41BBL (LOAd-
703 [182]); hyaluronidase (to facilitate viral spread and CD8+ T cell recruitment
within the tumor, VCN-01 [183]); IL-12 (AD5-yCD/mutTKSR39rep-hIL-12,
[184]); OX40L (DNX-2440 [185]); and CXCL9, CXCL10, and IFN-α (NG-641
[186]). In addition, combination strategies of modified oncolytic adenoviruses
with CAR T cell therapy (CAdVec) and chemoradiation (Colo-AD1) are being
pursued [187].
Poxviruses. Poxviruses are large dsDNA viruses (130–300 Kb) that have sophis-
ticated replication strategies and mechanisms to evade viral elimination by the
host immune system [188]; attenuated vaccina viruses, are the most exten-
sively tested oncolytic poxviruses. Poxviruses are recognized by several PRRs,
including TLR2, TLR6, MDA5, and the NALP3 inflammasome [189, 190].
Interestingly, UV and heat inactivated Vaccina virus was shown to mediate
stronger innate inflammation through STING signaling compared to replicating
Vaccina, possibly reflecting strategies by which Vaccina interferes with innate
signaling [191]. Pexa-Vec (JX-594), a Vaccinia virus, was tested as an intra-
tumor therapy in hepatocellular carcinoma in a phase II clinical trial where
evidence of disease control was reported [192]. However, a follow-up study
revealed lack of overall survival benefit in this patient population [193]. A
trial of Pexa-Vec in colorectal cancer was pursued with immune checkpoint
inhibitor combination, but failed to show a significant improval in response
[194]. As with other DNA viruses used for virotherapy, a current emphasis on
arming poxviruses is driving ongoing clinical efforts, including with GM-CSF,
chemokines, IL-15 and PD-1 blocking antibodies [195]. GL-ONC1 and vvDD
are vaccina viruses that were delivered intravenously [196, 197], other stud-
ies in solid tumors are ongoing and evaluation of antitumor effects have not
yet been reported. Myxoma viruses are also being developed for virotherapy in
preclinical settings [195].
PVSRIPO. PVSRIPO, a (+)stranded RNA picornavirus, is the live attenuated
type I Sabin strain of Polio with exchange of the Sabin Internal Ribosomal
Entry Site (IRES) with that of human rhinovirus type II [198, 199]. This substi-
tution neuroattenuates the virus, but does not impair its ability to kill malignant
cells [198]. PVSRIPO requires poliovirus receptor (PVR) expression for viral
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entry, which is highly expressed on both antigen presenting cells and malignant
cells [114, 198, 200]. PVSRIPO infection activates MDA5, leading to a sus-
tained type I/III IFN dominant IFN signature in tumor-associated macrophages
and dendritic cells that culminates in antitumor CD8+ T cell immunity [114,
115, 201]. Importantly, in preclinical models the antitumor efficacy of PVS-
RIPO was primarily dependent upon viral infection of TME constituents as
opposed to malignant cells, indicating that PVSRIPO may function primarily as
an engager of MDA5 within the TME [114]. A phase I clinical trial in recurrent
GBM demonstrated a 21% survival rate at 36 months, relative to 4% survival
in an eligibility criteria-matched historical control cohort of patients [202]. A
small phase I trial in anti-PD-1 refractory melanoma demonstrated antitumor
responses in both injected and non-injected lesions in 4/12 patients, with 6/12
patients resuming immune checkpoint blockade after PVSRIPO having durable
disease control at 18 months of follow-up [203]. Ongoing clinical studies are
focused on combining PVSRIPO with PD-1 blockade in melanoma, GBM, and
other solid tumors [203–205].
Reovirus. Reoviruses are segmented dsRNA viruses with a long history of pre-
clinical investigation backing its utility as an immunovirotherapy agent [206,
207]. Reovirus is recognized primarily by RIG-I and MDA5 [208]. The anti-
tumor efficacy of Reovirus is independent of viral replication in preclinical
models [209], implying that PRR recognition occurs upon viral entry, lead-
ing to antitumor CD8+ T cell priming [210]. Reolysin (aka pelareorep) has
been delivered both intravenously and intratumorally in clinical trials. An initial
phase I study observed local tumor responses in 7/19 patients, with one com-
plete response in advanced solid tumors [211]. Phase II trials in combination
with chemotherapy for malignant melanoma [212], breast cancer [213], non-
small cell lung cancer [214], head and neck cancer [215], metastatic pancreatic
cancer [216] have been conducted with some indication of efficacy in subsets of
patients. Recent work has demonstrated that intravenously delivered Reovirus
reaches brain tumors in patients and induces PD-1/PD-L1, possibly indicating
its potential use as a systemic agent in combination with immune checkpoint
blockade [217]. As with other oncolytic viruses, the ongoing focus of current
Reovirus virotherapy is focused on combining with other immunomodulatory
agents [218].
Coxsackievirus A21 is a (+)stranded RNA picornavirus primarily sensed by
MDA5 [219], that has been clinically tested in both intravenous and intra-
tumoral contexts as V937 (aka CAVATAK). Indications tested include non-
muscle-invasive bladder cancer [220], in which tumor associated inflammation
was observed, and melanoma [221], wherein 43.2% of patients had progression
free survival at 1 year post treatment. Ongoing studies combining V937 and
immune checkpoint blockade are being conducted in unresectable melanoma,
and early results indicate the combination of V937 and pembrolizumab has a
47% ORR [222].
Vesicular Stomatitis Virus (VSV) is a (−) stranded RNA virus that was devel-
oped as an oncolytic virus due to the lack of type I IFN mediated suppression
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of attenuated VSV replication in human cancer cells [223]. VSV is recognized
by RIG-I [224] and TLR7 [225]. However, VSV vectors are capable of caus-
ing neurological disease in non-human primates [226]; thus an interferon-β
expressing VSV (VSV-IFNβ) was developed to restrict VSV replication beyond
normal cells and was found to not cause neurotoxicity in non-human primates
[227–229]. VSV-IFNβ was further modified with expression of a sodium iodide
symporter (NIS) to enable imaging. Ongoing clinical studies in various indica-
tions include IV infusion in multiple myeloma, T cell lymphoma, and acute
myeloid leukemia [230].
Measles Virus is a (−) stranded RNA virus that was originally proposed as
an oncolytic virus candidate due to case reports of measles infection being
linked to tumor regression [231]. Measles is recognized by MDA5 and RIG-I
[232], however it is reported to intercept RLR recognition in antigen presenting
cells [233]. Indeed natural (wildtype) measles infection also suppresses adaptive
immunity [234]. The live attenuated vaccine strain of Measles (Edmonston-
Zagreb strain) has been developed for cancer immunotherapy and tested in
early stage clinical trials of T cell lymphoma [235], ovarian cancer [236],
glioblastoma, breast cancer, head and neck squamous cell carcinoma, malignant
peripheral nerve sheath tumors, bladder cancer, and multiple myeloma [237].
A NIS-expressing version of measles was also generated and tested in patients
after intravenous administration [238].
Newcastle’s Disease Virus (NDV) is a (−) stranded RNA virus recognized pri-
marily by RIG-I [239, 240] that naturally infects chickens. NDV has been
shown to mediate both oncolysis and type I IFN-dependent priming of anti-
tumor T cells in preclinical models [150, 241]. Several clinical trials used
NDV-treated oncolysate, or lysed cancer cells, for vaccination in cancer patients
[242], most of which were in melanoma where improved overall survival
was demonstrated relative to historical controls. A phase III clinical trial
demonstrated longer survival after NDV-pulsed autologous vaccine compared
to surgical resection alone in colorectal cancer patients [243]. The MTH-68
strain of NDV was tested in various advanced cancer types in small cohorts
of patients, including glioblastoma, with potential evidence of efficacy after
intravenous administration [244, 245]. The PV701 strain was likewise tested
intravenously in small cohorts patients with advanced cancers, documenting
some objective responses [246, 247]. Extension of these studies have been com-
plicated by changing regulatory guidelines restricting the use of NDV strains
[241]. Ongoing clinical efforts to test NDV include a GMCSF expressing NDV
variant (MEDI5395) being tested in various advanced cancers in combination
with durvalumab (anti-PD-L1 antibody) [248].
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3.5.3.2 Intracellular Bacterium

Bacille Calmette-Guerin (BCG) is standard of care therapy for non-muscle inva-
sive bladder cancer, and was the first FDA approved cancer immunotherapy. See
Sect. 3.5.1 for a description of the use of BCG in cancer therapy.

Listeria monocytogenes is a gram positive, intracellular bacterium that causes
listeriosis, a foodborne illness. Listeria is recognized by TLR2, TLR5, NOD-
like receptors, and STING [249]. Strains of Listeria have been developed for use
as cancer vaccine vectors, with its intracellular lifecycle being an asset to deliver
tumor associated antigens and engage antitumor T cell responses [250]. Listeria
vaccine clinical trials have been conducted via intravenous delivery in pancre-
atic cancer, against mesothelin (CRS-207 [251]); in cervical cancer against HPV
antigens [252, 253], and in mesothelioma against mesothelin (CRS-207 [254]).
Encouraging objective responses have been observed in early stage clinical tri-
als of mesothelioma and cervical cancer; however a phase III trial of Listeria E7
vaccine (AIM2CERV) in cervical cancer was closed by the sponsor [250], and
CRS-207 development was recently discontinued after a failed lacking activity
in combination with pembrolizumab [255]. Several Listeria-based approaches
are in development with ongoing clinical trials.

3.6 The Role of Type I IFN in Mediating the Antitumor
Efficacy of PRR Agonists

Type I IFNs are critical toward engaging DC priming of antitumor T cells [256].
Indeed, the efficacy of several PRR activators (both non-infectious agonists and
infectious agents) has been shown to be dependent upon eliciting type I IFN
signaling in tumors, including: Poly IC/Poly IC-LC [49, 114, 257, 258], RLR
agonists [50, 259], TLR7/8 agonists [260], TLR9 agonists [261], STING agonists
[262–264], PVSRIPO [114], and NDV [150]. IFNAR signaling both primes DC
differentiation and expression of costimulatory ligands [47], while also boosting
cytolytic function of antitumor CD8+ T cells locally [114, 265, 266]. However,
it is critical to note that out-of-context type I IFN does not recapitulate the anti-
tumor efficacy of broader signals delivered by type I IFN during PRR signaling
[114, 267], which encompasses a myriad of other pro-inflammatory signals coin-
ciding with type I IFN (Fig. 3.1). Indeed, while exogenous type I IFN treatment
in cancer patients has shown some activity in the clinic, the efficacy of type I
IFN treatment of tumors/cancer patients was limited [268]. PRR agonists, either
infectious or non-infectious, offer potential to contextualize type I IFN signaling,
and its T cell engaging capacity, within an inflammatory milieu supporting the
production of chemokines, other DC/T cell modulating cytokines, and induction
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of pro-inflammatory signals within the TME that support CD8+ T cell effec-
tor functions. Whether this potential is fully realized clinically remains to be
determined.

Yet, IFN signaling also mediates cancer cell chemoradiation resistance and
induction of immune checkpoints that prevent antitumor T cell function [269–
271]. Moreover, type I IFN contributes to T cell exhaustion and dysfunction
during chronic viral infection [272], and type I IFN signaling in CD4+ T cells
has been shown to negatively associate with immunotherapy response [273]. The
context of IFN signaling may well determine whether it promotes or desensitizes
antitumor immunity [274]: tumors with active IFN signaling at baseline may be
resistant or non-responsive to PRR agonist therapy; and due to the role of IFNs
in inducing immune checkpoint ligands [275], combination strategies to mitigate
such negative feedback may be necessary to empower the antitumor effects of
PRR engaging therapies. Indeed, most clinically pursued PRR engagers have been
shown to induce PD-L1 and other immune checkpoint ligands, and are potentiated
by immune checkpoint blockade in preclinical models [49, 114, 115, 150, 157,
267, 276].

3.7 Comparison of PRR Activators to Other
Immunotherapies and Their Utility in Combination

PRR engaging immunotherapies intended to mediate in situ vaccination dif-
fer mechanistically from other anticancer modalities in several complementary
ways. Complementary and distinct attributes of PRR activating immunotherapies
compared to other established immunotherapy approaches are presented below:

Immune checkpoint blockade (ICB): Blockade of PD-L1, PD-1, CTLA4, and
other immune inhibitory receptors function to resuscitate antitumor T cell func-
tion, and has achieved unprecedented clinical responses in immunogenic tumors
with high mutation loads and/or oncogenic viral gene expression [277]. Gener-
ally, these modalities rely upon the presence of pre-existing antitumor T cells
and are more efficacious in tumors that have higher baseline inflammation
[278]. Inclusive of resistance mechanisms to ICB is that of innate immuno-
suppression, which limits co-stimulation, infiltration, and effector function of
antitumor T cells [279]. In contrast, intratumoral therapy with PRR activators
mediates innate inflammation within tumors, that enhances expression of co-
stimulatory signals on antigen presenting cells, causes chemokine induction
that enables trafficking of T cells to the site of the tumor, and directly bolsters
the function of antitumor T cells, e.g., via type I IFNs [114, 280]. Numer-
ous pre-clinical studies have shown that PRR activation within tumors leads to
priming of antitumor T cells, which may broaden the potential of ICB therapy
by bolstering antitumor T cell populations, while supporting their recruitment
and function within the tumor microenvironment. Indeed, several studies have
demonstrated synergy between PRR activators and ICB [281].
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Cancer vaccines: Various cancer vaccine modalities have been developed
including peptide vaccines, autologous dendritic cell vaccines, and mRNA
vaccines. Indicating their clinical potential, prophylactic vaccination against
HPV antigens has been remarkably successful in preventing cervical cancer
[282]. Traditionally, cancer vaccines have been restricted to ‘shared’ tumor
associated antigens common across numerous patients, e.g., HER2, EGFRviii,
and MART1. With more recent feasibility of whole exome sequencing of
biopsy tissue, personalized vaccines based upon patient-specific neoantigens
are in development [57]. However, as with immune checkpoint blockade, can-
cer vaccines require that primed and expanded antitumor T cell populations
induced by the vaccine traffic and function within the tumor. Moreover, these
strategies require knowledge and accurate prediction of effectively presented,
homogenously expressed, and targetable neoantigens. Notably, PRR activat-
ing adjuvants are used in cancer vaccines to enable priming and expansion
of antitumor T cells in the periphery. In contrast, intratumoral delivery of PRR
engaging therapies function to mediate vaccination using the tumor site in an
antigen agnostic manner, by activating innate immunity and antigen presen-
tation to prime T cells against antigens present within the tumor. Moreover,
PRR agonists induce inflammation that enable trafficking and potentiation of
antitumor T cell function. Intratumoral PRR agonist therapy is anticipated to
complement cancer vaccines by enabling the recruitment, further tumor/tumor
draining lymph node localized expansion of tumor antigen-specific T cells, and
by providing inflammation in the tumor that supports antitumor T cell function.
Adoptive T cell transfer/CAR T cells: A direct route to bolster antitumor T cell
populations in cancer patients is to deliver either expanded autologous antitumor
T cells (or tumor infiltrating T cells) or autologous chimeric antigen receptor
(CAR) T cells against specific tumor antigens. These approaches have shown
promising antitumor efficacy in some cancer types [283, 284]. Distinct from a T
cell-based approach to induce antitumor immunity in patients, intratumoral PRR
activation leads to priming of T cells in the tumor bed and tumor draining lymph
node while providing a supportive innate inflammatory framework for antitumor
T cells to function. Intratumoral PRR activation has been shown to potentiate
adoptive T cell therapy and CAR T cell therapy in pre-clinical models, primarily
by enhancing recruitment of the ex-vivo expanded or engineered autologous T
cells to the site of the tumor [285, 286].

3.8 The Future of PRR-Targeted Cancer Immunotherapies:
Hurdles and Limitations

Beyond logistical regulatory and manufacturing issues, several hurdles remain for
the success of PRR engaging immunotherapy to be realized. First, the optimal
dosing of PRR engagers remains unclear, and is likely to be specific to each
agent. For example, administration of higher doses of a STING agonist in mice
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impaired systemic antitumor immunity [287], implying that exaggerated activa-
tion of intratumor STING signaling may mediate a deleterious effect on antitumor
T cell function. Whether this is true for other PRR engagers remains unknown. It
also remains unclear as to which tumor types may benefit most from PRR engaging
therapy: should immunologically quiescent tumors be targeted to enhanced intra-
tumor inflammation and engage T cells? Or are immunologically active tumors
more responsive to PRR-induced inflammation? As presented in this chapter, PRR
agonists have been tested in both notoriously immunosuppressed tumors (e.g.,
glioblastoma) as well as immunogenic tumors (e.g., melanoma).

In addition, PRR-induced inflammation plays both anti- and pro-tumor roles
[288]. For example, TLR3 signaling in the tumor microenvironment has been
shown to enhance cancer metastases [288]; VEGF, matrix metalloproteinases, and
other inflammatory features induced by PRR signaling may facilitate tumor vascu-
larization; interferon responses induce APOBEC which can add to the evolutionary
potential of cancer cells by increasing mutation rates [289]; PRR signaling pro-
motes NFkB signaling, which can enable cancer cell survival and resistance to
T cell mediated killing [290, 291]; and PRR signaling may exacerbate T cell
exhaustion and dysfunction. In some respects, combination therapies like immune
checkpoint blockade, anti-VEGF therapies, and other mechanisms may comple-
ment PRR engaging therapies to mitigate these effects. Overcoming and defining
these limitations will be critical to optimize PRR activation for future cancer
therapy.
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4Allogeneic Tumor Antigen-Specific T
Cells for Broadly Applicable Adoptive
Cell Therapy of Cancer

Zaki Molvi and Richard J. O’Reilly

4.1 Introduction

Tumor-associated antigens (TAA) are peptides recognized by T cells when pre-
sented by alleles of the major histocompatibility complex that are derived from
proteins selectively or differentially expressed by malignant cells. Ideal tumor
antigens are restricted in their expression to malignant tissue with little or no
expression on healthy tissue, potentially excepting immune privileged sites such
as the central nervous system, eyes, testes, and fetal tissue. Preexisting immune
responses to such tumor antigens were thought to be detectable only in patients
with established antigen-expressing tumors. However, as we will discuss, func-
tional T cells of varying frequency specific for several differentially expressed
antigens exist in healthy individuals who have never had cancer. It has been
hypothesized that T cells recognizing such antigens contribute to tumor surveil-
lance in an immunocompetent host, and further, that certain of these tumor-reactive
T cells can be harnessed for allogeneic cell therapy. In this chapter, we review evi-
dence supporting this hypothesis, the array of differentially expressed self-antigens
and tumor-specific neoantigens that are known to induce T cells with antitumor
activity from healthy allogeneic donors, and recent technological advances that can
streamline discovery of immunogenic tumor antigens and their cognate T cells. We
also summarize the clinical experience with such T cells when used for adoptive
immunotherapy.
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The first evidence that T cells from healthy allogeneic donors could exert an
antitumor effect in man was derived from early clinical trials of marrow transplants
applied to the treatment of acute lymphoblastic leukemia which demonstrated a
markedly lower incidence of leukemic relapse among recipients of transplants from
HLA-matched siblings than that observed following transplant from genotypically
identical twins administered after the same pre-transplant conditioning [1]. This
graft versus leukemia (GvL) effect was initially ascribed largely or exclusively to
the response of donor T cells in the marrow graft against alloantigens unique to
the host, a response clinically manifested as graft versus host disease (GvH).

The idea that the GvL effect depended on a GvH response was initially sup-
ported by clinical findings in recipients of unmodified marrow grafts [2], and by the
observation in patients transplanted for CML, that T cell-depleted marrow trans-
plants, while markedly reducing the incidence of GvHD, were associated with a
doubling of the incidence of relapse post-transplant [3]. Thereafter, the therapeu-
tic potential of HLA-matched lymphocytes as antileukemic effectors was clearly
illustrated by the initial demonstration [4] that infusions of unrelated lymphocytes
from the transplant donor alone could induce durable remissions of CML relapsing
after allogeneic transplant, and, further that limited doses of donor leukocyte infu-
sions (DLI) could induce such remissions without causing GvHD [5]. Strikingly,
however, infusions of such unselected lymphocytes from the donor, while capable
of inducing GvHD, have not been effective in the treatment of acute lymphoblastic
leukemia (ALL) relapsing post-HCT, and have induced usually short-term remis-
sions of AML in only a minority of cases [6]. Conversely, recent randomized trials
have shown that T cell-depleted grafts are not associated with an increase in the
incidence of relapse when applied to AML. These latter findings have spawned
extensive research into the nature of the antigens on CML, AML, and ALL cells
that can be recognized and targeted by HCT donor T cells and their expression on
leukemic blasts or their progenitors.

4.2 Tumor Antigen-Reactive T Cells Emerging Post-DLI

Initially, clinical responses to DLI were shown to be correlated with the frequency
of peripheral lymphocyte precursors capable of inhibiting clonogenic CML pro-
genitor cells in an HLA class I- or II-restricted manner [7]. While the identities
of the T cells and their specificities in DLI infusions that exert antileukemic activ-
ity are still only partly elucidated, there is significant evidence for a handful of
well-studied antigens. These can be grouped into three categories: (1) alloantigens
selectively expressed by hematopoietic cells of a transplant recipient; (2) non-
mutated self-peptides that are differentially highly expressed by tumor cells but
either not expressed or minimally expressed by normal tissues; and (3) tumor-
exclusive antigens, termed neoantigens, which result from mutations or other
alterations unique to the tumor cell.

HCT-donor derived T cell responses to specific well-characterized allelic
polymorphism-derived minor alloantigens selectively expressed on hematopoietic
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cells of the transplant recipient have been repeatedly detected following DLI and
have been closely correlated with inductions of complete or partial remissions
of CML, AML, or myeloma. The minor alloantigens targeted by these T cells
include HA-1H and HA-2V presented by HLA-A0201 [8], and LRH-1 (P2X5)
presented by HLA-B0702 [9]. Notably, these T cells, isolated from the respond-
ing patient’s blood post-DLI, have been shown to selectively inhibit the in vitro
growth of CD34+hematopoietic cells and leukemic cells of host type [8]. Recent
studies suggest that other leukemia-reactive T cells specific for as yet incompletely
characterized minor alloantigens differentially expressed by leukemic cells also
contribute to the hematologic responses observed. For example, Bergen et al. ana-
lyzed CD8 T cells in 11 DLI-responders treated for CML, AML, or MDS clinically
presenting with either selective GvL, i.e. GvL without concurrent GvHD, or GvL
+ GvHD [10]. Analyzing the post-DLI peripheral blood, they found an increase in
CD8 T cells expressing HLA-DR in post-DLI samples relative to pre-DLI, and fur-
ther, that such HLA-DR+CD8 T cells were less frequently alloreactive in patients
with selective GvL compared to those with GvL with concurrent GvHD as mea-
sured by reactivity to the respective patient’s transformed cells (0.6% vs. 30%
median alloreactivity for selective GvL and GvL + GvHD, respectively). In those
with only GvL, whole genome data was used to infer minor histocompatibility
antigens (MiHA) arising from single nucleotide polymorphisms (SNPs) present in
each patient’s, but not their respective donor’s genome, yielding 19 unique pep-
tides coded by SNPs preferentially recognized by donor-derived HLA-DR+CD8 T
cell clones compared to their parental wildtype peptides. Thus, these MiHA recog-
nized in selective GvL cases may also be tumor-selective alloantigens since their
recognition does not drive GvHD.

The PR1 antigen, an HLA-A2-presented peptide derived from proteinase 3 that
is an enzyme differentially expressed at high levels in myeloid leukemias, was
one of the first tumor antigens found to be recognized by T cells in DLI respon-
ders with antileukemic activity [11]. Interestingly, PR1 peptide sensitization was
first reported to elicit T cells in healthy HLA-A2+ individuals that were capable
of inhibiting CFU-GM formation in marrow from CML patients but not normal
donors in an HLA-A2-restricted manner [12]. This was felt to reflect the expres-
sion of the parental protein of PR1, proteinase 3, which is high in CML blasts but
low in myeloid progenitors. Notably, PR1-specific T cells are also markedly ele-
vated post-HCT in CML patients. Indeed, PR1-specific T cells have been reported
to make up 0.11–12.8% of total peripheral CD8 T cells in 75% of allogeneic
HCT recipients with CML responding to DLI. In contrast, T cells that exhibit
antileukemic activity are undetectable directly ex vivo in healthy HCT donors
without repeated sensitization [11, 13]. T cells specific for peptides derived from
the Wilms’ tumor protein 1 (WT1) have also been found by our group and others
in healthy individuals [14–16] as well as in DLI responders treated for myeloma
or leukemia [17, 18]. Similar to PR1 responses in CML, the presence of circulat-
ing WT1 responses in patients with multiple myeloma was found to be associated
with lower disease burden [17]. Peripheral T cell responses to the cancer-testis
antigen CT7 were also found by our group to be associated with clinical response
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to post-HCT DLI in multiple myeloma patients [19]. Notably, tetramer staining
revealed that CT7-specific T cells were detectable 3 years post-T cell-depleted
HCT in the periphery and bone marrow of a multiple myeloma patient, with an
effector memory phenotype in the periphery and central memory phenotype in the
marrow [19].

T cells specific for several tumor neoantigens have also been detected in DLI
recipients. Antileukemic T cells specific for peptides derived from the BCR-ABL
oncogene can be induced in healthy individuals and are detectable in CML patients
[20–22]. In CML patients, an inverse relationship has been reported between BCR-
ABL-specific T cells and BCR-ABL gene copies [23]. Another tumor-specific
protein, CML66, has been shown to be overexpressed in leukemias and is critical
to cell survival [24, 25]. CML66-specific T cells have been found in patient periph-
eral blood post-DLI, but were not present in the donor graft or patient peripheral
blood pre-DLI [26]. CML66-specific T cells restricted by HLA-A24 have been
shown to lyse myeloid leukemia cell lines and patient-derived AML blasts but not
normal cells [27].

Another tumor antigen, PRAME, is overexpressed in melanomas and leukemias
[28], with myeloid leukemias displaying progressively increased expression with
increased disease severity [29, 30]. PRAME-specific T cells capable of killing
tumors can be induced from the blood of healthy individuals [10, 31]. NYESO1
is a tumor antigen presented by a variety of solid and liquid tumors. Though its
recognition by normal donor CD8 T cells appears limited [32], NYESO1 epi-
topes promiscuously bind multiple HLA class II alleles and induce CD4 T cell
responses in normal donors capable of specifically producing cytokines and lysing
tumor cells [33–36]. The aforementioned antigens encompass the spectrum of
well-characterized antigens targeted by allogeneic HCT donor-derived T cells thus
far detected in patients responding to DLI [37].

4.3 Development of Tumor Antigen-Targeted
Immunotherapies

Given that T cells recognizing certain tumor antigens in healthy donors emerge in
post-HCT patients, considerable efforts have been made to develop allogeneic T
cells targeting such antigens for adoptive cell therapy of cancer, many of which
are now in clinical trials (Table 4.1). For the purposes of our discussion, we again
divide the classes of tumor antigens that can be targeted by donor T cells into
minor alloantigens, antigens differentially highly expressed by tumors but either
not expressed or minimally expressed by normal tissues, and neoantigens exclusive
to tumor cells resulting from mutations or other alterations unique to the tumor
cell.
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4.3.1 Minor Histocompatibility Antigens

Minor histocompatibility antigens (MiHa) refer to peptides produced by nonsyn-
onymous mutations present in an HCT recipient’s genome, but not the donor’s,
thus giving rise to HLA-binding peptides recognized as non-self by the HCT
donor’s T cells. T cells specific for several MiHa derived from proteins with
expression restricted to hematopoietic cells have not caused GvHD and these
have been considered to be suitably specific antigens for targeting hematologic
cancers. Recently identified MiHa with hematopoietic tissue-restricted expression
include mutant peptides produced by SNPs in HMHA1 and ARHGDIB presented
by HLA-A2 and –B7 respectively [46]. A comprehensive review of other MiHa
is discussed elsewhere [47]. However, a recent in silico analysis of 100 virtually
paired genomes found that 0.5% of self-peptides presented by HLA alleles of a
given recipient would be unique to the recipient and would constitute immuno-
genic MiHa for an HLA-matched donor [48]. Allelic variants of MiHa selectively
expressed by hematopoietic cells are even more limited, making selection of
HLA-matched donors disparate only for such MiHas difficult at this time.

Given their in vivo association with post-DLI leukemia control and in vitro
leukemia-specificity [8, 49], allogeneic HA-1-specific T cells are being studied for
their efficacy in adoptive T cell therapy. Following generation in vitro from HCT
donors by repeated HA-1 peptide-pulsed dendritic cell sensitization, HA-1-specific
T cells have been safely administered to relapsed leukemic patients without evi-
dence of GvHD [40]. However, none of the first 3 patients in this phase I trial
responded. More recently, an HA-1-specific A2-restricted TCR was transduced
into virus-specific donor T cells and administered to 5 patients at high risk of
leukemic relapse as post-HCT prophylaxis [38]. Again, no toxicity or Grade 2–4
GvHD was observed in any patient. In 3 of 5 patients, HA-1 TCR+T cells were
found circulating at peak frequencies between 3×10−7% and 1.7% of total periph-
eral blood mononuclear cells, indicating persistence without significant expansion.
This prophylaxis study could not assess the therapeutic benefit of adoptively trans-
ferred HA-1-specific donor T cells. However, ongoing clinical trials are expected
to provide more clarity (NCT03326921). Warren et al. generated MiHa-specific
CD8 T cell clones by stimulating HLA-matched donor T cells with recipient EBV-
transformed B cells (EBV-BLCL) and subsequently treated 7 post-HCT relapsed
leukemic patients [39]. 5 of 7 patients achieved complete remissions, but 3 of 7
developed pulmonary toxicity attributed to administration. In the most severe case,
the P2RX7-specific T cells administered were detected in bronchoalveolar lavage
fluid. The P2RX7 protein targeted was subsequently shown to be highly expressed
in healthy pulmonary epithelial cells, thus providing a non-leukemic target for the
T cells infused.



140 Z. Molvi and R. J. O’Reilly

4.3.2 Self-antigens Differentially Highly Expressed by Tumors

4.3.2.1 PR1
The PR1 peptide derived from redundant sequences in the serine proteases pro-
teinase 3 and elastase was one of the first leukemia antigens recognized by T cells
in DLI responders and healthy individuals [11, 50]. In the healthy state, proteinase
3 is expressed in polymorphonuclear neutrophils localized within granules where it
degrades extracellular matrix proteins [51]. AML cells express high levels of pro-
teinase 3 and inhibit autologous T cell proliferation in a proteinase 3-dependent
manner [52]. These data have provided a strong indication for targeting PR1 in
the leukemic host. To this end, PR1 peptide vaccines have been tested in AML,
MDS, and CML patients. In this trial, 12 of 53 patients (24%) had an objective
response [53]. Clinical responders more frequently mounted post-vaccine PR1 T
cell responses without increased severity of GvHD [53, 54]. While trials of PR1-
specific T cells alone have not been conducted, in vitro expanded PR1-specific
donor T cells have been used together with T cells specific for WT1 and BCR-
ABL for prevention of CML relapse after T cell-depleted HCT. In this trial, all 4
patients who received T cells displaying cytotoxic activity in vitro and expan-
sion of T cells specific for one or more of these antigens were in remissions
31–63 months post-HCT and -T cell infusions [55].

4.3.2.2 WT1
The Wilms tumor protein (WT1) is a zinc finger transcription factor essential
to the embryonal development of the urogenital system [56–58]. Postnatally,
WT1 is expressed at low levels only in the gonads, kidney podocytes, and
mesothelial linings of the pleura and peritoneum. WT1 is also expressed by
CD34+hematopoietic progenitors at low levels, and has been reported to induce
quiescence of CD34+Lin- cells while promoting differentiation of precursors later
in their development. On the other hand, in cancer cells, WT1 has been hypoth-
esized to act as an oncogene important to their survival and growth. Indeed,
antisense oligonucleotides used in siRNA mediated suppression of WT1 expres-
sion induce apoptosis of clonogenic leukemic progenitors [59, 60]. Furthermore,
treatment of AML cell lines and primary AML cultures with T cells specific for
WT1 peptides induces apoptosis of the clonogenic leukemic cells in vitro and full
regressions of leukemic xenografts in NOD/SCID mice [61–63]. Thus, the role
of WT1 as a tumor suppressor versus an oncogene remains controversial. How-
ever, it is also recognized that WT1 is subject to extensive splicing, resulting in
64 different isoforms, the balance of which appears to determine its function as a
regulator of transcription. Further analysis of the function of these isoforms and
their contribution to the sum of WT1 activities in normal and malignant cells may
clarify this conundrum.

An HLA-A24 peptide derived from WT1235–243 was first characterized as a T
cell epitope by Ohminami et al. [22]. A T cell clone, TAK-1, was established
from a healthy donor via repeated sensitization with synthetic WT1 peptide-
pulsed autologous dendritic cells and was shown to preferentially kill in a WT1-



4 Allogeneic Tumor Antigen-Specific T Cells for Broadly Applicable … 141

and HLA-A24-dependent manner with sub-micromolar avidity. Its antileukemic
potential was determined by its ability to lyse all HLA-A24+WT1+ leukemia cell
lines and primary samples tested but not normal HLA-A24+fibroblasts or PBMC.
Shortly thereafter, WT1 T cell epitopes with leukemia specificity were described
in association with other common alleles, namely HLA-A0201 [23–25], –A0101
[26], and –DRB1*0405 [27]. Our group generated WT1 T cell lines from 56
healthy donors, mapping their HLA restriction and peptide specificity to 36 class
I and 5 class II alleles [28]. The majority of these lines displayed effector activity
including WT1-specific IFNg production and in vitro and in vivo leukemia-specific
cytotoxicity without alloreactivity [14].

Despite the controversial role of WT1 in leukemogenesis, allogeneic WT1-
specific T cells are being evaluated either for treatment or prophylaxis of
WT1+acute leukemias or myelomas. Chapuis et al. treated 11 patients for
WT1+AML or ALL who had either relapsed post-HCT (N = 6) or were at high
risk of relapse post-HCT (N = 5). The T cells were well tolerated without toxic-
ities. One patient developed chronic GvHD deemed unlikely to have been caused
by the T cells. 7 patients (5 with disease) received cloned WT1-specific T cells
up to 1010 cells/m2 not cultured with IL-21. Of those, 6 had progression of dis-
ease or relapsed early in the course of. One patient treated in CR was disease-free
4.9 years post-infusion. In contrast, of 4 whose WT1-specific T cells were cultured
with IL-21 to prevent terminal differentiation and apoptosis, all 4, including one
who had residual disease prior to infusion, survived disease free>18 to>30 months
post infusion. Strikingly, the T cells were also detected ≥430 days post-infusion
in 3 of these patients. In our own trials, polyclonal WT1-specific T cells sensi-
tized with a pool of overlapping peptides spanning the sequence of WT1 have
been administered at much lower doses, 106–108 cells/kg, to patients who have
relapsed post-HCT without other therapy. Of 16 treated, none developed toxicities
or GvHD. Two patients achieved CR. One of these responses was brief (2 months).
However, the other patient, treated for AML presenting as leukemia cutis, achieved
a CR which has lasted>5 years (47, unpublished data). Chapuis et al. have used
donor-derived T cells with either native specificity for WT1 or transduced with a
high affinity WT1 TCR to treat high-risk leukemic patients [41, 43]. In the most
recent report, 12 AML patients were treated with allogeneic HCT donor-derived
EBV-specific T cells transduced with a WT1 TCR as post-HCT prophylaxis. These
patients did not develop GvHD or on-target toxicity and experienced an impres-
sive relapse-free survival of 100% at follow-up despite the cytogenetically diverse
cohort [41]. Notably, EBV-specific T cells bearing the WT1 TCR, which had also
been cultured with IL-21, were detected in the blood at frequencies>10% of T cells
in 4/12 patients>1 year post-infusion. A comparable concurrent cohort exhibited
54% relapse-free survival. A WT1 heteroclitic peptide vaccine was also found to
induce WT1-specific T cells in AML, multiple myeloma, mesothelioma, and ovar-
ian cancer [64–66], with AML patient survival positively associated with induction
of CD4 or CD8 T cell responses to WT1 [64].
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4.3.2.3 PRAME
The cancer testis antigen PRAME was first identified as a tumor antigen when
T cell clones recognizing PRAME in a melanoma patient were able to lyse
autologous melanoma tissue in an HLA-A24-restricted manner [67]. Shortly there-
after, Kessler et al. identified A0201-presented T cell epitopes of PRAME via a
reverse immunology approach [31]. 128 HLA-A2-binding peptides were inferred
from the PRAME amino acid sequence, ranked by in vitro binding affinity for
HLA-A2, screened for proteasomal cleavage sites, and used to prime T cells in
healthy A0201 donors. The peptide with the highest affinity for HLA-A2 was a
10-mer peptide ALYVDSLFFL derived from amino acids 300–309 of PRAME,
but was not as efficiently cleaved by the proteasome as other PRAME peptides,
namely SLYSFPEPEA (aa 142–151) and SLLQHLIGL (aa 425–433). Despite
these differences, T cell clones sensitized to each individual peptide displayed
peptide-specific, HLA-restricted lytic capacity with half-maximal lysis observed
with targets loaded with peptide at 12 nM or lower. They also exhibited HLA-
and PRAME-dependent cytotoxicity toward melanoma cell lines in vitro. PRAME
peptides presented were also further found to differ between those cleaved in the
constitutive proteasome versus the immunoproteasome [68]. In particular, presen-
tation of the A2-presented ALYVDSLFFL peptide was found to be induced by the
immunoproteasome and attenuated by the constitutive proteasome [69].

Thus, despite the overexpression of PRAME protein in solid and hematologic
malignancies, alterations in the immunoproteasome may dictate tumor suscepti-
bility to PRAME-specific T cells, a feature already recognized in melanoma to
be prognostic of response to checkpoint blockade and a determinant of tumor
responses [70, 71]. Stanojevic et al. recently expanded the known landscape of
antigenic PRAME peptides, generating PRAME-specific T cell lines from 12
healthy donors via sensitization with overlapping PRAME peptides spanning the
entire protein sequence, mapping their specificity to 11 class I and 16 class II pep-
tides [72]. These multi-PRAME epitope-specific T cells were capable of killing
PRAME+Wilms’ tumor cell lines while sparing autologous healthy mononuclear
cells.

4.3.2.4 Phosphopeptides
An emerging group of differentially expressed tumor antigens, phosphopeptides,
may also be promising immunotherapy targets [73]. Compelling evidence points
to phosphopeptides as ideal tumor targets by virtue of their presentation on mul-
tiple tumor types, including melanoma, AML, liver cancer, colorectal cancer,
and ovarian cancer, but not normal hematopoietic cells [73–75]. Furthermore,
phosphopeptide-specific T cells kill malignant cells in vitro and are present in
most healthy donors, but depleted or absent in leukemic patients until after HCT
[74]. In addition, phosphopeptide vaccines have been found to induce specific T
cell responses in melanoma patients without causing significant toxicity [76]. A
characteristic feature of phosphopeptides is their post-translational modification
which alters or enhances their binding to MHC molecules for a number of HLA
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alleles [77]. As a result, these phosphopeptides are thought to present a fundamen-
tally different surface to cognate TCRs, thus enhancing their antigenicity. Given
that aberrant phosphorylation is a hallmark of cancer, phosphopeptides differen-
tially expressed by tumor cells are expected to be an important immunotherapy
target and warrant further investigation for use in allogeneic T cell therapy.

4.3.3 Tumor-Exclusive Neoantigens

Tumor-exclusive antigens are those peptides derived from nonsynonymous muta-
tions in tumor tissue, but not in healthy tissues, that give rise to an immunogenic
peptide presented by the tumor’s MHC molecules. Also referred to as “neoanti-
gens”, this class of antigens can uniquely distinguish a tumor from normal tissue
thereby rendering it the ideal target for cancer immunotherapy. A major obstacle in
the development of broadly applicable cell therapies for tumor neoantigens is the
variability in their presentation between patients due to differing mutational bur-
dens, HLA genotypings, and antigen escape mechanisms, even between patients
presenting with the same tumor type. Still, shared neoantigens have been defined
due to the recurrence of frequently mutated genes across tumor types, giving rise
to peptides capable of being presented by common HLA alleles.

4.3.3.1 BCR-ABL
In Philadelphia chromosome-positive CML, the BCR-ABL junction and its splice
variants produce an oncoprotein that gives rise to neoantigens capable of being
presented by the common HLA molecules A2, A3, A11, B8, and Cw4 [20, 21,
78]. These neoantigens elicit antileukemic T cell responses in healthy individuals
and CML patients [20, 21, 23, 79, 80]. BCR-ABL-specific T cells in CML patients
were shown to be capable of killing autologous leukemia cells and were on aver-
age at higher frequencies than those in healthy individuals, with no difference in
respective responses to influenza reference control [20]. BCR-ABL-specific CD8
and CD4 T cells are enriched in bone marrow relative to peripheral blood in CML
patients. They are also inversely correlated with MRD status, and absent at relapse
[80]. Additional studies demonstrate that in CML patients T cells specific for com-
mon BCR-ABL neoantigens, such as the HLA-A3-presented E255K mutation, are
dependent on the patient’s tumor harboring the mutation. Furthermore, they are
seen at high frequency post-HCT [79]. Peptide vaccination has been shown to
reliably induce BCR-ABL T cell responses in CML patients but without clear
association with clinical response [81–83]. When administered to post-HCT CML
patients, donor T cells sensitized in vitro to BCR-ABL appear to be safe, persist
up to at least 6 months post-infusion, and are potentially capable of eliminating
residual blasts [42, 55]. Ultimately, BCR-ABL peptides are ideal neoantigen tar-
gets for adoptive cell therapy of leukemia due to their exclusive expression by
leukemic cells.
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4.3.3.2 ETV6-RUNX1
Similar to BCR-ABL translocations, ETV6-RUNX1 translocations are recurring
leukemia mutations. ETV6-RUNX1 mutations frequently occurring in pediatric B
cell ALL were recently shown to give rise to neoantigens presented by multiple
HLA molecules including HLA-A2, -B35, and -B15 [84]. Such HLA class I-
presented neoantigens were comprehensively shown to be recognized by bone mar-
row CD8 T cells directly ex vivo in 7 of 9 B-ALL patients expressing the mutated
gene [84]. The aforementioned study did not find such responses detectable
directly ex vivo in healthy donors, but as has been shown with other neoanti-
gens, they may be induced via in vitro sensitization [85–88]. Such an approach
would prove useful for generating donor T cells to treat ETV6-RUNX1+ tumors
expressing a range of common HLA molecules.

