IntechOpen

Immune Checkpoint
Inhibitors

New Insights and Recent Progress

Edited by Afsheen Raza







Immune Checkpoint
Inhibitors - New Insights

and Recent Progress
Edited by Afsheen Raza

Published in London, United Kingdom




Immune Checkpoint Inhibitors - New Insights and Recent Progress
http:/dx.doi.org/10.5772/intechopen. 100958
Edited by Afsheen Raza

Contributors

Nabil E. Omar, Arwa O. Sahal, Hebatalla M. Afifi, Rana Mekkawi, Hazem Elewa, Jacob Zaemes, Muneeb
Rehman, Ruth He, Coleman Smith, Juan Huang, Jiawen Huang, Ika Nurlaila, Shaimaa M. Bebars, Afsheen
Raza, Monde Ntwasa, Bonnie L. Russell, Selisha A. Sooklal, Sibusiso T. Malindisa, Hongzhang Deng,
Pei Huang, Hui Wang, Man Chen

© The Editor(s) and the Author(s) 2023

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED.
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

&

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of
the individual chapters, provided the original author(s) and source publication are appropriately
acknowledged. If so indicated, certain images may not be included under the Creative Commons
license. In such cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www . intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2023 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Immune Checkpoint Inhibitors - New Insights and Recent Progress
Edited by Afsheen Raza

p.cm.

Print ISBN 978-1-80356-590-3

Online ISBN 978-1-80356-591-0

eBook (PDF) ISBN 978-1-80356-592-7



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

63(D(D+ 170,000+ 190M+

ailable International authors and editor Downloads

Our author: among the

156 Top 1% 12. 2%

Countries deliv most cited s Contributors from top 500 universities

J ook *
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

1






Meet the editor

Dr. Afsheen Raza is a research scientist with extensive experi-
ence in cutting-edge molecular biology/immunology research
and cancer clinical trials. She is currently working at the
Translational Cancer Research Institute of the National Cen-
ter of Cancer Care and Research (NCCCR), Hamad Medical
Corporation, Qatar. She has more than 15 years of research
experience with a prolific output of more than forty peer-re-
viewed publications in high-impact journals, international and national grants,
and clinical trials research. Dr. Afsheen has also mentored and supervised master’s
and Ph.D. students as part of her academic training. She is internationally recog-
nized for her scientific contribution to cancer immunology and immunotherapy
and serves as editor for Frontiers in Immunology and PLOS One and is a reviewer for
Cells, Cancers, and Frontiers in Medicine.







Contents

Preface

Section 1
Immune Checkpoint Inhibitors - Mechanisms and Current Advances

Chapter1
Introductory Chapter: Introduction to New Insights and Recent Progress

in Immune Checkpoint Inhibitors
by Afsheen Raza

Chapter2
Immune Checkpoints: The Rising Branch in Cancer Immunotherapy
by Ika Nurlaila

Section 2
Immune Checkpoints and Cancers

Chapter 3

Immune Checkpoint Inhibitors Programmed Cell Death-1/Programmed
Cell Death-Ligandl (PD-1/PD-L1) for Cancer Therapy

by Shaimaa M.M. Bebars

Chapter 4
Immune Checkpoint and Tumor Therapy
by Pei Huang and Hongzhang Deng

Chapter5

Immune Checkpoint Inhibitors in Hodgkin Lymphoma and Non-Hodgkin
Lymphoma

by Jiawen Huang and Juan Huang

Chapter 6
Immunotherapy and Hepatocellular Carcinoma
by Jacob Zaemes, Muneeb Rehman, Coleman Smith and Ruth He

XI

25

27

11

57

89



Section 3
Current Advances and Techniques

Chapter7

Current Advances in Immune Checkpoint Therapy

by Bonnie L. Russell, Sibusiso T. Malindisa, Selisha A. Sooklal
and Monde Ntwasa

Chapter 8

Recent Developments in Application of Multiparametric Flow Cytometry
in CAR-T Immunotherapy

by Hui Wang and Man Chen

Section 4
Immune Related Adverse Events in Immunotherapy

Chapter 9

The Flip of the Coin of Personalized Cancer Immunotherapy: A Focused
Review on Rare Immune Checkpoint Related Adverse Effects

by Nabil E. Omay, Hebatalla M. Afifi, Arwa O. Sahal, Rana Mekkawi
and Hazem Elewa

XII

113

115

151

175

177



Preface

This book provides updated information on immune checkpoint inhibitors and their
role in disease dynamics, especially in cancers. The chapters discuss the mechanisms
of action of immune checkpoint inhibitors, the role of novel immune checkpoint
inhibitors in therapeutics/immune-related adverse events, and immune checkpoint
inhibitors as predictors of response. Furthermore, the chapters also focus on current
clinical trials being carried out on several novel immune checkpoint molecules and
their utility in therapeutics, overall response rates, and survival. The book delves into
critical topics such as the advances and challenges of immune checkpoint molecules
with respect to their use in clinical practice. The insights from this book serve as a
foundation for preclinical and clinical studies to identify unexplored pathways that
need attention at a global scale to improve the role of immune checkpoint inhibitors
in cancers.

Dr. Afsheen Raza
Associate Professor,
Molecular Biology,

College of Health Sciences,
Abu Dhabi University,
Abu Dhabi, UAE
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Chapter1

Introductory Chapter: Introduction
to New Insights and Recent
Progress in Immune Checkpoint
Inhibitors

Afsheen Raza

1. Introduction

Immune checkpoint inhibitor (ICI) is an established therapeutic strategy for
various cancers. ICI comprises mainly of monoclonal antibodies that block immune
regulatory checkpoint molecules, cytotoxic T-lymphocyte-associated protein 4
(CTLA-4), Programmed cell death protein-1 (PD-1) and Programmed Death
Ligand-1 (PD-L1) [1]. To date, FDA has approved ICls for various cancer types
including anti-CTLA-4 (Ipilimumab, Tremelimumab), anti-PD-1 (Pembrolizumab,
Nivolumab, Cemiplimab) and anti-PD-L1 (Atezolizumab, Avelumab, and
Durvalumab) [2].

The main mechanism of action of immune checkpoint inhibitors is to target and
augment host CD4+ and CD8+ T cell responses. Briefly, CTLA-4 is a T-cell surface
receptor that binds costimulatory factors (CD80, CD86) on antigen-presenting cells.
This activation transmits inhibitory signal to T cells thus, reducing Interleukin 2
(IL-2) production and T-cell proliferation. Moreover, PD-1 is a cell surface receptor
expressed on B cells, T cellsand NK cells. Its main function is to promote self-tolerance/
prevent autoimmunity via apoptosis of antigen-specific T-cells, suppression of T cell
inflammatory activity and downregulation of the immune system. PD-1 has strong
binding affinity to its ligands, PD-L1/PD-L2 and this binding delivers a strong inhibi-
tory signal to suppress T cell receptor (TCR) mediated activation of IL-2 production
and T cell proliferation for immune regulation [3].

2. Novel immune checkpoint inhibitors/combinatorial therapeutic
regimens

Recently, many studies and clinical trials have focused on various aspects of
immunotherapy including novel immune checkpoint inhibitors, combination thera-
peutic regimens, identification of predictive and prognostic biomarkers, management
of immune related adverse events etc. The insights from these pre-clinical and clinical
studies indicate unexplored pathways that need attention at a global scale to improve
the role of these ICIs in cancers. Importantly, the novel immune checkpoint inhibi-
tors, apart from anti-CTLA-4, anti-PD-1 and anti-PD-L1, can serve as a paradigm
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shift for patients, giving them a chance for additional treatment options. For e.g.
recently, FDA approved anti-LAG-3 (Relatlimab) monoclonal antibody, that targets
Lymphocyte-activation gene 3 (LAG-3) immune checkpoint and recommended

it for untreated unresectable or metastatic melanoma in patients >12 years of age.
Relatlimab is approved to be given in combination with anti-PD-1 (Nivolumab) as
patients on this combination demonstrate better progression free survival than on
Nivolumab alone. However, higher incidence of immune-related side effects have
been associated with this combination indicating that new and novel immune check-
point inhibitors need efficient monitoring for patient management [4]. On the other
hand, many novel immune checkpoints are still under still investigation in clinical
trials with promising results [5]. Some of these include

* T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) for
advanced solid tumors/lymphomas

* B7 homolog 3 protein/B7 homolog 4 protein (B7-H3/B7-H4) for advanced solid
tumors/B7-H4 positive solid tumors

* Adenosine A2A receptor (A2AR) for advanced solid tumors
¢ Cluster of differentiation 73 (CD73) for advanced solid tumors

* Natural Killer Cell receptor NKG2A, for Platinum-resistant, recurrent, or meta-
static, head and neck squamous cell carcinoma (HNSCC)

* Poliovirus receptor related immunoglobulin domain (PVRIG)
* Poliovirus receptor-related 2 (PVRL2) for Advanced Solid tumors

In addition to novel immune checkpoints, several studies are also focusing on
finding optimal combination therapeutic regimens of ICIs with other biomolecules
to augment the immune response for better progression free and overall survival [5].
Some of these include:

* Tyrosine Kinase inhibitor, Focal adhesion kinase (FAK) in combination with
Pembrolizumab and chemotherapy gemcitabine for advanced pancreatic
adenocarcinoma

* Anti-CD-147-Signal regulatory protein a (SIRPa) fusion drug, ALX148, in
combination with pembrolizumab, nivolumab, trastuzumab, rituximab, ramu-

cirumab, 5FU, paclitaxel, or cisplatin for advanced solid tumors or refractory
Non-Hodgkin’s Lymphoma (NHL)

* Colony stimulating factor 1 (CSF-1 (M-CSF)/CSF-1R) Inhibitor in combination
with durvalumab for advanced solid tumors

* B cell activator, Semaphorin 4D (SEMA4D), in combination with avelumab for
advanced stage Non-small cell lung cancer (NSCLC)

* Angiopoietin-2 (Ang-2) in combination with pembrolizumab for advanced solid
tumors
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It is postulated that with the advent of novel and combinatorial immune check-
point therapies, improved overall survival for solid, hematological, rare, and hard-to-
treat cancers will improve the prospect of improved cancer management.

3. Predictive and prognostic biomarkers

In addition to novel therapeutic regimens, another area of immense importance
is the identification of predictive and prognostic biomarkers for immune related
adverse events/treatment dynamics. This is a vastly growing field, particularly due to
the limited response rates (20-40%) observed in patients on ICI treatment. Finding
predictive and prognostic biomarkers can not only help stratify patients for optimal
treatment regimen but will also reduce the economic cost on patients. Furthermore,
it can help to avoid the generation of drug resistance as the use of ICI for a specific
cohort (such as responding patients) will control excess use of this precious drug.

In lieu of this, soluble biomarkers (secreted in plasma, serum, urine, ascitic fluids
etc.) are gaining a lot of attention. This is due to major advantages including ease of
sampling, longitudinal monitoring, and less heterogeneity (as compared to tissue bio-
markers). Several studies investigating the role of soluble CTLA-4 (sCTLA-4), soluble
PD-1 (sPD-1), soluble PD-L1 (sPD-L1) and soluble PD-L2 (sPD-L2), especially in
melanoma and NSCLC patients have shown promising results. The studies observed
that soluble markers can exert enhancement and inhibitory effects on the immune
system including early activation of CD8+lymphocytes, increased lytic activity of
macrophages, up regulation of pro- and anti-inflammatory cytokines/chemokines,
inhibition of IL-2 production/T cell activation and reverse signaling on dendritic

cells (DC) leading to reduction in DC maturation. These soluble markers have also
been postulated to bind and block the active site of ICI monoclonal antibodies, thus
making the treatment regimen inefficient [6-16]. On the other hand, several predic-
tive biomarkers such as C-Reactive proteins (CRP), Blood cell counts, IL-5, IL-6, IL-8,
CXCLS9, 10, 11, 13, CCL3, CCR3, sPD-L2 etc. have been associated as predictors of
immune related adverse events in ICI treated patients indicating the importance of
soluble markers [8, 17, 18]. However, this is still an untapped area with limited studies
and larger prospective clinical trials are warranted to fully understand their role in
immunotherapy.

Last, but not the least, the gut microbiome is an area of immense interest for
their role in ICI treatment dynamics. Emerging evidence/clinical trials suggest
that gut microbiota influences clinical response to immunotherapy [19]. For
e.g., a study on fecal microbiota transplant (FMT) in metastatic melanoma from
responding patients (on anti-PD-1 treatment) to non-responding patient lead to
improved response rates [20]. In addition to this, various studies have documented
the microbes Blautia obeum, Collinsella aerofaciens, Enterococcus faecium, Klebsiella
pneumonia, Parabacteroides mevdae, Roseburia intestinalis, Veillonella parvula,
Ruminococcaceae to be associated with enhanced/inhibitory effects on anti-PD-1
treatment mainly due to their interaction with the cells of the tumor microen-
vironment [19, 21-23]. Therefore, the value of assessing the gut microbiome in
immunotherapy is an area of significant interest and randomized controlled trials,
examining modulatory effects of the gut microbiome in ICI treated patients, is
recommended for better understanding of treatment dynamics.

In summary, a vast avenue of areas can be explored with regards to immune
checkpoint inhibitors to provide novel insights into this emerging field. The
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above-mentioned areas are just the tip of the iceberg and exploration of other aspects
such as genomics, transcriptomics, proteomics, metabolomics etc. can serve valuable
for treatment management and better overall survival for ICI treated patients.
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Chapter?2

Immune Checkpoints: The Rising
Branch in Cancer Immunotherapy

Ika Nurlaila

Abstract

In the cancer therapy realm, concepts of immunotherapy rose as a response to
emerging adverse effects caused by conventional therapies, which to some cases
even more quality-of-life-reducing than the cancer itself. Inmunotherapy is aimed
to systematically enhance immunity to eradicate cancerous cells without harming
healthy neighbor cells. In this platform, immune checkpoint molecules are under
massive explorations and have been thought to be bringing excellent outlook clini-
cally. These molecules hinder anticancer immunity. As a result, cancer growth is
favored. Therefore, inactivation of immune checkpoint by blocking engagement of
checkpoint receptors and their cognate ligands will restore the anticancer functions
of immune system elements; hence, they can reclaim their power to eradicate cancers.
Each checkpoint possesses specific downstream mechanism for which the inhibitors
are formulated. In this chapter, we discuss four major checkpoints in the context of
general characteristics, structures, and their roles in some cancers. Relevant recent
progress in respective checkpoint molecules is also discussed to broaden our horizon
on how cancers and immune checkpoint molecules are at interplay.

Keywords: immunotherapy, cancer, immunity, checkpoint, inhibitors, CTLA-4,
LAG-3, TIGIT, PD-1

1. Introduction

Cancer immunotherapy is a course of treatments by which the anticancer immu-
nity is restored. This has transformed plethora in curing cancers [1] and rapidly
evolving field of oncology. There are two primary therapeutic strategies employed
in cancer immunotherapy. Immune checkpoint inhibitors, cytokines and vaccines,
are principally aimed at enhancing the patient’s own antitumor immunity. The other
approach is administration of tumor-reactive immune cells which can be as chime-
ric antigen receptor (CAR) T cells, or T-cell receptor-engineered T cells. Excellent
results have already been achieved in cancers including melanoma, leukemias, and
lymphoma for which immunotherapy is now employed as a standard care [2]. Of
these, immune checkpoint inhibitor approach has received much growing atten-
tion, especially after ipilimumab was first approved by FDA to treat melanoma [3].
Several immune checkpoints have been investigated for various types of cancers in
the past decades, including but not limited to CTLA-4, PD-1, LAG-3, and TIGIT. They
are named after “immune checkpoints” to indicate their function as gatekeepers of
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immune responses in physiological condition [4]. In order to deliver inhibitory sig-
nals, the receptors use mono-tyrosine signaling motifs such as immunoreceptor tyro-
sine-based inhibitory motif (ITIM) and immunoreceptor tyrosine-based switch motif
(ITSM). As surface molecule, their activity can be inhibited by blocking antibodies

to prevent ligation of ligand receptor. This is the big idea of developing immune
checkpoint blockade [5]. Application of anti-PD-1/PD-L1 as checkpoint inhibitors has
achieved success therapeutically as well as commercially [6]. This encourages much
more exploration on other identified checkpoints, and they also show potential in
animal models. Highlights in this chapter are the four major checkpoint molecules:
CTLA-4, LAG-3, PD-1, and TIGIT, in regard with their structures, signaling path-
ways, and progress reports on their respective implementation clinically.

2. CTLA-4: the god father of immune checkpoint molecules
2.1 General description

Although immune responses are needed to assure protection against any harmful
agents, excessive response potentiates damage. Therefore, an effective control must
be warranted. Cytotoxic T-lymphocyte antigen-4 (CTLA-4), known as CD152, is
constitutively expressed on regulatory T cells (Tregs) and conventional T cells after
activation [7]. Often, this particular subset is overexpressed on exhausted T cells [8];
hence, it is used as one of prominent markers for T cell exhaustion. Mostly, CTLA-4
is situated within intracellular vesicles and expressed only transiently following
activation of the immunological synapse prior to being endocytosed [9]. CTLA-4 is
a pivotal brake system in immune responses. Its genetic ablation, which causes fatal
lymphoproliferative diseases, renders it unique among other checkpoints [10, 11].

CTLA-4 is a member of the CD28 family receptors. It has a significantly higher
affinity to ligands B7.1 or B7.2 than that seen for CD28. Consequently, CTLA-4
abrogates co-stimulatory signal which is elicited by CD28 [12, 13], In the context of
recognition of tumor antigens, CTLA-4 is highly expressed in FOXP3-expressing
regulatory T cells (Tregs) which leads toco-stimulatory prevention, braking the T
cells response and facilitation of cancer cells immune escape [11]. Therefore, prohibit-
ing negative regulation via binding of CTLA-4 is seen to be a plausible way to repro-
mote stimulation and potentiation of T cell activation. CTLA-4 blocking antibodies
have been reported to regress tumor growth and improve disease-free survival in
various murine malignancy models [14].

There have been two antibodies which have been developed to inhibit the binding
of CTLA-4, namely ipilimumab (known previously as MDX-010) and tremelimumab
(known previously as ticilimumab). While ipilimumab is a fully IgG1 K mAb, tremeli-
mumab is an IgG2 mAb. Compared to ipilimumab, tremelimumab’s half-life is twofold
longer. However, it was ipilimumab that received approval from FDA to be harnessed
as a checkpoint-based anticancer therapy [15].

CTLA-4is used for the treatment of metastatic melanoma and is undergoing clini-
cal trials for lung, colorectal, gastric, kidney, pancreatic,ovarian, and prostate which
commenced Phase III thereof [7]. Initially, the overall strategy of blocking CTLA-4
appeared to invite doubts, since there is no tumor specificity on which CTLA-4
ligands can bind. Moreover, lethal autoimmune and hyperimmune phenotype in
CTLA-4-knockout mice seems to be positively correlated with immune toxicity
caused by the blockade of this receptor [16]. This was not until Allison et al. showed
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a therapeutic window of this inhibitor. Harnessing mouse model, the team demon-
strated that anti-CTLA-4 negatively affect the growth of colon carcinoma as well as
fibrosarcoma. Intriguingly, anti-CTLA is able to exert its robust after effect palpable
tumors are stably established [17].

2.2 Signaling pathway of CTLA-4

The first mechanism is coupling CD28 to its ligands CD80 (B7-1) and CD86
expressed on the surface of APCs. TCR ligation induces conformational changes in
the CD28 molecule by which bivalent enhanced avidity binding to CD80 is mediated.
Although these conformational changes are yet to be clearly addressed, the higher
affinity of CTLA-4 as monovalent compared to that seen for CD28 is widely thought
to be the reason. With no TCR stimulation, CD28 might still be able to bind to its
ligands yet at low affinity. However, CTLA-4, which structurally is close to CD28,
may initiate its bivalent binding before CD28. Accordingly, it is assumed that the high
avidity of CTLA-4 for the shared ligands contributes to CTLA-4-mediated inhibition
that overrides CD28-induced co-stimulation [18].

Following binding to either CD80 (B7-1) or CD86, CTLA-4 turns off APCs and
then increases its activity upon TCR engagement. This culminates after 2-3 days
of activation of conventional CD4+ and CD8+ T cells. As CD80 (B7-1) and CD86
elicit a co-stimulatory signal via CD28, a competitive role showed by CTLA-4 is vital
for T cell attenuation to fine-tune the immune response. Rapid binding kinetics of
CTLA-4 and CD28 to CDS0 has been seen approximately at ko >1.6 and >0.43 s™*
which allows their instant competition [7]. CTLA-4 is upregulated on the surface of
Treg cells with which the level of CD80/CD86 co-stimulatory molecules, including
their cytoplasmic domains, on APCs is reduced in a trans-endocytosis manner [8].
Subsequently, this dampens proliferation of non-Treg T cells and the cytokine pro-
ductions [19] to modulate immune suppression on bystander cells [8].

2.3 The interplay of CTLA-4 in cancer

As for dissecting more on CTLA-4 role in cancers, first we need to understand
the architecture of the one particular T cell subset referred to as T, cells. These are
particular compartment in CD4+ T subset which co-express CD25, the a-subunit of
the interleukin-2 (IL-2) receptor that is canonical marker for T, cells and has been
implicated in immune suppression in cancer [20]. These cells were identified to carry
mutations of FOXP3, the master transcription factor that regulates Treg phenotypes
and function as immunosuppressant, years later. Consequently, CD25 and forkhead
box P3 (FOXP3) are used to probe if CD4+ T cells are T, cells instead of conventional
T helper (Ty) cells [19].

The role of Treg in cancers is well seen in inflammatory site, where they infiltrate
in to inactivate different types of CD4" T helper (Ty) cells and CD8* cytotoxic T cells
(CTLs). This is why reversing Tregs’ activities could revive the immune system and
help in combating cancer [19]. Antihuman CTLA-4 monoclonal antibodies (mAbs)
can effectively exert agonist not antagonist effect for it is not capable of binding more
than 50% of CTLA-4 molecules. This statement was firmly supported by findings
that in homozygous human CTLA knock-in mice (ctla™) anti-CTLA-4 mAbs induce
B7 upregulation, but this is not observed in hetereozygous mice (ctla™™). Moreover,
this demonstrates that functional blocking would be required to block more than 50%
CTLA-4, probably due to trans-endocytosis, could be facilitated by leaving 50% of
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CTLA-4 unoccupied. Therefore, upregulation of B7 on dendritic cells (DCs) is physi-
ologically connected in the blockade of B7-CTLA-4 counteraction [21].

2.4 Potential use of CTLA-4 in cancer immunotherapy

Ipilimumab was the first FDA-approved anti-CTLA-4 blocking antibody [8]. It
response is markedly different to that of traditional chemotherapy. While patients
receiving conventional chemotherapy exhibit a quick reduction of baseline tumor
without evidence of new lesions, patients receiving ipilimumab may see first increase
in their tumor burden followed by a reduction or total eradication of all lesions. This
is attributable to late activation of the immune system as infiltrating T cells may take
some time to destroy the tumor [22].

As the advantage from ipilimumab takes place often after what previously has
been defined as “progression” by World Health Organization (WHO) or “Response
Evaluation Criteria in Solid Tumors (RECIST)” criteria, new immune response
criteria have been proposed. Therapeutic response toward ipilimumab culminates
between 12 and 24 weeks with slow response persists even beyond 12 months. The
adverse effect, which was observed in 10-15% grade 3 or higher, is immune-related
and consists of colitis, hypophysitis, thyroiditis, rash, and hepatitis [22]. The treat-
ment with immunosuppressive agents such as corticosteroids, which are aimed at
alleviating immune-related side effects, does not seem to weaken antitumor response
[23, 24]. Taken all these together, ipilimumab is safe to administer if monitoring and
management of the side effects are conducted properly [22].

A new design of anti-CTLA4-NF mADbD referred to BMS986218 has commenced its
Phase I/II clinical trial to evaluate its side effect either as monotherapy or combina-
tion therapy with nivolumab (PD-1 inhibiting antibody). This particular trial is still
recruiting patients with solid cancers at advanced stages [25]. Although it is still
under initial phase of clinical trials, it bulks up body of evidence of promising and
safe use of checkpoint-based cancer immunotherapy.

3. Lymphocyte activation Gene-3 (LAG-3)
3.1 General description

Lymphocyte activation gene-3 (LAG-3), also known as CD233, is expressed on the
various hematopoetic lineage ranges from natural killer (NK) cells, B cells, y3 T cells,
and activated and regulatory CD4 and CD8 T cells. In addition, this is expressed on
tumor-infiltrating lymphocytes (TILs) [26]. In humans, LAG-3 is situated in chro-
mosome 12 (12p13.32), while in mice it lies in chromosome 6 encoding a 498-amino
acid protein [27]. LAG-3 locus and CD-4 co-receptor-encoding gene are adjacent to
each other with similar exon/intron architecture which indicate strongly that LAG-3
and CD4 genes have evolved from a preexisting common evolutionary ancestor IgSF
domain encoding gene [27]. It is surprising that, unlike other checkpoint molecules that
become a hindrance for activated T cell proliferation, T cells lacking LAG-3 precisely
show defect expansion. This was observed iz vitro. Given that LAG-3 has relatively a
higher affinity for MHC class II than that of CD4, hence if LAG-3 is present, theoreti-
cally CD4:MHC class II complex is perturbed. However, this was not observed by an
experiment by Workman and Vignali where a set of transgenic mice carrying a knock-
out mutation of LAG-3 were pre-crossed with OT-II-TCR mice [28]. The OT-II'TCR is
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defined as MHC class II-restricted TCR that responds to residues 323-339 of chicken
ovalbumin [29]. Workman and Vignali figured out that LAG-3 did not interfere
CD4:MHC class II interaction. This seems to oppose previous finding by Huard and col-
leagues a decade earlier where human LAG-3:Ig fusion proteins were shown to be dis-
rupting CD4:MHC class II interaction although not in a CD4:MHC class II-dependent
manner [30]. Discrepancy of these results probably caused by spatial separation
between LAG-3 and CD4 in the immunological synapse which might not restrict the
function of the soluble LAG-3:Ig fusion protein. Non-overlapping binding sites on
MHC class I molecules by LAG-3 and CD4 might as well contributed to the limitedly
disturbed CD4:MHC class II interplay in the presence of LAG-3. Or alternatively, it was
due to subtle binding and function mode differences in murine and human [28].

As a homolog of CD4, LAG-3 binds non polymorphic MHC class II [26] that leads
to the negative regulation of T lymphocytes activation and homeostasis. This check-
point molecule has a direct role in maintaining the tolerogenic state of CD8+ T cells
in vivo [31]. In the genetic level, LAG-3 and CD4 share similarity in less than 20%.
However, both demonstrate a striking similarity structurally [32]. CD4 and LAG-3
belong to a distinct class of immunoglobulin super family- (IgSF-) related protein
with four extracellular Ig-like domains and tryptophan (W) x cystein (C) signature
motif in domain 2 and domain 4 [26]. Differ to that of CD4, the interaction of LAG-3
and MHC class II is initiated is mediated via proline-rich, 30 amino acid loop in D1
(motif domain). Other than this, LAG-3 has a longer connecting peptide spanning
the fourth Ig domain and the transmembrane region because of which LAG-3 is
susceptible to cell surface shedding by disintegrin and metalloproteinase domain
containing protein (ADAM) [27]. LAG-3 function is activated through a conserved
KIEELE motif in its cytoplasmic domain. Hence lacking of this motif leads to negative
regulatory function and reverse negative modulation on the T cells [28].

3.2 Signaling pathway of LAG-3

LAG-3 expression is induced by activation of either TCR or various cytokines
particularly interleukin-12 (IL-12). On the other hand, its transcription is regulated by
interplay of inducing and regulating elements including transcription factor binding
sites. There have been several transcription factors, reported to have inductive effects
to LAG-3 expression, such as thymocyte selection-associated high mobility group box
protein (TOX), nuclear factor of activated T cells (NFAT) [33], and nuclear receptor
subfamily 4 group A (NR4A) [34]. In contrast, T-box transcription factor (T-bet) is
inversely correlated with LAG-3 and leads to cytotoxic T cell differentiation. Thereby, it is
a critical transcription factor in regulating immune exhaustion. However, the correlation
between T-bet and LAG-3 is bidirectional. Deletion of either T-bet or LAG-3 enhances the
expression of the other which suggests that LAG either promotes T cell exhaustion or vice
versa [34]. LAG-3 interferes TCR:CD3 complex on the T cell surface; hence, TCR signal
transduction is perturbed. Asa result, cell proliferation as well as CD3-induced cytokine
production are terminated. LAG-3 and CD3 engagement in the immunological synapse
down-modulates TCR signal transduction which results in inhibition of TCR:CD3-
dependent intracellular calcium fluxes to ultimately halt T cell responses [35].

3.3 LAG-3 inhibitor cancer therapy

Britstol Myers Squibb [36]. Bristol Myers Squibb has formulated opdualag which
consists of anti-LAG-3 mAb relatlimab with Opdivo (nivolumab) for the first-line
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treatment for metastatic or unresectable melanoma [37]. It was previously reported
that combination therapy of relatlimab and nivolumab increased PFS to 10.1
months compared with nivolumab monotherapy that shows PFS of 4.6 months only.
Furthermore, 36% of patients treated with nivolumab monotherapy showed PFS

of 12 months while in relatlimab combined with nivolumab, PFS was 47.7% [38]. In
addition to this, Novartis has formulated a combination therapy targeting PD-1 and
LAG-3, known as spartalizumab +LAG-525. It is now in a Phase II clinical trials to
evaluate its role in unresectable or metastatic disease [39].

Tebolimab, manufactured by Macrogenic, is one of the first in class bispecific anti-
bodies which is now undergoing Phase I clinical trials. This is composed of antigen
binding fragments (Fab) targeting LAG-3 and PD-1. Pieris formulated PRS-332 which
had two Fab regions targeting PD-1 and engineered lipocalins (anticalins) which was
designed to target LAG-3. Similarly, F-star Therapeutics produced antibody FS118
that harbored a Fab targeting LAG-3 in its constant region and withPD-L1 targeting
domains [34].

Although not all of these are approved yet, but various platforms that are offered
to put more volumes in LAG-3-based cancer immunotherapy indicates that the
pertinent checkpoint is clinically pivotal in cancers and hence an excellent target for

therapy.

4. Programmed Death-1 (PD-1)
4.1 General description

PD-1 gene was first identified in two different types of lymphoid cell lines be that
2B4.11 (a murine T cell hybridoma) and LyD9 (a murine hematopoietic progenitor
cell line) following manipulations using ionomycin/phorbol 12-myristate 13-acetate
(PMA) and IL-3-deprivation, respectively. Given the two cell lines shared the same
feature in common that was programmed cell death, it was plausible that PD-1 was
a player in the death-inducing process in the two manipulated cell lines. In addition,
in mRNA level PD-1 was deemed to be one of the molecules whose de novo syn-
thesis induced death in the two cell lines. Owing to its patterns in death-increasing
manipulation-induced augmentation as well as in thymus-restricted expression, PD-1
is enforced as a cell-death-associated gene [40].

PD-1 as a checkpoint molecule is a 55 kDa transmembrane protein consisting of
288 amino acids with a membrane-permeating domain, an extracellular N-terminal
domain (IgV-like) and a cytoplasmic tail at N and C ends [41] containing two tyro-
sine-based signaling motifs, tyrosine-based inhibitory motif (ITIM), and an immu-
noreceptor tyrosine-based switch motif (ITSM) [42]. This is expressed on B cells, T
cells, natural killer T (NKT) cells, activated dendritic cells (DCs), and monocytes.

In resting T cells, PD-1 is not expressed, but this can be induced. In normal human
lymphoid tissue, PD-1 is expressed on germinal center-associated T cells [43]. PD-1
can be both beneficial and harmful. In the context of physiological condition, PD-1
reduces ineffective immune responses and maintains immune tolerance, to prevent
autoimmune reactions [44]. As oppose, the expression of this checkpoint molecule in
a tumor microenvironment (TME) mediates dilation of malignant cells and silence
of the immune surveillance. Therefore, blocking interaction of PD-1 and its ligands
either PD-Llor PD-L2 was deemed to potentially augment endogenous antitumor
responses [45].
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4.2 Signaling pathway of PD-1in cancers

The primary ligand of PD-1 is PD-L1 that is also known as CD279 or B7-H. This
ligand is a 290 amino acid-containing 33 kDa type I transmembrane glycoprotein
with Ig and IgC domains in its extracellular region [46]. PD-L1 is not only a ligand,
but it also carries receptor functions. PD-1 could act as a ligand to mediate transmis-
sion of antiapoptotic signal to tumor cells via PD-L1. The second known counter
receptor of PD-1is PD-L2 or B7-DC which binds with RGMb (repulsive guidance
molecule b). This interaction leads to induction of pulmonary tolerance [47].

PD-L1 is expressed by tumor cells as an immune escape strategy [48]. It is associ-
ated with production of Thl cytokines and interferons. It has been demonstrated
that IFN-y causes PD-L1 upregulation in ovarian cancer cells, whereas the inhibition
of this interferon leads to reduction of PD-L1 expression in acute myeloid leukemia
in mouse models. Both have been reported to take mitogen-activated protein kinase
kinase (MEK/extracellular signal-regulated kinase (ERK)) and MYD88/TRAF6
pathways [49].

The PD-L1 secreted-IFN-y subsequently induces protein kinase D isoform 2
(PKD2); thus, inhibition of this PKD2 activity inhibits the expression PD-L1. NK
and T cells produce IFN-y via Janus Kinase (JAK)1, JAK2, and signal transducer
and activator of transcription (STAT)1 pathways, to ultimately upregulate PD-L1
expression on the tumor cells’ membranes [50]. PD-L1, therefore, acts as a pro-
tumorigenic factor in cancer cells via binding to its receptors and activating prolif-
erative and survival signaling pathways. This finding further indicates that PD-L1
is implicated in subsequent tumor progression. In addition, PD-L1 has been shown
to exert nonimmune proliferative effects on a variety of tumor cell types [41]. These
are the basis of PD-1/PD-L1 blocking antibody development, which is intended for
downregulating these expressions, to allow functional immune cells to perform
robust tumor surveillance [51].

4.3 PD-1/PD-L1in cancer immunotherapy

When a T cell recognizes antigen:MHC complex, expressed on the surface of the
target cell, inflammatory process begins which is marked by the secretion of inflam-
matory cytokines that subsequently induces the expression of PD Ligand-1 (PD-L1)
in the affected tissue. This PD-L1 activates secretion of PD-1 protein on the T cells
which causes immune tolerance, an event where the immune system is no longer
capable of mounting an inflammatory response even in the presence of antigen [52].

In the tumor microenvironment (TME), PD-1 and its ligand PD-L1 play a funda-
mental role in tumor progression and survival by escaping immune surveillance. As
aforementioned, while PD-1 is expressed on various subsets of immune cells, PD-L1 is
expressed on tumor cells and APCs. Upon their engagement, T cells become dysfunc-
tional and exhausted. Moreover, interleukin-10 (IL-10) is produced largely in the
tumor [53]. This is known as the cytokine synthesis inhibitory factor which inhibits
the productions of diverse pro-inflammatory cytokines including IL-1a, IL-1p, IL-6,
IL-8, IL-12, IL-18, tumor necrosis factor-a (TNF-a), and granulocyte macrophage-
colony-stimulating factor (GMSF) in T cells as well as in macrophages. Moreover,
IL-10 diminishes the expression of interferon-y (IFN- y) in T helper (Th) cells and
peripheral blood mononuclear cells (PBMCs). On the other hand, cytokines stimulate
proliferation of mast cells [54], a particular subset of tissue-resident myeloid cells that
contain coarse granules of inflammatory mediators like histamine that contribute to
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shaping of tumor cells and tumor microenvironment (TME) [55]. Foxp3+ CD4+ Tregs
have recently been observed to maintain PD-1 expression on their surfaces in order to
create a highly immunosuppressive TME [44]. The FDA-approved PD-1/PD-L1-based
immune checkpoint inhibitor therapy apparently outnumbers CTLA-4. Like CTLA-4,
PD-1/PD-L1 checkpoint can be administered as monotherapy or combination with
CTLA-4 [56].

Nivolumab and pembrolizumab are antibodies designed to block binding of PD-1
to its ligands. First approval for nivolumab with brand name Opdivo was in December
2014 when nivolumab was evidently great for treating unresectable metastatic
melanoma. Few months later, again nivolumab was approved to be harnessed to
treat NSCLC which resulted in 23.7% of objective response rate (ORR) and 91 days
of progression-free survival (PFS) [57]. It was also used for treating Hodgkin’s
lymphoma patients for which overall survival (OS) was observed at 3 years for 80%
patients with median PFS between 12 and 18 months [58]. As nivolumab, pembro-
lizumab with brand name Keytruda was initially approved in 2014 for metastatic
melanoma. The ORR obtained in this treatment was at 18%. In May 2017, it received
its second approval for its use in locally advanced or metastatic urothelial carcinoma.
In non-Hodgkin’s lymphoma and head and neck squamous cell carcinoma (HNSCC),
treatment using pembrolizumab resulted in ORR of 53% and 19%, respectively [51].
The other FDA-approved anti-PD-1 antibody is Cemiplimab, also known as Libtayo,
which is the first checkpoint designed for advanced cutaneous squamous cell car-
cinoma (CSCC). It was shown that the effects of Cemiplimab was durable, and no
recurrence was observed even after more than 16 months [59].

As anti-PD-L1 antibodies, Atezolimumab (Tecentriq), Avelumab (Bavencio), and
Durvulumab (Imfinzi) were also approved for cancer type targets. Atezolimumab
is widely used for urothelial carcinoma [60, 61] and differs to the other two asitisa
phage-derived human IgG1, whereas Avelumab and Durvulumab are fully human
anti-PD-L1-IgG1 [51]. Avelumab is used to treat patients with metastatic Merkel cell
carcinoma and NSCLC with ORR values of 62.1% and 12%, respectively [62, 63].
Durvulumab is designed to directly target PD-L1, to prevent tumor immune escape
and enhance immune responses. In head and neck squamous cell carcinoma (HNSCC)
ORR of 9.2% was observed. Moreover, 6-month progression-free in HNSCC patients
rose to 25% for those patients who were PD-L1+ [64]. For NSCLC patient cohort, the
ORR was observed at 66.3% [65].

5. T Cell Immunoreceptor with Immunoglobulin and ITIM Domain
(TIGIT)

5.1 General description

TIGIT, also known as V-set and transmembrane domain containing (Vstm),
Washington University cell adhesion molecule (wucam) or V-set and immunoglobulin
domain-containing protein 9 (VSIG9), is a receptor of the Ig superfamily. It is an
important player in adaptive as well as innate immunity regulation [66]. TIGIT is
expressed on activated T cells, both in Ty and CTL subsets, NK cells, Tregs, and fol-
licular Ty [67]. In cancer, TIGIT is often co-expressed with PD-1 on tumor-antigen-
specific CD8+ T cells and C8+ tumor-infiltrating lymphocytes (TILs) in human and
mice [68]. In addition, it is co-expressed with Tim-3 and LAG-3 on exhausted CTLs
in tumors [66]. When homozygously knocked out, TIGIT -/- mice do not develop
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autoimmunity. But when compared with wild-type mice, TIGIT -/- mice suffer severe
autoimmune encephalitis, after immunized with myelin oligodendrocyte glycopro-
tein. This supports the role of TIGIT as a negative regulator of T cell functions [69].
Structurally, TIGIT is composed of an extracellular immunoglobulin variable
domain, a type I transmembrane domain, a short intracellular domain encompassing
one immunoreceptor tyrosine-based inhibitory motif (ITIM) and one immunoglobu-
lin tyrosine tail (ITT)-like motif. The immunoglobulin variable domain and members
of poliovirus receptor (PVR)-like family such as DNAM-1, CD96, CD155, CD111,
CD112 (PVR-related 2 (PVRL2), nectin-2, CD113 (poliovirus receptor-related 3
(PVRL3), nectin-3), and PVRL4 share sequence homology in common [70].

5.2 TIGIT signaling pathways

TIGIT has three ligands namely CD155, CD112, and CD113. These ligands belong
to nectin and nectin-like (NECL) molecules that mediate cell adhesion, cell polar-
ization, and tissue organization [71]. Among these, CD155 is the main receptor for
TIGIT. Both homodimerize and upon engagement form heterotetramers. CD155 is
mainly expressed on dendritic cells (DCs), T cells, B cells, and macrophages but also
in non-haematopoietic tissues [72]. Following the ligation of TIGIT:CD155, inhibi-
tory signaling is initiated via ITT-like motif. Amino acid tyrosine at position of 225
(tyr225) of the ITT-like motif is phosphorylated and coupled onto cytosolic adapter
of growth factor receptor-bound protein 2 (Grb2) and f-arrestin 2 to facilitate
recruitment of Src homology-2 (SH2)-containing inositol phosphatase-1 (SHP-1).
This recruitment thwarts phosphoinositide 3 kinase and mitogen-activated protein
kinase signaling, thus reducing killing capacity in NK cells [73]. SHIP-1 also impairs
TRAF6 and nuclear factor K light-chain-enhancer of activated B cells (NF-KB) which
impedes production of IFN-y by NK cells [74].

Other than CD155 as the highest binding magnitude ligand, CD112 and CD113
are also reported to bind well to TIGIT, but at lesser magnitude . While CD112 shows
a broad range of expression in both hematopoietic and non-hematopoietic tissues,
CD113 is restricted to non-hematopoietic tissues. Their overexpression is observed in
in several malignancies [70]. CD112R has recently been found as a receptor for CD112
other than TIGIT. It was reported that the combined CD112R and TIGIT blockade
allowed diffusion of CD4+ T cells and increased the productions of cytokines such as
IFN-y, IL-2, IL-5, IL-10, and IL-13. Moreover, blockade to these two checkpoints led
to restored cytotoxicity and expansion of CD8+ T cells [75].

