
antibodies

Review

Combined Anti-Cancer Strategies Based on
Anti-Checkpoint Inhibitor Antibodies

Josée Golay 1,2,* and Alain E. Andrea 3

1 Center of Cellular Therapy “G. Lanzani”, UOC Ematologia, Azienda Socio Sanitaria Territoriale Papa
Giovanni XXIII, 24127 Bergamo, Italy

2 Fondazione per la Ricerca Ospedale Maggiore, 24127 Bergamo, Italy
3 Laboratoire de Biochimie et Thérapies Moléculaires, Faculté de Pharmacie,

Université Saint Joseph de Beyrouth, Beirut 1100, Lebanon; alain.andrea@net.usj.edu.lb
* Correspondence: jgolay@fondazionefrom.it

Received: 20 April 2020; Accepted: 12 May 2020; Published: 20 May 2020
����������
�������

Abstract: Therapeutic monoclonal antibodies for the treatment of cancer came of age in 1997,
with the approval of anti-CD20 Rituximab. Since then, a wide variety of antibodies have been
developed with many different formats and mechanisms of action. Among these, antibodies blocking
immune checkpoint inhibitors (ICI) have revolutionized the field, based on the novelty of their
concept and their demonstrated efficacy in several types of cancer otherwise lacking effective
immunotherapy approaches. ICI are expressed by tumor, stromal or immune cells infiltrating the
tumor microenvironment, and negatively regulate anti-tumor immunity. Antibodies against the first
discovered ICI, CTLA-4, PD-1 and PD-L1, have shown significant activity in phase III studies against
melanoma and other solid cancers, alone or in combination with chemotherapy or radiotherapy.
However, not all cancers and not all patients respond to these drugs. Therefore, novel antibodies
targeting additional ICI are currently being developed. In addition, CTLA-4, PD-1 and PD-L1
blocking antibodies are being combined with each other or with other antibodies targeting novel ICI,
immunostimulatory molecules, tumor antigens, angiogenic factors, complement receptors, or with T
cell engaging bispecific antibodies (BsAb), with the aim of obtaining synergistic effects with minimal
toxicity. In this review, we summarize the biological aspects behind such combinations and review
some of the most important clinical data on ICI-specific antibodies.
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1. Introduction

Most anti-cancer monoclonal antibodies (MAbs) approved to date are unconjugated and have
been shown to work, at least in part, through activation of innate immunity (macrophages, natural
killer cells (NK) and complement) by the Fc region of the antibody (Figure 1A,B) [1–3]. Some bispecific
antibodies (BsAbs), in contrast, activate adaptive immunity, in particular, T cells, through their anti-CD3
moiety, to kill tumor cells (Figure 1C) [4]. Antibodies against immune checkpoint inhibitors (ICI) have
revolutionized the antibody field, being the first molecules to show significant activity even if not directed
against a tumor antigen but against an immunomodulatory molecule. Indeed cancer cells have been
known for many years to interact with immune cells present in the tumor [5–7]. Some of these immune
cells have the potential of recognizing cancer cells and eliminating them but are often held in check by
immune suppressor cells or signals rendering them tolerant or anergic. ICI are surface molecules expressed
by tumor, stromal or immune cells that are involved in negatively regulating the anti-tumor immune
response in the tumor microenvironment [7]. Thus, antibodies targeting ICI unleash anti-tumor immunity
(Figure 1D). Equivalent to antibodies blocking ICI are the agonist, immunostimulatory antibodies that
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activate immunity by binding to the positive immune checkpoints and thereby triggering immunity
against tumors in a relatively non-specific way [8]. In this review, we will discuss the biological rationale
and clinical use of immunostimulatory and anti-immune checkpoint antibodies in combination with each
other and with other therapeutic MAbs. Other biological molecules, such as cytokines and regulatory
soluble proteins, also participate in the positive regulation of immunity in tumors and can also be used
alone or conjugated to antibodies to shift the balance of immunity towards the control of tumor growth.
Although of great interest, a discussion on the development and use of such therapeutic agents is beyond
the scope of this review and will therefore not be discussed here. We refer the readers to some excellent
recent reviews on the subject [9,10].
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IgG1 Fc and eliminate ICI expressing cells through ADCC/ADCP or complement-dependent 
cytotoxicity (CDC). See also Table 1 for abbreviations. 