4.3.3.3 Microsatellite-Unstable Tumor-Derived Frameshift Mutations
Defective DNA mismatch repair mechanisms in tumors give rise to microsatellite
instability (MSI), in turn producing frameshift mutations which can be presented
as neoantigens by both liquid and solid tumors. Tumors displaying high MSI (MSI-
H) express frameshift mutations that are often shared between patients due to the
limited number of MSI loci, which bottlenecks and genetically focuses the pro-
cess of accumulating somatic mutations during carcinogenesis [89]. This focused
accumulation of mutations and resultant neoantigens that may be expressed may
in part explain the comparatively higher clinical response rate to checkpoint block-
ade therapy in MSI-H tumors [90, 91]. Indeed, several groups have reported
immunogenic T cell epitopes derived from recurring MSI-H frameshift mutations,
including TGFbRII, MSH3, and RNF43 [92–95]. Recently, Roudko et al. per-
formed a systematic analysis of MSI-H mutations and found that compared to
missense mutations, frameshift mutations more frequently produce neoantigens
that are less similar to both the human proteome and common virus antigens [95].
They further demonstrated that their allelic frequency is on average 30–40% in
MSI-H endometrial carcinomas, indicating such frameshift mutations represent
a substantial clonal fraction of the tumor. Lastly, they verified by mass spec-
trometry that frameshift neoantigens are presented on the surface of cancer cells
and that they are able to induce effector T cell responses in healthy donors and
endometrial cancer patients after in vitro sensitization. Immunotherapy approaches
targeting recurrent frameshift mutation neoantigens derived from AIM2, TAF1B,
and HT001 have thus far been limited to peptide vaccines which were shown to
produce T cell responses in MSI-H colorectal cancer patients, but tumor regres-
sion was not observed [96]. In this study, neoantigen-specific CD4 T cell responses
were preferentially produced in patients compared to neoantigen-specific CD8 T
cell responses. An adoptive cell therapy approach would enable ex vivo selection
of neoantigen-specific T cell subsets with vetted antitumor activity prior to infusion
to potentially enhance therapeutic benefit. Given their tumor-exclusive expression,
high allelic frequency, consistent immunogenicity, and recurring nature, frameshift
neoantigens could be a useful class of targets for donor-derived adoptive T cell
therapy.
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4.3.4 Use of Multi Tumor-Antigen Specific T Cells

The well-documented, functional T cell responses to the differentially expressed
antigens WT1 and PRAME in normal donors has led to several ongoing efforts to
develop allogeneic T cells recognizing a mix of WT1, PRAME, and other tumor
antigens to treat or prevent disease relapse [55, 97, 98]. Defining features of these
multi-tumor antigen specific T cells (TAA-T) are their safety due to lack of allore-
activity, multi-tumor antigen specificity, which renders them capable of addressing
a wide range of tumors, and their capacity to be generated from healthy donors
enabling production of an off-the-shelf T cell product. As new tumor antigens are
discovered and validated as targets, the production of such T cells can be easily
modified to include peptides from other antigens during the sensitization cycles.

Clinical trials conducted by the group at Children’s National Hospital (Wash-
ington, DC, USA) have demonstrated safe infusion of autologous or allogeneic
TAA-T in patients presenting with pediatric solid tumors [99, 100]. A phase I study
by Hont et al. described use of autologous TAA-T targeting WT1, PRAME, and
Survivin to treat 15 patients with high-risk solid tumors, including Ewing sarcoma,
neuroblastoma, and Wilms’ tumor [100]. 14 of 15 treated patients were pediatric
or young adults. Notably, no dose-limiting toxicities were observed. Of 12 with
detectable disease, 10 had stable disease with progression-free survivals of>4.1
to>19.9 months. Response correlated with epitope spread, and clinical responses
were observed despite the absence of lymphodepleting chemotherapy prior to T
cell infusion. This group also reported use of allogeneic TAA-T recognizing WT1,
PRAME, and Survivin to treat two Hodgkin’s lymphoma patients without prior
lymphodepletion while still achieving some degree of clonal expansion and one
of two patients experiencing continued complete remission [101]. In an ongoing
trial, the group at Baylor College (Houston, TX, USA) treated 25 AML/MDS
patients with HCT donor-derived TAA-T cells reactive to PRAME, WT1, Sur-
vivin, and NYESO1 [45]. 17 patients were treated in CR, of whom 6 relapsed.
17 patients were treated in CR, of whom 11 remained leukemia-free at median
follow-up of 1.9 years. 8 patients were treated with active disease, 2 of whom
experienced objective responses (1 CR and 1 PR). These studies demonstrate the
ability of TAA-T to induce clinical responses and, when generated from allogeneic
sources, can be a safe off-the-shelf cell therapy. Multiple clinical trials of TAA-T
are ongoing (Table 4.1).

4.3.5 Tumor Antigens Recognized by Unconventional T Cells

T cells other than those acting through αβ T cell receptors and are not MHC-
restricted may serve as potent effectors for donor-derived cancer immunotherapy
via recognition of nonpeptidic ligands on tumor cells. This category includes γδ

T cells and CD1-restricted T cells. Compared to conventional MHC-restricted αβ

T cells, however, these unconventional T cells still have an unclear role in host
immunity.
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γδ T cells are a class of T cells expressing a γδ, rather than αβ, TCR. They
were initially found to control mycobacterium tuberculosis and CMV infection in
an MHC-independent manner [102–105]. Vγ9Vδ2 T cells represent a subset of γδ

T cells that respond to mycobacteria that is minor at birth and expands to account
for 70–90% of peripheral γδ T cells in adults [106]. Vγ9Vδ2 recognize and dis-
play cytolytic activity toward phosphorylated nonpeptidic antigens derived from
multiple parasitic species including plasmodium and mycobacterium [107]. Buty-
rophilins BTN2A1 and BTN3A1 are the antigen presenting molecules essential to
phosphoantigen presentation exclusively to Vγ9Vδ2 T cells [108, 109]. Allogeneic
Vδ1+T cells are currently being investigated in clinical trials for MRD+AML on
the basis of their expansion post-HCT in leukemia patients [110], as well as their
proliferative and cytotoxic response to leukemic blasts in the absence of activity
toward allogeneic healthy cells in vitro [111]. That they display antitumor activ-
ity in an MHC-unrestricted manner without alloreactivity suggests Vδ1+T cells
may be a broadly reactive T cell therapy not constrained by HLA-restriction; how-
ever, their cognate ligand and efficacy when adoptively transferred are yet to be
determined. While evidence indicates that γδ T cells are also capable of killing
many epithelial tumors expressing MICA/MICB in vitro via engagement of the
MICA/MICB receptor, NKG2D [112]. Furthermore, γδ T cells may also promote
tumor growth via an IL-17-mediated mechanism [113] or via suppression of αβ T
cells [114]. Nevertheless, Park et al. recently found a favorable prognostic signif-
icance to the presence of tumor-infiltrating γδ T cells in brain tumors further and
demonstrated that the antitumor activity of such γδ T cells could be enhanced by
alleviating tumor hypoxia-induced T cell dysfunction [115].

An evolutionarily conserved subset of immune effectors of emerging signif-
icance are T cells with αβ TCRs that are specific for lipids presented by CD1
[116]. Similar to MHC molecules, CD1 molecules present antigens between a pair
of alpha helices, albeit from different sources. CD1a, CD1b, CD1c, and CD1d
present lipids which are much smaller molecules than MHC peptide ligands. CD1
molecules are expressed on myeloid cells depending on their differentiation stage
and display limited polymorphism depending on the isoform [117, 118]. CD1b and
CD1c do not appear to display amino acid substitutions between individuals [118],
rendering them potentials targets for broadly applicable immunotherapy. Further
details of the antigen presentation pathways for CD1 molecules are reviewed
elsewhere [119, 120].

CD1-restricted T cells have been reported to comprise up to approximately 10%
of the CD4+or CD4-CD8- double negative T cell repertoire in peripheral blood
and umbilical cord blood [121]. Most of the reactivity of these CD1-restricted T
cells in adult peripheral blood is restricted by CD1a [121]. Lepore et al. described
a double negative donor-derived T cell clone, DN4.99, bearing a TCR specific
for methyl-lysophosphatidic acids presented by CD1c. This TCR specifically rec-
ognized acute leukemias in vitro [122]. Further, it was recently shown that the
DN4.99 TCR when transduced into donor T cells could prolong survival in AML
xenografted mice [123]. The high frequency of CD1-restricted T cells in peripheral
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blood, the differential expression of CD1 on myeloid cells, limited CD1 poly-
morphism, and in vivo efficacy against AML xenografts warrant further study
of donor-derived CD1-restricted T cells for allogeneic cell therapy of myeloid
leukemias.

4.4 Technological Advances Facilitating Tumor Antigen
Discovery and Evolution of More Effective
and Persistent Tumor-Selective T Cells

Advances in technologies used to screen antigenic peptides and identify T cells
recognizing them can now be utilized to streamline identification, generation, and
expansion of tumor antigen-specific donor T cells.

Reverse immunology approaches, which aim to predict immunogenic peptides
for a given HLA allele from protein sequence data, now benefit from multiple
independently-developed user-friendly prediction algorithms for HLA class I and
II such as the NetMHC suite, MHCflurry, MARIA, MixMHCpred, and HLAthena.
The prediction power of these tools has been significantly enhanced in recent
years due to the emergence of sophisticated machine learning algorithms and their
being trained on mass spectrometry-identified peptides eluted from peptide-HLA
complexes on tumor cell lines. The quality of training data for an algorithm is
critical to its performance. Early models were trained on HLA binding affinity
of synthetic peptides; however, these data do not account for determinants of
peptide presentation beyond competition binding, such as proteasomal cleavage,
protein abundance, or physicochemical properties. To this end, mass spectrometry-
identified peptides eluted from peptide-HLA complexes on cells provide a picture
of the immunopeptidome with unprecedented throughput and verisimilitude. Pre-
diction tools have thus benefitted from being trained on monoallelic cell lines
stably expressing a given HLA allele to enable resolution of the immunopeptidome
for a particular HLA allele. Mass spectrometry-based HLA peptide identification
can be further improved via interfacing with other systems biology approaches.
For example, whole exome sequencing (WES) of tumor DNA has been used by
multiple groups to construct a database of tumor-specific nonsynonymous muta-
tions, against which mass spectra of tumor-eluted HLA peptides can be matched
and identified [124–126]. Beyond nonsynonymous mutations, Chong et al. com-
bined WES, RNAseq, and ribosome profiling to construct a database to enable high
accuracy mass spectrometric identification of tumor-specific HLA peptides derived
from noncanonical proteins, such as those produced by translation of alternative
open reading frames, long non-coding RNAs, or transposable elements [127].

Tumor antigen-specific T cell induction in normal donors typically requires
repeated in vitro sensitization of T cells with peptide-pulsed autologous antigen
presenting cells over several weeks to promote outgrowth of low frequency pre-
cursors, usually originating from the naïve T cell pool, and deplete alloreactive
T cells [14, 85, 128, 129]. Optimizations in culture and assay conditions have
recently reduced this process to a single sensitization cycle lasting only 10–14 days
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Fig. 4.1 Illustration of peptide-MHC tetramer reagents. Conventional fluorescent tetramers com-
prise biotinylated peptide-MHC monomers tetramerized via a fluorescent streptavidin backbone
for analysis by flow cytometry. Oligo-tagged peptide-MHC tetramers enable detection of anti-
genic specificity by PCR in addition to flow cytometry, further enhancing multiplexed analysis.
Disulfide-stabilized loadable MHC tetramers are a shelf-stable tetramer reagent that can be readily
loaded with an antigenic peptide of interest

[129], after which tumor antigen-specific T cells with effector function can be
detected in antigen recall assays which can be performed without compromis-
ing T cell viability via staining for antigen-dependent upregulation of activation
markers (CD137/4-1BB, CD69, CD154/CD40L, CD134/OX40), surface-captured
or –trapped cytokines (IFNg, IL-2, TNFa), or degranulation markers (CD107a/b).
All of the aforementioned markers can be combined with magnetic enrichment or
flow cytometric sorting to permit direct capture for downstream culture or tran-
scriptome applications. Furthermore, multiplexed flow cytometric assessment of T
cell reactivities in parallel on the basis of these markers is feasible via the use of
cell membrane dye barcoding in which combinatorial titrations of fluorescent suc-
cinimidyl ester-based dyes are used to barcode different T cell lines or clones prior
to coculture with target antigen in a single culture tube [85]. Using this technique,
up to 1024 different cultures can theoretically be barcoded and analyzed at once
with available dyes and a capable flow cytometer; in practice, 96-wells have been
feasibly analyzed simultaneously [130, 131].

Fluorescent peptide-HLA multimers (Fig. 4.1) remain the gold standard for
direct ex vivo identification of antigen-specific T cells by flow cytometry. The use
of multimers, typically tetramers, to detect low frequency tumor antigen-specific
T cells has been enabled by recent methodological and reagent improvements.
A methodological improvement of broad applicability to multimer staining pro-
tocols is the use of protein kinase inhibitors to prevent multimer internalization
and subsequent signal quenching, coreceptor-specific antibodies to augment mul-
timer staining, and multimer fluorochrome-specific antibodies to reduce multimer
off-rate [132, 133]. A key improvement to the production of multimer reagents is
the use of conditional ligand-based peptide-HLA reagents, which comprise HLA
molecules refolded around a placeholder peptide which can later be replaced. The
ability to assemble multimers at will with any HLA-binding peptide of interest
further facilitates the throughput with which different antigenic specificities can
be analyzed [134, 135]. Rather than refolding soluble HLA monomers in the pres-
ence of the peptide antigen of interest, an allele-specific UV-sensitive conditional



4 Allogeneic Tumor Antigen-Specific T Cells for Broadly Applicable … 149

ligand is used to initially refold the monomer but is eventually exchanged for a
peptide of interest via brief exposure to long wavelength UV irradiation. This tech-
nology allows multiple peptide-HLA complexes for a given allele to be generated
in parallel based on a single batch of conditional ligand-bound HLA protein. An
alternative approach to tetramer generation improves the shelf-life and facilitates
peptide loading by use of disulfide-stabilized HLA refolded by a short dipep-
tide so that it is functionally “empty”, which is then tetramerized and thereafter
can be readily loaded with peptides of interest [136, 137] (Fig. 4.1). Impres-
sively, disulfide-stabilized HLA-A2 molecules have been stored as empty-loadable
tetramers for use with a peptide of interest on-demand and have boasted a higher
staining index than their wildtype counterparts [137]. Furthermore, peptide-HLA
complexes can be barcoded with combinations of different fluorescent conjugates
or oligonucleotides, enabling multiple antigenic specificities to be analyzed in a
single tube by flow cytometry or PCR, respectively [138, 139].

4.5 Towards a Broadly Applicable Cell Therapy for Cancer

While technological advances have radically improved our capacity to identify and
characterize tumor-unique or differentially expressed tumor-associated antigens,
and to expand TAA-specific T cells for adoptive therapy, the logistics of doing so
from a tumor bearing host or even a healthy HCT donor are daunting and costly
enough to prevent its application. Some tumor-bearing patients may generate TAA-
specific T cells with the capacity to recognize and then lyse their own tumors
or to expand and persist sufficiently in vivo to eradicate their malignancy. For
patients receiving allogeneic, HLA-matched HCT for a hematologic malignancy,
TAA-specific T cells may have significant advantage in that the TAA-specific T
cells are derived from a healthy donor and can expand and persist post-transplant
in the engrafted host. They can also be readily cloned and selected for their quality,
effector functions, and potential for persistence. However, the logistics and time
required to create HCT donor-derived TAA-specific T cells remain an issue. For
patients not receiving an allogeneic HCT, and particularly those being treated for
treatment-resistant solid tumors, allogeneic TAA-specific T cells have not been a
practicable option.

Recently, this situation has begun to change as a result of clinical trials demon-
strating the potential of banked 3rd party donor-derived virus-specific T cells,
selected on the basis of partial HLA compatibility and restriction by an HLA allele
shared by the patient’s disease, to induce durable remission of EBV+lymphomas
as well as CMV and adenoviral infections.

In a multicenter trial reported by Leen et al. [140], 3rd party T cells specific
for EBV, CMV pp65, and adenovirus 5 hexon induced a CR or PR in 6/9 (67%)
HCT patients with EBV-PTLD, 17/19 (73.9%) with CMV and 14/17 (77.8%) with
adenoviral infections. In two subsequent trials employing 3rd party T cells sen-
sitized in vitro with antigen presenting cells loaded with immunogenic peptides
from the viruses, the largest cohorts of HCT patients were treated for recurrent or
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persistent CMV infection or viremia that failed to respond to antiviral drugs. In
these two trials, 28/30 (93%) and 16/17 (94%) of patients treated achieved a CR
or PR, respectively [141, 142].

In our own trial of EBV-specific 3rd party T cells for the treatment of
rituximab-refractory EBV+lymphomas in 46 HCT and 13 organ allograft recip-
ients, CR or durable PR was achieved in 68% and 54% respectively. As with
the allogeneic TAA-specific T cell experience, these “off-the-shelf” T cells were
associated with minimal or no toxicity or GvHD. Thus, these cryopreserved, imme-
diately accessible allogeneic 3rd party T cells are safe and can induce durable
responses, even in patients with advanced, otherwise refractory viral infections
and EBV+lymphomas.

The use of allogeneic cells for off-the-shelf cancer immunotherapy hinges
on generating a bank of T cell lines with defined HLA-restriction and antigen-
specificity. Such a bank has been generated by us and others by repeated in vitro
sensitization of HCT donor or 3rd party donor T cells with autologous stimulator
cells. Autologous EBV-BLCL are used to generate EBV-specific T cells. Autolo-
gous WT1-peptide pulsed dendritic cells or EBV-BLCL can be used to generate
WT1-specific T cells without or with co-specificity for EBV, respectively. The
resulting cell lines can be characterized as to their specificity and HLA restriction,
cryopreserved, and administered to a tumor-bearing patient sharing the HLA alle-
les by which the T cells are restricted. We and others have repeatedly shown that
these cells elicit in vivo antitumor activity and do not cause GvHD. As more tumor
antigens are recognized, autologous EBV-BLCL pulsed with peptides derived from
these antigens can be used to stimulate donor T cells. Other types of stimulator
cells include autologous dendritic cells or artificial antigen presenting cells pulsed
with peptides of interest.

An alternative approach to the generation of potent effectors with defined tumor
antigen specificity is the use of EBV- or other viral-specific T cells transduced
with a TCR recognizing an antigen of interest. As human TCRs recognizing
different tumor antigens are discovered, they can be transduced into preexisting
EBV-specific T cell lines and expanded to treatment numbers for adoptive therapy.
The benefits of this approach are (1) EBV-specific T cells and their autologous
EBV-BLCL can be feasibly expanded from as little as 10 mL of blood from an
EBV seropositive individual; (2) EBV-specific T cells exhibit favorable in vivo per-
sistence by virtue of their derivation from the central memory pool as well as their
continuous stimulation by endogenous EBV-transformed B cells in seropositive
patients; and (3) banked EBV-specific T cell lines of defined antigenic specificity
can be transduced with a TCR or multiple TCRs of interest to readily endow them
with the capacity to recognize new tumor antigens. The study by Chapuis et al.
serves as a heuristic for this approach; a vetted WT1-specific TCR was transduced
into HCT donor EBV-specific T cells, administered without prior lymphodeple-
tion, and persisted in 4/12 patients for>1 year at frequencies of 11–51% of total
peripheral CD8 T cells [41]. The use of 3rd party cells raises the issue of T cell
persistence in vivo. In immunosuppressed transplant recipients, 3rd party cells can
last for 2–6 months and in some instances up to 2 years post-infusion. However,
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in the absence of lymphodepletion, one would expect these cells to be rejected rel-
atively rapidly. However, several studies have demonstrated that infusions of these
allogeneic T cells also induce endogenous T cells to react against other tumor
antigens, also known as “epitope spreading”. These cells are thought to result
from cross presentation of tumor antigens released from tumor cells lysed by the
infused T cells via endogenous dendritic cells or other antigen-presenting cells
that stimulate endogenous T cells, as well as from the activation of endogenous T
cells induced by cytokines released by patient T cells responding to the allogeneic
stimulus of the 3rd party T cells infused. As a result, these endogenous T cells,
may contribute to the maintenance of responses to the patient’s tumor.
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5Chimeric Antigen Receptor (CAR) T
Cell Therapy for Glioblastoma

Amitesh Verma and Sarwish Rafiq

5.1 CAR T Cells: A Novel Cell Therapy for Cancer

5.1.1 Structure and Manufacturing

Chimeric antigen receptors (CARs) are synthetic molecules that can redirect T
cells to target cancer cells. T cells that are genetically engineered to express
CARs have demonstrated high therapeutic responses in the treatment of B cell
malignancies [1–8].

The CAR is composed of four primary components that redirect T cell func-
tion specificity toward tumor-associated antigens (TAA). These are an extracellular
targeting moiety, a hinge domain, a transmembrane domain, and an intracellular
signaling domain (Fig. 5.1). Traditionally, the extracellular targeting moiety con-
sists of the variable heavy (VH) and variable light (VL) chains of monoclonal
antibodies connected via a linker to form a single-chain variable fragment (scFv)
[9, 10]. The targeting domain of a CAR characteristically operates in a human
leukocyte antigen (HLA)-independent manner, directly recognizing tumor cells
without the necessity of antigen presentation. The hinge or spacer component links
the extracellular ectodomain to the intracellular signaling domain and provides
flexibility against steric hindrance [11]. Additionally, the CAR hinge provides
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Fig. 5.1 Chimeric antigen receptor (CAR) construction. Chimeric antigen receptors consist
of four principal components, including a single-chain variable fragment (scFv), a CAR hinge, a
transmembrane domain, and an intracellular ectodomain. An extracellular targeting moiety, usu-
ally in the form of an scFv, allows a CAR construct to operate HLA-independently and pinpoint
tumor-associated antigens. A hinge component, securing the extracellular ectodomain to the intra-
cellular signaling domain, provides ample flexibility against steric effects. Consisting of a type I
protein, a transmembrane domain provides anchorage for the extracellular receptor to the T cell
counterparts. An intracellular endodomain consists of a primary activation component, allowing
CAR T cell persistence and function. Figure created with BioRender.com

necessary length for the extracellular portion of the receptor, allowing CAR inter-
actions with the targeted tumor antigen. The transmembrane domain of the CAR
consists of a type I protein and provides anchorage for the extracellular CAR
domain to intracellular signaling domains. The intracellular signaling domains
consist of a principal activation component, commonly CD3ζ, and at least one
costimulatory domain to maintain T cell persistence and optimal function. Most
commonly, these costimulatory domains are derived from either CD28 or 4-1BB.
These intracellular domains allow for CAR T cell activation, proliferation, and the
cytokine release and enable anti-tumor function [9, 10, 12].

Currently, most CAR T cells are made as an autologous product and are man-
ufactured specifically for the patient. Briefly, the patient undergoes leukapheresis,
and T cells are isolated, activated, and genetically engineered to express CAR
by means of lenti- or retroviral transduction. The engineered CAR T cells are
then expanded and reinfused into the patient as a living drug after conditioning
chemotherapy [13].
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5.1.2 Clinical CAR T Cell Success in Hematologic Malignancies

Numerous clinical trials have highlighted the efficacy of CAR T cell use in hemato-
logic malignancies. For example, axicabtagene ciloleucel, a CAR T cell therapy for
refractory or relapsed large B cell lymphoma yielded an 82% objective response
rate in a phase I trial [5]. Another phase II clinical trial demonstrated high rates of
durable response rates utilizing tisagenlecleucel, a CD19-directed CAR T cell ther-
apy for relapsed diffuse large B cell lymphoma [6]. Additional seminal trials have
been conducted in acute lymphoblastic leukemia, diffuse large B cell lymphoma,
mantle cell lymphoma, and multiple myeloma [1–4, 6–8] and have led to the Food
and Drug Administration’s approval of six CAR T cell products. Four of these
products are targeted to the B cell marker CD19 and two products are directed
toward B cell maturation antigen (BCMA). Such advances have naturally fostered
the investigation of CAR T cell use in solid tumors, such as “difficult-to-treat”
malignancies like glioblastoma.

5.2 Glioblastoma: Current Barriers and the Promise for CAR
T Cells

Glioblastoma (GBM) is an aggressive central nervous system malignancy that
develops from astrocytic glial cells. It is the most common primary malignant
brain tumor in adults, constituting 48.3% of all central nervous system malignan-
cies [14]. To date, treating GBM has been a rigorous and challenging process.
The current standard-of-care for GBM includes maximum safe surgical resection
followed by a combination of radiation and temozolomide (TMZ), a deoxyribonu-
cleic acid methylator that triggers tumor cell death [15]. However, various issues
persist with the current standard-of-care, including TMZ-resistant gliomas that
produce O6-methylguanine DNA methyltransferase (MGMT) and limit the effi-
cacy of chemotherapy [16, 17]. As a result, the current prognosis for patients with
GBM remains poor, with a median survival rate of roughly 15 months and a five-
year relative survival rate of 6.8% [14, 18]. Therefore, new treatment modalities
are needed for this malignancy. Given the recent successes of CAR T cells in
hematologic malignancies, an expanding number of researchers have focused on
translating CAR T cell therapy to solid tumors [19]. The next sections will high-
light the primary challenges in treating GBM and how CAR T cells can overcome
these issues.

5.2.1 The Blood-Brain-Barrier

The blood-brain-barrier (BBB) is a selective semipermeable interface that man-
ages the influx and efflux of substances to the central nervous system (CNS) and
protects CNS parenchyma from toxins, pathogens, and disease. Composed of var-
ious cell types such as endothelial cells, pericytes, and astrocytic glial cells, the
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BBB tightly regulates the homeostasis of the CNS parenchyma (Fig. 5.2). How-
ever, the BBB also greatly diminishes the trafficking of drugs to the GBM tumor
microenvironment [20], blocking 100% of all large neurotherapeutics and 98% of
all small neurotherapeutics [21, 22]. Small-molecule drug treatments must there-
fore meet two major criteria in order to surpass the BBB in significant amounts:
a molecular mass under a 500 Dalton threshold and a high lipid solubility [21].
Several attempts to produce BBB penetrable drugs have been made for GBM, the
most successful being TMZ [23]. However, because only limited levels of TMZ
penetrate into the brain parenchyma (roughly 20% of plasma levels), TMZ must
be given in high doses to be effective and may result in several off-tumor toxic-
ities [24]. Despite the disruption of the integrity of the BBB through the course
of GBM progression, a significant tumor burden with an intact BBB still remains,
limiting drug delivery to these regions [25]. As a result, CNS drug delivery may
be suboptimal, thus reducing efficacy of chemotherapy regimens in GBM [26].

Immune cell therapies may be able to overcome this physical barrier. The dis-
covery of lymphatic vessels in the meningeal membrane of the brain challenged the
notion of the CNS as an immune-privileged site [27]. Naturally occurring autoim-
mune disorders, such as multiple sclerosis, provide supplementary evidence of

Fig. 5.2 CAR T cell penetration of the blood-brain-barrier. Recent trials involving peripher-
ally administered CAR T cells and GBM have elucidated the ability of CAR T cells to surpass the
restrictive blood-brain-barrier into the brain parenchyma. Cellular extravasation through epithelial
cells allows T lymphocytes to successfully reach antigen sites for tumor elimination. Figure created
with BioRender.com
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immune system trafficking to parts of the brain [28, 29]. Furthermore, clinical tri-
als have demonstrated the presence of various mechanisms that enable T cells to
traffic across the BBB and into the brain parenchyma to elicit an immune response
[30, 31].

Neurotoxicities associated with CAR T cell treatment may also provide insight
into the trafficking of CAR T cells across the BBB. Immune effector cell-
associated neurotoxicity syndrome (ICANS) presents as delirium, encephalopathy,
seizures, and other neurological symptoms in patients receiving CD19-directed
CAR T cell treatment and may result in fatal cerebral edema [32]. Rates of grade
3 ICANS can range from 12 to 30% for patients with lymphoma and 13–42% for
patients with leukemia [1, 2, 5, 6, 33, 34]. These toxicities have been associated
with high serum levels of IL-1, IL-6, and IL-15, indicating the passive diffusion
of cytokines in the brain induced by CAR T cell treatment [35, 36]. Clinically,
high-grade ICANS is managed with the anti-IL-6 Receptor antibody tocilizumab
and steroids. Additionally, the detection of CAR T cells in the cerebrospinal fluid
in patients with ICANS further indicates that T cell trafficking across the BBB
into the CNS parenchyma may play a role in the development of ICANS [37, 38].
Finally, neurotoxicity could also be caused by on-target killing of CD19-expressing
brain mural cells which provides further evidence for CAR T cell infiltration into
the brain [39]. Overall, the pathophysiology of CAR T cell-associated neurotoxic-
ities provides further evidence of the ability of CAR T cells to both traffic across
the BBB and influence processes associated with the CNS. These characteristics
suggest that CAR T cells may be able to cross the BBB and mediate anti-tumor
responses to GBM (Fig. 5.2).

5.2.2 Low Tumor Mutational Burden and Antigen-Processing
Machinery Defects

Inherent characteristics of GBM influence how these tumors interact with the
immune system and have limited the therapies that can be utilized for this disease.
Tumor mutational burden (TMB) is a measure of mutations expressed by tumor
cells and correlates with expression of neoantigens that the endogenous immune
system can target. Melanoma, which can have high TMBs and high levels of
neoantigens, has benefited from therapies that involve endogenous T cell responses
[40]. However, GBM tumors generally have a lower average TMB than other
tumor types, which limits the endogenous immune response [41]. Additionally,
GBM tumors often have defects in antigen-processing and presentation machin-
ery which further hinders recognition of the cells by the immune system [42,
43]. Decreased expression of HLA due to genotypic mutations leads to decreased
activation of cytotoxic T cells [44] and overall evasion of adaptive immune sys-
tem responses [45]. As a result, glioblastoma cells can remain undetected by the
immune system, increasing the risk of “stealth invasion” and infiltration across the
brain parenchyma [46].
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CAR T cells can overcome the issues of low TMB and decreased antigen
presentation. CAR T cells are generally engineered to target a tumor-associated
surface antigen, recognizing target antigen independent of HLA presentation [47,
48]. While a low TMB may limit the abundance of available and targetable TAA,
numerous mutated or GBM-associated antigens have been identified for CAR T
cell targeting. The most studied of these include epidermal growth factor recep-
tor variant III (EGFRvIII), IL-13 receptor subunit alpha 2 (IL-13Rα2), and human
epidermal growth factor receptor 2 (HER2) [49] and will be discussed in depth
elsewhere in this review.

5.2.3 Immunosuppressive Tumor Microenvironment

The GBM tumor microenvironment is characterized as an immunosuppressive one
that enhances chemoresistance and tumor evasion (Fig. 5.3). Tumor-associated
endothelial cells are instrumental in sustaining tumor tissue and appear morpho-
logically different from normal brain parenchyma [50]. Additional cytogenetic

Fig. 5.3 Features of the glioblastomamicroenvironment. Several features of the GBMmicroen-
vironment make implementing CAR T cells challenging. a Regulatory T cell (Treg) secretion of
cytokines (Il-10, TGF-β) inhibits effector T cell activity. b Expression of STAT3 in GBM cells pro-
motes tumor progression and invasion. c Myeloid-derived suppressor cells (MDSC) secretion of
cytokines to promote Treg activity, ligand binding of PD1 checkpoint inhibitor in effector T cells,
and induction of oxidative stress. d Ligand binding of PD1/PDL1 induce effector T cell inhibition.
e GBM morphological variation and heterogeneity make it difficult to target a single antigen using
a CAR construct. Figure created with BioRender.com
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abnormalities, including abnormal centromeres, have enhanced GBM-associated
endothelial cells’ chemoresistance, allowing them to migrate faster and pro-
duce higher levels of growth factors [50, 51]. Moreover, overexpression of drug
efflux transporter pumps including P-glycoprotein, and the upregulation of DNA
repair mechanisms in GBM cells have limited the effects of TMZ treatment
[52]. Several extracellular matrix-related factors including the CCN1 protein and
the promotion of pro-inflammatory cytokines have further facilitated glioma cell
migration within the tumor microenvironment [53, 54]. Non-cellular elements like
a reduction in oxygen concentration and pH, as hypothesized by the Warburg
effect, increase glioma cell migration, invasion, and chemoresistance [55, 56].
Tumor microenvironment-induced hypoxia also upregulates chemokine ligand 28
(CCL28), assisting in sustained angiogenesis [57]. Lastly, glioma stem cells within
the microenvironment upregulate anti-apoptotic pathways and contribute to persis-
tent tumorigenesis [58, 59]. These challenges associated with the complex GBM
milieu can hinder the effectiveness of immunotherapy for glioblastoma.

Several genomic mutations within malignant glioma cells hinder the also per-
sistence of T lymphocytes in the GBM microenvironment [60]. Signal transducer
and activator of transcription 3 (STAT3) is phosphorylated in GBM cells [61].
This can lead to the expression of factors such as increased transcription of IL-10,
TGF-β, and FOX3P and promotion of dendritic cell maturation that suppress T
cell proliferation and persistence and contribute to GBM tumor progression [62–
64]. However, recent studies have demonstrated that STAT3 inhibition can greatly
enhance the activity of immune cells, including T cells in the immunosuppressive
tumor microenvironment [65].

Additionally, the presence of suppressive cells in the tumor microenviron-
ment adversely counter an immune response by CAR T cells. Regulatory T
cells (Tregs) secrete immunosuppressive cytokines, including transforming growth
factor-beta (TGF-β), that limit the efficacy of CAR T cells [66–68]. Addition-
ally, myeloid-derived suppressor cells (MDSC), a heterogeneous group of myeloid
progenitor and precursor cells, negatively regulate immune responses and are a
major contributor to T cell inhibition and gliomagenesis in the MDSC populous
tumor microenvironment [69]. MDSC secrete reactive oxygen species (ROS) and
nitrogen species (RNS) and induces oxidative stress in T cells [70].

While inherent characteristics of glioblastoma hinder the effects of traditional
therapies, CAR T may be able to overcome these hurdles. Therefore, preclinical
and clinical research has studied the potential of this therapy in GBM.

5.3 CAR T Cell Therapy for Glioblastoma

Many preclinical studies have tested the efficacy of CAR T cells against GBM.
Below we will highlight the antigens that have been most widely studied as targets
and have published clinical trial results (Table 5.1).
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Table 5.1 Published data of CAR T cells in GBM

Institution/NCT# Phase Target Study
treatment/features

Results

Perelman School of
Medicine at the
University of
Pennsylvania,
Philadelphia, PA
NCT02209376

I EGFRvIII Patients with EGFRvIII
+ GBM were treated
with EGFRvIII-directed
CAR T cells

CAR T cell persistence
and trafficking were
observed with presence
of T cells in tumor
environment after
peripheral infusion. A
median overall survival
of~8 months was
reported. One patient
remains alive
>18 months after
peripheral CAR T cell
infusion [71]

National Cancer
Institute, Bethesda,
MD
NCT01454596

I/II EGFRvIII Patients with EGFRvIII
+ GBM receive
intravenous
lymphodepleting
therapy
(cyclophosphamide and
fludarabine) prior to
administration of
anti-EGFRvIII CAR
gene-transduced
peripheral blood
mononuclear cells, plus
intravenous aldesleukin

Median progression-free
survival was 1.3 months.
2 patients experienced
severe hypoxia,
including a single
treatment-related
mortality. Median
overall survival was
6.9 months with two
patients surviving over a
year and another patient
surviving>59 months.
No objective responses
were reported [72]

Perelman School of
Medicine at the
University of
Pennsylvania,
Philadelphia, PA

– EGFRvIII A 59-year -old woman
received a single
peripheral infusion of
9.2×107 autologous
EGFRvIII-targeted
CAR T cells

Survival 36 months after
disease recurrence was
observed.
Histopathological
analysis of tissue
obtained during a
second stage surgical
resection showed
decreased expression of
EGFRvIII on tumor
tissue. CAR T cells
persisted in peripheral
circulation at 29 months
follow-up [73]

(continued)
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Table 5.1 (continued)

Institution/NCT# Phase Target Study
treatment/features

Results

Baylor College of
Medicine, Houston,
TX
NCT01109095

I HER2 Patients treated
intravenously with
cytomegalovirus
(CMV)-HER2-specific
CARs

HER2-specific CARs
were successfully
manufactured and
infusions of 1×106/m2

to 1× 108/m2 were well
tolerated without severe
adverse events. Of the
17 subjects, 8 clinically
benefited from CAR T
cell therapy as shown by
a partial response (n =
1) and a stable disease
(n = 7). Median survival
for adult patients was
30 months from
diagnosis [74]

City of Hope
National Medical
Center, Duarte, CA
NCT00730613

I IL13Rα2 Patients with recurrent
GBM were locally
infused with
IL13Rα2-directed
CD8+CAR T cells,
receiving up to 12
infusions with a
maximum dosage of
108 engineered CAR T
lymphocytes

IL13Rα2-directed CAR
T cells were
manufactured and
intracranial
administration was
tolerated with no severe
brain inflammation. 1 of
3 patients showed
reduced overall
IL13Rα2 expression of
GBM cells. Increase in
GBM necrotic volume
was seen in intracranial
sites in 1 patient [75]

Xuanwu Hospital,
Capital Medical
University, Beijing,
China
NCT03423992

I EphA2 Three patients with
EphA2-positive
recurrent GBM
received 1×106

EphA2-directed CAR T
cells/kilogram,
intravenously after
lymphodepletion

Expansion of CAR T
cells was observed in
both the peripheral
blood and
cerebral-spinal-fluid,
persisting for more than
four weeks. One patient
had transit diminishment
of the tumor with an
overall survival ranging
from 86 to 181 days for
the three patients [76]

(continued)
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Table 5.1 (continued)

Institution/NCT# Phase Target Study
treatment/features

Results

West China Hospital,
West China Medical
School, Sichuan
University, Chengdu,
Sichuan Province,
China

– B7-H3 A 56-year-old woman
with recurrent GBM
received weekly
intracavitary infusions
of B7-H3-targeted
CAR T cells

After the first infusion,
dramatic reduction of
recurrent tumor tissue
was observed. Clinical
responses were
sustained for 50 days
after CAR T cell
infusion with the patient
opting out of the study
after seven cycles of
infusion [77]

5.3.1 Epidermal Growth Factor Receptor Variant III

EGFRvIII is a mutant protein that is the result of the deletion of exons 2–7 of
EGFR. This deletion creates a new glycine residue at the junction of exons 1 and
8 and results in an abbreviated extracellular domain of the protein. It is the most
common mutant of EGFR observed in GBM cells and is expressed in 24–67% of
cases. Expression of EGFRvIII in GBM has been associated with a poor prognosis
in patients surviving greater than a year [78].

Targeting EGFRvIII on GBM cells has demonstrated promise in preclinical
studies. Similar to studies in hematologic malignancies, lymphodepletive ther-
apy prior to CAR T cell administration enhances efficacy of treatment [79]. This
effect is improved when CAR T cells were studied in combination with TMZ
[80]. Dose-intensified TMZ pre-treatment with EGFRvII-directed CARs induced
complete regression of 21-day established brain tumors in murine models, sig-
naling enhanced CAR proliferation and persistence in microenvironment [80]. In
addition, the binding of the CAR to EGFRvIII could be fine-tuned by varying
the length of the spacer domain [81] or increasing the affinity of the scFv [82].
Finally, preclinical studies have demonstrated that intravenous infusion of CAR
T cells can traffic through the BBB. EGFRvIII-specific CAR T cells were intra-
venously administered to orthotopic and subcutaneous xenograft models of human
EGFRvIII+glioblastoma [83]. The results of this study demonstrated efficacy of
EGFRvIII-directed CAR T cells in eliciting an anti-tumor response and suggested
that peripheral administration of CAR T cells results in penetration through the
BBB and trafficking to the GBM tumor microenvironment [83].

Johnson et al. developed and tested anti-EGFRvIII-CAR T cells in in vivo
xenograft models of glioblastoma. EGFRvIII-directed CAR T cells were capa-
ble of targeting EGFRvIII-expressing cells and controlled tumor progression in
subcutaneous and orthotopic models of disease [83]. Based on these results, a
phase I clinical trial was opened to test the efficacy of anti-EGFRvIII CAR T
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cells in patients with recurrent GBM. Although heterogeneric EGFRvIII expres-
sion on glioblastoma remained a hurdle, decreased levels of EGFRvIII expression
were observed in tumor tissues after intravenous infusion of CAR T cells. This
indicates antigen-directed cytolysis and CAR T cell trafficking [71]. A second
case report reported prolonged survival of a patient with recurrent glioblastoma
following EGFRvIII CAR T cell treatment [73].