5.3 TIGIT’s bright future in cancer immunotherapy

TIGIT is relatively new discovered checkpoint molecule that seems to be a promis-
ing target in immune checkpoint-based cancer immunotherapy. This checkpoint was
evidently shown to prevent tumor antigen release by CD8+ T cells and impair T cell
priming by DCs or obstruct cancer cells killing by CD8+ T cells. And it is now under
investigation in various clinical trials [72].

Recently, six human-anti-TIGIT monoclonal antibodies (mAbs) of the IgG1
isotype are being investigated in clinical trials. OncoMed Pharmaceuticals (US)
produced Etigilimab (OMP-313M32). The mouse version of this 313R12 mAb was
reported to function similar to etigilimab, i.e. suppression of syngeneic colon and kid-
ney tumors in immune competent mice and improved Tyl-type response. Now, eti-
gilimab commences its pharmacokinetics assessment in a Phase I trial. Furthermore,
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Arcus Bioscience’s AB154 and Merck’s MK-7684 drugs, which are designed as
monotherapy for advanced solid cancers and solid cancers, respectively, are in Phase
1 trials. Merck’s MK-7684 is also being tested in combination with pembrolizumab
(anti PD-1 mAb). Tiragolumab by Genentech/Roche is also in Phase II trial designed
as combination therapy with atezolumab (anti-PD-1 mAb) for advanced or metastatic
non-small cell lung cancer (NSCLC). Bristol-Myers Squibb bulks up the trials for
TIGIT by producing BMS-986207 which is IgG1 mAb (FcyR-null) anti-TIGIT to target
advanced or metastatic solid cancers. The Fc portion on the IgG of this mAb has been
mutated to avoid ligating to Fcy receptor (FcyR) because Fcy-dependent mechanisms
were found to inhibit antitumor activity of anti-PD-1 mAbs. With similar strategy
(IgG1 mAb and FcyR-null), Astellas Pharma (Potenza Therapeutics) has also
designed ASP 8374 [72].

6. Conclusions

Immune checkpoint molecules are promising for cancer immunotherapy. Each
has specific structure and specific ligands that can be engineered in such a way that
immune-suppressing activity is redirected into immune-activating activity either
as monotherapy or in combination with other checkpoints to help in tumor growth
reduction. PD-1 and CTLA-4 are the two most common checkpoints with FDA
approvals for several cancers, years ahead of other checkpoints. TIGIT and LAG-3 are
also known to show promising potential in cancer immunotherapy. As in the context
of cancer immunity, immune checkpoint molecules favor cancers by facilitating
mechanisms that may support cancer growth or help to negate the effects of check-
point molecules via inhibitory mechanisms. Combination of checkpoint molecules
has also been shown to outperform single checkpoint therapy. However, immune
checkpoint-based immunotherapy requires proper monitoring and management for
adverse effects and exudes minimum risk to patients.

Author details

Ika Nurlaila

Research Center for Vaccine and Drugs, The National Research and Innovation
Agency (BRIN), South Tangerang, Indonesia

*Address all correspondence to: ika.nurlaila@brin.go.id

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

18



Immune Checkpoints: The Rising Branch in Cancer Immunotherapy

DOI: http://dx.doi.org/10.5772/intechopen.108656

References

[1] Twomey JD, Zhang B. Cancer
immunotherapy update: FDA-approved
checkpoint inhibitors and companion
diagnostics. The AAPS Journal. 7 Mar
2021;23(2):39. DOI: 10.1208/s12248-
021-00574-0. PMID: 33677681; PMCID:
PMC7937597

[2] Kuo AS, Dusan H, Aldrich JM.
Critical care anesthesiology. In:
Gropper MA, Miller RD, Cohen NH,
Eriksson LI, Anesthesia M, Chapter B,
et al., editors. Miller’s Anesthesia
[Internet]. 9th ed. California, USA:
Elsevier, Inc.; 2020. pp. 2654-2670.
Available from: https://www.
clinicalkey.com/#!/content/
book/3-s2.0-B9780323596046000833

(3] Fellner C. Ipilimumab (yervoy)

prolongs survival in advanced melanoma:

Serious side effects and a hefty price
tag may limit its use. Pharmacy and
Therapeutics. 2012;37(9):503-530

[4] He X, Xu C. Immune checkpoint
signaling and cancer immunotherapy.
Cell Research. 2020;30(8):660-669

[5] Ribas A, Wolchok JD.
Cancer immunotherapy using
checkpoint blockade. Science.
2018;359(6382):1350-1355

(6] Wu X, GuZ, ChenY, Chen B,

Chen W, Weng L, et al. Application of
PD-1 blockade in cancer immunotherapy.
Computational and Structural
Biotechnology Journal. 2019;17:661-674

[7] Kareva I. Cancer as a systemic disease
that requires a systemic approach. In:
Underst Cancer from a System Biological
Point View. 2018. pp. 79-90

[8] Seidel JA, Otsuka A, Kabashima K.
Anti-PD-1 and anti-CTLA-4 therapies in

19

cancer: Mechanisms of action, efficacy,
and limitations. Frontiers in Oncology.
2018;8(March):1-14

[9]1 Wherry EJ, Kurachi M. Molecular and
cellular insights into T cell exhaustion.

Nature Reviews. Immunology.
2015;15(8):486-499

[10] Peggs KS, Quezada SA,
Chambers CA, Korman AJ, Allison JP.
Blockade of CTLA-4 on both effector
and regulatory T cell compartments
contributes to the antitumor activity
of anti-CTLA-4 antibodies. The
Journal of Experimental Medicine.
2009;206(8):1717-1725

[11] Savoia P, Astrua C, Fava P.
Ipilimumab (Anti-Ctla-4 Mab) in the
treatment of metastatic melanoma:
Effectiveness and toxicity management.
Human Vaccines & Immunotherapeutics.
2016;12(5):1092-1101

[12] Engelhardt JJ, Sullivan TJ, Allison JP.
CTLA-4 overexpression inhibits T cell
responses through a CD28-B7-dependent
mechanism. Journal of Immunology.
2006;177(2):1052

[13] Brzostek J, Gascoigne NR]J,

Rybakin V. Cell type-specific regulation
of immunological synapse dynamics
by B7 ligand recognition. Frontiers in
Immunology. 2016;7(Feb):1

[14] Grosso JF, Jure-Kunkel MN. CTLA-4
blockade in tumor models: An overview
of preclinical and translational research.
Cancer Immunity. 2013;13:5

[15] Callahan MK, Wolchok JD. At the
bedside: CTLA-4- and PD-1-blocking
antibodies in cancer immunotherapy.
Journal of Leukocyte Biology.
2013;94(1):41-53



Immune Checkpoint Inhibitors - New Insights and Recent Progress

[16] Pardoll DM. The blockade of
immune checkpoints in cancer
immunotherapy. Nature Reviews.
Cancer. 2016;12(4):252-264

[17] Leach DR, Krummel MF, Allison JP.
Enhancement of antitumor immunity
by CTLA-4 blockade. Science.
1996;271(5256):1734-1736

[18] Beyersdorf N, Kerkau T,

Hiinig T. CD28 co-stimulation in T-cell
homeostasis: A recent perspective.
ImmunoTargets Theraphy. 2015;4:111

[19] Sobhani N, Tardiel-Cyril DR,
Davtyan A, Generali D, Roudi R, Li Y.
CTLA-4 in regulatory T cells for cancer
immunotherapy. Cancers (Basel). 22
Mar 2021;13(6):1440. DOI: 10.3390/
cancers13061440. PMID: 33809974,
PMCID: PMC8005092

[20] deLeeuw R]J, Kroeger DR, Kost SE,
Chang P-P, Webb JR, Nelson BH. CD25
identifies a subset of CD4+FoxP3— TIL
that are exhausted yet prognostically
favorable in human ovarian cancer.
Cancer Immunology Research.

2015;3(3):245-253

[21] Du X, Tang F, Liu M, Su],

Zhang Y, Wu W, et al. A reappraisal of
CTLA-4 checkpoint blockade in
cancer immunotherapy. Cell Research.
2018;28(4):416-432

[22] Wolchok JD, Hoos A,

Day SO, Weber JS, Hamid O, Lebbé C,
et al. Guidelines for the evaluation of
immune therapy activity in solid
tumors: Immune-related response
criteria. Clinical Cancer Research.

2009;15(23):7412-7420

[23] Tang L, Wang J, Lin N, Zhou Y,
He W, LiuJ, et al. Immune checkpoint
inhibitor-associated colitis: From

mechanism to management. Frontiers in
Immunology. 2021;12:800879

20

[24] Brahmer JR, Lacchetti C,
Schneider BJ, Atkins MB, Brassil K]J,
Caterino JM, et al. Management of
immune-related adverse events

in patients treated with immune
checkpoint inhibitor therapy: American
Society of Clinical Oncology Clinical
Practice Guideline. Journal of Clinical
Oncology: Official Journal of the
American Society of Clinical Oncology.
2018;36(17):1714-1768

[25] Anti-CTLA4-NF mAb (BMS986218),
Nivolumab, and Stereotactic Body
Radiation Therapy for the Treatment of
Metastatic Solid Malignancies [Internet].
clinicaltrials.gov. 2021. Available from:
https://clinicaltrials.gov/ct2/show/
NCT04785287

[26] Hannier S, Tournier M, Bismuth G,
Triebel F. CD3/TCR complex-associated
lymphocyte activation gene-3 molecules
inhibit CD3/TCR signaling. Journal of
Immunology. 1998;161(8):4058-4065

[27] Ruffo E, Wu RC, Bruno TC,
Workman CJ, Vignali DAA. Lymphocyte-
activation gene 3 (LAG3): The next

immune checkpoint receptor. Seminars
in Immunology. 2019;42:101305

[28] Workman CJ, Vignali DAA. The
CD4-related molecule, LAG-3 (CD223),
regulates the expansion of activated T
cells. European Journal of Immunology.

2003;33(4):970-979

[29] Yang L, Qin XF, Baltimore D, Van
Parijs L. Generation of functional
antigen-specific T cells in defined
genetic backgrounds by retrovirus-
mediated expression of TCR cDNAS

in hematopoietic precursor cells.
Proceedings of the National Academy of
Sciences of the United States of America.
2002;99(9):6204-6209

[30] Huard B, Prigent P, Tournier M,
Bruniquel D, Triebel F. CD4/major



Immune Checkpoints: The Rising Branch in Cancer Immunotherapy

DOI: http://dx.doi.org/10.5772/intechopen.108656

histocompatibility complex class II
interaction analyzed with CD4- and
lymphocyte activation gene-3 (LAG-
3)-Ig fusion proteins. European Journal
of Immunology. 1995;25(9):2718-2721

[31] Grosso JF, Goldberg MV, Getnet D,
Bruno TC, Yen H-R, Pyle K],

et al. Functionally distinct LAG-3 and
PD-1 subsets on activated and chronically
stimulated CD8 T cells. Journal of
Immunology. 2009;182(11):6659-6669

[32] Workman CJ, Rice DS, Dugger K],
Kurschner C, Vignali DAA. Phenotypic
analysis of the murine CD4-related
glycoprotein, CD223 (LAG-3).
European Journal of Immunology.
2002;32(8):2255-2263

[33] Graydon CG, Mohideen S, Fowke KR.
LAG3’s enigmatic mechanism of action.
Frontiers in Immunology. 2020;11:615317

[34] Lecocq Q, Keyaerts M,

Devoogdt N, Breckpot K. The next-
generation immune checkpoint LAG-3
and its therapeutic potential in oncology:
Third time’s a charm. International
Journal of Molecular Sciences. 23

Dec 2020;22(1):75. DOI: 10.3390/
ijms22010075. PMID: 33374804; PMCID:
PMC7795594

[35] Chocarro L, Blanco E,

Zuazo M, Arasanz H, Bocanegra A,
Ferndndez-Rubio L, et al. Understanding
LAG-3 signaling. International

Journal of Molecular Sciences. 17

May 2021;22(10):5282. DOI: 10.3390/
ijms22105282. PMID: 34067904; PMCID:
PMC8156499

[36] Britstol Myers Squibb. U.S. Food
and Drug Administration Approves
First LAG-3-Blocking Antibody
Combination, Opdualag™ (nivolumab
and relatlimab-rmbw), as Treatment for
Patients with Unresectable or Metastatic
Melanoma news.bms.com. 2022.

21

Available from: https://news.bms.com/
news/details/2022/U.S.-Food-and-Drug-
Administration-Approves-First-LAG-
3-Blocking-Antibody-Combination-
Opdualag-nivolumab-and-relatlimab-
rmbw-as-Treatment-for-Patients-with-
Unresectable-or-Metastatic-Melanoma/
default.aspx. [Accessed: September 21,
2022]

[37] FDA approves anti-LAG3 checkpoint.
Nature Biotechnolology. 2002;40(5):625

[38] Tawbi HA, Schadendorf D,
Lipson EJ, Ascierto PA, Matamala L,
Castillo Gutiérrez E, et al. Relatlimab
and nivolumab versus nivolumab in
untreated advanced melanoma. The
New England Journal of Medicine.
2022;386(1):24-34

[39] Parra LM, Webster RM. The
Malignant Melanoma Market. USA:
Springer; 2022. pp. 489-490

[40] Ishida 'Y, Agata Y, Shibahara K,
Honjo T. Induced expression of PD-1, a
novel member of the immunoglobulin
gene superfamily, upon programmed
cell death. The EMBO Journal.
1992;11(11):3887-3895

[41] HanY, Liu D, Li L. PD-1/PD-L1
pathway: Current researches in cancer.
American Journal of Cancer Research.
2020;10(3):727-742

[42] Riella LV, Paterson AM, Sharpe AH,
Chandraker A. Role of the PD-1
pathway in the immune response.

American Journal of Transplantation.
2012;12(10):2575-2587

[43] Keir ME, Butte M]J, Freeman GJ,
Sharpe AH. PD-1 and its ligands in
tolerance and immunity. Annual Review
of Immunology. 2008;26:677-704

[44] Francisco LM, Sage PT, Sharpe AH.
The PD-1 pathway in tolerance and



Immune Checkpoint Inhibitors - New Insights and Recent Progress

autoimmunity. Immunological Reviews.
2010;236:219-242

[45] Salmaninejad A, Khoramshahi 'V,
Azani A, Soltaninejad E, Aslani S,
Zamani MR, et al. PD-1 and cancer:
Molecular mechanisms and
polymorphisms. Immunogenetics.
2018;70(2):73-86

[46] Sanmamed MF, Chen L. Inducible
expression of B7-H1 (PD-L1) and
its selective role in tumor site

immune modulation. Cancer Journal.
2014;20(4):256-261

[47] Xiao Y, Yu S, Zhu B, Bedoret D,
Bu X, Francisco LM, et al. RGMb is a
novel binding partner for PD-L2 and
its engagement with PD-L2 promotes
respiratory tolerance. The Journal

of Experimental Medicine.
2014;211(5):943-959

[48] Ohaegbulam KC, Assal A, Lazar-
Molnar E, Yao Y, Zang X. Human cancer
immunotherapy with antibodies to the
PD-1 and PD-L1 pathway. Trends in
Molecular Medicine. 2015;21(1):24-33

[49] Abiko K, Matsumura N,
Hamanishi J, Horikawa N,

Murakami R, Yamaguchi K, et al. IFN-y
from lymphocytes induces PD-L1
expression and promotes progression
of ovarian cancer. British Journal of
Cancer. 2015;112(9):1501-1509

[50] ChenJ, Feng Y, LuL, Wang H,
DaiL, LiY, etal. Interferon-y-induced
PD-L1 surface expression on human
oral squamous carcinoma via PKD2

signal pathway. Immunobiology.
2012;217(4):385-393

[51] Jiang Y, Chen M, Nie H, Yuan Y. PD-1
and PD-L1 in cancer immunotherapy:
Clinical implications and future
considerations. Human Vaccines &
Immunotherapeutics. 2019;15(5):1111-1122

22

[52] Alsaab HO, Sau S, Alzhrani R,
Tatiparti K, Bhise K, Kashaw SK, et al.
PD-1 and PD-L1 checkpoint signaling
inhibition for cancer immunotherapy:
Mechanism, combinations, and clinical

outcome. Frontiers in Pharmacology.
2017;8:561

[53] Sun Z, Fourcade ], Pagliano O,
Chauvin J-M, Sander C, Kirkwood JM,
et al. IL10 and PD-1 cooperate to

limit the activity of tumor-specific
CD8+ T cells. Cancer Research.
2015;75(8):1635-1644

[54] Chang C-M, Lam HYP, Hsu H-J,
Jiang S-J. Interleukin-10: A double-edged
sword in breast cancer. Tzu chi Medical
Journal. 2021;33(3):203-211

[55] Lichterman JN, Reddy SM.

Mast cells: A new frontier for cancer
immunotherapy. Cells. 21 May
2021;10(6):1270. DOI: 10.3390/
cells10061270. PMID: 34063789; PMCID:
PM(C8223777

[56] Rotte A. Combination of CTLA-4
and PD-1 blockers for treatment of
cancer. Journal of Experimental &
Clinical Cancer Research. 2019;38(1):255

[57] Sato K, Akamatsu H,

Murakami E, Sasaki S, Kanai K,
Hayata A, et al. Correlation between
immune-related adverse events and
efficacy in non-small cell lung cancer
treated with nivolumab. Lung Cancer.
2018;115:71-74

[58] Goldkuhle M, Dimaki M,

Gartlehner G, Monsef I, Dahm P,
Glossmann J-P, et al. Nivolumab for
adults with Hodgkin’s lymphoma

(arapid review using the software
RobotReviewer). Cochrane Database of
Systematic Reviews. 2018;7(7):CD012556

[59] Migden MR, Khushalani NI,
Chang ALS, Lewis KD, Schmults CD,



Immune Checkpoints: The Rising Branch in Cancer Immunotherapy

DOI: http://dx.doi.org/10.5772/intechopen.108656

Hernandez-Aya L, et al. Cemiplimab in
locally advanced cutaneous squamous
cell carcinoma: Results from an open-
label, phase 2, single-arm trial. The
Lancet Oncology. 2020;21(2):294-305

[60] Rosenberg JE, Hoffman-Censits ],
Powles T, van der Heijden MS,

Balar AV, Necchi A, et al. Atezolizumab
in patients with locally advanced and
metastatic urothelial carcinoma who
have progressed following treatment
with platinum-based chemotherapy:

A single-arm, multicentre, phase

2 trial. Lancet (London, England).
2016;387(10031):1909-1920

[61] Ning Y-M, Suzman D, Maher VE,
Zhang L, Tang S, Ricks T, et al. FDA
Approval Summary: Atezolizumab
for the treatment of patients with
progressive advanced urothelial
carcinoma after platinum-containing
chemotherapy. The Oncologist.
2017;22(6):743-749

[62] Marciscano AE, GulleyJL,
Kaufman HL. Avelumab: Is it time to get
excited? Expert Review of Anticancer
Therapy. 2018;18:815-821

[63] Walker JW, Lebbé C, Grignani G,
Nathan P, Dirix L, Fenig E, et al. Efficacy
and safety of avelumab treatment in
patients with metastatic Merkel cell
carcinoma: Experience from a global
expanded access program. Journal

of Immunotheraphy Cancer. Apr
2020;8(1):e000313. DOI: 10.1136/jitc-
2019-000313. Erratum in: Journal of
Immunotheraphy Cancer. May 2020;8(1):
PMID: 32269140; PMCID: PMC7252959

[64] Zandberg DP, Algazi AP, Jimeno A,
Good JS, Fayette ], Bouganim N, et al.
Durvalumab for recurrent or metastatic
head and neck squamous cell carcinoma:
Results from a single-arm, phase II study
in patients with >25% tumour cell PD-L1
expression who have progressed on

23

platinum-based chemotherapy. European
Journal of Cancer. 2019;107:142-152

[65] Botticella A, Mezquita L, Le
Pechoux C, Planchard D. Durvalumab
for stage III non-small-cell lung cancer
patients: Clinical evidence and real-
world experience. Therapeutic Advances
in Respiratory Disease. 2019;13:175

[66] Chauvin JM, Zarour HM. TIGIT

in cancer immunotherapy. Journal

of Immunotheraphy Cancer. Sep
2020;8(2):e000957. DOI: 10.1136/jitc-
2020-000957. PMID: 32900861; PMCID:
PMC7477968

[67] Shibuya K, Shirakawa J,
Kameyama T, Honda S, Tahara-
Hanaoka S, Miyamoto A, et al. CD226
(DNAM-1) is involved in lymphocyte
function-associated antigen 1
costimulatory signal for naive T cell
differentiation and proliferation. The
Journal of Experimental Medicine.

15 Dec 2003;198(12):1829-1839. DOLI:
10.1084/jem.20030958. PMID: 14676297;
PMCID: PM(C2194159

[68] Chauvin J-M, Pagliano O, FourcadeJ,
Sun Z, Wang H, Sander C, et al. TIGIT
and PD-1 impair tumor antigen-specific
CD8" T cells in melanoma patients.

The Journal of Clinical Investigation.
2015;125(5):2046-2058

[69] Levin SD, Taft DW, Brandt CS,
Bucher C, Howard ED, Chadwick EM,
et al. Vstm3 is a member of the CD28
family and an important modulator of

T-cell function. European Journal of
Immunology. 2011;41(4):902-915

[70] Sanchez-Correa B, Valhondo I,
Hassouneh F, Lopez-Sejas N,

Pera A, Bergua JM, et al. DNAM-1 and
the TIGIT/PVRIG/TACTILE Axis: Novel
immune checkpoints for natural killer
cell-based cancer immunotherapy.
Cancers (Basel). 2019;11(6)



Immune Checkpoint Inhibitors - New Insights and Recent Progress

[71] Lupo KB, Matosevic S. CD155
immunoregulation as a target for
natural killer cell immunotherapy in
glioblastoma. Journal of Hematology
& Oncology. 2020;13:76. DOI: 10.1186/
s13045-020-00913-2

[72] Harjunpdd H, Guillerey C. TIGIT

as an emerging immune checkpoint.
Clinical and Experimental Immunology.
2020;200(2):108-119

[73] Liu S, Zhang H, LiM, HuD, Li C,
Ge B, et al. Recruitment of Grb2 and
SHIP1 by the ITT-like motif of TIGIT
suppresses granule polarization and
cytotoxicity of NK cells. Cell Death and
Differentiation. 2013;20(3):456-464

[74] Li M, Xia P, DuY, Liu S, Huang G,
Chen]J, et al. T-cell immunoglobulin

and ITIM domain (TIGIT) receptor/
poliovirus receptor (PVR) ligand
engagement suppresses interferon-y
production of natural killer cells via
p-arrestin 2-mediated negative signaling.
The Journal of Biological Chemistry.
2014;289(25):17647-17657

[75] Zeng T, CaoY, Jin T, et al. The
CD112R/CD112 axis: A breakthrough
in cancer immunotherapy. Journal

of Experimental & Clinical Cancer
Research. 2021;40:285. DOI: 10.1186/
s13046-021-02053-y

24



Section 2

Immune Checkpoints
and Cancers

25






Chapter 3

Immune Checkpoint Inhibitors
Programmed Cell Death-1/
Programmed Cell Death-Ligand1

(PD-1/PD-L1) for Cancer Therapy

Shaimaa M.M. Bebars

Abstract

Monoclonal antibodies that inhibit “immune checkpoint” through programmed
cell death-1 and its ligand (PD-1/PD-L1) blockage have proven remarkable thera-
peutic action toward a range of cancer types. Hence, immunotherapy, binding
the immune system to act against malignant tumors, has generated encouraging
outcomes in clinical practice. Nevertheless, the robust advantage is not observed in a
large number of patients. Recognizing patients that will probably respond and using
therapies covering a larger number of patients necessitate an enhanced understanding
of the biological action of PD-1 and cytotoxic T lymphocyte antigen (CTLA) at the
cell level and reviewing the performed clinical studies and their outcomes to recog-
nize the accumulating proof of its clinical significance. In this chapter, we will discuss
and review the clinical and preclinical data regarding Immune Checkpoint Inhibitors
PD-1/PD-L1 to recognize the advances and challenges of their implication in clinical
practice.

Keywords: immune checkpoint, PD-1, PD-L1, target therapy, immunotherapy,
resistance

1. Introduction

Twenty-two years ago, Freeman et al. were the first to introduce programmed
cell death-1 and its ligand (PD-1/PD-L1) as an immune checkpoint that later on
was the immune inhibitor target in cancer therapy. Generally, checkpoints play a
role as a brake to slow down the immune function, and it was proposed that inhibi-
tion of these checkpoints may stimulate T cells and eradicate malignant cells more
effectively [1, 2].

In immune regulation, CD4+ regulatory T cell’s role is well recognized; they
suppress autoimmunity and allergic reactions, on the other side, they enable cancer
growth by inhibiting immunity against neoplasms [3, 4].

Immune evasion by cancer cells is mediated through acquiring mechanisms of
resistance and escape including creating an environment of immunosuppression
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using immunosuppressive components such as molecules, cytokines of immune sup-
pression type, and cells including CD4+ regulatory T cells to constrain active immu-
nity against the tumor, thus endorsing tumor growth [4]. There is a suggestion of
more malleability of the CD4+ regulatory T cell compartment expression with various
aspects such as suppression function deactivation, inflammatory cytokines expres-
sion, and transcription reprogramming. Even though it is uncertain which element is
responsible for CD4+ regulatory T cell malleability, there is probability that precise
microenvironments have the inscription on CD4+ regulatory T cell destiny [5].

Numerous checkpoints of immune reaction have been established to bound the
hyper-activation of immune cells involved in self-tolerance. One of the significant
checkpoints is PD-1 and its ligands, PD-L1 and PD-L2 expressed mainly on the
surface and in the body of lymphocytes, in antigen-presenting cells (APCs), and
cancer cells and regulate responses toward antigens. Managing PD-1/PD-L actions
facilitates the regulation of numerous immune-related disorders including infec-
tion, autoimmune disorders, and malignancies [6]. PD-L1 expression is related to
microenvironment of T cells, cytokines produced by T cells of helper type, chemi-
cal mediators, interferons, and precise characters of gene expression. Continuous
stimulation with an elevated level of PD-1 is frequently established in cancer inflam-
matory infiltrates mainly lymphocytes, as an expression of PD-L1 is utilized by
neoplastic cells to escape immune damage. Blocking of these immune checkpoints is
exploited to release the prospective of antagonistic therapy against cancer immune
response as cancer treatment strategy [7].

Although there is a significant benefit in the outcome of patients attained with
PD-L1/PD-1 blocking therapies, resistances are also commonly observed [8].

2. PD-1/PD-L1 immune checkpoint

Programmed cell death-1(PD-1/CD279) has two identified ligands, PD-L1 and
2 (CD274 and CD273 respectively), each with distinct expression patterns and
regulations, of which PD-L1 is expressed in numerous cancers [9]. PD-1 is a trans-
membrane glycoprotein type 1 of the immunoglobulin superfamily, out of its total
288 amino acids, a 20% amino acid shows distinctiveness to cytotoxic T lymphocyte
antigen 4 (CTLA4) and it is encoded by the PDCD1 gene on chromosome 2. PD-1
is formed of an extracellular domain of IgV-like and a transmembrane section. Its
tyrosine-based switch motif (ITSM) and inhibitory motif tyrosine base are forming
the tail which is located intracellularly. It was considered a CD28 receptor family
member of T cells accessory molecules. Although PD-1 has similarities to the CD28
family, it shows distinctive properties distinguishing it from members of such
family [10, 11].

PD-1 expression on effector T cells is mediated due to stimulation of the T cell
receptor (TCR) and it plays a role as a receptor of immune inhibition. It binds the
PD-L1 B7 homologs (B7-H1) and PD-L2 (B7-DC), existing mainly on APCs, and
can be prompted in other tissues by cytokines of inflammation [1, 6]. PD-1hasa
tendency concerning moderate local activation of T cells in tissues of the periphery.
PD-1 may have delayed actions in the T cell activation and decay. Generally, PD-1/
PD-L plays a significant role in sustaining T cell self-tolerance with the prevention
of autoimmunity, and it reduces some anti-apoptotic molecules expression such as
B-cell lymphoma-extra-large (BCL-XL) in addition to pro-inflammatory cytokines
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secretion [12, 13]. The inhibitory function of PD-1/PD-L1 is mediated primarily on
effector T cells but also it acts on regulatory T cells by affecting phosphatidyl-inositol
3 kinase (PI3K) to control T cell autoimmunity and tolerance. In general, tolerance is
the failure of T cells that may be manifested as ignorance (failure of activation), or
“anergic” status (responding cells are persistent in a refractory status), or deletion
(apoptosis of T cell) [3, 14].

PDCDLI1 gene on chromosome 9 is responsible for PD-L1 coding in humans,
PD-L1 a transmembrane protein type 1 was documented as a member of the family
B7 protein. The length of PD-L1 is 290 amino acids of 40 kDa protein. PD-L1 consists
of extracellular domains (IgV-like & IgC-like), a transmembrane domain (hydropho-
bic), and a 30 amino acids cytoplasmic tail. The PD-L1 constitutive expression can be
detected at low levels, on inactive lymphocytes, APCs, and in syncytiotrophoblasts,
corneal, endothelial, keratinocytes, and Langerhans’ islet cells of the pancreas as
it plays a role in inflammatory response tissue homeostasis and giving a state of
“immune privileged”, as the introduction of external antigens is tolerated with no
immune or inflammatory response. PD-L1 is prompted as an inhibitory signal in
inflammation acting upon immune, epithelial, and endothelial cells [15, 16].

Toll-like receptors (TLRs) in APCs affect PD-L1 expression through MEK/ERK
(extracellular signal-regulated kinase) kinases activation, in addition to receptors of
Interferon-gamma (IFN-y) 1 & 2 via Jak (Janus kinase)/STAT (Signal transducer and
activator of transcription)-mediated activation that can also influence MEK/ERK
and PI3K/AKT pathway [17]. PD-1/PDL-1 ligation leads to SHP-1/SHP-2 recruitment
to the ITSM with dephosphorylation of kinases e.g. CD3¢, PKCO, and ZAP70 lead-
ing to a general inhibition of T cell spreading out which results from PI3K-Akt and
Ras-MEK-ERK cascade inhibition mostly through direct inactivation effect of PD-1of
Ras &dephosphorylation of phospholipase Cy [15, 18]. Dephosphorylation of Casein
kinase 2 (CK-2), which is an SHP-2 target, causes uncontrolled activation of PTEN
(PI3K-Akt signaling antagonist) [16, 17]. It was also suggested that CD28 receptor
co-stimulation, maybe the main dephosphorylation target by SHP2 phosphatase [19].
PD-1/PD-L1 engagement modifies variable T cell activities including T cell prolifera-
tion deactivation, cytokine induction, survival, and other functions [20], the reaction
between PI3K signaling and BCL-XL is a significant point of control where PD-1-
inhibition of P13K decreases BCL-XL and endorses apoptosis [21] (Figure1).

The PD-1/PD-L1 interaction is critical for immune tolerance development,
whether central or peripheral in primary or secondary lymphoid tissue respectively
[22]. PD-1/PD-L1 knock-out in animal experiments causes autoimmunity with glo-
merulonephritis lupus-like arthritis and diabetes. While in humans, using antibodies
against PD-1/PD-L1 leads to immune-related disorders such as endocrinopathy,
colitis, and dermatoses [23-25]. A principal feature of T cell exhaustion, which isa
marked weakening of effector T cell function, embraces the generation of several
co-inhibitory pathways such as PD-1/PD-L1. Such impairment could be detected
through apoptosis or inhibition of T cell development or production of regulatory T
cells [26, 27]. The role of PD-1/PD-L1 is manifested in cases of T cell exhaustion, not
only in chronic infection but also in cancer state [28, 29].

The greatest documented evidence of this inhibitory role in human immunity is
derived from the usage of mediators to block the PD-1/PD-L1 pathway, an important
target for immunotherapy in malignancy. Nevertheless, PD-1-PD-L1 interaction inhi-
bition in patients suffering from malignancy causes anticancer immunity activation
and autoimmune symptoms known as immune-associated opposing incidents [30].
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Figure 1.
Activation pathways of PD-1/PD-L1 expression.

3. PD-1/PD-L1 and cancer
3.1 PD-1/PD-L1role in cancer

As PD-1/PD-L1 cardinal role is known in avoiding autoimmunity and preserva-
tion of normal peripheral tolerance, it is utilized by cancer cells in immune evasion
eventually facilitating tumor growth, proliferation, and metastasis [6, 24].

Signaling of PD-1 in the tumor microenvironment, generated through interac-
tion between cancer cells and non-transformed cells is an important player in the
development and persistence of cancer through evasion of immune surveillance.
PD-1 is markedly expressed in lymphocytes infiltrating a large number of cancers,
also myeloid cells. While, PD-L1 is mainly conveyed on variable types of neoplastic
cells such as melanoma, lung, renal and ovarian types. Moreover, PD-L1 expression
can be up-regulated in different types of malignancy through carcinogenic signaling
via aberrant PI3K-AKT activation or chromosomal amplifications and alterations,
unrelated to inflammatory signaling in the microenvironment of malignancy [31-33].

Sometimes, PD-L1 expression is induced as a reaction to inflammation as an
antitumor immune response via variable cytokines with IFN-y being the most potent.
IFN-y causes PD-L1 activation and progression of ovarian neoplastic cells, while inhi-
bition of IFN-y receptor 1 can decrease PD-L1 expression in acute myeloid leukemia
via the MEK/ERK and MYD88/TRAF6 pathways. Furthermore, IFN-y prompts PKD2
(protein kinase D isoform 2), one of the PD-L1 regulator proteins. PD-L1 is also fre-
quently expressed in cells of the microenvironment of tumors such as macrophages,
dendritic cells, endothelial cells, and fibroblasts. PD-1/PD-L1 in tumor microenviron-
ment endorses dysfunction and exhaustion of T cell, apoptosis, neutralization, and
IL-10 secretion in a neoplastic mass generating resistance status against cancer cell
destruction by a cytotoxic T cell (CD8+). Further infiltration by CD4+ regulatory
T cells helps more suppression of effector immune response in tumors [31, 32].

The signaling of PD-L1 occurs via stimulation of PD-1which lead to pro-survival
neoplastic signals induction helping anti-apoptotic effect via the cytoplasmic domain.
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In addition, PD-L1 protects neoplastic cells from the IFNs (I & II) cytotoxicity and
CTL cytolysis. Furthermore, targeting PD-L1 decreases the activity of mTOR and
neoplastic cell glycolytic metabolism without T cells [31, 34, 35].

PD-L1 positivity or negativity in tumor cells can be achieved via variable biological
processes. T cells infiltrating the malignant tumor may produce surface expression
of PDL-1 which can be lost in absence of T cells. Also, genetic proceedings inside the
neoplastic cells could prevent PD-L1 expression. Thus, the neoplastic cell surface
expression or absence of PD-L1 may implicate diverse functional significances and
treatment allegations according to the causal expression mechanism [36].

Immunohistochemical expression of PD-L1 in neoplastic tissues shows that PD-L1
positive immune reaction may appear membranous or cytoplasmic. Trans membra-
nous structure of PD-L1 suggests that the positive immune reaction may be related
to the binding of PD-L1 antibody to a specific domain. While the cytoplasmic reac-
tion may be related to the translocation of receptors onto the surface as a part of the
immune response [37-40].

Immunohistochemical expression of PD-L1 is still considered the merely broadly
accessible, applicable, and cost-effective method for reviewing PD-L1 expression
in cancer. Moreover, this method aids in recognizing patients who probably benefit
from immunotherapy targeting PD-1/PD-L1. The FDA approval of such targeting
therapy used trials depending on variable immunohistochemical platforms with
different antibodies to evaluate PD-L1 expression on neoplastic cells, microenviron-
ment immune cells, or both using specific scoring methods. These trials utilized
particular PD-L1 inhibitors with particular assays and specific antibody reagents,
thresholds, and protocols which should be standardized and validated. PD-L1
immunohistochemical procedure should be reproducible, both the staining tech-
nique and interpretation by pathologists which should be quality controlled starting
from the tissue fixation and processing steps. Evolving applicable and reproduc-
ible scoring systems for PD-L1 is clinically important to identify patients who will
probably benefit from targeted therapy. PD-L1 expression on both neoplastic and
microenvironment immune cells has a greater association with clinical consequences
in some neoplasms [41].

A recent systemic review and data analysis revealed the prognostic value of PD-L1.
It shows high expression in solid malignancies which represents a bad prognostic
feature regarding overall survival and progression-free survival [42]. The cytoplasmic
expression and circulating tumor cells of PD-L1 were linked to better survival in
thyroid carcinoma [43].

Blocking of PD-1 leads to suppression of transplanted myeloma cells growth in
mice model while overexpressing PD-L1 in transplanted cells of mice model leads
to the neoplastic establishment, load, and invasiveness which were reversed by
using antibodies against PD-1/PD-L1. Thus, down-regulation of PD-1 and/or PD-L1
enriches T-cell activation against malignant cells which is the base for immuno-

therapy [33, 44].
3.2PD-1/PD-L1as a targeted therapy

Enhanced cancer suppression can be perceived when engaging different meth-
odologies of PD-1/PD-L1 signaling disturbance, such as blocking using an antibody
against PD-L1, DNA vaccination of PD-1 extracellular region, and injection of
neoplasm-specific clones of T cells. The use of several immunotherapy approaches in
combination may increase the therapeutic outcome [43-45].
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The regulation of neoplastic cells’ expression of PD-L1 includes signaling path-
ways (MAPK, PI3K/Akt), transcription factors (e.g., Hypoxia-Inducible Factor 1,
STAT3, Nuclear Factor kappa B, Transforming Growth Factor beta, GATA-3, and
T-bet), and epigenetic and micro RNAs regulation [11].

In clinical practice, blocking of PD-1/PD-L1 causes inhibition of immune check-
points which provides long-term responses, and as such the blocking antibodies are
approved to treat solid and hematologic neoplasms. As well, the cytoplasmic PD-L1
knockdown using particular RNAs could benefit tumor immunotherapy [46].

The PD-L1/PD-1 blocking antibodies are the mainstay of immunotherapy due to
improved survival and their clinical effectiveness in various malignancies such as
non-small cell lung carcinoma (NSCLC) [47, 48]. Neoplasms showing an increased
capacity for mutation and antigenicity, e.g., high microsatellite instability (MSI) and
mismatch repair deficiencies (AIMMR) are good targets for PD-1 blocking therapies.
Numerous elements play significant roles as a determinant of clinical response to
blocking PD-L1/PD-1 pathway such as neoplasm mutation load densities of immune
cells and tumor microenvironment types of cells, PD-1/PD-L1 level of expression,
and cytokines [49, 50].

Immunotherapy is considered a safe treatment compared with other strategies
such as chemotherapy, irradiation, and surgery, as the mechanism involves augmen-
tation of self-immunity against malignancy. Moreover, as a checkpoint inhibitor,
it is extremely precise to a targeted cell with fewer side effects and keeps antigenic
memory of neoplasm. However, it has been observed that associated toxicities with
PD-1 blocking antibodies is lower than the associated toxicity with other immuno-
therapies, e.g., CTLA-4 blocking agents [45, 47, 51-53].

PD-1/PD-L1-induced opposing events related to immunity are one of the dis-
advantages of this type of therapy. It can induce side effects related to immunity
in different organs such as the endocrine, pancreas, skin, gastrointestinal tract,
liver, and renal system. Furthermore, such antibodies induced lethal xenogeneic
hypersensitivity reactions in an experimental model of breast cancer after repeated
administration. It is worth mentioning that PD-1 blocking-related pneumonitis is
a significant side event mostly observed in NSCLC patients. Other systemic side
effects, e.g., cardiac arrhythmia and even heart failure due to myocarditis have also
been reported [30, 54, 55]. Clinically, subcutaneous or intravenous route of adminis-
tration in this type of therapy is considered as one of the drawbacks, especially with
humble penetration of neoplastic tissue [56].

PD-1 blocking mediators are associated with increased rates of recurrence
and progression of the disease, nevertheless, local therapy can produce long-term
survival without progression in some of these patients [57]. PD-L1 expression is
used as an authenticated and main biomarker for the prediction of therapy; still, this
biomarker alone, due to tumor heterogeneity is considered insufficient for defining
patients who can benefit from PD-1/PD-L1 blocking therapy. Then again, PDL-1
single nucleotide polymorphisms (genetic copy number gains) have been suggested
to help predict treatment responders, [52, 58, 59], especially in lymphoma [60, 61].
This is because de-glycosylation of the natural heavily glycosylated surface PD-1
molecules by enzymes during immunohistochemistry increases antibody bind-
ing ability of anti-PD-L1, thus increasing the intensity of signals leading to better
outcome prediction [62].

The prediction of patient response is an important issue in PD-1/PD-L1 block-
ing therapy as only one to two-thirds of patients show resistance to treatment due
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to heterogeneity [52, 63]. The absence of neoplastic antigens, neoantigens or gene
mutations, dysfunction of T cell, expression of PD-L1 and tumor microenvironment,
noncoding RNA, and gut microbiome are also underlying factors serving as mecha-
nisms of resistance to PD-1/PD-L1 blocking treatment [64].

Furthermore, PD-1 blocking therapy is largely costing more than other immu-
notherapy treatments and original lines of treatment, especially in old patients with
low income and there is a debate regarding the cost-benefit relationship in combined
therapy [65]. Using such an immunotherapy line of treatment in patients with
immune disease whether hyperactive or autoimmune or hypoactive or even deficient
immunity is considered a challenge, particularly with the toxicity effect of such
therapy [53, 66].