Antibodies directed against ICI, being independent from tumor antigens, have the advantage 
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despite very impressive success in some types of cancer, ICI antibodies on their own are often not 
effective enough. Both the low efficacy in many tumor contexts and side effects have led to the 

Figure 1. Major mechanisms of action of monoclonal and bispecific antibodies. Unconjugated IgG1
monoclonal antibodies (MAbs) work generally through activation of immune effector mechanisms
through their Fc regions: (A) Antibody-dependent cellular cytotoxicity (ADCC) by NK cells and
antibody-depndent phagocytosis (ADCP) by macrophages, (B) activation of the complement cascade.
(C) T cell engaging bispecific antibodies (BsAbs) with or without Fc, act by binding a tumor antigen
(TA) and CD3 on T cells (CD3 x TA). This induces activation of cytotoxic T cells which proliferate and
kill the tumor cells. (D) Antibodies against immune checkpoint inhibitors (ICI) mostly block interaction
of the ICI with their ligands, thus activating immune cells. This takes place via the Fab interaction
with the ligand, blocking ICI function. In some cases, the MAbs may have a functional IgG1 Fc and
eliminate ICI expressing cells through ADCC/ADCP or complement-dependent cytotoxicity (CDC).
See also Table 1 for abbreviations.

Antibodies directed against ICI, being independent from tumor antigens, have the advantage
over anti-tumor antibodies of being potentially effective against a wide variety of tumors, including
those which do not have adequate tumor antigens to be targeted specifically [11]. The disadvantage
is, however, lack of specificity, resulting in the autoimmune side effects of these drugs. Furthermore,
despite very impressive success in some types of cancer, ICI antibodies on their own are often not
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effective enough. Both the low efficacy in many tumor contexts and side effects have led to the
development of alternative strategies, for example, targeting two or more ICI or an ICI together
with other targets, using either BsAbs or combinations of MAbs [12]. This review examines the
rationale as well as some of the pre-clinical and clinical data on these combined approaches. Parallel
and complementary strategies also include combining ICI antibodies with standard chemotherapy
radiotherapy and/or small targeted drugs, a theme too wide to be included here. Similarly, a discussion
of side effects is beyond the scope of this work. We instead refer readers to recent reviews in the
literature on these subjects [13–15]. Abbreviations used are summarized in Table 1.

Table 1. Abbreviations.

Abbreviation Referring to Abbreviation Referring to

A2a Adenosine A2a receptor HMGB1 High-mobility group box 1 protein

A2b Adenosine A2b receptor HNSCC Head and neck squamous cell
carcinoma

ADC Antibody-drug conjugate ICI Immune checkpoint inhibitor

ADCC Antibody dependent cellular
cytotoxicity ICOS Inducible T cell costimulator

ADCP Antibody dependent cellular
phagocytosis ITIM Immunoreceptor typosine based motif

AML Acute myeloid leukemia LAG-3 Lymphocyte activation gene 3
APC Antigen presenting cell MAb Monoclonal antibody
ATLL Adult T-cell leukemia/lymphoma MCC Merkel Cell carcinoma

B-NHL B-Non Hodgkin’s lymphoma MDSC Myeloid derived suppressor cell
BsAb Bispecific antibody NSCLC Non-Small Cell Lung Cancer
BTLA B and T lymphocyte attenuator ORR Overall response rate
cHL Classical Hodgkin’s lymphoma OS Overall survival
CML Chronic myelogenous leukemia PD-1 Programmed cell death protein 1
CRC Colorectal cancer PD-L1/2 PD-1 ligand 1 or 2

CTLA-4
Cytotoxic

T-lymphocyte-associated protein
4

PFS Progression-free survival

DART Dual affinity retargeting (BsAb
format) PMBCL Primary mediastinal B cell lymphoma

DC Dendritic cell PTCL Peripheral T cell lymphoma
DLBCL Diffuse large B cell lymphoma PVRIG Poliovirus receptor -related Ig domain

DNAM-1 DNAX accessory protein 1 RANK(L) Receptor activator of nuclear factor
kappa-B (ligand)