5.3.2 Human Epidermal Growth Factor Receptor 2

HER2 is a receptor tyrosine-protein that is expressed by up to 80% of GBM cases
[84]. Preclinical studies demonstrated that HER2-directed CAR T cells can target
HER2-positive GBM cells in orthotopic xenograft models of GBMs. Addition-
ally, HER2-directed CAR T cells recognized CD133-positive glioma stem cells,
denoting the possibility of targeting glioma-initiating cells and mitigating GBM
recurrence. Overall, these results suggested that HER2-directed CAR T cells could
be an effective treatment for glioblastoma [85]. This data was used to initiate
a phase I clinical trial utilizing HER2-directed CAR T cells manufactured from
virus-specific T cells (NCT01109095) [86]. Infusion of HER2-directed CAR T
cells was well tolerated by 17 patients with progressive recurrent GBM, with no
significant off-tumor toxicities. Eight patients clinically benefited from CAR T
cell therapy, with one patient achieving a partial response and seven remaining
with stable disease. The poor clinical responses were seen in most patients on this
trial highlight the need to improve anti-HER2-CAR T cells to enhance in vivo
persistence and expansion [86].

5.3.3 IL-13 Receptor Subunit Alpha 2

IL-13Rα2 is overexpressed in 44% of GBM tumor samples [87] and not signif-
icantly expressed on normal brain tissue. Recent research has demonstrated that
IL-13Rα2 is a plausible antigen target for CAR T cell therapy in GBM. Pituch et al.
demonstrated that intratumoral injection of IL-13Rα2-targeted CARs promoted
a pro-inflammatory microenvironment, with increased pro-inflammatory cytokine
production, T cell proliferation, and a decrease in MDSC [88]. These changes
resulted in sustained long-term survival in murine models of malignant glioma
[88]. Similarly, intracranial administration of IL-13Rα2-directed CD8+cytotoxic
T cells targeting glioma stem-like cells resulted in robust anti-tumor activity and
elimination of GBM-initiating activity in an orthotopic mouse tumor model [89].

Based on preclinical results, researchers conducted a phase I study utilizing IL-
13Rα2-directed CD8+cytotoxic T cells (NCT00730613) [75]. Although the time
to manufacture CAR T cells was lengthy (3–4 months), the trial demonstrated
the feasibility and efficacy for IL-13Rα2-directed CD8+cytotoxic T lymphocytes
against recurrent GBM. Three patients were treated and had a median survival
of 11 months after relapse. There was significant reduction in the expression of
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IL-13Rα2 + cells in GBM samples and increased tumor necrotic volume follow-
ing infusion, suggesting that IL-13Rα2-directed CAR T cells may be a promising
therapy for this disease [75].

5.3.4 Alternative GBM-Associated Targets for CAR T Cell Therapy

Preclinical studies have studied other glioblastoma-associated antigens as targets
for CAR T cells. For example, chlorotoxin (CLTX) is found in the venom of scor-
pions and binds with high specificity to GBM tumor cells [90]. CARs constructed
with CLTX as the targeting domain were tested in orthotopic xenograft models
of human GBM. GBM tumor regression was reported in vivo after CLTX-CAR T
cell infusion and no off-tumor immune response was observed [90]. Another group
identified P32 to be highly expressed on malignant gliomas and tumor endothe-
lial cells [91]. P32-specific CAR T cells were found to be effective in orthotopic
syngeneic and xenograft mouse models of GBM [91].

Other CAR T cell target antigens have been validated preclinically to led to
clinical testing in patients with glioblastoma. Ephrin type-A receptor 2 (EphA2)
is selectively overexpressed on GBM cells and CAR T cells targeted to EphA2
improved survival of mice inoculated with glioblastoma [92]. A first-human-trial
of EphA2-targeted CAR T cells demonstrated in vivo expansion of CAR T cells
with one out of three patients treated achieving stable disease [76].

B7-H3 is a type I transmembrane protein that is overexpressed on many can-
cer types, including glioblastoma [93]. B7-H3-targeted CAR T cells demonstrated
cytotoxic activity against primary glioblastoma cells and GBM cell lines [93]. A
case study has been published on a single patient with recurrent GBM that was
treated weekly with B7-H3-specific CAR T cells infusions [77]. Dramatic reduc-
tion of tumor was observed after the first infusion and the patient responded for
50 days.

Building upon preclinical data and the success in B cell malignancies, CAR T
cells have been tested in patients with GBM (Table 5.1). These studies have estab-
lished the safety of the CAR T cell approach in glioblastoma and have targeted a
number of GBM-associated antigens. However, given the poor clinical responses
seen in trials thus far, more research is needed to improve the efficacy of CAR T
cells in this malignancy.

5.4 Optimizing CAR T Cell Therapy for Glioblastoma

As evident in the clinical responses discussed above, several barriers limit the
efficacy of CAR T cells in malignant gliomas. For example, the harsh, immunosup-
pressive GBM microenvironment can hinder CAR T cell persistence. Additionally,
because GBM exhibits a broad spectrum of tumor heterogeneity, targeting a sin-
gle neoantigen may lead to immune escape. Furthermore, although T cells may
penetrate the restrictive blood-brain-barrier, challenges associated with off-tumor
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toxicities and T cell persistence have been encountered. Recent advances in the
field have elucidated combinations and engineering methods that can be used to
surmount such barriers to optimize and strengthen the clinical application of CAR
T cells for GBM.

5.4.1 Overcoming the Immunosuppressive Glioblastoma
Microenvironment

The immunosuppressive glioblastoma tumor microenvironment has limited the
clinical success of GBM therapies. Combination therapy with immunosuppres-
sion inhibitors has been studied to overcome this. Celecoxib is a non-steroidal
anti-inflammatory drug that inhibits the build-up of MDSCs in the GBM tumor
microenvironment via the inhibition of prostaglandin E2 production [94]. How-
ever, administration of celecoxib in combination with CAR T cell limited CAR
T cell function [95]. More promising results were demonstrated with an inhibitor
of BRD4, an epigenetic modifier of immunosuppressive genes [96]. Combina-
tion therapy of CAR T cells and a BRD4 inhibitor suppressed metastasis of
glioblastoma in mouse models and improved survival [96].

Improving CAR T cell function through combination therapy with cytokines
has been widely reported [97–99]. IL-12 is a pro-inflammatory cytokine that
improves T cell function. Combination therapy of intratumoral delivery of IL-
12 and infusion of EGFRvIII-directed CAR T cells achieves durable anti-tumor
responses through reshaping the GBM microenvironment by increasing CD4 T
cells, decreasing Tregs, and activating the myeloid compartment [100]. IL-7 is an
important cytokine needed for T cell development and function. Delivery of IL-7
to GBM cells by oncolytic adenoviruses improved the proliferation, persistence,
and anti-tumor efficacy of B7-H3 CAR T cells [101]. Finally, TGFβ is found in
the GBM microenvironment and decreases immune response. EGFRvIII-specific
CAR T cells engineered to express only the TGFRII ectodomain worked as a
“TGFβ cytokine trap” that helped polarize GBM-infiltrated microglia toward a
pro-inflammatory phenotype and improved CAR T cell function [102].

Combination therapy with immune checkpoint inhibitors has also been found
to aid with CAR T persistence in glioblastoma. GBM cells express a multitude of
suppressive immune checkpoint molecules that limit T cell function, including
programmed cell death ligand 1 (PD-L1) [71]. Recent advances have demon-
strated that checkpoint blockades of the PD-1/PD-L1 axis can be enhancing T cell
function at the tumor site and are efficacious when applied to GBM [103, 104].
CRISPR-Cas9 knockout of PD-1 in CAR T cells resulted in cells that were resis-
tant to PD-L1 inhibition. These CAR T cells demonstrated enhanced anti-tumor
activity in preclinical glioma models with prolonged survival in mice through
intracerebral administration [105, 106]. Given the success in combination check-
point blockade and CAR T cell therapy in other diseases [107, 108], this approach
is currently being studied currently in clinic for glioblastoma (Table 5.2).
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Table 5.2 Ongoing trials of CAR T cells in GBM (results not obtained)

Institution/NCT# Clinical trial and
NCT#

Phase Target Study treatment/features

Beijing Sanbo
Brain Hospital,
Beijing, China
NCT02844062

A safety and efficacy
study of autologous
chimeric antigen
receptor engineered T
cells redirected to
EGFRvIII in patients
with recurrent
glioblastoma

I EGFRvIII Patients with recurrent GBM
receive intravenous administration
of lentiviral-transfected
EGFRvIII-targeted CAR T cells
(doses given in a split-day regimen
in the range of 5×104/kg to
1× 107/kg)
Lymphodepleting therapy prior to T
cell infusion includes 250 mg/m2 of
cyclophosphamide and 25 mg/m2 of
fludarabine on days 1–3

Perelman School
of Medicine at
the University of
Pennsylvania,
Philadelphia, PA
NCT03726515

Phase 1 study of
EGFRvIII-directed
CAR T Cells
combined with PD-1
inhibition in patients
with newly diagnosed,
MGMT-unmethylated
glioblastoma

I EGFRvIII Patients with newly diagnosed,
EGFRvIII + ,
MGMT-unmethylated GBM
infused with EGFRvIII-targeted
CAR T cells consisting of a tandem
signaling domain of the 4-1BB and
TCRζ signaling modules
Administered in combination with
pembrolizumab

Shenzhen
Geno-Immune
Medical
Institute,
Shenzhen, China
NCT03170141

Immunogene-modified
antigen-specific T
(IgT) cells for the
treatment of
glioblastoma

I EGFRvIII GBM patients receive
non-myeloablative chemotherapy
(25 mg/m2 of fludarabine and
250 mg/m2 of cyclophosphamide
on days 1–3) prior to infusion of
EGFRvIII-IgT cells
Dosage of IgT cells will be given
on a 3 + 3 escalation approach,
ranging from 1×105/kg to
1× 107/kg

City of Hope
National
Medical Center,
Duarte, CA
NCT04003649

A phase 1 study to
evaluate
IL13Rα2-targeted
chimeric antigen
receptor (CAR) T cells
combined with
checkpoint inhibition
for patients with
resectable recurrent
glioblastoma

I IL13Rα2 Arm I patients with recurrent or
refractory GBM receive nivolumab
or ipilimumab intravenously prior
to intracerebroventricular infusion
of IL13Rα2-directed CAR T cells
co-stimulated with 4-1BB. Arm II
patients receive nivolumab in
combination with CAR T cells

(continued)
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Table 5.2 (continued)

Institution/NCT# Clinical trial and
NCT#

Phase Target Study treatment/features

City of Hope
National
Medical Center,
Duarte, CA
NCT02208362

Phase I study of
cellular
immunotherapy using
memory-enriched T
cells lentivirally
transduced to express
an IL13Rα2-specific,
hinge-optimized,
41BB-costimulatory
chimeric receptor and
a truncated CD19 for
recurrent/refractory
malignant glioma
patients

I IL13Rα2 Patients randomized into 5 strata
receive:
1. Intatumoral administration of
IL13Rα2-directed CAR T cells
co-stimulated with 4-1BB
2. Intracavitary administration of
IL13Rα2-directed CAR T cells
co-stimulated with 4-1BB
3. Intraventricular administration of
IL13Rα2-directed CAR T cells
co-stimulated with 4-1BB
4. Intratumoral/intraventricular
administration of IL13Rα2-directed
CAR T cells co-stimulated with
4-1BB
5. Intratumoral/intraventricular
administration of IL13Rα2-directed
BBzeta/truncated CD19[t] +
Tn/mem

City of Hope
National
Medical Center,
Duarte, CA,
NCT04661384

Brain tumor-specific
immune cells for the
treatment of
leptomeningeal
glioblastoma,
ependymoma, or
medulloblastoma

I IL13Rα2 Patients with IL13Rα2-positive
leptomeningeal disease from
glioblastoma, ependymoma, and
medulloblastoma receive
IL13Rα2-specific hinge-optimized
41BB costimulatory CAR truncated
CD19-expressing autologous T
lymphocytes

Xijing Hospital,
Xi’an, China
NCT04045847

A clinical study to
investigate the safety,
tolerance and efficacy
evaluation of
single-center,
open-label of local
treatment of
CD147-CART in
recurrent glioblastoma

I CD147 Patients with recurrent malignant
glioma receive intracavitary
administration of CD147-directed
CAR T cells in a 3 + 3 dose
escalation design

Second
Affiliated
Hospital, School
of Medicine,
Zhejiang
University,
Hangzhou,
China
NCT04077866

B7-H3-targeted
Chimeric antigen
receptor (CAR) T cells
in treating patients
with recurrent or
refractory
glioblastoma

I/II B7-H3 Patients with recurrent/refractory
GBM are assigned to receive oral
temozolomide (150 mg/m2

followed by 200 mg/m2 after the
first day) or doses of temozolomide
given in combination with
intratumoral/intracerebroventricular
administration of B7-H3-directed
CAR T cells. Treatments will be
given every 5 days with an interval
of 23 days

(continued)
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Table 5.2 (continued)

Institution/NCT# Clinical trial and
NCT#

Phase Target Study treatment/features

Second
Affiliated
Hospital, School
of Medicine,
Zhejiang
University,
Hangzhou,
China
NCT04385173

A pilot study of
chimeric antigen
receptor (CAR) T cells
targeting B7-H3
antigen in treating
patients with recurrent
and refractory
glioblastoma

I B7-H3 Patients with recurrent/refractory
GBM receive regular cycles of oral
temozolomide (150 mg/m2

followed by 200 mg/m2 after the
first day) in combination with
intratumoral/intracerebroventricular
administration of B7-H3-directed
CAR T cells between cycles

City of Hope
National
Medical Center,
Duarte, CA
NCT03389230

Phase I study of
cellular
immunotherapy using
memory-enriched T
cells lentivirally
transduced to express
a HER2-specific,
hinge-optimized,
41BB-costimulatory
chimeric receptor and
a truncated CD19 for
patients with
recurrent/refractory
malignant glioma

I HER2 Patients with recurrent/refractory
GBM are assigned:
Intratumoral/intracavitary infusion
of HER2 BBzeta/CD19t+Tcm cells
Intratumoral/intracavitary and
intraventricular catheter infusion of
HER2 BBzeta/CD19t+Tcm cells
Intratumoral/intracavitary and
intraventricular catheter infusion of
HER2 BBzeta/CD19t+Tn/mem
cells

Baylor College
of Medicine,
Houston, TX
NCT02442297

Phase I study of
intracranial injection
of T cells expressing
HER2-specific
chimeric antigen
receptors (CAR) in
subjects with
HER2-positive tumors
of the central nervous
system (iCAR)

I HER2 Patients with recurrent/refractory
brain tumors labeled as high-risk
(HER2 staining of grade 3 and
intensity scores of 3+ ) or standard
risk (not meeting high-risk
description) receive intracavitary
infusion of HER2-directed CAR T
cells on a 3-cell dosing schedule
consisting of three cell doses

Johann
Wolfgang
Goethe
University
Hospital,
Frankfurt,
Germany,
NCT03383978

Intracranial injection
of NK-92/5.28.z cells
in patients with
recurrent
HER2-positive
glioblastoma
(CAR2BRAIN)

I HER2 Patients with recurrent/refractory
HER2-positive glioblastoma
intracranially receive NK-92 and/or
CAR 5.28 cells to determine
maximum tolerated dose or
maximum feasible dose

City of Hope
National
Medical Center,
Duarte, CA
NCT04214392

A phase 1 study to
evaluate chimeric
antigen receptor
(CAR) T cells with a
chlorotoxin
tumor-targeting
domain for patients
with MMP2+recurrent
or progressive
glioblastoma

I Chlorotoxin Patients with recurrent or
progressive MMP2+GBM receive
chlorotoxin-directed CD28-CD3
zeta-CD19t-expressing CAR T cells
via dual delivery on a 28-day cycle

(continued)
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Table 5.2 (continued)

Institution/NCT# Clinical trial and
NCT#

Phase Target Study treatment/features

Beijing Sanbo
Brain Hospital,
Beijing, China
NCT02937844

A safety and efficacy
study of autologous
chimeric switch
receptor engineered T
Cells redirected to
PD-L1 in patients with
recurrent glioblastoma

I PD-L1 Patients with recurrent GBM
receive lymphodepletion therapy
consisting of 250 mg/m2 of
cyclophosphamide and 25 mg/m2 of
fludarabine on days 1–3 prior to
intravenous infusion of PD-L1
CAR T cells. Infusion will occur in
a standard 3 + 3 escalation
approach in dosage ranges of 5×
104/kg to 1×107/kg

UWELL
Biopharma,
NCT04717999

Pilot study of NKG2D
CAR T in treating
patients with recurrent
glioblastoma

I NKG2D Patients with refractory/relapsed
glioblastoma receive NKG2D CAR
T cells via intracerebroventricular
injection

5.4.2 Battling Tumor Heterogeneity

Tumor heterogeneity presents a formidable barrier in the application of CAR T
cells for GBM. Challenges posed by tumor heterogeneity are not unique to GBM;
however, numerous trials have observed antigen escape after CAR T cell use in
GBM [109]. Epidermal growth factor receptor variant III (EGFRvIII), was found
to be expansively rearranged and amplified in various parts of the tumor, including
EGFRvIII-positive and negative GBM masses. EGFRvIII-positive cells were able
to give rise to EGFRvIII-negative glioma cells as well [110]. In a genomic pro-
file of glioblastoma, widespread tumor heterogeneity was observed, including the
loss/partial loss of chromosome 10, polysomy of chromosome 7, focal deletion of
the CDKN2A/B, and focal high-level amplification of EGFR [111]. Because CAR
T cells are traditionally directed to one TAA, antigen heterogeneity may lead to
antigen escape and GBM recurrence.

Investigators have developed numerous approaches to surmount GBM hetero-
geneity using combinatorial techniques that target multiple TAA using a single
CAR construct. Bispecific CAR T cells engineered to co-express HER2 and
IL-13Rα2 moieties successfully minimized antigen escape and enhanced T cell
effector function for GBM—0.18% of input tumor cells survived the bispecific
CAR T cells in vivo and improved tumor control with 80% of mice surviving
greater than 160 days [112]. Tandem CAR T cells that link a HER2-binding scFv
and an IL-13Rα2-binding IL-13 mutein more effectively mitigated antigen escape
and improved in vivo survival in mouse models [113]. Trivalent CAR T cells con-
structed to target HER2, IL-13Rα2, and EphA2, were able to overcome interpatient
GBM heterogeneity, eliminating 100% of tumor cells in patient-derived xenograft
(PDX) models [114]. Finally, T cells can be engineered with biological circuits
that enable CAR activation through recognition of multiple antigens [115]. These
synNotch-CAR T cells are primed to express a CAR against EGFRvII only after
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recognizing the CNS-specific antigen myelin oligodendrocyte glycoprotein (MOS)
and demonstrated precise and potent control of PDX models of glioblastoma [115].

The use of bispecific T cell engagers (BiTEs) has also shown clinical efficacy
in targeting TAA in various solid tumors, including EGFR. BiTEs form a link
between tumor cells and T cells to enhance cytotoxicity of tumors [116]. Wing
and colleagues demonstrated efficacy of a combinatory approach of folate receptor
alpha-specific CAR T cells with oncolytic adenoviruses encoding EGFR-targeting
BiTEs [117]. This approach resulted in increased cytokine production, improved
anti-tumor response, and overall survival in heterogeneous solid tumor murine
models [117]. Furthermore, Choi et al. demonstrated that EGFRvIII-targeted CAR
T cells modified to secrete EGFR-specific BiTEs were able to successfully redi-
rect CAR T cells and activate bystander effector T cells in the GBM tumor
microenvironment. Although EGFRvIII-targeted CAR T cells were unable to thor-
oughly treat glioblastoma tumors heterogenous for EGFRvIII expression, CAR T
cells secreting BiTE molecules were able to effectively eliminate heterogeneous
glioblastoma tumor cells in murine models after intracranial administration [118].

5.4.3 Enhancing CAR T Cell Trafficking

Another obstacle to effective therapy for solid tumors is effective CAR T cell traf-
ficking to the site of tumor. Hence, numerous studies have investigated approaches
to improve the migration of CAR T cells to the tumor. Brown and colleagues
overcame this hurdle by injecting CAR T cells at the tumor site. Intracranial
administration of IL-13Rα2-targeted CAR T cells to the resected tumor cavity and
the cerebral ventricular system demonstrated no severe safety issues or > Grade 3
toxicities. Furthermore, local delivery of CAR T cells resulted in regression of all
spinal and intracranial GBM tumors [119].

Additionally, the prospective promise of utilizing exosomes, nanovesicles
excreted by cells into the extracellular space expressing uniform receptors, in con-
cert with CAR T cells has been highlighted in recent literature. Because of their
nanoscale size and ability to surpass the BBB, CAR exosomes may facilitate in
targeting difficult-to-traffic tumor sites of glioblastomas [120, 121].

5.5 Concluding Remarks and the Path Forward

In conclusion, though implementing CAR T cell therapy for solid tumors has
seen slowed development, recent clinical trials have highlighted the prospective
promise for this therapy against GBM. Nevertheless, the path ahead poses various
challenges for optimal CAR T cell use in GBM, including the immunosuppres-
sive GBM microenvironment, rampant tumor heterogeneity, and inability to traffic
T cells to antigen sites. Recent development of innovative solutions, including
multi-specific or armored CAR T cells, have proven to be more effective in treat-
ing GBM. Though the Food and Drug Administration has not hitherto approved a
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CAR T cell therapy for solid tumors, an expanding number of clinical trials (Table
5.2) continue to highlight the promising prospects of the therapy’s use in GBM.
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6.1 Introduction

The hypothesis of immune surveillance and the confirmation that immune sys-
tem plays a role in controlling cancer growth has completely revolutionized the
treatment of cancer and spawned extensive research into novel strategies to con-
trol cancer progression. The approval of the monoclonal antibody (mAb) targeting
the inhibitory immune checkpoint cytotoxic T-lymphocyte-associated protein 4
(CTLA-4), Ipilimumab, for the treatment of melanoma, represented a great suc-
cess of immunotherapy in the treatment of cancer. Shortly, this was followed
by the agents targeting another inhibitory immune checkpoint, programmed cell
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death protein 1 (PD-1), and the approval of anti-PD-1 inhibitors, nivolumab, and
pembrolizumab. Even though the response rate is high in tumor types with high
infiltration of immune cells, it is often suboptimal in eradicating cancer cells result-
ing in primary and secondary resistance [1, 2]. Many other immunomodulatory
pathways have been investigated in clinical trials. LAG-3 has recently emerged
as a promising target as it is expressed on both CD4+ and CD8+ T cells and is
linked to the suppressive function of regulatory T cells (Tregs). LAG-3 acts as a
co-receptor on activated cytotoxic CD8+ T cells, B cells, natural killer (NK) cells,
Tr1 (CD4+FOXP3+ and IL-10-secreting type 1 regulatory T cells), dendritic cells,
and activated or exhausted effector CD4+ T cells. It has a high binding affinity to
the major histocompatibility complex (MHC) Class II and leads to T cell inactiva-
tion or exhaustion [3–5] (Table 6.1, Fig. 6.1a). LAG-3 can also bind to a newly
identified ligand, fibrinogen-like protein 1 (FGL-1) secreted by tumor cells, for
example in hepatic carcinoma, and promote tumor progression and T cell inacti-
vation by unknown mechanisms [6] (Fig. 6.1b). Based on that, the inhibition of
LAG-3 is relevant and could have promising clinical benefits in treating several
solid tumor types, particularly those that are dense with T cell infiltration.

6.2 Preclinical Evidence Supporting the Benefit of LAG-3
Inhibition

There is mounting evidence suggesting a promising therapeutic potential for LAG-
3 inhibition in a wide range of tumor types ranging from melanoma, head, and
neck, breast, colon, lung, pancreatic, ovarian, and renal tumors [7]. Increased
expression levels of inhibitory immune checkpoints (ICs), such as LAG-3, CTLA-
4, and PD-1, have been detected on dysfunctional T effector cells (cytotoxic CD8+

T cells and CD4+ T helper cells) and activated Tregs present in the tumor microen-
vironment [8, 9]. Upregulated levels of LAG-3 on Tregs can indirectly inhibit
the activation of T effector (Teff) cells by negatively influencing the function of
antigen-presenting cells (APCs), which is essential for Teff activation [10, 11].
LAG-3 on Tregs induces inhibitory signals upon its interaction with its ligands,
leading to the inhibition of APC function, Teff activation, and proliferation within
tumor sites [10, 11]. The overexpression of LAG-3 on Tregs can also positively
regulate Treg stability/differentiation and enhance their suppressive activity [10].
Grosso et al. demonstrated that the combinatorial therapy incorporating anti-LAG-
3 mAb and vaccination with tumor-associated antigen increased the number of
activated CD8+ T cells in the tumor and disrupted the tumor parenchyma in the
tumor-tolerance model of prostate cancer [12]. A study of mouse head and neck
cancer models showed that the administration of anti-LAG-3 mAb halts tumor
growth and is associated with enhanced anti-tumor CD8+ immune responses and
reduced numbers of tumor-infiltrating Tregs [13]. Similarly, the efficacy of anti-
LAG-3 mAb in inducing anti-tumor activity associated with reduced tumorigenesis
was observed in a mouse model of fibrosarcoma [14].
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Table 6.1 Most known immune checkpoints

Receptor LAG-3 TIM-3 TIGIT PD-1 CTLA-4

Synonyms CD223 HAVCR2 WUCAM PDCD1 and
CD279

CD152

Gene
location

Chromosome
12p13.32

Chromosome
5q33.3

Chromosome
3q13.31

Chromosome
2q37.3

Chromosome
2q33

Number
of amino
acids

498 amino
acids

301 amino acids 244 amino
acids

288 amino acids 223 amino
acids

Signaling
motif

KIEELE
motif in the
cytoplasmic
tail

Tyrosine residues
in the cytoplasmic
tail

ITT-ITIM ITSM Cytoplasmic
tail

Ligands MHC II
class,
LSECtin,
Galectin-3

Galectin-9,
Ceacam-1,
HMGB-1 and
phosphatidylserine

PVR/CD155
and CD112

PD-L1 and PD-L2 CD80 and
CD86

Cells
expressing
receptor

Activated
CD4+ T
cells, Tregs,
Tr1 cells,
activated
CD8+ T
cells, NK
cells, DCs, B
cells and
exhausted
effector T
cell

Activated T cells,
TH17 cells, Tregs,
DCs, NK cells,
monocytes, and
exhausted effector
T cell

Activated T
cells,
memory T
cells, TFH
cells
(Follicular
Helper T
Cells),
TRegs, Tr1
cells, NK
cells, NKT
cells and
exhausted
effector T
cells

Activated T cells,
Tregs, NK cells,
macrophages, and
exhausted effector
T cells

Activated T
cells, Tregs,
exhausted
effector T
cells

Cells
expressing
ligand

APCs APCs, tumor cells APCs,
fibroblasts,
endothelial
cells, and
tumor cells

APCs,
hematopoietic and
non-hemato-poietic
cells, and tumor
cells

APCs

Adapted from Rotte et al. [54]

6.3 Preclinical Evidence Supporting the Benefit of Dual
Inhibition of LAG-3 and Other Immune Checkpoints

Despite the therapeutic efficacy of the single blockade of LAG-3 in cancer mod-
els (as described above), there is a high potential for limited response rates and
resistance development upon the administration of anti-LAG-3 mAb alone. It has
been reported that LAG-3 acts in a synergistic manner with PD-1 to suppress anti-
tumor immunity and autoimmunity [15]. The co-expression of PD-1 and LAG-3
on tumor-infiltrating CD8+ and CD4+ T cells has been shown in multiple cancer
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Fig. 6.1 Inhibition of T cell activation via LAG-3 signaling. Interaction between LAG-3 (on T
cells) and the major histocompatibility complex class II-MHCII (on antigen-presenting cells) a
or with its ligand secreted by tumor cells, fibrinogen-like protein 1 (FGL-1) b abrogates T cell
activation and inhibits gene transcription associated with anti-tumor immunity

types, suggesting a potential cooperative role between the two immune checkpoint
pathways in the induction of T cell dysfunction or exhaustion [16]. For exam-
ple, Matsuzaki et al. reported that approximately 80% of LAG-3+ and 50% of
LAG-3− tumor-infiltrating CD8+ T cells expressed PD-1 in patients with ovarian
cancer [17]. The co-expression of LAG-3 and PD-1 on CD4+ and CD8+ T cells
has also been demonstrated in tumors from mice with ovarian cancer and chronic
lymphocytic leukemia [18]. These, and related observations, provide the basis for
the investigation of the safety and therapeutic efficacy of dual inhibition of LAG-3
and PD-1 or PD-L1 in several cancer models [17, 19].
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Matsuzaki et al. demonstrated ex vivo that the co-inhibition of LAG-3 and PD-1
enhanced the proliferation of tumor-infiltrating CD8+ T cells and cytokine release
following their stimulation with the tumor-associated antigen, NY-ESO-1 [17].
The genetic deletion of LAG-3 and PD-1 or their co-inhibition in mouse ovar-
ian cancer model and chronic lymphocytic leukemia showed a synergistic effect
causing a marked delay in tumor growth and enhancing anti-tumor T cell immune
responses [18]. Although LAG-3 blockade is expected to activate tumor-specific
CD4+ and/or CD8+ T cells in such studies, it may also increase the number of
Tregs since LAG-3 blockade may have a significant impact on Treg numbers
within the tumor microenvironment [20]. This is evident in findings by Goding
et al. who demonstrated that the dual blockade of PD-L1 and LAG-3, via mAbs,
in the B16 melanoma mouse model is sufficient to restore anti-tumor immunity
[20].

More recently, Kraman et al. showed that the dual inhibition of LAG-3 and PD-
1, via mAbs or a bispecific antibody, in mouse colon carcinoma models was more
effective in the activation of anti-tumor immunity and reducing tumor progression
than the single inhibition of either molecule [21]. Huang et al. showed that anti-
CTLA-4 or anti-PD-1 mAb in a mouse ovarian cancer model resulted in the up-
regulation of LAG-3 on CD8+ T cells, suggesting a potential resistance mechanism
[22]. In the same study, authors showed that the co-blockade of CTLA-4 and LAG-
3 or PD-1 and LAG-3 had better therapeutic efficacy, associated with increased
numbers of CD8+ T cell and/or reduced numbers of Tregs in the tumor, compared
to targeting CTLA-4 or PD-1 alone [22].

Other studies using mouse models of triple-negative breast cancer (TNBC),
B16-F10 melanoma, and MC38 colon adenocarcinoma and fibrosarcoma (Sa1N)
tumors demonstrated superior anti-tumor effects upon the co-administration of
anti-LAG-3/anti-PD-1 mAbs, compared to the single administration of either treat-
ment [19, 23]. Woo et al. showed that B16-F10, MC38 and Sa1N tumor-bearing
mice lacking both LAG-3 and PD-1 had markedly reduced tumor weights and
increased survival, compared to those lacking only one immune checkpoint [19].
However, it should be noted that minimal immune-adverse related events were
observed in PD-1 and LAG-3 single knockout mice, while a lethal phenotype
was observed in dual knockout mice associated with reduced self-tolerance and
increased autoimmune immune cell infiltrates in multiple organs [19]. Collectively,
these findings implicate the strong synergy between LAG-3 and PD-1 inhibitory
pathways in self-tolerance and tumor reactivity and provide a solid basis for the
combined use of these inhibitors in clinical studies, suggesting potential risks of
adverse immune-related events upon the dual inhibition of LAG-3 and PD-1 in
cancer patients.
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6.4 Agents Targeting LAG-3 Used in Preclinical Models

Different drugs against the LAG-3 have been developed due to the rationale of
targeting both LAG-3 and PD-1 and the strong preclinical data supporting the
efficacy of dual blockade of the LAG-3 and PD-1 axes (Table 6.2).

Monoclonal antibodies (mAbs) against LAG-3 in preclinical studies have shown
promising anti-tumor effects. For example, anti-LAG-3 mAb P13BO2-3 (IgG1)
and LBL-007 (scFv-IgG4 fusion from human phage library) have both been shown
to elicit reduced tumor growth in preclinical studies [24, 25]. In MC38 colon
mouse cancer model, treatment with either anti-PD-1 mAb or LBL-007 resulted
in a significant delay in tumor growth compared with control IgG treatment, and
their combination was even more effective [26]. Additionally, REGN3767, a fully
human IgG4 Ab targeting LAG-3, showed favorable pharmacokinetics in non-
human primates, and when it was used in combination with anti-PD-1 mAb in
mice with syngeneic colorectal carcinomas, REGN3767 enhanced the anti-tumor
efficacy of anti-PD-1 mAb [27].

Interestingly, some anti-LAG-3 drugs were generated to be bispecific and target
both LAG-3 and PD-1/PD-L1 axes, such as PRS-332 (LAG-3×PD-1 bispecific
fusion protein) and FS118 (LAG-3×PD-1 tetravalent bispecific IgG1 antibody)
[21]. The therapeutic efficacy of PRS-332 in preclinical settings has not yet been
reported. However, FS118 has demonstrated simultaneous binding to LAG-3 and
PD-L1 with a high affinity and better efficacy than the combined blockade of
LAG-3 and PD-L1 using neutralizing mAbs and was associated with enhanced T
cell activation [21]. Together, these findings supported the development of clinical
trials to target LAG-3 alone or in combination with PD-1/PD-L1 in various cancer
patients.

Alternatively, the use of a dimeric recombinant form of LAG-3, such as
IMP321, was proven to induce a sustained immune response via the stimulation

Table 6.2 Summary of preclinical models targeting LAG-3 alone or in combination with other
immune checkpoints

Preclinical summary of LAG-3 inhibitors

Name Company Format Tumor type Combined with References

PRS-332 Pieris
Pharmaceuticals

LAG-3×PD-1
bispecific protein

Solid [28]

PI3B02-3 Agenus IgG1 Solid PD-1 [58]

LBL-007 Nanjing Leads
Biolabs

scFv-IgG4 fusion Solid PD-1 [26]

IMP321 Immutep Soluble LAG-3 Solid PD-1 [30]

REGN3767 Regeneron LAG-3×PD-1
bispecific protein

Solid [27]

FS118 LAG-3×PD-L1
bispecific protein

Solid [21]
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of APCs, including dendritic cells [28, 29]. Additionally, it is currently being used
in combination with other therapeutic approaches in clinical studies in patients
with metastatic breast cancer, advanced pancreatic adenocarcinoma, and metastatic
melanoma [26, 30–32].

6.5 Clinical Evidence Demonstrating the Efficacy of LAG-3
Targeting in Cancer

Several preclinical studies confirmed the immune-suppressive activity of LAG-
3 and its involvement in modulating cancer immune response. Based on these
results, antibodies targeting LAG-3 such as Relatlimab (BMS-986016), LAG525,
INCAGN2385-101, REGN3767, MK-4280 Sym022, BI754111, TSR-033, and
IMP321 are in clinical development in monotherapy or in combination and have
been tested in different tumor types (Table 6.3). Most of these compounds are still
in early stages of clinical development and strong data on anti-tumor activity are
available only for Relatlimab in melanoma.

Recently, an interim analysis of RELATIVITY-047 trial, a phase III study that
investigates the combination of nivolumab and relatlimab versus nivolumab in
treatment of naive advanced melanoma, confirmed the superiority of the exper-
imental arm over the standard treatment. Almost 6 months advantage in median
progression-free survival (PFS) was reported with the addition of anti-LAG-3 ther-
apy to nivolumab (10.1 months versus 4.6 months, respectively), HR 0.75 [95%
CI, 0.6–0.9]; P = 0.0055). Interestingly, high expression of LAG-3 was correlated
with a positive trend in PFS [33].

Although the PFS could be considered a surrogate outcome for overall survival
(OS) in metastatic melanoma, combination with Ipilimumab-nivolumab reported
increasing of OS and durable response in the same setting. Therefore, until data
from RELATIVITY-047 trial are mature, the doublet Ipilimumab and nivolumb
remains the recommended therapy, especially in patients with aggressive disease,
brain, bone, and liver involvement [33–35]. However, with a toxicity rate of 18.9%
the combination relatlimab and nivolumab is better tolerated than Ipilimumab plus
Nivolumab.

Since a strong synergy between anti-LAG-3 therapy and other checkpoint
inhibitors was observed in preclinical models, Novartis investigated the combi-
nation of LAG525, an anti-LAG3, and Spartalizumab, an anti-PD-1 in a phase
I/II study. This study showed a durable response in 9.9% of patients with
advanced solid tumors, including triple-negative breast cancer and mesothelioma
(NCT02460224).

Conversely, IMP321, a soluble recombinant fusion protein with the Fc region
of IgG and the extracellular region of LAG-3, showed an acceptable safety profile
but limited efficacy (ORR was 48.3% with IMP321 versus 38.4% in the placebo
group), despite the proven biological activity [32, 36, 37].

Following the enthusiasm for bispecific antibodies, some companies have
recently produced compounds that simultaneously target LAG-3 and PD-1 like
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Table 6.3 LAG-3 inhibitors current under investigation

Name Therapy Tumor type Phase Estimated
number of
patients

Trial number

Sym022 Monotherpy Solid tumor or
lymphoma

I 15 NCT03489369

Sym022 + Anti-PD-1 or
anti-PD-1 +
anti-TIM-3

Solid tumor I 200 NCT04641871

LAG525 + anti-PD-1 TNBC I 220 NCT03742349

REGN3767 ±anti-PD-1 Solid tumor I 669 NCT03005782

IMP321 + gemcitabine Advanced
Pancreas

I 18 NCT00732082

IMP321 ±Nivo HNSCC II 60 NCT04080804

IMP321 + Pembrolizumab NSCLC,HNSCC II 183 NCT03625323

IMP321 + weekly
paclitaxel

HR+ breast I 24 NCT04252768

Relatlimab Nivo± relatlimab Prior CT-RT
Gastric,
esophageal
cancer

I 32 NCT03044613

Relatlimab + Nivo and IDO
inhibitor versus
Nivo and Ipi

Solid tumor I/II 230 NCT03459222

Relatlimab ±Nivo Solid tumor I 45 NCT02966548

Relatlimab Nivo versus Nivo
+ ipi versus Nivo
+ Relatlimab
versus Nivo +
Daratumumab

Solid tumor I/II 584 NCT02488759

Relatlimab Nivo +
Relatlimab

HCC I/II 20 NCT04658147

Relatlimab Nivo +
Relatlimab

HCC, liver
cancer

II 250 NCT04567615

INCAGN02385 + anti-PD-1 and
anti-TIM-3

Melanoma I/II 52 NCT04370704

TSR033 ±anti-PD-1 Solid tumor I 111 NCT03250832

TNBC: triple-negative breast cancer, Ipi: Ipilimumab, Nivo: Nivolumab, NSCLC: non-small cell
lung cancer, HNSCC: head and neck squamous cell carcinoma, HCC: hepatocarcinoma

FS118, MGD013, IBI323, or CTLA-4 like XmAb22841 (Table 6.4). These drugs
aimed to prevent the interaction between MHCII and LAG-3 but most of these
trials are still recruiting, and the result is awaited.
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However, FS118 reported encouraging clinical activity in heavily treated
patients with advanced solid tumors. The phase I trial showed disease stabiliza-
tion > 6 months in patients with secondary resistance. Retrospective analysis of
LAG-3 and PD-L1 expression in the tumor was assessed as a potential biomarker
of response, but still unpublished [38].

6.6 LAG-3 as a Prognostic Biomarker in Solid Tumors

A meta-analysis of fifteen studies showed that higher LAG-3 expression is associ-
ated with better OS in many solid tumors, especially in the early stages of disease
[39]. However, this result is controversial because LAG- 3 is implicated in immune
suppression and many studies have identified it as a negative prognostic factor and
novel potential target for immunotherapy [13, 40–43].

A prospective analysis of 430 samples from patients with advanced solid tumors
investigated LAG-3 expression and confirmed that LAG-3 is well represented
across tumor types (33.3% of the LAG-3+ were pancreatic cancer, 24.7% gas-
tric, 23.6% colorectal, 12.5% melanoma, 9.5% genitourinary, 6.3% biliary tract,
and 5.4% sarcoma) [42].

In immunotherapy naive patients, Edwards et al. identified a phenotype char-
acterized by increased number of CD69+CD103+ CD8+ T cells that correlated
to better melanoma-specific survival. The authors suggested that this phenotype
expresses high PD-1 and LAG-3, expands early during anti-PD-1 treatment, and
may drive the response to anti-PD1 and anti-LAG-3 therapies [44, 45].

Based on the data from micro-RNA database: gene expression analyses,
clinical-pathological features, and clinical outcomes, LAG-3 seems to have poten-
tial negative prognostic value in triple-negative breast cancer as LAG-3 expression
was higher in grade III than grade I and II tumors [40].

In colorectal cancer, whether the LAG-3 expression is predominant in tumor or
stroma plays an orchestral importance [41]. In a cohort of stage I-III colorectal
adenocarcinoma, high expression of LAG-3 in tumor compartment was associated
with poor prognosis, whereas high expression of LAG-3, TIM-3, and PD-1 in the
stroma compartment was associated with improved survival [46].

In muscle-invasive bladder cancer (MIBC) the abundance of stromal LAG-
3 cells resulted in immunoevasive path with dysfunctional CD8+ T cells [47].
Recently, Kates et al. observed that increased Tregs and CD8+ T cells expressing
CTLA-4, TIM-3, and LAG-3 correlated to resistance to anti-PD-1 therapy [48].
This suggests that the blockade of these checkpoints should be explored for the
treatment of urothelial carcinoma [48].