3.3 Improving the PD-1/PD-L1 blocking efficacy

The regulatory mechanisms and pathways of PD-L1 expression have been widely
investigated to understand side effects and deficient responses in some patients. The
combination approaches were introduced to concurrently enhance several cancer-
immunity processes, eliminate brakes of immunosuppression, and coordinate an
immune-enhanced neoplastic microenvironment [53, 67].

Combination lines of treatment, such as combining anti-PD-1/PD-L1 with radio-
therapy, chemotherapy, other immune checkpoint inhibitors or targeted therapy,
interferon genes agonists stimulator, transplantation/manipulation of microbi-
ome, epigenetic or metabolic modulators may produce better treatment response.
Furthermore, agents containing both PD-1 and PD-L1 targeting antibodies may also
provoke a potent effect. Regulation of PD-L1 expression in the tumor microenviron-
ment through medical treatment or regulation of genes expands the -PD-1/PD-L1
therapy effect [68-70].

Possible small-molecule mediators were suggested to be used for targeting PD-L1
which may help overcome the restrictions of monoclonal antibodies used in block-
ing PD-1/PD-L1. Preclinical investigations suggest that the combination of these
small-molecule mediators with other immune checkpoints targeting agents may cause
augmented antineoplastic action or use such small molecules to up-regulate PD-L1
and elevate the blocking efficacy [55, 71]. Moreover, prodrug nanoparticles conju-
gated with anti-PD-L1 peptide were suggested to be used to help inhibit neoplastic
growth with minimum side events [72].

Other effective antineoplastic agents, e.g., antiangiogenic mediators, and immu-
nogenic cell death inducers combined with immune checkpoint inhibitors may help as
a preventive therapeutic method in improving blocking agents’ efficacy [73, 74].

4, Conclusion

Taking into account the various potential strategies for successful PD-1/PD-L1
checkpoint inhibition such as blocking using antibodies against PD-L1, DNA
vaccination of PD-1 extracellular region, injection of neoplasm-specific clones of
T cell, with understanding mechanisms of action is important in clinical practice.
A deep consideration of the mechanisms of resistance, whether cellular or molecu-
lar will benefit patients and improve therapeutic approaches. The combination
approaches of immunotherapy or with other lines and strategies of therapy were
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introduced, also, small-molecule mediators and prodrug nanoparticle conjugation
were suggested to be helpful in cases of anticipated resistance. The future perspec-
tive of combination therapy and investigation of predictive biomarkers will provide
an important pathway for cancer patient care in cases treated with PD-1/PD-L1
checkpoint inhibition.
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Chapter 4

Immune Checkpoint and Tumor

Therapy

Pei Huang and Hongzhang Deng

Abstract

Cancer immunotherapy employing immune checkpoint inhibitors (ICI) has
revolutionized the tumor therapy far beyond their impressing clinical effects.
Immune checkpoint therapy (ICT), which is directly involved in different immuno-
suppressive mechanisms at tumor sites, has been thoroughly studied. Nevertheless,
the “off-target” effects of ICIs following systemic administration is still challeng-
ing. In addition, the clinical response rate of ICT is still unsatisfactory in that only
a few patients hold lasting benefits. In this chapter, the mechanism of most widely
used IClIs, including those based on CTLA-4 and PD-1/PD-L1, has been introduced.
The approaches to enhancing the efficacy of ICT have been highlighted, namely
improving targeted delivery of ICI by employing nanotechnology, modulating the
immunosuppressive tumor microenvironment (TME), and combining ICT with other
therapies. We hope advanced strategies summarized in this chapter would further
inspire the development of ICT to boost their effectiveness while minimize unwanted
side effects.

Keywords: cancer immunotherapy, immune checkpoint, targeted delivery,
immunomodulation, combined therapy

1. Introduction

Cancer immunotherapy is a promising strategy to combat cancer by leveraging
host immune system, involving lymphocyte-promoting cytokines, cancer vaccines,
immune checkpoint therapy (ICT), and engineered T cells [1, 2]. Among the diverse
immunotherapeutic approaches, ICT is the most thoroughly investigated approach
with broad impact. It can enhance antitumor immunity by inhibiting negative
regulatory pathways. To date, several monoclonal antibodies against the cytotoxic T
lymphocyte antigen 4 (CTLA-4) and programmed cell death 1 (PD1)-PD1 ligand 1
(PD-L1) axis have been clinically approved for various cancers, including melanoma,
lung, and renal cancers (Figure 1) [3]. Some other checkpoint inhibitors are also in
preclinical or earlier phases of clinical development, such as LAG3, TIGIT, TIM3,
B7H3, CD39, CD73 and adenosine A2A receptors [4, 5].

Despite substantial progress of immune checkpoint inhibitors (ICIs) in the
cancer treatment, there are still several key limitations. Firstly, systemically delivery
of checkpoint inhibitors may cause serious side effects in several major organs.
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Timeline of significant milestones in the development of cancer immune checkpoint inhibitors. CD28: cluster of
differentiation 28; CTLA-4: cytotoxic T lymphocyte-associated protein 4; FDA: US Food and Drug Administration;
irRC: immune-velated response criteria; PD-1: programmed cell death protein 1; and Tregs: vegulatory T cells.

In addition, many patients with nonimmunogenic tumor microenvironments (TMEs)
showed therapeutic resistance to checkpoint inhibitors and do not respond to the
treatment. The mechanism of the non-responsiveness to checkpoint inhibitors are still
in investigation and may involve poor tumor-infiltration of T cells, checkpoints dys-
regulation in tumor cells and T cells, and adaptive resistance to checkpoint inhibition
[6-8]. These drawbacks need to be overcome to achieve more satisfactory therapeutic
outcomes against various cancer. In this chapter, we will introduce immunological
mechanism of immune checkpoint blockade and highlight emerging approaches

to enhancing ICT efficiency. It is foreseeable that ICT will lead to next-generation
promising techniques and continuously contribute to the future cancer treatment.

2. Mechanisms of immune checkpoint therapy (ICT)

T cells enable to distinguish tumor cells from normal cells and launch attack
accordingly, which plays a critical role in maintaining appropriate immune
responses. However, such immunologic effects may be prevented in the TME. The
prevention of T cells activation in the presence of antigen is related with the T cells
dysfunction and inhibiting the receptors expression, such as those of CTLA-4 and
PD-1 [9] ICP aim to block such inhibition and reverse the immunosuppressive TME,
thus achieving functions mainly by activating normal immune system to eradicate
cancer cells. Despite a few overlaps in inhibitory roles, each checkpoint inhibitor also
performs some unique functions.

21CTLA-4

The normal T cell activation requires the binding of CD28 on T cells with
co-stimulatory B7 molecules (CD80 and CD86) on DC surface, also known as
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Scheme illustration showing the mechanism of (A) CTLA-4 blockade; and (B) PD-1 Blockade.

signal 2 of T-cell receptors (TCR) activation [10]. However, CTLA-4 which is
expressed on the surface of late-stage T cells can competitively bind with CD80/
CD86 to prevent T-cell activation [5]. Regarding this, blockade with monoclonal
antibody against CTLA-4 enables to proceed CD28/B7 pathway and restore T-cells
activity. CTLA-4 is also constitutively overexpressed on regulatory T cells (Tregs),
which can mediate dendritic cell (DC) function inhibition and suppress the T cell
response against tumors [11]. Additionally, CTLA-4 was reported to be expressed
in some other cells such as activated B cells, placental fibroblasts and monocytes,
and may playing roles in immune regulation of other cells. For instance, it is
associated with decreased circulating B cell amounts and antibody expression
levels [12]. Of note, the exact cellular mechanisms underlying CTLA-4 block-

ade remains to be investigated and different anti-CTLA-4 antibody has distinct
properties (Figure 2) [13].

2.2PD-1/PD-L1

In normal physiological conditions, ICIs can modulate T cell activity and protect
healthy tissues from immune attack. T cell activity can be suspended by the binding
of PD-1 on T-cells with its ligands programmed death ligand 1 (PD-L1) and pro-
grammed death ligand 2 (PD-L2) which are largely distributed on tumor cells and
DCs. Regarding this, PD1 PD-L1/2 blockade by using monoclonal antibody can lead
to restoration of T cell activity. PD-L2 shows higher affinity to PD-1 but with more
limited expression profile and is mainly expressed on activated DCs, macrophages,
and some B cells [14]. PD-L1 is more widely expressed on DCs, macrophages, T and B
cells, as well as some cell types in non-hematologic tissues, such as epithelia, endothe-
lial cells, astrocytes and neurons.

2.3 Other immune checkpoints

Some other ICI molecules under investigation include positive regulators such as
tumor necrosis factor receptor superfamily membrane 9 (4-1BB) and tumor necrosis
factor receptor superfamily member 4 (OX-40), and negative regulators such as T-cell
immunoglobulin and mucin domain (TIM-3) and lymphocyte activation gene-3
(LAG-3) [5]. These immune checkpoints also have been recognized for their roles in
regulating tumor immunity and elicits antitumor response.
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3. Approaches to enhancing ICB therapy efficiency
3.1 Improve targeted delivery of ICIs by employing nanotechnology

The ICP therapeutic effects depends on successful interaction of ICIs with the
protein of interest. Nevertheless, the “off-target” effects of ICT therapeutics fol-
lowing systemic administration brings some side effects and limits the maximum
allowable doses. Thus, it is significant to achieve targeted delivery and controlled
release of ICls in the desired cell types. To this end, several nanoparticle (NP)
systems, such as liposome, polymeric NPs and inorganic NPs, have been used to
achieve targeted delivery of ICIs to maximize the therapeutic effects while mini-
mizing the unwanted side effects [15]. The nanotechnology-mediated ICT showed
several advantages over traditional method and can improve therapeutic efficacy of
ICT, as described below.

3.1.1 Passive targeting

Employing nanotechnology can improve the tumor accumulation of therapeutic
ICIs via enhanced permeability and retention (EPR) effect, which refers to the
higher permeability of tumor vessels to NPs than normal vessels and the increased
retention of NPs in tumors due to the poor lymphatic clearance. For example,
Nikpoor et al. developed PEGylated liposomes for the delivery of aCTLA-4
monoclonal antibodies [16]. They found that tumor accumulation of PEGylated
liposomes encapsulated with anti-CTLA-4 antibodies was significantly greater
than that of free antibodies in the CT26 colorectal tumor-bearing mice 18 h post-
injection. Accordingly, the tumor-bearing mice receiving treatment of PEGylated
liposomes loaded with antibody showed obviously extended survival time com-
pared with free antibody group, suggesting that improved tumor accumulation
led to greater therapeutic efficacy. It should be noted that the tumor accumulation
effects of NPs via EPR effect are closely related with tumor type, heterogeneity,
and perfusion.

The size and charges of NPs playing critical roles in passive targeting pattern
by affecting the half-life and biodistribution. Such structure-activity relationships
guide the rational design of targeted delivery nanoplatform. The size of the NPs
should not be too small or too large. The NPs smaller than 7 nm tend to be cleared
by renal filtration and urinary excretion [17, 18], while those larger than 200 nm are
more likely to be cleared by the reticuloendothelial system (RES) [19]. As for the
surface charge, the positively charged NPs show higher cellular uptake efficiency,
while those slightly negatively charged and neutral NPs exhibit longer persistence
during circulation. Besides, strongly positively or negatively charged NPs tend to be
cleared by RES [17].

The surface properties of NPs also have impact on iz vivo fate and performance by
affecting their interaction with endogenous macromolecules. Poly(ethylene)glycol
(PEG) is the most widely applied coatings to adjust the NPs surface properties. Ina
study, PEGylated and non-PEGylated liposomes in similar diameter of 140 nm were
both applied to deliver anti-CTLA-4 mAb into C26 colon tumor-bearing mice to study
antitumor therapeutic effects. PEGylated CTLA-4-liposomes were shown to prolong
blood half-lives and induce higher intratumoral accumulation than free antibodies
and non-PEGylated groups [16].
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3.1.2 Active targeting

In addition to passive targeting via EPR effects, achieving active targeting by
introducing targeting moieties into NPs also can facilitate target site accumulation.
Active targeting approaches can promote targeted delivery by directing NPs to
action sites, either a specific location or a specific cellular type, and reduce off-target
side effects. This strategy often leads to better therapeutic effects compared with
those without targeting moieties through passive targeting. For example, LinTT1
is an active targeting peptide which can promote cellular uptake and tumor tissue
penetration by intervening low-affinity binding with p32 cell surface receptors on
tumor cells, and tumor-associated macrophages [20]. Li et al. incorporated an active
targeting peptide LinTT1 into self-assembled micelles for the co-delivery of siRNA for
PD-L1 and an IDO inhibitor [21]. The results showed that intravenous administration
of LinTT-1-targeted NPs significantly enhanced tumor delivery of the therapeutic
cargos than free therapeutics.

Moreover, introducing multiple targeting molecules into one nanoplatform can
further enhance the active targeting ability. For instance, Chiang et al. fabricated
anti-CD3 antibodies modified magnetic NPs for anti-PD-1 mAb delivery [22]. In
addition to facilitating T cells delivery mediated by anti-CD3 antibodies bounding
to the CD3 T-cell surface marker, ferromagnetic properties also facilitated tumor
targeting under an external magnetic field. This dual-targeting strategy improved
tumor accumulation of anti-PD-1 mAb drugs and antitumor therapeutic effects
compared with the anti-CD3 single targeting group. Multivalent active targeting
strategies not only can promote the NPs transportation to targeting sites, but also
enable to attract specific immune cells to the site of interest. For example, Au et al.
established a PEG-PLGA based trispecific NK cell engager platform for combining
targeted chemoimmunotherapy and co-stimulatory 4-1BB molecule-based ICT [23].
The NPs were functionalized with tumor targeting anti-epidermal growth fac-
tor receptor (a-EGFR) antibody and two NK-activating components, anti-CD16
(x-CD16) and anti-4-1BB (a-4-1BB) antibodies, and encapsulated chemotherapeu-
tics epirubicin (EPI). This trispecific a-EGFR/a-CD16/a-4-1BB NPs not only can
achieve targeted delivery of EPI to EGFR-overexpressed tumor cells and NK cells,
but also can recruit and activate circulating NK cells to the TME following systemic
delivery. This multifunctional and multivalent active targeting strategy led to
the greatest therapeutic efficacy and extended survival in EGFR-overexpressing
murine tumor model compared with other treatment groups. These finding dem-
onstrated that multiple targeting strategy can be applied to improve targeting
specificity or drive two different targets together into spatial proximity to improve
treatment outcomes.

3.1.3 Controlled release

In addition to passive and active targeting strategy, the NPs also can be engineered
to achieve selective and controlled release of ICI cargos at the action sites so as to
maximize the therapeutic effects. Several NPs have been reported to utilize the char-
acteristics of TME as triggers to realize controlled release of ICT drugs, such as acidic
pH and matrix metalloproteinases (MMPs) in TME [24, 25]. For instance, Lang et al.
encapsulated chemotherapeutic drug paclitaxel (PTX), anti- cancer stem cells (CSC)
agent thioridazine (THZ), and the PD-1/PD-L1 inhibitor HY19991 (HY) into an
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MMPs enzymes as well as pH dual-responsive double-layer structured NPs [25]. The
MMPs in TME triggered outer layer degradation and achieved release of HY, THZ,
and PTX-loaded. Subsequently, the micelles internalized into cells and disrupted
under endosomes/lysosomes acidic, leading to the PTX release and cancer cell death.
This controlled release strategy controlled spatial and temporal delivery to showed
powerful synergy among different therapeutic effects.

3.1.4 Codelivery of diffevent therapeutics

Utilizing nanotechnology enable co-delivery of different therapeutics
simultaneously. Mi et al. explored the dual immunotherapy nanoparticles (DINP)
for the co-delivery of aPD-1 monoclonal antibodies and agonistic antibodies for
the co-stimulatory receptor «0X40, to prevent T-cell inhibition and elicit T-cell
activation simultaneously [26]. They proved that using DINP induced higher levels
of T-cell activation compared with free immunotherapeutic antibodies or single
therapeutic NPs. This NP-based co-delivery strategy enabled to increase T-cell
activation, improve therapeutic efficacy and enhance immunological memory.
Cheng et al. developed amphiphilic peptides containing NPs for the codelivery of
PD-1/PD-L1 peptide ICI, DPPA-1, and an IDO inhibitor, NLG919 [27]. At neutral
conditions, the hydrophobic segments of amphiphilic peptides formed a tight
shell to protect hydrophobic cargos. At the weak acidic pH at TME, the NP swelled
and MMPs diffusing into the internal hydrophobic domain, leading to the disas-
sembly of NP and release of DPPA-1 and NLG919. This co-delivery of DPPA-1 and
NLG919 enhanced tumor inhibition effects and survival in tumor-bearing mice
compared to the delivery of either therapeutic alone. These finding confirmed the
superiorities of nanotechnology in terms of integrating different therapeutic into a
single platform.

3.1.5 Other superiorities of nanotechnology

The application of nanotechnology allows for real-time delivery monitoring.
For instance, Meir et al. developed an integrated diagnostic and therapeutic nano-
platform by conjugating «-PD-L1 antibodies to gold nanoparticles («@PDL1-GNPs)
to stratify patient response to ICIs [28]. aPDL1-GNPs were intravenously injected
into subcutaneous MC38 colon tumors bearing mice and accumulated in tumor,
which generated CT signal contrast and could be used to predict response to ICT. A
strong correlation was observed between aPD-L1-GNPs related CT signal and tumor
growth, leading to the facile precise prediction of the ICT response via CT signal
levels. Although more validation in other tumor models is required, this proof-of-
concept study suggested that nanotechnology may promote non-invasive monitor-
ing of ICT response.

Additionally, the combination of nanotechnology can promote development of
novel delivery approaches. As an example, Wang et al. established a microneedle
patch coated with pH-sensitive dextran nanoparticles for the sustained delivery of
aPD1 [28]. The aPD1 was encapsulated into the NPs, which can dissociate at acidic
pH and achieve controlled and sustained released aPD-1 antibodies over 3 days.
This sustained release of aPD-1 antibodies improved tumor retention of antibodies
and prolonged the survival time of subcutaneous B16F10 melanomas bearing mice.
Nevertheless, this delivery approach seems be limited to superficial tumors, such as
melanomas, and need more investigation to confirm strategies.
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3.2 Modulate the immunosuppressive tumor microenvironment (TME)

ICT have showed great potential in increasing survival rate in various cancers.
However, the low response rate of patients to ICT, which is related to immunosup-
pressive tumor microenvironments, remains a challenge to be addressed. Several
studies have aimed to target and reverse the immunosuppressive TME, so as to
increase the therapeutic effects and decrease side effects of ICT (Figure 3) [29].

3.2.1 Modulate or evadicate the fibrotic stroma

Fibroblastic stroma can reduce the efficacy of ICT by promoting tumor
development and employing immunosuppressive immune cells. Several strategies
have been applied to modulate or eradicate the fibrotic stroma to improve the effec-
tiveness of ICT. For instance, Xu et al. constructed a puerarin loaded nano emulsion
(nanoPue) for the targeted delivery of puerarin to the sigma receptor over-expressing
cancer-associated fibroblasts (CAFs) and cancer cells [30]. Reactive oxygen species
(ROS) play critical roles in activation of CAFs and puerarin was applied to decrease
ROS production in the activated myofibroblast. In the desmoplastic triple-negative
breast cancer (TNBC) model, nanoPue greatly reduced CAFs in mice and deactivated
the stromal microenvironment, leading to enhanced chemotherapy effect of encap-
sulated paclitaxel. Importantly, combination therapy of nanoPue and a-PD-L1-based
ICT induced more apoptosis and exhibited a significantly robust antitumor effect in
4 T1 tumor model compared to a-PD-L1 or nanoPue monotherapy. This suggests that
CAFs deactivation is a promising approach to regulate tumor stroma and improve
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Figure 3.

Modulate the immunosuppressive tumor microenvironment (TME) to boost the efficacy of immune checkpoint
therapy (ICT). Treg: regulatory T cell; CAF: cancer-associated fibroblast; and MDSC: myeloid treated suppressor
cell.
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the efficacy of ICT. In another study, Zhao et al. established cyclopamine (CPA) and
paclitaxel (PTX) co-encapsulated polymeric micelles (M-CPA/PTX) to modulate
desmoplastic stroma in pancreatic ductal adenocarcinoma (PDAC) and improve the
efficacy of ICT [31]. The (M-CPA/PTX) plarform could regulated the tumor stroma
to enhance intratumoral vasculature density, leading to increased tumor-infiltrating
CTLs and decreased hypoxia. In a Kras model, the combination treatment of M-CPA/
PTX with a-PD-1-based ICT upregulated CD8" T cells and IFN-y levels in tumor
tissues and prolonged the survival of mice compared to monotherapy of M-CPA/PTX
or and a-PD-1 alone. These findings demonstrated the potential of fibrotic stroma
modulation in enhancing the therapeutic efficacy of ICT.

3.2.2 Targeted modulation of T cells

Kosmides et al. fabricated an “immunoswitch” iron-dextran nanoparticle coated
with two different antibodies which can simultaneously block the PD-L1 inhibitory
signal and activate T cells through 4-1BB co-stimulatory pathway [32]. The intratu-
moral treatment with immunoswitch NPs suppressed tumor growth and prolonged
survival time compared with direct co-injection of free antibodies in various tumor
models-bearing mice. In addition, regulatory T (Treg) cells can induce immunosup-
pressive TME which is a major obstacle for cancer immunotherapy. In an exemplified
study, Ou et al. constructed imatinib (IMT)-loaded, tLypl peptide-decorated hybrid
NPs (IMT-loaded tLypl-hNP) which exhibited good stability and effective targeting
ability to neuropilin-1 (Nrpl) overexpressing Tregs in TME [33]. IMT was applied
to reduce the proportion of Treg cells by blocking STAT3 and STATS signaling. The
IMT-loaded tLypl-hNP showed higher cellular uptake efficiency for Treg cells and
boost the effect of imatinib in inhibiting Tregs-mediated suppression. The combina-
tion treatment of a-CTLA-4-based ICT and IMT-loaded tLyp-hNPs increased tumor-
infiltrating CD8+ T cells and extended survival of BI6BL/6 tumor-bearing mice,
suggesting that reducing Tregs mediated by targeted IMT-loaded tLyp-hNPs enabled
a synergistic effect with ICT.

3.2.3 Targeted modulation of tumor-associated myeloid cells (TAMCs)

To enhance the therapeutic effects of ICT and modulate the immunosuppressive
TME, various approaches have been adopted for TAMCs targeting. As is known,
polarization of macrophages in TME into M2 tumor-associated macrophages (TAMs)
can facilitate tumor progression and inhibit antitumor efficacy of ICT by releas-
ing anti-inflammatory cytokines and angiogenic factors. Based on this, Choo et al.
exploited M1 macrophages derived nanovesicles (M1NVs) to repolarize M2 TAMs to
M1 macrophages which can release pro-inflammatory cytokines and elicit antitumor
immunity [34]. The results showed combination treatment of MINVs and aPD-L1
significantly decreased the tumor volume compared to the treatment of MINVs
or aPD-L1 alone, proving that MINV can repolarize M2 TAMs to M1 macrophages
and potentiate the antitumor efficacy of ICT. Shae et al. constructed stimulator of
interferon gene NPs (STING-NPs) based on endosomolytic polymersome possessing
pH-responsive membrane [35]. The STING-NPs can enhance cytosolic delivery of 2'3’
cyclic guanosine monophosphate-adenosine monophosphate (cGAMP), which is an
endogenous ligand for cyclic dinucleotide (CDN) agonists of stimulator of interferon
genes (STING). They demonstrated that STING-NPs treatment could remodel the
TME and repolarize macrophages to block immunosuppressive characteristics in
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melanoma bearing mice. Importantly, the combination of STING-NPs enhanced
response to a-PD-1 and a-CTLA-4, prolonged the survival and inhibit tumor growth
compared with ICT or free cGAMP-ICT treatment. These results confirmed that
STING-NPs can activate STING pathways in myeloid cell populations in TME and
increases the therapeutic efficacy of ICT.

3.2.4 Other approaches to regulating immune-suppressive TME

There are plenty of other immune suppressive mechanisms related with the
reduced effectiveness of ICT. In view of this, several therapeutic agents have been
applied to regulate various immune suppressive mechanisms and increase the efficacy
of ICT, such as pro-stromal signaling modulators [36], exosome release inhibitors
[37], tumor-associated myeloid cells (TAMCs) eliminators [38], TAMC recruitment
inhibitors [39], and TAMC reprogrammers [40]. For instance, inhibiting C-X-C motif
chemokine ligand 12 (CXCL12), which is secreted by CAFs and promotes cancer cell
migration and proliferation, is another approach to regulate the fibrotic stroma. Shen
etal. downregulated the CXCL12 expression by employing small trap proteins target-
ing IL-10 and CXCL12, leading to elevated tumor-infiltrating DCs, NK cells, and
tumor-infiltrated T cells [36]. TLR7 and TLRS are highly expressed in leukocytes and
myeloid cells. Lee et al. revealed the treatment of TLR agonist resiquimod which binds
to TLR7 and TLR8 can promote the differentiation of myeloid derived suppressor
cells (MDSCs) into macrophages and dendritic cells [40]. MDSCs were shown to lost
immunosuppressive ability in T cells and result in increased proliferation of T cells.

3.3 Combine ICT with other therapies

ICT can combine with other immunotherapies, such as cancer vaccines, to aug-
ment antitumor immunity. Moreover, conventional therapeutic approaches, including
chemotherapy, phototherapy, radiotherapy, not only can kill cancer cells but also
show immunomodulation effects. ICT can combine with these different treatments to
boost the antitumor immunotherapeutic effects.

3.3.1 ICT combines with cancer vaccine

Combined immunotherapies of ICT and cancer vaccine can potentiate antitumor
immune response. Kuai et al. developed a nanodisc to co-deliver anti-PD-1 and anti-
CTLA-4, in combination with the sHDL-Ag/CpG mediated cancer vaccine, for the
MC-38 colon tumors and B16F10 melanomas treatment [41]. The combination of ICT
with neoantigen vaccination markedly inhibit tumor growth and eradicate estab-
lished tumors, suggesting the superiority of combined immunotherapeutic strategy.
Zhu et al. further explored this strategy by constructing endogenously self-assembled
albumin/AlbiVax nanocomplexes [42]. The AlbiVax nanovaccines are composed of
antigens and adjuvants conjugated with maleimide-functionalized Evans Blue (MEB),
namely MEB-Ag and MEB-CpG. MEB can bind with endogenous albumin which can
work as a natural carrier and enable to direct the nanovaccine trafficking to the lymph
nodes. The anti-PD-1 based ICT could prevent exhaustion of CTL responses, in
combination with AlbiVax nanovaccine which can efficiently traffic to lymph nodes,
leading to induction of robust antitumor immune response. The found that vaccina-
tion with AlbiVax led to 12.5% tumors regression, while combination treatment of
AlbiVax + anti-PD-1 increased tumor regression to 60% in mice.
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3.3.2 ICT combines with chemotherapy

It has been realized that cytotoxic chemotherapy exerts therapeutic effects not only
through direct tumor cells killing, but also may be related with immunoregulatory prop-
erties of chemotherapeutic agents. The chemotherapy achieve antitumor effects by facili-
tating tumor cell killing or inhibiting tumor cell division via multiple mechanism, such as
causing DNA damage, disrupting DNA replication, preventing mitosis, cellular metabo-
lism and microtubule assembly [43]. Although the precise mechanism remains further
investigation, it is believed that chemotherapy can modulate T cell activity by promoting
immunogenic cell death (ICD), increasing effector T-cell response, enhancing tumor
antigenicity, or blocking immune suppressive pathways [44, 45]. Chemotherapy can
induce ICD by releasing damage-associated molecular patterns (DAMP), which can be
recognized by pattern-recognition receptors such as Toll-like receptors (TLRs) expressed
on antigen-presenting cells (APCs). These DAMPs and tumor-associated antigens col-
lectively elicit APCs maturation and induce a robust antitumor immunity. For instance,
anthracycline-based chemotherapy has been shown to induce immunogenic cell death
(ICD) which favors the DCs maturation and block immunosuppressive pathways in the
TME [44]. In a genetically engineered mouse lung adenocarcinoma model, combined
therapy of oxaliplatin and cyclophosphamide drive the T cell infiltration-lacking tumors
sensitive to ICT based on PD1 and CTLA4 antibodies (Figure 4) [46].

3.3.3 ICT combines with radiotherapy

When ICT combines with radiotherapy, abscopal effect can occur to facilitate
regression of distant tumors or metastases. Specifically, APCs uptake tumor-
associated antigens (TAAs) released by the dying tumor cells upon irradiation,
accumulate to the lymph nodes and activate CD8" T-cells to eradicate the tumor cells
in primary and distant tumors. It has been recognized that the abscopal effect can be
augmented by combining radiotherapy with ICT. Ni et al. established a radiosensitizer
(Hf12-DBA) for radiotherapy in combination with anti-PD-L1 based ICT, resulting
antitumor response both in primary and distant tumors [47]. In dual subcutaneous
colorectal CT26 tumors bearing mice, monotherapies of ICT and radiotherapy just
lead to delayed primary and distant tumors growth, while combination of ICT and
radiotherapy elicit complete regression of primary, treated tumor and shrinkage of
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Figure 4.

Scheme illustration showing the cancer treatment with chemothevapy which can elicit immune stimulation
including: Secretion of ATP; expression of type 1 interferon (IFN); exposure of calreticulin (CALR) on the outer
membrane; and release of high mobility group box 1 (HMGB1).
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distant, non-irradiated tumors. Accordingly, the abscopal effect was boosted and the
antitumor immune responses was potentiated by the combination of ICT and radio-
therapy. Min et al. developed a new strategy to improve abscopal effect by construct-
ing antigen-capturing NPs mediated combination therapy of anti-PD-1-based ICT
and radiotherapy [48]. In bilateral B16F10 melanomas bearing mice, ICT and radio-
therapy combination therapy mediated by antigen-capturing NPs induced a 20%
complete response rate and tumor re-challenge resistant 3 months later. By contrast,
mice receiving the combination treatment without antigen-capturing succumbed to
disease within 40 days, suggesting that antigen-capturing strategy play a critical role
in improving the abscopal effect and enhance therapeutic effects.

3.3.4 ICT combines with phototherapy

Combination of phototherapy can induce abscopal effect, reduce tumor burden,
and boost antitumor responses in various tumor models. Phototherapy relies on pho-
tosensitizers which can generate reactive oxygen species for photodynamic therapy
(PDT) or heat for photothermal therapy (PTT) upon laser irradiation to eradicate
tumor cells. Chen et al. combined PLGA-ICG-R837-based PTT with anti-CTLA-4-
based ICT to induce robust anti-tumor immune responses for cancer immunotherapy
[49]. In a 4 T1 breast tumor model with lung metastases, the combination treatment
of PTT and ICT could protect treated mice against tumor rechallenging 40 days post
ablation, while surgery + anti-CTLA-4 treatment or PLGA-ICG-R837-based-PTT
alone can lead to metastases.

3.3.5 Challenges for combination therapies

Combination therapy is crucial for increasing sensitivity of ICT and enhancing
antitumor efficacy. However, there are still some challenges need to be addressed.
First, careful consideration needs to be given to for which therapies to combine.
Preclinically determining whether there is an additive or synergistic therapeutic effect
and determining the optimal combination can help identify and drive combinations
that produce synergistic therapeutic effects into clinical trials. Second, strong rationale
is needed for the spatiotemporal factors of combination therapy administration. The
half-life, tumor accumulation and kinetics for each monotherapy should be examined.
Nanotechnology exhibit superiorities in this aspect by integrating multiple therapies
into a single platform to promote accumulation and co-localization at the target sites.
Additionally, optimizing the dose and scheduling of combination therapy is also
needed when considering spatiotemporal factors. Of note, nanotechnology shows the
potential to solve the challenges related to combination therapy in a number of ways:
through integrating multiple therapies into a single nanoplatform, or optimizing dos-
age and therapeutic schedule, or exploring the potential therapeutic mechanisms.

4, Conclusion

ICT-mediated immunotherapy has attracted extensive research interest and
pioneered a new paradigm for cancer treatment over the past decades. The final goal
of ICT is to induce a robust antitumor response by interfering immunosuppressive
TMESs while alleviating side effects. Various strategies have been investigated for
enhancing efficacy of ICT, including nanotechnology-mediated targeted delivery
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of ICIs, regulation of the immunosuppressive TME, and combination therapies.
Despite substantial progress, the issues of immune-related adverse events (irAEs) and
therapeutic resistance may lead to the failure of therapy and even patient mortality

in some cases. Biomarkers can be employed to predict the efficacy of ICI treatment
and irAEs by distinguishing responders and non-responders, which would promote
patient selection and decision-making. Abundant opportunities remain in ICT for
maximizing therapeutic effects, improving safety profiles, and reducing recurrence.
We believe that expanding the understanding of immune checkpoint biology and
nanotechnology will improve the efficacy of current ICT and continuously contribute
to the next generation of novel immunotherapy for clinical translation.
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Chapter 5

Immune Checkpoint Inhibitors
in Hodgkin Lymphoma
and Non-Hodgkin Lymphoma

Jiawen Huang and Juan Huang

Abstract

Lymphoma, which mainly includes Hodgkin lymphoma (HL) and Non-Hodgkin
lymphoma (NHL), is the most common hematological malignance of the lym-
phoid tissues with significantly heterogeneous characteristics. Tumor immune
disequilibrium is involved in tumor development and progression, evading tumor
immunosurveillance and suppressing anti-tumor immune responses. The tumor
microenvironment (TME) is a complex network that comprises stromal cells and
extracellular matrix, playing important roles in the pathogenesis, progression,
and drug resistance of lymphoma. Therefore, a promising therapeutic strategy
for lymphoma is by targeting the TME to stimulate anticancer immunity either by
enhancing the release of immunostimulatory molecules or by mediating immune cell
populations. Notably, immune checkpoint therapy (ICT) can provide durable clinical
responses and improve overall survival in HL and NHL. However, different subsets of
patients with lymphoma have different responses to ICT. Thus, significant challenges
remain, including understanding pathways of resistance, optimizing patient selection,
improving the management of immune-related adverse events, and identifying ratio-
nal therapeutic combinations. This will allow a better understanding of the potential
applications of ICT in lymphoma, guiding decisions to develop novel combination
strategies with maximum efficacy and minimal toxicities for patients.

Keywords: tumor microenvironment (TME), immune checkpoint therapy (ICT),
lymphoma, Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (NHL)

1. Introduction
1.1 Biology of immune checkpoints inhibitors (ICIs)

T-cell activation is central to the immune response [1]. However, uncontrolled T
cell activation leads to T cell exhaustion and autoimmune diseases [2, 3]. Therefore,
itis crucial to maintain immune homeostasis and the balance of both co-stimulatory
and co-inhibitory signals. These signals are thus referred as immune checkpoints.
The major co-inhibitory receptors expressed on activated T cells are programmed cell
death 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). Here, we
will briefly discuss their mechanisms of action.
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1.1.1 Programmed cell death 1

PD-1 is mainly expressed on mature effector T cells within the peripheral and
tumor microenvironment [4], responsible for immune tolerance. Besides T cells, PD-1
expression is also found on B cells, natural killer (NK) cells, dendritic cells (DCs),
macrophages, and monocytes [5]. Therefore, it is an inhibitor of both innate and adap-
tive immunity. In cancers, numerous pathways are responsible for the upregulation of
PD-1/PD-L1 signaling; and these major pathways include phosphoinositide 3-kinase
(PI3K)/protein kinase B (Akt) pathway, mitogen-activated protein kinase (MAPK)
pathway, Jak-Stat pathway, Wnt pathway, NF-xB pathway, and Hedgehog (Hh)
pathway [6]. Upon interaction with its ligands, programmed cell death-ligand 1 or 2
(PD-L1 or PD-L2) expressed on cancer cells or antigen-presenting cells (APCs) of the
tumor microenvironments [7-9], PD-1 signaling leads to T cell dysfunction, reduced
cytokine production and anergy, thus protecting cancer cells from immune attack [10].

However, the detailed underlying mechanism of PD-1 signaling requires further
elucidation. The inhibitory signal transduction of PD-1 needs both the interaction of
PD-1/PD-L1 and peptide/MHC class I complex (MHC-I) from the same cells [11]. Src
homology region 2 domain-containing phosphatase-2 (SHP-2) is a major downstream
mediator of PD-1 and is capable of inhibiting key molecules and pathways such as
ZAP70, PI3K/Akt pathway, and Ras pathway. Ultimately, PD-1 signaling counters the
T-cell receptor (TCR) cascade and co-stimulatory receptor CD28 signaling in T cells,
leading to reduced T cell activation and proliferation [11, 12]. Moreover, PD-1 can
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Figure 1.

Major immune checkpoints on T cells. PD-1 and CTLA-4 are the major co-inhibitory receptors expressed on
activated T cells. Through ZAP70, PD-1 signaling is able to inhibit ZAP7o, PI3K/Akt pathway, and Ras pathway,
vesulting in reduced T-cell activation. PD-1 can also directly induce T cell exhaustion by upregulating BATF.
Furthermore, PD-L1 protects cancer cells in a PD-1-independent manner. CTLA-4 is a competitive inhibitor

of co-stimulatory veceptor CD28. It also inhibits T cell function via inhibition of ZAP7o0, PI3K/Akt pathway,
cell-cycle progression, and trans-endocytosis of CD80/CD86.
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directly exhaust T cells by upregulating the basic leucine transcription factor, ATF-like
(BATF) [13]. Interestingly, PD-L1 may protect cancer cells in a PD-1 independent man-
ner, leading to inhibition of autophagy and activation of mammalian target of rapamy-
cin (mTOR; Figure 1) [14]. In addition, PD-1 is also highly expressed on regulatory T
cells (Treg), enhancing its proliferation and immunosuppressive effects [12].

1.1.2 Cytotoxic T-lymphocyte-associated protein 4

In contrast to PD-1, CTLA-4 is mainly expressed in the endocytic vesicles of naive
T cells, and it translocates to the cell surface upon TCR activation. CTLA-4 shares the
same ligands (CD80 and CD86) with co-stimulatory receptor CD28 (as competitive
binding with higher affinity). Therefore, it can suppress T-cell activation [15, 16]. In
addition, like PD-1, CTLA-4 is also able to directly inhibit ZAP70 to suppress TCR
signaling and reverse T cell activation [17, 18]. Moreover, CTLA-4 exerts its immu-
nosuppressive function via inhibition of PI3K/Akt pathway, cell-cycle progression,
and removal of CD80/CD86 from the APCs via trans-endocytosis (Figure 1) [19-22].
Similar to PD-1, CTLA-4 is constitutively expressed in Tregs for immunosuppression
and ligand (CD80/CD86) masking [4].

1.1.3 Blockade of immune checkpoints for cancer thevapy

In cancers, the suppressive immune checkpoints introduced above are likely dys-
regulated, allowing them to escape from immune surveillance [23]. Therefore, block-
ing such immune checkpoints by antibodies is able to reverse the immune suppression
for the treatment of cancers [24]. Preclinical studies have indicated that inhibition
of immune checkpoints is able to enhance anti-tumor immunity. In the 1990s, initial
research already indicated that the blockade of CTLA-4 by antibodies is able to reduce
tumor burden in murine models [25, 26]. Since then, enormous advancements have
been achieved in the use of immune checkpoint inhibition in cancer treatment, and the
monoclonal antibodies targeting CTLA-4 and PD-1 have been approved by US Food
and Drug Administration (FDA) for different cancers [27, 28]. In the following part of
the chapter, we will summarize the current applications of immune checkpoint inhibi-
tors (IClIs) for Hodgkin lymphomas (HLs) and non-Hodgkin lymphomas (NHLs).

2. Immune checkpoint inhibitors in Hodgkin lymphoma
2.1 Anti-PD-1 checkpoint inhibitors

In classical HL (cHL), malignant Reed-Sternberg cells harbor a recurrent chromo-
some 9p24.1 amplification. Such genetic abnormality encodes PD-L1 and PD-L2, as
well as JAK2, which further upregulates PD-1 ligand via the JAK-STAT pathway [29].
This upregulated PD-1 signaling allows cHL to suppress surrounding immune cells
and survive from immune surveillance. Therefore, blocking PD-1 is likely to restore
anti-tumor immunity and eradicate HL cells.

2.1.1 Nivolumab and pembrolizumab

Nivolumab and pembrolizumab are among the first fully human anti-PD-1 IgG4
monoclonal antibodies approved by the US FDA (May 2016 for nivolumab and March
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2017 for pembrolizumab) for the treatment of relapsed or progressed cHL after
autologous hematopoietic stem cell transplantation (auto-HSCT) and brentuximab
vedotin (therefore referred as relapsed/refractory, r/r) [30, 31]. Since then, numerous
clinical trials and real-world experiences have demonstrated the efficacy and safety
profiles of nivolumab and pembrolizumab against HL, which is mainly (but not
limited to) r/r cHL. Nivolumab and pembrolizumab are the most common ICIs used
for r/r cHL patients, and many groups use both drugs in the same clinical trials (refers
to them both as PD-1 ICIs). The clinical data of pembrolizumab are summarized in
Table 1 together with nivolumab.

As shown in Table 1, the objective response rate (ORR) for PD-1 IClIs is gener-
ally high (usually over 70%). However, the CR is rarely achieved, with a CR rate of
around 30%-40%. Notably, some preconditions or previous treatments the patients
experienced significantly enhance the outcomes of anti-PD-1 therapy. For example,
5 of 5 r/r cHL patients who have been given hypomethylating agents 5-azacitidine
all achieved CR after ICI treatment [37]. This may suggest some potential combina-
tion therapies and numerous groups are assessing the efficacy of different treatment
combinations.