DOR Duration of response RCC Renal cell carcinoma
EMA European Medicines Agency RFS Relapse-free survival
EGFR Epidermal growth factor receptor scFv Single chain fragment variable

EpCAM Epithelial Cell Adhesion
Molecule SCLC Small cell lung cancer

Fab Fragment antigen binding TAM Tumor associated macrophage
FL Follicular Lymphoma TCR T cell receptor

FDA Food and Drug Administration TE T cell engaging

Fv Fragment variable (domain) TIGIT T cell immunoreceptor with
immunoglobulin and ITIM domains

FcγR Fc gamma receptor TIL Tumor infiltrating lymphocyte
FcRn Neonatal Fc receptor Treg regulatory T cell

GITR Glucocorticoid-induced
TNFR-related protein UC Urothelial carcinoma

HCC Hepatocellular carcinoma VEGFR2 Vascular endothelial growth factor
receptor 2

HCL Hairy cell leukemia VISTA V-domain immunoglobulin suppressor
of T-cell activation

HER2 Human epidermal growth factor
receptor 2

2. Unconjugated MAb Structure and Function

Before examining the different options for combination strategies using ICI antibodies, we briefly
summarize the structures of unconjugated MAbs, their functional properties and mechanisms of action
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according to antibody type and antigen target. Table 2 lists all the unconjugated MAbs approved by the
US Federal Drug Administration (FDA) and/or European Medicines Agency (EMA) for cancer therapy
up to May 1st 2020. In Table 2, the targeted antigens and formats of the MAbs are indicated. Isotype
and format, at least in part, determine their function and are therefore important for understanding
how two or more MAbs may cooperate with each other, as will be described below [16,17]. Most
therapeutic anti-cancer MAbs targeting tumor antigens have an unmutated human IgG1 Fc (Table 2),
the isotype best able to activate complement [3] (Figure 1B), and mediate antibody-dependent cellular
cytotoxicity (ADCC) by NK cells, as well as antibody-dependent cellular phagocytosis (ADCP) by
macrophages, i.e., effector functions of innate immunity [2] (Figure 1A). In some cases, modifications
are introduced to enhance these activities, for example, glycoengineering of anti-CD20 obinutuzumab
increases its binding to FcγRIIIA on NK cells and therefore enhances ADCC [1,2,16,17].

Table 2. Approved unconjugated anti-cancer MAbs (as of 1 May 2020).

Name Target Antigen Antibody Type a First Indication Year of First Approval b

Rituximab CD20 Chimeric IgG1k B-NHL 1997 (US)
1998 (EU)

Ofatumumab CD20 Human IgG1k CLL 2009 (US)
2010 (EU)

Obinutuzumab CD20 Humanized IgG1k;
Glycoengin CLL 2013 (US)

2014 (EU)

Trastuzumab HER2 Humanized IgG1k Breast cancer 1998 (US)
2000 (EU)

Pertuzumab HER2 Humanized IgG1k Breast cancer 2012 (US)
2013 (EU)

Cetuximab EGFR Chimeric IgG1k CRC 2004 (US/EU)

Panitumumab EGFR Human IgG2k CRC 2006 (US)
2007 (EU)

Necitumumab EGFR Human IgG1k NSCLC 2015 (US/EU)

Daratumumab CD38 Human IgG1k MM 2015 (US)
2016 (EU)

Isatuximab CD38 Chimeric IgG1k MM 2020 (US)
Alemtuzumab CD52 Humanized IgG1k CLL 2001 (US/EU)

Mogamulizumab CCR4 Humanized IgG1k T leukemia/lymphoma 2012 Japan 2018 EU

Elotuzumab SLAMF7 Humanized IgG1k MM 2015 (US)
2016 (EU)

Olaratumab PDGRFα Human IgG1k Soft tissue sarcoma 2016 (US/EU)
Dinutuximab-β GD2 Chimeric IgG1k Neuroblastoma 2015 (US/EU)
Ramucirumab VEGFR2 Human IgG1k Gastric cancer 2014 (US/EU)

Bevacizumab VEGF Humanized IgG1k CRC 2004 (US)
2005 (EU)

Tremelimumab CTLA-4 Human IgG2k Melanoma Orphan 2006
Ipilimumab CTLA-4 Human IgG1k Melanoma 2011 (US/EU)