In a cohort of 38 patients with advanced platinum-resistant non-small cell lung
cancer (NSCLC) LAG-3 appeared to be an independent positive prognostic factor
for stage I-IIIB [49]. In this study, the co-expression of LAG-3 and PD-L1 was
associated with increased OS and PFS after anti-PD-1 therapy [49]. In another
study, LAG-3 was a predictive biomarker of response to PD-1inhibition [50].
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Fig. 6.2 Combined blockade of multiple immune checkpoints could maximize T cell activation
and boost anti-tumor immunity. The application of monoclonal antibodies (mAbs) targeting multi-
ple inhibitory immune checkpoint pathways, CTLA-4, PD-1/PD-L1 axis, TIM-3, and LAG-3 could
alleviate tumor resistance to therapy against one target and enhance anti-tumor immune responses

In clear cell renal carcinoma (ccRCC), LAG-3 hypomethylation correlated to
phenotype expressing CD3, CD8, CD45, and gamma-interferon which seems to
be predictive of better outcome and response to immunotherapy [51].

Some data supported LAG-3 as negative prognostic factor and potential target
for the treatment of bone and soft tissue sarcomas (STS). Indeed, in compari-
son with healthy volunteers, patients with STS reported higher CD4+ and CD8+

in peripheral blood, LAG-3 was independently associated with high grade and
advanced pathological stages, and the expression of LAG-3 and PD-1 in TILs of
STS was associated with poor prognosis [27, 52].

LAG-3 may play a role also in pediatric solid tumors, where the complex
MHC-II/LAG-3 showed to regulate the immune response and might be investigated
as target for future novel immunotherapies [53]. Additionally, targeting multiple
immune checkpoints, such as CTLA-4, PD-1/PD-L1, TIM-3, and LAG-3 could be
beneficial in maximizing the clinical outcomes of cancer patients, if the combined
treatment was proven to be well-tolerated and safe (Fig. 6.2).

6.7 Conclusions and Future Directions

LAG-3 is a transmembrane protein involved in the inhibitory signaling of T cells
but also fosters the activity of Tregs and it is expressed on NK cells, T cells, B
cells, and TILs. LAG-3 expression could reflect the infiltration of T cells in tumors,
similarly to PD-1 and CTLA-4. LAG-3 inhibition has reported promising results
in preclinical studies, which can be translated into clinical development. Most
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of the trials are still in early phase, but encouraging results have been reported
for Relatlimab in a phase III trial. Anti-LAG-3 therapy could have a synergis-
tic effect with other immunotherapy agents, and clinical trials should explore the
level of LAG-3 and PD-1 expression together with CTLA-4, TIM-3, as well as
other immune checkpoints. They also should examine the potential for LAG-3 as
an indicator of poor disease prognosis across various solid tumor types. There-
fore, effective combination treatment could be tumor type-specific and dependent
on several important factors, including the host immune response, molecular and
cellular composition of the tumor microenvironment, resistance and immune sup-
pression mechanisms, and the expression levels of immune checkpoints. In the
future, this information could be obtained by next-generation sequencing, immuno-
histochemistry, and immune profiling and would provide a rational for appropriate
immune checkpoint inhibitors [2, 54–56]. Ultimately, this may help in improving
response rates to cancer immunotherapy.

Apart from this, safety profiles of combination therapies are another critical
clinical aspect, which should be considered. The combination of TIM-3 and LAG-
3 blockade along with anti-PD-1/PD-L1 therapy could be safer and well-tolerated,
compared to the combination of anti-CTLA-4 and anti-PD-1/PD-L1 therapies
which has been associated with immune-related adverse events [57]. In fact, in
Relativity -047 trial, the toxicity rate of the combination anti-LAG3 and anti-PD1
was sufficiently low to be considered as potential backbone for triplet therapy.
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7Immunotherapy in Genitourinary
Malignancy: Evolution in Revolution
or Revolution in Evolution

Kevin Lu, Kun-Yuan Chiu, and Chen-Li Cheng

7.1 Background

Over the past years, advances in cancer immunotherapy, with the success of
immune checkpoint inhibitors (ICI), have transformed the therapeutic landscapes
of cancer management [1, 2]. Immunotherapy, the 5th pillar of cancer care after
surgery, radiotherapy, cytotoxic chemotherapy, and precision therapy (molecular
targeted therapy), is revolutionizing the standard of care in certain patients and
tumor types, especially previously hard-to-treat malignancies [3–5]. Genitouri-
nary malignancies are one of those benefiting from these new therapeutic options.
Given modest clinical benefits of interleukin (IL)-2 or IFN-α for metastatic renal
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cell carcinoma (RCC) and unsatisfactory durable response of intravesical Bacil-
lus Calmette-Guerin (BCG) therapy for early-stage non-muscle-invasive bladder
cancers (NMIBC) in the past decades, the enthusiasm for exploration of novel
therapeutics has established the important role of ICIs in the therapeutic arsenals
of genitourinary malignancies [6–15]. Recently, large phase II and III clinical tri-
als demonstrate meaningful survival benefits and durable clinical response with the
use of checkpoint inhibitors-based therapies in RCC, UC, and some prostate cancer
(PC) [16–24]. Despite best efforts and advances in understanding immunobiology,
the benefits are limited to a minority of unselected patients, with the potential
of leading to robust stratification processes. Now come the next hurdles: figuring
out which patients best respond to ICI and which patients won’t respond to ICI?
How best to approach ICI therapies to extend/maximize the treatment response
as long as possible? How to overcome therapeutic resistance by specific concur-
rent immunomodulators or targeted therapy or chemotherapy [25–34]? The role
of ICI in combination or sequencing with chemotherapy or other targeted thera-
pies or other immunomodulating therapeutics or radiotherapy in the early disease,
neoadjuvant, adjuvant, and metastatic setting is actively under exploration [35–40].
In the “omics” era, deeper understanding of biology of genitourinary malignancy
and translational immunology, as well as discovery of predictive and prognostic
biomarkers may open up future avenues of clinical innovation and development
for genitourinary cancer therapies and possibly point to next therapeutic era on the
horizons (Fig. 7.1) [4, 5, 41–51].

7.2 Immunotherapy in Urothelial Carcinoma

The roots of cancer immunotherapy date back to 1891, when William B. Coley
injected Coley’s toxin, streptococcal organisms, into patients and observed the
regression of malignant tumors, particularly sarcoma, but with limited clinical
efficacy. Later in the 1960s, Thomas and Burnet put forward the theory of can-
cer immune surveillance. It took about one-half of a century for this theory to be
accepted [33, 52]. In 1976, Morale et al. began with intravesical BCG instillation to
treat NMIBC. Subsequently, National Cancer Institute (NCI) conducted controlled
trials, based on Morale’s work in 1978. Lamm et al. report the first successful con-
trolled trial in 1980. Subsequently, Brosman, Netto, Martinez-Pineiro, and many
other study groups report BCG to be superior to chemotherapy in 1982 and later.
Subsequently, intravesical BCG instillation serves as the recommended treatment
of choice for NMIBC. Since then, it has been more than 40 years since BCG was
first used as an immunotherapy to treat NMIBC [6, 9]. BCG was internalized by
healthy and malignant urothelial cancer cells, which stimulate an inflammatory
response, release cytokines and chemokine, and trigger recruitment of immune
cells into bladder wall to eradicate cancer cells. For those unresponsive or refrac-
tory to BCG, there is a high risk of local progression and distant metastasis. The
standard of care for BCG-relapse or refractory patients with high-grade NMIBC
is radical cystectomy. Those deemed medically unfit for cystectomy are treated
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with salvage intravesical therapy. KEYNOTE-057 (NCT02625961), a multi-center,
single-arm, phase 2 trial enrolled 148 patients with high-risk NMIBC receiving
pembrolizumab 200 mg every three weeks, which was defined as persistent dis-
ease despite adequate BCG therapy, disease recurrence after an initial tumor-free
state following adequate BCG therapy, or T1 disease following a single induction
course of BCG; adequate BCG therapy was defined as administration of at least 5
of 6 doses of an initial induction course plus either at least 2 of 3 doses of main-
tenance therapy or 2 of 6 doses of a second induction course. Of 148 patients, 96
patients had BCG-unresponsive carcinoma in situ (CIS) with or without papillary
tumors. Patients received pembrolizumab 200 mg every 3 weeks for 24 months
until unacceptable toxicity, persistent or recurrent high-risk NMIBC, or progres-
sive disease. The major efficacy outcome measures were complete response (as
defined by negative results for cystoscopy (with transurethral resection of bladder
tumor/biopsies as applicable), urine cytology, and computed tomography urogra-
phy imaging), and duration of response. The complete response rate in the 96
patients with high-risk BCG-unresponsive NMIBC with CIS was 41% and median
duration of response was 16.2 months. Forty-six percent of responding patients
experienced a complete response lasting at least 12 months [53, 54]. On January
8, 2020, the Food and Drug Administration (FDA) approved pembrolizumab for
the treatment of two distinct patient groups with BCG-unresponsive, high-risk,
NMIBC with CIS with or without papillary tumors: those who are ineligible for
surgery, and those who refuse surgery.

In patients with metastatic UC (mUC), median survival with
standard cisplatin-based first-line chemotherapy, either Methotrex-
ate/Vinblastine/Adriamycin/Cisplatin (MVAC) or Gemcitabine/Cisplatin (GC)
is approximately 11–15 months. Despite high response rates (45–60%), cure
rates remain low and responses are not durable. There are several independent
prognostic factors to predict for shorter survival in patients with mUC who
experience treatment failure with prior platinum-based therapy, such as low
hemoglobin (<10 g/dl), Eastern Cooperative Oncology Group Performance Status
(ECOG PS)≥1, and the presence of liver metastasis. In patients with multiple
adverse prognostic factors, the survival benefit of second-line treatment might be
limited, and they may be spared therapies that can lead to unnecessary toxicity
or be directed toward novel approaches [45, 55, 56]. In the past several years,
five drugs-atezolizumab, pembrolizumab, avelumab, nivolumab, and durvalumab,
were initially approved by FDA for use in patients with mUC and progression fol-
lowing platinum-based chemotherapy. However, two drugs have been voluntarily
withdrawn. Durvalumab was granted accelerated approval in the United States in
May 2017 based on promising tumor response rates and duration of response data
observed in the phase 1/2 Study 1108 (NCT01693562) [57]. This study evaluated
the safety and efficacy of durvalumab in advanced solid tumors, including previ-
ously treated bladder cancer. However, continued approval was dependent upon
results from the phase 3 DANUBE trial (NCT02516241) in the first-line metastatic
bladder cancer setting, which did not meet its primary endpoints in 2020 [58].
On February 22, 2021, AstraZeneca announced it has voluntarily withdrawn
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the indication for durvalumab in previously treated adult patients with locally
advanced or metastatic bladder cancer in the United States, aligned with FDA
guidance for evaluating indications with accelerated approvals that did not meet
post-marketing requirements, as part of a broader industry-wide evaluation. How-
ever, this withdrawal does not affect indications outside the United States and does
not impact other approved indications for durvalumab within or outside the United
States. Another drug, atezolizumab, a monoclonal antibody designed to bind with
the protein Program Death-Ligand 1 (PD-L1), was granted accelerated approval
in 2016 for the treatment of prior platinum-treated mUC, based on the results of
cohort 2 from the IMvigor210 study [59]. Continued approval for this indication
was contingent upon the results of IMvigor211, the original post-marketing
requirement for the prior platinum-treated mUC indication. This study did not
meet its primary endpoint of overall survival (OS) in the PD-L1–high patient pop-
ulation (11.1 months vs. 10.6 months; Hazard ratio (HR) = 0.87; 95% Confidence
Interval (CI): 0.63–1.21; p = 0.41) [60]. Subsequently, the FDA designated the
IMvigor130 study as the post-marketing requirement, which will continue until
the final analysis [61]. However, as the treatment landscape in second-line mUC
has rapidly evolved with the emergence of new treatment options, Genentech, a
member of the Roche Group, announced that the company voluntarily withdraw
the US indication for atezolizumab in patients with prior platinum-treated mUC.
However, there is one positive finding in second-line mUC setting. The multi-
center, randomized, phase III KEYNOTE-045 trial (NCT02256436) compared
pembrolizumab with chemotherapy (paclitaxel, docetaxel, or vinflunine) in 542
patients with advanced UC that recurred or progressed after platinum-based
chemotherapy. OS was significantly longer in the pembrolizumab group compared
to the chemotherapy group (10.1 months vs. 7.3 months; HR = 0.70; 95%
CI: 0.57–0.85; p = 0.00015). However, progression-free survival (PFS) did not
differ significantly between the two groups (2.1 months vs. 3.3 months; HR =
0.96; 95% CI: 0.79–1.16; p = 0.31). The objective response rate (ORR) was
also higher with pembrolizumab (21% vs. 11%), and the median duration of
response (DOR) was not reached with pembrolizumab versus 4.4 months with
chemotherapy. In addition, pembrolizumab prolonged the time to deterioration in
comparison to chemotherapy [62–64]. Among the remaining two drugs-avelumab
and nivolumab, the multi-center, single-arm, phase II CheckMate 275 trial
(NCT02387996) enrolled 270 patients with metastatic or unresectable locally
advanced UC to evaluate the efficacy and safety of nivolumab. After a minimum
follow-up of 34 months, ORR, median PFS, and median OS in all treated patients
were 20.7%, 1.9 months, and 8.6 months, respectively [65, 66]. No phase III
study is planned for nivolumab monotherapy in the second-line setting for mUC.
A pooled analysis of two cohorts from the multi-center, phase Ib JAVELIN Solid
Tumor trial (NCT01772004) assessed the efficacy and safety of avelumab in
249 patients with locally advanced or metastatic UC that had progressed after at
least one previous platinum-based chemotherapy. After a median follow-up of
31.9 months, the confirmed ORR was 16.5% (95% CI: 12.1–21.8%; complete
response in 4.1% and partial response in 12.4%). Median DOR was 20.5 months
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(95%CI: 9.7 months to not estimable). Median PFS was 1.6 months (95%CI:
1.4–2.7 months) and the 12-month PFS rate was 16.8% (95% CI: 11.9–22.4%).
Median OS was 7.0 months (95%CI: 5.9–8.5 months) and the 24-month OS rate
was 20.1% (95% CI: 15.2%–25.4%) [67].

Though standard first-line therapy for mUC is cisplatin-based doublets or
quadruplets, patient factors such as performance status, renal dysfunction, neu-
ropathy, hearing impairment, or congestive heart failure make 30–50% of patients
unsuitable for cisplatin-based therapies. ICI monotherapy or combination ther-
apy might provide alternative options for cisplatin-ineligible or platinum-ineligible
patients. In the first-line setting, there are two drugs—pembrolizumab and ate-
zolizumab evaluated in phase II trials. In IMvigor 210, cohort 1 (NCT02108652),
after median follow-up of 17 months, median OS was 16.3 months and ORR was
24% with 9% CR [68, 69]. The KEYNOTE-052 phase II trial (NCT02335424)
evaluated 374 platinum-ineligible patients. The median OS was 11.3 months
and ORR was 29% with 7% CR [69–72]. Based on those data, atezolizumab
and pembrolizumab were both granted accelerated approval by FDA in 2017
for cisplatin-ineligible patients. Subsequently, phase III trials of immunotherapy
and chemotherapy combination versus immunotherapy alone versus chemother-
apy are underway. In 2018, FDA issued an alert that preliminary data analysis
showed a decrease in survival for bladder cancer patients with low PD-L1 receiving
mono-immunotherapy with pembrolizumab in KEYNOTE-361 (NCT02853305)
or atezolizumab in IMvigor 130 (NCT02807636) versus chemotherapy as first-
line therapy [73]. Further mature results are awaited. This year, in April 2021,
the FDA’s Oncologic Drugs Advisory Committee (ODAC) voted 5 to 3 to uphold
the accelerated approval of pembrolizumab in the first-line treatment of patients
with cisplatin-ineligible and carboplatin-ineligible locally advanced or metastatic
urothelial carcinoma though KEYNOTE-361 trial did not meet its prespecified
dual primary endpoints of overall survival or progression-free survival, ver-
sus standard-of-care chemotherapy. Unmet needs remain for appropriate patients
newly diagnosed with certain types of advanced UC who are not eligible for
platinum-containing chemotherapy. On August 31, 2021, the FDA granted a full
approval to pembrolizumab for the treatment of patients with locally advanced or
metastatic urothelial carcinoma who are not eligible for any platinum-containing
chemotherapy.

Currently, the ESMO, EAU, and NCCN guidelines recommend cisplatin-
backbone combination chemotherapy for cisplatin-eligible patients with advanced
or metastatic UC. Now, we faced the clinical vignette whether we would moni-
tor until progression and start second-line therapy at that point, or switch to an
alternative strategy—maintenance therapy in patients achieving at least stable dis-
ease after first-line platinum-based chemotherapy. In the multi-center, phase III
JAVELIN Bladder 100 trial (NCT02603432), 700 patients with locally advanced
or metastatic UC who did not have disease progression during first-line chemother-
apy (4–6 cycles of Gemcitabine plus Cisplatin or Carboplatin) were randomized
to receive best supportive care with or without maintenance avelumab. The addi-
tion of maintenance avelumab to best supportive care significantly prolonged OS
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versus best supportive care alone both in the overall population and in the PD-L1
positive population (21.4 months vs. 14.3 months; HR = 0.69; 95% CI: 0.56–
0.86; p = 0.001; not reached vs. 17.1 months, 95% CI: 0.40–0.79; p < 0.001,
respectively) [74]. On June 30, 2020, FDA-approved avelumab for maintenance
treatment of patients with locally advanced or mUC that has not progressed with
first-line platinum-containing chemotherapy (Fig. 7.2).

Even though immune checkpoint inhibitors have superseded chemotherapy in
platinum-refractory UC, there are many roadblocks ahead. The efficacy is often
unpredictable and limited (20–40% with checkpoint blockers). The heterogeneity
of tumors might impede efficacy. Primary or adaptive resistance developed over
time after treatment. Difficulty to identify clinically significant biomarkers, lack
of reliable biomarkers, and uncertainty of path forward for combination therapy
remain challenging. Financial toxicity is always an issue needed to be resolved.

7.3 Immunotherapy in Renal Cell Carcinoma

Historically, RCCs are resistant to chemotherapy and radiotherapy [75]. The clin-
ical observation of spontaneous regression of metastases after surgical removal
or irradiation of primary RCC—“abscopal effect” and infiltration of immune cell
into primary tumor offer insights into RCC is an immunogenic cancer and a poten-
tial target for immunotherapy. In 1976, the discovery of IL-2, naturally occurring
cytokine with the ability to expand and differentiate T-cell population with anti-
tumor activity, revolutionized the field of cancer immunotherapy. In 1992, US
Food and Drug Administration (FDA) approved high-dose IL-2 for the treatment
of locally advanced or metastatic RCC (mRCC), based on the results of seven
phase II clinical trials with ORR of 14%, including 5% complete response (CR)
[13, 76, 77]. However, the survival benefits of HD-IL2 were restricted in selected
fit patients. Side effects with HD-IL2 are extremely common and severe. Tox-
icity and restricted accessibility of HD-IL2, which needs to be administered in
specialized centers trained to manage its adverse events, make it a poor standard
therapy. Subsequent approval of antiangiogenic molecularly targeted therapies that
inhibit the vascular endothelial growth factors (VEGF) and proliferation signaling
pathway-mammalian target of rapamycin (mTOR) swiftly changed the treatment
landscape of advanced RCC. Although antiangiogenic tyrosine kinase inhibitors
targeted VEGF (VEGF-TKI) have improved the response rate (RR) and OS for
mRCC, and have been the cornerstone of treatment in mRCC, the majority of
patients eventually experience disease progression over time upon these thera-
pies. Thus, novel treatment approaches, including immunotherapeutic strategies,
are warranted to further improve survival in mRCC.

Nivolumab, a programmed death 1 (PD-1) checkpoint inhibitor, was approved
by the FDA in 2015 for advanced RCC patients who had been treated previously
with anti-angiogenic therapies, based on the result of the randomized, phase III
CheckMate-025 trial (NCT01668784). Nivolumab significantly improved OS com-
pared with everolimus (mTOR inhibitor) (median OS 25.0 vs. 19.6 months; HR



208 K. Lu et al.

U
C

 

R
C

C
 

18
91

 W
illi

am
 B

. 

C
ol

ey
 fi

rs
t c

an
ce

r 

va
cc

in
e 

“C
ol

ey
’s

 

to
xi

n”
 

19
09

 E
lri

ch
  

C
an

ce
r o

cc
ur

s 

sp
on

ta
ne

ou
sl

y 
Im

m
un

e 

sy
st

em
 re

co
gn

iz
es

 a
nd

 

pr
ot

ec
t

19
60

s,
 T

ho
m

as
 

an
d 

Bu
rn

et
 

in
tro

du
ce

 im
m

un
e 

su
rv

ei
lla

nc
e 

th
eo

ry
 

19
76

 M
or

al
e 

us
e 

BC
G

 to
 tr

ea
t M

IB
C

 

19
72

 D
is

co
ve

ry
 o

f 

IL
-2

 
19

86
 IN

F-
α

ap
pr

ov
ed

 a
s 

ca
nc

er
 

im
m

un
ot

he
ra

py

19
92

 IL
-2

 

ap
pr

ov
ed

 a
s 

ca
nc

er
 

im
m

un
ot

he
ra

py

M
ay

 2
01

6 
2nd

 L
 m

U
C

 

At
ez

ol
iz

um
ab

 

(IM
vi

go
r 2

10

19
90

 B
C

G
 

ap
pr

ov
ed

 fo
r 

N
M

IB
C

 

PC
 

20
10

 S
ip

ul
eu

ce
l-T

 

ap
pr

ov
ed

 fo
r m

C
R

PC
 

Fe
b 

20
17

 2
nd

 L
 m

U
C

 

N
iv

ol
um

ab
 

C
he

ck
M

at
e 

27
5Ap

ril
 2

01
7 

1st
 L

 C
is

-in
el

ig
ib

le
 

m
U

C
 A

te
zo

liz
um

ab
 

IM
vi

go
r 2

10
 

M
ay

 2
01

7 
2nd

L 
an

d 
1st

L 
ci

s-

in
el

ig
ib

le
 m

U
C

 p
em

br
ol

iz
um

ab
 

KE
YN

O
TE

-0
52

 &
 K

EY
N

O
TE

-0
45

 

M
ay

 2
01

7 
2nd

L 
m

U
C

 D
ur

va
lu

m
ab

 

M
ED

I-1
10

8 

M
ay

 2
01

7 
2nd

L 
Av

el
um

ab
 

JA
VE

LI
N

Ju
ne

 2
02

0 
M

ai
nt

en
an

ce
 

av
el

um
ab

 –
 n

ot
 p

ro
gr

es
s 

af
te

r 

pl
at

in
um

-b
as

ed
 C

T 

JA
VE

LI
N

 B
la

dd
er

 1
00

 Fe
b 

20
21

 D
ur

va
lu

m
ab

 w
ith

dr
aw

n 

M
ar

ch
 2

02
1 

At
ez

ol
iz

um
ab

 w
ith

dr
aw

n 

Ja
n.

 2
02

0 
N

M
IB

C
 p

em
br

ol
iz

um
ab

 

KE
YN

O
TE

-0
57

 

Au
g.

 2
02

1 
ad

ju
va

nt
 N

iv
ol

um
b 

C
he

ck
M

at
e 

27
4 

N
ov

 2
01

5 
po

st
-T

KI
 m

cc
R

C
C

 

N
iv

ol
um

ab
  

Ap
ril

 2
01

8 
1st

 L
 m

cc
R

C
C

 

ip
ilil

um
ab

 +
 n

iv
ol

um
ab

 

C
he

ck
M

at
e 

21
4 Ap

ril
 2

01
9 

1st
 L

 m
cc

R
C

C
 

pe
m

br
ol

iz
um

ab
+ 

ax
iti

ni
b 

 

KE
YN

O
TE

-4
26

 

Ja
n 

20
21

 1
st
 L

 m
cc

R
C

C
 

N
iv

ol
um

ab
 +

 c
ab

oz
an

tin
ib

  

C
he

ck
M

at
e-

9E
R

 

Au
g2

02
1 

1st
 L

 m
cc

R
C

C
 

pe
m

br
ol

iz
um

ab
 +

 le
va

tin
ib

 

C
LE

AR
 

~1
91

0 
~1

98
0 

~1
99

0 
19

92
 

20
10

~2
01

6 
20

17
 

20
18

 
20

19
 

20
20

 
20

21
 

Fi
g
.7
.2

T
im

el
in
e
of

FD
A
-a
pp

ro
ve
d
im

m
un

ot
he
ra
py

in
ge
ni
to
ur
in
ar
y
m
al
ig
na
nc
y.
B
C
G
B
ac
ill
us

C
al
m
et
te
-G

ue
ri
n;
N
M
IB

C
no

n-
m
us
cl
e
in
va
si
ve

bl
ad
de
rc
an
ce
r;

T
K
I
ty
ro
si
ne

ki
na
se

in
hi
bi
to
r;
cc
R
C
C
cl
ea
r
ce
ll
R
en
al
ce
ll
ca
rc
in
om

a;
PC

pr
os
ta
te
ca
nc
er
;U

C
ur
ot
he
lia

lc
ar
ci
no

m
a



7 Immunotherapy in Genitourinary Malignancy: Evolution in … 209

= 0.73, 95% CI: 0.57–0.93, p = 0.002). The ORR was statistically superior with
nivolumab in comparison with everolimus (25 vs. 5%; odds ratio (OR): 5.98, p <
0.001). Importantly, four patients (1%) achieved CR in nivolumab arm. Nivolumab
had a much better overall safety profile compared with everolimus (Grade≥3
adverse events 19% vs. 37%) [78–80]. Later, ICI has been quickly incorporated
into treatment strategies for mRCC and moved to frontline therapies.

Multiple strategies, including combinations of nivolumab and ipilimumab or
combinations of ICI and VEGF-TKI or ICI and hypoxia-inducible factor-2α (HIF-
2α) inhibitors-belzutifan in management of patients with previously untreated
mRCC have been applied, based on risk stratification of Memorial Sloan Ketter-
ing Cancer Center (MSKCC) or International Metastatic Renal Cell Carcinoma
Database Consortium (IMDC) prognostic factor criteria. In phase III Check-
Mate 214 trial (NCT02231749), 1096 patients with previously untreated clear
cell mRCC were randomized to receive sunitinib or immunotherapy combina-
tion (ipilimumab and nivolumab) every three weeks for four cycles, followed
by maintenance monotherapy nivolumab every two weeks. At initial interim
analysis, there were significant OS benefits in the intermediate and poor-risk
group in nivolumab-ipilimumab combination compared with sunitinib arm (HR:
0.63, 99.8% CI: 0.44–0.89). The PFS was numerically greater in nivolumab-
ipilimumab combination but did not reach statistical significance (11.6 months
vs. 8.4 months; HR: 0.82, 99.1% CI: 0.64–1.05). The ORR was significantly
improved in nivolumab-ipilimumab combination compared with sunitinib arm
(42% vs. 27%, p < 0.001), with CR of 9% in nivolumab-ipilimumab combi-
nation versus 1% in sunitinib. An updated 30-month follow-up, 11% CR was
observed in nivolumab-ipilimumab combination. However, toxicity of nivolumab-
ipilimumab combination was notable, with 22% discontinuing therapy because of
toxicity [81–84]. Despite that toxicity, quality of life data demonstrated signif-
icant difference in favor of nivolumab-ipilimumab combination. Given the risk
of serious immune-related adverse events by administering nivolumab-ipilimumab
combination, shared-decision making with close surveillance is essential.

Because of angiogenesis-driven nature of mRCC, combing ICI with agents
targeting angiogenesis axis was assessed in the several trials. The combination
of anti-VEGF monoclonal antibody bevacizumab with anti-PD-L1 atezolizumab
compared with sunitinib was conducted in the first-line setting in IMmotion 151
trial (NCT02420821). Preliminary report revealed PFS was superior in the combi-
nation arm versus sunitinib arm (11.2 months vs. 7.7 months; HR: 0.74; 95%
CI: 0.57–0.96, p = 0.02), but median OS was not reached in either arm in
intention-to-treat (ITT) (HR: 0.81; 95% CI: 0.63–1.03, p = 0.09). Mature OS
is awaiting [85, 86]. The phase III JAVELIN Renal 101 trial (NCT02684006)
compared avelumab plus axitinib (VEGHR inhibitors) with sunitinib (VEGRR
inhibitors) in 886 patients with treatment-naïve mRCC. In PD-L1-positive cohort,
median PFS was 13.8 months in avelumab and axitinib combination compared
with 7.2 months in sunitinib (HR:0.61; 95% CI: 0.47–0.79, p < 0.001); death
from any cause was 13.7% in avelumab and axitinib combination compared with
15.2% in sunitinib (stratified HR: 0.82; 95% CI = 0.53–1.28, p = 0.38). In
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ITT cohort, median PFS was 13.8 months in avelumab and axitinib combina-
tion compared with 8.4 months in sunitinib (HR:0.69; 95% CI: 0.56–0.84, p <
0.001). The OS data are still immature [87–90]. Three exciting positive trials were
recently published for combination of immunotherapy with molecularly targeted
therapy and switching current treatment paradigms. The phase III KEYNOTE-
426 trial (NCT02853331) compared pembrolizumab plus axitinib with sunitinib in
861 patients with previously untreated advanced clear cell renal cell carcinoma
(ccRCC). The dual primary endpoints were OS and PFS in the ITT popula-
tion. Overall, 31%, 56% and 13% of patients were classified as IMDC favorable
risk, intermediate risk, and poor risk, respectively. At an updated follow-up of
43 months, a statistically significant improvement in OS was observed in pem-
brolizumab plus axitinib combination in comparison with sunitinib (46 months vs.
40 months; HR: 0.73; 95% CI: 0.66–0.88, p < 0.001). The median PFS and DOR
was significantly longer in pembrolizumab plus axitinib combination (16 months
vs. 11 months; HR: 0.68; 95% CI: 0.58–0.80, p < 0.001; 24 months vs. 15 months,
respectively). The ORR was better in pembrolizumab plus axitinib combination
compared with sunitinib arm (60% vs. 40%, p < 0.001), with CR of 10% in pem-
brolizumab plus axitinib combination versus 4% in sunitinib. However, 10.7% of
patients had to discontinue therapy in pembrolizumab plus axitinib combination
because of toxicity. Further, there are higher than expected Grade 3 or more hep-
atic transaminitis in pembrolizumab plus axitinib combination [91, 92]. The reason
for higher hepatic transaminitis is, to date, unknown. The exact causes for higher
risk hepatic transaminitis in pembrolizumab plus axitinib combination were needed
to be clarified for optimizing usage of pembrolizumab plus axitinib combination
in clinical context. Despite these adverse events, in 2019, the FDA-approved pem-
brolizumab plus axitinib for the first-line treatment of patients with advanced RCC
in terms of survival benefit (OS and PFS) of KEYNOTE-426 (NCT02853331).
The phase III CheckMate 9ER trial (NCT03141177) randomized 651 patients
with previously untreated advanced RCC to nivolumab plus cabozantinib (a tyro-
sine kinase inhibitors inhibit MET (hepatocyte growth factor receptor protein)
and VEGFR, RET, GAS6 receptor (AXL), KIT, and Fms-like tyrosine kinase-
3) or sunitinib. Overall, 22%, 58%, and 20% of patients were classified as IMDC
favorable risk, intermediate risk, and poor risk, respectively. At median follow-
up of 18.1 months, a statistically significant improvement in OS was observed in
nivolumab plus cabozantinib combination in comparison with sunitinib (not reach
vs. not reach; HR: 0.60; 95% CI: 0.40–0.89, p = 0.001). The median PFS and DOR
were significantly greater in nivolumab plus cabozantinib combination (17 months
vs. 8 months; HR: 0.51; 95% CI: 0.41–0.64, p < 0.001; 20 months vs. 12 months,
respectively). The ORR was much better in nivolumab plus cabozantinib combi-
nation compared with sunitinib arm (56% vs. 27%, p < 0.001), with CR of 8% in
nivolumab plus cabozantinib combination versus 5% in sunitinib. Efficacy benefits
were consistent across all risk groups in nivolumab plus cabozantinib combination.
Although adverse events of any cause of Grade 3 or higher occurred in nivolumab
plus cabozantinib combination with 19.7% patients discontinuing at least one of
the trial drugs owing to toxicity, patients reported better health-related quality of
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life in nivolumab plus cabozantinib combination arm than in sunitinib arm [93, 94].
Based on these positive findings of CheckMate-9ER (NCT03141177), the FDA
approved the combination of nivolumab and cabozantinib as first-line treatment
for patients with advanced RCC on January 22, 2021. In the third positive trial,
phase III CLEAR trial (Study 307/KEYNOTE-581; NCT02811861), 1069 patients
with treatment-naïve advanced RCC were randomized to lenvatinib (multi-kinase
inhibitors inhibit vascular endothelial growth factor receptors VEGFR1, 2, and 3,
as well as fibroblast growth factor receptors (FGFR) 1, 2, 3 and 4, platelet-derived
growth factor receptor (PDGFR) alpha, c-Kit, and the RET proto-oncogene) plus
pembrolizumab, lenvatinib plus everolimus or sunitinib. Overall, 33%, 56%, and
11% of patients were classified as IMDC favorable risk, intermediate risk, and
poor risk, respectively. After a median follow-up of 26.6 months, median PFS
was longer in lenvatinib plus pembrolizumab than in sunitinib (23.9 months vs.
9.2 months; HR: 0.39; 95% CI: 0.32–0.49; P < 0.001) and was longer in lenva-
tinib plus everolimus than in sunitinib (14.7 months vs. 9.2 months; HR:0.65;
95% CI, 0.53 0.80; P < 0.001). Overall survival was longer in lenvatinib plus
pembrolizumab than with sunitinib (HR: 0.66; 95% CI: 0.49–0.88; P = 0.005) but
was not longer in lenvatinib plus everolimus in with sunitinib (HR: 1.15; 95% CI:
0.88–1.50; P = 0.30). The ORR was much better in lenvatinib plus pembrolizumab
combination and lenvatinib plus everolimus compared with sunitinib arm (71%
vs. 54% vs. 36%), with CR of 16% in lenvatinib plus pembrolizumab combina-
tion, 10% in lenvatinib plus everolimus versus 4% in sunitinib. Grade 3 or higher
adverse events emerged or worsened during treatment in 82.4% of the patients in
lenvatinib plus pembrolizumab, with discontinuation of lenvatinib, pembrolizumab,
or both drugs in 37.2% of patients (lenvatinib, 25.6%; pembrolizumab, 28.7%; both
drugs, 13.4%); dose reduction of lenvatinib in 68.8% of patients; and interruption
of lenvatinib, pembrolizumab, or both drugs in 78.4% of patients [95, 96]. Sub-
sequently, on August 10, 2021, FDA-approved the combination of lenvatinib plus
pembrolizumab for first-line treatment of adult patients with advanced renal cell
carcinoma, based on the positive results of CLEAR (Study 307/KEYNOTE-581;
NCT02811861) (Table 7.1).

Given promising results from ongoing and completed trials, many issues
remain. How do we build on nivolumab and ipilimumab from CheckMate 214,
pembrolizumab plus axitinib from KEYNOTE-426, nivolumab plus cabozantinib
from CheckMate 9ER, and lenvatinib plus pembrolizumab from CLEAR? As clin-
ical practice changes, how will we measure our ongoing phase 3 trials against
older control—sunitinib, past standard of care? Are all anti-PD-1 and anti-PD-
L1 inhibitors equivalent? How do we increase CRs—reaching flat tail of survival
curve? Do we stop therapy from CRs or near-CRs and When? How about duration
of therapy? When should we stop in responders?

Could we treat beyond progression? What is optimal schedule of treatment
(q2wk vs. q3wk vs. q4wk)? Is flexible-dose based on body surface area or body-
weight better than fixed flat dose? How do we manage the toxicity with these
combinations to increase adherence or patient compliance? What biomarkers are
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there which will improve our outcomes and select patients for immunotherapy
combination and immunotherapy and VEGF-TKI combinations?

7.4 Immunotherapy in Prostate Cancer

Since the discovery of androgen deprivation therapy (ADT) by Dr. Charles Hug-
gins in 1941, ADT has been the cornerstone of treatment for advanced prostate
cancer. Despite initial success of ADT, most men eventually stop responses and
progress to castration resistance within 1–3 years. The advent of intensified upfront
therapy either with docetaxel or novel androgen receptor-axis-targeted therapies
has heralded a new era after several decades of a “stagnant landscape”. Criti-
cal questions regarding how best to customize their delivery and/or incorporate
novel therapeutics to maximize clinical benefits are yet unanswered. Further,
there are unmet clinical needs for therapeutic strategies, which can transform
metastatic castration-resistant prostate cancer (mCRPC) from lethal disease to
chronic disease, even cure. Could immunotherapy tsunami change the journey of
mCRPC?

Traditionally, prostate cancer has been considered to be an immune desert.
Unlike other solid tumors, prostate cancer has never shown a strong immune infil-
trate within the tumor. Also, prostate tumors present metabolically hostile tumor
microenvironment with increased glycolysis, which suppresses T-cell function.
Meanwhile, prostate cancer has a low tumor mutation burden, which results in low
neoantigen expression compared with other tumor types. As a result, immunother-
apy for prostate cancer might be less effective. Despite low somatic alteration
burden, prostate cancer expresses higher number of DNA damage and repair gene
defects. Mutations in DNA damage and repair genes especially in members of the
homologous recombination repair pathway both somatic and germline might make
prostate cancer immune sensitive. Further, it has been observed that ADT sensi-
tizes prostate cancer to patient’s cell-mediated immune response. Immunotherapy
might offer therapeutic potential for selected metastatic prostate cancer patients
[22, 97–102].

In a double-blind, placebo-controlled, multi-center, phase III IMPACT trial
(NCT00065442), 512 patients with asymptomatic or minimally symptomatic
mCRPC were randomized to receive placebo or sipuleucel-T (intravenously every
two weeks for three cycles). At a median follow-up of 36.5 months, sipuleucel-
T prolongs median survival by 4.1 months compared with results in those treated
with placebo (25.8 months vs. 21.7 months; HR = 0.759; p = 0.017) [102–106]. In
2010, FDA-approved sipuleucel-T, a dendritic cell vaccine activated using prostate
acid phosphatase and granulocyte colony-stimulating factor, for asymptomatic or
minimally symptomatic mCRPC. However, due to high costs, logistics of infu-
sion, and unavailability of sipuleucel-T outside the US, its use remains limited.
Recently, checkpoint inhibitors have been investigated in several clinical trials. In
two phase III trials—CA184-043 and CA184-095 in mCRPC, despite long-lasting
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CR after ipilimumab in some mCRPC patients, ipilimumab showed no signifi-
cant survival improvement compared with placebo [107, 108]. Currently, there
are no ICI approved for PC except pembrolizumab granted accelerated approval
for adult and pediatric patients with unresectable or metastatic, microsatellite
instability-high (MSI-H) or mismatch repair deficient (dMMR) solid tumors that
have progressed following prior treatment and who have no satisfactory alternative
treatment options by FDA on May 23, 2017.

For prostate cancer, based on current evidence of sipuleucel-T and checkpoint
inhibitors, prostate cancer is an immunologically recognized disease, not totally
“immune cold” or “immune desert.” The questions on whether mCRPC patients
could benefit from other immunologic treatments such as vaccines, antibody-drug
conjugates, bispecific antibodies, or CAR T cells are still not clear. Also, there
are no available biomarkers or genomics clues to predict “right” population to
benefit immunotherapy. Is it better to treat in earlier disease, rather than late disease
with large tumor burden? Should we be interrogating tumor/peripheral blood/or
bone marrow throughout the disease dynamic in order to profile immune changes
throughout the tumor microenvironment? Is there any way to predict who will
respond to an immune therapy in patients without mutations relevant to agnostic
indications of ICI? More research is needed to explore potential genetic and/or
biomarkers that facilitate to identify which patients will respond to ICI.

7.5 Immunotherapy in Testicular Cancer

Testicular germ-cell tumors (GCT) are one of curable cancers with highest cure
rate in solid tumors with advanced-stage disease. Given high 5-year survival rate
in testicular GCTs, approximately 10–40% of patients fail first-line cisplatin-based
regimens and require second-line salvage therapies, either with standard-dose sal-
vage chemotherapy or high-dose chemotherapy with/without stem cell transplant.
However, subsequent relapses are incurable and tough to tackle, with grave prog-
noses. Currently, there are no FDA-approved agents for testicular GCTs [109]. In
retrospective studies, testicular GCTs expressed PD-L1. High PD-L1 expression
in testicular GCTs was correlated with poor prognosis, compared with low PD-
L1 expression, with inferior OS and PFS. These findings give insight to potential
benefit of ICI for patients with testicular GCTs, though testes are immunologi-
cally privileged sites. In some series of patients’ cohorts, ICI seems to be efficient
in carefully selected patients with platinum-refractory GCT. However, predic-
tive markers associated with tumor response are not yet known. In a phase II
trial of pembrolizumab in patients with platinum-refractory germ-cell tumors—
a Hoosier Cancer Research Network Study GU14-206, pembrolizumab is well
tolerated but does not demonstrate clinically meaningful single-agent activity in
refractory GCT [14]. Until more mature definitive data became available, ICI in
testicular GCTs remains an experimental approach and larger prospective clinical
trials are warranted.
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7.6 Immunotherapy in Penile Cancer

Despite substantial advances in systemic therapy in the past decade, the prognosis
of advanced penile squamous cell carcinoma (PSCC) remains disproportionally
poor. Effective salvage therapies for penile squamous cell carcinoma after fail-
ure of platinum-based therapy were limited. Due to dismal character of metastatic
PSCC, there is urgent need for alternative treatment options with more favorable
outcomes and a lower toxicity profile. Genomic analyses, such as next-generation
sequencing, have provided transformative knowledge on the genomic roadmaps
and tumor microenvironment of PSCC. Approximately one-quarter of patients with
metastatic PSCC have clinically actionable genomic alterations in mammalian tar-
gets of rapamycin, DNA repair, and receptor tyrosine kinase pathways. And PSCC
is genetically similar to other HPV-driven cancers. In addition, 40–60% of PSCC
tumors show strong PD-L1 expression, and the frequency of mutational signa-
tures is suggestive of low immunotherapy resistance, pointing to the potential
of immunotherapy as new modality for PSCC. There are multiple ongoing tri-
als to explore the role of immunotherapy in this context, including combined and
sequential targeted therapies and HPV-targeted therapies. Owing to the rarity of
this condition, it is of great importance to pursue further research to unveil this
disease [10, 11, 50, 109–112].