2.1.1.1 Combination of PD-1 inhibitors and HSCT

The poor CR rate of anti-PD-1 antibodies suggests that monotherapy of PD-1
blockade alone may be not sufficient to cure r/r HL. Therefore, combined therapy of
PD-1 blockade with other additional canonical treatments is necessary. It has been
demonstrated that administration of PD-1 inhibitors before/after allogenic (allo-)
or autologous (auto-) HSCT significantly enhances response rate and prolongs
patient survival. Manson et al. [54] reported that none of the 13 r/r HL patients
who underwent consolidation treatment of allo-HSCT together with nivolumab
suffered from disease relapse. On contrary, 62.2% of those (n = 37) who did not
undergo subsequent allo-HSCT relapsed. In another similar study, Merryman et al.
[55] studied the 209 cHL patients who underwent subsequent allo-HSCT after
PD-1 inhibition. With a median follow-up of 24 months, they reported that the
2-year progression-free survival (PFS) and overall survival (OS) were 69% and
82%, respectively. Merryman et al. also suggested that a shorter interval between
PD-1 inhibition and allo-HSCT can significantly boost the graft-versus-lymphoma
(GVL) effect of allo-HSCT. The real-life experience of 74 patients who underwent
allo-HSCT after nivolumab treatment in Spain provided a similar conclusion (i.e.,
improved PFS and OS) as well [56].

Similarly, consolidation after auto-HSCT by PD-1 blockade also improves the
treatment outcomes [57]. In this clinical trial (NCT02362997), the expected PFS
after auto-HSCT increased from 60 to 82% upon pembrolizumab administra-
tion. Casadei et al. [58] also reported that auto-HSCT after PD-1 blockade further
improved patient survival, with an estimated 5-year PFS of 73.4% and 4.8-year OS
of 92.3%.

Although the combination of PD-1 inhibition and allo-HSCT seems to be a
promising strategy against HL, increased graft-versus-host disease (GVHD) upon
anti-PD-1 administration is a major concern of this treatment option [55, 56, 59].
Such GVHD can be severe and may cause multi-organ failure and even death
[55, 56, 59-64]. Therefore, multiple studies indicated that post-transplant cyclo-
phosphamide (PTCy)-based GVHD prophylaxis is required for improved PFS and
therefore strongly suggested [55, 59].
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2.1.1.2 Other combined therapy

The regimen AVD regimen (doxorubicin, vinblastine, and dacarbazine) is the
backbone of the well-established chemotherapy regimen ABVD (doxorubicin,
bleomycin, vinblastine, and dacarbazine) for HL [65]. Therefore, the efficacy of
nivolumab and AVD combination in early-stage cHL was assessed [66]. In total, 109
patients were given two different treatment strategies (of dosing and sequencing),
and both groups displayed promising outcomes, with over 90% CR and nearly 100%
12-month PFS. Another multicenter, single-arm, phase II trial proved that pembroli-
zumab followed by AVD was both effective and safe in patients with untreated early
unfavorable and advanced-stage cHL, with all patients (z = 30) achieving complete
metabolic response (CMR) [67]. At the median follow-up of 22.5 months, the PFS and
OS are 100%, indicating the superior efficacy of the strategy.

Brentuximab vedotin (BV) is a CD30-based antibody-drug conjugate. When
used alone, it can lead to an ORR of 72% and CR rate of 33% in r/r HL patients
[68]. Advani et al. [69] reported that BV combined with nivolumab can be the first
salvage therapy in patients with r/r cHL, with an ORR of 85% and CR rate of 67%. In
a median follow-up of 34.3 months, the estimated 3-year PFS and OS were 77% and
93%, respectively. Such combination treatment can be applied as a first-line option for
older or chemotherapy-ineligible cHL patients, as demonstrated by Cheson et al. [70].
With a total of 46 patients and a median follow-up of 21.2 months, 48% of patients
achieved CR and 13% achieved PR, with an ORR of 61%. Due to the high efficacy of
this combination, it was considered as a salvage option after PD-1 blockade failure. In
21 r/r cHL patients who failed nivolumab monotherapy previously, BV combined with
nivolumab resulted in an ORR of 57% [71]. Twenty-four-month PFS and OS were
31% and 80%, respectively. In total, 63% of patients suffered from adverse effects
(AEs), but AEs of grade 3 or 4 were only observed in 10% of patients.

The potential synergistic effect of radiotherapy and ICIs has been proposed as
well. In a cohort of 12 patients with r/r cHL, patients were given a combined treat-
ment of radiotherapy and nivolumab/pembrolizumab, with an ORR of 100% and
a CR rate of 58% [72]. With a median follow-up of 18 months, 92% of patients
remained in CR (9 of 12 patients underwent HSCT consolidation). Forceville
et al. [73] presented two case reports supporting that radiotherapy combined with
nivolumab can lead to excellent outcomes.

Gemcitabine, vinorelbine, and liposomal doxorubicin (GVD) are traditional
second-line treatment options for r/r cHL, with a CR rate of around 50% [74]. In
comparison, the combination of GVD and pembrolizumab resulted in an ORR of
100% and a CR rate of 95%, with a total of 39 enrolled r/r cHL patients [75]. In total,
36 of these 39 patients underwent subsequent auto-HSCT, and they all remained in
CR at a median post-transplant follow-up of 13.5 months. In a similar trial consisting
of 103 patients (27 for GVD + PD-1 blockade, 76 for GVD), the combination group
had a higher CR rate of 85.2% (65.8% for the GVD group) and an extended PFS
(1-year PFS of 82.2% vs. 67.9% for GVD group) [76].

2.1.2 Camrelizumab

Camrelizumab (SHR-1210), which was developed in China, is a humanized
high-affinity anti-PD-1 IgG4 monoclonal antibody. It has shown promising efficacy
against numerous advanced solid tumors including nasopharyngeal carcinoma,
esophageal carcinoma, gastric and gastroesophageal junction cancer [77-81]. Ina
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single-arm, multicenter, phase II study (NCT03155425), a total of 75 patients with

r/r cHL were given Camrelizumab 200 mg every 2 weeks intravenously. In a median
follow-up of 12.9 months, 21 (28.0%) and 36 (48.0%) patients achieved complete

or partial remission, respectively (i.e., objective response rate is 76.0%). Treatment-
related adverse events (AE) were observed in all patients enrolled, with 20 (26.7%) of
them exhibiting grade 3 or 4 treatment-related AEs [82]. The group further extended
the follow-up of this clinical trial till 2020, with a median follow-up duration of

36.2 months. The objective response rate remained almost unchanged. The median
PFS was 22.5 months and 3-year OS was 82.7%.

2.1.2.1 Combined therapy

Like other checkpoint inhibitors, although camrelizumab exhibits a high objective
response rate in patients with r/r cHL, the CR rate remains low (as shown above).
It has been proven that inhibition of de novo DNA methylation can boost T-cell
function upon PD-1 blockade [83, 84]. Decitabine is a DNA demethylating agent
[85]; therefore, clinical trial combining a low dose of decitabine with camrelizumab
against r/r cHL was conducted (NCT02961101, NCT03250962). Indeed, when
compared with camrelizumab monotherapy, r/r cHL patients receiving decitabine
plus camrelizumab exhibited a higher CR rate (79% vs. 32%) and longer median PFS
(35.0 vs. 15.5 months) [86, 87]. In addition, the administration of decitabine plus
camrelizumab showed promising efficacy against HL with resistance to anti-PD-1
[86, 87]. Similarly, combination treatment of anti-angiogenic agent apatinib and
camrelizumab might be a salvage option for r/r cHL patients who failed PD-1/PD-L1
inhibitor therapy, as demonstrated in the case reports presented by Yan et al. [88].
Out of seven enrolled patients, two achieved CR, and four achieved PR. The median
PFS was 10 months, and no unexpected side effects were observed.

2.1.3 Sintilimab

Sintilimab is an anti-PD-1 antibody developed by Innovent Biologics, Suzhou,
China. Shi et al. reported it exhibits comparable activity to nivolumab and pem-
brolizumab in patients with r/r cHL [89]. In their single-arm, multicenter, phase II
trial (NCT03114683), 6-months PFS was 77.6%, and 74 of 92 fully analyzed patients
(80.4%) achieved an objective response. Among those with objective responses, 31
(34%) had CR and 43 (47%) had PR. As for AE, 89 (93%) of 96 patients demon-
strated treatment-related AE, including 17 (18%) with grade 3 or 4 and 11 (11%) with
serious treatment-related AE (all expected).

2.1.4 Tislelizumab

Tislelizumab is a specially engineered humanized anti-PD-1 IgG4 monoclonal
antibody. In contrast to other conventional PD-1 inhibitors, the Fcy receptor (FcyR)
fragment of tislelizumab was modified to minimize the binding of macrophages
and the subsequent antibody-dependent phagocytosis. The antibody-dependent
phagocytosis by macrophages could potentially lead to T-cell clearance and greatly
affect the efficacy of anti-PD-1 therapy [90]. Therefore, the FcyR modification allows
tislelizumab to exhibit improved anti-tumor function. In the single-arm, multicenter,
phase II trial of tislelizumab in patients with r/r cHL (NCT03209973) [91], 61 of 70
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(87.1%) patients achieved an objective response, including a high CR rate of 62.9%
(44 of 70). The estimated median 9-month PFS was 74.5%. AEs were observed in 65
of 70 (92.9%) patients, with 15 (21.4%) experiencing grade 3 or 4 AEs.

2.1.4.1 Combined therapy.

Similar to other anti-PD-1 antibodies, co-administration of low-dose decitabine
and tislelizumab for the treatment of r/r cHL has been reported. A 27-year-old male
r/r cHL patient who failed eight lines of therapy (including PD-1 inhibition) achieved
partial remission upon receiving decitabine plus tislelizumab treatment. No disease
progression was observed during the entire 11.5 months of follow-up [92].

2.1.5 Zimberelimab

Zimberelimab (GLS-010) is the first fully human anti-PD-1 monoclonal antibody
produced in a transgenic rat platform. While sharing the same heavy chain constant
region as nivolumab and pembrolizumab, zimberelimab has two different modifica-
tions, namely S228P and N95S, in IgG4 core-hinge area and CDR3 area of the light
chain, respectively. The S228P mutation prevents Fab-arm exchange, and the N95S
mutation prevents the glycosylation of the antigen-binding domain [93]. Phase I
studies for advanced solid tumors [94, 95] or preliminary studies for r/r cHL [96]
have suggested high efficacy and acceptable safety. In a phase II trial for patients with
r/r cHL (NCT03655483), 77 of 85 (90.6%) patients had objective responses, with
a CR rate of 32.9% (28 patients). Twelve-month PFS and OS were 78% and 99%,
respectively. Treatment-related AEs were found in 79 of 85 (92.9%) patients, with 24
(28.2%) of them demonstrated grade 3 or 4 and 1 exhibited grade 5 treatment-related
AE (gastrointestinal infection) [93].

2.1.6 Penpulimab

Penpulimab is a humanized anti-PD-1 monoclonal antibody co-developed by
Akeso Biopharma and Chia Tai Tianqing for the treatment of solid tumors. Similar to
tislelizumab, the Fc¥R fragment region of penpulimab is engineered, through which
the FcyR bindings of effectors (such as macrophages) are eliminated. As the results, T
cells are protected from antibody-dependent cell-mediated cytotoxicity (ADCC), and
the efficacy of tislelizumab is expected to be enhanced. In the open-label, multicenter,
single-arm, phase I/II study (NCT03722147), the objective response rate was 89.4%
(76 of 85 patients), with 40 (47.1%) patients achieving CR. Twelve-month PFS was
72.1%. Treatment-related AEs were observed in 97.9% (92 of 94) patients, with 25
(26.6%) experienced grade 3 or above treatment-related AEs [97, 98].

2.2 Anti-PD-L1 checkpoint inhibitors

Besides PD-1 blockade, targeting PD-L1 is an alternative strategy to avoid PD-1/
PD-L1 immune checkpoints. However, it should be noted that PD-L1 and PD-L2, the
two ligands to PD-1, are differentially expressed in the tumor microenvironment of
cHL [29, 99]. Therefore, anti-PD-L1 monotherapy may be not sufficient to completely
inhibit the PD-1 pathway, its efficacy may be lower than PD-1 inhibition alone. The
use of PD-L1 inhibitors in HL should be carefully evaluated.
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2.2.1 Avelumab

Avelumab (MSB0010718C) is a human anti-PD-L1 IgG1 monoclonal antibody.
Besides blocking PD-1/PD-L1 interactions, the binding of avelumab on tumor cells
induces ADCC via the FcyR binding [100, 101]. Unlike the ADCC induced by anti-
PD-1 antibodies that impair T-cell function and dampen the efficacy of treatment,
the ADCC induced by anti-PD-L1 antibodies provides another mechanism of tumor
clearance and further enhances treatment efficacy. In a phase Ib trial of avelumab
against r/r cHL [102], 13 of 31 (41.2%) patients showed an objective response, with
six (19.4%) achieving CR and seven (22.6%) achieved PR. Twelve-month PFS was
18.2%, and the median PFS was 5.7 months. Treatment-related AEs were observed in
26 (86.7%) patients and 13 (43.3%) of them are grade 3 or 4.

2.2.2 Sugemalimab

Sugemalimab is a fully human, full-length, anti-PD-L1 IgG4 monoclonal antibody
developed by CStone Pharmaceuticals for advanced solid tumors and lymphoma. In 2021,
it has been approved in China for the first-line treatment of various forms of non-small-
cell lung cancer in combination with different treatments. Phase Ia and Ib studies have
been finished for sugemalimab against advanced malignancies (including 5 cHL patients
in phase Ia study) [103]. They have demonstrated the safety and anti-tumor efficacy of
sugemalimab. Currently, a single-arm, phase 2 trial of sugemalimab against r/r cHL (as
monotherapy) is underway (NCT03505996) and has enrolled 80 patients [104].

2.2.3 Durvalumab

Durvalumab is another human anti-PD-L1 monoclonal antibody and has been
approved by US FDA for urothelial carcinoma and stage III non-small-cell lung cancer
[105]. Ogasawara et al. have conducted a pharmacokinetic analysis of durvalumab in
267 patients with hematological malignancies (including HL) [105]. They suggested the
dosing regimen (1500 mg every 4 weeks) for hematologic malignancies can be the same
as other solid tumors. This suggests a potential application of durvalumab against HL.

2.2.4 Atezolizumab

Atezolizumab is an inhibitor of PD-L1, and it has been approved by the US FDA
and the European Medicines Agency for certain forms of solid tumors (such as triple-
negative breast cancer or non-small-cell lung carcinoma, as monotherapy or used
in combination) [106]. iMATRIX was a multicenter, open-label, phase I/II trial of
young patients (<30 years old) with solid tumors or lymphomas (including nine HL
patients, NCT02541604) [106]. Unfortunately, only two patients demonstrated objec-
tive response (PR). For the rest of the HL patients, two of them remained with stable
disease, and five suffered from disease progression. Another phase II clinical trial of
atezolizumab in r/r HL (NCT03120676) was also terminated due to lack of accrual.

2.3 Anti-CTLA-4 checkpoint inhibitors
2.3.1 Ipilimumab

In contrast to the wild application of anti-PD-1/PD-L1 inhibitor for the treatment
of HL, very few studies have been conducted to assess the efficacy of anti-CTLA-4
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inhibitor against HL. Ipilimumab is a fully humanized anti-CTLA-4 IgGlk monoclo-
nal antibody. Although several clinical trials of ipilimumab have been conducted for
numerous solid tumors [107-110], and there are some ongoing clinical trials assess-
ing the possibility of using ipilimumab in r/r cHL (like NCT04938232); currently
very few reports have demonstrated the efficacy of ipilimumab as monotherapy in
the treatment of HL. Bashey et al. reported that two out of 14 relapsed HL patients
after allo-HSCT achieved CR upon ipilimumab treatment [111]. In comparison, the
possibility of co-administrating ipilimumab with other agents against HL has been
evaluated.

2.3.1.1 Combined therapy

In an open-label, multicenter, phase I trial assessing the efficacy of combina-
tion therapy in 61 patients with r/r HL (NCT01896999), patients were divided into
three groups: combinations of brentuximab vedotin with ipilimumab (ipi-group) or
nivolumab (nivo-group) or both (triplet-group) [112]. Although the overall response
rates were similar for all three groups (76% for ipi-group, 89% for nivo-group, and
82% for triplet-group), triplet groups demonstrated a higher CR rate (73%), as com-
pared with ipi- (57%) and nivo-groups (61%). These are also higher than the expected
individual monotherapies. However, the inclusion of ipilimumab in the combination
therapy significantly increased the chance of severe (grade 3 or 4) treatment-related
AEs, with 43% in the ipi-group and 50% in the triplet-group. On contrary, this
number is only 16% in the nivo-group. This may raise concerns for the possible higher
toxicity of ipilimumab in treating Hodgkin lymphoma.

Lenalidomide is an FDA-approved drug for the treatment of multiple myeloma,
with the ability of modulating cellular and humoral immunity and antiangiogenesis
[113]. In a phase I dose-escalation study of ipilimumab and lenalidomide including
seven refractory HL patients (NCT01750983) [114], PR was observed in one patient,
and three patients experienced tumor shrinkage (less than PR).

2.4 Other potential immune checkpoint inhibitors

Besides the well-known immune checkpoints PD-1 and CTLA-4, novel immune
checkpoints may be used as therapeutic targets for the treatment of HL. Halabi
et al. found that lymphocyte-activation gene 3 (LAG-3) and T-cell immunoglobu-
lin and mucin-domain containing 3 (TIM-3) are almost constitutively expressed in
cHL [115]. Therefore, clinical trials targeting LAG-3 (relatlimab, NCT02061761) or
TIM-3 (BMS-986258, NCT03446040) alone or in combination with nivolumab in
the treatment of r/r HL are completed, and results will be released soon. In addi-
tion, T-cell Ig and ITIM domains (TIGIT) are another immune checkpoint recep-
tor that is found to be highly co-expressed with PD-1 in r/r cHL patients [116].
Therefore, co-inhibition of PD-1 and TIGIT could be a novel strategy for treating
r/r cHL.

Immune checkpoints are expressed in immune cells other than T cells, which
could be targeted as well. In a phase Ib study, Armand et al. evaluated the efficacy and
safety of dual inhibition of PD-1and CTLA-4 (65 patients) or killer immunoglobulin-
like receptors (KIRs) (72 patients) for r/r cHL [117]. KIR is expressed on NK cells
and inhibits their function by interacting with MHC I [118]. However, the authors
reported that the combination failed to further improve the efficacy, as compared
with nivolumab monotherapy.
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3. Immune checkpoints inhibitors in non-Hodgkin lymphoma

Non-Hodgkin lymphoma (NHL) is a mostly common and heterogeneous group of
lymphomas derived from B and T lymphocytes, natural killer (NK), cells or precur-
sors of these cells. Its pathology remains largely unexplained. Recent studies identi-
fied that tumor microenvironment (TME) in NHL is now playing a significant role in
immune suppression and propagating tumor growth [119, 120]. Therefore, immuno-
therapies have been widely used and investigated in NHL to enhance or manipulate
host anti-tumor immunity. In recent years, interference of PD-1/PD-L1 signaling, the
immune checkpoint (therefore also known as checkpoint blockade), has been used in
these kinds of lymphomas for its clinical efficacy by enhancing anti-tumor immune
response. More importantly, therapeutic interference of checkpoint blockade has
enjoyed significant success in cHL, but clinical response greatly varied in NHLs [121].

PD-1 and its ligands (PD-Ls), PD-L1 (also known as CD274 or B7-H1) and PD-L2
(as known as CD273 or B7-DC), form a signaling network that serves as a checkpoint
to limit T-cell immunity, causing T-cell exhaustion [6, 122, 123]. Targeting PD-1
signaling to block T-cell activity with immune inhibitory antibodies can promote
the activation, maturation, and proliferation of T-cells, eventually regulating anti-
tumor activity, which has been investigated in NHL. Recent studies suggested that
ICIs have been considered a promising and effective treatment strategy for some
types of NHLs. Thus, PD-1 antibodies have been approved by the US FDA including
nivolumab and pembrolizumab. Now, let us review the effectiveness of ICIs in NHL.

3.1 Immune checkpoints inhibitors in B-non-Hodgkin lymphoma
3.1.1 Diffuse large B-cell lymphoma (DLBCL)

Diffuse large B-cell lymphoma (DLBCL) represents 30-40% of all non-Hodgkin
lymphomas (NHL) with a 60-70% curable rate in Rituximab Era [120]. However,
about one-third of these patients are refractory or resistant to standard treatment. In
addition, there are several subtypes of DLBCL in the 2016 World Health Organization
(WHO) classification of lymphoid malignancies according to unique clinical and
pathological features, including primary DLBCL of the central nervous system
(PCNSL), primary cutaneous DLBCL, leg type, T-cell/histiocyte-rich large cell
lymphoma, and EBV positive DLBCL of the elderly [124]. Nevertheless, most cases
of DLBCL fall into the “not otherwise specified” (NOS) category [125]. As we know,
immune evasion plays an important pathogenetic mechanism in DLBCL evolution,
and immune checkpoint blockade therapy was explored in all kinds of lymphomas.
But the outcome of immunotherapy remained controversial.

PD-L1 expression in DLBCL, with an incidence of ~25%, is associated with
inferior outcomes, involving in DLBCL pathogenesis, which is considered a potential
target [126, 127]. Importantly, chromosome 9p24.1 copy number alteration observed
in DLBCL, in addition to cHL, is also involved in negative T cell regulation and NF-xb
signaling pathway, which is associated with responsiveness to ICIs in relapsed/refrac-
tory DLBCL (r/r DLBCL) [126]. However, the results of ICIs in r/r DLBCL are disap-
pointing [128, 129]. A phase I study to evaluate the safety and efficacy of nivolumab
enrolled 81 r/r lymphoma patients (11 DLBCL) and showed an ORR of 36% in
DLBCL. A recent phase II study (NCT02038933) showed that nivolumab monother-
apy had good safety profiles but low ORR in DLBCL patients [130]. However, clinical
trials of nivolumab combined with other immunochemotherapies are still in progress.
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Pembrolizumab (Keytruda), a humanized anti-PD-1 MoAb with excellent anti-tumor
activity, was explored in DLBCL. This study including 30 DLBCL patients, evaluated
the efficacy of pembrolizumab (200mg) with R-CHOP, and showed a 90% ORR,
77% CR, and 83% 2y-PFS at a median follow-up of 25.5 months, suggesting that this
combination may be a promising treatment strategy [131]. All in all, the results of
anti-PD-1 antibody in DLBCL patients are not promising in the current clinical trials,
and anti-PD-1 antibody combination therapy is also under investigation [126].

It is a worthy note that anti-PD-L1 antibody atezolizumab (MPDL-3280A) com-
bined chemotherapy seems a promising approach in DLBCL. In a phase I/II study,
atezolizumab-R-CHOP for DLBCL demonstrated high efficacy (ORR of 87.5%) and
durable responses (24 months for 80% of patients) for the combinational group [132].
Fifty-eight DLBCL patients enrolled in the study to assess the anti-tumor activity of
atezolizumab associated with Venetolax (a BCL-2 inhibitor) and Obinutuzumab with
23.6% ORR (NCT03276468). In another phase 1/2 study, atezolizumab in combina-
tion with rituximab and polatuzumab in 21 participants with r/r DLBCL showed
57.14% ORR and 33.33% CR. In additional, atezolizumab with mosunetuzumab
(a bispecific CD20-CD3 monoclonal antibody) was evaluated (NCT02500407).
Certainly, anti-PD-L1 antibodies have been extensively investigated in combination
with new-generation CD20 antibodies (NCT03533283), Chimeric antigen receptor
(CAR)-T (NCT02926833), and ASCT (NCT02362997).

Durvalumab, another humanized IgG1-kappa monoclonal antibody against
PD-L1, showed markedly anti-tumor activity in vivo. Thus, like atezolizumab,
numbers of clinical trials are ongoing to investigate the value of durvalumab asa
single agent or in combination with other treatment approaches or CAR T-cells in
B-NHL patients. Encouraging results were commonly seen in patients treated with
durvalumab in combination therapy in early studies. Durvalumab with Ibrutinib in
DLBCL has 25% ORR and 4.6 months PFS [133]. Also, durvalumab combined with
R-CHOP showed 54.10% CR but 51% serious AEs [134]. More interesting, remark-
able results were found when combined with durvalumab and CAR T-cells in B-NHL
including 12 DLBCLs, 2 high-grade B-cell lymphomas, and 1 PMBL (NCT03310619
(PLATFORM) and NCT02706405), which reported an ORR of 91%, including 64%
CR [135, 136]. From these clinical results, AEs were frequently seen in combination
therapy, which needed to be noted [137, 138].

Another inhibitor signaling of CTLA-4 including ipilimumab was not explored
for its efficacy and safety. Recently, the combination of ipilimumab and nivolumab
in patients with high-risk DLBCL after Allo-SCT has been opened (NCT02681302)
[139]. More results should be worthy of expectation.

3.1.2 Primary mediastinal large B-cell lymphoma (PMBCL)

Importantly, anti-PD-1 MoAb has promising results in some special DLBCL.
Primary mediastinal large B-cell lymphoma (PMBCL) comprises approximately 10%
of DLBCL with different clinicopathologic and molecular signature, which have a
good prognosis with R-CHOP/R-DAEPOCH combined with radiotherapy, with a
5-year event-free survival rate of 93% and OS rate of 97% [140]. However, more than
10% of patients still suffered relapsed or refractory, and the outcomes in r/r PMBCL
remain poor. Studies have elucidated that PMBCL shared many similar biological fea-
tures with cHL, including the importance of JAK-STAT and NF-«B signaling pathways
as well as immune evasion [141]. Aberration expressions of PD-L1 and PD-L2 were
found in PMBCL tumors, and the efficacy of anti-PD-1 antibody (pembrolizumab)
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in r/r PMBCL was confirmed in phase 1 KEYNOTE-013 study [142]. Subsequently, a
phase 2 study (KEYNOTE-170) has evaluated the efficacy of pembrolizumab in r/r
PMBCL, and similar results were observed, with 45% ORR, and 13% CR, and median
duration of response (DOR) not yet reached [143]. Thus, pembrolizumab has been
approved in r/r PMBCL by FDA. After that, ICIs combined with other therapeutic
agents for r/r PMBCL have been widely studied all over the world. Nivolumab com-
bined with the anti-CD30 antibody-drug conjugate (ADC) brentuximab vedotin
(BV) has been studied for r/r PMBCL in the CheckMate 436 study with an ORR was
73% and CR 37% [144]. These studies have identified the efficacy of PD-1 in PMBCL,
especially combined with other agents. Numerous clinical trials assessing combina-
tion therapies with immune checkpoint inhibitors are ongoing [145].

3.1.3 Epstein-Barr virus (EBV) + diffuse large B-cell lymphoma (DLBCL)
and primary DLBCL of the central nervous system (PCNSL)

Epstein-Barr virus (EBV) is detected in a variety of B-cell lymphomas (BCLs)
and lymphoproliferative disorders (B-LPD) with poor prognosis, associated with
immunodeficiency, a key factor of lymphomagenesis. EBV+ DLBCL-NOS was first
described as age-related EBV-associated LPD in 2003 with poor outcomes compared
with EBV-negative DLBCL patients [146]. Unfortunately, the biology of EBV +
DLBCL-NOS remains unsure, and no standard approaches for these kinds of patients.
Researchers have identified that 100% PD-L1 expression was seen in EBV+ DLBCL
in alarger cohort study (z = 1100), which was significantly associated with EBV +
status [147, 148]. Liu et al. have identified that anti-PD-1 antibodies can restore and
active function of T cells in EBV+ DLBCL [149]. Thus, the PD-L1/PD-1 pathway
may be a potential therapeutic target for EBV+ DLBCL. Many studies are ongoing to
assess the application of ICIs combined with chemotherapies in EBV+ DLBCL (e.g.,
NCT03212807, NCT04181489, NCT04705129, and so on).

Also, primary central nervous lymphoma (PCNSL) is a rare extra-nodal lym-
phoma with a high refractory/relapse rate using high-dose MTX-based treatment
[150, 151]. For relapsed/refractory PCNSL (r/r PCNSL), new strategies have been
explored including immunotherapy. PD-1 antibodies in r/r PCNSL have been
reported with good efficacy in some case reports [152, 153]. Thus, some retrospective
and prospective studies discussed the efficacy of anti-PD-1 antibody as monotherapy
and in combination with other drugs [153, 154]. Unluckily, the results of ICIs in r/r
PCNSL varied. Especially, we have seen promising efficacy in PCNSL with Bruton’s
Tyrosine Kinase and Immune Modulatory Small Molecules. Some explorations of
ICIs in primary and r/r PCNSL are under study, especially for those who have higher
PD-L1 expression and no chance to do MTX-based chemotherapy (NCT04899427,
NCT05425654, and NCT04831658).

In other B-NHL entities, the rates of PD-L1 expression on neoplastic B cells are
low: ~5% in FL, ~10% in high-grade MZL, and 0% in MCL. Therefore, slightly rare
studies have been explored in these types of B-NHL.

3.2 Immune checkpoints inhibitors in T-non-Hodgkin lymphoma

PD-1 or PD-L1 has been used in various kinds of NHLs, either alone or in com-
bination with other agents, which have promising results in some Lymphoma. For
T-cell lymphomas, this strategy has been challenging because these markers may be
expressed on the tumor cells themselves resulting in inadvertent tumor growth.
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Peripheral T-cell lymphoma (PTCL) is a group of lymphoproliferative disorders,
originating from mature T/NK cells with highly heterogeneous, aggressive char-
acteristics and poor prognosis. There are 27 subtypes of PTCL in the World Health
Organization 2016 classification of lymphoid neoplasm, including extranodal NK/T-
cell lymphoma, nasal-type (ENKTL), nonspecific (PTCL-NOS), angioimmunoblastic
T-cell lymphoma (AITL), and anaplastic lymphoma kinase (ALK) +/— anaplastic large
cell lymphoma (ALCL) [155, 156]. CHOP-based regimens are the first-line treatments
for PTCL other than NK/T-cell lymphoma, but the efficacy is limited [157, 158]. Thus,
effective treatments for relapsed or refractory (r/r) PTCL are urgently needed. PD-1
and PD-L1 expression is commonly observed in PTCL cells, and PD-1 or PD-L1is
considered a prognostic biomarker and target. A phase I study (five patients with
r/r PTCL) and phase 2 study (12 patients with r/r PTCL) have identified the clinical
value of Nivolumab in r/r PTCL patients with 33% ORR [159, 160]. Also, the promis-
ing results using pembrolizumab have been seen in seven relapsed ENKT lymphoma
with 100% overall response rates after a median of 7 weeks of treatment, either EBV
DNA-positive or negative. The remission has been maintained at a median follow-up
of 6 months. Similar results were reported for nivolumab. Thus, several studies are
ongoing to explore the efficacy of PD-1 inhibitors in the treatment of ENKL. Studies
showed that the response is correlated with the level of PD-1 expression, especially
in EBV DNA positive patients. Although, studies were halted early due to the short
duration of response and concern for hyperprogression. Encouraging results were also
seen with pembrolizumab in patients with r/r cutaneous T-cell lymphoma with 38%
ORR in a phase 2 study [142]. There was an alarming report of hyperprogression in
three patients with ATLL that were enrolled in the nivolumab trial. Clinical progres-
sion was also accompanied by an increase in the viral load [143]. In these cases, PD-1
tumor suppressor function may have been lifted by PD-1 blockade. The use of PD-1
and PD-L1 antibodies in ATLL has to be viewed with caution. Therefore, more clinical
trials should be done to evaluate the efficacy and safety of ICIs in different subtypes
of PTCL.

Ipilimumab, an inhibitor of CTLA-4 (also known as CD152), provides both posi-
tive and negative feedback for T-cell activation when combined with its costimulatory
receptor CD28. But the effect of CTLA-4 inhibitors in PTCL is not well characterized.
In general, immunotherapy for PTCL is promising. For other immune checkpoint
proteins, such as TIGIT, TIM-3, and LAG-3, their evaluation in PTCL is still at the
preclinical stage and needed to be further explored via relevant clinical trials. Some
studies have shown that the combined blockade of the TIM-3 and PD-1 pathways
has significant efficacy in hematological tumors [161]. More importantly, the com-
bination of PD-1/PD-L1 inhibitors and CAR-T cell therapy are worthy of exploring
[162]. These ICIs combined therapies may be the best strategy for tumor therapy and
promote the prognosis in near future.

4. Immune checkpoints inhibitors toxicity

As reported by the current clinical trials, treatment-related AEs were very com-
mon in patients undergoing anti-PD-1 treatment (Table 1). However, grade 3 or above
treatment-related AEs were generally only observed in less than 30% of patients.
Here, we use the studies with most patients enrolled as examples (i.e., # = 243 for
Armand et al. [36] and z = 210 for Chen et al. [40]). As reported by Armand et al.
[36], the most common treatment-related AEs of any grade were fatigue (23%),
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diarrhea (15%), and infusion-related reactions (14%). However, none of them were
severe (grade 3 or above). On contrary, the most common grade 3 or 4 treatment-
related AEs were lipase increases (5%), neutropenia (3%), and ALT increases. The
most common treatment-related AEs that led to treatment discontinuation were
pneumonitis (2%) and autoimmune hepatitis (1%). Other serious treatment-relate
AEs included infusion-related reactions (2%), pneumonia (1%), pleural effusion
(1%), and pyrexia (1%). For the study conducted by Chen et al. [40], the most
common treatment-related AEs were hypothyroidism (14.3%), pyrexia (11.4%), rash
(11.0%), and fatigue (11.0%). The most common grade 3 or 4 treatment-relate AEs
were neutropenia (2.4%) and diarrhea (1.4%). Fourteen patients discontinued treat-
ment due to treatment-related AEs, and the most common causes were pneumonitis
in seven (3.3%) and infusion-related reactions in two (1.0%). Here, we will briefly
discuss some cases that deserve special attention.

4.1 Thyroid dysfunction

Thyroid dysfunction is one of the most common AEs observed during PD-1 inhibi-
tion and is heterogeneous in nature. In a study of 73 patients who underwent nivolumab
therapy, Peiro et al. [163] reported that 23.3% of patients developed thyroid dysfunc-
tion. Among them, seven patients showed thyrotoxicosis and 10 patients showed
primary hypothyroidism (four required levothyroxine treatment). They concluded that
thyrotoxicosis occurred earlier than hypothyroidism. Before the onset of hypothyroid-
ism, 33% of patients exhibited transient thyroiditis and five patients had hyperthyroid,
which became hypothyroid later. In cases of thyroiditis, patients can be treated with
beta-blockers, and thyroid hormone replacement may be required for hypothyroidism.
For hyperthyroidism, beta-blockers and corticosteroids are very effective [164].

4.2 Treatment-related pneumonitis

In a meta-analysis of 11 clinical trials in patients treated with ICI (PD-1 or CTLA-4
blockade), the use of ICIs led to an increased risk of pneumonitis of all grades [165].
Younger age (<60 years old) may be a major risk factor [166]. Corticosteroids can be
used for the treatment of pneumonitis, and those refractory cases should be treated
with steroid-free immunosuppressants. For cases of grade 3 or above pneumonitis,
potential infections should be considered. In cases of severe pneumonitis, the use of

ICI should be stopped [167].
4.3 Treatment-related colitis/diarrhea

Gastrointestinal AEs are another most common treatment-related AEs during
ICI therapy. Physicians should carefully distinguish colitis from diarrhea; and when
colitis symptoms emerge, hospitalization and discontinuation of ICIs should be
considered. In cases of mild symptoms, administration of corticosteroids or antidiar-
rheals could be applied [168], and additional infliximab may be needed [169].

4.4 Treatment-related cardiovascular disease

The incidences of treatment-related cardiovascular diseases are frequently under-
estimated, as reported by Jain et al. [170]. They identified 16,574 patients who received
ICIs from a total of 2,687,301 patients and 1:1 matched to 2875 patients who received
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chemotherapy or 4611 patients who received targeted agents. They observed the onsets
of treatment-related cardiovascular diseases included stroke (4.6%), heart failure
(3.5%), atrial fibrillation (2.1%), conduction disorders (1.5%), myocardial infarction
(0.9%), myocarditis (0.05%), vasculitis (0.05%), and pericarditis (0.2%). In addition,
anti-CTLA-4 therapy was more commonly related to treatment-related cardiovascular
diseases. Moreover, another retrospective analysis indicated that inhibition of PD-1/
PD-L1 was significantly associated with the risk of myocarditis, and males may have
an increased risk of certain cardiovascular AEs [171]. In another meta-analysis includ-
ing 2576 trials/studies and 20,244 patients, combined therapy of PD-1 blockade and
chemotherapy may increase the risk of myocardial disease of all grades; although there
was no significant increase in the risk of other cardiovascular diseases [172].

4.5 Other autoimmune diseases

As PD-1 blockade non-specifically activates the immune system, the induction of
autoimmune-like diseases is the major concern of the toxicity incurred. Examples of
symptoms during the treatment of HL include autoimmune type I diabetes [173-176],
autoimmune encephalitis [177-179], autoimmune hepatitis [36], autoimmune nephri-
tis [36, 38], and autoimmune hemolytic anemia [180, 181]. In cases of autoimmune
diseases, the use of immunosuppressive treatment or delay of ICI therapy should be
seriously considered.

4.6 Association between toxicity and efficacy

Although treatment-related AEs severely affect the treatment outcomes of IClIs,
the onset of AEs that are immune-related may be directly associated with the efficacy
of ICIs. In a study of 106 patients who underwent PD-1 blockade monotherapy,
Rogado et al. [182] observed that patients with immune-related AEs have a higher
ORR of 82.5% (vs 16.6%) and longer PFS of 10 months (vs 3 months), as compared
with those without immune-related AEs. Although the detailed underlying mecha-
nisms remain to be elucidated, concerns about the effect of corticosteroids and other
immunosuppressants administration on ICI efficacy have been raised. However, some
studies suggested that the use of corticosteroids and other immunosuppressants may
not impair the anti-tumor activities of ICIs [183, 184].

5. Conclusions

ICIs therapies have demonstrated remarkable efficacy in several subtypes of HL
and NHL, and some IClIs (e.g., pembrolizumab) have been approved to use in HL
and PMBCL. Especially, anti-PD-1/PD-L1 antibodies in a combination with other
therapies have acquired promising results, and AEs are common in these treatments.
Thus, we need to do more clinical trials and real-world studies to further explore the
effectiveness and safety of ICIs treatment in lymphoma.
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Chapter 6

Immunotherapy and Hepatocellular
Carcinoma

Jacob Zaemes, Muneeb Rehman, Coleman Smith and Ruth He

Abstract

The management of hepatocellular carcinoma (HCC) has been transformed by
the incorporation of immune checkpoint inhibitor therapy. Compared to traditional
chemotherapy, these regimens have markedly improved outcomes in patients with
HCC. Additionally, they are generally well-tolerated in patients with impaired hepatic
function. This chapter will review the landmark trials which have paved the way for
the use of ICIs in the treatment of HCC and summarize current consensus on best
practices regarding their use in this setting. It will also discuss other prospective uses
of immunotherapy for the treatment of HCC currently being investigated, including
further incorporation of both checkpoint inhibitor and non-checkpoint inhibitor
agents into treatment strategies. Furthermore, it will summarize the existing safety
and efficacy data regarding the use of checkpoint inhibitors in patients who have
previously undergone liver transplant.

Keywords: hepatocellular carcinoma, checkpoint inhibitor therapy, nivolumab,
pembrolizumab, sorafenib, Lenvatinib, liver transplant, liver rejection

1. Introduction

Hepatocellular carcinoma (HCC) is estimated to be the sixth most prevalent cancer
worldwide and the fourth leading cause of cancer-related death [1]. HCC typically
develops in the background of chronic liver disease often in the setting of either chronic
infection with hepatitis B or C, alcohol abuse, or metabolic syndrome [2].

The immune system plays a vital role in controlling cancer development and
progression [2]. Dysfunction of the tumor and immune system interaction leads
to immune evasion through impaired antigen recognition or by tumor creating
an immunosuppressive microenvironment [3]. Immune checkpoints are inhibitor
molecules expressed by lymphocytes that prevent their overaction. Tumor cells
exploit this normal physiological mechanism by expressing these ligands in the tumor
microenvironment [4]. The recent emergence of immune checkpoint inhibitors has
significantly changed the cancer treatment landscape. These monoclonal antibodies
block the interaction of checkpoint proteins with their ligands, preventing the inac-
tivation of T cells [5]. The ligands that are targeted include cytotoxic T lymphocyte-
associated antigen (CTLA4), programmed death 1 (PD-1), programmed death-ligand
1 (PD-L1), lymphocyte-activation gene 3 (LAG3), etc. [6].
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Immune checkpoint inhibitors have had promising results in patients with
advanced hepatocellular carcinoma due to the contribution of inflammation and
suppression of immune microenvironments to HCC pathogenesis, becoming essential
in HCC management [7, 8].

In this chapter, we will review the major immunotherapy trials in patients with
advanced HCC in both the firstline and subsequent line setting as well as discuss the
mechanism of immune mediated side effects in these patients. We will also discuss the
emerging role of immunotherapy in transplant patients.