Nivolumab PD-1 Human IgG4k S228P Melanoma + Solid cancer 2014 (US)
2015 (EU)

Pembrolizumab PD-1 Humanized IgG4k S228P Melanoma + Solid cancer + HL + PMBCL 2014 (US)
2015 (EU)

Cemiplimab PD-1 Human IgG4k S228P Cutaneous squamous cell carcinoma 2018 (US)
2019 (EU)

Avelumab PD-L1 Human IgG1k MC, UC, RCC 2017 (US/EU)

Atezolizumab PD-L1 Humanized IgG1k mut UC, NSCLC 2016 (US)
2017 (EU)

Durvalumab PD-L1 Human IgG1k mut NSCLC 2017 (US)
2018 (EU)

a IgG4 S228P has mutations to avoid heavy chain exchange; IgG1k mut antibodies have a mutation that render the
Fc silent. b US Federal Drug Administration (FDA) and/or European Medicines Agency (EMA) approval.

In contrast, the Fc of IgG2 and IgG4 isotypes are poor activators of innate immunity, because
they bind poorly to the activating FcγRs, in particular FcγRIIA and FcγIIIA in man, and to the first
component of the classical complement pathway, C1q. They therefore act mostly by inhibiting target
functions through their Fab portion [18–20]. Of note is that wild-type human IgG4 has a unique Ser228
which allows for interchangeable disulfide bonds configuration and reshuffling of the 2 antibody arms
in vivo, with the risk of generating hybrid IgG4 molecules derived from 2 different IgG4 molecules.
The mutation of serine to proline at position 228 impedes this property, leading to more stable IgG4
in vivo. Therefore, all currently produced IgG4 therapeutic are mutated (S228P), to avoid Fab arm
exchange [21] (Table 2).

Thus, activation of the immune system is the major mechanism of action of many anti-cancer IgG1
antibodies that target a tumor-specific antigen, such as those targeting CD20 (rituximab, ofatumumab
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and obinutuzumab), CD52 (alemtuzumab), CD38 (daratumumab), CCR4 (mogamulizumab), SLAMF7
(elotuzumab) and GD2 (dinutuxumab-β) (Table 2). Other anti-cancer MAbs that target receptors for
growth or angiogenic factors expressed by tumor cells, like the epidermal growth factor receptors
HER2 (trastuzumab and pertuzumab) and EGFR (cetuximab, panitumumab and necitumumab), or
the vascular endothelial growth factor 2 (VEGFR2) (ramicirumab) act at least in part by inhibiting the
growth or angiogenic signaling functions of the target receptors, and could therefore be constructed as
IgG2 or IgG4 antibodies. Nonetheless, most of these have been designed as IgG1 and may therefore
additionally induce innate immune activation for target cell elimination by the immune system (Table 2).
Among these, only anti-EGFR panitumumab is IgG2.

With regard to ICI antibodies (Table 2), the major “scope” of these is to functionally inhibit the ICI
by blocking its interaction with its ligand(s), for example, blocking programmed cell death protein
1 (PD-1) interaction with its ligands PD-L1 and PD-L2, thus inhibiting the negative signal normally
induced through PD-1 [22]. This activity is mediated by the Fab region of the MAb (Figure 1D).
Furthermore, the ICI may be expressed by immune cells which are not targeted to be eliminated
(except in some cases, like Treg), but only to be activated to kill the tumor [22]. Thus, the Fc of ICI
antibodies has generally been designed to be immunologically silent and most molecules approved so
far for clinical use are IgG4, IgG2 or IgG1 with a mutated Fc which abolishes its interaction with FcγRs
(Table 2) [23]. The only exceptions so far are avelumab (anti-PD-L1) and ipililumab (anti-Cytotoxic
T-Lymphocyte-Associated protein 4, CTLA4).

In addition to immune effector activation, the Fc portion of all IgG isotypes interacts with FcRn,
the neonatal receptor that recycles antibodies within cells, in particular endothelial cells of blood
vessels, and rescues them from lysosomal degradation, thus prolonging their half-lives in vivo [24].
The half-life of IgG1, 2 and 4 is about 21 days. FcRn also promotes distribution of antibodies to some
tissues by allowing transcytosis of antibodies across some epithelial barriers such as the gut [24,25].