7.7 Perioperative Immunotherapy as Window
of Opportunity to Cure—Paradigm-Changing

Adjuvant therapy is a treatment strategy to improve cure rate and prolonged sur-
vival after surgical removal of tumor. Despite numerous worthwhile attempts, no
adjuvant immunotherapy has shown a consistent clinical benefit with broad use
in clinical practice. This year, two positive signals of adjuvant immunotherapy
trials might change current treatment paradigms. The randomized, double-blind,
placebo-controlled phase III CheckMate 274 trial (NCT02632409), 709 patients
who were within 120 days of radical resection of UC of the bladder or upper uri-
nary tract (renal pelvis or ureter) at high risk of recurrence were randomized to
receive nivolumab 240 mg or placebo by intravenous infusion every 2 weeks until
recurrence or until unacceptable toxicity for a maximum treatment duration of
1 year. The primary efficacy endpoint was disease-free survival (DFS) in the ITT
population and in patients with tumors expressing PD-L1≥1%. At a prespecified
interim analysis, a statistically significant improvement in DFS was demonstrated
in patients on the nivolumab arm versus placebo for both primary endpoints. In
the ITT analysis, the median DFS was 20.8 months in nivolumab arm compared
with placebo arm with 10.8 months (HR 0.70; 98.22% CI: 0.55–0.90, p < 0.001).
For patients with tumors expressing PD-L1≥1%, median DFS was not reached
in nivolumab arm versus 8.4 months in placebo arm (HR 0.55; 98.72% CI: 0.35–
0.85, p < 0.001). In an exploratory analysis of patients with PD-L1-negative tumors
(58%), the unstratified DFS HR estimate was 0.83 (95% CI: 0.64–1.08). OS data
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is immature with 33% of deaths in the overall randomized population. In the upper
tract urothelial carcinoma subpopulation, 37 deaths occurred (20 in the nivolumab
arm, 17 in the placebo arm) [113]. On August 19, 2021, FDA-approved nivolumab
for the adjuvant treatment of patients with UC who are at high risk of recurrence
after undergoing radical resection. This is the first FDA approval for adjuvant
treatment of patients with high-risk UC.

In phase 3 KEYNOTE-564 trial (NCT03142334), 994 patients with histologi-
cally confirmed clear cell RCC who had undergone nephrectomy up to 12 weeks
before randomization were randomized to receive either pembrolizumab at a dose
of 200 mg every 3 weeks for approximately 1 year or placebo for the same sched-
ule. The primary endpoint of the trial was investigator-assessed DFS, and a key
secondary endpoint was OS. Another important endpoint of the trial was safety.
At the prespecified interim analysis, pembrolizumab arm was associated with sig-
nificantly longer DFS than placebo (DFS at 24 months, 77.3% vs. 68.1%; HR
for recurrence or Death = 0.68; 95% CI: 0.53–0.87, P = 0.002). The estimated
percentage of patients who remained alive at 24 months was 96.6% in the pem-
brolizumab arm and 93.5% in the placebo group (HR for death = 0.54; 95% CI:
0.30–0.96). Regarding safety, all-cause adverse effects were reported in 96.3%
in adjuvant pembrolizumab arm versus 91.1% in placebo arm. All-cause toxici-
ties resulted in treatment discontinuation in 20.7% in pembrolizumab arm (alanine
aminotransferase increased (1.6%), adrenal insufficiency (1%), colitis (1%), listed
adverse events≥1%) and 2.0% of those in placebo arm [114, 115]. On Aug 10,
2021, FDA has granted priority review to a new supplemental biologics license
application (sBLA) for pembrolizumab as an adjuvant treatment in patients with
RCC who are at intermediate-high or high risk of recurrence after nephrectomy or
following nephrectomy and resection of metastatic lesions. The regulatory agency
is expected to reach a decision on the sBLA by December 10, 2021, under the
Prescription Drug User Fee Act.

Given these positive signals of better DFS and manageable side effects from two
adjuvant immunotherapy trials in genitourinary cancer, some issues are needed to
be addressed. In clinical settings, patients were risk stratified by clinical and patho-
logical adverse features. Could circulating tumor DNA profile be integrated into
clinical decision tree to refine risk stratification to identify patients truly at high
risk for recurrence or disease progression and avoid overtreatment for low-risk
patients, and to monitor disease status or therapeutic response? Could adjuvant
therapy delay subsequent therapy? Could adjuvant therapy negatively impact effi-
cacy of subsequent therapies? As no clinically meaningful change of quality of
life and acceptable safety profile is present, could DFS be a clinical meaningful
surrogate—quality and/or quantity time under the context of potent subsequent
therapies? Further studies to explore clinical benefits of adjuvant immunotherapy
are awaiting.
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7.8 Conclusion

“Tumor Biology is King, Selection is Queen, Technical maneuvers are the Prince
and Princess.” Occasionally the prince and princess try to usurp the throne, some-
times with temporary apparent victories, usually to no long-term avail; they almost
always fail to overcome the powerful forces of the King and Queen ~Dr. Blake
Cady” [116].

Exciting scientific advances in the understanding of the biology of genitouri-
nary malignancy growth have opened up future avenues of clinical development
for genitourinary malignancy therapies and possibly point to the next treatment era
on the horizon. However, ideal strategy for cancer care is to provide not just more
time, but more quality time: there remain unmet needs for novel therapies that
exploit molecular or genetic pathways to extend survival without compromising
health-related quality of life for patients with advanced genitourinary malignan-
cies. Treatment paradigm has been moving from “one fits for all” to “deliver the
right treatment to the right patient at the right time”. There are many great ques-
tions answered in upcoming and ongoing proof-of-concept clinical trials, and it
will be interesting to see how the field evolves and how patient outcomes improve
with further research. “Precision and personalized therapy” will be the future of
cancer therapy.
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8Immune-Based Therapeutic
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Sherif S. Farag, and Jennifer E. Schwartz

8.1 Introduction

Acute Myeloid Leukemia (AML) is a myeloid malignancy characterized by the
neoplastic transformation of primitive hematopoietic stem or progenitor cells.
Abnormal cell proliferation and differentiation result in a high level of imma-
ture malignant cells and fewer differentiated red blood cells, platelets, and white
blood cells. With an estimated 21,000 new cases of AML in the United States in
2020, AML represents the second most common type of leukemia overall and the
most common acute leukemia presenting in the adult patient, with a median age at
onset of approximately 65 years [1]. Treatment outcomes and survival have been
historically dismal for patients afflicted with this condition, as evidenced by 5-year
overall survival rates of less than 30% [2]. Despite much progress in the molecu-
lar understanding of AML pathogenesis, since the 1970s, AML-directed treatment
protocols rely on Cytarabine- and Anthracycline-based combinations [3]. Allo-
geneic stem cell transplantation (allo-SCT) offers the best opportunity at cure for
those patients with high-risk AML deemed “medically fit” to tolerate intensive
therapies [4].

Allo-SCT is the most fundamental form of immunotherapy and provides his-
torically the evidence that AML is an immuno-responsive disease. The ability of
donor T and NK cells to recognize and eradicate AML is responsible for the
graft-versus-leukemia (GvL) effect, which is a major mechanism for the curative
effect of allo-SCT. This was identified early in the development of stem cell trans-
plantation; initially through the clinical observation of its relation to Graft versus
Host Disease (GvHD) [5] and then demonstrated through dramatic improvement
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via the use of Donor Lymphocyte Infusions (DLI) [6]. However, there are signifi-
cant limitations for allo-SCT. It has the best outcomes in first complete remission
(CR1), and many patients with high-risk AML do not achieve a first remission [7].
Donor allo-immune responses also affect healthy tissues (GvHD), carrying signif-
icant risks of treatment-related morbidity and mortality. GvHD and GvL often
co-occur and, a major barrier to exploiting the full immunotherapeutic benefit of
donor immune cells against patient leukemia is the immunosuppression required
to treat GvHD. Understanding the antigenic basis of immune responses in GvL
compared to GvHD that might go beyond the incompatibility at minor and major
histocompatibility antigens will help develop more beneficial targeted therapies.

We will discuss alternative and synergistic therapeutic rationales that have been
developed to harness the anti-leukemic immune responses against patient AML
cells. We will analyze the use of immune checkpoint inhibitors such as Ipilimumab
and Nivolumab in unleashing the endogenous immune system against AML cells,
the advantages of using bispecific antibodies recruiting T cells to attack AML
cells independently of the T cell receptor (TCR) specificity and the novel uses of
Chimeric Antigen Receptor (CAR) T cell therapy redirecting T cell specificity
and antibody-mediated therapies recognizing AML cell surface molecules. We
will emphasize the disease-specific challenges in developing safe and effective
immunotherapies. Finally, we will discuss the most relevant areas of preclinical
and clinical research in the field.

8.2 Immune Checkpoint Inhibitors Reactivating Endogenous
T Cell Responses

The release of negative regulators of immune activation (immune checkpoints) that
limit antitumor responses has resulted in unprecedented rates of long-lasting tumor
responses in patients with solid tumors. This can be mainly achieved by antibod-
ies blocking the cytotoxic T lymphocyte antigen-4 (CTLA-4) or the programmed
death-1 (PD-1) pathway, either alone or in combination [8, 9]. The main premise
for inducing an immune response is the pre-existence of antitumor T cells that
were limited by specific immune checkpoints.

In AML models, binding of PD-1 to PD-L1 results in suppression of prolifer-
ation and immune response of T cells [10] and PD-1 positive T cells have been
detected in bone marrow aspirates of patients [11, 12] however, CTLA-4 and PD-
1/PD-L1 inhibitor monotherapy in AML patients have resulted in mixed response
rates.

Berger et al., reported that a single administration of CT-011, a humanized
IgG1 monoclonal antibody targeting PD-1 led to clinical benefit in patients with
advanced hematologic malignancies including AML. The objectives of this phase
I study were to assess the dose-limiting toxicities, to determine the maximum
tolerated dose, and to study the pharmacokinetics of CT-011 administered once to
patients with advanced hematologic malignancies. Seventeen patients were treated
with escalating doses of CT-011 ranging from 0.2 to 6 mg/kg. The study showed
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the antibody to be safe and well tolerated in this patient population. No single
maximum tolerated dose was defined. Clinical benefit was observed in 33% of the
patients with one complete remission (CR). Sustained elevation in the percentage
of peripheral blood CD4+ lymphocytes was observed up to 21 days following
CT-011 treatment [13].

Davids et al., conducted a phase 1/1b multicenter study to determine the
safety and efficacy of Ipilimumab (a monoclonal antibody targeting CTLA-4; anti-
CTLA-4 inhibitor) in patients with relapsed AML after allo-SCT. Patients received
induction therapy with Ipilimumab at a dose of 3 or 10 mg/kg of body weight
every 3 weeks for a total of four doses, with additional doses every 12 weeks for
up to 60 weeks in patients who had a clinical benefit. A total of 28 patients were
enrolled. Among 22 patients who received a high dose of 10 mg/kg, 5 (23%) had
a complete response, 2 (9%) had a partial response, and 6 (27%) had decreased
tumor burden. Four patients had a durable response for more than 1 year. Grade
3–4 immune-related adverse events were noted in 6 (21%) of patients and develop-
ment of GVHD to the point that it precluded further Ipilimumab treatment occurred
in 4(14%) of patients [14].

Reville et al., designed a phase II clinical trial to study the efficacy and safety
of a PD-1 inhibitor Nivolumab as single-agent maintenance in high-risk AML in
remission not being considered for allo-SCT. Eligible patients had AML in remis-
sion (defined as CR, CR with incomplete hematologic recovery [CRi], or partial
remission [PR]). Patients were defined as having high-risk disease by any of the
following: in 1st CR with secondary AML; high-risk cytogenetics at diagnosis;
fms-related tyrosine kinase three internal tandem duplication mutated at diagno-
sis; the presence of measurable residual disease assessed by flow cytometry at
time of enrollment; or 2nd CR or greater regardless of disease characteristics at
the time of initial diagnosis. Patients received induction and at least one cycle
of consolidation chemotherapy and achieved a CR within 12 months of protocol
enrollment. Patients received Nivolumab at a dose of 3 mg/kg intravenously every
2 weeks. Cycles are repeated every 28 days in the absence of disease progres-
sion or unacceptable toxicity. After cycle 6, patients received Nivolumab every
4 weeks. After cycle 12, patients received Nivolumab every 3 months until dis-
ease relapse. The primary outcome was recurrence-free survival (RFS) rate at six
months. Secondary outcomes were to evaluate measurable residual disease (MRD)
by flow cytometry as a predictor of response. 15 patients were enrolled and median
RFS was 8.48 months and only two out of nine patients that were MRD positive
on enrollment converted to MRD negative. 5 patients experienced non-immune-
related adverse events (AE) and six patients experienced immune AEs including
two patients with Grade 3 pneumonitis and one patient with Grade 4 ALT elevation
[15].

Given that, use of immunotherapy in combination with other agents has also
been explored. The rationale behind this strategy also includes potential increase
in neoantigen generation upon chemotherapy and hypomethylating drugs. Ravandi
et al., aimed to assess the addition of Nivolumab to frontline therapy with
idarubicin and cytarabine in patients with newly diagnosed AML or high-risk
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myelodysplastic syndrome (MDS). The primary endpoint was event free sur-
vival. Nivolumab was started at 3 mg/kg dosing on day 24 and continued every
2 weeks for up to 1 year in responders; at a median follow-up of 17.25 months the
median RFS for responders was 18.54 months with 43% of patients proceeding to
allo-SCT where Grade 3 to 4 GvHD was observed in 26% of patients [16].

Daver et al., evaluated the combination of Nivolumab and Azacytidine in a
phase II trial of 70 patients with relapsed/refractory (R/R) AML. The overall
response rate (ORR) was 33%, including 15 (22%) CR/CRi, 1 PR, and seven
patients with hematologic improvement maintained>6 months. Six patients (9%)
had stable disease>6 months. The ORR was 58% and 22%, in hypomethylating
agent (HMA)-naive (n = 25) and HMA-pretreated (n = 45) patients, respectively.
Grade 3 to 4 immune-related adverse events occurred in 8 (11%) patients [17].

An immune checkpoint inhibitor targeting TIM-3 (T cell immunoglobulin and
mucin domain 3) showed reduced tumor progression and improved antitumor T
cell responses in preclinical models [18]. Researchers have found that TIM-3 is
expressed in leukemic stem cells (LSC) and progenitors [19, 20], and its expres-
sion is associated with disease progression [21]. Sabatolimab (MBG453) is a high
affinity, humanized, IgG4 antibody targeting TIM-3 which is currently being stud-
ied in a clinical trial. Borate et al., reported the first results of such multicenter,
open-label, phase 1b dose-escalation study to evaluate MBG453 combined with
decitabine or azacitidine in patients with high-risk MDS or AML (NCT03066648).
Patients with high-risk MDS and newly diagnosed (ND) or R/R AML were
eligible if they were HMA “i” and not candidates for intensive chemotherapy.
Primary objectives were safety/tolerability. For de novo AML patients treated
with decitabine, the ORR was 41% and for R/R AML patients 24%; 4 CR and
1 CRi were reported in the de novo cohort and all patients that responded in
the R/R cohort had CRi. For patients treated with azacytidine, ORR was 27%
for the de novo AML cohort and only one patient achieved CR. Both combina-
tions were well tolerated. With MBG453+Dec and MBG453+Aza, respectively
most common Grade 3/4 AEs were thrombocytopenia (41%; 52%), febrile neu-
tropenia (46%; 21%), neutropenia (42%; 38%), and anemia (25%; 28%). For
MBG453+Dec, only 4 pts (3 AML, 1 MDS) experienced ≥1 potentially immune-
related (IR) Gr≥3 AE (ALT increase, arthritis, hepatitis, hypothyroidism, rash).
For MBG453+Aza, no patient experienced treatment-related Grade≥3 potential
IR AEs. No treatment-related Grade 4 IR AEs or deaths were seen with either
combination [22].

Magrolimab is a monoclonal antibody against CD47 and a macrophage check-
point inhibitor designed to interfere with recognition of CD47 by the SIRPα

receptor on macrophages, thus blocking the “do not eat me” signal used by cancer
cells to avoid being ingested by macrophages [23]. Sallman et al., reported the
first results of the phase 1b trial for treatment-“i” AML patients unfit for intensive
chemotherapy. 68 patients (39 patients with high-risk MDS and 29 AML patients)
were treated with magrolimab and azacitidine. ORR in evaluable MDS patients
was 91% and 64% in evaluable AML patients. Clinical activity was also observed
in the p53 mutant subset associated with a worse prognosis and high rates of
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chemoresistance and relapse [24]. In this study the ORR of 12 TP53 mutant AML
patients was 75% (42% CR, 33% CRi, 17% SD, 8% PD) and, out of the entire
cohort, 91% of MDS and 100% of AML responding patients maintained their
response at 6 months. Adverse events included anemia (38%), fatigue (21%), neu-
tropenia (19%), thrombocytopenia (18%) and infusion reaction (16%); only one
patient discontinued treatment due to adverse events [25].

In conclusion, the addition of immune checkpoint inhibitors to AML treatment
remains under investigation. A major roadblock is the fact that AML patients
present a low mutation burden (13–16 mutations per megabase in de novo AML)
compared to solid tumors [26]. Due to this, immune recognition of potential
neoantigens, arising from mutated genes, is less probable and thus less likely to
be responsive to immune checkpoint blockade monotherapy [27–31]. Yet, HLA
expression and proteasomal antigen processing are often downregulated in AML
as a mechanism of tumor immune escape [32] thus, preventing the AML antigen
presentation capacity to cytotoxic T cells.

8.3 Bispecific Antibodies Recruiting T Cells Independently
of T Cell Receptor (TCR) Specificity

Bispecific antibodies are recombinant proteins that recruit T cells, through CD3
engagement, and target tumor cells through binding to a tumor-associated antigen.
The engagement of CD3 (part of the T cell receptor) induces both proliferation of
CD4 and CD8 T cells and cytotoxic activity by CD8 and in part CD4 cells against
the target, to eliminate cancer cells [33]. Binding between effector cells and tumor
cells facilitates the formation of cytolytic synapses inducing the apoptosis of the
tumor cells and under specific circumstances the release of cytokines to amplify
the immunological response by involving other immune cells or induce T cells
proliferation [34].

In this scenario, the class of bispecific antibodies (bsAbs), also known as dual-
targeting molecules, includes antibodies or single-chain variable fragments (scFv)
derived from the Fab fragment of the IgG immunoglobulin, composed of the VH
and VL domains attached with a linker, to physically bridge two or more cells
[35]. Different formats of bispecific antibodies have been developed such as bis-
pecific T cell engagers (BiTEs), tandem antibodies combining two scFVs for each
target and thus maintaining the avidity of a bivalent antibody, DuoBody antibodies,
affinity-tailored adaptors for T cells, dual affinity retargeting (DART) antibodies
and tetravalent bispecific antibodies (Fig. 8.1). Dual affinity retargeting antibodies
(DARTs) consist of variable domains of two antigen-binding specificities linked
to two independent polypeptide chains. Each variable domain is formed by asso-
ciating one VL segment on one chain with a VH segment on a second chain,
covalently linked via disulfide bridge.

A major challenge in translating the success of bispecific antibody constructs in
B-cell CD19+ malignancies to AML has been the identification of suitable target
antigens.
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Fig. 8.1 Bispecific antibodies. a Bispecific T Cell Engager (BiTE): two single chain variable
fragments (scFv) derived from Fab fragment of the IgG immunoglobulin, composed of VH and
VL domains per antigen attached with a single polypeptide linker. b Dual affinity retargeting
(DART): variable Regions of two antigen-binding specificities linked by two independent polypep-
tide chains. Each variable domain is formed by associating one VL segment on one chain and a VH
segment on another chain, linked via disulfide bridge. c Tandem antibodies: tetravalent antibodies
consisting of two VLs/VHs pairs from two distinct Fv, meaning they do not carry Fc domains. d
Duobody: full-length human IgG bispecific antibody (bsAb) recognizing two targets, generated by
controlled Fab-arm exchange

AMG 330 is a BiTE targeting CD3 and CD33 which was found to have activ-
ity in preclinical models, taking advantage of the frequent expression of CD33 in
AML [36]. Ravandi et al., evaluated the efficacy of AMG 330 in a phase I trial
for R/R AML (NCT#02520427). Eligible patients were ≥18 years old with >5%
blasts in bone marrow and ≥1 line/s of prior therapy. 7 patients out of 55 enrolled
achieved CR including four with incomplete hematologic recovery and a median
duration of response of 58.5 days. 100% of patients reported AEs with 67% of
patients experiencing cytokine release syndrome (CRS) and 13% having Grade 3
or greater CRS [37]. In vitro, long-term cultures of primary AML blasts in the
presence of AMG330 induced T cell activation, PD-L1 overexpression on T cells,
release of IFN-γ, TNF-α, IL-2, IL-10, and IL-6 [38, 39] and reduced bone marrow
immune-suppressive CD14+ HLA-DRlow monocytic like myeloid-derived suppres-
sor cells [40]. These findings provided the rationale for combining AMG330 with
pembrolizumab in an ongoing clinical trial. Recently, a new approach based on
the combination of T cell engagers with immune checkpoint blockade in a sin-
gle molecule, using a bifunctional checkpoint inhibitory T cell-engaging (CiTE)
antibody that combines T cell redirection to CD33 on AML cells with locally
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restricted immune checkpoint blockade has been proposed, which could lead to
increased clinical activity by combining the effects of checkpoint inhibitors and
bispecific antibodies in a single molecule [41]. A challenge of AMG330 is its
short half-life requiring continuous intravenous infusion. Other CD33xCD3 bis-
pecific antibodies in clinical trials include AMG 673 (NCT03224819), AMV564
(NCT03144245), GEM333 (NCT03516760) and JNJ-67571244 (NCT03915379)
in adult patients with R/R AML.

Flotetuzumab is a bispecific CD3 and CD123 dual affinity retargeting (DART)
protein that engages T cells with CD123 expressing neoplastic cells [42]. CD123
has been identified both in blast cells [43] as well as Leukemic Stem Cells (LSC)
[44]; it is expressed in around 45% of leukemic cells and has been associated with
worse prognosis in AML, with patients expressing higher rates of CD123 showing
significantly lower rates of response to induction when compared to patients with
a lower expression of CD123 [45]. It confers a survival advantage over normal
hematopoietic stem cells that do not express it via the formation of heterodimers
with the cytokine receptor common beta chain CD131, whose activation-induced
tyrosine phosphorylation that results in the activation of the JAK-STAT signaling
pathway [46]. In an early phase trial, 38 patients with R/R AML deemed to be pri-
mary induction failure (PIF) or early relapse (ER) were treated with flotetuzumab
at 500 ng/kg/day. The ORR rate was 42.1%, with seven patients achieving CR,
with 68.8% proceeding to receive SCT. PIF patients showed an ORR of 45.8%,
with five patients achieving CR. ORR for ER patients was 35.7% with two patients
achieving CR. Median OS was 4.5 months. CRS occurred in all patients, includ-
ing 13.3% at Grade 3 or above. T cell infiltration and the presence of CD123+
cells in the bone marrow are associated with response, on the other hand, non-
responders had elevated PD-L1 levels, suggesting the use of PD-L1 inhibitors as a
potential way to overcome resistance [47]. Current trials are ongoing in R/R AML
or Intermediate/High-risk MDS [48].

Uy et al., reported the results of a multicenter, open-label, phase 1/2 study
of flotetuzumab in 88 adults with relapsed/refractory AML. 42 in a dose-finding
segment and 46 at the recommended phase 2 dose (RP2D) of 500 ng/kg per
day. Among 30 patients with PIF or ER treated at the RP2D, the CR/CRh (CR
with partial hematologic recovery) rate was 26.7%, with a CR/CRh/CRi (CR with
incomplete count recovery) of 30.0%. In patients achieving CR or CRh median
OS was 10.2 months with 12-month survival rate of 50%. Notably, flotetuzumab
induced CR even in TP53 mutated patients enrolled that represent a subset of
AML patients with especially poor response to chemotherapy and consistently
dismal outcomes. Patients with TP53 abnormalities who achieved a CR experi-
enced encouraging OS (median 10.3 months; range, 3.3–21.3 months) [49, 50]. 24
PIF and 14 ER AML patients were treated at the RP2D (median age 63 years);
the large majority (94.7) had non-favorable risk by ELN 2017 criteria. The over-
all CR/CRh/CRi rate was 42.1%, with 68.8% of patients subsequently able to
undergo allo-SCT. Median OS was 4.5 months, with a median follow-up time of
10.8 months, in the entire population, and 7.7 months in responding patients. CRS
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(cytokine release syndrome) was the most common side effect, with all patients
experiencing mild-to-moderate (Grade≤2) CRS. The incidence of CRS progres-
sively decreased during dosing at RP2D, allowing outpatient treatment in most
cases [49].

Vibecotamab (XmAb14045) is a bispecific monoclonal antibody, with a full-
length immunoglobulin molecule requiring intermittent infusions, targeting both
CD123 and CD3 and stimulating targeted T cell-mediated killing of CD123-
expressing cells. Recently, the development of a dual-targeting triple body CD33-
CD16-CD123 (SPM-2) agent, with binding sites for target antigens CD33 and
CD123, and for CD16 to engage NK as cytolytic effectors were reported, with
promising clinical activity. Blasts from all 29 patients, including patients with
genomic alterations associated with an unfavorable genetic subtype, were lysed
at nanomolar concentrations of SPM-2. Maximum susceptibility was observed
for cells with a combined density of CD33 and CD123 above 10,000 copies/cell
[51]. In vivo studies with Vibecotamab in animal models showed good activity
against CD123 cells [52]. A phase I study evaluated 104 elderly patients with a
median age of 63 years who were heavily pretreated. ORR was 14% with two
patients obtaining CR and 3 CRi [53]. Other CD123xCD3 bispecific antibod-
ies in early phase clinical trials in patients with R/R AML include SAR440334
(NCT03594955), APVO436 (NCT03647800), an optimized ADAPTIR bispecific
antibody, and JNJ-63709178 (NCT02715011).

APVO436 is an ADAPTIR (modular protein technology) molecule, consisting
of BsAbs containing two sets of binding domains linked to immunoglobulin Fc
domains, targeting CD3 and CD123 designed to reduce inflammatory cytokine
release after T cell activation, as it does not activate T cells unless the molecule
is bound to both target and effector cells [54]. In vitro and in vivo activity was
demonstrated in CD123 expressing patient samples and mouse AML models [55].
Phase I trial evaluating its safety and tolerability in R/R AML or MDS patients is
currently ongoing [56].

MCLA-117 is a modified full-length human bispecific IgG and is the only
CLEC12A x CD3 bispecific antibody currently in a clinical trial in AML patients
(NCT03038230). The target antigen, C-type lectin domain family 12 member A
(CLEC12A aka CLL-1) is expressed in the majority of AML cases, including on
LCSs, but has not been detected on healthy HSCs, making it an attractive target
[57–59]; however, trials are yet to be reported.

AMG 427 is a CD3 x FLT3 BiTE and is being evaluated in a phase I clinical
trial in adults with R/R AML (NCT03541369).

In addition to T cell-based immunotherapeutic approaches, NK cytotoxicity is
also engaged through CD16 and CD33 Bispecific Killer Cell engagers (BiKE),
showing vitro activity in killing AML [60] and MDS samples as well suppressing
MDSCs [61]. A limitation to this approach is the short in vivo survival of NK
cells, which led to the development of Trifunctional Killer Cell Engagers (TriKE)
which add IL-15 to the molecule to promote NK-cell persistence. GTB-3550 is a
TriKE currently in early phase trials which have shown promising response rates
and no observed CRS in nine patients reported so far [62].
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8.4 Chimeric Antigen Receptor (CAR) T Cells Redirecting T
Cell Specificity

Chimeric Antigen Receptor (CAR)-T cell therapy has had a dramatic effect on
the management of CD19+ pediatric Acute Lymphoblastic Leukemia (ALL) with
relapsed/refractory patients obtaining nearly 100% complete remission [63] as well
as significant impact in adult ALL with still impressive CR rates of 70%, lead-
ing to regulatory approval [64]. CARs are synthetic receptors that retarget and
reprogram T cells [65]. Unlike the physiological T cell receptor, which engages
HLA-peptide complexes, CARs bind to native cell surface molecules that do not
require antigen processing or HLA expression for tumor recognition [66]. CAR
T cells can therefore recognize cell surface target antigens on any HLA back-
ground or in tumor cells that have downregulated HLA expression or proteasomal
antigen processing, two mechanisms promoting tumor immune escape [67]. Mul-
tiple CAR T products are in trial for ALL and non-Hodgkin lymphoma (CD19+

diseases) globally now with a variety of vectors and approaches. As such, CAR
T cells are the first gene/cell therapies for cancer that have attained regulatory
approval (Fig. 8.2). CAR T cells are bespoke products that first need native T cells
to be collected from patient through leukapheresis, then T cells are engineered to
express the CAR DNA transduced and integrated through a viral vector and are
then expanded and cryopreserved ex vivo. Finally, they are tested prior to infusion
to ensure sterility and adequate T cell dosage [68]. Patients might or might not
receive bridging therapy to attain disease control during the CAR T manufactur-
ing process; however, they must all receive lymphodepleting regimens to facilitate
CAR T clonal expansion in vivo [69].

The application of CAR therapy for AML is challenged by the lack of suitable
antigens, clonal heterogeneity, and increased recognition of bone marrow immuno-
suppressive factors, which has hindered therapeutic success. Identifying a target
antigen that is exclusively expressed on AML cells including leukemia stem cells
(LSCs) is one of the foremost challenges in this emerging field [70] (Fig. 8.3).

The first clinical experience of CAR T-cell therapy in AML was reported
by Ritchie et al. who utilized a second-generation CAR—which includes a co-
stimulatory domain in addition to the CD3-zeta domain [71]—directed against the
Lewis Y antigen. Following fludarabine-containing preconditioning, four patients
received up to 1.3×109 total T cells, of which 14–38% expressed the CAR. One
patient achieved a cytogenetic remission whereas another with active leukemia had
a reduction in peripheral blood (PB) blasts and a third showed a protracted remis-
sion. They demonstrated trafficking to the BM in those patients with the greatest
clinical benefit. Furthermore, in a patient with leukemia cutis, CAR T cells infil-
trated proven sites of disease. They also demonstrated that infused CAR T cells
persisted for up to 10 months, but ultimately all patients experienced progres-
sion of disease despite CAR T persistence. No Grade 3 or 4 adverse events were
observed [72].

A Chinese phase I clinical trial studied the feasibility of anti-CD33 CAR in the
treatment of R/R AML. Only one patient was treated. Suggestions of a beneficial
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Fig. 8.2 Structure of a second-generation Chimeric Antigen Receptor. In red, the single chain
variable fragment (scFv) providing antigen specificity and binding. In green on top, the extracel-
lular domain (also known as hinge) and the transmembrane domain which crosses the cellular
membrane. In purple, the costimulatory domain which is required for CAR T cell persistence. In
dark green, the activating CD3zeta domain which is responsible of the cytotoxic activity

effect were present, but severe side effects such as fever, CRS, and pancytope-
nia were reported [73]. Tambaro et al., more recently reported the results of
single-center, single-arm, phase I clinical trial (NCT03126864) investigating the
feasibility and safety of autologous T cells, modified to express a CD33-targeted
CAR with 4-1BB and CD3ζ endo-domains and co-expressed with truncated human
epidermal growth factor receptor (HER1t) in patients with R/R AML. The goals
of this phase I clinical trial were to assess the feasibility and safety of adop-
tive transfer of the autologous CD33-CAR T cells and identify the recommended
phase II dose. Ten adults with R/R AML were enrolled; patients had received a
median of 5 (range 3–8) prior treatment regimens; three underwent prior allo-
SCT. Only 2/11 patients were able to be infused due to production failure or
rapid progression of disease [74]. Recently, an approach to treat AML by tar-
geting CD33 combines CD33-targeted CAR T cells with the transplantation of
hematopoietic stem cells that have been engineered to knock out CD33 in human
hematopoietic stem/progenitor CD34+ cells (HSPC). This was achieved by using
the CRISPR/Cas9 technology which allows to edit genes, turning selected genes on
and off quickly within cells [75]. Of note, CD33-KO HSPCs maintain their ability
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Fig. 8.3 Immune-based therapeutic interventions for AML. In clockwise fashion, we see: bispe-
cific antibodies, targeting CD3 on T cells and an AML-associated cell surface antigen on AML
cells; CAR T cells targeting an AML-associated cell surface antigen; immune checkpoint inhibitors
blocking PD-L1 on the AML cell and PD-1 on the T cell through antibodies, thus facilitating the
formation of a MHC/TCR complex; vaccines promoting the expansion of T cells reacting against
AML cells upon prior exposure to an antigen such as WT1 protein; NK immunotherapy based
on NK activating receptors, which interact with HLA class I (classical) on the AML cell surface,
leading to direct NK cytotoxicity via granzymes, IFNγ and TNF. Finally, monoclonal antibodies
directly binding to antigens on the AML cell surface

to engraft and repopulate normal hematopoiesis. A clinical trial evaluating safety
and toxicity of such approach is currently under design for R/R AML patients [76].
CD33 has been also tested as target for preclinical validation of CAR engineered
CIK cells [77]. Cytokine-induced killer (CIK) cells represent a terminally differen-
tiated CD3+ CD56+ T cell population with both T cell and NK-cell-like phenotype
and functionality. CD33 CAR-CIK cells showed significant anti-leukemic activity
in vitro and, when used in patient-derived AML xenograft models, were capable
of contrasting AML development both as early treatment and in mice with estab-
lished disease. These data may support further development and implementation
of CD33 CAR-CIK cells into early clinical trials.

Preclinical models have explored alternative targets such as CD123 [78], CLL-
1 [79], CD70 [80] and FLT-3 [81], among others [82]. A case report with CD123
CARs was part of a reduced-intensity conditioning regimen in haploidentical SCT
for R/R AML, leading to CR [83, 84]. Phase I clinical trials with CD123 CARs
are currently ongoing (NCT03766126, NCT02159495).

Autologous NKG2D CAR T cells proved ineffective in a phase I trial for
patients with R/R AML and MM [85]. Cui et al., investigated the clinical ther-
apeutic efficacy and safety of CD38-targeted CAR T (CAR T-38) cells in 6 AML
patients who experienced relapse post-allo-HSCT (NCT04351022). Four weeks
after the initial infusion of CAR T-38 cells, four of six (66.7%) patients achieved
CR or CRi; the median CR or CRi time was 191 (range 117–261) days. The
cumulative relapse rate at 6 months was 50%. The median OS and leukemia-free
survival (LFS) times were 7.9 and 6.4 months, respectively. One case relapsed
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117 days after the first CAR T-38 cell infusion, with remission achieved after the
second CAR T-38 cell infusion. All six patients experienced clinically manageable
side effects [86].

In a human xenograft mouse model, CLL-1 CAR-Ts mediated anti-leukemic
activity prolonging survival. Of note, normal progenitor cells were able to form
colonies of differentiated blood cells [87]. This means that the differentiation and
proliferation potentials of normal HSPCs remained intact following CLL-1 CAR T
treatment, suggesting a differential sensitivity of leukemic versus normal myeloid
compartment to the cytotoxic effect of CLL-1 CAR T cells [88]. Bu et al., reported
the results from a phase I clinical trial evaluating the toxicity and efficacy of the
CLL-1 CAR T in the treatment of pediatric R/R AML. 3 pediatric AML patients
were enrolled and, CAR T cells were given a dose at 0.2 – 1 × 106/kg with a single
dose. All patients achieved CR after CAR T treatment and 2/3 patients achieved
MRD negativity and were successfully bridged to allo-SCT. CRS occurred in all
three patients (2 patients experienced Grade 1 CRS and one patient Grade 2 CRS);
no neurotoxicity occurred. All patients suffered pancytopenia, granulocytopenia,
and monocytopenia [89]. Liu et al., evaluated the toxicity and efficacy of CLL1-
CD33 CAR T cells in the treatment of R/R AML and explored the possibility of
using a reduced-intensity conditioning of HSCT after such CAR therapy. 9 R/R
AML patients were enrolled (NCT03795779). Eight dual CARs were manufac-
tured from autologous cells, and a ninth was from an HLA-matched sibling donor.
All patients who received conditioning of fludarabine and cyclophosphamide and
CAR T cells were given a dose-escalation at 1~3×106/kg with a single or split
dose. Within 4 weeks post-CAR T cell infusion, 7 of 9 patients were MRD nega-
tive by flow cytometry, 2 of 9 had no response, one of which was CD33+/CLL1−,
indicating the importance of CLL1 target in the CAR T treatment. For the seven
patients who reached MRD negativity, six patients moved to a subsequent HSCT,
except one patient, who withdrew from the study due to a personal issue. One of
six received a standard myeloablative conditioning; 5 of 6 received a reduced inten-
sity regimen. Five patients successfully engrafted with a persistent full chimerism,
except one who died of sepsis on day +6 before engraftment. CRS occurred in
eight patients (3 Grade I, 3 Grade II, and 2 Grade III). Neurotoxicity occurred in
four patients (1 Grade I and 3 Grade III). All patients suffered Grade IV pancy-
topenia, five had a mildly increased liver enzyme, four had a coagulation disorder,
four with diarrhea, one with skin rash, 1with renal insufficiency, three with sepsis,
two with fungi infection, and three with pneumonia [90].

A splice variant of the adhesive receptor CD44 has been used as CAR target
in AML. CD44 is a glycoprotein involved in cell–cell and cell–matrix interactions
and is widely expressed both in hematologic and solid neoplasms. The isoform
contains the variant domain 6 of CD44 gene (CD44v6) and contributes to the can-
cer stem cell phenotype. CD44v6-targeted CAR T cells in AML and MM are being
explored in a phase I/II clinical trial, to evaluate their safety and early efficacy
(NCT04097301).

CD8+and CD4+T cells expressing an FLT3-specific CAR have been developed,
demonstrating potent reactivity against wild-type or mutated FLT3 AML cells [91].
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Of interest, the FLT3-inhibitor crenolanib increased surface expression of FLT3
thus eliciting CAR T cells recognition and activity. However, FLT3-CAR T-cells
also recognized normal HSCs in vitro and in vivo, being profoundly myelotoxic.

Currently, there are about 50 active trials registered to use CAR T technology
for the treatment of AML from clinicaltrials.gov.

8.5 Vaccines

The results of vaccine-based studies support the principle that antigen-specific
immune responses may be elicited in AML patients. Vaccines are an inoculation
of antigens with or without an adjuvant, in an attempt to induce host Cytotoxic T
Cells (CTLs) to mount an immune response against cancer cells based on expo-
sure and recognition of neoplastic epitopes that ideally are not expressed on normal
cells [92]. Among the antigens used for this purpose, Wilms’ tumor 1 (WT1) has
probably accumulated the most relevant evidence in the clinical setting; other target
antigens, such as Proteinase-3 (PR3), preferentially expressed antigen of melanoma
(PRAME) and receptor for hyaluronic acid-mediated motility (RHAMM) are under
clinical investigation for the treatment of AML.

WT-1 is a protein encoded by the WT-1 gene, a tumor suppressor gene associ-
ated with the development of Wilms’ Tumor, from which it was named. Mutations
in exon 7 and 9 of WT1 have been recurrently identified in AML and associated
with poorer prognosis and chemotherapy resistance. It is highly expressed in AML
and is known to be leukemogenic [93]. WT-1 peptide vaccine was noted to induce
expansion of WT-1 specific T cells [94] which have been used in the treatment
and prevention of relapsed AML and MDS. Clinical studies have recruited a rela-
tively low number of patients and different epitopes have all been noted to be safe
with only 8% (7/88) of patients experiencing any Grade III-IV toxicity [95]. Clin-
ical activity has been modest with some patients maintaining long-term CR [96]
and one patient achieving CR after relapsed disease [97]. Maslak et al., conducted
a phase 2 study investigating a multivalent WT1 peptide vaccine (Galinpepimut-
S) in adults with AML in CR1. Patients received six vaccinations administered
over 10 weeks with the potential to receive six additional monthly doses if they
remained in CR1. 22 AML patients were treated. Fifteen patients (68%) relapsed,
and 10 (46%) died. Median disease-free survival from CR1 was 16.9 months.
The vaccine was well tolerated, with the most common toxicities being Grade 1/2
injection site reactions (46%), fatigue (32%), and skin induration (32%) [98]. Post
HSCT use of this strategy decreased relapse rates and improved OS compared to
historical controls in a single-arm study [99].