2. Treatment of hepatocellular carcinoma with immunotherapy
2.1 Firstline treatment
2.1.1 Bevacizgumab with atezolizumab

Immunotherapy agents alone or in combination with tyrosine kinase inhibitors
(TKT’s) or anti-vascular endothelial growth factor receptor (anti-VEGF) therapies
have become the cornerstone of treatment for advanced HCC. Table 1 shows a
summary of the main clinical trials involving immune checkpoint inhibitors as both
monotherapies and in combination with other systemic therapies used to treat HCC.
The combination the PD-L1 monoclonal antibody atezolizumab and anti-VEGF
antibody bevacizumab was initially studied in the phase 1b GO30140, which was a
multicenter, multi-arm phase 1b study that enrolled patients for first line treatment
in nonresectable HCC [9]. The combination of atezolizumab and bevacizumab
was compared to atezolizumab alone. In the arm with no randomization (everyone
received both atezolizumab and bevacizumab), the objective response rate (ORR)
was 36% (95% confidence interval [CI] 26-46) at a median follow-up of 12.4 months
with the median duration of response not reached (95% CI 11-8-not estimable), with
responses of 6 months or longer observed in 23% of patients. In the comparison arm
(atezolizumab and bevacizumab vs. atezolizumab alone), with a median follow-up of
6.6 months for the combination atezolizumab and bevacizumab group and 6.7 months
for the atezolizumab alone group, median progression-free survival (PFS) was 5.6 vs.
3.4 months (hazard ratio [HR] 0.55; 80% CI 0.40-0.74; p = 0.011). The most com-
mon grade 3-4 treatment-related adverse events (TRAEs) were hypertension (5% in
combination group, none in monotherapy group) and proteinuria (3% in combina-
tion group, none in monotherapy group) [9]. The combination of atezolizumab
and bevacizumab in unresectable hepatocellular carcinoma was further studied in
ImBrave 150, a phase III clinical trial [10]. In this study, patients with unresectable
HCC who had not previously received systemic therapy were randomly assigned
to receive either atezolizumab plus bevacizumab or sorafenib until unacceptable
toxicity or disease progression. HR for death with atezolizumab and bevacizumab as
compared to sorafenib was 0.58 (95% CI, 0.42-0.79; p < 0.001) with overall survival
(OS) at 12 months 67.2% (95% CI, 61.3-73.1) with atezolizumab and bevacizumab
and 54.6% (95% CI, 45.2-64.0) with sorafenib. Median PFS was 6.8 months (95% CI,
5.7-8.3) and 4.3 months (95% CI, 4.0-5.6) in the respective groups (HR for disease
progression or death, 0.59; 95% CI, 0.47-0.76; P < 0.001). Grade 3 or 4 TRAEs
occurred in 56.5% of 329 patients who received atezolizumab-bevacizumab and in
55.1% of 156 patients who received sorafenib. Grade 3 or 4 hypertension occurred

90



Immunotherapy and Hepatocellular Carcinoma

DOI: http://dx.doi.org/10.5772/intechopen.107097

Trial Comparison and stage Outcomes Adverse events
targeted

Monotherapy

CheckMate 040 Nivolumab for advanced Cohort 1 (dose Cohort 1 (dose

(Phase I/II) [13]

HCC, previously treated

escalation) = ORR 15%,

escalation) — grade

with or naive/intolerant to median OS 15 months 3/4 TRAE rate 25%
sorafenib Cohort 2 (dose Cohort 2 (dose
expansion) = ORR 20% expansion) — grade
3/4 TRAE rate 19%
CheckMate 459 Nivolumab vs. Sorafenib for ORR 15%, median OS Grade 3/4 TRAE

(Phase III) [12]

advanced HCC, sorafenib
naive

16.4 months (HR 0.85,
p = 0.0752), median PFS
3.7 months

rate: nivolumab
34% vs. sorafenib
49%

KEYNOTE-224 Pembrolizumab for ORR 17%, median OS Grade 3/4 rate 26%
(Phase IT) [23] advanced HCC, previous 12.9 months, median PFS
sorafenib failure/intolerance 4.9 months
KEYNOTE-240 Pembrolizumab vs. placebo ORR 18.3%, median OS Grade 3/4
(Phase III) [24] for advanced HCC, previous 13.9 months, median PFS TRAE rate
sorafenib failure/intolerance 3 months pembrolizumab

18.6% vs. placebo
75%

KEYNOTE-394
(Phase III) [25]

Pembrolizumab vs. placebo
for advanced HCC, previous
sorafenib failure/intolerance

ORR 12.7%, median OS
14.6 months, median PFS
2.6 months

Grade 3/4 TRAE
rate 14.4% vs. 5.9%

NCT02989922 Camrelizumab for advanced ORR 14.7%, median OS Grade 3/4 TRAE
(Phase II) [26] HCC, previous systemic 13.8 months, median PFS rate 22%

therapy failure/intolerance 2.1 months
Combination therapy
IMbravel50 Atezolizumab + ORR 27.3%, median OS Grade 3/4 TRAE
(Phase III) [10] Bevacizumab vs. Sorafenib 19.2 months, median PFS rate Atezolizumab

for advanced HCC, sorafenib
naive

6.8 months

+ Bevacizumab
56.5% vs. Sorafenib
55.1%

CheckMate 040
(Phase I/II) [13]

Nivolumab + Ipilimumab (3
dosing arms) for advanced
HCC, previous sorafenib
failure/intolerance

Arm 1 = ORR 32%, median
0S 22.8 months; Arm 2 = ORR
27%, median OS 12.5 months;
Arm 3 = ORR 29%, median OS
12.7 months

Grade 3/4 TRAE
rate arm 1 53%, arm
229%, arm 3 31%

HIMALAYA Durvalumab + Median OS 16.4 months D + T, Grade 3/4 TRAEs
(Phase III) [14] Tremelimumab (D + T) 13.8 months in Sorafenib in25.8% (D + T),
vs. Durvalumab (D) vs. group, 16.6 months D 12.9% (D), 36.8%
Sorafenib for unresectable Sorafenib
HCC
COSMIC-312 Cabozantinib + Median PFS 6.8 months Grade 3 or 4 TRAEs
(Phase III) [15] Atezolizumab vs. Sorafenib in Cabozantinib and 54% Cabozantinib
for advanced HCC, no prior Atezolizumab, 4.2 months and Atezolizumab,
therapy in Sorafenib group, No 32% Sorafenib

statistically significant
benefit for Cabozantinib and
Atezolizumab vs. Sorafenib
(HR 0.90, 96% CI 0.69-1.18,
P =0438)
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Trial Comparison and stage QOutcomes Adverse events
targeted
NCT03006926 Pembrolizumab + Median OS 22 months, median Grade 3 or 4 TRAEs
(Phase Ib) [18] Lenvatinib for unresectable PFS 8.6 months 67%
HCC
ORIENT-32 Sintilimab + IBI305 vs. Median OS not reached vs. TRAEs
(Phase II/III) Sorafenib for advanced 10.4 months, median PFS hypertension (14%
[21] HCC, no prior therapy 4.6 months vs. 2.8 months combination,
6% Sorafenib),
Palmar-plantar
erythrodysaesthesia
(none vs. 12%)
CheckMate 040 Cabozantinib + Nivolumab ORR 17% arm 1, 26% arm 2; Grade 3/4 TRAEs
(Phase I/II) [27] (arm 1) vs. Cabozantinib + median PFS 5.5 months arm 1, 42% arm 1, 71%
Ipilimumab + Nivolumab 6.8 monthsarm?2 arm 2
(arm 2) for advanced HCC,
no prior therapy

HCC, hepatocellular carcinoma; ORR, overall response rate; OS, overall survival; PFS, progression free survival; HR,
hazavd ratio; TRAE, treatment-velated adverse event.

Table 1.
Immune checkpoint Inhibitor Clinical Trials in HCC.

in 15.2% of patients in the atezolizumab-bevacizumab group vs. 12.2% in sorafenib
group, grade 3 or 4 aspartate aminotransferase (AST) increase occurred in 7.0% of
patients in the atezolizumab-bevacizumab group vs. 5.1% of patients in the sorafenib
group; however, other high-grade toxic effects were infrequent [10]. Cheng et al.
published updated efficacy and safety data from the IMbrave 150 trial. After a median
follow-up of 15.6 months, the median OS was 19.2 months (95% CI 17.0-23.7) with
atezolizumab and bevacizumab and 13.4 months (95% CI 11.4-16.9) with sorafenib
(HR 0.66; 95% 0.52-0.85; descriptive p < 0.001). The median PFS was 6.9 (95% CI
5.7-8.6) and 4.3 (95% CI 4.0-5.6) months in the respective treatment groups (HR
0.65; 95% CI 0.53-0.81; descriptive p < 0.001). Grade 3/4 TRAEs occurred in 43% in
the atezolizumab and bevacizumab group and 46% in the sorafenib group [11].

2.1.2 Nivolumab

The PD-1 inhibitor nivolumab as monotherapy was compared to sorafenib in
the first line setting in the multicenter, phase 3 CheckMate 459 trial in patients with
advanced HCC [12]. This was based on the results of CheckMate 040, which was a
phase 1/2 non-comparative, dose escalation, and expansion trial with multiple arms
for patients with advanced HCC [13]. There was an initial dose-escalation phase
followed by dose-expansion for patients who had progressed on prior lines of therapy.
During dose-escalation, nivolumab had a manageable safety profile—25% of patients
had grade 3/4 TRAEs, 6% had treatment-related serious adverse events (pemphi-
goid, adrenal insufficiency, liver disorder). Nivolumab 3 mg/kg was chosen for
dose-expansion. The ORR was 20% (95% CI 6-28) in the dose-expansion phase and
15% (95% CI 6-28) in the dose-escalation phase. Based on the results of CheckMate
040, CheckMate 459 sought to compare nivolumab monotherapy with sorafenib
monotherapy in the first line setting. At a median follow-up for OS of 15.2 months
in the nivolumab group and 13.4 months in the sorafenib group, median OS was
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16.4 months (95% CI 13.9-18.4) with nivolumab and 14.7 months (95% CI 11.9-17.2)
with sorafenib (HR 0.85, 95% CI 0.72-1.02, p = 0.075). ORR was 15% (95% CI 12-19)
in nivolumab arm, 7% (95% CI 5-10) in sorafenib arm. The protocol defined signifi-
cance level was not reached. The most common grade 3 or 4 TRAEs were palmar-
plantar-erythrodysaesthesia (<1% in nivolumab group vs. 14% in sorafenib group),
AST elevation (6% vs. 4%), and hypertension (0% vs. 7%) [12]. Although first line
nivolumab monotherapy did not significantly improve overall survival compared
with sorafenib, there was clinical benefit with a favorable safety profile that makes
nivolumab monotherapy an option, especially for patients in whom tyrosine kinase
inhibitors and antiangiogenic drugs are contraindicated or may have substantial risks.

2.1.3 Other combination therapies

The combination of durvalumab (anti-PD-L1) and tremelilumab (anti-CTLA-4)
was compared to sorafenib for first line therapy in the HIMALAYA phase 3 clini-
cal trial [14]. Patients with unresectable HCC were randomized to a single priming
dose of tremelilumab with durvalumab (STRIDE), durvalumab monotherapy,
sorafenib monotherapy, or tremelilumab and durvalumab. Recruitment to the arm
with combination of tremelilumab and durvalumab ceased after a planned analysis
showed that this did not differ from durvalumab. Thus, the primary objective was OS
for the STRIDE regimen vs. sorafenib and secondary objective was OS noninferiority
of durvalumab to sorafenib. Median OS was 16.4 months (95% CI 14.2-19.6) in the
STRIDE group vs. 13.8 months in the sorafenib group (HR 0.78; 96% CI 0.65-0.92,

p = 0.0035), meeting the primary endpoint. Durvalumab met the objective of OS
noninferiority to sorafenib with median OS of 16.6 months (95% CI 14.1-19.1) in the
durvalumab group vs. 13.8 months (95% CI 12.3-16.1) in the sorafenib group (HR
0.86; 96% CI 0.73-1.03). Grade 3 or 4 TRAEs occurred in 25.8% (STRIDE), 12.9%
(durvalumab), and 36.8% (sorafenib) of patients [14]. This study showed that the
STRIDE regimen with a priming dose of tremelilumab and durvalumab had improve-
ments in outcomes with improved tolerability.

Immunotherapy agents have also been studied in combination with TKIs. In the
phase III COSMIC-312 study, cabozantinib (multikinase TKI that inhibits MET,
VEGFR, RET, etc) and atezolizumab (PD-L1 antagonist) was compared to sorafenib
monotherapy and to cabozantinib monotherapy in the first line setting for patients
with advanced HCC [15]. The study met the primary endpoint with improvement
in PFS: 6.8 months in the cabozantinib and atezolizumab group vs. 4.2 months in
the sorafenib group (HR 0.63, 99% CI 0.44-0.91; P = 0.0012. Interim analysis of OS
did not show a statistically significant benefit for cabozantinib and atezolizumab vs.
sorafenib (HR 0.90, 96% CI 0.69-1.18, P = 0.438). Grade 3 or 4 TRAEs occurred for
54% of patients who received cabozantinib and atezolizumab vs. 32% in patients who
received sorafenib. The most common events were palmar-plantar-erythrodysaesthe-
sia (7.9% in patients who received cabozantinib and atezolizumab vs. 8.2% in patients
who received sorafenib), hypertension (7.0% vs. 6.3%), AST elevation (6.5% vs.
2.4%), and alanine transaminase increase (ALT) (6.3% vs. 1.9%) [15].

The multikinase inhibitor lenvatinib (inhibitor of VEGF receptors 1-3, FGF recep-
tors 1-4, PDGF receptor alpha, RET, and KIT) is thought to have an immunomodula-
tory effect on tumor microenvironments and thought to contribute to antitumor
activity when combined with immunotherapy. Lenvatinib can inhibit proneoangio-
genic and immunosuppressive effects of tumor microenvironments, which would
improve the benefit of immunotherapy agents [16, 17]. Finn et al. conducted a phase
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1b trial with a combination of pembrolizumab and lenvatinib [18]. 100 out of 104
patients had no prior systemic treatment. At a median duration of follow-up of
10.6 months (95% CI, 9.2-11.5 months), median PFS was 8.6 months and median OS
was 22 months. Grade 3 or higher TRAEs occurred in 67% of patients [18]. LEAP-
002 is an ongoing clinical trial that is comparing the combination of Lenvatinib and
pembrolizumab (PD-1 inhibitor) to lenvatinib plus placebo in the first line setting for
advanced HCC [19]. This combination was well-tolerated with promising antitumor
activity in patients with advanced HCC in the phase 1b KEYNOTE-524 trial [20].
ORIENT-32 study was a phase 2-3 randomized clinical trial in China that assessed
the combination of sintilimab (a PD-1 inhibitor) and a IBI305 a bevacizumab biosimi-
lar versus sorafenib as first-line treatment in advanced HCC [21]. At a median follow-
up of 10.0 months, the combination group had a median PFS of 4.6 months (95% ClI,
4.1-5.7) versus 2.8 months (95% CI, 2.7-3.2) in the sorafenib arm, HR 0.56, 95% CI
0.46-0.70, p < 0.0001. Median OS was not reached for the combination group versus
10.4 months (95% CI 8.5-not reached), HR 0.57, 95% CI, 0.43-0.75, p < 0.0001. The
most common TRAEs were hypertension (14% of patients in combination group
vs. 6% in sorafenib group and palmar-plantar erythrodysaesthesia (none vs. 12%).
TRAE:s leading to death occurred in 2% of patients in the combination group and 1%
of patients receiving sorafenib [21].

2.2 Subsequent treatment
2.2.1 Nivolumab

Immunotherapy agents have also been studied significantly in subsequent lines of
therapy. As mentioned previously, CheckMate 040 was a phase 1/2 non-comparative,
dose escalation, and expansion trial with multiple arms for patients with advanced
HCC [13]. There was an initial dose-escalation phase followed by dose-expansion
for patients who had progressed on prior lines of therapy. During dose-escalation,
nivolumab had a manageable safety profile—25% of patients had grade 3/4 TRAEs, 6%
had treatment-related serious adverse events (pemphigoid, adrenal insufficiency,
liver disorder). Nivolumab 3 mg/kg was chosen for dose-expansion. The ORR was
20% (95% CI 6-28) in the dose-expansion phase and 15% (95% CI 6-28) in the dose-
escalation phase [13].

Nivolumab (PD-1 inhibitor) monotherapy demonstrated manageable safety, ORR
of 14%, duration of response of at least 12 months in 59% of patients, and promis-
ing long-term median OS of 15.1 months in patients with advanced HCC treated
with sorafenib [13]. The Food and Drug Administration (FDA) granted accelerated
approval to nivolumab in HCC based on this study. Further arms of CheckMate 040
then sought to assess the impact of the addition of CTLA-4 immune checkpoint
inhibitor ipilimumab to nivolumab in patients with advanced HCC who were previ-
ously treated with sorafenib. Patients were randomized 1:1:1 to either nivolumab
1 mg/kg plus ipilimumab 3 mg/kg every 3 weeks for 4 doses followed by nivolumab
240 mg every 2 weeks (arm A); nivolumab 3 mg/kg plus ipilimumab 1 mg/kg fol-
lowed by nivolumab 240 mg every 2 weeks (arm B); or nivolumab 3 mg/kg every
2 weeks plus ipilimumab 1 mg/kg every 6 weeks (arm C). Median follow-up was
30.7 months. Investigator-assessed ORR was 32% (95% CI, 20-47%) inarm A, 27%
(95% CI 15-41%) in arm B, and 29% (95% CI 17-43%) in arm C. Median duration of
response was not reached (8.3-33.7+) in arm A and was 15.2 months (4.2-29.9+) in
arm B, and 21.7 months (2.8-32.7+) in arm C. Median OS was 22.8 months (95% CI,
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9.4-not reached) in arm A, 12.5 months (95% CI, 7.6-16.4) in arm B, and 12.7 months
(95% CI, 7.4-33.0) in arm C. Any-grade TRAEs were reported in 94% of patients in
arm A, 71% in arm B, 79% in arm C, with similar types of events across arms. The
FDA granted accelerated approval for this regimen based on this study [22].

2.2.2 Pembrvolizumab

KEYNOTE-224, KEYNOTE 240, and KEYNOTE-394 evaluated pembrolizumab
in the subsequent line setting in patients with advanced HCC. KEYNOTE-224 was
anon-randomized phase 2 trial for patients with advanced HCC who had either
progressed or were intolerant of sorafenib. Findings included an ORR of 17% (95%
CI 11-26) in patients receiving pembrolizumab. TRAE’s occurred in 73% of patients,
with grade 3 in 24% and grade 4 in 1% of patients [23]. Based on this study, pembroli-
zumab was further studied in phase III trials.

KEYNOTE-240 was a randomized, phase III trial in multiple countries that enrolled
patients with advanced HCC who had progressed on prior sorafenib to receive pem-
brolizumab vs. placebo [24]. Results were significant for median OS of 13.9 months
(95% CI, 11.6-16.0 months) for pembrolizumab vs. 10.6 months (95% CI, 8.3-13.5) for
placebo (HR 0.781; 95% CI 0.611-0.998, p = 0.0238). Median PFS for pembrolizumab
was 3.0 months (95% CI, 2.8-4.1 months) vs. 2.8 months (95% CI, 1.6-3.0 months)
with HR 0.718 (95% CI 0.570-0.904, p = 0.0022). Grade 3 or higher adverse events
occurred in 52.7% vs. 46.3% for pembrolizumab vs. placebo, respectively. Primary end
points in this study were OS and PFS, one-sided significance threshold, P = 0.0174
(final analysis) and P = 0.002 (first interim analysis). OS and PFS did not reach statis-
tical significance per specified criteria, but the study showed a favorable risk benefit
ratio for pembrolizumab in this population [24]. KEYNOTE-394 was a randomized,
phase 3 study conducted in Asia that evaluated efficacy and safety of pembrolizumab
vs. placebo as second-line therapy for previously treated advanced HCC [25]. Ata
median follow-up of 33.8 months (18.7-49.0), pembrolizumab significantly improved
OS vs. placebo at 14.6 months for pembrolizumab (95% CI 12.6-18.0) vs. 13.0 (95%

CI 10.5-15.1) for placebo (HR 0.79, 95% CI 0.63-0.99, p = 0.0180. Pembrolizumab
significantly improved PFS, with median PFS 2.6 months (95% CI 1.5-2.8) for pem-
brolizumab vs. 2.3 months (95% 1.4-2.8) for placebo (HR 0.74, 95% CI 0.60-0.92,

P = 0.0032). ORR was 12.7% vs. 1.3% (estimated difference 11.4%, 95% CI 6.7-16.0,
p = 0.00004). TRAEs occurred in 66.9% of patients in the pembrolizumab arm and
49.7% in the placebo arm, including 14.4% vs. 5.9% with grade 3-5 events. This study
supported pembrolizumab as a second line option in this patient population [25].

2.2.3 Camvrelizumab

Camrelizumab is a PD-1 inhibitor that was investigated in a phase 2 trial in China
in pretreated patients with advanced HCC. Patients were randomly assigned to
receive camrelizumab every 2 or 3 weeks. With a median follow-up of 12.5 months,
ORR was reported in 14.7% (95% CI 10.3-20.2) patients with overall survival prob-
ability at 6 months of 74.4% (95% CI 68.0-79.7%). Grade 3 or 4 treatment-related
adverse events occurred in 22% of patients; with the most common increased AST
(5%), decreased neutrophil count (3%) [26].

The combination of dual immune checkpoint inhibitors tremelimumab
(anti-CTLA-4) and durvalumab (anti-PD-L1) was studied in the immunotherapy-
naive population who had progressed on, were intolerant to, or refused sorafenib [28].
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Patients were randomized to one of two combinations (tremelimumab
300 mg + durvalumab 1500 mg 1 dose followed by durvalumab every 4 weeks
or tremelimumab [arm 1] vs. durvalumab every 4 weeks for 4 doses followed by
durvalumab every 4 weeks [arm 2]). These comparative arms were compared to
durvalumab monotherapy [arm 3] or tremelimumab monotherapy [arm 4]. Median
OS was 18.7 months (95% CI 10.8-NR) in arm 1, 11.3 months (95% CI 8.4-14.6) in
arm 2, 11.7 months (95% CI 8.5-16.9) in arm 3, and 17.1 months (95% CI 10.9-NR)
in arm 4. ORR was 22.7% (95% CI 13.8-33.8%) in arm 1, 9.5% (95% CI 4.2-17.9%)
inarm 2, 9.6% (95% CI 4.7-17.0%) in arm 3, and 7.2% (95% CI 2.4-16.1%) in arm 4.
Grade 3/4 treatment related adverse events occurred in 35.1% of patients in arm 1,
24.4% in arm 2, 17.8% in arm 3, and 42.0% in arm 4. This study showed encouraging
clinical activity and tolerable safety profile especially with the arm 1 regimen [28].
Combination immunotherapy with TKI or anti-VEGF monoclonal antibody
combinations have also been studied in the subsequent line setting in advanced HCC.
One of the arms of CheckMate 040 compared the combination of cabozantinib
(tyrosine kinase inhibitor that works on VEGF receptor as well as additional targets
including c-MET and AXL) and nivolumab (arm 1) to nivolumab, ipilimumab, and
cabozantinib (arm 2) [27]. ORR was 17% in arm 1 and 26% in arm 2, median PFS was
5.5 months in arm 1 and 6.8 months in arm 2. Grade 3-4 TRAEs were reported in 42%
of patients in arm 1 and 71% of patients in arm 2 leading to treatment discontinuation
in 3% of patients in arm 1 and 20% of patients in arm 2. Although the triplet regimen
had a higher rate of TRAEs observed, the majority were manageable and reversible
with this combination offering another treatment option for patients [27]. Immune
checkpoint inhibitors have revolutionized the treatment of many solid tumors,
including advanced HCC.

3. Immunotherapy and liver transplant

HCC is unique among solid organ malignancies in part due to the role of trans-
plant in its management. For the select group of patients with unresectable HCC who
are found to be appropriate candidates, liver transplant remains the only potentially
curative treatment option. In all solid organ transplant patients, modulation of
the immune system is necessary post-transplant to prevent graft rejection. Closely
titrated and monitored immunosuppressant regimens are used to minimize the risks
of both graft rejection and opportunistic infections. The use of both liver transplant
and immunotherapy as treatment modalities for HCC gives rise to the question of
whether these therapies could interact in a way that increases the risk of graft rejec-
tion, blunts the therapeutic effects of immunotherapy, or both. Although research
into this field has only recently begun, some trends have begun to arise which may
help elucidate the nature of these interactions and help guide future clinicians.

3.1 Treatment of HCC with liver transplant

Patients with locally advanced HCC can be potentially cured by liver transplant.
In these cases, total liver resection with replacement of a functional liver acts to
eradicate tumor that would otherwise have been unresectable. In order to ensure
total removal with transplant is feasible, patients must fit a strict set of criteria to be
considered. These criteria, as outlined by Mazzaferro et al. [29] and now known as
the Milan criteria, define a subset of patients with more localized disease. According
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to the Milan criteria, patients must either one tumor less than or equal to 5.0 cm or up
to three tumors none of which exceed 3.0 cm. Additionally, there must be no evidence
of vascular invasion or extrahepatic disease. In the original study by Mazzaferro et al.,
the outcomes of 48 patients whose HCC adhered to these criteria were evaluated.
4-year overall survival following transplant was found to be 75% compared to historic
5-year overall survival rates of 30-40% [29]. 8% of the patients in this series devel-
oped recurrent HCC after transplant.

Another, more liberal, set of criteria known as the University of California, San
Francisco (UCSF) criteria have been developed which consider patients eligible for
orthotopic liver transplant if they had one tumor up to 6.5 cm or no more than three
tumors, each 4.5 cm or smaller, with cumulative tumor 8 cm or less. The researchers
who developed these criteria, Yao et al., found that patients who were transplanted
under this framework had similar survival outcomes to those evaluated using the
Milan criteria [30].

Since the development of more stringent criteria, liver transplant has become a
mainstay of HCC treatment. Of the roughly 8000 liver transplants performed yearly,
about 15-50% are performed on patients with HCC [31, 32]. Yoo et al. evaluated the
outcomes of patients who had undergone liver transplant for HCC vs. other indica-
tions between 1988 and 2001 [33]. They found a 42.3% 5-year survival rate in patients
transplanted for HCC compared to 71.7% in those transplanted for other reasons.
However, over time the post-transplant 5-year survival rate in HCC patients had
markedly improved from 25.3% between 1987 and 1991 to 46.6% between 1992 and
1996 and 61.1% between 1997 and 2001. A concurrent increase in survival was not
demonstrated in patients transplanted for other reasons, supporting the hypothesis
that this improvement in outcomes was driven by more stringent selection of patients
for transplant rather than improvements in surgical techniques or postoperative
management. Other studies have showed 5-year survival rates of roughly 60-80% in
patients with HCC who underwent liver transplant, with similar rates seen in trans-
plant patients without HCC [34-36].

3.2 Immunology of liver transplant rejection

Acute transplant rejection can be divided into T-cell mediated rejection (TCMR)
and antibody-mediated rejection (AMR) [37]. Of these, TCMR is most common
following liver transplant, occurring in 15-25% of patients even with proper use of
immunosuppressive therapy [38]. TCMR is characterized by inflammatory infiltration
of the portal tracts and perivenular areas with some extension into periportal areas
in extreme cases [37]. The predominant cells found in these infiltrates are CD4+ and
CD8+ T cells as well as macrophages [39]. In TCMR, alloantigen presentation and T-cell
co-stimulation bring about T-cell activation. Activated T cells, mediated by the phos-
phatase calcineurin, upregulate expression of IL-2 which leads to T-cell proliferation
and downstream inflammatory processes [40]. During periods of liver inflammation,
MHC class II expression increases in liver endothelial cells, biliary epithelium, and
hepatocytes, increasing antigen presentation and T-cell mediated damage at these sites
[40]. Of note, there are several additional sources of antigen presenting cells specific to
the liver. Liver sinusoidal endothelial cells appear to be capable of antigen presentation
to CD4+ and CD8+ T cells. Additionally, the majority of the body’s macrophages are
present in the liver as Kupffer cells, which are also capable of antigen presentation [39].

Of note, there is some evidence to support the role of the PD-1/PD-L1 axis in
preventing TCMR. In mouse models, PD-L1 expression on hepatic dendritic cells was
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shown to be necessary to prevent graft failure following liver transplant [41]. Shi et al.
demonstrated that T cells which had previously infiltrated an allograft had increased
rates of proliferation in response to PD-1/PD-L1 blockade [42]. Bone marrow stromal
cells have been investigated as a potential therapy to prevent rejection following solid
organ transplantation, owing in part to their expression of PD-L1 [43].

AMR following liver transplant is relatively rare compared to TCMR and is also less
common than in other solid organ transplants [44]. AMR is primarily mediated by
donor-specific antibodies against non-self class I and Il MHC molecules on the surface
of the transplanted liver’s endothelial cells [40]. AMR is complement-mediated, and is
graded by extent of C4d deposition in the portal microvascular endothelia [37].

The mainstay of immunosuppressive therapy for prevention of TCMR is treatment
with a calcineurin inhibitor (CNI) [45]. The most commonly-used CNIs are tacro-
limus and cyclosporine [46]. By inhibiting calcineurin, they prevent upregulation
of IL-2 and therefore T-cell proliferation. In patients for whom CNI monotherapy is
insufficient, it is recommended that patients additionally be started on antiprolif-
erative therapy such as mycophenolate mofetil or mammalian target of rapamycin
(mTOR) inhibitors such as everolimus [45]. Acute rejection is treated by either
temporarily increasing the dose of the CNI in mild cases or with corticosteroids; in
severe cases steroid-refractory rejection may be treated with anti-thymocyte globulin
[45]. Acute rejection generally resolves with treatment without significant residual
graft dysfunction [39].

3.3 Safety and efficacy of immunotherapy in liver transplant patients

Because liver transplant is reserved for patients with localized HCC, and because
recurrence is uncommon post-transplant, the overlap of HCC patients who have
received checkpoint inhibitor therapy and those who have undergone liver transplant
is relatively small. However, for patients who do require both therapies, the simul-
taneous presence of allogeneic liver graft, chronic immunosuppressive therapy, and
increased T-cell immune surveillance by checkpoint inhibitor therapy creates the
potential for myriad clinical complications. The foremost concerns in this subpopu-
lation of HCC patients are the prospect of increased risk of TCMR and decreased
efficacy of immunotherapy.

3.3.1 Post-transplant treatment with immunotherapy

To date, the combination of immunotherapy and liver transplant is most likely to
occur in post-transplant HCC patients who develop recurrence of HCC. While the
rate of HCC recurrence post-transplant is low, it is nonzero; recent studies have found
that recurrence occurs in about 15-20% of all patients who undergo transplant [47].
The risk of recurrence is elevated with increased immunosuppression with CNIs or
corticosteroids, suggesting an effect of standard-of-care immunosuppression and
decreased tumor surveillance following liver transplant [45, 48, 49]. Of note, mTOR
inhibitors do not appear to confer the same risk [45].

Clinicians have generally been reticent to give immunotherapy in patients with
recurrent HCC post-transplant out of concern for instigating TCMR. As such,
descriptions of its use in this setting has largely been limited to case reports. In
arecent comprehensive literature review, Yin et al. identified 28 patients who
received checkpoint inhibitor therapy following liver transplant, 18 of whom were
being treated for recurrent HCC [50] (see Table 2). Of these 18 patients, 6 (33%)
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experienced TCMR with an additional patient experiencing either acute graft
rejection or immunotherapy-related hepatitis. All cases of TCMR occurred within

2 months of starting checkpoint inhibitor therapy. 2 of the 6 patients with proven
TCMR also experienced AMR. 3 of 6 of the patients with TCMR died despite treat-
ment with immunosuppressive regimens, including both patients with TCMR and
AMR. All of the patients in the series with known PD-L1 positive tumors (4/28, 14%)
developed TCMR, reinforcing the potential importance of the PD-1/PD-L1 axis in
preventing rejection in liver transplant patients. In terms of mitigating factors, it
was noted that the majority of patients who experienced graft rejection were 3 years
or less post-transplant and that rejection was rare in late post-transplant patients.
Additionally, graft rejection was not observed in any of the 3 patients treated with
anti-CTLA-4 therapy alone. This finding is consistent with disruption of the PD-1/
PD-L1 axis may be uniquely provocative of TCMR, but as the authors noted the
sample size of was very small.

In the same series, of the 11 HCC patients with data regarding response, 2 of 11
(18%) had a complete response while the remaining 9 had progression of disease
[50]. It is worth noting that all of these patients had previously received treatment
with sorafenib and many had received other lines of therapy as well. The initiation of
checkpoint inhibitor therapy after failure of other lines of treatment was likely due to
concerns about causing graft rejection and may connote that the sample of patients
presented here had more aggressive disease. It is therefore difficult to make definitive
conclusions about the efficacy of checkpoint inhibitor therapy in this setting.

3.3.2 Treatment with immunotherapy as a bridge to transplant

Another potential setting for treatment with both liver-transplant and checkpoint
inhibitor therapy is in patients who receive immunotherapy as a bridge to transplant.
It is not uncommon a patient with borderline tumor characteristics to undergo
treatment with locoregional therapy such as trans-arterial chemoembolization or
radiofrequency ablation in an attempt to shrink the tumor and qualify them for liver
transplant [70]. The effects of these treatments go beyond their impact on tumor size.
Extent of tumor necrosis post-therapy is associated with improved relapse-free and
overall survival [71-73]. Systemic treatment modalities such as sorafenib have been
tried as well. Recently, interest has been raised in the possibility of using immuno-
therapy to achieve more favorable tumor characteristics and increased tumor necrosis
prior to transplant. However, checkpoint inhibitor therapy is characterized by its long
duration of response and potential for enhancing immune surveillance long after
treatment has been discontinued. Therefore, concerns persist that immunotherapy
could cause TCMR post-transplant despite cessation prior to surgery.

In the aforementioned review, Yin et al. identified two cases of patients with HCC
who had received immunotherapy as a bridge to transplant [50]. In one case, a patient
failed sorafenib and received nivolumab for 2 years before being treated with TACE, at
which time his tumor qualified him for transplant using the Milan criteria. He under-
went transplant 8 days after his last dose of nivolumab and post-transplant rapidly
developed graft rejection that progressed despite high-dose methylprednisolone and
rabbit anti-thymocyte globulin before dying on postoperative day 10 [74]. In another
case, a patient received 14 months of nivolumab following progression after 1 year
of sorafenib at which time he was downstaged and met Milan criteria. He was trans-
planted 15 weeks after his last dose of nivolumab and at the time of the report, 1 year
post-transplant, was doing well with no complications or evidence of recurrence [75].
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A single-institution series of 9 cases was reported in which patients with HCC were
treated with nivolumab prior to liver transplant [76]. Patients received between 2 and
32 cycles (median 9) of nivolumab with a range of 1-253 days (median 18) between
last dose of nivolumab and transplant. Remarkably, only one patient experienced
rejection, which was mild in nature and occurred in the setting of subtherapeutic
tacrolimus level, and no patients had recurrence of their HCC. In one third of patients,
explant showed >90% tumor necrosis. At the time of reporting, all patients were alive
with a median of 16 months of follow-up (range 8-23 months) post-transplant [76].
These findings, while still stemming from a small treatment cohort, suggest potential
promise in the use of immunotherapy as a bridge to transplant.

These data illustrate a wide spectrum of potential outcomes in patients who
receive checkpoint inhibitor therapy either pre- or post-transplant for HCC. Further
research is required to identify the subset of patients least likely to experience graft
rejection, as well as those most likely to benefit from checkpoint inhibitor therapy
despite being on immunosuppression.

4. Immune checkpoint inhibitor toxicity in HCC patients

Checkpoint inhibitors, while generally better-tolerated than conventional chemo-
therapy, can nonetheless have myriad complications due to autoimmune-mediated
damage at various locations in the body. The characteristics of this toxicity profile and
its management specific to HCC patients will be reviewed here, as will the clinical
implications of checkpoint inhibitor toxicity in this population.

4.1 Challenges specific to HCC patients

Checkpoint inhibitor therapy can cause a number of different organ toxicities,
including dermatologic complications, colitis, endocrine dysfunction, and hepatitis,
among others. Some cancer types have higher associations with certain immune-
related adverse events (irAEs). For instance, melanoma treatment with checkpoint
inhibitor therapy is associated with a higher rate of dermatologic toxicities such as
vitiligo, while renal cell carcinoma is associated with gastrointestinal toxicities follow-
ing checkpoint inhibitor therapy [77]. Similarly, treatment of HCC with checkpoint
inhibitors appears to be associated with increased rates of hepatitis compared with
other cancer types [78]. A major contributing factor to this association is the high
rates of underlying liver disease in patients with HCC. Concomitant liver disease such
as HBV, HCV, and non-alcoholic steatohepatitis can provide an alternative cause of
rising AST and ALT, increase the vulnerability of the liver to further damage, increas-
ing the impact of irAE-related hepatitis when it does develop.

Chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) infection are
common contributors to the development of HCC, and concerns have been raised
regarding the potential for both checkpoint inhibitor therapy and treatment of irAEs
to cause viral reactivation. In a large recent cohort study, Yoo et al. evaluated rates of
HBV reactivation 3465 patients who had received immunotherapy as part of cancer
treatment [79]. Among patients positive for hepatitis B surface antigen (HBsAg),
HBV reactivation was rarely seen in those with HCC, occurring in only 0.5% of cases.
However, in all patients with positive HBsAg rate of HBV reactivation was higher in
patients not taking antiviral prophylaxis (6.4%) compared to those who were (0.4%),
emphasizing the importance of appropriate antiviral prophylaxis in this group
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regardless of HCC status. A literature review by Pu et al. of patients with HBV and/or
HCV treated with checkpoint inhibitors identified 89 patients with HBV, 2 of whom
(2.2%) experienced reactivation as well as 98 patients with HCV, 1 of whom (1.0%)
had an increase in viral load following treatment [80].

While the risk of HBV and HCV reactivation appears to be low in patients treated
with checkpoint inhibitor therapy, some of the immunosuppressive medications used
to treat irAEs carry increased risk of viral reactivation. In the American Society for
Clinical Oncology (ASCO) guidelines for management of irAEs, the use of TNF-alpha
inhibitors such as infliximab is recommended for a number of grade Il and/or IV
toxicities such as colitis, pneumonitis, and inflammatory arthritis that are resistant to
steroids [81]. TNF-alpha inhibitors are known to cause HBV reactivation but appear
to be generally safe to use in patients with HCV [82, 83]. Mycophenolate has not been
associated with HBV reactivation, and could be considered in many cases of patients
with chronic HBV experiencing severe irAEs despite corticosteroid therapy [84].

4.2 Immunotherapy toxicity and outcomes in HCC patients

The development of irAEs with checkpoint inhibitor therapy is known to be
associated with improved progression-free and overall survival across multiple cancer
types [85]. Multiple studies have shown that this trend extends to patients with HCC
[86-88]. The relationship between irAE development and prognosis extends to HCC
patients who develop high-grade irAEs, and in some studies higher grade irAEs were
an even greater predictor of overall survival [87]. Although patients with HCC may be
at risk for increased morbidity from irAEs due to underlying liver disease, practitio-
ners should generally attempt to continue treatment whenever feasible, in accordance
with the established ASCO guidelines.

5. Conclusion

The landscape of treatment for HCC has been fundamentally changed with the
advent of immunotherapy. Despite this shift, patients with HCC often have a unique
set of circumstances which predisposes them to toxicities related to these drugs.
Additionally, the dual roles for immunotherapy and liver transplant in this population
can cause complex interactions and potentially devastating complications. Further
research to identify other immunotherapeutic treatment modalities is underway.
Additionally, more research will be required to better characterize the treatment
toxicities and risks associated with transplant.
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Abstract

Although immune checkpoint inhibitors (ICIs) have shown survival benefits for
patients with metastatic cancers, some challenges have been under intense study in
recent years. The most critical challenges include the side effects and the emergence of
resistance. Potential opportunities exist to develop personalized immune checkpoint
inhibitor therapy based on biomarker discovery. Combinational therapy involving
immune checkpoint inhibitors and other forms of anticancer therapies has varied
success. This chapter reviews drugs currently undergoing Phase III clinical trials and
others that are FDA-approved. We take a critical look at the combinational strategies
and address the ever-present challenge of resistance. Moreover, we review and evalu-
ate the discovery of biomarkers and assess prospects for personalized immune check-
point therapy.

Keywords: immune checkpoint inhibitors, PD-1, PD-L1, CTLA-4, FDA-approved,
ICI resistance, combinational therapy, biomarkers

1. Introduction

Immunotherapy including the use of immune checkpoint inhibitors (ICIs) exploits
the immune system’s components to fight cancer progression. The use of immuno-
therapy on its own or in combination with conventional cancer treatments such as
chemotherapy or radiation has been relatively successful in many cancers [1].
Immune checkpoint proteins are co-inhibitory receptors that are responsible for
keeping the immune system in check. Cancer cells exploit these receptor proteins in
order to induce tumor tolerance and T cell exhaustion [1, 2]. The FDA has approved
treatments for several cancers with immune checkpoint inhibitors that target cyto-
toxic T lymphocyte antigen 4 (CTLA-4), programmed cell death 1 (PD-1),
programmed cell death ligand 1 (PD-L1), and most recently, lymphocyte activation
gene-3 (LAG-3). However, there are several additional molecules in clinical trials
(Phases I, II, and III) that target immune checkpoint proteins as monotherapy or in
combination with other ICIs or different kinds of therapy such as small molecule
drugs, chemotherapy, or radiotherapy. Although some adverse reactions occur after
treatment with immune checkpoint inhibitors, the main issue encountered is
resistance [3]. The most promising strategy to overcome resistance is the use of
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combination therapies. However, the identification of reliable biomarkers that can
predict resistance and response to ICIs may assist in guiding patient selection and
identifying those that will indeed benefit from treatment. Numerous biomarkers have
been developed in this regard; however, current biomarkers are challenged with
technical limitations. In this review, we present FDA-approved ICIs and novel ICIs in
clinical trials. In addition, we address ICI resistance and the use of combinational
therapy strategies to overcome it, as well as discuss some of the most extensively
studied biomarkers and the limitations associated with each.