Proteinase 3 (P3) is a serine proteinase present in the primary granules of neu-
trophils. Preliminary studies demonstrated that PR3-specific CD8 T cell responses
can be elicited in patients with AML, offering the rational to exploit this antigen in
leukemia vaccination strategies [100]. Recently, PR1, an HLA-A2-restricted pep-
tide derived from both proteinase 3 and neutrophil elastase, has been tested in
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a phase I/II peptide vaccination trial. Qazilbash et al., evaluated safety, immuno-
genicity, and clinical activity of PR1 vaccination in a phase I/II trial. 66 HLA-A2+

patients with AML (42), chronic myeloid leukemia (CML: 13), or MDS (11)
received three to six PR1 peptide vaccinations, administered subcutaneously every
3 weeks at dose levels of 0.25, 0.5 or 1.0 mg. Primary end points were safety and
immune response, assessed by doubling of PR1/HLA-A2 tetramer-specific CTL,
and the secondary end point was clinical response. Of the 53 evaluable patients
with active disease, 12 (24%) had objective clinical responses (complete: 8; par-
tial: 1 and hematologic improvement: 3). Immune responses were noted in 35 of
66 (53%) patients [101].

Van de Loosdrecht reported the results of phase II study (NCT03697707) show-
ing the capability of the allogeneic leukemia-derived dendritic cell vaccine, DCP-
001 to convert MRD positive patients to negative. Eligible patients were AML
patients ineligible for HSCT and in CR1 but still MRD positive. Patients received
a primary vaccination regimen of four times 25.106 or 50.106cells per vaccination,
biweekly, followed by two booster vaccinations (10.106cells/vaccination) at weeks
14 and 18 after start of treatment. Primary endpoints of this trial were the safety
and tolerability of the two vaccination schedules and the effect of vaccination on
the MRD status. 10 patients were enrolled and dosed within the study, completing
the first dose cohort of 25.106cells/vaccination. Four patients could be evaluated
for MRD; two patients became MRD negative at the first timepoint after the initial
vaccinations (week 14) and remained negative until end of active FU (week 32),
two other patients remained in CR, but with MRD positivity. All vaccinations were
well tolerated and adverse events to the vaccine were limited to local injection site
reactions such as redness, swelling, and warmth (maximum Grade 2) [102].

Ho et al., conducted a phase I clinical trial in which high-risk AML or MDS
patients were immunized with irradiated, autologous, GM-CSF-secreting tumor
cells early after allo-SCT. 9 of 10 subjects who completed vaccination achieved
durable CR, with a median follow-up of 26 months. Six long-term responders
showed marked decreases in the levels of soluble NKG2D ligands, and three
demonstrated normalization of cytotoxic lymphocyte NKG2D expression as a
function of treatment. Local and systemic reactions were qualitatively similar to
those previously observed in non-transplanted, immunized solid-tumor patients
[103].

Based on the initial demonstration that polyclonal memory CD8+T cell
responses to PRAME-specific peptides can be detectable in patients with differ-
ent hematologic malignancies, including AML [104], other studies addressed the
capacity to elicit anti-leukemic response. By using an in vitro model with peptide-
loaded allogeneic dendritic cells, PRAME-reactive and functional CTLs could be
isolated from healthy individuals and maintained in culture, but not from AML
patients, even when samples were collected in patients that had recently achieved a
CR [105]. Although not conclusive and possibly dependent on the type of strategy
used to elicit anti-leukemic response, these results suggest that important differ-
ences may exist for AML patients and further studies are warranted to establish
the potential of PRAME as effective target antigen for AML vaccination.
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A phase I clinical trial included 10 patients with hematologic malignancies, who
were vaccinated with a highly immunogenic CD8+T cell epitope peptide derived
from RHAMM. In seven of 10 patients, an increase of fully functional RHAMM-
specific CD8+effector T cells was observed, and some clinical responses were
reported in 1/3 AML patients [106].

The mixed results of WT-1 and other antigens-directed treatments have further
highlighted the need of identifying novel immunogenic tumor-specific antigens
(TSAs) [107].

8.6 Adoptive NK-Cell Therapies

Natural killer (NK) cells are lymphocytes belonging to the innate immune sys-
tem. Their cytotoxic activity is tightly regulated by the balanced expression of a
wide and complicated pattern of activating and inhibitory receptors, among which
inhibitory receptors called killer-immunoglobulin-like receptors (KIRs) have been
extensively characterized [108]. Based on their crucial role, several strategies of
NK-cell-based immunotherapy are currently under active preclinical and clinical
investigation and early data from clinical studies have been reported [109]. A wide
variety of sources of therapeutic NK cells have been proposed both at preclin-
ical and early clinical level, including haploidentical NK cells, umbilical cord
blood NK cells, stem cell derived NK cells, NK-cell lines, adaptive NK cells,
cytokine-induced memory-like NK cells, and CAR NK cells [110].

Infusion of haploidentical NK cells has a major role in the eradication of resid-
ual AML cells after haploidentical SCT [111], boosting graft-versus-leukemia
(GVL) effects without exacerbating graft versus host disease (GVHD). In the
setting of haploidentical transplantation, the KIR-KIR-L mismatch in the graft-
versus-leukemia direction, which defines the donor’s NK alloreactivity, has been
shown to significantly impact the post-transplant clinical outcome by virtue of its
effect in regulating donor NK-cell cytotoxicity against AML cells [112].

Outside the transplant setting, Miller and colleagues [113] demonstrated that
adoptive immunotherapy with haploidentical NK cells in AML patients was feasi-
ble, safe, and effective in AML patients, likely exerting their effect through killer
immunoglobulin receptors (KIRs) and nonclassical HLA loci. The trial evaluated
19 patients with poor-risk AML—defined as primary refractory disease, relapsed
disease after chemotherapy, secondary AML arising from MDS or relapsed dis-
ease at least 3 months after allo-SCT—out of which five achieved morphologic
CR after infusion of haploidentical activated NK cells along with subcutaneous
IL-2 with prior lymphodepleting treatment. In a retrospective analysis, the authors
also showed that a better response was associated with KIR-L mismatch between
donor and recipient. Several reports demonstrated the feasibility and early clinical
efficacy of selecting and infusing highly purified, T cell-depleted, KIR-mismatched
NK cells to consolidating remission in high-risk patients with AML [114]. Of note,
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the percentage of donor-derived alloreactive NK-cell clones before infusion signif-
icantly correlated with relapse occurrence, indicating that a functional dose of 2×
105/kg alloreactive NK cells may be predictive of response [115].

To potentiate effector cell function of infused NK cells several approaches, both
in vivo and in vitro, of NK-cell activation have been tested. To this end, in vivo
interleukin IL-2 administration has been widely used, resulting in expansion and
cytotoxicity enhancement of infused NK cells [115]. However, IL-2 is well-known
to increase the number and the suppressive function of regulatory T cells (Tregs)
[110], which in turn antagonize NK cells by reducing their expansion capacity and
effector function [116]. Accordingly, the number of circulating Tregs after NK-cell
infusion critically influences the capacity of infused NK cells to expand and to kill
AML cells. Of note, depletion of host Tregs by an IL-2 diphtheria toxin fusion
protein was associated with increased NK-cell expansion and higher response rates
in adults with relapsed AML, resulting in better overall and disease-free survival
[117]. To overcome some of the limitations associated with IL-2 administration—
such as considerable side effects including capillary leak syndrome, cytopenias,
hypotension, renal failure, fever/rigors, liver toxicity, and neurotoxicity [118]—
other cytokines are currently under investigation for in vivo activation of NK cells.
IL-15 stimulates both NK cells and T cells. IL-15 in complex with its IL-15R-
α receptor induces a potent proliferative signal that expands NK-cell and CD8
T cell populations in murine models [119]. Recently, the results of two first-in-
human phase 1 and phase 2 trials of recombinant human IL-15 (rhIL-15) given
with haplo-NK-cell therapy after lymphodepletion to treat R/R AML have been
reported. 42 patients received either intravenous (iv) or subcutaneous (sc) rhIL-15.
Robust in vivo NK-cell expansion at day 14 was observed in a significant fraction
of patients and correlated with the achievement of some complete responses. Of
note, rhIL-15 induced higher fractions of in vivo NK-cell expansion and remission
compared with previous trials with IL-2 −35% versus 10%, respectively but it was
associated with previously unreported CRS after subcutaneous but not intravenous
dosing [120].

Activation of NK cells to be used as a means of adoptive immunotherapy may
be also obtained by priming NK cells before infusion. Ex vivo activation may have
the advantage to avoid some of the detrimental and toxic effects associated with
in vivo cytokines administration. To this aim, overnight activation with IL-2 was
used to prime haploidentical NK cells before infusion in a cohort of R/R AML
and high-risk-MDS patients [121]. NK cells were enriched from non-mobilized
donor PB mononuclear cells (PBMC) after T- and B-cell depletion. The number
of responses, including CR, was promising, allowing in some cases to proceed to
allo-SCT.

Biological studies suggest a correlation between clinical response and the fre-
quency of donor NK cells at day 7/14 as well as reduced activation of CD8 T cells
and lower levels of inflammatory cytokines after infusion [121].

Human NK cells primed with the CTV-1 leukemia cell line lysate CNDO-109
have been shown to exhibit enhanced cytotoxicity against NK-cell-resistant cell
lines [122]. On this basis, a phase I trial with CNDO-109-activated donor-derived
haploidentical NK cells (CNDO-109-NK cells) was conducted in AML patients



8 Immune-Based Therapeutic Interventions for Acute Myeloid Leukemia 241

who had obtained CR at high-risk for relapse as part of a consolidation strategy.
Before CNDO-109-NK-cell administration, patients were treated with lymphode-
pleting fludarabine/cyclophosphamide. CNDO-109-NK cells were well tolerated
and durable CRs were observed in some cases, which may suggest a clinical
activity of the whole strategy warranting further studies [123].

In the development of NK-cell-based adoptive immunotherapy, one major lim-
itation has been the collection of a sufficient number of NK cells to reach a
therapeutic effect. For this reason, several attempts to expand NK cells have been
made both at preclinical and clinical levels. Most studies have used cytokines, such
as IL-2 and/or IL-15, as a means of ex vivo NK-cell expansion [124].

Recently, other approaches have been tested combining cytokine-based priming
with additional stimuli. One method to expand NK cells ex vivo using K562 feeder
cells expressing membrane-bound IL-21 has been recently reported. This approach
expands highly functional NK cells up to 35,000-fold in 3 weeks [125], providing
the preclinical rationale for a phase 1 study to determine safety, feasibility, and
maximum tolerated dose [126]. Thirteen patients with myeloid malignancies in
remission, including AML, at high-risk of disease occurrence, were treated before
and after haploidentical SCT to prevent relapse. Lymphodepleting chemotherapy
was administered before infusion. No infusion reactions or dose-limiting toxic-
ities occurred. Of interest, NK-cell reconstitution was superior to that observed
in a similar group of patients not receiving NK cells. Clinically, infusion of NK
cells was associated with improved low relapse and incidence of viral infections.
To achieve high number of functional NK cells, NK-cell product for adoptive
immunotherapy was also generated ex vivo from CD34+hematopoietic stem and
progenitor cells (HSPC) which had been obtained from partially HLA-matched
umbilical cord blood units [127]. Moving from the hypothesis that generating
more homogeneous and well-defined allogeneic NK-cell products may be asso-
ciated with better clinical results, the authors had previously developed a culture
system where CD34+HSPC isolated from allogeneic umbilical cord blood (UCB)
were expanded and differentiated into NK cells in the presence of IL15 and IL2,
resulting in a clinically relevant dose of highly purified NK cells [128].

These allogeneic HSPC-NK cells showed cytolytic activity against AML cells
in vitro and in vivo mouse models [129]. Ten AML patients in CR received
escalating doses of HSPC-NK cells after lymphodepleting chemotherapy with-
out additional in vivo cytokine administration. No infusion-related adverse events
were noted; no CRS or GVHD was reported either. Of interest, despite the absence
of in vivo cytokine boosting, HSPC-NK cells were clearly detectable in a signif-
icant fraction of patients. Donor chimerism was documented also in the BM of
infused patients. From a clinical point of view, it is noteworthy that some patients
harboring MRD in bone marrow became MRD negative. These findings suggest
that HSPC-NK-cell adoptive transfer is a promising and, importantly, potential
“off-the-shelf” strategy for NK-cell-based adoptive immunotherapy in AML.
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8.7 Monoclonal Antibodies

Antibodies are naturally produced by B lymphocytes as a reaction to antigen
exposure and fulfill several roles in the immune system across various isotypes.
They were first approved for the treatment of solid and hematologic malignan-
cies in the 1990s [130] and are now widely used in cancer treatment. Monoclonal
Antibodies (MAbs) exert their anti-cancer properties through antibody-dependent
cell-mediated cytotoxicity (ADCC) and phagocytosis which depend on native NK
cells and monocytes/macrophages against neoplastic cells via FcyR recognition of
the Fc domain in IgG molecules [131]. Mutations of FcyR genes may influence
tumor clinical response to antibody therapy through expression of lower affinity
receptors in certain subsets [132]. IgG is the most commonly used backbone for
therapeutic MAbs [133], exerting its function through the patient’s immune system
[134] as well altering the downstream cellular transduction pathways of malignant
cells [135]. IgG can also induce complement-mediated cytotoxicity through fixa-
tion of complement and activation of its classical pathway [136] and this accounts
for some of their in vivo efficacy [137]. Some MAbs can alter downstream cellu-
lar signal transduction within cancer cells leading to decreased cell growth rates
and chemosensitization [138]. Other MAbs are unable to produce anti-neoplastic
effects on their own but can still have useful applications by delivering a cytotoxic
payload which can include chemotherapy, toxins, radioisotopes, and cytokines
[130].

The first ADC Gemtuzumab Ozogamicin (GO) or Mylotarg targeted CD33
which is a transmembrane cell adhesion and interaction protein that appears to
be limited to myeloid cells and is expressed in about 90% of patients with AML
[139]; it was initially approved by the FDA in 2000 in the R/R setting. How-
ever, it was withdrawn from the market after a confirmatory phase III trial failed
to show benefit [140]. It was then reapproved in September 2017 based on the
ALFA-0701 trial, a randomized phase III open-label trial which compared stan-
dard chemotherapy with or without GO in 271 patients which reported superior
EFS (Event Free Survival) in the GO arm 17 versus 10 months; however, there
was no improvement in OS [141]. Hills et al. published a meta-analysis including
3325 patients which showed benefit in patients with favorable or intermediate-risk
cytogenetics including reduced risk or relapse and improvement in 5 year OS;
however, this meta-analysis did not include the updated survival data from the
original ALFA-0701 study, where the survival advantage lost its statistical sig-
nificance [142]. Additionally, the development of hepatic veno-occlusive disease
(VOD) limits its use to CEBPA-mutated AML [143]. There are currently several
other CD33-linked ADC in investigation for the treatment of AML [144].

CD123 has been targeted using a recombinant fusion protein that consists of
human IL-3 fused to a truncated diphtheria toxin (DT) payload; it binds to CD123
and is then internalized to release the DT into the leukemic cell, producing inhibi-
tion of protein synthesis and apoptosis of targeted cells [145]. In December 2018,
it received FDA approval for the treatment of Blastic Plasmacytoid Dendritic Cell



8 Immune-Based Therapeutic Interventions for Acute Myeloid Leukemia 243

Neoplasm (BPDCN) in adults and children over 2 years old based on an open-
label, multicohort study on which 47 patients were randomized to either 7 or
12 ug/kg on days 1–5 of each 21-day cycle. An ORR of 90% was achieved and
45% of patients went on to undergo SCT; with survival rates at 18 and 24 months
of 59% and 52%, respectively; of note, there were 15 previously treated patients
who had an ORR of 67% and a median OS of 8.5 months. Side effects included
elevation of liver enzymes (60%), peripheral edema (51%), thrombocytopenia
(49%), and capillary leak syndrome in up to 19% of the patients [146]. Retro-
spective data evaluating Tagraxofusp vs Hyper-CVAD or CHOP-based regimens
showed no difference in CR and OS; with patients who were able to receive allo-
geneic SCT having significantly longer survival (HR: 0.16) [147]. A current trial
is evaluating the role of Tagraxofusp maintenance post SCT in BPDCN patients
[148]. Another CD123 targeting molecule is IMGN632, a humanized anti-CD123
antibody linked to indolinobenzodiazepine pseudodimer, which induced cell death
through alkylation of the DNA of the CD123 expressing cell without crosslink-
ing it [149]. A phase 1/2 dose-escalation study of 74 R/R patients (67 AML and
7 BPDCN); with 70% of AML patients being adverse risk by ELN 2017 crite-
ria and showing an overall response rate of 20%. This increased to 32% when
evaluating non-secondary AML; ORR for BPDCN was 43%. Side effects include
diarrhea, febrile neutropenia, [149], and nausea [150]. IMGN632 is currently being
evaluated in R/R CD123+hematologic malignancies [151] as well as its use in
conjunction with hypomethylating agents in CD123+AML [152].

The humanized anti-CD47 antibody Magrolimab was shown to have in vitro and
in vivo activity against AML through promotion of phagocytosis [153], which was
shown to be increased in preclinical models by the addition of azacitidine [154].
Magrolimab is currently being studied in combination with azacytidine in patients
with treatment-naive AML who are deemed unfit for intensive chemotherapy, ORR
was 65% and the CR rate was 44%. Of note, in the TP53mut subset, which
this cohort was enriched for, ORR was 71% and CR rate was 48%; cytopenias,
particularly on-target anemia, occurred at acceptable rates [155].

CD70 a member of the Tumor Necrosis Factor Receptor (TNFR) superfamily
which is expressed on activated immune cells and binds to CD27 to induce immune
suppression in several pathologic states [156]. CD70 expression was demonstrated
in CD34+AML cells and its activation caused disease progression, and its expres-
sion was also associated with worse prognosis [157]. This led to the development
of cusatuzumab, a human CD70 monoclonal antibody that was initially shown to
have activity against LSCs in vitro and in mouse models, as well as in combination
with azacitidine [158]. Based on these results two early phase clinical trials are cur-
rently underway evaluating cusatuzumab clinical efficacy in AML in association
with Hypomethylating Agents (HMA). CULMINATE (NCT04023526) is evaluat-
ing the combination of cusatuzumab at 20 mg/kg and azacytidine in de novo or
secondary AML unfit for intensive therapy [159]. A pre-planned interim analysis
in 52 patients showed a CR rate of 27% and a composite CR (CRc) rate of 40%
and results are currently being evaluated by the study sponsor [160]; a second
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phase Ib study ELEVATE (NCT04150887) is currently evaluating cusatuzumab
with azacitidine and venetoclax in a similar patient population [161].

Other potential targets that are preferentially expressed on leukemic blasts and
LSC include CD44 [162], CD96 [163], CLL-1 [164], LILRB4 [165] which are
currently under investigation [166].

8.8 Active Areas of Research

The anti-leukemic response in allo-HSCT mediated by a graft-versus-leukemia
effect shows that donor T cells and NK cells can recognize and eliminate
leukemia cells. The positive correlation of lymphocyte recovery after chemother-
apy and response rates and rare cases of spontaneous remission in AML patients
upon activation of the immune system through pathogen infections support the
immunogenicity of leukemia [167]. Despite this evidence, the best targets for
immunotherapy of AML remain unknown. Targeting leukemia-associated anti-
gens that are up-regulated normal cell surface gene products such as CD33 or
CD123 raises safety concerns often referred to as “on-target off-tumor” toxicity,
given the expression of this class of targets in normal tissues and organs including
normal counterparts (i.e., hematopoietic stem and progenitor cells) or even non-
hematopoietic tissues [168]. On the other hand, leukemia-specific antigens (i.e.,
neoantigens) are generally derived from leukemia-specific mutations in protein-
coding genes (e.g., WT1 and NPM1). However, AML bears few genetic mutations
and such neoantigens are often expressed intracellularly, and their potential as
immunotherapeutic targets depends on HLA expression or proteasomal antigen
processing, two mechanisms often downregulated in AML as a mechanism of
tumor immune escape.

Little is known about the genetic mutational quality rather than quantity and tar-
get antigen expression. Multiple mechanisms driven by frequently recurring AML
mutations, including epigenetic mechanisms, such as DNA methylation or, RNA
splicing, may qualitatively and quantitatively alter the leukemia cell surface pro-
teome, regulating the surface abundance of immunotherapy targets. Neoantigen
production does not only result from DNA mutations and altered RNA splic-
ing may lead to neoepitopes production [169–173]. Recent studies showed that
perturbing RNA splicing in combination with immune checkpoint blockade may
promote control of established tumors [169]. Splicing modulation generates many
novel mRNAs derived from large-scale events, including inclusion of intronic
sequence into mature mRNA, juxtaposition of exons not normally spliced together,
and exons with abnormal 50 or 30 ends. Each can result in the production of pep-
tides or proteins containing novel sequences potentially contributing to disease
immunogenicity.

We previously developed a target discovery strategy for CAR therapy of AML
by integrating large sets of proteomic and transcriptomic data from malignant and
normal tissues. As we did not identify single targets with an ideal expression pro-
file, we identified combinatorial pairings that could potentially enhance selective
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targeting of AML cells [174]. As such, an active area of research investigations
in this field involves combinatorial targeting that may address the issue of AML
clonal heterogeneity and prevent antigen escape.

As immunosuppressive bone marrow factors are recognized in AML, many
groups are trying to overcome such additional challenges to develop effective
immunotherapy for AML. T cell dysfunction has been documented at initial
diagnosis [175] as well as during progression [176] and restored when CR is
obtained [177]. The mechanisms behind this include regulatory T cells (Tregs)
[178], myeloid-derived suppressor cells (MDSC) [179], cytokines [180] and
immune checkpoints such as CTLA-4 [181], PD-1 [182], TIM-3 [183] and T
cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif (ITIM)
domain (TIGIT) [184]. Tregs are a specialized subpopulation of T cells that act to
suppress immune responses by inhibiting T cell proliferation and cytokine produc-
tion. The number of Tregs in AML patients is significantly increased, contributing
to the immune escape of AML [185]. MDSCs facilitate tumor growth and develop-
ment by suppressing T cell function; patients with AML exhibit increased presence
of MDSCs in their peripheral blood, and this is associated with a shorter OS
[179]. TIGIT is a T cell coinhibitory receptor; its expression on CD8+T cells is
elevated in AML patients. It contributes to functional T cell impairment while
associating with poor clinical outcome in AML [184]. Cytokines exert profound
effects on AML. While pro-inflammatory mediators such as IL-1β, TNF-α and
IL-6 tend to generally increase AML aggressiveness, anti-inflammatory mediators
such as TGF-β and IL-10 appear to impede AML progression. Dysregulation of the
complex interactions between pro- and anti-inflammatory cytokines in AML may
create a pro-tumorigenic microenvironment with effects on leukemic cell prolif-
eration, survival, and drug resistance [186]. Thus, the interplay between leukemic
blasts and the bone marrow microenvironment affects response to therapy includ-
ing immunotherapy [187]. Hematopoietic stem cells on the endosteal surface of
the bone marrow also interact with a variety of cellular and extracellular compo-
nents, such as osteoblasts, macrophages, collagen, and laminin fibers. These cells
can condition and reshape the microenvironment, facilitating leukemia cell prolif-
eration and survival. Previous studies showed that co-culture of AML blasts with
bone marrow stromal cells stimulated blasts’ survival and inhibited chemotherapy-
induced apoptosis, highlighting the critical role of the microenvironment with
implications for treatment strategies for AML patients [188, 189].

Chemotherapeutic agents induce immunogenic cell death that leads to the
release of neoantigens and damage-associated molecular patterns (DAMPS) such
as ATP into the extracellular space. Extracellular ATP can bind to purinergic
P2RX7 receptors on dendritic cells (DCs), thus triggering activation of the inflam-
masome and release of IL-1β in the lymph node. Hyperactive DCs induce strong
antigen-specific responses, which in combination with IL-1β binding to IL-1R1 on
T cells may generate cytotoxic responses such as IFNγ and granzyme B release by
CD8+ T cells and NK cells and kill malignant cells. Inflammasomes may potentiate
DCs to promote long-lived memory T cells.
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On the other side, activation of the innate immune system through various
ligands and signaling pathways is also an important driver of MDS and AML.
The DAMPs, or alarmins, which activate the inflammasome pathway via the
TLR4/NLR signaling cascade cause the lytic cell death of normal hematopoietic
stem and progenitor cells (HSPCs), ineffective hematopoiesis, and β-catenin-
induced proliferation of cancer cells, leading to the development of MDS/AML
phenotype [190]. Many studies suggest the crucial role of the immune system,
inflammation, and inflammasomes in the pathogenesis of myeloid malignan-
cies. The interleukin 1 receptor accessory protein (IL1RAP) is overactivated in
MDS/AML HSPCs and is enriched in high-risk diseases with worse prognosis
[191]. IL1RAP can act as a coactivator for FLT3 signaling thus playing a stimula-
tory role in malignant myeloid expansion [192]. Overexpression of genes involved
in innate immune pathways is reported in over 50% of MDS patients [193].
Of note, Höckendorf et al., suggested a tumor suppressor role of the inflamma-
some in AML [194]. Thus, players involved in the inflammasome pathway may
soon represent novel pharmacological targets against MDS/AML. For example,
the IL-1β neutralizing antibody Canakinumab, the soluble decoy IL-1 receptor
Rilonacept, and the recombinant IL-1 receptor antagonist Anakinra, currently
approved for autoimmune diseases are already in clinical trials for AML patients
(NCT04810611 and NCT04239157). Similarly, anti-IL1RAP/CD3 bispecific anti-
bodies are under investigation (NCT02842320). Thus, inflammasomes and immune
response pathways have opened avenues for exciting new drug targets for AML.
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9Off-the-Shelf Chimeric Antigen
Receptor Immune Cells from Human
Pluripotent Stem Cells

Handi Cao and Ryohichi Sugimura

9.1 The History of CAR-T Therapy

The invention of CAR-T cells and adoptive cell therapy (ACT) is a recent break-
through. The use of patients’ immune cells to treat cancers dated back to 1902
when Blumenthal and E. von Leyden tried to treat their cancer patients with sus-
pension derived from autologous tumor tissue culture. Some beneficial effects can
be noted in individuals but without significant disease remission [1]. ACT mainly
involves the isolation of the patient’s tumor-specific immune cells, especially T
cells, genetic modification, the proliferation of these cells in vitro, and infusion
back to the patient circulation following a lymphoid-depleting conditioning regi-
men, such as fludarabine and cyclophosphamide, for cancer treatment [2]. Three
forms of adoptive T cell transfer have been developed for cancer immunotherapy,
including tumor-infiltrating lymphocytes (TILs), T cell receptor (TCR) T cells, and
chimeric antigen receptor (CAR) T cells [3]. There are many approaches to modify
immune cells in the laboratory while CAR-T is successfully used in clinical trials.
The first use of genetically engineered T cells following the aforementioned ACT
canonical workflow for cancer treatment was reported in 1989 [4]. In the mid-
1990s, the term CAR-T was first described but the results from the preclinical and
clinical study were not satisfactory [5]. Nevertheless, as more and more modifica-
tions and improvements were applied to CAR-T design, the promising therapeutic
effect of CAR-T therapy has been demonstrated and the huge success of CAR-T
therapy emerged. FDA approved the first CAR-T therapy called tisagenlecleucel
in August 2017 for children with relapsed B cell acute lymphoblastic leukemia
treatment [1].
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CARs as synthetic receptors are generally composed of a specific domain from
a monoclonal antibody that can detect corresponding tumor antigen, a T cell activa-
tion domain usually derived from the CDζ chain, and a linker domain that bridges
the two domains. CAR-T cells can direct tumor cells automatically under the guid-
ance of the antigen detection domain, then the T cell activation domain elicits
downstream signals to activate T cells to perform antitumor response [6]. Esh-
har’s group showed that these CAR-T therapy-related synthetic receptors endow T
cells with MHC-independent target recognition compared with engineered TCRs
therapy [4, 7]. Eshhar developed the first-generation CAR-T cells targeting 2,
4, 6-trinitrophenyl (TNP)-bearing cells. They removed TCR variable regions and
replaced them with antibody variable regions based on a similar structure. These
CAR-T cells were composed of VH and VL chains derived from TNP antibody,
TCR constant domain, and transmembrane segment. Nevertheless, the results from
the initial clinical trial using the first-generation CAR-T cells did not display sat-
isfactory antitumor effects [4]. The first-generation CAR is most likely to fail to
fully engage genetically modified T cells because activation is initiated by antigen-
dependent signals through the chimeric CD3ζ chain, independent of costimulation
through accessory molecules [8]. To enhance the efficacy of CAR-T cells, many
modifications were performed, leading to the generation of the second-generation
CAR-T cells [9]. Second-generation CARs are improved by the addition of cos-
timulatory domains, such as CD28, OX40, or 4-1BB (also known as CD137),
linked with CD3ζ. Although the first-generation CARs displayed disappointing
anti-cancer efficacy in clinical trials, the second-generation CARs targeting CD19
with costimulatory domains emerged as a great success in 2011 [10, 11]. CD19
has become a nearly ideal target in CAR-T therapy for B cell malignancies. More
and more clinical trials of CAR-T targeting BCMA and CD22 have been carried
out and showed significant anti-cancer effects in multiple myeloma and acute lym-
phoblastic leukemia, respectively [3]. In 2017, FDA has already two autologous
second-generation CAR-T cells products due to the promising therapeutic effect in
patients with hematologic malignancies, tisagenlecleucel (Kymriah, Novartis) and
axicabtagene (Yescarta, Kite Pharma) targeting CD19, for the treatment of relapsed
or refractory B cell acute lymphoblastic leukemia (ALL) and relapsed or refractory
diffuse large B cell lymphoma and primary mediastinal large B cell lymphoma
[12–14]. Third-generation CARs convey two costimulatory domains together to
further enhance the antitumor activity [15, 16]. Nowadays, the fourth-generation
CARs as the newest version have emerged with additional functional domains,
which can precisely control CAR-T cell activity or further effectively enhance
CAR-T potency [17]. Diaconu et al. reported that the inclusion of inducible
pro-apoptotic protein caspase-9 (iC9) safety switch into the vector encoding the
CAR can terminate the effect of CAR-T cells in a humanized mouse model by
using chemical inducer of dimerization, which can efficiently eliminate 85%~90%
CARs once cytokine release syndrome (CRS) or severe toxicities occur [18]. Phase
I trial of fourth-generation anti-CD19 CAR-T cells with iCasp9 suicide switch
(4SCAR19) has been carried out [19]. TRUCK T cells refer to CAR-T cells with a
transgenic “payload” and belong to another type of fourth-generation CAR. These
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Fig. 9.1 Overview of CAR-T development history

TRUCK T cells can shape the tumor microenvironment by the inducible release of
transgenic immune modifiers, such as IL-12, to eliminate antigen-negative cancer
cells in the targeted lesion [20]. A dual CAR system has been developed that the
first synthetic Notch receptor detected one antigen resulting in the second inducible
CAR expression to recognize the other antigen [21]. The SUPERCAR system com-
posed of a zipCAR and zipscFv is another novel CAR system. A zipCAR has a
leucine zipper in place of antigen detection domain as the extracellular portion of
the CAR. A zipscFv has antigen detection scFv fused to a cognate leucine zipper
which can bind with leucine zipper located on the zipCAR. This design endows
CAR-T with target antigen flexibility and fine tuneability [22]. After the approval
of CAR-T therapy in 2017, increasing numbers of clinical trials have been regis-
tered and authorized to develop new products of CAR-T cell therapy. The effect
of CAR-T conveyed with a single antigen seems restricted, caused by the limited
capacity to discriminate tumor cells from healthy tissue. Researchers have started
to study and evaluate the effect of combined sensing approaches by targeting two
or more antigens (Fig. 9.1).

9.2 The Achievements and Existing Problems About CAR-T
Therapy

CAR-T cells therapy has greatly revolutionized the landscape of hematologic
malignancies treatment, especially for acute lymphoblastic leukemia (ALL) and
diffuse large B cell lymphoma (DLBCL). In relapsed or refractory cancer patients
who have no response to conventional therapy, complete responses (CRs) by CAR-
T therapy are approximately 40~60% to aggressive lymphoma and 60 ~80%
to ALL [23–25]. However, there are a significant proportion of patients who
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do not respond to this treatment regimen. The most important step for CAR-
T therapy is to choose the unique antigen based on tumor characteristics. The
unique antigen should only be expressed on tumor cells and not on other issues.
Although the CD19 CAR-T product has been approved by FDA, it can target not
only B malignant cells but also normal B cells. There continues to be a great
need for further investigation into proper unique antigen discovery [26]. Severe
toxicity, most notably CRS and neurotoxicity, is another hurdle for CAR-T ther-
apy. The frequency of severe CRS and neurotoxicity generally range from 10 to
50%. Lisocabtagene maraleucel as the third product currently being explored in
a clinical study for DLBCL treatment shows the exceptionally low frequency of
severe adverse events with the same antitumor effect as axicabtagene. In this trial,
only one patient showed Grade 3 CRS while the percentage of Grades 3 and 4
neurotoxicity was also low as 12% [25]. The syndrome of CRS includes fever,
hemodynamic instability, hypoxia, and end-organ dysfunction, which is similar
to systemic inflammatory response syndrome. FDA has approved IL-6 receptor
blocker tocilizumab as an option for CRS treatment after CAR-T therapy. Delir-
ium, aphasia, cerebral edema, and seizures are the syndrome of neurotoxicity.
Levetiracetam as a type of anticonvulsants can be used for seizure prophylaxis
and severe symptoms should be treated with corticosteroids.

CAR-T therapy has shown a promising therapeutic effect in hematologic malig-
nancies while less successful in solid tumors [27]. The reasons why CAR-T
therapy shows disappointing outcomes in solid tumors include the following fac-
tors. First, it is difficult for CAR-T cells to penetrate solid tumors owing to
the massive physical barriers surrounding tumor tissues [28]. Second, the solid
tumor forms an immune-suppressive microenvironment to hamper CAR-T antitu-
mor activity by secreting inhibitory cytokines and recruiting immune-suppressive
cells [29]. Lastly, tumor-specific antigens are highly heterogenous in a solid tumor,
which is hostile to monoclonal antibody-guided therapy [30]. How to improve the
antitumor effect of CAR-T cells therapy in solid tumor treatment is an urgent
problem that needs to be resolved.

Off-the-shelf CAR-T cells will solve the issue of donor availability. Patient-
derived autologous T cells have been the source of CAR-T. Autologous T cells
have long persistence after adoptive transfer because they can evade host allo-
geneic immune response. However, autologous CAR-T cells therapy requires a
bespoke manufacturing process for every patient after leukapheresis and display
certain disadvantages. It takes approximately 3 weeks to produce enough CAR-T
cells for autologous CAR-T cells therapy and the cost of CAR-T cells ther-
apy is inevitably expensive [6]. Moreover, T cell quality is variable for cancer
patients and is susceptible to be impaired by chemotherapeutic agents. Dysfunc-
tional T cells isolated from the immunosuppressive tumor microenvironment in
certain cancer patients lead to CAR-T cell therapy failure [31]. The application of
‘off-the-shelf’ allogeneic CAR-T cells has many potential advantages compared
with autologous T cells if the inherent barriers caused by MHC mismatch can
be resolved. Allogeneic CAR-T cells are usually derived from healthy donors
who have a robust immune function, which can overcome immune defects of
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autologous T cells from cancer patients. Moreover, harnessing allogeneic CAR-T
cells makes it possible to perform more rapid and less expensive treatment, which
also simplifies the manufacturing process and standardizes CAR-T products [32].
In addition, parts of allogeneic CAR-T cells can be stored by cryopreservation
when they have been manufactured; thus cancer patients can be simultaneously
treated with the combination of CAR-T cells targeted different antigens. Periph-
eral blood mononuclear cells (PBMCs) from healthy donors are the main source
of allogeneic CAR-T cells. In very rare cases, umbilical cord blood (UCB) can
also be the source of allogeneic CAR-T cells. Indeed, T cells from UCB have a
unique antigen-naïve condition associated with decreased incidence and severity of
graft-versus-host disease (GVHD) [33]. Nowadays, more and more studies focus
on self-renewable pluripotent stem cells such as induced pluripotent stem cells
(iPSCs) or embryonic stem cells (ESCs) as the new source of allogeneic CAR-T
cells [34]. These pluripotent stem cells can proliferate indefinitely and theoreti-
cally produce all other cells in the human body. Harnessing pluripotent stem cells
to produce therapeutic cells has been of keen interest to regenerative medicine
[35–37]. Application of iPSCs as the source can generate more homogeneous
CAR-T cells because they are produced from one clonal engineered pluripotent
cell line. Antibody-mediated graft rejection usually causes organ transplantation
failure and the presence of donor-specific anti-HLA antibodies (DSAs) appears
to impede the successful engraftment of donor cells [38]. For allogeneic CAR-T
cells transfer, the levels of DSAs as the major barrier need to be assessed carefully
[39]. The allogeneic approach leads to two major issues that need to be addressed
promptly. First, it may cause life-threatening GVHD. GVHD is the main reason
for morbidity in allogeneic CAR-T transplantation and αβ-T cells play the central
role in the pathogenesis of both acute and chronic GVHD [40–43]. In GVHD,
T cells express TNF family molecules and secret intracellular granule contents
to damage target organs [44, 45]. HLA mismatches between donor and recipient
elicit immune recognition, potentially causing graft rejection and GVHD. HLA-
restricted TCR repertoire can recognize subtle structural differences of allogeneic
HLA molecules, leading to T cell alloreactivity. The generation of allogeneic CAR-
T cells by deletion of endogenous TCR is expected to reduce the chance of GVHD
[46]. Second, these allogeneic CAR-T cells have a high chance to be eliminated
by the host immune system, hampering the antitumor effect [34]. The antitumor
effect of allogeneic CAR-T cells is determined by the initial expansion, length
of persistence, and host immune rejection. According to the first-in-human report
with CAR19-T cells manufactured using piggyBac transposon system, piggyBac
CAR19-T cells induced CAR-T cell lymphoma in two of ten patients, while the
same phenomenon has not been found with CAR19-T cells produced by viral vec-
tor [47]. This incidence indicates the needs of either lentiviral vectors for primary
T cells, or safe-harbor loci (such as AAVS1 and human ROSA26) in pluripotent
stem cell-derived T cells.

The reasons leading to CAR-T therapy failure include immune-suppressive
tumor microenvironment, tumor antigen escape, CAR-T cell exhaustion, and per-
sistence reduction. Individual conventional CAR-T cells can only recognize one
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Fig. 9.2 The structure of conventional CAR and modular CAR

specific tumor antigen because of the fixed, single-antigen targeting capacity.
Antigen loss of tumor tissue usually leads to therapy failure [48, 49]. The manu-
facturing of CAR-T cells targeting diverse tumor antigens is a promising approach
to address this issue. Compared with the traditional CAR-T system, the modular
or universal CAR-T technology utilizes a switch molecule to separate targeting
and signaling elements. An adaptor or switch element in modular CAR-T cells
replaces the antigen detection domain in conventional CAR-T cells. By choosing
specific targets, the strategy would achieve better efficiency in the cold TME. This
adaptor can be assembled with any specific tumor antigen and is required to bridge
the immunological synapse [50] (Fig. 9.2).

According to the antigen expression of the patient’s tumor, the modular CAR-T
system can be flexibly adjusted with the corresponding tumor antigen, allowing
for tailored therapy. Meanwhile, the modular or universal system can precisely
control CAR-T activity by managing the adaptor function. The ability to titrate
on adaptors enables halting of the administration of the adaptor, resulting in the
blockade of CAR-T function without the effect on other T cells (Table 9.1).

9.3 Generation of CAR-immune cells from PSCs (examples,
advances)

In 1998, the human ESCs were established by the James Thomson group for the
first time [51]. In 2006, Shinya Yamanaka discovered that mouse somatic cells are
capable to be reprogrammed to ESCs-like status by transducing four pivotal tran-
scription factors (Klf4, Oct4, Sox2, and c-Myc), these cells are termed as iPSCs
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Table 9.1 CAR-T clinical trial for solid tumors

Solid tumor Target
antigen

Target
cell

CAR Clinical trials

Glioblastoma IL13Rα2 T cell IL13Rα2 scFv-4-1-BB-CD3ζ NCT02208362

Glioblastoma EGFRvIII T cell EGFRvIII scFv-CD8
Hinge&TM-4-1BB-CD3ζ

NCT02209376

Neuroblastoma L1-CAM T cell L1-CAM scFv-CD3ζ NCT00006480

Neuroblastoma GD2 T cell GD2 scFv-CD3ζ NCT00085930

Carcinomas CD133 T cell CD133 scFv-CD8a
Hingle&TM-4-1BB-CD3ζ

NCT02541370

Colon cancer CEA T cell CEA scFv-CD8
Hinge-CD28-CD3ζ

NCT01373047

Colon cancer HER2 T cell HER2 scFv-CD8
Hinge&TM-CD28-4-1BB-CD3ζ

NCT00924287

Pancreatic cancer Mesothelin T cell Mesothelin scFv-4-1BB-CD3ζ NCT01897415

Renal cell
carcinoma

CAIX T cell CAIX scFv-CD16γ TM&Signal
domain

Phase I/II

Prostate cancer PSMA T cell PSMA scFv-CD3ζ Phase I

Seminal vesicle
cancer

MUC1 T cell MUC1 scFv-Fc-IgD Hinge-CD28
TM-4-1BB-CD3ζ

NCT02587689

Ovarian cancer FRα T cell FRα scFv-CD16γ TM&Signal
domain

Phase I

DLBCL CD19 T cell CD19 scFv-CD8a
Hinge&TM-4-1BB-CD3ζ

NCT02445248

Non-Hodgikin
lymphoma, CLL

CD19 NK
cell

iCasp9-2A-CD19
scFv-CD28-CD3ζ-2A-IL15

NCT03056339

[52]. Soon after, human iPSCs have been successfully established from fully dif-
ferentiated somatic cells, even from cells in the urine [53–55]. Human immune
cells can also be differentiated and generated from human iPSCs for immune cell
therapy, especially to treat tumors that are incurable by conventional approaches.
CRISPR/Cas9 system as the gene-editing technology can be used to modify genes
associated with immune responses during the production of human pluripotent
stem cell-derived immune cells. Notably, the primary immune cells are refractory
to gene editing and difficult to expand afterward. Compared with primary immune
cells, human pluripotent stem cells can easily be edited by transfection, and could
be an ideal source for CAR-immune cell generation. Moreover, deleting MHCs
will offer a universal source for “off-the-shelf” immunotherapeutic cell differen-
tiation [6]. More studies established hypoimmunogenic universal donor iPSCs to
avoid immune rejection after adoptive transfer [56, 57]. Employing the advantage
of amenable and expandable features, universal iPSCs were designed by deleting
immunogenic MHCs, offering the possibility to generate universal CAR-immune
cells for all patients. MHC I plays a core role in mediating immune rejection
after allogeneic transplantation. The deletion of the B2M gene leads to the loss of
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MHC I and avoid attacks from CD8+ T cells [57]. The resultant cells could be still
attacked by both macrophages and NK cells via innate immune mechanisms that
recognize and attack MHC I-null cells. Thus overexpression of immune-tolerant
genes avoids attacks from NK cells (via HLA-E single-chain dimers fused to B2M)
[58] and macrophages (via CD47). Both T cells and NK cells do not express MHC
II while macrophages do express MHC II. The expression of MHC II will provoke
attacks from CD4+ T cells and potentially challenge the development of the CAR-
macrophage approach [59]. The deletion of the CIITA gene results in the loss of
MHC II and is expected to free CAR-macrophages from the CD4+ T cells [57].
Knocking out the genes encoding TCR α and β subunits prevented the occurrence
of GVHD [60] (Fig. 9.3).

T cells play pivotal roles in the adaptive immune system and form the keystone
of cellular immunity. They can recognize foreign molecules expressed on the sur-
face of antigen-presenting cells via the interaction between TCR and MHC. CD4+

T helper cells can secret a series of cytokines to regulate other immune cell activ-
ity, such as CD8+ T cytotoxic cells, macrophages, and B cells. CD8+ T cytotoxic
cells can recognize antigens presented by MHC I or tumor common antigens with
the help of their TCRs. TCR α, β subunits together with CD3 γ, δ, ε and ζ subunits
constitute the core part of T cell signal transduction [61]. Upon binding to foreign
antigens, CD8+ T cytotoxic cells secret perforin, granzymes, and granulysin to
trigger the target cell’s apoptosis. In addition, activated CD8+ T cytotoxic cells
can also induce apoptosis of FAS-expressing cells by FAS ligand expression [62].
The differentiation protocols from human pluripotent stem cells to functional T
cells have been invented by several groups. The stromal cell line, such as the
mouse bone marrow-derived OP9 cell line, is employed for the differentiation
from human pluripotent stem cells to CD34+ hematopoietic cells. Notch signaling

Fig. 9.3 The strategy to
generate hypoimmunegenic,
universal donor PSCs
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determines the further differentiation from CD34+ hematopoietic cells to mature
functional T cells. Therefore, the OP9-DLL1 cell line was established by trans-
ducing Notch ligand Delta-like ligand 1 into the OP9 cell line. With the help of
the OP9-DLL1 cell line, human pluripotent stem cells-derived CD34hiCD43lo cells
have the potential to differentiate into CD4+ and CD8+ double-positive TCRαβ T
cells. Using OP9-DLL4 in place of OP9-DLL1 cell line for T cells differentiation
was reported to be further efficient [63, 64]. However, since TCR rearrangements
are random during in vitro differentiation, it is difficult to know their antigen
specificity and HLA restriction of these T cells. The advent of CAR technology
circumvents this limitation because CARs could redirect T cell specificity in an
HLA-independent fashion [65]. The Sadelain group successfully produced CAR-T
targeted to CD19 from iPSCs and demonstrated that these iPSCs-derived CAR-
T cells potently inhibited tumor progression. The pairwise correlation analysis
based on gene expression microarray results suggested that these iPSCs-derived
CAR-T cells were more similar to fresh or activated γδ T cells [66].The Crooks
group established PSC/ATO (pluripotent stem cells/artificial thymic organoid) sys-
tem to generate mature functional T cells from human PSCs in vitro system.
This 3D organoid system facilitates the differentiation from PSCs to embryonic
mesoderm through hematopoietic specification, and then induces T cell lineage
commitment to become naïve CD3+CD8αβ+ and CD3+CD4+ conventional T cells.
This system can also be used to produce antitumor antigen-specific CD3+CD8αβ+

T cells by the introduction of MHC I-restricted in PSCs [67]. The Nakauchi group
reported that antigen-specific CD8+ T cells from HIV-1-infected patients showed
exhausting phenotypes. However, after reprogramming to pluripotency and redif-
ferentiating into CD8+ T cells, these rejuvenated cells recovered antigen-specific
killing capacity and possessed a high proliferative activity [68]. This discovery
monumentally provides new insight and ideas for cancer immunotherapy. FT819
as a dual-targeted CAR-T candidate (CD19/CD16) made from a master iPSC cell
line is being evaluated in a clinical study [69].

NK cells belong to the innate immune system because of their lack of recep-
tors for antigen specificity and form the first line of defense against tumor cells
and virus-infected cells, and they show promising potential in cancer immunother-
apy. The activation of NK cells is decided by a balance between activating and
inhibitory signals, which does not have a somatically rearranged and antigen-
specific TCR [70]. The activating receptors of NK cells include CD94/NKG2C,
NKG2D, NKp30, NKp44, and NKp46, which recognize the different ligands
expressed on various target cells. The inhibitory receptors of NK cells include
polymorphic inhibitory killer cell immunoglobulin-like receptors (KIRs) that bind
with MHC class I [71]. The antitumor efficacy of NK cells is limited because NK
cells are highly susceptible to the immunosuppressive microenvironment. Upon
activation, NK cells localize the site of infection and perform functions by cytokine
secretion, the release of cytolytic granules, and death receptor-mediated cytoly-
sis [72]. The cytokines secreted from NK cells include IFNγ, TNFα, GM-CSF,
RANTES, and some chemokines, which can regulate the functions of the innate
and adaptive immune system [73, 74]. In addition, NK cells can lyse target cells by
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secreting perforins and granzymes [75, 76]. They can also express specific ligands
to activate death receptors on their target cells [77]. Compared with T cells, NK
cells do not depend on HLA matching to perform their function. They can be easily
transferred across HLA barriers without causing GVHD. The protocols to differ-
entiate NK cells from hPSCs have been invented. In the early protocols, mouse
stromal cells (S17 or M210) were used for hematopoietic differentiation. The dif-
ferentiated cells were selected and seeded onto EL08-1D2 stromal cells in presence
of IL-3, 7, 15, and FLT3L, then CD45+CD56+ NK cells were generated [78, 79].
The generated NK cells were able to eradicate human tumor cells by direct cell-
mediated killing and secreting antibodies. Considering the use of hPSCs-derived
NK cells in clinic for disease treatment, a xeno-free and serum-free protocol
needs to be developed. Spin embryoid body method was used for CD34+CD43+

hematopoietic progenitor cells generation and the resultant cells were further dif-
ferentiated using membrane-bound IL-21-expressing artificial antigen-presenting
cells [80, 81].The Kaufman group generated CAR-NK from human iPSCs. Human
iPSCs were transfected with a plasmid encoding scFv targeted to human mesothe-
lin, 2B4 costimulatory domain and CD3ζ chain. These genetically modified human
iPSCs were differentiated to functional CAR-NK cells. Compared with CAR-T
cells, CAR-NK cells displayed similar antitumor efficacy, but with less overall
toxicity [82]. Nowadays, the design strategy of fourth-generation CAR-T has also
been tested in CAR-NK generation [6].

Macrophages belong to the innate immune system with a high infiltration rate
and play indispensable roles in inflammation and the protection of our body
from outside invaders and tumor cells. The yolk sac, fetal liver, and bone mar-
row are all the sites for macrophage origination. Yolk sac-derived macrophages
not only form microglia in the brain but also populate the fetal liver which pro-
duces most of the self-renewing tissue-resident macrophages (TRMs) [83, 84].
After postnatal, macrophages originate from bone marrow myeloid progenitor
cells, occurring through differentiation of circulating monocytes in an MCSF-
or GMCSF-dependent manner [85]. In general, the life span of bone marrow-
derived macrophages is shorter than TRMs [86]. Macrophages are highly plastic
cells that perform diverse functions in different organs, including clearance of
cell debris, elimination of pathogens, modulation of inflammatory responses,
and tissue homeostasis maintenance [87]. Macrophages may undergo M1 or M2
polarization in different tissues encountering different microenvironment stimuli
and signals. M1 phenotype which is highly expressed in inflammatory cytokines
has strong anti-microbial and tumor activity, while M2 phenotype can promote
tumor growth and tissue remodeling [88, 89]. Macrophages can directly rec-
ognize outside invaders via pattern recognition receptors (PRRs). PRRs include
Toll-like receptors, NOD-like receptors, C-type lectin receptors, and cytoplasmic
proteins [90]. After receptors are activated, macrophages provoke intracellular sig-
nals to induce actin polymerization and phagocytic cup formation [91]. Then
macrophages phagocytose outside invaders or tumor cells and move to lymph
nodes to present antigens to T cells, subsequently triggering a series of T cells
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downstream responses. Compared with other immune cells, macrophages can pen-
etrate solid tumors easily and interact with almost all cellular components in the
tumor microenvironment, which endows them with profound advantages to be
developed into CAR-macrophage [88]. The feeder- and xeno-free protocol about
the differentiation from hPSCs to functional macrophages has been reported. First,
iPSCs were exposed to morphogens and cytokines such as BMP4 and VEGF step-
by-step, after specifying the lateral plate mesoderm organoids, the organoids were
then exposed to hematopoietic cytokines such as SCF, IL-6, and FLT3 to spec-
ify immune cells. The resultant mesoderm organoids will generate CD34+ FLK1+

endothelial cells (so-called hemogenic endothelium) that will derive the innate
immune cells including macrophages [92]. The hPSCs-derived macrophages have
the capacity of phagocytosis and polarization, and they can also secret cytokines in
response to LPS, indicating the same characteristic and function as macrophages
that develop naturally in the body. It has been reported that CAR-macrophages
could destroy the extracellular matrix (ECM) of the tumor and facilitate the
penetration of T cells into the tumor, thus playing an antitumor role [93]. The
Zhang group successfully established CAR-macrophages from human iPSCs. CAR
expression endowed iPSCs-derived antigen-dependent macrophages with enhanced
phagocytosis of tumor cells and in vivo antitumor activity [36]. The Gill group
evaluated the antitumor potential of CAR-macrophages in different animal models
and found that they could effectively reduce tumor burden. Moreover, in human-
ized mouse models, CAR-macrophages were demonstrated to strengthen T cell’s
antitumor activity and facilitate the formation of a pro-inflammatory environment.
For the intracellular domain of CAR-macrophages, the Gill group used CD3ζ chain
similar with CAR-T cells [59], while the Tonald Vale group applied the cytosolic
domains from Megf10 and FcRγ as the intracellular domain of CAR-macrophages,
which showed robust phagocytosis capacity [94] (Table 9.2).

9.4 Potential and Perspectives of CAR-Immune Cells
in Cancer Treatment

CAR-T therapy as the earliest CAR-immune cells therapy has achieved great
success and become a powerful immunotherapeutic source in hematologic can-
cer treatment. FDA has already approved four CAR-T-related drugs Kymriah,
Yescarta, Tecarta, and Breyanzi from 2017 to 2021 [97, 98]. Lately, CAR-NK
therapy has emerged as an alternative therapy option to CAR-T therapy. Com-
pared with CAR-T therapy, allogeneic CAR-NK therapy has reduced risk for
GVHD, CRS, and neurotoxicity [99, 100]. That is because activated T cells
predominantly produce more cytokines associated with CRS and severe neuro-
toxicity than activated NK cells [101]. CAR-NK cells may be able to eliminate
tumor cells via both CAR-dependent and NK cell receptor-dependent mechanisms.
Therefore, CAR-NK cells can form a second line of defense in case tumor cells
escape T cells recognition by MHC downregulation. The use of NK cell lines
such as NK92 and allogeneic NK cells with CAR engineered functions have been
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studied only recently [96]. Currently, there are more than 500 CAR-T-related
and 19 CAR-NK-related clinical trials being conducted in the world [98]. The
majority of CAR-T therapy under clinical evaluation still employs patient-derived
autologous T cells, whereas almost all CAR-NK therapy applies to cells from
allogeneic donors. The first large-scale clinical trial (NCT03056339) of CAR-NK
cells has shown promising and safe results in patients with CD19+ CLL and B
cell lymphoma [102]. Although CAR-NK therapy possesses multiple advantages
in comparison with CAR-T therapy, CAR-NK therapy still needs to be optimized
to improve efficacy. Nowadays, researchers have paid great interest in developing
CAR-macrophage for cancer treatment. FDA has already approved one CAR-
macrophage clinical trial, which is CT-0508 from CARISMA Therapeutics with
anti-HER2 CAR-macrophage in subjects with HER2 overexpressing solid tumors
(NCT04660929).

Allogeneic CAR-T therapy has monumental advantages compared with autol-
ogous approaches, such as a reduced expense and timesaving production cycle as
a result of the implementation of standardized and scaled-up manufacturing pro-
cesses, in which a host of CAR-T cells can be generated from healthy donors, even
the therapeutic CAR-T cells that have already been produced and stored in advance
before patients arrive. The applicable targets for allogeneic CAR-T therapy include
CD19 and CD22 in ALL and B cell lymphomas, respectively, CD30 in Hodgkin
lymphoma and anaplastic large cell lymphoma, BCMA, CS1 and CD38 in multi-
ple myeloma, and CD123, CD33, and CLL1 in AML [103]. Owing to the shorter
persistence of allogeneic CAR-T cells, the approaches, such as a systematic strat-
egy of redosing [34], the combination of CAR-T cells targeted different antigens
[104] and the combination of CAR-T therapy with immune checkpoint modulators
or cancer vaccine [105] can be employed to enhance CAR-T therapy efficacy. To
date, the efficacy of CAR-T in solid tumors is much less satisfactory than in hema-
tologic malignancies owing to the sturdy physical barriers, immune-suppressive
tumor milieu, and the heterogeneity of inner tumor cells. CAR-T cells coexpress-
ing catalase are able to promote their antioxidative capacity by metabolizing H2O2,
subsequently more resilient toward the harsh tumor microenvironment caused by
abundant reactive oxygen species (ROS), and perform superior over conventional
CAR-T cells [106]. Moreover, gene-editing approaches reduce the sensitivity of T
cells to negative immune checkpoints. The Moon group generated a new switch
receptor construct which introduced truncated extracellular domain of PD-1 and
costimulatory domain CD28 into CAR-T cells. They demonstrated that the applica-
tion of PD-1/CD28 can enhance the antitumor activity of CAR-T cells against solid
tumors [107]. The Brentjens group reported CAR-T cells which can secrete PD-1
blocking scFv increased antitumor activity [108]. Targeting chemokine receptors,
such as CXCR2 [109] and CCR2B [110], allows CAR-T cells migration to the
tumor site. The Dotti group revealed that CAR-T cells expressing heparanase, a
heparan sulfate-degrading enzyme, could enhance tumor penetration of T cells,
subsequently improving antitumor activity [28]. Constructing CAR-T cells which
can secrete cytokines further promote their survival or greater activity. CAR-T
cells secreting IL-12 [111], IL-18 [112], and IL-15 [113] have been reported to
optimize their antitumor activity by different mechanisms. There is a multitude
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Fig. 9.4 Hallmark of
modified CAR-T to target
solid tumor

of potential modifications for CAR-T therapy, and the proper modification needs
to be selected to implement based on the individual tumor characteristics, which
can provide effective ways to eradicate tumors independent of tumor-expressing
MHC. More advanced modification techniques, such as modular CAR and dual-
targeting approach, are being used in CAR-immune cells design to circumvent
therapy resistance and avoid GvHD (Fig. 9.4).

9.5 Future Prospects

CAR-immune cell therapy holds an unprecedented potential to treat cancers that
are incurable by conventional treatments. The number of clinical trials involv-
ing CAR-immune cell therapy is increasing exponentially, indicating more and
more researchers show great enthusiasm for this area [114]. Developing more
potent, more cost-effective, and safer CAR-immune cell therapy is the critical
goal in the future. Compared with primary immune cells, human pluripotent
stem cells-derived immune cells can be easily engineered and have the capac-
ity to proliferate indefinitely, enabling clonal selection and generation of enough
clonally-selected therapeutic cells for cancer treatment [115]. The application of
gene-editing approaches and fourth-generation CARs can generate CAR-immune
cells that are less prone to causing severe CRS [116] and subsequently optimize
therapy in terms of safety, cost and potency. However, there is no denying that the
generation and application of human pluripotent stem cells-derived CAR-T cells,
CAR-NK cells, and CAR-macrophages are still at the early stage. The manufactur-
ing processes from human pluripotent stem cells to functional CAR-immune cells
need to be standardized. Moreover, how to improve the efficacy of CAR-immune
cells in solid tumors is an inevitable hurdle. Another great challenge in this area is
the paucity of preclinical models to carry on the safety and efficacy evaluation of
CAR-immune cells before human studies or in response to safety issues that have
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been observed in early-phase clinical trials. More basic and translational research
need to be dedicated to this area to improve CAR-immune cell therapy and foster
new applications beyond oncology in autoimmunity, infectious diseases, and organ
transplantation.
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10The Single-Cell Level Perspective
of the Tumor Microenvironment
and Its Remodeling by CAR-T Cells

Sanxing Gao and Ryohichi Sugimura

10.1 Introduction of the Tumor Microenvironment (TME)

Chimeric antigen receptor T (CAR-T) cell therapies show promising efficacy in
leukemia and lymphoma [1]. However, CAR-T therapy does not demonstrate effi-
cacy in solid tumors due to the complex milieu in solid cancers, i.e., the tumor
microenvironment (TME), which hampers the tumoricidal activity of CAR-T
cell [2, 3]. TME is a complicated niche consisting of tumor cells, myeloid-
derived suppressor cells (MDSCs) [4, 5], tumor-associated macrophages (TAMs)
[6, 7], exhausted T cells [8], immunosuppressive non-cellular components such as
cytokines and extracellular matrix (Fig. 10.1) [9–11].

TME contributes to cancer progression and relapse [2, 12]. The presence
of tumor-associated MDSCs such as TAMs, neutrophils, and dendritic cells is
strongly associated with the failure of cancer immunotherapy. MDSCs play a
pivotal role in the invasion and migration of cancer cells. For example, MDSCs
interact with cancer stem cells to mediate the immunosuppressive repertoire to
CAR-T therapy [4, 13, 14].

Preclinical experiments showed that CAR-T cells became dysfunctional after
trafficking into solid tumors [15]. CAR-T cells in TME increased expression
of immune-suppressive molecules such as diacylglycerol kinase and Src homol-
ogy region 2 domain-containing phosphatase-1(SHP-1), programmed cell death
protein 1 (PD-1), T cell immunoglobulin, and mucin-domain containing 3 (TIM-
3), Lymphocyte-activation gene 3 (LAG-3), and natural killer cell receptor 2B4.
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Fig. 10.1 Liver tumor microenvironment. In TME, tumor cells release cytokines that recruit
myeloid-derived suppressive cells including monocytes, macrophages, dendritic cells, and neu-
trophils. T cells are exhausted and lose their antitumor function in TME

Moreover, the dysfunctional T cells could be restored when they were iso-
lated from TME [16], which indicates that TME plays a crucial role in CAR-T
immunotherapy.

Here we describe factors and cytokines in the immune-suppressive TME. TGF-
β signaling represses Type 2 helper T (Th2) cells and fosters tumor growth by
angiogenesis [17]. TGF-β dominant cancers enrich anti-inflammatory macrophage
signatures, consistent with an immunosuppressive TME [18]. TGF-β exhausts
cytotoxic T (Tc) cells by inducing the expression of PD-1 and TIM-3, differen-
tiates CD4+ T cells to regulatory T cells (Tregs), and inhibits the expression of
granzyme and perforin in NK cells [19]. IL-4 fosters tumor progression through
upregulating anti-apoptotic genes such as Bcl-xl and cFLIP in tumor cells [20].
IL-4 activates PI3K/Akt pathway for tumor survival and metastasis [21]. A recent
study reported that the increased expression level of Notch ligand (DLL4) and
receptor (NOTCH2) were responsible for immune suppression of human fetal liver
and hepatocellular carcinoma [22]. In line with these results, Notch pathway acti-
vation induces IL-4 secretion and polarizes macrophages to immunosuppressive
TAMs [23].

10.2 Tumor-Associated Macrophages in TME

TAMs play a key role in TME via tumor growth, immunosuppression, invasion,
and metastasis (Fig. 10.2) [6, 24]. In the following, we are going to introduce how
TAMs regulate TME.
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Fig. 10.2 Properties of tumor-associated macrophages. The repertoire of tumor-associated
macrophages facilitates tumor progression in the TME. (1) Mucin1 induces the proliferation of
TAMs and expression of anti-inflammatory markers such as M-CSFR, CD206 leading to tumor
progression. (2) TAMs secrete the TGFβ and CCL8 to facilitate the recruitment of monocytes
leading to the accumulation of TAMs in TME. (3) TAMs polarize surrounding macrophages into
anti-inflammatory phenotype by IL4, IL10, or IL13. KLF4 is involved in the induction of the
anti-inflammatory phenotype. (4) FRβ+ macrophages release VEGF to promote angiogenesis of
tumor. And TGFβ reprogrammes macrophages into TAMs leading to angiogenesis progression.
(5) TAMs express the immune checkpoints such as PD-L1 and TIM3 to exhaust cytotoxic T cells.
(6) CSF1R+ TAMs enhance the invasion of myeloid cells, leading to the metastasis of tumor cells

Macrophages can be polarized to pro-inflammatory macrophages (M1 pheno-
type) induced by lipopolysaccharide of microbes or interferon γ [25]. On the
other hand, macrophages become alternatively anti-inflammatory macrophages
(M2 phenotype) induced by IL-4, IL-13, or TGF-β [26]. The pro-inflammatory
macrophages have antitumor activity, whereas the anti-inflammatory macrophages
have tumor-promoting properties.

TAMs secrete TGFβ and IL-10 to promote tumor cell growth and angiogenesis
through the PI3K pathway [27]. TAMs produce CCL8 to promote the recruit-
ment of monocytes, resulting in more macrophages becoming immunosuppressive
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TAMs [28]. Hedgehog signaling facilitates the communication of TAMs and
tumor cells leading to polarizing the macrophage toward anti-inflammatory phe-
notype. The study suggested that KLF4 and NF-kB mediate the anti-inflammatory
macrophages polarization [29].

TAMs express the folate receptor β (FRβ) and mediate immune suppression
in TME [30]. FRβ+ macrophages regulate tumor metastasis via secreting vas-
cular endothelial growth factor (VEGF) and facilitate angiogenesis in pancreatic
cancer patients [12]. Colony-stimulating factor 1 receptor (CSF-1R)-expressing
TAMs are associated with tumor progression and motility [28] due to increased
myeloid cell migration and invasion. The anti-CSF-1R antibody treatment inhib-
ited tumor growth and metastasis [31]. Golgi protein 73 (GP73) is a biomarker of
invasion and metastasis of hepatocellular carcinoma [32]. GP73 endows the TAMs
an anti-inflammatory phenotype. GP73 expression is correlated with the expression
of TIM3 and IL18Bpa, immunosuppressive markers in hepatocellular carcinoma
(HCC) [33].

Sialic acid-binding Ig-like lectin 9 (SIGLEC9), primarily expressed on mono-
cytes and macrophages, promotes cell growth through its receptor mucin 1
[34]. The study shows that SIGLEC9-mucin 1 signaling converts macrophage to
immune-suppressive TAMs by expressing PD-L1, M-CSFR, CD206, and CD163
[35, 36].

10.3 Cellular and Molecular Features that Determine
the Response to CAR-T Cells

Herein we describe immune checkpoint molecules that curb CAR-T cells
(Fig. 10.3). PD-1 expresses on the surface of the immune cell such as T cells, B

Fig. 10.3 Key immune checkpoints of CAR-T cells engagement with tumor cells. CAR-T cells
recognize the tumor cells by tumor antigen-specific scFV. The main four immune checkpoints,
CTLA-4, PD-1, TIM-3, and TIGIT, impair the CAR-T cells’ antitumor function. CTLA4 binds to
costimulation ligand B7(CD80 or CD86) leading to inhibition of T cells. PD-L1 suppresses CAR-T
by engaging with PD-1, which results in the apoptosis of CAR-T cells. TIM-3 and TIGIT sup-
press CAR-T by interaction with galectin-9 and CD155, respectively. CAR-T cells will lose their
tumor-killing function through engagement with these molecules
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cells, and macrophages. Granulocyte–macrophage colony-stimulating factor (GM-
CSF) induces PD-L1 on MDSCs curbing the immune activity of CAR-T cells
in liver metastases. The combination of anti-GM-CSF and anti-PD-L1 antibod-
ies restored the efficacy of CAR-T cells [5], which indicates the crucial role of
GM-CSF and PD-L1 in CAR-T therapy.

A recent study shows that anti-inflammatory TAMs upregulated immunosup-
pressive genes such as T cell immunoreceptor with Ig and ITIM domains (TIGIT),
CD305, and TIM-3 in HCC. These signals limit the CD8+ T cell infiltration
directed to the tumor and are associated with poor clinical prognosis 37]. The
low-level expression of PD-1 and CTLA-4 signal in the primary HCC patients
correlate with the low efficacy of anti-PD-1 and anti-CTLA-4 immunotherapy in
clinical settings [38]. Targeting TIGIT and TIM-3 combined with PD-1 or CTLA-4
may enhance the prognosis of HCC.

TIM-3 is another crucial immune checkpoint molecular [39]. A recent study
suggested that TIM-3 induces the exhaustion of CD8+ tumor-infiltrating lympho-
cytes exhausted in advanced non-small cell lung cancer (NSCLC) patients. The
high expression of TIM-3 correlated with the poor efficacy of anti-PD-1 therapy
[8]. Clinical study shows that TIM-3 is upregulated on patients’ peripheral CD4+

and CD8+ T cells [40]. Combination of anti-TIM-3 and anti-PD-1 therapy increase
IFNγ-secreting CD8+ cells and IFNγ+ TNFα effector T cells in TME leading to
improve survival of glioblastoma [41].

Nuclear receptor subfamily 4A (NR4A) activates the nuclear factor of activated
T cell (NFAT) leading to the CD8+ T cell exhaustion. CAR-T cells with NR4A
deletion reduced the expression of the PD-1 and TIM-3 and enhanced antitumor
efficacy [42].

10.4 Single-Cell Sequencing Combined with the Different
Approaches Uncovers TME

Bulk RNA sequencing informs the transcriptome of total cells on average, which
could have a bias due to the heterogeneity of cells. If some cell populations play a
pivotal role in TME but their proportion is low, bulk RNA sequencing could not be
informative [43]. Single-cell sequencing could provide a solution to decipher the
heterogeneity of cells in TME. The single-cell level perspective of TME provides
knowledge about the nature of the tumor property and may lead to innovative
cancer therapies [44].

Single-cell transcriptomes identified that Tregs accumulate in brain metastases
and resulted in T cell dysfunction by secreting IL-10 and IL-4 to shift TAMs
to an immunosuppressive phenotype in TME [45]. A small population of TAMs
interacts with CD40+CCR7+LAMP3+ dendritic cells and immune stimulation in
colorectal cancer patients. The results indicate that targeting these subpopulations
can enhance the therapy [46].

Mass cytometry analysis of renal cell carcinoma demonstrated the distribution
of PD-1, CTLA-4, and TIM-3 in the TME. This would open up the precision
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medicine of cancer immunotherapy to the patients. For example, patients predom-
inantly expressing PD-1/PD-L1 in T cells could choose anti-PD-1 therapy as a
preference [47]. Pembrolizumab, a humanized anti-PD-1 drug, shows improved
efficacy in PD-L1+non–small-cell lung cancer patients [48].

Integration of flow cytometry with immunofluorescence imaging on brain
tumors demonstrated that T cells with high expression of immune checkpoints
such as PD-1, LAG-3, TIM-3, and TIGIT were dysfunctional. Advanced brain
metastases accumulated Tregs reflecting the immune-suppressive milieu, while
early-stage glioma accumulated immature NK cells reflecting potentially immuno-
logically active state [45, 49].

10.5 Strategies of CAR-T Remodel the TME

CAR-T cell immunotherapy can be improved by applying insights from single-
cell RNA sequencing of TME. Blocking highly expressed immune checkpoint
molecules such as CTLA-4, PD-1, LAG-3, TIGIT, VISTA in CAR-T cells could
rescue them from exhaustion in TME, or rewire surrounding immune cells by
converting immunosuppressive signals to stimulant signals. Arming the CAR-T
cells with Th1 triggering cytokines such as IL-7, IL-12, IL-15, IL-18, IL-21, or
JAK-STAT signal switches the TME to a pro-inflammatory state [50]. This could
reprogram surrounding TAMs to pro-inflammatory phenotype, and subsequently
remodel the TME to an antitumor niche [51]. Moreover, conveying the T cells
with two single-chain variable fragments, i.e., bispecific T cell engagers (BiTEs)
could enhance the specificity to target tumor CAR-T cells and could be engineered
to secrete BiTEs [52]. In the following, we summarize four approaches to remodel
the TME (Fig. 10.4).

First, endowing CAR-T cells with immune checkpoint blockades allows for
CAR-T cells to be engineered and secrete anti-PD-1 scFv, which could engage
bystander T cells with antitumor activity [53]. They found that PD-1 scFV-
secreting CAR-T cells show stronger antitumor efficacy in both Raji-PD-L1
hematologic and SKOV3-PD-L1 solid tumor-bearing mouse models compared to
the single CAR-T approach due to the escort of bystander T cells from PD-1
scFV-secreting CAR-T cells.

Second, CAR-T cells can be engineered to secrete antitumor cytokines. IL-12
enhances CAR-T cell responses by sustaining T cell cytotoxicity [54]. Intra-
tumoral delivery of IL-12 in the combination with tumor-targeted CAR-T cell
therapy remodeled the TME into a pro-inflammatory state by the production of
pro-inflammatory cytokines IFN-γ and TNF, decreasing regulatory T cells and
polarization to inflammatory macrophages [55]. CAR-T cells expressing IL-7 and
CCL19 showed superior antitumor activity [56]. CAR-T cells coexpressing IL-
15 remodeled the TME by activating NK cells and reduced anti-inflammatory
macrophages [57]. CAR-T cells expressing the p40 subunit of IL-23 enhanced the
tumoricidal function by upregulating the granzyme B and downregulating PD-1
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Fig. 10.4 Strategies to remodel TME. The major strategies are blockage or depletion of immuno-
suppressive factors in the TME by CAR-T cells. (1) CAR-T cells secrete the anti-PD1 antibody,
which blocks the PD-1 signal of immune cells, leading to both protecting the CAR-T cell and
restoring the bystander T cell. (2) Secreting the immune priming cytokines such as IL12, IL18 can
boost the T cell activation and convert the TAMs to a pro-inflammatory state. (3) CAR-T cells block
the immune-suppressive cytokines such as TGFβ to improve the enrichment of cytotoxic T cells
in the TME. (4) Targeting the immunosuppressive TAMs by CAR-T. Elimination of FRβ+ TAMs
increased the infiltration of cytotoxic T cells in the TME

expression [58]. CAR-T cells releasing IL-18 showed superior efficacy of expan-
sion and antitumor by increasing the cytotoxic T cells [59], as well as reversing
the exhausted T cell to a tumoricidal Tbet high FoxO1low T cells [60].

Third, engineering CAR-T cells to antagonize immune-suppressive cytokine.
TGF-β, secreted by tumor cells, shapes an immunosuppressive TME, leading to
resistance to immunotherapy [61]. Anti-TGF-β therapy reduced the epithelial-to-
mesenchymal transition of tumor cells and improved the penetration of T cells
into tumors [62]. Selective inactivation of TGF-β1 by SRK-181 antibody facili-
tated the antitumor activity by enriching the CD8+ T cell and the memory cell in
the TME [17, 63]. Co-expression of a dominant-negative TGF-β RII with anti-
prostate specific membrane antigen CAR can be resistant to TGF-β dominant
TME in PC3-PSMA tumor-bearing mouse model [64]. Anti-TGF-β CAR-T cells
protect T cells from immunosuppressive TGF-β into an immunostimulatory phe-
notype. And what is more, Anti-TGF-β CAR-T cells can reverse the TGF-β from
an immunosuppressive molecule toward a stimulator of T cell proliferation in vitro
[65].
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Table 10.1 Key molecules determine the response of CAR-T cells

Molecular Cell type enriched Function References

Immune checkpoint

CTLA-4 (CD152) Activated T cells, Tregs Binds CD80/CD86 to inhibit
the CD28 signal leading to
inhibitory function of T cell

[69, 70]

PD-1 (CD279) T cell (Tregs), B cells,
macrophages

Bind to PD-L1 or PD-L2 [70–72]

TIM-3(CD366) T cells, myeloid cells Mediate exhaustion of
immune cells

[8, 39, 73]

LAG-3(CD223) T cells, B cells, NK cells Treg suppressive function [74, 75]

TIGIT T cells, NK cells Inhibit T cell activation [37, 76]

Cytokines or factors

TGFβ Tumor cells, leukocytes,
macrophages

Tumor cells, leukocytes,
macrophages

[17, 18]

NR4A T cells, macrophage Exhaust the CD8+ T cells [42, 77]

Fourth, targeting TAMs by CAR-T cells. Abolishing FRβ+ subpopulation of
TAMs improved T cell-mediated antitumor immune responses [66].

10.6 Prospective

Precision medicine of cancer immunotherapy will be a major goal of CAR-T tech-
nology. In this review, we discussed the molecules and cells which play key roles
in the tumor microenvironment and CAR-T therapy. Based on the findings of
single-cell sequencing in TME and CAR-T cells, we believe that the identifica-
tion of novel immune checkpoint molecules and cytokines that hinge the activity
of CAR-T cells will offer new targets in cancer immunotherapy. We summarized
the four approaches to engineer CAR-T cells to remodel the TME. The insight
from the new single-cell technologies will pave the avenue for improving CAR-
T immunotherapy to benefit the patients [67]. The spatial multi-omics can define
both the transcriptome and proteome of the TME [68]. By defining the TME, one
could engineer CAR-T cells to precisely target immune-suppressive molecules in
the TME for each patient (Table 10.1).
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ICIs Immune checkpoint inhibitors
Ig Immunoglobulin
IL Interleukin
IV Intravenous
kDa Kilodalton
LAG-3 Lymphocyte-activation gene 3
MHC Major histocompatibility complex
MM Multiple myeloma
MRD Minimal residual disease
NK Natural killer
NSCLC Non-small cell lung cancer
ORR Objective response rate
OS Overall survival
PD Pharmacodynamic
PD-1/PD-L1 Programmed death-1/programmed death ligand-1
Ph+ R/R BCP-ALL Philadelphia chromosome positive relapsed/recurrence B-

cell precursor acute lymphocytic leukemia
PI3 Phosphoinositol-3
PK Pharmacokinetic
R/R MM Relapsed/recurrent multiple myeloma
R/R NHL Relapsed/recurrence non-Hodgkin lymphoma
scRvs Single-chain variable fragments
SNVs Single nucleotide variations
SOC Standard of care
TandAb Tandem diabody
TCR T-cell receptor
TEAEs Treatment emergent adverse events
TKIs Tyrosine kinase inhibitors
VH Heavy chain
VL Light chain

11.1 Introduction

Immune checkpoint inhibitors and chimeric antigen receptor T cells have been dis-
cussed in great depth in this volume. As shown, they form a class of T cell-based
cancer immunotherapies that focus on immunosuppressive factors and immunos-
timulatory pathways, respectively [1]. ICIs have demonstrated clinical efficacy
against solid tumors such as melanoma and NSCLC by releasing the blockade
of T cells from PD-1/PD-L1 and CTLA-4 immunosuppressive molecules in “hot”
tumors. CAR-T cells therapies, also discussed in this volume, are genetically engi-
neered T cells generated ex-vivo from patients for re-infusion to direct T cell
activity for tumor cell destruction.
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This chapter focuses on a third class of T cell-based cancer immunotherapy
known as bispecific antibodies, which are composed of two monoclonal antibodies
that link cell surface molecules on T cells to tumor-associated antigens to lead to
cancer cell lysis. This class of therapies has shown clinical efficacy in Hematologic
malignancies mainly and is discussed in this chapter.

11.2 The Construction of Bispecific Antibodies and Their
Cellular Properties

Bispecific antibodies comprise a therapeutic class of agents that are designed to
target tumor cells by directing T cells to the antigens on these tumor cells. They
recognize and bind to two distinct antigens. The majority of bispecific antibodies
fall into the category of bispecific T cell engagers or BiTEs. One of the first FDA-
approved agents is blinatumomab, a bispecific T cell engager with CD19 and CD3
epitopes. CD3 is invariably utilized as a surface epitope on the T cell receptor as
a target, and BsAbs are developed with CD3 targets, which are in turn categorized
as BsAbs with or without Fc domains. Bispecific antibodies are constructed to
bring two different antigens on different cells together and bring cytotoxic T cells
in contact with tumor cells, thus destroying them. More than 100 different BsAb
formats have been invented, making them much more complex than monoclonal
antibodies as a result of innovative advances in protein and gene engineering [2].
Based on the structure of the five classes of antibodies, IgG, IgM, IgA, IgD, and
IgE, these antibodies are composed of the antigen-binding fragments (Fab) and the
fragment crystallizable region (Fc). The Fc domain confers stability, high half-life,
and a relatively uncomplicated purification process, but can lead to non-specific
immune response from interaction of the Fc domain receptors with other cyto-
toxic immune cells such as natural killer cells, monocytes, and macrophages [1].
According to Huang, the various BsAb formats can be distinguished into two cat-
egories depending on the presence of an Fc domain. They can also be divided into
the Fc architecture and the Fc less architecture. The latter include BiTE, DART,
and TandAbm, which hold benefits of high yield and are more able to penetrate
tissues. However, they have short in vivo half-lives and decreased stability.

Tumor-associated antigens are presented by MHC molecules expressed on
tumor cells, allowing for T cells to be activated and destroy these cells. ICIs
restriction is due to MHC restriction impairment, inhibiting T cell presentation
to tumor cells. BiTE, on the other hand, can lead to interaction between cytotoxic
T cells and tumor cells independently of MHC restriction, which leads to immuno-
logical synapse and the secretion of perforins and granzymes. BiTE can overcome
the limitations of CAR T-cells, being produced in a simple and fast process. The
coupling of tumor-associated antigen with the CD3 complex of T cells leads to T
cell engagement with malignant cells and a T cell response. Tumor lysis results
since the BiTE design bypasses the MHC barrier, thus bypassing this “common
evasion mechanism” of tumor cells [3].
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11.3 Clinical Outcomes of BiTE in Hematologic Malignancies

Hematologic malignancies benefited from the development of BsAbs since many
of these cancers are amenable to treatment of BsAbs. In 2005, a clinical trial
established blinatumomab as an effective therapeutic agent for non-Hodgkin’s lym-
phoma [4]. BiTEs therapy depends on the identification of an antigen that is tumor
cell-specific; CD19 has abnormal expression on malignant cells of B cell lineage
and is selected as a target, being a glycoprotein that has stable expression on B
cell precursor cells, particularly malignant cells of B cell origin [3].

As of 2020, 123 BsAbs are being clinically evaluated, of which bispecific T cell
engagers or BiTEs, remain the largest category, which targets the two different sur-
faces of the immune cell and tumor cell and thereby engaging them toward tumor
cell destruction. Among B cell malignancies, acute lymphoblastic leukemia, mul-
tiple myeloma, chronic lymphocytic leukemia, non-Hodgkin lymphoma, BiTEs
are being evaluated for their treatment strategies for these malignancies. Stan-
dard of care approaches includes the anti-CD20 monoclonal Ab rituximab and the
Bruton tyrosine kinase ibrutinib, and autologous stem-cell transplantation, with
considerations for minimal residual disease for determining efficacy [4] (Fig. 11.1).

“The agent blinatumomab is considered the “CD19-CD3” canonical BiTE
construct” with a clinical efficacy for ALL [1].

Fig. 11.1 The schematic representation of structure and mechanism of action of canonical bis-
pecific T-cell engager (BiTE). mAb: Monoclonal antibody; CH: heavy chain variable region; VL:
light chain variable region; TAA: tumor-associated antigen. Adapted from Zhou (2021)
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11.4 Development of Blinatumomab

Blinatumomab was first evaluated in R/R NHL and CLL patients and intravenously
administered in phase I studies. Dosage was 0.5–90.0181 ug/m2/day to accom-
modate its short half-life (2 h). CRS and neurological sequelae were observed.
BCP-ALL patients were also among the first to be evaluated as well and achieved
complete remission with minimal residual disease. Orphan drug designation in
2008 and Breakthrough Therapy (2014) and Priority Review (2014) designations
soon followed in the US. Marketing authorization was initially given for Ph-R/R
BCP-ALL as a result of two phase II studies that were open-label, single-arm,
and multicenter. In turn, the drug received accelerated approval pathway (2014)
followed by regular FDA approval granted for patients as a result of the clini-
cal benefit demonstrated as a result of the TOWER study, as discussed below.
The ALCANTRA trial, also discussed below, provided the clinical data for full
FDA approval for both Ph- and Ph+ R/R BCP-ALL. According to Stein et al.,
as of 2017, the agent was approved in 53 countries in R/R patients, and as of
2018, BCP-ALL pediatric patients were included for blinatumomab treatment in
the phase II BLAST study who are in remission but have MRD [5, 6].