2. Approved immune checkpoint inhibitors

T cell activation is critical for normal physiology to suppress carcinogenesis. Dur-
ing carcinogenesis, tumor cells present neoantigens which, in complex with the major
histocompatibility complex (MHC), and together with various costimulatory signals,
activate naive T cells through intracellular signals. This process is balanced by signal-
ing through inhibitory molecules called checkpoint inhibitors on the tumor and T cells
[4]. However, cancer cells have developed mechanisms to antagonize T cell activa-
tion, thereby promoting carcinogenesis. Strategies have been developed to exploit
events at the checkpoint synapse to design anticancer therapeutic drugs. In Figure 1,
the schematic diagram shows the points at which various immunotherapeutic drugs
intervene in cancer progression. Currently, approved immune checkpoint drugs tar-
get CTLA-4, PD-1, PD-L1, and LAG-3 (Table 1). Significantly, all the approved ICIs
are indicated for solid tumors, but few are effective against hematological cancers. We
discuss their success and current limitations. We consider success to be associated
with the overall response rate (ORR), which is generally defined as the proportion of
patients who achieve a complete or partial response per RECIST (Response Evaluation
Criteria in Solid Tumors) or WHO (World Health Organization) criteria.

2.1 CTLA4 inhibitors

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4 or CD152) is a membrane
glycoprotein expressed exclusively on the surface of effector T cells. Despite sharing
only 30% sequence similarity with the T cell surface receptor CD28, CTLA-4 has similar
structural and functional properties [57]. CTLA-4 and CD28 regulate T cell responses,
with CD28 having a stimulatory effect and CTLA-4 having an inhibitory effect. Both
receptors bind to B7 ligands (CD80 and CD86) found on antigen-presenting cells
(APCs). However, CTLA-4 has been shown to have a higher affinity for these molecules
and competes for binding to common ligands [58]. CTLA-4 usually aids in maintaining
self-antigen immunity by preventing T cell activation (Figure 1A). However, when
CTLA-4 binds to B7 ligands present on cancer cells, it exerts an antagonistic effect on T
cell activation and results in the evasion of immune responses. Blockade of the CTLA-4/
B7 axis invigorates T cell activation and proliferation and therefore presented a unique
therapeutic opportunity for cancer patients [59].

Ipilimumab (Yervoy®) is the first immune checkpoint inhibitor that the FDA
approved for the treatment of human cancers. Ipilimumab is a humanized IgG1
antibody developed by Bristol-Myers Squibb, and targets CTLA-4, thereby preventing
its interaction with B7 ligands (Figure 1B). Ipilimumab was initially approved by the
FDA for the treatment of late-stage unresectable melanomas in 2011 (Table 1). In
2015, it was further approved for cutaneous melanomas [5, 60]. In melanomas,
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Figure 1.

Mechanism of immune checkpoint inhibitors. (A) Immune checkpoint proteins present on T lymphocytes interact
with corvesponding ligands on tumor cells, which leads to an alteration in normal T cell phenotypes. The main
outcome is the suppression of T cell activation and the resultant decrease in the immune response. (B)
Immunotherapy tavgeting CTLA-4 that disrupts the binding of the By family and subsequent signaling. (C) Anti-
PD-1 immunotherapy disrupting the interaction with PD-L1/2. (D) The PD-1 and PD-L1 pathway being
inhibited by an antibody against PD-L1. (E) The dual blocking of the LAG-3/MHC II pathway and PD-1/PD-
L1 pathway, using antibodies that target LAG-3 and PD-1 simultaneously. Blocking these interactions between
immune checkpoint proteins and their ligands, using the targeted antibodies, results in a reversal of T cell
inhibition.

Ipilimumab exhibited an ORR of 10.9%. In 2018, Ipilimumab received approval for
the treatment of renal cell carcinoma (RCC) (ORR 40.4%) and metastatic colorectal
cancer (ORR 49%) in conjunction with Nivolumab [7, 61]. More recently, Ipilimumab
was approved in conjunction with Nivolumab for non-small cell lung cancer (ORR
36%), malignant pleural mesothelioma (ORR 40%), and hepatocellular carcinoma
(ORR 32%) in 2020 (Table 1) [40, 62, 63].

Although not yet approved, Tremelimumab is in the final stages of approval.
Tremelimumab is a human IgG2 monoclonal antibody that also targets the CTLA-4
receptor. Following the promising results obtained from the HIMALAYA Phase III
trial [64] Tremelimumab in combination with Durvalumab (STRIDE (Single T Regu-
lar Interval D) regimen) was accepted under Priority Review by the FDA for patients
with unresectable hepatocellular carcinoma. The clinical trial demonstrated that
patients experienced an improved median overall survival (OS) (16.4 months) and
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Drug Combination Cancer Approval ORR (95% CI)
and reference year
CTLA-4 inhibitors
Ipilimumab NA Melanoma [5] 2011 10.9% (6.3-17.4)
NA Colorectal cancer [6] 2018 49% (39-58)
Nivolumab Renal cell carcinoma [7] 2018 40.4% (26.4-55.7)
Nivolumab Hepatocellular carcinoma (HCC) 2020 32%; (9-38)
(8]
Nivolumab Non-small cell lung cancer [39] 2020 36% (31-41)
Nivolumab Pleural mesothelioma [40] 2020 40% (34.1-45.4)
PD-1 inhibitors
Pembrolizumab NA Melanoma [41, 42] 2014 24% (15-34)
NA Metastatic non-small [43] cell lung 2015 44.8% (36.8-53.0)
cancer
NA Head and neck squamous cell 2016 16% (11-22)
carcinoma [44]
NA Hodgkin’s lymphoma [45] 2017 69% (62-75)
NA Urothelial carcinoma [46] 2017 24% (20-29)
Pemetrexed- Non-squamous NSCLC [47] 2017 47.6% (39.2-56.0)
platinum
NA Solid tumor with MSI-H or dMMR 2017 39.6% (31.7-47.9)
[9]
NA Gastric cancer [10] 2017 11.6% (8.0-16.1)
NA Cervical cancer [11] 2018 12.2% (6.5-20.4)
NA Primary mediastinal large B-cell 2018 45% (32-60)
lymphoma (PMBCL) [12]
Platinum- Squamous NSCLC [13] 2018 57.9% (51.9-63.8)
based
chemotherapy
NA Hepatocellular carcinoma (HCC) 2018 17% (11-26)
[14]
NA Merkel cell carcinoma (MCC) [15] 2018 56% (41-70)
Axitinib Renal cell carcinoma (RCC) [16] 2019 59% (54-64)
NA Esophageal squamous cell cancer 2019 22% (14-33)
[17]
Lenvatinib Endometrial carcinoma [18] 2019 38.0% (28.8-47.8)
NA Non-muscle-invasive bladder 2020 41% (31-51)
cancer (NMIBC) [19]
NA MSI-R or dMMR colorectal cancer 2020 43.8% (35.8-52.0)
[20]
NA Cutaneous squamous cell 2021 50.0% (36.1-63.9)

carcinoma (cSCC) [21]

(localized)
35.2% (26.2-45.2)
(metastatic)

118



Current Advances in Immune Checkpoint Therapy
DOI: http://dx.doi.org/10.5772 /intechopen.107315

Drug Combination Cancer Approval ORR (95% CI)
and reference year
Nivolumab NA Melanoma [22] 2014 31.7% (23.5-40.8)
NA Squamous NSCLC [23] 2015 20% (14-28)
NA Renal cell carcinoma [24] 2015 25% (3.68-9.72)
NA Hodgkin’s lymphoma [25] 2016 65% (55-75)
NA Head and neck squamous cell 2016 13.3% (9.3-18.3)
carcinoma [26]
NA Urothelial carcinoma [27] 2017 19.6% (15.1-24.9)
NA Colorectal cancer (MSI-H) [6] 2017 31-1% (20.8-42.9)
NA Hepatocellular carcinoma [28] 2017 20% (15-26)
NA Small cell lung cancer [29] 2017 12% (5-23)
Ipilimumab Malignant pleural mesothelioma 2020 40% (34.1-45.4)
[30, 40]
Platinum— Esophageal squamous cell 2022 47% (42-53)
based carcinoma [31] 28% (23-33)
chemotherapy
or Ipilimumab
Cemiplimab NA Cutaneous squamous cell 2018 49% (31-67)
carcinoma (localized)
(32] 47% (35-59)
(metastatic)
NA Advanced basal cell carcinoma 2021 31% (21-42)
[33]
NA Non-small cell lung cancer [34] 2021 39% (34-45)
Dostarlimab NA Mismatch repair deficient 2021 41.6% (34.9-48.6),
(dMMR) recurrent or advanced
solid tumors [35]
PD-L1 inhibitors
Atezolizumab NA Urothelial carcinoma [36] 2016 14.8% (11.1-19.3)
NA Non-small cell lung cancer [37] 2016 17% (11.0-23.8)
Nab-paclitaxel Triple negative breast cancer 2019 56% (51.3-60.6)
Carboplatin Extensive-stage small cell lung 2019 60.2% (53.1-67.0)
and etoposide cancer ES-SCLC [38]
Bevacizumab Hepatocellular carcinoma [20] 2020 33.3% (28.3-38.7)
Vemurafenib Melanoma [48] 2020 66.-3% (60.1-72.1)
and
cobimetinib
Avelumab NA Merkel cell carcinoma [49] 2017 31-8% (21.9-43.1)
NA Urothelial cancer [50] 2017 18.2% (8.2-32.7)
Axitinib Renal cell carcinoma [51] 2019 55.2% (49.0-61.2)
Durvalumab NA Urothelial carcinoma [52] 2017 17.0% (11.9-23.3)
NA Non-small cell lung cancer [53] 2018 28.4% (24.3-32.9)
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Drug Combination Cancer Approval ORR (95% CI)
and reference year
Platinum- Extensive-stage small cell lung 2020 68% (62-73)
etoposide cancer [54, 55]
chemotherapy

LAG-3 inhibitor

Relatlimab Nivolumab Melanoma [56] 2022 43.1% (37.9-48.4)

Table 1.
FDA-approved immune checkpoint inhibitors.

overall response rate (20.1%) when compared to Sorafenib treatment (13.8 months
and 5.1%, respectively). An approval decision in the fourth quarter of 2022 is
expected. These data suggest that a combination of an ant-CTLA-4 and an anti-PD-L1
as a strategy may be a feasible approach.

2.2 PD-1 inhibitors

Programmed cell Death 1 (PD-1) (also known as CD279) is a co-inhibitory trans-
membrane protein that is expressed on antigen-stimulated T and B lymphocytes,
natural killer (NK) cells, and myeloid suppressor dendritic cells (MDSCs). PD-1 is
activated via antigen recognition or cytokine stimulation and results in the modulation
of immune response intensity [65]. PD-1 ligands, namely, programmed death ligands
1and 2 (PD-L1 (B7-H1) and PD-L2 (B7-DC)), are widely expressed on antigen-
presenting cells. The interaction between PD-1 and its ligands results in the inhibition
of lymphocyte proliferation or activation, culminating in T cell exhaustion
(Figure 1A) [65-68]. To date, the FDA approved four PD-1 immune checkpoint
inhibitors for the treatment of human cancers, namely Pembrolizumab (Keytruda®),
Nivolumab (Opdivo®), Cemiplimab (Libtayo®), and Dostarlimab-gxly.

Pembrolizumab (MK-3475 or Lambrolizumab, Keytruda) is a humanized IgG4
antibody against PD-1, developed by Merck. The FDA initially approved it for the
treatment of patients with unresectable or metastatic melanoma in September 2014
after the KEYNOTE-001 clinical trial (NCT01295827) [69]. These patients had to have
had prior unsuccessful treatment with Ipilimumab. Pembrolizumab binds to the PD-1
receptor, thereby disrupting the PD-1 pathway and resulting in the restoration of the
antitumor immune response of T lymphocyte cells (Figure 1C) [70-72].
Pembrolizumab has subsequently been approved for treatment predominantly as
monotherapy and occasionally as part of a combinational therapy for an additional 16
cancer types (Table 1). The overall/objective response rates to Pembrolizumab ranges
from 12 to 69% in these various cancers. The adverse reactions to Pembrolizumab
include both immune-related adverse effects (irAEs) and infusion-related reactions.
irAEs include encephalopathy, pneumonia, nephritis, hepatitis, myocarditis, and
colitis. However, the most common adverse effects (reported in >20% of patients) are
fatigue, musculoskeletal pain, decreased appetite, pruritus, diarrhea, nausea, rash,
pyrexia, cough, dyspnea, constipation, pain, and abdominal pain [65, 69].

Nivolumab (Opdivo, ONO4538, MDX-1106, or BMS-936,558) is a genetically
engineered, fully humanized IgG4 mAD against PD-1 developed by Bristol-Myers
Squibb. Like Pembrolizumab, the FDA-approved Nivolumab for the treatment of
unresectable or metastatic melanoma, which had progressed after prior treatment with
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Ipilimumab. Nivolumab was approved in December 2014 after the CheckMate-037
trial, which tested its efficacy when combined with chemotherapy. Nivolumab selec-
tively inhibits the interaction between the PD-1 and its ligands, PD-L1, and PD-L2. It
achieves this by binding to the PD-1 receptor and interfering with the negative regula-
tion of T lymphocyte activation and proliferation caused by the PD-1 pathway, includ-
ing the antitumor immune response [73, 74]. Since Nivolumab was first approved for
the treatment of melanoma in 2014 [22], it has subsequently been approved by the FDA
for the treatment of an additional seven cancer types, either in monotherapy or as part
of combination therapy (Table 1). The overall/objective response rates to Nivolumab
ranges from 12 to 65% in the various cancers. Nivolumab is also the most used ICI for
combination with CTLA-4 inhibitors and most recently a LAG-3 inhibitor. Serious
adverse effects to Nivolumab include increased risk of severe immune-mediated
inflammation in the lungs, the colon, the liver, and the kidneys, immune-mediated
hypothyroidism and hyperthyroidism and autoimmune diabetes [75-77].

Cemiplimab (REGN2810, SAR439684, Libtayo) is a human IgG4 anti-PD-1 mAb
developed by Sanofi/Regeneron. It was approved in September 2018 for the treatment
of metastatic cutaneous squamous cell carcinoma (cSCC) or locally advanced cSCC in
patients who did not qualify for surgery or radiation [32, 78]. ¢SCC has a high
mutational burden and is therefore hard to treat. Cemiplimab binds to the PD-1
receptor and blocks its interaction with PD-L1, resulting in the upregulation of cyto-
toxic T cells and an increase in the antitumor activity of the immune system
(Figure 1C) [78-80]. After its first approval in 2018, it was further approved by the
FDA in 2021 for the treatment of two additional cancers, namely basal cell carcinoma
and non-small cell lung cancer (Table 1). The overall/objective response rate to
Cemiplimab ranges from 31 to 49% in the three cancer types. Reported adverse effects
of Cemiplimab include severe and fatal immune-mediated adverse reactions in any
organ, system, or tissue, including pneumonia, colitis, hepatitis, endocrine disorders,
adverse skin reactions, nephritis, and renal dysfunction. In addition, severe infusion-
related reactions (Grade 3) can also occur. However, the most common adverse
reactions are fatigue, rash, and diarrhea [65, 78, 79].

Recently, in August 2021, the FDA accelerated the approval of the novel PD-1-
humanized IgG4 monoclonal antibody known as Dostarlimab-gxly (Jemperli,
GlaxoSmithKline LLC) for patients with mismatch repair deficient (IMMR) recurrent
or advanced solid tumors after clinical trial NCT02715284 [81]. The overall response rate
was 41.6% (95% CI: 34.9, 48.6), with a 9.1% complete response rate and a 32.5% partial
response rate. The most reported adverse reactions in patients with dMMR solid tumors
were fatigue, anemia, diarrhea, and nausea. Most common Grade 3 or 4 adverse reac-
tions included anemia, fatigue, increased transaminases, sepsis, and acute kidney injury.
In a few patients, immune-mediated adverse reactions are associated with Dostarlimab.
These include pneumonitis, colitis, hepatitis, endocrinopathies, nephritis, and dermato-
logic toxicity. In 2022, Dostarlimab was preferred for treating colon cancer, as a small
group of 12 patients in clinical Phase II responded positively to the drug, with a 100%
complete response rate. This is a rare phenomenon in clinical trials (NCT04165772)
[82]. In addition, no adverse events of Grade 3 or higher or relapse were reported.
However, the FDA has not yet approved Dostarlimab for the treatment of colon cancer.

2.3 PD-L1 inhibitors

The Programmed Death receptor Ligand 1 (PD-L1) plays a vital role in the
downregulation of T cell activation in the tumor microenvironment (TME). PD-L1
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(B7-H1) and PD-L2 (B7-DC) are the two ligands known to bind to the PD-1 receptor
described earlier [66, 83, 84]. Under normal physiological conditions, the PD-1/PD-L1
interaction moderates excessive immune cell activity, thereby preventing the devel-
opment of autoimmunity and tissue destruction due to hyperactivation of the immune
system. Cancer cells in the TME exploit this regulatory mechanism by overexpressing
PD-L1 on their surface. The interaction between PD-L1 on tumor cells and PD-1 on
cells (T cells) negatively regulates T-cell-mediated immune responses in the TME,
resulting in T cell exhaustion and limitation of effector T cell responses [66, 84, 85].
Consequently, cancer development and progression are enhanced by maintaining
tumor cell proliferation and survival. Therefore, the PD-L1 signaling represents an
attractive target for novel anticancer therapy.

The development and clinical application of immune checkpoint inhibitors
targeting the PD-1/PD-L1 axis have significantly enhanced antitumor immunity, pro-
duced durable responses, and prolonged survival in cancer patients. Currently, there
are three FDA-approved PD-L1 inhibitors, namely, Atezolizumab, Durvalumab, and
Avelumab, for treating several solid cancers such as non-small cell lung cancer and
metastatic melanoma [85] (Table 1). Atezolizumab was the first PD-L1 immune
checkpoint inhibitor to be approved by the FDA in 2016 for the treatment of advanced
or metastatic urothelial carcinoma (UC) [46]. Studies from clinical trial results
revealed that treatment with Atezolizumab increased the ORR and was linked to the
PD-L1 status of patients. Patients with less than 5% PD-L1 expression detected saw
9.5% ORR compared to 26% in patients with PD-L1 expression greater than 5% after
the 14.4 month follow-up.

Atezolizumab (MPDL3280 or Tecentriqg®, Genentech) is a fully humanized IgG1
monoclonal antibody. Its mechanism of action involves binding to PD-L1, thereby
blocking PD-L1 interaction with the PD-1 receptor. The disruption of this interaction
between immune (PD-1) and PD-L1-expressing tumor cells in the TME results in the
reactivation of T-cell-mediated antitumor cytotoxicity. Clinical data have demon-
strated that Atezolizumab is safe and efficacious in a wide range of solid tumors and
hematologic malignancies [20, 46, 86]. Following its approval for the treatment of
UC, the drug has been further approved for the treatment of non-small-cell and
extensive stage lung cancer [87, 88]. The treatment of NSCLC and ES-SCLC with
Atezolizumab improved the ORR by 17% compared to conventional chemotherapy.

Durvalumab (MEDI4736 or ImfinziTM, AstraZeneca) is another fully humanized
IgG1 monoclonal antibody like Atezolizumab that binds with high affinity and speci-
ficity to PD-L1, blocking the interaction with PD-1. The US FDA first approved the
immune checkpoint inhibitor in 2017 to treat locally advanced or metastatic urothelial
carcinoma (UC) [89]. Following its approval, Durvalumab received further acceler-
ated approval for treating unresectable stage III NSCLC following platinum-based
chemotherapy and radiotherapy [90]. The introduction of Durvalumab in the treat-
ment of UC and NSCLC improved the ORRs by 17% and 28.4%, respectively. In 2020,
the drug was approved to treat extensive stage small cell lung cancer [54]. Currently,
Durvalumab is being tested in combination with targeted therapies, chemotherapy,
and immunotherapy to maximize its activity and improve patient survival rates.

Avelumab (MSB0010718C or Banvecio®, Merck and Pfizer) is another fully
humanized IgG1 monoclonal antibody that binds to PD-L1. Banvecio® binds and
blocks PD-L1 expressed in tumor cells resulting in T-cell-mediated antitumor immune
response, particularly T cell reactivation and cytokine production [91]. The FDA
accelerated the approval of Avelumab for treating 12-year-old and older patients with
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metastatic Merkel cell carcinoma (MCC) in March 2017 [49]. The approval was based
on the observed improved ORRs by 31.8% compared to chemotherapy. Avelumab was
further approved in May 2017 for the treatment of locally advanced or metastatic UC
with disease progression during or following platinum-based chemotherapy [50]. The
treatment improved ORR by 18.2%. Avelumab’s most recent approval is for the treat-
ment of renal cell carcinoma [51]. Avelumab is currently being tested in combination
with traditional cancer therapies in emerging new small molecules (that have syner-
gistic or complementary functions) in clinical trials. Several other PD-L1 immune
checkpoint inhibitors are currently in preclinical and early-phase clinical trials [83].

2.4 LAG-3 inhibitors

The lymphocyte activation gene-3 (LAG-3) (CD223) is a membrane receptor pro-
tein that is predominately expressed by activated CD4+ and CD8+ T cells, regulatory
T cells (Tregs), and natural killer (NK) cells. LAG-3 can also be expressed to a lower
extent by B cells and plasmacytoid dendritic cells (DCs) [92]. It interacts with its
primary ligand, the major histocompatibility complex class II (MHC-II) (Figure 1A),
as well as other ligands, including galectin-3, liver sinusoidal endothelial cell lectin
(LSECtin), a-synuclein, and fibrinogen-like protein 1 (FGL1). These interactions
result in immune cell exhaustion and decreased cytokine secretion [92-95]. Blocking
LAG-3 alone cannot reverse T cell exhaustion; however, combining it with a PD-1
inhibitor has been shown to decrease tumor size [96]. Therefore, in March 2022, the
combination of Relatlimab (anti-LAG-3) and Nivolumab (anti-PD-1) was approved
by the FDA for the treatment of advanced or metastatic melanoma (Figure 1E) [56].
The most common adverse reactions (>20%) were musculoskeletal pain, fatigue,
rash, pruritus, and diarrhea. The most common laboratory abnormalities (>20%)
were decreased hemoglobin, decreased lymphocytes, increased aspartate aminotrans-
ferase (AST), increased alanine aminotransferase (ALT), and decreased sodium. Cur-
rently, there are 17 small molecule drugs targeting LAG-3 in clinical trials comprising
of mono and combination treatments (Table 2). Furthermore, Tebotelimab
(MGDO013) is a bispecific DART molecule designed to independently or coordinately
block PD-1 and LAG-3 and is being investigated in patients with HER2-positive gastric
cancer or gastroesophageal junction cancer (GE]) (NCT04082364).

3. Immune checkpoint inhibitors in phase III clinical trials

Clinical trials are underway on novel immune checkpoint inhibitors and new
combinations of already FDA-approved ICIs. Novel emerging immune checkpoint
inhibitors include drugs that target lymphocyte activation gene-3 (LAG-3), T cell
immunoglobulin and ITIM domain (TIGIT), T cell immunoglobulin and mucin
domain containing-3 (TIM-3), V-domain immunoglobulin suppressor of T cell
activation (VISTA), B7 homolog 3 protein (B7-H3), inducible T cell costimulatory
(ICOS), and B and T lymphocyte attenuator (BTLA). Currently, at least nine
novel ICIs have reached Phase III clinical trials (Table 2). We note that in
addition to the drugs listed in Table 2, there are more than 50 other agents
(antibodies and small molecules) targeting immune checkpoint proteins that are in
Phase I and II [106].
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Target Drug, clinical trial Cancer Protocol
number, and year
CTLA- Tremelimumab Advanced hepatocellular Durvalumab + Tremelimumab
4 [97] NCT03298451 carcinoma (HCC) vs. Durvalumab monotherapy
2017 vs. Sorafenib
LAG-3 Relatlimab NCT03470922 Advanced melanoma Relatlimab + Nivolumab vs.
[98] 2018 Nivolumab monotherapy
LAG-3 MGDO013 Gastric cancer (GC) or Margetuximab, Retifanlimab,
[99] NCT04082364 gastroesophageal junction cancer ~ Tebotelimab, and
2019 (GE)) Chemotherapy
TIGHT Tiragolumab Non-small cell lung cancer Tiragolumab + Atezolizumab
[100] NCT04294810 (NSCLC) Versus Placebo + Atezolizumab
2020
TIGHT Tiragolumab Extensive-stage small cell lung Atezolizumab + Carboplatin
[101] NCT04256421 cancer (ES-SCLC) and Etoposide (with or without
2020 Tiragolumab)
TIM-3  Sabatolimab Myelodysplastic syndrome (MDS) MBG453+ Azacitidine

[102] NCT04266301

or chronic myelomonocytic

2020 leukemia-2 (CMML-2)
B7-H3  Enoblituzumab Head and neck squamous cell Enoblituzumab + MGAO012 or
[103] NCT04129320 carcinoma (HNSCC) MGDO013
2019
B7-H3  131I-Omburtamab Neuroblastoma, central nervous 131I-omburtamab +
[104]  NCT03275402 system, or leptomeningeal Radioimmunotherapy
2017 metastases
ICOS  GSK3359609 Head and neck squamous cell GSK3359609 + Pembrolizumab
[105] NCT04128696 carcinoma (HNSCC)
2019
Table 2.

Immune checkpoint inhibitors in phase III clinical trials.

4. Resistance to immune checkpoint inhibitors

One of the most significant challenges in immune checkpoint therapy is the devel-
opment of resistance, whether it is primary (the patient never responds to treatment)
or acquired (the patient initially responds to treatment but stops responding after the
commencement of therapy). Resistance can also be intrinsic or extrinsic to tumor cells
[107]. Intrinsic resistance occurs when cancer cells alter processes related to immune
recognition, cell signaling, gene expression, and DNA damage response. Resistance to
immune checkpoint inhibitors is associated with loss of immunogenic neoantigens, an
increase of immunosuppressive cells, and the upregulation of alternate immune
checkpoint receptors [27, 108]. Response to ICIs can also vary by tumor type, with the
highest response rates found in tumors with a high mutational burden, such as mela-
noma, lung, and bladder cancers.

In contrast, tumors with lower tumor mutational burden (TMB), such as prostate
and pancreas, show a lower response [109]. However, ICI response can vary among
tumors with a similar TMB, thus suggesting that response to ICI is influenced by several
other factors [110]. These factors may include PD-L1 expression or induction, deficien-
cies in DNA mismatch repair (MMR), levels of tissue-specific neoantigens and tumor-
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infiltrating lymphocytes (TILs), endogenous retroviruses (RVs) epigenetic alterations,
and oncogenic alterations [27, 108, 111, 112]. Extrinsic resistance occurs external to
tumor cells throughout the T cell activation process. Tumors can have different
immunophenotypes, such as variation in type, density, and location of immune infil-
trates, and these differences can affect the response to ICI therapy. In general, inflamed
tumors generally respond better to ICI therapy [113, 114]. In addition, the tumor
microenvironment (TME) also plays a big role in treatment response, contributing to
both primary and acquired resistance. The TME is complex and comprises various
immune and stromal cells, the extracellular matrix, surrounding vasculature, and cyto-
kines [114, 115]. This scenario further complicates the development of drug resistance.

Resistance can also be attributed to contextual factors, which include the gut
microbiome, expression of human endogenous retroviruses, and gender. The response
to ICI therapy influenced by gut microbiomes is thought to involve the activation of
dendritic cells, upregulation of MHC-II, and the increased levels of effector T cells
[107, 116-118]. High expression of human endogenous retroviruses (RVs) in tumors
resulted in a phenotype consistent with immune checkpoint activation in various
cancer types. Furthermore, the abnormal expression of ERVs appears to activate
epigenetic changes such as histone methylation [111, 119]. Overall, the abnormal
expression of ERVs indicates a positive response to ICI treatment.

With overall response rates for most cancers to FDA-approved drugs generally
being between 10 and 50%, this indicates that in at least 50% of patients, either
primary or acquired resistance is occurring. Two of the most promising strategies by
which we can overcome resistance are combinational therapy and identifying predic-
tive biomarkers of ICI therapy.

5. Combinational therapy as a strategy to overcome resistance

In the past decades, patients diagnosed with various cancers that did not respond
well to traditional methods such as chemotherapy and radiotherapy received very
poor prognoses. Moreover, these conventional cancer therapy methods are also
known to cause damage to healthy normal cells. Since then, various cancer therapies
targeting disordered proteins, immune cells, and components of the tumor microen-
vironment (TME) have been developed to improve prognosis. Small molecules and
immunotherapy have drastically improved the prognosis for some patients. Despite
that, a limited number of patients obtain benefits from the treatment. This is attrib-
uted mainly to low response and acquired resistance during the treatment, and severe
side effects also lead to unfavorable outcomes. To overcome this, researchers are
investigating the potential of combining ICIs with various other treatments, including
chemo/radiotherapy and targeted therapies. Immunotherapy based on single targets
often results in serious side effects, unresponsiveness, or overreaction. In contrast,
combinational immunotherapies show synergistic outcomes with higher efficacy and
safety. Strategies combining immunotherapy and conventional therapies like radio-
therapy and/or chemotherapy have demonstrated promising clinical and basic
research results. However, the underlying mechanisms are still unclear.

5.1 Combination of two or more immune checkpoint inhibitors

Checkpoint inhibitors that target CTLA-4 and the PD-1/PD-L1 axis are promising
candidates for combination immunotherapy. The rationale behind the dual
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checkpoint inhibitor treatment is the synergy of inhibiting both CTLA-4 and PD-1
with Nivolumab plus Ipilimumab which was the first combination immunotherapy to
be licensed in the US and Europe and has been used in the treatment of melanoma for
several years [120]. Clinical studies have shown that the combination of Ipilimumab
with Nivolumab significantly improved overall survival rates to 57% compared to
Nivolumab (43%) and Ipilimumab (25%) alone in melanoma patients after a 6.5-year
follow-up to assess efficacy and safety [120]. Following its first approval for the
treatment of advanced melanoma in 2017, the combination is now used for the treat-
ment of advanced RCC, HCC microsatellite instability-high (MSI-H), or mismatch
repair deficient ({AMMR) metastatic colorectal carcinoma (CRC), NSCLC, and malig-
nant pleural mesothelioma (MPM) as shown in Table 1 [61, 63, 121, 122]. Combina-
tion therapy has significantly improved the clinical outcomes for most patients. Long-
term follow-up (42 months) in RCC patients revealed an improved overall response
rate of 42% (Nivolumab + Ipilimumab) versus 26% in patients treated with Sunitinib,
a small molecule monotherapy [123]. Furthermore, durable long-term efficacy was
observed, especially among patients with more than 1% PD-L1 expression [62].

More recently, the combination of Relatlimab and Nivolumab, known as
Opdualag, was approved by the FDA for treating advanced or metastatic melanoma in
patients aged 12 years and older. The approval was based on results from the RELA-
TIVITY-047 clinical trials [98]. The combination treatment with Relatlimab
+Nivolumab was at 47.7% compared to 36% in the Nivolumab monotherapy group
after 12 months of follow-up. As described in the introduction, Relatlimab inhibits
LAG-3 while Nivolumab inhibits PD-1, which are both often expressed by immune
cells in the TME (Figure 1E). The expression of PD-1 and LAG-3 negatively regulates
T cell tumor infiltration and proliferation, respectively. Combination immunotherapy
has become an attractive avenue for the treatment of resistant cancers following the
Ipilimumab + Nivolumab treatment of various cancers. Currently, several Phase III/IV
clinical trials are ongoing to test the safety and efficacy of dual checkpoint inhibitor
therapy combining two or more ICIs as listed in Table 3.

5.2 Combination of immune checkpoint inhibitors with conventional therapies
(chemotherapy/radiotherapy and small molecules)

In some instances, chemotherapeutic agents have appeared to impact the immune
system positively. The positive effects of standard chemotherapy on tumor immunity
are mainly reflected in inducing immunogenic cell death and disrupting tumor escape
strategies. Experimental data have shown that some anticancer chemotherapeutic
agents can stimulate naive immune cells to induce immunogenic cancer cell death
[133]. For this reason, chemotherapy in combination with immune checkpoint inhib-
itors is an attractive strategy for synergistic combination treatment in cancer. Several
studies using murine models have shown that chemotherapeutic agents such as cyclo-
phosphamide, fluorouracil (5-FU), and Gemcitabine can reduce Tregs, improve cir-
culating NK cells, and augment tumor-infiltrating T cells, respectively [134, 135].
Indeed, a combination of PD-L1 inhibitor (Nivolumab) plus Gemcitabine and Cis-
platin significantly improved the ORR over monotherapy in a Japanese Phase I clinical
trial [136]. Since then, several ICI and chemotherapy combination treatments have
been investigated to improve patient response rate and survival.

To date, there are several ICI and chemotherapy/radiation combination therapies
that have been approved by the FDA. Others are currently in Phase III/IV clinical
trials as listed in Table 3. Pembrolizumab combined with standard chemotherapy has
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Protocol Disease (refs) ORR (95% CI)
Ipilimumab + Nivolumab Unresectable stage III or IV melanoma  No data available
[124]
EDSCLC + after completion of 9.1% (5.9-13.2)

platinum-based chemotherapy
(CheckMate 451) [125, 126]

NSCLC combined with two cycles of ~ 45.4% (38.4-52.4)
chemotherapy [62]

Esophageal squamous cell carcinoma 42% (34-50)

[31]
Pembrolizumab + Ipilimumab Metastatic NSCLC [127] 45.4% (39.5-51.4)
Chemoradiotherapy + Temozolomide Glioblastoma [128] ORR not measured
(chemo) + Nivolumab
Ipilimumab + Paclitaxel and Carboplatin Squamous NSLC [129] 44% (39-49)
Nivolumab + chemotherapy (capecitabine ~ Advanced gastric, gastroesophageal ~ 57.1% (34.0-78.2)
and oxaliplatin every 3 weeks or leucovorin, junction, and esophageal
fluorouracil, and oxaliplatin every 2 weeks) adenocarcinoma [130]
Ipilimumab + Etoposide and Platinum Extensive-stage small cell lung cancer 62% (58-67)
chemotherapy [131]

Spartalizumab + Dabrafenib and Trametinib BRAF V600-mutant unresectable or 69% (62.6-74.1)
metastatic melanoma [132]

Table 3.
Current combination therapies.

become the first such combination therapy to be licensed for first-line use in patients
with metastatic non-squamous NSCLC in the US and Europe after a trial showed that
the combination enhanced overall survival at 12 months by 69.2% compared to 49.4%
in the monotherapy group [137]. Since then, Pembrolizumab in combination with
Axitinib, a vascular endothelial growth factor (VEGF) inhibitor has been further
approved for the treatment of RCC. The ORR favored the Pembrolizumab/Axitinib
group (59.3%) over the sunitinib group (35.7%). Atezolizumab and Durvalumab, both
targeting the PD-L1, have been FDA-approved in combination with chemotherapy as
a first-line treatment for advanced SCLC [138]. The approval was based on the
IMpower133 and CASPIAN clinical trials which both evaluated Atezolizumab and
Durvalumab, respectively, in combination with etoposide and carboplatin-based che-
motherapy. Both studies revealed improved overall survival (OS) by Atezolizumab +
chemotherapy (12.3 months); Durvalumab + chemotherapy (13 months) compared to
chemotherapy alone (10 months) [54, 139].

6. Predictive biomarkers of therapy dynamics
6.1 Genomic biomarkers
6.1.1 Tumor mutational burden

Tumor mutational burden (TMB) refers to the frequency of non-synonymous
mutations and is directly related to the neoantigen load. A high frequency of
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mutations generally results in a high rate of neoantigen production, thereby increasing
the probability of an immune response [140]. Therefore, TMB has been investigated
and validated as a predictive biomarker for ICI response by numerous studies.

The association between TMB and a response to ICI has been extensively studied in
NSCLC patients, however, with variable outcomes. After whole-exome sequencing
(WES), a high mutational burden (>178 mutations per sample) observed in NSCLC
patients treated with Pembrolizumab correlated to better ORR (68%) compared to
patients with a low mutational burden (0%). Therefore, low TMB was correlated with
poor efficacy in patients and is considered a marker of primary resistance to ICI
treatment [140]. Similarly, a study with 4064 NSCLC patients showed that a high TMB
had a significantly higher OS compared to a low TMB [141]. Numerous other studies
have also shown a similar association between TMB and ICI response [142-144]. In
contrast to these observations, a study whereby NSCLC patients were treated with
Pembrolizumab and chemotherapy showed that TMB with >175 mutations per exome
was not able to predict a response [145]. It is important to note that some tumors with a
low TMB are still capable of responding to ICI. This highlights that, although TMB is a
good indicator of ICI response, it is not the only determinant factor. On a broader scale,
the correlation between TMB and response to ICI has been demonstrated across 27
tumor types [146]. The KEYNOTE-158 study with 750 participants showed that TMB-
high tumors were associated with better overall response rates (28%) and progression-
free survival (24%) compared to TMB-low tumors (7% and 14%, respectively). Inter-
estingly, 12.5% of the TMB-high cohort were also mismatch repair deficient and were
even more likely to respond to ICIs [147]. These studies provided compelling evidence
for the use of TMB as a biomarker to determine benefit from ICIs.

Despite the association between TMB and ICI response, there are challenges that
complicate the use of TMB as a biomarker in the clinic. TMB is typically measured
using whole-genome sequencing (WGS), whole-exome sequencing (WES), or
targeted next-generation sequencing (NGS). WES has been the standard method of
choice but is resource-intensive and time-consuming and is most often used in a
research setting. Therefore, in a drive for a more feasible detection method, multiple
NGS panel assays were developed which targets specific sites of the genome [148].
The current challenge is the standardization of the method in terms of the regions that
are targeted and sequencing depth [149]. The definition of TMB and sampling
methods also limit its use. Variations in cancer types means there is no standard cut
point in the definition for a high TMB or low TMB, and each tumor type may have its
own optimal threshold to predict a response [150]. In addition, the sampling methods
are invasive, and single biopsies can often lead to misclassification of the TMB due to
tumor and intratumor heterogeneity. A study showed that 20% of NSCLC and 52% of
urothelial cancers were misrepresented as a high TMB. Further multi-sample analysis
revealed a low TMB [151]. Lastly, it would be useful to test the effect of TMB on a
protein level for neoantigens, since only a subset of mutated genes result in potent
neoantigens that are able to elicit an immune response [152]. Although numerous
studies have provided supportive evidence for TMB as a predictive biomarker for ICI
response, assessment of combination or multiple biomarkers in conjunction with TMB
may have a stronger predictive value.

6.1.2 Mismatch vepair deficiency and microsatellite instability

Mismatch repair genes such MLH-1, MSH-2, MSH-6, and PMS-2 are responsible
for DNA repair. Loss of function in these genes is referred to as mismatch repair
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deficiency (MMR-D). It leads to the accumulation of mutations during replication at a
significantly higher rate than normal as well as the development of microsatellite
instability (MSI) [153]. MMR-D/MSI is especially common in pancreatic, endometrial,
cervical, prostate, and gastrointestinal cancers, including colorectal, gastric, and small
intestinal cancer [154]. These tumors are particularly rich in frameshift mutations
resulting in a high neoantigen load. Additionally, these tumors have also been found to
contain a high level of infiltrating immune cells. These factors frequently enhance the
immune response. Therefore, MMR-D can be used as a predictive biomarker for
determining ICI response.

Clinical trials have shown that Pembrolizumab has durable outcomes in patients
with MMR-D/MSI tumors. A study evaluating the efficacy of Pembrolizumab in
colorectal cancer patients with and without MMR-D as well as MMR-D non-colorectal
cancer patients showed promising results. For colorectal cancer with MMR-D, an
overall response rate of 40% was observed whereas, for non-colorectal cancers with
MMR-D, an overall response rate of 71% was observed. In contrast, patients without
MMR-D exhibited an ORR of 0%. These results demonstrated that MMR-D patients
produce a more favorable response to ICI treatment and are ideal candidates. This
study led to the recommendation for MMR-D testing in metastatic colorectal cancer.
In 2017, the FDA approved Pembrolizumab for patients with solid MMR-D/MSI
tumors. This represents the first FDA approval for cancer treatment based on a
genetic biomarker alone [155].

6.1.3 IFN pathway profiles

Activated CD8+ T cells secrete IFN-y following binding to the MHC-peptide
complex. [FN-y is a cytokine that activates immune cells and stimulates an immune
response. In the tumor cell, JAK/STAT signaling is activated by IFN-y which results in
the release of chemokines to promote an anticancer response. Moreover, IFN-y trig-
gers the upregulation of MHC-1 and PD-L1 expression promoting antigen presenta-
tion in APCs. IFN-y expression was found to predict a positive response to PD-1
immune checkpoint inhibitors in melanomas and NSCLC. Conversely, mutations in
IFN pathway genes such as IFNGR1/IFNGR2, JAK1/JAK2, STAT, and IRF1 have been
associated with poor outcomes and resistance in patients receiving ICI therapy
[156, 157]. In melanomas and MMR-D colorectal cancers, the loss of function in JAK1
and JAK?2 have also been identified as mechanisms of both primary and secondary
resistance to ICIs [158, 159].

A study including NSCLC and melanoma patients treated with Nivolumab and
Pembrolizumab, respectively, indicated that increased expression of IFN-y correlated
with improved OS and PFS [160]. Similarly, another study investigating a four-gene
IFN-y signature (IFN-y, CD274, LAG3, and CXCL9) in NSCLC patients treated with
Durvalumab revealed that a positive signature for the gene set was associated with
higher ORRs, PFS, and OS in comparison with signature-low patients [161]. It has also
become increasingly common to assess IFN-y in combination with other biomarkers
such as TMB. A study in melanoma patients assessed both inflammatory gene profiles
and the TMB. Patients treated with Pembrolizumab exhibiting high levels of both
biomarkers had an ORR of 54% compared to an ORR of 14% in patients with low
expression levels [162]. Furthermore, in melanoma patients treated with neoadjuvant
Ipilimumab and Nivolumab, tumors with high IFN gene signatures and TMB
displayed a 100% response rate, while tumors with low expression profiles of both had
a 37% response rate [163, 164]. Similar results have been observed for NSCLC and
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renal cell carcinoma [165]. These studies demonstrate the emerging role of inflamma-
tory gene expression profiles as a predictive biomarker for ICI response. Challenges
associated with the use of such gene panels arise from the replication of results due to
intratumor heterogeneity and sampling methods, once again highlighting the limita-
tions of single region sampling.