11.5 Acute Lymphoblastic Leukemia

11.5.1 Administration and Dosing Schedules

Blinatumomab dosing is dependent on the type of malignancy and evidence of
tumor burden. Short-term infusion scheduled 2–4 h for 1–3 times/week demon-
strates no clinical response as measured by B cell depletion as observed in ALL.
Recommendations include two induction cycles followed by maintenance and con-
solidation cycles with hospitalization for 9 days in the first cycle and first 2 days
of the second cycle for R/R ALL patients. An induction cycle of 28 days is fol-
lowed by a 14-day treatment-free interval and accompanied by hematologic CR
and MRD. To minimize CRS, patients are premedicated with dexamethasone or a
similar corticosteroid, especially in R/R cases with a dosing regimen consisting of
step-up blinatumomab in R/R disease >25% blasts in the bone marrow especially
for NHL. A phase 2 study showed that a stepwise dosing schedule was tolerated to
also avoid adverse neurological side effects. After a period of four treatment-free
weeks, patients experiencing CR, PR, or stable disease were administered further
consolidation cycle; efficacy was monitored during these weeks as progression
occurs rapidly [7–9]. Some disadvantages of IV perfusion are lack of convenience
for patients and costs. BsAbs such as blinatumomab are known for their short
half-lives that lead to the need for more frequent infusion. The BsAbs with longer
half-lives could have the potential for greater toxicity, which is being corroborated
by ongoing clinical trials [10–12].
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11.5.1.1 Clinical Efficacy of Blinatumomab in B-ALL
Blinatumomab, the anti-CD19-CD3 bispecific T cell engager, was approved by
the FDA in 2014 and the EMA in December 2015 for the treatment of relapsed
refractory B cell precursor ALL [13–15]. Katarajan et al. showed in a multi-
institutional phase 3 trial that blinatumomab had better outcomes when compared
with chemotherapy. Out of 405 evaluable patients, 271 received blinatumomab
while 134 received chemotherapy. OS was the primary endpoint and blinatu-
momab OS was 7.7 months, compared to 4.0 months for chemotherapy (HR: 0.71).
Grade 3 or higher adverse events were 87% versus 92% for blinatumomab and
chemotherapy, respectively [16]. In a phase 2 single-group trial, Foa et al. eval-
uated dasatinib, a tyrosine kinase inhibitor, with glucocorticoids followed by two
cycles of blinatumomab in 63 patients with (Ph)-positive ALL with no upper age
limit. Sustained molecular response was the primary endpoint. At day 85, 29%
had a molecular response and this percentage increased to 60% after two cycles of
blinatumomab at median follow-up of 18 months; OS was 95% and disease-free
survival was 88% (Table 11.1) [17].

11.5.2 BCP-ALL in CR with MRD and R/R BCP-ALL [3]

A series of trials established the clinical utility of blinatumomab for BCP-ALL.
The phase 2 BLAST study evaluated adults with BCP-ALL in hematologic CR
with MRD. Median OS was 38.9 months versus 12.5 months (P = 0.002) in
patients who did or did not have complete MRD response within one cycle of treat-
ment, respectively [18]. However, cure was eventually achieved by these patients
after five years, as median OS was not reached for patients who experienced MRD
in cycle 1 [19]. Since BLAST was a single-arm study, control data was provided
through a historical comparator that led to an analysis of Hematologic relapse-free
survival [20] and eventual approval in this patient population.

The phase III TOWER study examined a randomized Ph- R/R BCP-ALL
patient population that compared blinatumomab (n = 271) with standard treat-
ment chemotherapy (n = 134) [21], and was considered requisite since the drug
received accelerated approval by the FDA. These patients were heavily pretreated
with intensive combination therapy for initial or subsequent salvage treatment [22].
Deep, durable outcomes were achieved by the blinatumomab cohort compared to
chemotherapy to the point that the trial was halted due to robust OS benefits [21].
OS served as the primary endpoint with CR with complete Hematologic recovery
as secondary endpoints. The blinatumomab cohort was found to have superior OS
relative to SOC, with median OS at 8 and 4 months, respectively. [HR 0.71 (95%
CI 0.55–0.93); p = 0.01]. According to Stein et al., “[r]emission within 12 weeks
following initiation of treatment was also significantly higher in the blinatumomab
group versus the SOC group: CR with full hematologic recovery (34% vs 16%, p
< 0.001) and CR with full, partial, or incomplete hematologic recovery (44% vs.
25%; p < 0.001)” [5]. In terms of salvage therapy, blinatumomab was effective,
especially in first salvage, and led to doubling of the median survival compared to
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Table 11.1 Blinatumomab for Acute Lymphoblastic Leukemia (Kantarjian 2017; NEJM) (Dasa-
tinib study Foa NEJM 2020)

Trial Comparator Patient
population

Primary
endpoint

Clinical
outcomes

Adverse
events

Multi-institutional
phase 3 trial
(Kantarjian 2017;
NEJM)

Blinatumomab
versus
chemotherapy;
2:1 ratio

405 patients:
271
blinatumomab;
134
chemotherapy

Overall
survival

7.7 months
versus
4.0 months.
HR: 0.71; 95%
CI (0.55–0.93;
P = 0.01); full
hematologic
recovery (34%
vs. 16%): 34%
in each
treatment
group
allogeneic
stem-cell
transplantation

87%
versus
92%;
Grade 3
or higher

Phase 2
single-group trial

Dasatinib plus
glucocorticoids
followed by
two cycles of
blinatumomab

63 patients
with
(Ph)-positive
ALL with no
upper age limit

Sustained
molecular
response in
bone
marrow
after
treatment

At the end of
dasatinib
induction
therapy (day
85) 29% had a
molecular
response and
this percentage
increased to
60% after two
cycles of
blinatumomab;
at median
follow-up of
18 months, OS
was 95% and
DFS was 88%

standard of care chemotherapy. Salvage status was the driving factor for survival
in these responders independent of subsequent allogeneic stem-cell transplanta-
tion. Additionally, blinatumomab also led to significant quality of life that was
health-related [23–25]. Adverse events included pyrexia, CRS, and infusion site
reactions at a greater than 5% incidence, and serious neurotoxicity was associated
in the blinatumomab arm. After adjusting treatment exposure, however, the over-
all incidence of these events in the blinatumomab was significantly lower (349
vs. 642 events per 100 patient-years of exposure) [22]. After adjusting for time
on treatment, Grade≥exposure adjusted event rates were less for blinatumomab
compared with the SOC arm (11 vs. 45 events per patient-year; p < 0.001). “For
specific Grade≥3 events of clinical interest, the exposure adjusted event rates for
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blinatumomab versus SOC were lower for infections (2 vs. 6 events per patient-
year; p < 0.001), cytopenias (4 vs. 20 events per patient-year; p < 0.001), and
neurologic events (0.4 vs. 1 event per patient-year; p = 0.008), and higher for
CRS (0.2 vs. 0 events per patient-year; p = 0.038)” [5].

Ph+ positive with ALL is associated with poor prognosis. TKIs in combina-
tion with chemotherapy is considered the standard frontline treatment for Ph+
BCP-ALL in adults. The phase 2 ALCANTRA study was a single-arm trial that
evaluated blinatumomab therapy in Ph+ BCP-ALL patients that were unresponsive
to second-generation TKIs or imatinib [26, 27]. The results were that CR or CR
with partial hematologic recovery was achieved in 16/45 of 36% of patients. Addi-
tionally, blinatumomab treatment was seen to be highly effective in leading to the
elimination of detectable MRD in 12/14 or 86% of responders that had complete
MRD response [27].

11.5.3 Predictive Indicators for Blinatumomab Treatment in R/R
B-ALL

Blinatumomab has been the most intensively studied example of BiTE with sub-
stantial clinical outcomes demonstrated, especially for high tumor burden disease
as represented by ≥50% bone marrow blasts R/R B-ALL. As of 2020, it is the only
FDA and EMA-approved BiTE therapy [28–31]. Tumor burden or percentage of
bone marrow blasts is predictive of CD19 BiTE therapy. In Ph-BCP-ALL patients
from previous trials underwent subgroup analysis and those populations with
<50% bone marrow blasts were observed to have the greatest OS and remission
rates when treated with blinatumomab [21].

According to one phase 3 study that showed statistical significance, CR for
these patients in terms of exhibiting full or partial hematologic recovery with
the percentage of bone marrow blasts served as a predictive indicator: 65.5%
for less than 50% and 34.4% for ≥50%. (P = 0.039) [28, 31]. As mentioned
earlier, dexamethasone has a cytoreductive effect for blinatumomab therapy [32].
Extramedullary disease or EMD can serve as a “surrogate for disease burden”,
being indicative of progressive disease. A retrospective historical study evaluated
baseline and treatment measures of EMD and demonstrated lower CR rates asso-
ciated with EMD (P = 0.005 and P = 0.05, respectively). MRD has a similar role
and one study showed at the day 15, bone marrow MRD in children receiving
blinatumomab could predict “complete MRD response” with significant accuracy
(up to 95% for the first two treatment cycles) [33]. At day 15, 59 patients were
evaluated for complete MRD response: “among 46 MRD positive patients, 44/46
patients had no complete MRD response with an accuracy of 96%, meanwhile,
12/13 patients achieved complete MRD response with an accuracy of 92% for 13
MRD negative patients.” [33].

Wei et al. examined prognostic and predictive biomarkers associated with bli-
natumomab or chemotherapy in adults with Ph-negative R/R ALL. Patients were
randomized 2:1 and administered blinatumomab or chemotherapy. After evaluat-
ing baseline blood samples, platelets, tumor burden, and T cell percentage were
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found to be prognostic markers: platelets were associated with improved 6-month
survival, decreased tumor burden was prognostic for remission, and CD3+ T cell
percentage was prognostic for minimal residual disease. CD45+, CD3+, and CD8+
T cells were found to be associated with Hematologic remission after receiving
blinatumomab [34].

11.5.4 Adverse Events Associated with Blinatumomab in ALL

Blinatumomab treatment is associated with AEs, and the most concerning are CRS
and neurotoxicity, which have been observed as Grade ≥3, which range from 0
to 6% for B cell malignancies, can occur within the first several days and are
dose-limiting. Higher tumor burden and disease are associated with higher inci-
dence of CRS [28, 29, 35–39]. CRS in particular can range from mild symptoms
resembling the flu to fatal multi-organ failure. The mechanism of CRS is not
completely understood and is mainly thought of as a product of distinct immune
signatures such as T lymphocytes, monocyte and macrophage activation, leading to
the massive release of inflammatory cytokines such as IL-6 and Interferon-gamma
that is initiated by T cell activation [39]. The systemic production of these toxic
cytokines is massive that is facilitated by monocyte and macrophage activation.
T cell interferon-gamma, IL-6, IL-10, and tumor necrosis factor-alpha facilitate
this cytokine production [40]. Symptomology presents as fever, fatigue, chills,
headache, and more serious events such as hypotension, tachycardia, and other car-
diovascular events such as vascular leaks and circulatory collapse and during and
post-administration of the medication that appears mainly in the first cycle whose
severity does not impact response. CRS is generally managed by steroids and IL-
6 blockade, and more complicated management strategy involves disassociating
tumor cell lysis from cytokine release based on the “two distinct thresholds for T
cell activation based on the number of TCR peptide MHC complexes formed:” [4,
41, 42]

An alternative way to avoid CRS-related problems is to dissociate tumor cell destruction
and cytokine release. There are two distinct thresholds for T cell activation based on the
number of TCR- peptide-MHC (pMHC) complexes formed. The formation of two TCR-
pMHC complexes is sufficient between a T cell and an Ag-presenting cell, to trigger T
cell-mediated cell lysis. On the other hand, 10 TCR-pMHC complexes are required for the
formation of a complete immune synapse and cytokine secretion. Thus, adjusting the bind-
ing characteristics for the CD3-binding arm, a BsAb could more closely mimic the natural
TCR-pMHC induced T cell activation. Consequently, new CD3-binding Abs have been gen-
erated that bind to multiple epitopes on CD3 with a wide range of affinities and agonist
activities. Functional studies were realized with BsAbs that integrated the different CD3-
binding domains. A BsAb with a new T cell-engaging domain could be created that elicited
strong in vivo tumor cell killing and low levels of cytokine release [4].

The second most common event associated with BsAbs is neurotoxicity, for which
symptomology ranges from personality changes, tremors, confusion, and focal
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neurological episodes. More serious episodes such as ataxia, encephalopathy, con-
vulsions, and delirium may also result. As in CRS, these neurotoxicity episodes
may be precipitated by inflammatory cytokines. 10–20% of patients treated with
blinatumomab experience Grade 3 or higher adverse events, which are considered
reversible after stopping the perfusion and corticosteroid initiation. Additionally,
these events may be avoided by implementing a progressive dosing regimen and
prophylactic administration of dexamethasone, but this constitutes a double-edged
sword as the application of steroids could potentially lead to mitigated immune
response. However, no inhibition of the cytotoxic capabilities of T cells was
observed when reduced levels of inflammatory cytokines were produced as a result
of dexamethasone-treated T cells, indicating that dexamethasone does not interfere
with therapeutic efficacy of BsAbs [43].

Neurotoxicity can also lead to death. Both are usually managed with corticos-
teroids and supportive therapy and in severe cases of CRS, the interleukin (IL)-6
receptor inhibitor tocilizumab. More milder cases are treated with dexamethasone
as prophylaxis “combined with stepwise administration of blinatumomab is use-
ful to decrease the risk of severe CRS” [1]. Other adverse events are neutropenia,
elevated liver enzymes, and infection [28, 35, 44–46].

Immune-effector cell-associated neurotoxicity syndrome, or ICANS, is also
associated with T cell engaging therapies. Grade ≥3 events range from 5.5 to 24%
for blinatumomab [28, 29, 35, 36, 38, 47–50]. Neurotoxicity, in general, occurs in
treatment cycle 1 and its risk is increased when higher dosage of blinatumomab
administration. Most common symptoms manifest as dizziness, tremor, confusion,
and encephalopathy [45]. Administration of blinatumomab has also led to other
adverse effects, such as tumor lysis syndrome, cytopenias, pyrexia, and anemia
[51]. CTCAE or Common Terminology Criteria for Adverse Events apply to bli-
natumomab as well and approximately 5% of R/R BCP-ALL or MRD-positive
BCP-ALL experienced a serious CRS event with (CTCAE Grade ≥3) [52, 53].
During phase 2 studies, BCP-ALL patients receiving blinatumomab, close to 53%
experienced neurological events of any Grade, and up to 13% had Grade ≥3/4,
with no associated deaths [18, 54]. However, these events are manageable as a
result of blinatumomab’s pharmacokinetics (high clearance rate) and interruption
of treatment is sufficient [55].

The pathogenic mechanisms behind neurotoxicity remain unclear and are char-
acterized as “complex and incompletely understood” [55]. An analysis of five
clinical trials showed that selected patients exhibited adhesion of T cells to
endothelial cells, leading to neurotoxicity, which was supported by in vitro experi-
ments and preclinical evidence [56]. According to Zhou et al., blinatumomab led to
peripheral T cell recruitment to the brain through this process: T cells attached to
the cerebral microvascular endothelium, endothelial cells were activated leading to
an increased level of Ang-2 (a marker of endothelial cell activation), T cells trans-
migrated across the blood-brain barrier into the brain that in turn led to the release
of cytokines and severe immunological response and neurotoxicity as a result of
these T cells destroying resident B cells [56]. Perhaps then agents that inhibit
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this adhesion between T cells and blood vessel endothelium could potentially be
developed to mitigate neurotoxicity.

Other avenues are being pursued in clinical trials to reduce risk of the systemic
toxicity of CRS such as developing novel routes of administration for B-ALL,
such as subcutaneous administration which could improve convenience and com-
pliance and reduce overall costs versus intravenous infusion [57, 58]. Management
strategies include pretreatment with steroids and dose adjustments [53, 58].

Other adverse events, such as medication errors, elevated liver enzymes, and
infections have been reported, especially in clinical trial settings. Medication errors
usually result from incorrect setting of the infusion rate and malfunction of the flow
rate in the pump leading to accidental increase of dose, and usually occurred at
Grade 1 or 2 in severity. Additionally in this immunocompromised patient pop-
ulation, treatment-related infections occurred, such as sepsis and pneumonia and
opportunistic infections. As a result of B cell depletion and associated decrease
in serum immunoglobulins, risk for infection is higher. In the MT103-211 phase
2 study 32% or 60/189 had serious infections including sepsis, pneumonia, and
catheter site infections with 9% or 17/189 leading to death [58]. In the TOWER
study, transient elevation of liver enzymes during cycle 1 was observed in both
cohorts, with 22% in the blinatumomab, arm and 25% in the chemotherapy arm;
Grade ≥3 TEAEs were reported for 13% and 15%, respectively. Three serious
elevated liver enzyme events and one treatment discontinuation were reported in
the blinatumomab arm. No fatal events due to elevation of liver enzymes were
reported during this trial [5].

11.5.5 Resistance to Blinatumomab and BITEs

Non-responders form a significant portion of patients receiving BiTEs that impli-
cate loss of CD19 antigen and immunosuppressive factors. The PD-1/PD-L1 axis
plays a role in the suppression of anti-tumor activity, as their blockade through
antibodies led to significant clinical outcomes. One case study demonstrated posi-
tivity to this action in a patient receiving blinatumomab, leading to less tumor cell
destruction accompanied by lower levels of interferon-gamma [59]. As a result, ICI
administration has been proposed as a way of overcoming this resistance [60]. The
immune environment with Tregs also contributes to non-response, since increased
levels of Tregs have been observed in R/R ALL [61, 62]. As CR was observed in
blinatumomab this also accompanied by relapse, approximately 8–50% experience
CD19-negative relapse as a result of antigen loss, which can be “interpreted as the
loss of antigen expression and the loss of antigen-binding to targeted antibodies or
cells, the presence of either situation or both can lead to the CD19-negative relapse.
A study analyzed data from four B-ALL patients who had been treated with blina-
tumomab and experienced CD19-negative relapse and found that CD19 trafficking
from the intracellular space to the membrane of B cells was prevented with the
lack of CD81 that provided docking sites for CD19 signal transduction, resulting
in absent CD19 expression” [31, 63, 64]. This is as a result of CD19 mutations
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such as in-frame deletions, SNVs, and nonsense mutation, which were observed
in R/R ALL patients with CD19-negative relapse. Other mechanisms are respon-
sive for loss of CD19 expressions such as CD19 mutant allele-specific expression
and low CD19 expression of mRNA [32]. Alternative splicing led to CD19 release
“which caused antigen escape by changing CD19 epitopes and ultimately disrupt-
ing the binding of blinatumomab to CD19 molecule rather than reducing CD19
expression” [1].

These mutations and alternative splicing were observed to occur in parallel
leading to antigen loss. Lineage transformation has also been observed where B
lymphocytes turn into cells of myeloid lineage, as myeloid marker levels “upreg-
ulate”, including CD33 [65, 66]. This lineage switch was thought to be associated
with the existence of subclones that had significant selective advantage that did
not express CD19 and were shown to have KMT2A/AFF1 and ZNF384 gene rear-
rangements, generating the need for multitargeted therapies to overcome antigen
loss such as one drug that can concomitantly target multiple tumor antigens or in
combination with other immunotherapies [67, 68].

11.6 Resistance Mechanisms

11.6.1 T Cell Exhaustion/Dysfunction

Other causes of resistance may occur such as T cell exhaustion or dysfunction
as a result of persistent antigen exposure. Their proliferation and cytotoxicity are
impacted, and inhibitor receptors such as PD-1, CTLA-4, and LAG-3 (discussed
in this volume) become overexpressed in tumor cells, the most central on being
the PD-1/PD-L1 axis. This inhibitory pathway is targeted for blocking immunosup-
pressive signals and leads to more enduring T cell activation. T cells do not become
completely inactive, but are not as effective in promoting cell lysis [69–71].

The mechanism of T cell activation and proliferation requires antigen recogni-
tion by the T cell receptor, co-stimulation, and consequent release of cytokines
by the T cells, and then followed by T cell expansion. BsAb meets the first
requirement, but the development of BiTEs may be enhanced to trigger “effective
immunological synapse” obviating the need for co-stimulation. [72]. Additionally,
CD28 or 4-1BB could lead to co-activation and further affect T cell activation as
a result of the bispecific T cell engager [73, 74]. Other BsAbs have been con-
structed to include the IL-15 cytokine [75]. Further, blocking the PD-1/PD-L1
axis can reactivate T cells, but sustainable responses have not been observed in
patients for this therapy since other inhibitory pathways are present. A balance
must be achieved between enabling sufficient BsAb targeting activities and mit-
igating lethal autoimmune adverse events, as resistance and evasion mechanisms
that sustain dysfunction among T cells are a major concern, but must still be con-
sidered in the development and clinical utility of BiTEs [76]. Since by design
BsAbs lead to T cell activation, ancillary T cells may also be activated, such as
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regulatory T lymphocytes or Tregs, which is predictive of treatment resistance and
preventing of tumor cell lysis. T cell depletion pre-therapy is suggested [77].

11.6.1.1 CD20 BsAbs
A number of CD20-based BsAbs are in development including REGN1979,
Mosunetuzumab, and RG6026. REGN1979 is a fully-humanized IgG4 Ab that
since it is has a similarity with natural human Abs is conferred with stability
and stable pharmacokinetics and low immunogenicity. In a phase I trial on R/R
NHL patients, a 100% overall response was observed in follicular lymphoma and
demonstrated CR in CAR-T nonresponders [78]. Mosunetuzumab also has sim-
ilarities with native B structure being a full-length humanized IgG molecule. In
aggressive NHL, an ORR of 37.1% with a CR rate of 19.4% was observed, which
was even higher in indolent NHL, with an ORR of 62.7% and CR of 43.3% [79].
RG6026 is unique in that it was constructed in a 2:1 format, providing better
TAA binding affinity. A short flexible linker ties the CD3 binding arm with the
CD20 binding arm. An extended half-life is conferred through its modified het-
erodimeric Fc region that prevents binding to FcgRs, which leads to an extended
circulatory half-life. Substantive clinical activity was shown in in vitro and in vivo
models, even on cells that have low CD20 expression. It has the further advan-
tage of bypassing rituximab resistance since it remains active in the presence of
competing for anti-CD20 monoclonal antibodies. Its safety profile is also signifi-
cant with low cytotoxicity activity. Each of these compounds is undergoing initial
clinical investigation to evaluate efficacy [80, 81].

11.7 Acute Myeloid Leukemia

The development of bispecific antibodies for the treatment of AML has been
limited due to the lack of tumor-associated antigens on leukemic cells for tar-
geting, (that would be selectively expressed on leukemic cells but spare healthy
hematopoietic cells, similar to blinatumomab for B cell destruction) [82]. CD33
and CD123 have been implicated in acute myeloid leukemia, being a mediator of
myeloid cell proliferation and differentiation. CD33 is also known as sialic acid-
binding Ig-like lectin 3 and is a 7-kDa transmembrane cell surface glycoprotein
with expression on leukemic cells [83, 84]. In the initial stages of development of
BsAbs for AML, four agents were under investigation one being AMG330 human
BiTE tandem single-chain antibody with the N-terminal specific for human CD33
and C-terminal directed toward CD3 [85]. This agent showed anti-leukemic activ-
ity in in vitro and in clinical models. Once daily IV infusion was conducted in a
phase I study for R/R AML. GEM333 is a CD3 × CD33 BsAb in a phase I study
for R/R AML. GEM333 is a humanized antibody with a single-chain bispecific
antibody with variable light and heavy chains targeting both CD3 and CD33 that
is linked in unique fashion through a tandem format arrangement [86]. In preclin-
ical models, the GEM333 construct efficiently redirected cytotoxic T cells toward
CD33+ AML blasts and led to the destruction of AML cell lines and AML blasts
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in patients. Of interest is that this agent spared normal human CD34+ hematopoi-
etic and progenitor stem cells in vitro [87]. A CD33 × CD3 bispecific antibody
was constructed and evaluated in AML patients. 55 patients were dosed at 0.5–
720 µg/d continuously through infusion; among 42 evaluable patients, 3 CR and
4 CRis (incomplete Hematologic recovery) were observed the dose of ≥120 µg/d
[88, 89]. Grade 3 or higher CRS at a rate of 13% was also observed [88].

CD123 BsAb targets have also been developed for AML. CD123, also known
as IL-3 receptor alpha chain, is considered the low-affinity binding subunit of the
IL3 receptor. Its mechanism of action is that it “triggers CD123 heterodimerization
with the granulocyte-macrophage stimulating factor and IL5 receptor complex”
leading to PI3 kinase activity and anti-apoptotic protein upregulation [90, 91].
CD123 expression on AML blasts is associated with lower CR rates and poor
prognosis concurrent with higher blast counts. JNJ-63709178 is a CD3 × CD123
construct that contains a bispecific IgG1 antibody created through Genmab Duo-
Body technology which employs a process termed Fab-arm exchange [82]. Since
they retain the Fc region, their effector functions and in vivo stability are enhanced.
In murine models, the compound exerted anti-tumor effects and led to tumor
regression in a human peripheral blood T cell environment [92]. This compound
is undergoing phase I trials for relapsed and refractory patients. XmAb14045
is another CD123 BsAb that also possesses a unique Fc region and undergoes
spontaneous formation of stable heterodimers facilitating its manufacturing. In
a preclinical monkey model, this agent strongly activated T cells to stimulate
CD123+ cell destruction [93]. Other BsAbs for AML are undergoing evaluation.
MCLA-117 is a human full-length IgG1 BsAb that targets CLEC12A, a myeloid
antigen expressed on AML cells [82]. CLEC12A has selective expression, being
expressed on leukemic stem cells but sparing normal hematopoietic cells [56, 57].
In an HL-60 cell line, MCLA-117 led to efficient CLEC12A antigen-dependent T
cell activity and targeted tumor cell lysis. The agent also induced “T cell-mediated
lysis of AML blasts in an ex vivo culture system and is currently being investi-
gated in a phase I clinical study” to assess safety, tolerability, and efficacy in AML
adult patients [82]. These compounds have associated adverse events as a result of
their T cell redirecting therapy, which is similar to blinatumomab, including CRS,
with high levels of inflammatory cytokines such as IL-6 and IL-2, and associated
with flu-like symptoms and quite possibly elevated fever, end-organ dysfunction,
or even more threatening complications such as renal failure, hepatic failure and
cardiac dysfunction [94]. Neurotoxicity may also result including mild confusion,
headaches, to even severe encephalopathy, aphasia, seizures, and delirium [95–97].

11.8 Multiple Myeloma

B cell maturation antigen or BCMA is likewise expressed on multiple myeloma
tumor cells, with very little expression on normal cells, leading to development of
anti-BCMA bispecific antibodies [1]. BCMA is a membrane antigen that has selec-
tive expression on malignant cells but it is not expressed in naïve B cells nor other
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normal tissue cells. It is considered a crucial target of study for the development
of a BsAb for multiple myeloma. It is prognostic of poor clinical outcomes and is
highly expressed on multiple myeloma cells. According to Lejeune et al., “a rapid
re-emergence of B cell immunity after the end of the anti-BCMA treatment would
be possible since this [antigen] is not expressed early in B cell development”
and “the lack of BCMA expression in other bone marrow populations prevents
off-tumor toxicities.” [4].

One such example, AMG420 showed in a clinical study favorable efficacy and
safety profiles in R/R MM patients. In this trial, 42 R/R MM patients with more
than two lines of prior therapies “were enrolled and received 6-week cycles of
AMG 420 at the dose of 0.2–800 µg/d.” [1]. Objective response rate was robust,
being 70% with 5 CR (MRD-negative), 1 very good PR, and 1 PR. Infections con-
stituted the most common adverse events, with a rate of 33%. CNS toxicity was
not observed; Grade ≥3 CRS was 2%, leading to FDA consideration for approval
[98]. AMG420 and 701 are BCMA-CD3 BiTEs that have short-life and IV infu-
sion administration like blinatumomab, being administered for 4 weeks followed
by 2 weeks treatment-free. AMG420 targets BCMA-positive MM selectively while
avoiding BCMA-negative MM cells in both in vitro and in vivo models. In clinical
trials evaluating 42 refractory MM patients, a 70% response rate was observed with
70% MRD-negativity; adverse events included infections and neuropathy [99].
AMG701 has single-chain variable fragments of AMG420 with a half-life exten-
sion and is undergoing evaluation for toxicity and response through once-weekly
dosing.

11.8.1 Clinical Development for MM (CD38-CD3)

A number of tumor-associated antigen BsAbs have been studied for MM. BsAbs
that target CD38, such as humanized anti-CD38/CD3 XmAbs with differing affini-
ties for CD38 and CD3. AGM424 has been studied in in vitro and in vivo models
and led to significant tumor cell destruction in the presence of soluble CD38. It
has lower affinity for CD3 and is associated with uncontrolled CRS. It is currently
in phase I studies to evaluate safety and tolerability, and PK, PD and efficacy in
R/R MM [100]. GBR 1342 is another anti-CD38/CD3 BsAb that has a complete
Fc domain and was shown in preclinical models to have superiority to the anti-
CD38 monoclonal antibody daratumumab. T cells and CD38+ T cell depletion
were induced in both blood and bone marrow. A phase 1 study began to evaluate
its tolerability.

IgG2a-based BCMA-CD3 (PF-06863135) is also a humanized BsAb that has
an IgG2a backbone with mutations in the Fc region that lead to heavy chain het-
erodimer formation which reduces FcG receptor binding [48]. This compound is
undergoing a phase I study for safety but has shown anti-myeloma activity in
in vivo models [101].
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11.8.2 Clinical Development for MM (FcRL5-CD3
and GPRC5D-CD3)

These anti-myeloma compounds comprise two new targets developed as part of
MM-related target: Fc Receptor-Like 5 (FcRL5) and G-protein coupled receptor
family C group 5 member D (GPRC5D). FcRH5 contains an exclusive surface
marker from B cell lineage but is detected starting from early pre-B cell stage
development [102]. It remains unique among other B cell-specific surface proteins
in that FcRL5 is preserved in both normal and tumor B cells, which enables further
activity in other B cell tumors, such as CLL, DLBCL, and follicular lymphoma
[102, 103].

GPRC5D on the other hand is “expressed on the surface of malignant cells
involved in multiple myeloma without being expressed at appreciable levels by
normal hematopoietic cells, such as T cells, NK cells, monocytes, granulocytes
and bone marrow progenitors, including hematopoietic stem cells” [104]. Addi-
tionally, mRNA expression of the marker was only expressed in MM patients
with low expression in normal tissues, which was associated with poor outcomes
[105]. This profile lends itself as a suitable target for MM patients. Two BsAbs
are in development against these targets and are currently in phase I clinical stud-
ies: RG6160 which targets FcRL5 and the DuoBody JNJ-64407564. Both target
GPRC5D, and led to encouraging results from in vitro and in vivo models that
demonstrated B cell depletion and tumor growth suppression in myeloma models
[104, 106].

Teclistamab, a B cell maturation antigen × CD3 bispecific antibody showed
clinical efficacy in R/R MM patients in an open-label phase 1 multicenter trial.
Teclistamab was initially considered an investigational bispecific T cell engager
that has structural differences from AMG 420 with “promising efficacy” (Table
11.2).

Table 11.2 Teclistamab and multiple myeloma

Trial Patient
population

Primary
endpoint

Clinical results Adverse events

Open-label,
single-arm phase
1

R/R MM (n =
157) patients
intolerant to
established
therapies

Dosing in part
1/safety and
tolerability in
part 2

58% achieved a
very good partial
response or better
22 (n = 85%) of
26 responders
were alive and
continuing
treatment after
7.1 months median
follow-up

Cytokine release
syndrome in 28
and neutropenia
in 26 patients
(Grade 3 or 4)

Source Usmani [118]
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Table 11.3 Blinatumomab in R/R diffuse large B cell lymphoma [107]

Trial Patient
population

Comparator Primary
endpoint

Clinical results Adverse events

Phase 2
study

21 patients
with a median
of three prior
lines of
therapy with
stepwise
dosing

21 patients with
a median of
three prior lines
of therapy with
stepwise dosing

Overall
response
rate;
complete
response

ORR: 43% after 1
blinatumomab
cycle; CR 9%

Tremor (48%);
pyrexia (44%);
fatigue (26%);
edema (21%);
Grade 3
neurologic
events
encephalopathy
and aphasia
(each 9%);
mostly resolved

11.9 Non-Hodgkin Lymphoma

Blinatumomab has demonstrated clinical efficacy for R/R DLBCL, as shown in
Table 11.3. Other bispecific antibodies are being studied for determining safety
and tolerability in DLBCL and NHL.

Pharmacokinetic and pharmacodynamic analysis revealed B cell depletion rates
for NHL patients receiving blinatumomab. B cell depletion took place within 48 h
after continuous IVD infusion doses of greater than 5 ug/m2/day that took place
in first-order kinetics. A 50% reduction in tumor size was a result of dosage of
47 ug/m2/day for 28 days. The authors concluded that B-lymphocyte depletion
was dependent on exposure while adverse cytokine elevation was transient but
also increased with dose. Overall a PK/PD relationship was established in this
medication dose selection [108].

11.10 Dual Affinity BsAbs and Tandem Diabodies

Dual affinity bispecific antibodies and tandem diabodies, other types of BsAb con-
structs have been discussed earlier, but are worth specifying further here. MGD011
(duvortuxizumab) is a CD19 × CD3 DART with a silenced, human IgG1 Fc
domain that confers it with a relatively long circulating half-life (approximately
14.3–20.6 days), which is similar to conventional mAbs that allow for a every
2-weeks administration. The benefit of this DART is that its humanized Ab arms
have a much greater affinity for CD19 than for CD3 which lends itself to prefer-
ential binding to targets. However, due to high neurotoxicity in phase I studies for
B cell malignancies such as NHL and CLL, its clinical development was stopped
[109].

“AFM11 is a tetravalent bispecific TandAb with two binding sites for CD3 and
two for CD19”. With its increased binding affinity, its high potential for treat-
ment efficacy was anticipated but phase I studies for ALL and R/R NHL was
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suspended as it was further revealed that AFM11 potency was not correlated with
the CD19 density on target cell surfaces and additionally severe neurotoxicity with
one fatality occurred [110].

AMV564 is a tetravalent anti-CD33-anti-CD3 tandem diabody construct that
forms a homodimer from two VH and VL chains that are composed of antigen-
binding single-chain variable fragments (scFvs). Two binding sites for each epitope
are created, thus increasing the avidity of the antibody to its targets. It also has
a longer half-life compared to BiTEs owing to its molecular weight of 106 kDa
[111]. This tandem diabody is being studied in a first-in-human phase I trial in
R/R AML patients at a 14-day continuous infusion every 28 days and may hold
potential over the two constructs discussed above since preliminary evidence has
shown evidence of T cell activation by increased cytokine levels. 13–38% reduc-
tion in bone marrow blasts was evidence of biological activity in 10/16 patients.
Safety profiles were also favorable with no Grade 3–4 toxicities present. A Grade
2 CRS at the 50 ug/day dose in a single patient was observed [112].

Table 11.4 is a summary of bispecific antibodies for Hematologic malignancies.

11.11 Combination and Sequential Therapies [3]

PD-1 expression has been associated with resistance to blinatumomab [113] since
T cell exhaustion is observed when PD-1 is overexpressed. This association led to
studies combining blinatumomab with immune checkpoint inhibitors, case in point
being a 12-year patient with refractory ALL achieved remission was administered
pembrolizumab and blinatumomab since pembrolizumab enhanced T cell func-
tion [113]. Table 11.5 from Lejeuene et al. shows the clinical studies as of 2019
combining BsAbs with immune checkpoint inhibitors. These studies have been
extrapolated to design BsAbs that concomitantly target two immune checkpoints
such as the dual blockade of PD-1 and LAG-3 (also discussed in this volume).
MGD013 is an anti-PD-1/anti-LAG-3 DART that binds specifically to both PD-1
and LAG-3 (142) and enhances T cell pathways. However, these positive outcomes
have been deterred to some extent by increases in adverse events due to over-
activation of the immune system, which investigators are studying to overcome. A
new approach was developed that “consists in the deletion of the PD-1 pathway
via high-affinity PD-1 binding while inhibiting CTLA-4 with a low-affinity bind-
ing arm. This construct inhibits CTLA-4 in double-positive T cells while reducing
the binding to peripheral T lymphocytes expressing CTLA-4, resulting in better
tolerability” [114].

In R/R BCP-ALL patients, blinatumomab is combined with PD-1 and CTLA-
4 inhibitors to determine efficacy and tolerability. Preliminary findings from a
study evaluating nivolumab and blinatumomab have demonstrated feasibility with
acceptable toxicity. Heavily pretreated patients showed a 80% MRD complete
response rate [115]. Deep and durable remissions are also anticipated from a
study combining pembrolizumab with blinatumomab in a phase 1/2 study in R/R
BCP-ALL patients with a high percentage of bone marrow blasts as a result
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Table 11.5 Clinical trials for combination therapies for blinatumomab

Name (sponsors) Targets Diseases indication Phase (NCT#)

Combinations with immune modulators

Combination of binatumomab
and nivolumab (anti-PD-1
mAb)± Ipilimumab
(anti-CTLA4 mAb) [National
Cancer Institute (NCI)]

CD3 × CD19 ×
PD-1 (× CTLA4)

B-ALL Phase I
(NCT02879695)

Combination of binatumomab
and pembrolizumab (anti-PD-1
mAb) (Merck Sharp & Dohme
Corp., Amgen)

CD3 × CD19 ×
PD-1

B-ALL Phase I/II
(NCT03160079)

Combination of binatumomab
and pembrolizumab (anti-PD-1
mAb) (Amgen)

CD3 × CD19 ×
PD-1

NHL Phase I
(NCT03340766)

Combination of binatumomab
and pembrolizumab (anti-PD-1
mAb) (Merck Sharp & Dohme
Corp., Amgen)

CD3 × CD19 ×
PD-1

ALL Phase l/ll
(NCT03512405)

Combination of Binatumomab
and Pembrolizumab (anti-PD-1
mAb) (Children’s Hospital
Medical Center, Cincinnati)

CD3 × CD19 ×
PD-1

B-cell lymphoma
and leukemia

Phase l
(NCT03605589)

Combination of BTCT4465A
and atezolimumab (anti-PD-L1
mAb) (Genentech)

CD3 × CD20 ×
PD-L1

CLL, NHL Phase l
(NCT02500407)

Combination of REGN1979 and
REGN2810 (anti-PD-L1 mAb)
(Genentech)

CD3 × CD20 ×
PD-1

Lymphoma Phase l
(NCT02651662)

Combination of REGN1979 and
REGN2810 (anti-PD-L1 mAb)
(Hoffmann-La Roche)

CD3 × CD20 ×
PD-L1

NHL Phase l
(NCT03533283)

Combination with mAb

Combination of
JNJ-64407564/JNJ-64007957
and daratumumab (Janssen)

CD3 × BCMA or
GPRC5D ×
CD38

MM Phase l
(NCT04108195)

(continued)

of resistance to blinatumomab [116]. Limited data are also arriving from stud-
ies combining TKIs such as ponatinib, dasatinib, and bosatinib, achieving 50%
hematologic response rates [117].

Bispecific antibodies have made enormous progress in the treatment of Hema-
tologic malignancies, the most prominent being the bispecific T cell engager
blinatumomab for acute lymphoblastic leukemia. Acute myeloid leukemia and
multiple myeloma are also benefiting from BsAb treatment. They have proved to
be a formidable alternative to immune checkpoint inhibitors and adoptive cellular



308 P. Hays

Table 11.5 (continued)

Name (sponsors) Targets Diseases indication Phase (NCT#)

Combination with ADC

Combination of BTCT4465A
and polatuzumab vedotin
(anti-CD79b × MMAE)
(Hoffmann-La Roche)

CD3 × CD20 ×
ADC

B-cell NHL Phase l
(NCT03671018)

Adapted from Lejeune et al. [4]
Data available as of November 05, 2019. Molecules are classified based on target antigens
ADC: Antibody-drug conjugate; BCMA: B-cell maturation antigen; CTLA4: cytotoxic T-
lymphocyte-associated protein 4; GPRC5D: G protein-coupled receptor family C group 5 member
D; mAb: monoclonal antibody; MMAE: monomethyl auristatin E; PD-1: programmed cell death
1; PD-L1: programmed cell death 1 ligand

therapies, and are vying with each for clinical and commercial viability. They are
most often compared with chimeric antigen receptor therapies in terms of clinical
efficacy and response, toxicity and manufacture, and several studies are underway
for combining both of them for more deep and durable responses. Other types of
bispecific antibodies other than the canonical CD3 T cell construct are in devel-
opment, such as those for directing natural killer cells to leukemic and myeloid
targets through their cell surface antigens and mitigating tumor escape as tumor
cells lose their antigens. Others are being developed with longer half-lives so that
the intravenous administration of these compounds is more facile and there is less
possibility of medication errors happening. Also, one of the major advances of bis-
pecific antibody-drug development is that their clinical effectivity runs the gamut
for all patient populations: pediatric, adult, and elderly. As regulatory bodies are
continuously receiving data for the hundreds of bispecific antibodies, particularly
bispecific T cell engagers, under study and ongoing development, the landscape
for the treatment of hematologic malignancies by these agents will expand most
certainly.
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