6.2 Tumor-immune microenvironment biomarkers
6.2.1 PD-L1

ICIs that target PD-1 or PD-L1 aim to disrupt the PD-1/PD-L1 axis, allowing cells to
mount an antitumor response by preventing T cell downregulation [166]. Conse-
quently, PD-L1 expression is one of the most extensively studied predictive bio-
markers for response to ICI therapy. In the KEYNOTE-001 study, patients with PD-L1
expression of more than 50% had an ORR of 45% and improved PFS and OS. In
comparison, patients who displayed 1-49% PD-L1 expression had an ORR of only 17%
[167]. This study ultimately led to the approval of Pembrolizumab in NSCLC patients
who display more than 50% PD-L1 and established the expression of PD-L1 as a
companion predictive biomarker for patient selection. Positive correlations have also
been seen for gastric cancer, colorectal cancer, and hepatocellular carcinoma [17, 168,
169]. Subsequent trials for PD-L1 as a predictive biomarker led to approvals by the
FDA for urothelial, triple-negative breast cancer (TNBC), head and neck, gastric,
esophageal cancers, and cervical cancer at various cut points.

PD-L1 expression has significant spatial and temporal heterogeneity. Expression
varies between sites of the same tumor and between metastatic sites. Given this, the
use of PD-L1 as a predictive biomarker has limitations. Detection is usually carried out
using immunohistochemistry, but it is not adequately standardized. Even in the same
cancer type, there are variations in thresholds. There are five main PD-L1 diagnostic
antibodies that are available for detection. These antibodies have only been validated
in the context of its companion drug trial: Pembrolizumab (Dako 22¢3), Nivolumab
(Dako 28-8), Durvalumab (Ventana SP263), Avelumab (Dako 73-10), and
Atezolizumab (Ventana SP142). Variations in detection between assays have been
noted. Dako 73-10 scores more cells as positive and Ventana SP142 scores more as
negative leading to misinterpretations [170]. Detection of PD-L1 is frequently
observed in patients who respond to anti-PD-1/ PD-L1 immunotherapies. However,
[43] reported that even when NSCLC tumors displayed more than 50% PD-L1
staining, approximately half of the subset of patients still had primary resistance to
Pembrolizumab. This study suggested that PD-L1 expression alone may be insuffi-
cient at predicting resistance. As with TMB, it is critical to note that PD-L1 does not
preclude response to treatment. In the study mentioned earlier, although PD-L1-
positive patients had a higher response rate, 15% of PD-L1-negative patients still
responded [171].

6.2.2 Tumor infiltrating lymphocytes
Tumor-infiltrating lymphocytes (TILs) encompass lymphatic cell populations that
invade the tumor tissue. TILs may promote an antitumor response (CD4+), exert

cytotoxic antitumor activity (CD8+), or even limit a response (FOXP3+ Treg). These
cells have therefore been associated with prognosis and response to ICI in many
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cancer types, including NSCLC, TNBC, colorectal cancer, and melanoma. The density,
location as well as phenotype of TILs give an indication of the response. In melanoma
patients treated with Pembrolizumab, the spatiotemporal dynamics of TILs showed
that the presence of CD4+ and CD8+ T cells at the infiltrative margin of the tumor was
associated with patients who respond to treatment. The high density of cells allowed
for increased infiltration into the tumor parenchyma of responders [172]. Another
study revealed that responders had high levels of stromal TILs (50%) in comparison
with non-responders (15%) for TNBC patients treated with Pembrolizumab [173]. An
investigation into the temporal dynamics of TILs showed that an increase in TILs at

3 weeks, compared to the baseline reading, was correlated with response in melanoma
patients treated with Ipilimumab [174]. Furthermore, the phenotype of TILs may also
be used as a prognostic biomarker. A study showed that CD69+ CD103+ tumor
resident CD8+ T cells were associated with improved survival in melanoma [175]. In
contrast, FOXP3 tregs have been associated with poor survival in numerous cancer
types [176]. The prognostic value of TILs has also been demonstrated by combining
detection with PD-L1 expression to allow for better accuracy in determining response.
Patients who exhibited high CD8+ TILs and low PD-L1 had an OS of approximately
93% in comparison with patients with low CD8+ TILs and high PD-L1 (61%). The
authors suggested that CD8+ TIL combined with PD-L1 expression was better at
predicting response than each biomarker alone [177].

6.3 Blood-based biomarkers
6.3.1 Circulating tumor DNA and tumor cells

The noninvasive nature of blood biopsies reduces patient suffering and provides
certain advantages such as overcoming the heterogeneity issues of single sample tissue
biopsies. It also allows multiple sampling throughout the disease progression and
acquisition of real-time data. Therefore, there it is imperative to develop reliable
blood-based biomarkers [178]. Emerging studies have linked circulating DNA
(ctDNA) and circulating tumor cells (CTCs) found in the peripheral blood with
response to ICI. In a study with melanoma patients, detectable baseline ctDNA that
persist during treatment correlated with a poor response of only 6%. However, when
ctDNA was initially detectable and became undetectable at 12 weeks, the response rate
was 77% and when ctDNA was undetectable at both the baseline and 12 weeks, the
response rate was 72% [179]. Thus, ctDNA may serve as a biomarker of response.
Studies went further to assess TMB from the ctDNA. In NSCLC, it was shown that
blood TMB correlated with tissue TMB and was associated with ICI response [180].
CTCs have also been suggested as prognostic biomarkers. In NSCLC patients, blood
sampled before and after treatment with Nivolumab showed that high levels of CTCs
before treatment was associated with an increased risk of disease progression and
death [181].

6.3.2 Soluble biomarkers
Some indicators such as neutrophil-to-lymphocyte ratio (NLR), lactate dehydro-

genase (LDH), and various cytokines (IL-6 and IL-8) have been studied as biomarkers
of response to ICI in a variety of tumors [182]. Neutrophils that express PD-L1
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attenuate the antitumor response by binding to PD-1 T cells. Therefore, NLR has been
suggested to have a predictive role for response to ICIs in melanoma and NSCLC. A
study of melanoma patients treated with Ipilimumab demonstrated that patients with
an NLR > 3 had a poor OS and PFS [183]. Similar results were shown in another study
where an NLR >5 was also associated with a lower OS and PFS [184]. In advanced
solid tumors, the OS of high NLR patients was 8.5 months, while the OS of patients
with a low NLR was 19.4 months [185]. Changes in LDH during ICI treatment corre-
lates with patient response. A study showed that patients who displayed an elevated
baseline serum LDH value had a shorter OS at 12 months (44%) compared to patients
with normal LDH values (71%). Moreover, a 10% increase from the baseline level
during ICI treatment also indicated poor ICI efficacy [186]. Lower levels of the
cytokine IL-6 at the baseline and on treatment have been correlated with improved
response, while higher levels of IL-6 correlate with a shorter OS [187]. Additionally, in
NSCLC and melanoma, it was reported that lower levels of IL-8 were associated with
improved treatment responses, while higher baseline IL-8 levels were associated with
poorer OS [188].

6.4 Biomarkers associated with the gut

Studies have suggested the association of the bacterial species in the gut with ICI
responses. Bacterial species such as Akkermansia muciniphila have been observed and
correlated with ICI response, whereas species such as Ruminococcus obeum have been
correlated with resistance [189, 190]. The use of antibiotics prior to ICI treatment was
also associated with a shorter overall survival and progression-free survival. As such,
it has been suggested that careful consideration should be given when prescribing
antibiotics in patients starting ICI treatment [190]. This is still an emerging field of
study and further evidence is needed (Table 4).

Biomarker Method of detection Indication

(Ref)

Biomarkers associated with the tumor genome

TMB [146, 147] 'WES and NGS gene panels High mutational burden correlates with high response
on tissue and blood samples rates and improved OS and PFS.
Low TMB associated with primary resistance.

MMR-D and WES on tissue samples Somatic MMR-D and MSI correlates with high response

MSI [155] rates. FDA approved genetic biomarker for patient
selection.

IFN pathway Gene panels and Increased expression of IFN-y correlated with improved

profiles transcriptome on tumor OS and PFS.

[160, 161] sample Mutations in the IFN pathway associated with poor

outcomes and resistance.

Biomarkers associated with the tumor immune microenvironment

PD-L1 [167] IHC staining of tumor cells High PD-L1 density (> 50% expression) predicts
and immune cells improved response rates, OS, and PFS. FDA approved
biomarker for patient selection.

TILs [172] Anti-CD4 and anti-CD8 High CD4 and CD8 density or increase in density
IHC staining on tissue correlates with higher response rates.
samples FOXP3 Tregs associated with poor survival.
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Biomarker Method of detection Indication

(Ref)

Biomarkers associated with the peripheral blood

ctDNA and FACS on blood sample Detectable and persistent ctDNA correlates with poor
CTCs [179, 181] response.

High CTCs prior to treatment associated with disease
progression and death.

Soluble IHC, FACS, and enzymatic High NLR associated with poor response, OS, and PFS.
biomarkers assays Increase in LDH correlates with poor response.
[183, 186]

Biomarkers associated with the gut

Microbiota Shotgun metagenomic Distinct species profiles correlate with responses.
[189, 190] analysis of feces Ruminococcus correlated with resistance.
Table 4.

Biomarkers associated with the tumor genome, tumor-immune microenvironment, peripheral blood, and gut that
predict response to ICI.

7. Conclusions

The heterogeneity of tumors has introduced a profound complexity in our under-
standing of carcinogenesis and the numerous challenges in developing strategies for the
treatment of cancer. The recent developments in immunotherapy enable us to devise
interventions that promise to improve cancer therapy. Immune checkpoint inhibitors
(ICIs) are recently developed drugs that promise to increase overall response. Our
evaluation of ICIs shows that the PD-1-PD-L1/L2 pathway is the most targeted pathway.
With PD-1 inhibitors in particular having been FDA-approved for the largest variety of
cancers. PD-1 inhibitors have been found to have a good response in monotherapy but
have recently been frequently tested as part of combinational therapy with other ICls,
such as CTLA-4 and LAG-3. This dual targeting of immune checkpoint proteins has
resulted in some of the most promising outcomes. Despite these successes, there are
challenges of serious adverse events and the development of resistance. The serious
adverse events must be addressed because they are of Grade 3-4. Attempts to overcome
them are in progress. Resistance occurs in a significant percentage of patients and
therefore urgently needs to be addressed. The two main strategies targeting resistance
are the use of combinational therapies and biomarker identification.
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Chapter 8

Recent Developments in
Application of Multiparametric
Flow Cytometry in CAR-T
Immunotherapy

Hui Wang and Man Chen

Abstract

In recent years, chimeric antigen receptor (CAR) modified T-cell (CAR-T)
immunotherapy has achieved great success in cancer treatment, especially in some
hematologic malignancies. Multiparametric flow cytometry (MFC) is a key immu-
nologic tool and plays an important role in every step of CAR-T design, development,
and clinical trials. This chapter discusses the application and new developments of
MFC in CAR-T, including the selection of CAR-T targets, the enrollment of patients,
the detection of minimal/measurable residual disease (MRD), the quality evaluation
of CAR-T product, the detection of immune cell subsets and cytokines, and the study
of immune checkpoint and immune suppressive microenvironment.

Keywords: chimeric antigen receptor, immunotherapy, multiparametric flow
cytometry, hematological malignancies, immune

1. Introduction

Chimeric antigen receptor (CAR) modified T-cell (CAR-T) has been a remark-
able achievement in the field of cancer therapy in recent years [1-7], especially for
the treatment of refractory and relapsed B-cell acute lymphoblastic leukemia (ALL)
[1-3]. CD19-CAR-T alone or bridging allogeneic hematopoietic stem cell trans-
plantation (allo-HSCT) can greatly improve the complete remission (CR) rate and
overall survival (OS) rate. CAR-T therapy for other malignancies is being explored
as well [4-7]. However, the main problem with CAR-T therapy is its high relapse
rate, which involves a variety of mechanisms. Current researches focus on improv-
ing CAR-T structure, selecting new targets, and eliminating the inhibitory immune
microenvironment [8-14].

Multiparametric flow cytometry (MFC) is an immunological technique developed
in the 1970s and has become an indispensable methodology for clinical diagnosis and
basic research [15, 16]. CAR-T is one kind of immunotherapy, and MFC plays a pivotal
role in the entire process of CAR-T [3, 17-29]. These applications involve multiple
aspects of MFC, and basically can be divided into two categories, that is, protocols
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to detect tumor cells and/or target antigen-positive cells and those to evaluate the
immune system. The previous category includes tumor cell immunophenotyping to
select promising targets [17, 18], minimal residual/measurable diseases (MRD) detec-
tion [3, 19, 20], and recovery kinetics of target antigen-positive cells [3, 21, 22]. The
latter category includes lymphocyte activity and function evaluation, CAR-positive
cell assay [21-25], immune cell subsets detection [21-31], lymphocyte killing function
assay [27], cytokines detection [26-29], tumor microenvironment (TME) evaluation,
and immunosuppressive signals detection [23, 26].

If according to time points, the application progress of MFC in CAR-T can be
divided into four stages: CAR-T research and development, patient enrollment of
clinical research, quality evaluation after product preparation, and posttreatment
evaluation.

These tests involve almost all aspects of MFC, including routine clinical testing
items and special research items, and are carried out repeatedly at different time
points, even with some overlaps. See Table 1.

However, even in routine items, the special nature of CAR-T brings technical chal-
lenges. The analysis of the immunophenotype of tumor cells needs a very accurate
gate setting because the coexistence of target antigen negative subclone may become
the source of recurrence [9-12]. The evaluation of CAR-T products before infusion
and MRD detection after CAR-T immunotherapy need to be careful of the target
antigen-negative malignant and benign cells [3, 19, 20]. The presence of CAR-T cells
may affect the MRD detection of T lymphocytic malignancies. In the identification of
CAR-T products and early immunological evaluation after treatment, it is necessary
to evaluate the composition and activating status of CAR-positive and CAR-negative
cells simultaneously [32-35].

2. Tumor or target antigen-expressing cells related assay
2.1 Target screening and specificity evaluation

Although the diversity of tumor cells leads to a high tumor escape rate in tradi-
tional single-target CAR-T, and new technologies are beginning to use bi-specific
targets and even more complex designs, screening of specific target antigens is still
the most important part of CAR-T design. MFC is the most important tool to achieve
this purpose at present [3, 4, 17, 18]. The ideal CAR-T target should meet the follow-
ing requirements: a high rate of occurrence in certain diseases (high availability of
CAR-T), a high percentage of expression on tumor cells (covering all tumor cells to
minimize relapse), a high intensity of expression (the expression intensity of target
antigen on tumor cells is related to the efficacy, although there are contradictory
results) [36-39], and good specificity (no or little expression in normal cells will not
cause serious impact on patients) [1-4]. Target screening is performed on the basis
of immunophenotyping or MRD, but with more stringent precautions than routine
clinical diagnosis. It is necessary to accurately gate and define tumor cells, especially
to cover all heterogeneous tumor cell populations. Otherwise, target-negative tumor
cells will become the source of relapse. The detection of potential targets on tumor
cells needs to be reported as a percentage. The mean fluorescence intensity (MFI)
or median fluorescence intensity (MdFI) of target antigen expression in tumor cells
and the ratio of MdFI to control cells may be used to describe the relative expression
intensity. Some studies even use fluorescence microbeads for accurate quantitative
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detection [36, 37]. Standardization of the operation and calibration of the instru-
ment are required for the testing process, as well as a selection of appropriate internal
controls.

2.1.1 Overview of the CAR-T targets in various tumors

The target selection of ALL is relatively consistent. Generally, lineage markers
with high coverage are preferred, such as CD19 [1-3, 36, 40, 41], CD22 [42], or CD19/
CD22 dual targets [37, 43] for B-ALL and CD7-CAR-T by genetic engineering tech-
nology [4, 44, 45] for T-ALL. Although some clinical studies have selected markers
expressed in subgroups of ALL, such as CD20 [46] and CRLF2 [31] for B-ALL, and
TRBC1 and CD1a for T-ALL [47, 48]. As to lymphoproliferative disease (LPD), other
studies have tried to select lineage markers expressed by mature lymphocytes beside
CD19 and CD22 [6, 37], for example, CD20, CD37, and BAFFR for B-LPD, CD5,
CD4, TRBC1 for T-LPD, and CD38, BCMA or other markers for multiple myeloma
(MM) [9, 10, 49-51]. Special subtypes of lymphoma have selected corresponding
specific antigens as targets, such as CD30 for anaplastic large cell lymphoma (ALCL)
and Hodgkin lymphoma (HL) [52-54]. Acute myeloid leukemia (AML) is a highly
heterogeneous tumor, and there are a lot of studies on its targets, including CD33,
CD123, CLL1 (CD371), CD25, CD117, Tim3, NKG2D, CD44, CD96, and CD38, or
the combination of the above targets [5, 12, 17, 18, 55-60]. Although studies on solid
tumors have made some achievements, searching for solid tumor-specific or associ-
ated antigens is still an interesting field for researchers. Therefore, current researches
focus on immunosuppressive TME and modified CAR-T design [9, 10, 61, 62].

2.1.2 Standardized evaluation of target antigen expression

Although some studies have shown that the efficacy of CAR-T is highly dependent
on the density of target antigen expression [36, 37], and clinical trials has found that
high tumor burden is a high-risk factor to relapse [40, 41], more detailed data remains
unclear. For example, the percentage and numbers of antigen expressed on tumor
cells and the expression intensity that can activate CAR-T to obtain the best response
rate and longest survival rate; the suitable target antigen expression in tumor cells
that allows the patient to be enrolled in the CAR-T study; the corresponding relations
between absolute counts of target positive tumor cells or antigens on total tumor cells
and dose of CAR-T needed for treatment [63, 64], etc. On the other side, the efficacy,
stability, and difference of CAR detection antibody, qualitative and quantitative
heterogeneity of antigen expression on tumor cells in the same disease, differences in
antigen expression intensity caused by different fluorescence, and the influence fac-
tors in the process of antibody staining, can lead to significant intra-lab and inter-lab
differences. Thus, the accurate relationship between the expression of CAR-T target
antigens and the efficacy/side effects/survival rate is not comparable in different
studies, which is more obvious in studies of weakly expressed target antigens. Given
the diversity of CAR-T products and the multiple factors affecting MFC testing,
uniform standard operating procedures (SOPs) may not be available in a short time.
However, we hope to make the technique relatively stable and objective by standard-
izing the process of MFC detection, which will be helpful in exploring the most ideal
target, accurately evaluating the efficacy and side effects of CAR-T, studying the com-
plex relapse mechanism and promoting the update of CAR-T products to obtain the
best effect for individual study [21-25]. To do this, the same protocol should be used
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in a study, especially in a multicenter study, including antibody clone and fluorescein
combination; titration and inter-batch comparison of the antibodies are required. Use
the same instrument as far as possible, accurate comparisons are required if different
instruments are used, and daily calibration and regular maintenance is also manda-
tory; residual normal counterparts in the specimen are good controls to evaluate the
expression of target antigen with high or moderate intensity, such as CD19, CD22,
and CD7, and we can describe target antigen as dim (dimmer than normal) or bright
(brighter than normal) besides percentage; MFI/MdFI or quantitative fluorescence
microbeads need to use to determine the expression of target antigen with very low

intensity [37-39].
2.1.3 Evaluation of the specificity of target antigen

The ideal target antigen has been described above, where the specificity is evalu-
ated by the expression of the antigen in normal cells, which is very important for
CAR-T target selection. Because CAR-T is a very powerful and specific targeted
therapy, most cells expressing the target will be killed, whether normal or malignant.
Killing tumor cells is effective, while killing normal cells is toxic, not to say this effect
lasts 1-3 months [3, 4, 34-37].

An ideal target is only specifically expressed in tumor cells but not in normal
cells, or in normal cells the expression rate is low or the functions of these cells can
be replaced by other cells or drugs. Unfortunately, almost no antigen is absolutely
specific or low expressed in normal cells [9, 10] except those associated with B cells
and plasma cells. Fortunately, with the development of modern life science, more
and more gene modification methods and other technologies are overcoming this
problem, such as the emergence of gene knockout or selecting CD7-CAR-T [4, 44,
45]. MFC plays an important role during the process. Accurate analysis of the target
antigen expression on different cells can predict the toxicity and side effects, and help
researchers to modify CAR-Ts.

22 MRD

MRD is an important indicator for evaluating efficacy and is closely related to
prognosis [1-4, 19, 65]. MRD monitoring after CAR-T therapy is difficult due to
tumor adaptation and off-target effects. The issues that need to be paid attention
to are gating with multiple markers and recognizing malignant or normal cell loss
target antigens [3, 19, 20].

2.2.1 Selection of gating markers

CD19-CAR-T is the most used immunotherapy, and MRD detection after CD19-
CAR-T in B-ALL is also the focus of researchers. Because all or part of CD19 expression
is lost or weak in 7.4-62.5% of B-cell malignancies after CD19-CAR-T treatment, CD19
gating cannot be the only rough B gating marker [3, 19, 20, 36, 37]. As for the selection
of alternative gate markers, some laboratories chose CD22+ and/or CD24+/CD66b—
[19], while we and some laboratories chose multiparameter synchronous gate setting
by cytoplasmatic (c) CD79a combined with CD19 and lymphoblast markers [1-3, 20].
The reasons are as follows: 10-20% of B-ALL cases do not express CD24, especially in
cases with MLL-related fusion genes [3, 19]. After the failure of CD19-CAR-T therapy,
the choice of CD19/CD22 bi-specific CAR-T or CD22-CAR-T, coupled with the weak
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expression of CD22 in B lymphoblasts, all determine that this is not an ideal rough
B gating marker [3, 38]. Although studies have found that CD22dim/-MRD did not
appear after CD22-CAR-T treatment [37], further studies are needed because of the
small number of cases. Therefore, we used cCD79a as the main B marker in MRD
detection after CD19-CAR-T or CD19/CD22 combined CAR-T treatment, and achieved
good clinical evaluation results [3]. Besides the biggest advantage of cCD79a panel is
that we can use the same panel for all MRD detection after any B marker CAR-T treat-
ment in the future because it is an intracellular antigen not for CAR-T target [51].

The same idea was adopted in CD7-CAR-T for T-ALL, other lineage markers are
added in the MRD panel, such as cCD3, CD5, and CD2, as well as blast markers, such
as TdT, CD34, CD99bri, and CD1a [4].

2.2.2 Changes in phenotype and observation methods

When selecting cCD79a combined panel to detect MRD after CD19 and/or
CD22-CAR-T therapy in B-ALL, the following should be noted: (1) the expression
intensity of some antigens may change after the intracellular operation. (2) Recognize
the immunophenotype of normal CD19-negative hematogones, most of which are
the earliest stage of CD34+ B progenitor cells. They are different from the CD19
positive counterpart in that weaker CD10 expression and larger SSC, and may be
misdiagnosed as MRD; (3) in fact, CD19-negative hematogones exist in normal BM
but are ignored, because most of them are rare and CD19 is routinely used for gating.
A significant decrease in the proportion of CD19 positive B progenitors with CD19-
CAR-T results in a relative increase in the proportion of CD19-negative B progenitors,
which together with changes in gate setting and most importantly the focus on CD19-
negative B cells, made this population prominent [3, 19, 20].

Given that the heterogeneity of tumor cells is obvious after CAR-T therapy, even
with the use of alternative gate markers, detection will be difficult, not to say the rare
use of cytoplasmatic markers in cerebrospinal fluid (CSF) specimens. After CAR-T,
multiple gates by multiple markers will be helpful in MRD detection by MFC. For
example, SSC/cCD79a, SSC/CD19, SSC/CD10,SSC/CD34, and SSC/TdT in B-ALL,
CD99bri/SSC, cCD3/CD45dim, CD5/CD45dim, CD34and/or CD1a/SSC, and TdT/
SSC in T-ALL, CD229/CD45dim and CD138/CD45dim in MM. CD45dim/CD10 posi-
tive and/or CD34 positive and/or CD38 positive cells are not present in normal CSF
samples, so CD34 and/or CD10 and/or CD38 combined with CD45 gate method was
used for identification of CD19-negative B-ALL MRD. See Figure 1.

In addition, special attention should be paid to myeloid conversion after CAR-T
in ALL patients [66]. After CD7-CAR-T cell therapy, MRD detection may be affected
due to interference of CAR-T cells. In the case of targeted therapy with CD38, CD123,
and other markers of progenitors, attention should be paid to the phenotypic changes
of the normal blast caused by the loss of these markers during MRD detection.

2.3 Kinetics of target antigen recovery

After injection, CAR-T cells expand more than 10,000 times iz vivo. The num-
ber of amplifications and duration of presence iz vivo largely determine the efficacy
and side effects of CAR-T. The recovery of cells expressing the target antigen can
indirectly reflect the recovery kinetics of CAR-T [3, 19, 20, 34, 35, 67]. Target
antigen recovery is not evaluated alone, generally detected as part of MRD or
immunoassay [3, 19, 20, 34, 35, 67].
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Figure 1.

BM from one B-ALL patient for MRD detection by MFC, the title of each dot plot was the gate where the subplot
showed the cell. A, before CD19-CAR-T immunotherapy. The cells in ved color were malignant B lymphoblasts
with 7.66% of live cells. They were positive for CD19, CD10, CD81, TAT, and CD34part, negative for CD45. B,
30d after CD19-CAR-T. No CD10 or cytoplasmatic (c) CDy9a-positive cells were observed. C, relapsed 4 months
after CD19-CAR-T. the blast was 3.22% of live cells and consisted of four subsets. The cells in red color were the
magjor subset, positive for CD10, CD38, CD81, TdT, and cCDy9a part, negative for CD45, CD34, and CD19.

The cells in dark green color were the minor subset 1, positive for CD1o, CD19, CD38, and cCDy9a, negative for
CD4s5and CD34, not known for CD81 and TAT. The cells in dark brown color were the minor subset 2, positive for
CD10, CD38, and CD81, negative for CD45, CD34, TdT, cCD79a, and CD19. The cells in sapphire color were the
minor subset 3, positive for CD10, CD34, TdT, and cCD79a, negative for CD38, CD81, CD45, and CD19. Normal
B cells (fluorescent green color) and plasma cells (magenta color) were all CD19 partially positive.

The recovery dynamics decide the choice of detection time points. Besides CAR-T
products, the efficacy depends largely on in vivo CAR-T cell proliferation. The target
expression cells begin to recover 1-3 months after treatment, and commonly BM,
CSF, or other involved sites are selected as specimens. BM should ideally be tested
once a month for the first 6 months and at least once every 3 months for the first 6 to
12 months [1-4, 19-22, 32]. Generally, PB or CSF of patients is selected as specimens
for CAR-T cell assay and cytokines detection. Before infusion on day 0, and after
infusion on other time points, PB-related assays are frequent in the first month,
suchas4d, 7 d (optional 10 d or11d), 14 d, 28 d, 2 m, 3 m, and 6 m [1-4, 32-37].
The detection of CAR-expressing cells can be stopped after the detected values are
lower than the limit of detection (LOD) for two consecutive times. MRD and CAR-T
cell detection of CSF are performed at the appropriate time point. PB is selected
for immune assay, at least once a month for the first 6 months, and once every
3-6 months after 6 months [32-37].

Taking CD19-CAR-T treatment for B-ALL as an example, the duration of B-cell
deficiency varies greatly among different studies, generally lasting 2-3 months. The
recovery of B cells in PB is a signal of CD19-CAR-T dysfunction. In pediatric B-ALL,
recovery of B cells at 3 months suggests a high risk of relapse, possibly due to CAR-T
depletion [36, 37, 40-43].
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3. Immune-related assays

There will be an overlap of parameters in these assays. The panels are recombined for
different time points. For example, in CART product evaluation and samples were drawn
at earlier time points after CAR-T, CAR-expressing cells and other immune subsets may be
detected in the same panel. If CAR-T cells continuously decrease and are lower than LOD
twice in a row; the MFC method will no longer be used to detect CAR-T cells and the proto-
col will be changed to immune function and cytokine assays without CAR-T cell detection.

3.1 Evaluation of lymphocyte activity and function

The detection of lymphocyte activity and function by MFC mainly includes
release of cytotoxic proteins (granzyme, perforin), degranulation (CD107a),
expression of surface activation markers (PD1, CD25, CD38, HLA-DR, CD#69, etc.)
[15, 27, 36, 37], killing ability assays through apoptotic cells detection, expression
of death signal molecules (Fas-L or TRAIL) [36, 37], new kinds of nuclear dye to
stain dead and live cells in a high throughput format [36, 37, 68], and production of
various inflammatory cytokines [4, 25-30, 36, 37].

These tests mainly involve the selection of the cell source for CAR-T and the quality
evaluation of the product after successful preparation. Each study may apply a differ-
ent method, and some studies do not choose MFC method. The advantage of MFC is
that it can evaluate cell subsets and effector targets simultaneously [4, 25-30, 36, 37].

The choice of autologous or allogeneic cells for CAR-T has its own advantages
and disadvantages. Compared to allogeneic CAR-T cells, autologous CAR-T cells are
safer. However, CAR-T cell preparation may be compromised when patients have
the following conditions: elderly patients, high tumor load, multiple treatments, low
number and poor viability of lymphocytes, etc., in which case other immunothera-
peutic products may be chosen [4, 41].

After successful CAR-T preparation, not only the proportion of CAR-positive cells
affects the efficacy, but also the killing activity of lymphocytes [34-37].

3.2 Detection of CAR-positive cells

This test needs to be repeated as it involves CAR-T product quality evaluation and
dynamics assay at different time points. After successful preparation of CAR-T, qual-
ity evaluation should be carried out before the infusion. The proportion and count of
CAR-positive cells are the most important parts of them [1-4, 21-27, 34, 35]. Values
detected by MFC and qPCR are well consistent [22]. Compared with the qPCR method,
MFC may have a lower sensitivity [34]. However, MFC has unique advantages. Through
multicolor and gating technology, MFC can clearly mark the proliferate, activated, or
suppressive subgroups of CAR-T cells [36, 37, 69-75]. In rare cases, MFC can identify
CAR-positive transduced leukemic cells [76, 77]. In addition, quality testing can also be
carried out to detect other cells in the CAR-T product. The high speed, simplicity, and
low cost of MFC facilitate its application in CAR-T studies because these assays need to
be repeated.

3.2.1 Selection of CAR detection antibodies

CAR-positive cells can be detected by MFC using direct or indirect fluorescein-
labeled antibodies against their extracellular domain (ECD). Initial clinical studies used
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sheep anti-mice IgG (polyclonal anti-IgG antibodies), which was not suitable for human-
ized CAR-T. Anti-idiotype monoclonal antibodies, antigen-Fc, protein L-based assays,
and anti-linkers antibodies are commonly used CAR detection methods as well. Each
method has different properties and shortcomings. For example, the anti-IgG antibodies
and protein L have higher reagent stability but lower specificity to CAR, and antigen-Fc
and anti-idiotype antibodies can detect CARs with very high specificity [36, 37, 69-75].
At present, most CAR protein detection antibodies are customized by CAR-T
companies resulting in a lack of standardization in the assay. Therefore, an extremely
strict quality control is needed for MFC. Firstly, since CAR is an unknown antigen
and CAR-positive cells may have a high background because CAR-T cells are often
large activated cells, the effect of compensation and fluorescence spillover should be
eliminated by fluorescence minus one (FMO) in panel design. Secondly, fluorescence
with high brightness should also be selected to reduce the possible false negative
results caused by dim fluorescence. Third, in addition to the traditional isotype nega-
tive control, a group of cells processed with the same method but without transduc-
tion should be added as biological control, while successfully constructed CAR-T cells
as a positive control, especially for those with low fluorescence intensity or without
a gap between negative and positive cells. Fourth, the exclusion of dead cells and
nonspecific binding are carried out by different methods, such as using dead/living
cell dyes to exclude dead cells, CD14 to exclude monocytes, and Fc receptors block-
ing reagent or serum/IgG to eliminate nonspecific binding of IgG1 and IgG2a to Fc
fragments. Fifth, the performance of new lots/shipments of antibodies and reagents
should be compared with old ones to minimize inter-lot and even inter-shipment
differences, which is more important for polyclonal antibodies. Sixth, in addition
to strict quality control of MFC, it should also be compared with the qPCR method
at the beginning of the study. Last but not the least, it is necessary to use the same
antibody panel in one study [21-27, 36, 37, 69-75].

3.2.2 Cellular kinetics at different time points

After infusion, CAR-T kinetic detection is an important indicator to evaluate
its effectiveness and safety. Although a big variety exists in different CAR-T and
different studies, regular changes in CAR-T kinetics can be observed. For example,
CAR-T cells begin to proliferate in vivo 4 days after CD19-CAR-T treatment, peak at
7-19 days, and most of them recover around 28-60 days [1-4, 21, 22]. The indicators
reflecting CAR-T cell kinetics include direct (the proportion and number of CAR-
positive cells, and concentration of corresponding cytokines) and indirect one (the
recovery kinetics of target antigens on cells mentioned in 2.3 above).

At present, data from many clinical trials show that CAR-T proliferation iz vivo is
significantly related to the therapy effect. Compared with patients with ineffective
treatment, patients with effective treatment have a much higher CAR-T cell prolifera-
tion peak and the area under the curve (AUC) within one month of CAR-T infusion
[32-37]. CAR-T < LOD is associated with B-cell recovery, and the consistent result of
MFC and PCR has been verified in many studies [21-26, 33-37].

3.2.3 Composition of CAR-positive cells

MFC can detect the subsets of CAR-T cells (CD4 or CD8), including differentia-
tion (naive, memory, and effector), activation (expression of activation markers),
and inhibitory receptors (PD1, Tim3, LAG3, CTLA-4, and TIGIT). These markers
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may correlate with clinical responses. However, the results of testing the proportion
and number of CAR-positive cells in patients at different time points vary greatly.
Therefore, the panel varies according to them.

Generally, a relatively detailed panel is chosen when the quality of the product is
evaluated before infusion and when the proportion of CAR-positive cells is high in
the early post-CAR-T infusion period. However, the basic panel may be chosen for the
consideration of price, sample size, and the low concentration of CAR-positive cells.
Taking CD19-CAR-T as an example, the basic panel may include CD4, CDS8, CD3,
CD19, CD16 + CD56, CD45, CAR, and CD14, to evaluate the common lymphocyte
composition, CD4/CD8 ratio, residual CD19-positive cells, and recovery kinetics, in
addition to accurate detection of CAR-positive cells. Further assays include CD25/
CD127 for CD25dim/CD127+ regulatory T cells (Treg) and CD25 high-activated cells.
The different effector and memory T subsets are evaluated by using CCR7 (CD197)
and CD45 RA, such as naive T cells (TN, CD197+/CD45RA+), central memory T cells
(TCM, CD197+/CD45RA-), effector memory T cells (TEM, CD197—-/CD45RA-),
and effector T cells (TEFF, CD197—/CD45RA +).

If further evaluated, CD38/HLA-DR assay for activated T cells will be added, and
CD38+ or HLA-DR + or double-positive (DP) activated subsets can be acquired. Stem
cell memory-like T cells (TSCM) expressing markers, such as CD45RA, CCR7 (optional
CD62L), CD95, CD27, CD28, CD127, CD11adim, and lacking CD45RO, these cells can
be detected by simply adding CD95 to CD197/CD45RA panel. Studies have shown that
TSCM has the ability to self-renew and differentiate [22-27, 78]. The immune composi-
tion of CAR-T products is associated with antitumor efficacy, and CAR-T cells with TN,
TSCM, and TCM phenotypes have been found to have longer iz vivo persistence and
higher antitumor efficacy [32-37]. After infusion, CAR-positive cells are mainly TEM in
the expansion phase, which will last in a long term, and TN begins to appear later [22].

It has been found that specific populations of the donor T cells identified by MFC
can predict the prognosis, especially T subsets that co-express certain suppressive
signals. Finney [36] found that increased frequency of LAG-3+/TNF-alow CD8+ T
cells in PB apheresis product was related to relapse of pediatric B-ALL patients treated
with anti-CD19 CAR-T.

High expression of target antigens by tumor cells can effectively stimulate CAR-T cell
proliferation [36, 37], but high tumor load is in turn a poor prognostic factor for CAR-T
[40, 41], the paradox may be caused by the expansion of certain CAR-T subpopulations
expressing inhibitory signals hindering CAR-T cell expansion in vivo [36, 37, 77, 78].

3.2.4 Detection of other cells

At present most CAR-T cells are derived from the patient’s own immune cells,
and although most patients’ tumor cells will die during iz vitro culture, there will be
some cases in which the tumor cells remain alive or even survive off-target [75-77].
Therefore, a rigorous MRD test of tumor cells should be performed in the quality
evaluation of the product. The MRD panel and data analysis should be performed
according to the method described in 3.2 above.

3.2.5 Absolute counts of CAR-positive cells

Absolute counting of CAR-T cells can be performed using either a single- or
dual-platform method, where the single-platform can be done using the volumetric
method or the absolute counting microbeads method [79].
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The single-platform method is considered to be more accurate than the dual-
platform method and requires less sample volume. However, since the single platform
method cannot be washed, there may be a high background signal or failure to
correctly detect some antibodies or fluorescent dyes. Therefore, any method can
be chosen, but use the same method in a total clinical study, including multicenter
studies.

The quality control of CAR-T cell enumeration is referenced to that of CD34+
hematopoietic stem cells [15, 79], with a minimum collection of 100 positive cells, and
the LOD and lower limit of quantitation (LLOQ) for MRD assays should be verified.
Mostly more than 1,000,000 events are recommended to acquire for detailed analysis
of CAR-T cells when the percentages are high, and for accurate enumeration at later
time points when the percentages may be down to less than 10™* [15, 16, 19, 20]. In the
lymphocyte ablation phase, as many as possible cells are acquired, and a minimum of
100,000 cells is recommended [15, 22-26].

3.3 Immune cell subsets

Immune cell subset detection has many similarities and overlaps with CAR-T cell
detection. Therefore CAR-positive cells can be detected along with the immune cell
subset detection before infusion and early days after CAR-T treatment. When CAR
expression cells cannot be detected twice in a row, immune subset detection will last
for alonger time without CAR antibody [15, 22-26].

Because CAR-T is a kind of immunotherapy, including the specific killing of target
antigen-positive cells and nonspecific killing of CAR-negative cells, there is a positive
and negative regulation balance between efficacy and side effects. Nowadays 8 or
more colors panel are recommended to analyze detailed subsets in CAR positive and
negative parts with a similar panel [15, 22-26].

The titration of all monoclonal antibodies is highly recommended before perform-
ing actual experiments. An isotype control should be used at the same concentration
of the antibody of interest. DAPI or 7AAD or other dye to distinguish live or dead
cells may be added. In addition, with the development of immunology, the different
configuration of instruments, and the intersection of various antigens, the antibody
combination to define the same functional subgroups in different studies maybe not
the same, and the detection panels are also very heterogeneous [15, 22-26]. Therefore,
it is necessary to adopt a consistent panel in a study, especially a multicenter study.

3.4 Cytokine detection
3.4.1 Cytokines

Due to different processes and cell sources of CAR-T, different cytokines may be
produced. For example, CAR-T from PB CD3+ T cells may lead to the formation of
multiple cytokines. CD4+ T cell-related factors are IL-2, IL-4, IL-5, IL-10, IL —13,
and IL-17, while CAR-T from CD8+ T cells mainly produces IFN-y, TNF-a, perforin,
and granzyme B. CAR-T proliferation and efficacy are related to most important
cytokines, so cytokine detection is an important assay for quality evaluation of the
product in development process and CAR-T efficacy evaluation after the immuno-
therapy [26-30, 36, 37, 80, 81].

However, the toxicity of CAR-T is always along with its effectiveness. The most
common toxic side effects are cytokine release syndrome (CRS). CRS is caused by the
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release of a large number of inflammatory factors by activated immune cells. IL-6, IL-1,
and IFN-y are all related to CRS. Any CAR-T or other immune cells that cause IFN-y to
elevate will aggravate CRS, which is more obvious in CRS level > 3 [26, 27, 36, 37, 41].
Each CAR-T study uses cytokines to evaluate the activation characteristics of T cells,
and basically includes IL-6, IFN-y, TNF-a, and IL-2. The selection of other cytokines
varies from study to study, including IL-1RA, IL-1, IL-4, IL-5, IL-8, IL-10, IL-12,
IL-13, IL-15, IL-17, IL-18, IL-21, IL-22, IL-23, IL-31, IL-36, monocyte chemoattractant
protein (MCP)-1, perforin, granzyme B, erythropoietin, granulocyte/macrophage
colony-stimulating factor (GM-CSF), soluble CD25, (sCD25), ferritin, CCL20, REG3a,
ST-2, TNFRI, and elafin [1, 4, 26-30, 36, 37, 80, 81].

3.4.2 Cytokine detection method

Although some studies used enzyme-linked immune sorbent assay (ELISA)
[31, 34] or ELISpot assay [82], recently MFC has been used in CAR-T cytokine
detection with requirements for more cytokines, or subsets that secrete cyto-
kines. Cytometric bead array (CBA) [28] or couple intracellular cytokines stain-
ing [29, 30, 36, 37] are two main kinds of cytokines assay methods by MFC, and
each has its own advantages and disadvantages. The advantages of CBA are fast,
simple, sensitive, repeatable, flexible, and high throughput, which can detect
dozens of cytokines in a short time with rare samples [28]. However, the unique
advantage of intracellular cytokines staining lies in the simultaneous detection of
cellular immunophenotyping and intracellular cytokines, and it is the only one to
allocate cytokines to subsets without the help of cell isolation [29, 30, 36, 37].

Clinical studies can choose one of them, but a complete study, especially a multi-
center study, should use the same method from beginning to end because there is a
lack of comparability between different methods.

3.5 Tumor microenvironment and immune checkpoint detection

TME is a complex network of local immune cells, stromal cells, signaling mol-
ecules and cytokines secreted by these cells. In the study of solid tumors, signal
networks represented by PD1 and PDL1 have achieved remarkable results in mecha-
nism research and immunotherapy [13, 14, 36, 37, 54]. The immune microenviron-
ment of hematologic malignancies is more complicated. MFC can detect a variety of
immune cells and immune signals, so it has become the main research tool in this field
in recent years [22-27, 36, 37].

The biggest problem of CAR-T is resistance and relapse [1-7], involving a variety
of complex mechanisms [8-14, 34, 35, 40, 41, 66, 67, 72-78], among which the study of
immune-suppressive signals and immune microenvironment has been the focus of
attention in recent years: (1) T-cell exhaustion, effector T-cell reduction, and the
increased expression of inhibiting receptors. The high expression of LAG-3 and PD-1
and low expression of TNF-a in CD8+ T cells are associated with CAR-T loss of function,
which will reduce the antitumor ability of CAR-T cells and lead to CD19-positive relapse.
Target expression cell recovery in PB is a signal of the weakening of CAR-T cell func-
tion. CAR-T exhaustion is one of the factors. In some studies, exhaustion-related signals,
such as PD1 (CD279), LAG-3(CD223), CTLA-4(CD152), and Tim3 (CD366), are
included in the CAR-T detection panel, hoping to find the role of immune checkpoints,
and trying to relieve the inhibitory signals by targeted drugs, such as PD1 monoclonal
antibody or PDL1-CAR-T, to acquire long-term OS [13, 14, 54, 72-78]. (2) Immune aging
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and age-related T-cell quality. With the introduction of theories about immune age and
immunosenescence, as well as the discovery of age-related CAR-T cell phenotypes,
studies begin to include immunosenescence-related markers. Senescent T cells exhibit
some phenotypes, including downregulation of CD27, CD28, and upregulation of CD57,
KLRG-1, Tim-3, TIGIT, and CD45RA [83]. The emergence of these phenotypes is a
signal of the weakening of CAR-T cells [22-27]. (3) Other signaling-related studies on
the antagonization of the CAR-T function. When CD19-negative tumor recurrences,
tumor cells may have high expression of CD123, and CD123-CAR-T cell therapy may be
effective; it may be related to the increased expression of Bcl-2. Thus, monitoring Bcl-2
in tumor cells and Bcl-2 antagonist treatment in Bcl-2 highly expressed patients may be
effective [72-78]. (4) Inhibitive BM microenvironment. Myeloid-derived suppressor
cells (MDSC), TAMs, and Treg inhibit CAR-T cell proliferation and function. Detecting
these inhibitory signals through MFC contributes to the CAR-T mechanism research.
Blocking these signals can restore lymphocyte function. Combined CD30-CAR-T and
anti-PD-1 therapy have showed promising results in CD30-positive lymphomas [54].
Similar to immune subsets, there are also some differences in the panels of
TME and immune checkpoints. CD15/CD33/CD11b/HLA-DR/CD16/CD4/CD14/
CD45 is one recommended panel to detect MDSC subgroups, and CD27, CD28,
CD57, and PD1 (optional LAG-3, CTLA-4, and Tim3) may be simple supple-
ments to common immune subsets panel for immune checkpoints and immu-
nosenescence [22-27]. CD123 and Bcl-2 should be added to MRD panel. Similar
to the previous requirements, it is necessary to perform quality control, stick
to same panel, and keep a high degree of standardization, stability, and good
reproducibility.

4. Advancement in MFC promote CAR-T study

As technology advances, MFC evolves toward more and more channels, of
which mass cytometry and full spectral flow cytometry are two major trends
[27, 84]. The traditional MFC is limited by fluorescence channels, so the tumor-
related and immune-related assays are basically carried out separately. In future,
with the introduction of more than 20 or even 40 multiparameter MFC, it will
realize one complicated panel to simultaneously finish the above-related assays,
saving costs and samples, and more importantly, obtaining geometric growth of
big data information [27, 84].

Other MFC-related latest advances, such as single-cell sequencing, high-dimen-
sional data analysis, and artificial intelligence, will also enter the field of CAR-T
research with the application of MFC in CAR-T. These new advances will certainly
promote the realization of MFC-assisted CAR-T efficacy-related factor analysis and
obtain standardized treatment formula.

Therefore, with the improvement of more clinical information and more detailed
MFC data, it is possible for us to obtain a formula for the best performance of CAR-T.
We can obtain the prediction of each patient by bringing the number of malignant
cells in different patients with different tumors, the sum of all tumor antigen
expressions, immunosuppressive signals, and the immune-stimulative and immune-
suppressive components of CAR-T subsets into the formula. If the corrective strate-
gies of various inhibitory factors are added to the formula, it is expected that in future
we will provide a standardized prediction of prognosis and treatment guidance for
obtaining the best curative effect of CAR-T therapy.
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5. Conclusion

MFC plays a pivotal role in every step of the clinical and development process of
CAR-T. The repeated validation of MFC assays with clinical efficacy may obtain the
best data in future, which will promote the CAR-T study, to obtain the longest in vivo
proliferation and duration of CAR-T, the best CR rate, the lowest side effects, and the
highest survival rate.
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Appendices and nomenclature

ALCL anaplastic large cell lymphoma

ALL acute lymphoblastic leukemia
allo-HSCT allogeneic hematopoietic stem cell transplantation
AML acute myeloid leukemia

AUC area under the curve

CAR chimeric antigen receptor

CAR-T chimeric antigen receptor-modified T-cell
CBA cytometric bead array

CR complete remission

CRS cytokine release syndrome

CSF cerebrospinal fluid

DP double positive

ECD extracellular domain

ELISA enzyme-linked immune sorbent assay
FMO fluorescence minus one

GM-CSF granulocyte/macrophage colony-stimulating factor
HL Hodgkin lymphoma (HL)

LLOQ lower limit of quantitation

LOD lower limit of detection

LPD lymphoproliferative disease

MdFI median fluorescence intensity

MDSC myeloid-derived suppressor cells
MFC multiparametric flow cytometry

MFI mean fluorescence intensity

MRD minimal residual/measurable diseases
(ON] overall survival

SOPs standard operating procedures

TCM central memory T cells

TEFF effector T cells

TEM effector memory T cells

TME tumor microenvironment

TN naive T cells

Treg regulatory T cells

TSCM stem cell memory-like T cells
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Abstract

Immune checkpoint inhibitors (ICIs) are a type of cancer immunotherapy
that has provided a tremendous breakthrough in the field of oncology. Currently
approved checkpoint inhibitors target the cytotoxic T-lymphocyte-associated protein
4 (CTLA4), programmed death receptor-1 (PD-1), and programmed death-ligand
1(PD-L1). One of the most known complications of these advances is the emergence
of a new spectrum of immune-related adverse events (irAEs). In this chapter, we will
focus on selected rare or very rare irAEs, shedding the light on the other side of the
coin of personalized cancer immunotherapy. We will also discuss general manage-
ment approach of irAEs with an in-depth look on each one of these rare irAEs. The
chapter will also cover principles of immunotherapy rechallenge post-occurrence
of irAEs, and the impact of irAEs incidence on the efficacy of ICI. We will discuss
some of the rare or very rare irAEs including cutaneous irAEs, immune-mediated
Hypophysitis, hematological irAEs, ophthalmic irAEs, checkpoint inhibitor pneumo-
nitis (CIP), neurologic irAEs, infectious irAEs, and cardiac irAEs. This chapter tried
to highlight the significance of identifying emerging rare and very rare irAEs while
considering initial assessments and management approaches identified in various
clinical practice guideline and primary literature data.

Keywords: immune checkpoint inhibitors, adverse effects, pharmacovigilance, rare,
irAEs, cancer immunotherapy
1. Introduction

Immune evasion or the ability to evade immune recognition is one of the hallmarks
of cancer growth. Cancer cells are able to spread uninhibited by avoiding detection

[1] and from that prospective immunotherapy medications were developed and
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revolutionized the field of oncology. They have been considered the most important
development in cancer treatment over the past decade. With recent advancements in
immunology and cancer biology, new classes of immunomodulatory therapy have
been developed to aid tumor management [2]. Among the most important targeted
pathways of this line of therapy is the inhibition of the cytotoxic T-lymphocyte-
associated protein (CTLA-4) and programmed death-1 (PD-1) immune checkpoint.
Numerous studies have highlighted the significantly improved survival with the use
of immunomodulatory therapy in locally advanced and metastatic cancers including
melanoma, lung cancer, urothelial cancer, gastric cancer, renal and hepatocellular
carcinoma, and other solid tumors. Trials in other malignancies are ongoing, and
undoubtedly the number of drugs in this space will grow beyond the drugs currently
approved [2].

Current approved immunotherapy agents are nivolumab, pembrolizumab,
cemiplimab, and dostarlimab; all which target PD-1. Moreover, atezolizumab, ave-
lumab, and durvalumab, all of which target programmed death lingand-1 (PDL-1).
While ipilimumab is the only drug that targets CTLA-4 [3]. One of the most known
complication of these advances is the emergence of a new spectrum of immune-
related adverse events (irAEs). Such toxicities are known to be distinctly different
from classical chemotherapy-induced adverse events [4-7].

2. Mechanism of immune-related adverse events

The mechanism of irAEs remains unclear; however, it is believed to be related to
the immune dysregulation caused by immune checkpoint inhibitors (ICI) [8]. Four
potential mechanisms leading to the development of irAEs have been postulated.
Firstly, increasing T-cell activity against antigens that are present in tumors and
healthy tissues. Secondly, increasing levels of pre-existing autoantibodies. Thirdly,
increasing level of inflammatory cytokines. Finally, the direct binding of an antibody
against CTLA-4 with CTLA-4 expressed on normal tissues that results in enhanced
complement-mediated inflammation [7, 9].

irAEs occur in nearly 90% of patients who are receiving CTLA-4 inhibitors, 70%
of patients who are receiving anti-PD-1 or anti-PD-L1, and approximately all patients
treated with combined therapy [10-19]. Severity of most of the reported irAEs is
grade 1-2. For patients treated with CTLA-4 inhibitors, irAEs mostly involve the
skin (44%), gastrointestinal tract (35%), endocrine system (6%), and liver (5%).
Although severe irAEs remain rare, they can become life-threatening if not antici-
pated and managed appropriately [10-20].

The frequency of treatment-related adverse events in general was classified by the
World Health Organization as follow: common toxicities arise at the rate of >1% (>1
in 100), uncommon toxicities of 1-0.1% (1 in 100 to 1 in 1000), rare toxicities at a rate
of 0.1-0.01% (1in 1000 to 1in 10,000), and very rare toxicities at a rate of less than
0.01% [21].

In this chapter we will focus on selected rare or very rare irAEs, shedding the light
on the other side of the coin of personalized cancer immunotherapy. We will also
discuss general management approach of irAEs with an in-depth look on each one
of these rare irAEs. The chapter will also cover principles of immunotherapy rechal-
lenge post occurrence of irAEs, and the impact of irAEs incidence on the efficacy
of ICL.
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3. General treatment approach of immune-related adverse events

In general, treatment is based on the severity of the observed toxicity defined accord-
ing to Common Terminology Criteria for Adverse Events Version 5.0, (CTCAEs v5)
[22]. For most of patients with moderate (grade 2) irAEs, treatment with ICI should be
withheld and should not be resumed until toxicity becomes grade 1 or less. In addition,
systemic glucocorticoid should be started if symptoms did not resolve within 1 week.
For patients with severe (grade 3) or life-threatening (grade 4) irAEs, treatment with ICI
should be permanently discontinued and higher doses of systemic glucocorticoid should
be given. Glucocorticoids can be tapered gradually over a minimum duration of 1 month
when symptoms subside to grade 1 or less. Use of other immunosuppressive agents such
as infliximab, vedolizumab, mycophenolate mofetil can be considered in case of refrac-
tory toxicity to glucocorticoids [5, 20].

4. Principles of immunotherapy rechallenge post occurrence of
immune-related adverse events

Caution should be considered upon resumption of immunotherapy especially after
asevere irAE. After rechallenging with ICI, close follow-up should be performed to
monitor for symptoms recurrence [23]. Permanent discontinuation of the ICI is war-
ranted if the ICI is re-challenged and toxicity recur [5, 24, 25]. Prior to re-challenge,
patient’s tumor status should be assessed. Due to risk of toxicity recurrence following
the resumption of the ICI, re-challenge can be considered if the response was partially
or fully achieved [26]. A consultation with the irAEs designated specialists might be
appropriate before immunotherapy re-challenge.

5. Association of immunotherapy toxicities with efficacy in patients
treated with immune checkpoint inhibitors

After a comparison between patients with and without irAEs, it has been noticed
that irAEs are associated with either improved efficacy of immunotherapy in terms
of favorable response rates and prolonged survival or similar efficacy [27-29]. The
interpretation of this finding is that the immune system is sufficiently activated to
target patient’s cancer and further cause irAEs [30].

In a retrospective analysis that assessed nivolumab efficacy in melanoma patients,
treatment-related adverse events of any grade were associated with higher tumor
objective response rate (ORR), but no progression-free survival benefit [31]. In
patients receiving anti PD-1 or anti PD-L-1 medications an analysis was done on
seven trials including 1747 patients on the association between adverse events and
outcome, an increase in overall survival was seen in patients with reported adverse
events compared to those with no related immune mediated adverse events [27]. It
was also concluded in this trial that the relationship between outcome and reported
adverse events did not seem to be due to the increased duration of exposure in
responding patients [27]. Nevertheless, in a retrospective multicenter study, cumula-
tive time-adjusted risk of disease progression and cumulative time-adjusted risk of
death according to both the early-irAEs (<12 months) and late-irAEs (>12 months)
occurrence revealed no statistically significant differences [29].
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While in case of high grade rare irAEs; grade 3 or more rare irAEs were associated
with inferior overall survival and no impact on PFS [32].

From our point of view, more studies should be done to have a solid conclusion
regarding the correlation between immunotherapy toxicities and their favorable
impact on patients.

In this chapter we will discuss some of the rare or very rare irAEs including
cutaneous irAEs, immune mediated Hypophysitis, hematological irAEs, ophthalmic
irAEs, checkpoint inhibitor pneumonitis (CIP), neurologic irAEs, infectious irAEs
and cardiac irAEs.

6. Cutaneous immune-related adverse events

Cutaneous irAEs might affect more than half of patients receiving ICI [12]. They
are considered the most common toxicity in patients receiving immunotherapy, and
out of all irAEs, cutaneous toxicities usually manifest first [33, 34]. The most widely
reported dermatological toxicities are inflammatory skin reaction, rash, pruritus,
and vitiligo. Rates of cutaneous irAEs were mostly similar in patients receiving anti-
PD-1 antibodies and those receiving anti- CTLA-4 antibodies [33]. Severe irAEs were
reported more frequently with combination therapy of anti-PD-1 plus anti-CTLA-4
than with monotherapy with either class of agents [35].

The spectrum of irAEs can be categorized into auto-inflammatory and auto-
immune responses. Auto-inflammatory side effects are usually nonspecific upregu-
lations of the innate immune system. However, most of the cutaneous irAEs are
autoimmune responses. Thus, they represent a more specific activation of adaptive
immunity [33]. Cutaneous, autoimmune diseases occur more frequently with anti-
PD-1/programmed cell death ligand 1 (PD-L1) than with anti-CTLA-4 therapy [32].

A pooled analysis of mucocutaneous irAEs revealed rare toxicities including urti-
caria, photosensitivity reactions, xerosis, stomatitis, changes in hair color, alopecia
areata and hyperhidrosis [33]. Other reported cutaneous presentations included:
ICI-induced dermatomyositis, drug response with eosinophilia and granulomatous,
lichenoid, panniculitis-like and lupus-like reactions [36, 37]. For patients with
psoriasis, episodes of exacerbation have been reported in patients receiving pembro-
lizumab, nivolumab or durvalumab [38]. In a single centre experience rare derma-
tological irAEs were reported as single cases of pemphigoid and bullous dermatitis
respectively [32]. Other reported cutaneous irAEs that occurred rarely were vasculi-
tis, neutrophilic dermatosis, erythema nodosum [39-41]. Keratoacanthoma specifi-
cally pembrolizumab induced keratoacanthoma type squamous cell carcinoma was
reported with a description of eruptive or reactive morphologies [42]. Severe cutane-
ous irAEs are considered rare. They include Stevens-Johnson syndrome (SJS), toxic
epidermal necrolysis (TEN), drug reaction with eosinophilia and systemic symptoms
(DRESS), and acute generalized exanthematous pustulosis (AGEP) [43-46].

7. Treatment of cutaneous immune-related adverse events

The treatment of cutaneous irAEs follows the standard treatment of irAEs.

Treatment of mild to moderate pruritis or maculopapular rash is topical emollient,
oral antihistamine for pruritus, and topical steroids to affected areas. For moderate
cutaneous toxicities, if unresponsive to topical steroids within 1 week, prednisone
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0.5 mg/kg/day should be considered [38]. Treatment of severe cutaneous irAEs
include the administration of topical and systemic steroids and dermatology consulta-
tion. For patients with severe pruritis, gabapentinoids and phototherapy can be con-
sidered, intravenous immunoglobulin (IVIG) can be given to severe cases of bullous
dermatitis, TEN and SJS [5]. Conservative treatment with cryotherapy, intralesional
steroids, electrodessication, curettage, and excision were done for patients having
keratoacanthoma [42].

Grade 1 and 2 cutaneous irAEs do not require holding the ICI. However,
Immunotherapy should be held in case of severe cutaneous toxicities. In case of severe
or life-threatening bullous disease, SJS or TEN. ICI should be permanently discontin-
ued [5]. ICI can be re-challenged if the patient’s symptoms have resolved to < grade 1.
However, permanent discontinuation of immunotherapy should be warranted in the
setting of severe or life-threatening bullous disease (grade 3-4), including all cases of
SJS and TEN [5].

8. Immune mediated hypophysitis

It is not uncommon for patients receiving immunotherapy to suffer from endo-
crinopathies, the most common is hypothyroidism [4]. Central adrenal insufficiency
and autoimmune diabetes mellitus are extremely rare adverse events related to ICI.
Central adrenal insufficiency can be life threatening when it is severe as it is associated
with severe electrolyte disturbance, dehydration, and hypoglycemia [7, 32, 34, 47, 48].
Another well-known endocrine irAE is hypophysitis. Hypophysitis is the inflamma-
tion of the pituitary gland (the anterior lobe of the hypophysis) [49].

Hypophysitis was known to be a rare condition, however, with ICI therapy it has
become more common [50]. The incidence of hypophysitis was found to be more in
patients receiving anti-CLTA-4 therapy as compared to patients receiving anti-PD-1
therapy [51]. It has been reported that hypophysitis occurs in up to 10% of patients
receiving anti-CTLA-4 therapy [50, 51]. This might be because pituitary cells can
express CTLA-4, thus, anti-CTLA-4 therapy can cause direct damage to the pituitary
gland [52, 53]. Furthermore, the incidence of hypophysitis increases with combi-
nation ICI therapy compared to ICI monotherapy [50, 51]. Beside the type of ICI
therapy, male gender is another risk factor for hypophysitis mainly with anti-CTLA-4
[54]. The onset of hypophysitis is typically 2-3 months after initiation of ICI therapy,
however, it may occur even later, and it has been reported 19 months after initiation
of therapy [55].

Hypophysitis is generally manifested with vague symptoms. These symptoms
include mild fatigue, arthralgias, and behavioral changes. Severe headache and visual
changes may also occur. Because the symptoms are non-specific, hypophysitis might
be under-diagnosed [5, 20].

Since enlargement of the pituitary gland is rare, the diagnosis of hypophysitis is
recommended to be based on clinical presentation and hormonal evaluation rather
than imaging [56]. The main consequence of ICI Hypophysitis is deficiency in one or
more pituitary hormones. The most reported deficiencies are central adrenal insuf-
ficiency, central hypothyroidism, and hypogonadotropic hypogonadism. Around
80% of patients with ICI-induced hypophysitis present with one or more of these
deficiencies [52, 53, 55].

Hypophysitis grading depends on the severity of symptoms and can be divided
into asymptomatic or mild, moderate but hemodynamically stable, and severe mass
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effect or severe hypoadrenalism. Hypophysitis is managed according to the symptoms
and hormonal deficiency identified upon presentation. Asymptomatic and mild
vague symptoms with no headache does not indicate an interruption of ICI therapy.
In such patients, ICI therapy is continued with appropriate hormonal replacement
therapy (HRT). On the other hand, patients with mild symptoms (no visual distur-
bance and no electrolyte imbalance) but hemodynamically stable are recommended
to withhold ICI therapy. In addition, oral prednisolone might be initiated. Finally,

for severe mass effect symptoms or severe hypoadrenalism, holding ICI therapy and
starting IV prednisolone are recommended. In most cases, ICI therapy can be contin-
ued. However, most of the patients will require long-term HRT [5, 20, 57].

9. Hematological immune-related adverse events

Hematological irAEs are considered rare in patients receiving ICIs, however, a
variety of hematological related toxicities have been reported [58]. These include
antibody-mediated hemolytic anemia, thrombotic thrombocytopenic purpura,
acquired hemophilia A, autoimmune neutropenia, pancytopenia and autoimmune
thrombocytopenia [59-64]. Interestingly, cross-reactions that provoke autoimmune
thrombocytopenia after sequential treatment with nivolumab and ipilimumab have
been described, this might indicate that the same or similar irAEs might re-emerge on
subsequent treatment with a different class of agents [64].

A worth mentioning extremely rare adverse effect is hemophagocytic lymphohis-
tiocytosis (HLH) as it is life threating with a high mortality rate and considered to be
a serious complication [65]. Therefore, a patient presenting with severe inflammatory
syndrome with associated fever, cytopenias and splenomegaly should prompt a full
clinical work- up, including analysis of bone marrow aspirates and/or biopsy samples
for the presence of hemophagocytic signs [65].

10. Ophthalmic immune-related adverse events

Ophthalmic toxicity induced by ICI occur in less than 1% of patients treated with
ICI therapy [66]. Ocular irAEs can be divided into ocular inflammation, orbital
inflammation, and retinal and choroidal disease [67]. The most common ocular irAEs
are dry eyes and uveitis. Dry eye syndrome could be severe enough to cause corneal
perforation. Uveitis is a type of ocular inflammation and might be anterior, posterior,
or panuveitis. Symptoms of uveitis include eye redness, pain, floaters, photophobia,
and blurred vision [68]. In patient treated with ICI therapy, dry eye syndrome occurs
at a rate of 1-24%. While the incidence of uveitis caused by ICI therapy is reported to
range from less than 1% up to 6% [66, 69].

The risk factors of ocular toxicity induced by ICI agents include the type of ICI
and the type of cancer [66]. Clinical cases reported that patients on anti-CTLA-4
agents showed higher incidence and severity of ophthalmic toxicity as compared to
patients on PD-1/PDL1 inhibitors [67, 70]. Furthermore, ocular toxicity was found to
occur more often in melanoma than other solid cancers. This can be explained by the
fact of the presence of cross-reactivity between normal choroidal melanocytes and
malignant melanoma [70].

Ocular toxicity should be properly recognized and accurately managed because
untreated ocular toxicities may lead to vision loss [71, 72]. The treatment of ocular
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toxicity depends on the severity of the side effect. Anterior uveitis is treated using
topical corticosteroids. While more severe side effects such as ocular inflammation
and orbital inflammation are indications for systemic corticosteroids. Artificial tears
and other over-the-counter medication can be as symptomatic treatment when it is
clinically indicated [5, 68].

11. Immune mediated pneumonitis

One of the worrisome irAEs is the checkpoint inhibitor pneumonitis (CIP). CIP is
a term used to refer to pneumonitis induced by ICI. CIP is defined as the occurrence
of respiratory signs or symptoms related to new emerging inflammatory lesions
viewed on chest computed tomography (CT) after ICI treatment and after exclusion
of pulmonary infection, tumor progression, and other reasons [73].

The incidence of CIP was reported to be between 3% and 5% with a fatality rate
between 10% and 17%. However, a higher incidence of pneumonitis was noted in
patients with non-small cell lung cancer (NSCLC) and renal cell carcinoma (RCC)
and in patients treated with combination therapy [74, 75]. The median time to the
onset of CIP is approximately 2.8 months post-initiation of ICI, and the overall range
spans from 9 days to 19.2 months [76].

Some risk factors may predispose patients to develop pneumonitis with ICI
therapy. An example of these risk factor is the type of ICI therapy. Patients receiving
anti-PD-1 were found to be at increased risk of CIP as compared to patients on anti-
CTLA-4 inhibitors. Other risk factors include combination therapy, cancer’s primary
site, and prior thoracic radiotherapy. In addition, recent literature indicates that a
history of asthma and/or smoking may increase the risk of CIP [9, 77].

CIP can manifest as acute, subacute, chronic, and occult. Dyspnea, cough, and
decreased activity tolerance are the most common symptoms of CIP. Sometimes,
patient may present with chest pain or fever. For patients presenting with fever, the
possibility of infectious pneumonia must be excluded. The main signs of CIP include
elevation of inflammatory markers such as C-reactive protein and erythrocyte
sedimentation rate in most cases. In some patients, velcro crackles can be heard in the
lungs on physical examination [73, 74, 76].

The grading of CIP is mainly based on the severity of signs and symptoms. Grade
1 (G1) is referred to asymptomatic or clinically observed CIP only. When common
symptoms occur such as shortness of breath and cough, pneumonitis would be graded
as grade 2 (G2). While grade (G3) is referred to pneumonitis manifested as severe symp-
toms that are limiting the activities of daily living. Finally, life-threatening difficulty in
breathing would be defined as Grade 4 (G4) pneumonitis [5, 68, 70].

The main therapeutic modality for CIP is corticosteroids as recommended by
guidelines on immunotherapy-related toxicity. If no remission is observed after
48 hours, the specific management approach based on the grade should be fol-
lowed. G1 pneumonitis is managed by delaying the immunotherapy and monitor-
ing symptoms every 2-3 days; in case of worsening, it should be treated as grade
2. While G2 pneumonitis is treated by withholding ICI therapy and initiating an
empirical antibiotic in case infection is suspected. If there is no evidence of infec-
tion and no improvement occurred within 48 hours, prednisone should be added;
if there is no improvement, it should be treated as G3. In G3 and G4 pneumonitis,
ICI therapy should be permanently discontinued, and patient should be admitted
to the hospital and should be covered with empirical antibiotic. In case there is
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worsening or no improvement after 48 hours, IV steroids should be continued, and
initiation of infliximab (or mycophenolate mofetil in case of hepatic toxicity) is
recommended [5, 68, 76, 78, 79].

The decision to reintroduce the same ICI therapy in a patient who has recovered
from CIP must be made based on the individual agent, the severity of the reaction,
and the availability of alternative therapies. Patients with G2 pneumonitis can be
re-challenged with the same ICI therapy once symptoms are resolved. However,
these patients must be monitored closely and more frequently. Mainly all patients
with history of CIP require careful and close monitoring because recurrent CIP has
been observed in some patients even if they have not been re-challenged with ICI
therapy [23, 26, 57].

12. Neurologic immune-related adverse events

Some irAEs such as neurological toxicities recognition and diagnosis is very chal-
lenging [80]. There are limited reported data describing neurological manifestations
associated with ICI use, with extrapolated incidence of 1-5% highlighting difficult
neurotoxicity recognition and possible underreporting [81, 82].

Commonly reported immune relates neurological or neuromuscular toxicities
included myasthenia gravis, peripheral neuropathy, multiple sclerosis, Guillain-
Barre syndrome, immune-medicated myopathies and encephalitis/meningitis
[62, 63, 81-83]. Early recognition and prompt management of immune related
neurotoxicity might prevent severe and/or permanent consequences or uncom-
monly reported fatalities [84].

A common mechanism of irAEs include T-cell activation by the deactivation
of inhibitory regulators. However, there is no clear explanation why some patients
develop more immune-related neurotoxicity than others [8, 52].

Median time to onset of serious neurological irAEs, of any grade, was 45 days form ICI
initiation in melanoma patients with median time to toxicity resolution of 32 days [82].

12.1 Encephalitis

Among neurological manifestations associated with ICI use, encephalitis is
considered a rare adverse event with a challenging diagnosis [82, 84]. Although, there
is no clear causes of immune mediate encephalitis, around 40-70% of cases were
linked to infectious etiologies [85]. On that basis, individualized diagnostic approach
to immune associated encephalitis is recommended considering identified clinical
presentation. Altered mental status, fever, headache, weakness, neck stiffness, sleepi-
ness, hallucinations or seizure among other neurological sequalae of immune mediate
encephalitis were reported by affected patients [82].

With no specified encephalitis grading, initial assessment for suspected
immune mediated encephalitis includes neurologist consultation, brain magnetic
resonance imaging (MRI), lumbar puncture, electroencephalogram (EEG) to
evaluate for subclinical seizures, in addition to complete blood count (CBC),
comprehensive metabolic panel (CMP) and autoimmune encephalopathy and
paraneoplastic panel [5, 68].

Pertaining to encephalitis associated fatalities, permanent discontinuation of
suspected ICI is generally recommended [84]. In-patient admission is warranted
for grade 3-4 encephalitis. Corticosteroid trial in the form of methylprednisolone
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could be administered and then tapered over 4 weeks upon resolving of symptoms.
Enhanced symptoms severity or progression over 24 hours, requires higher doses of
methylprednisolone for 3-5 days with IVIG or plasmapheresis. Rituximab may be
considered if minimal or no symptoms improvement was obtained after 7-14 days or
in cases of positive autoimmune encephalopathy antibody [5, 68]. Additional therapy
such as empirical antibiotics and antivirals could be utilized as well. Empiric antiepi-
leptics are reasonable to address any seizure concerns [81, 84].

12.2 Aseptic meningitis

Immune related meningitis is poorly differentiated from encephalitis, mainly in
metastatic cancer patients treated with ICI with newly presented seizures or impaired
cognitive functions [86, 87].

Unlike, immune medicated encephalitis that is more associated with anti-PD-1
treatment, meningitis is linked particularly with ipilimumab (CTLA-4 inhibitor) use
[86, 87]. National Comprehensive Cancer Network (NCCN) 2022 guideline recom-
mended initial assessment involves brain MRI, with or without contrast, lumbar
puncture when feasible while considering neurologist consultation [5]. Management
of ICI induced meningitis do not significantly differ from encephalitis. Withholding
ICI is recommended in mild to moderate toxicity conditions, while permanent
discontinuation is required in severe case as per NCCN guideline. Corticosteroids may
be considered after ruling out suspected bacterial or viral infections [5].

Rechallenging of ICI after suffering immune medicated meningitis was suggested
in cases of mild to moderate toxicity grades while assuring complete symptoms
resolution before re-starting immunotherapy agent [5].

12.3 Myasthenia gravis

Immune-mediated myasthenia gravis is an emerging neurologic irAE [88].
Immune-mediated myasthenia gravis induced by ICI use can occur earlier compared
to other neurological irAEs (29 vs. up to 80 days) [87].

Concurrent myositis and/or myocarditis are frequently noticed along with
immune associated myasthenia gravis, unlike isolated presentation of other immune
related neurotoxicity [86, 87].

NCCN 2022 guideline recommend testing for erythrocyte sedimentation rate
(ESR), C-reactive protein (CRP), creatinine phosphokinase (CPK), aldolase and anti-
striational antibodies, pulmonary function, electromyography (EMG) and consider-
ing neurologist consultation while assessing suspected immune-mediated myasthenia
gravis. Brain MRI may be considered based on presented symptoms and mainly to
rule out central nervous system involvement in disease state. Acetylcholine receptor
antibodies testing is not mandated for diagnosis [5].

Upon assessment of toxicity, immune mediated myasthenia graves grading is
divided into moderate (grade 2) or severe (grade 3—4).

Regardless of grading, permanent discontinuation of ICI should be carried with
immune mediated myasthenia gravis. In-patient care to manage patient symptoms
is needed while considering intensive care unit in severe cases. In moderate grade of
myasthenia gravis induced by ICI, pyridostigmine and low dose corticosteroids could
be initiated. In severe cases or grades 3—4, higher doses of steroids, and initiation of
IVIG or plasmapheresis are recommended. Rituximab may be adder in cases of refrac-
tory symptoms to IVIG or plasmapheresis [5, 68].
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Rechallenging of ICI remains controversial after immune medicated myasthenia
gravis, however data of safe re-initiation after complete resolution of symptoms is
suggested [89].

13. Infectious immune-related adverse events
13.1 Mycobacterium tuberculosis activation/reactivation

Extended immune response modulation as a response to ICI therapy in addi-
tion to administered corticosteroids and/or other immunosuppressants for irAEs
management may increase the risk of opportunistic infections [90]. Moreover,
such immune response extended manipulation may augment preexisting chronic
infections or mask clinical presentations of serious infections such as cytomegalo-
virus-enterocolitis, pneumocystis pneumonia, infection by varicella-zoster virus,
activation of latent tuberculosis, and pulmonary aspergillosis [90]. In addition to
that, atypical mycobacterial infection was reported in association with anti PD-1/
anti-PD-L-1 therapy [91].

In a review of metastatic melanoma patients treated with different ICIs either
anti-CTLA-4, PD-1, and/or PD-L1; the incidence of immune-medicated serious
infections was estimated to be 7.3%, with an average time of onset of 135 days
from the start of ICI therapy [92]. Highlighted risk factors for developing serious
infections included corticosteroids and infliximab use as well as the combination
of CTLA-4 inhibitor and anti-PD-1 (mainly nivolumab) [92]. On the contrary, the
authors of a retrospective review of melanoma patients treated with ICI concluded
that the use of pembrolizumab, an anti-PD-1, was associated with protection
against serious infections [92].

Mycobacterium tuberculosis (Mtb) reactivation is an emerging infectious compli-
cation of ICI therapy that has been reported with the use of nivolumab [93], pembro-
lizumab [94] and atezolizumab [95].

Although there is no clear mechanism of action for Mtb reactivation associated
with ICI use, preclinical studies on mice [96] and human who administered anti-PD-1
suggested an increase in CD4 T cells production of interferon alfa (INF-a) leading to
further bacterial replication [97, 98]. Moreover, extended immunity response could
lead to augmented cytotoxicity or extracellular destruction potentiating the growth of
Mtb and facilitate disease transmission [99, 100].

A recent systematic review supported the relation between the use of anti-PD-L-1
and Mtb reactivation. Mtb reactivation was disseminated to multiple organs other
than the lungs, with reported fatalities [101]. Testing cancer patients for latent Mtb
prior the initiation of ICI and use of Mtb chemoprophylaxis, if tested positive, lack
the evidence [95], however, is highly recommended for consideration in high-risk
individuals [94].

NCCN 2022 guideline recommends baseline testing for latent/active Mtb in
patients treated with anti-tumor necrosis factor alfa (TNF-a) that is indicated for the
management of irAEs. Moreover, Mtb testing shall not delay the start of anti- TNF-«
[5]. There is lack of evidence for the management of immune mediated Mtb reactiva-
tion, however, withholding ICI during active infection to avoid possibly excessive
inflammatory response is warranted. After anti-Mtb treatment initiation, the safe
timing of ICI resumption is not clearly defined. A two-week duration of anti-Mtb
prior re-initiation of immunotherapy was suggested [95].
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13.2 Hepatitis B reactivation

In relation to PD-1 pathway and hepatitis B virus (HBV), it is previously proven
that upregulation of PD-1 is associated with HBV specific T cell dysfunction. In
hepatocellular carcinoma patients, PD-L expression was shown to be connected to
HBV load [102, 103]. Moreover, it was noted that lung cancer patients with chronic
HBV infection have a significantly higher PD-L-1 expression compared to patients
lacking HBV infection [104].

Patients with active infections including viral hepatitis B/C or human immunodefi-
ciency virus (HIV) were usually excluded from ICI clinical trials [105]. Considering the
possible risk of HBV reactivation for patients with chronic or resolved HBV infections,
baseline hepatitis serology should be performed for all patients being treated with ICI
with aspartate transaminase (AST)/alanine transaminase (ALT) and HBV deoxyribonu-
cleicacid (DNA) being monitored closely throughout immunotherapy treatment [105-
109]. While anti-PD1 was safely administered to lung cancer patient with HBV infection
[110, 111], some fatal HBV reactivation associated with durvalumab was reported [105].

14. Cardiac immune-related adverse events

ICI cardiotoxicity most reported manifestations included acute coronary syn-
drome, arrhythmias, cardiomyopathy, and vasculitis, while myocarditis being mostly
reported with high morbidity and mortality rates [112-115]. The exact mechanism
of ICI cardiotoxicity is not completely understood. In animal models, ICI use shown
to make cardiac cells more vulnerable to injury; this was explained that PD 1, and
CTLA-4 pathways appeared to have cardioprotective effects against immune-medi-
ated damage due to stress [116, 117].

The prevalence of reported myocarditis, in an international multicenter registry,
was 1.14%, while reaching up to 2.4% with the combination of more than one ICI
[118]. The median time of onset is 34 days with majority of presentations occur within
3 months of the start of ICI therapy [119]. Despite that, cardiotoxicity can still present
at any time during treatment and even after discontinuation of the therapy [120, 121].

Due to the lack of typical clinical symptoms, and challenges in diagnosis and
differentiation from other cardiac disease, the incidence of ICI-related myocarditis is
underestimated [112, 113, 122]. Moreover, true incidence of smoldering or subclinical
myocarditis is underreported as well [114].

The fatality rate of ICI-related myocarditis increases with the combination of
anti-CTLA-4 inhibitors with anti-PD-1/anti-PD-L1, compared to monotherapy with
anti-PD-1/anti-PD-L1 [114, 119, 123].

Although risk factors for developing ICPI-related cardiotoxicities are not fully
understood, underlying autoimmune diseases is thought to be an independent risk
factor [124, 125]. Other risk factors identified in an international registry included
use of combination therapy of two or more ICP, CTLA-4 inhibitors, diabetes mellitus,
and obesity [119, 126]. Moreover, higher prevalence of ICPI-induced myocarditis was
highly reported in patients with pre-existing hypertension (60% vs. 48%, p < 0.009),
tobacco use (48% vs. 17%, p < 0.001), of male gender (65% vs. 55%, p = 0.02) and
patients on statin (39% vs. 29%, p = 0.04) and angiotensin-converting enzyme
inhibitors/angiotensin receptor blockers (32% vs. 23%, p = 0.04) [126].

As per the NCCN 2022 guideline, immediate cardiology assessment along
with echocardiogram (ECG) at baseline or with any suspected immune mediated
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cardiotoxicity, cardiac biomarkers (troponin I or T, creatine kinase (CK), B-type
natriuretic peptide (BNP) or N-terminal (NT)-pro hormone BNP (NT pro BNP)
and lipid panel), Cardiac MRI (if possible), and inflammatory markers are needed
for assessment and grading of cardiovascular irAEs. Cardiac catheterization and/or
myocardial biopsy is considered if myocarditis is suspected [5].

Based on the American Society of Clinical Oncology (ASCO) clinical practice
guideline, four categorized grading are defined based on the intensity of clinical pre-
sentation into: Grade 1 (G1) and G2 for considerably stable or minimally symptomatic
patients, and G3 and G4 for unstable or very symptomatic patients [127].

Further grading criteria such as myocarditis versus pericarditis or pericardial effu-
sion, rather than numerical grading, was applied in NCCN guideline [5].

Withholding the ICI when immune mediated myocarditis is suspected is an essen-
tial step in management while initiating further necessary workup [5, 115, 127].

Further management of confirmed ICI- induced myocarditis utilizes high dose intra-
venous (IV) steroids for 3-5 days. Upon follow up, and if the patient is responding and
stable, IV steroids could be switched to oral form and then tapered slowly over 6-12 weeks
depending on biomarkers improvement and clinical response. If no such improvement
was obtained within 24-48 hours after steroids initiation, additional immunosuppressive
therapies could be considered such as: mycophenolate mofetil, tacrolimus, alemtuzumab
[128], and abatacept [129]. In hemodynamically unstable patients, further options are sug-
gested including anti-thymocyte globulin (ATG), IVIG, and plasmapheresis [5, 115, 127].

It is still controversial and requires an individualized decision by multidisciplinary
team to rechallenge patients who developed ICI-induced myocarditis, where single
ICI is recommended upon rechallenging [127]. Severity of cardiotoxicity, status of
disease, further treatment options and patient preference should be considered for
rechallenging decisions [23, 26].

15. Summary

It has been proven that the use of immunomodulatory therapy has significantly
improved survival in locally advanced and metastatic cancers. However, the use of
ICIs was associated with some adverse events. This chapter focused on selected rare or
very rare irAEs including cutaneous irAEs, immune mediated hypophysitis, hemato-
logical irAEs, ophthalmic irAEs, checkpoint inhibitor pneumonitis (CIP), neurologic
irAEs, infectious irAEs, and cardiac irAEs. Immune-mediated T cell activation
underlines the efficacy as well as possible explanation of most irAEs. In general,
treatment of irAEs is decided based on the severity of the observed toxicity which can
be defined according to Common Terminology Criteria for Adverse Events Version
5.0, (CTCAEs v5). After resolution of symptoms associated with irAEs, a consultation
with the irAEs designated specialists might be appropriate before deciding to re-
challenge or permanently discontinue the immunotherapy.

This chapter tried to highlight the significance of identifying emerging rare and
very rare irAEs while considering initial assessments and management approaches
identified in various clinical practice guideline and primary literature data.
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