3. Other Antibody Formats

Many unconjugated anti-tumor MAbs that have been tested in preclinical studies or early phase
clinical studies have shown poor efficacy and/or toxicity, mainly due to low expression on tumor
tissue or poor relative expression on tumor versus normal tissues [1]. This has led to the design of
alternative formats, such as MAbs conjugated to radioactive payloads or to potent chemotherapeutic
drugs (antibody-drug conjugates, ADC) and BsAbs [1,26,27]. The antibodies of these classes approved
for cancer treatment are listed in Table 3. The mechanisms of action of these molecules are different
from that of unconjugated MAbs. The major function of antibodies conjugated to radionuclides or
drugs is to bring these cytotoxic agents very close to the tumor in order to promote direct killing. The
Fc region in this case only has the function of facilitating purification and stabilizing the molecules
in vivo and not that of activating innate immunity.

BsAbs molecules are more versatile than MAbs, in that a considerable number of structural formats
exist, with multiple combinations of two or more antigen specificities within one molecule [4,26,28].
The use of BsAbs offers the following advantages: (1) greater specificity (e.g., by combining two antigen
targets, neither of which are fully tumor-specific), (2) increased or additional functional properties (e.g.,
neutralizing two different angiogenic factors, ICI or death receptors), and (3) new properties when the
two targeted antigens display different functions (e.g., a tumor antigen and a receptor on effector cells
such as T or NK cells [4,26,27]).
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Table 3. Approved anti-cancer antibody conjugated to drugs, radionuclide and bispecifics.

Name Target Antigen Antibody Type First Indication Year of Approval

Antidoby drug conjugates (ADCs)

Gemtuzumab
ozogamicin CD33 Humanized IgG4k calicheamicin AML 2000–2017 (US)

2018 (EU)

Brentuximab vedotin CD30 Chimeric IgG1k-MMAE HD and CD30+ PTCL 2011 (US)
2012 (EU)

Trastuzumab emtansine HER2 Humanized IgG1k Breast 2013 (US/EU)
Inotuzumab ozogamicin CD22 Humanized IgG4k-calicheamicin pre-B ALL 2017 (US/EU)

Moxetumomab
pasudotox CD22 Murine IgG1 dsFv Pseudomonas

exotoxin HCL 2018 (US)

Enfortumab vedotin Nectin-4 Human IgG1k-MMAE UC 2019 (US)

Polatuzumab vedotin CD79b Humanized IgG1k-MMAE DLBCL 2019 (US)
2020 (EU)

Sacituzumab govitecan TROP2 Humanized IgG1k-SN-38 Triple-negative
breast cancer 2020 (US)

Radiolabelled Abs

Ibritumomab tiuxetan CD20 Mouse IgG1-Y90 B-NHL 2002 (US)
2004 (EU)

Tositumomab-I131 CD20 Mouse IgG2a-I131 B-NHL 2003 (US)

Bispecific antibodies (BsAbs)

Catumaxomab EPCAM/CD3 Rat/mouse bispecific mAb Malignant ascites 2009 (EU)

Blinatumomab CD19/CD3 Tandem scFv, Bispecifc ALL 2014 (US)
2015 (EU)

They can be bivalent (each arm being monovalent for each antigen) or tetravalent (with two
binding sites for each specificity), or a mixture of the two, symmetric or asymmetric. More than
100 different formats have already been proposed and this number will no doubt increase in the
future [28]. Examples of some of the different structures possible are shown in Figure 2B. The first
group of BsAbs includes molecules based on the sole fragment variable (Fv) or fragment antigen
binding (Fab) portions of two antibodies linked together, usually by peptide sequences, and lack
Fc [26,28]. The second group of BsAbs carries a functional or mutated Fc linked to variable Fab or
single chain fragment variable (scFv) domains carrying the two different specificities. Fc bearing BsAbs
can be of different isotypes, wild-type or mutated, to enhance or diminish specific immune activating
functions of Fc, according to the desired biological activity (see previous paragraph on MAbs). In some
cases, the main function of Fc is to facilitate purification and stabilize the molecule in vivo [26–28].

Just as structures of BsAbs can be highly variable, so are their functions, which depend upon
the antigen specificities that are targeted and the presence or absence of an immunologically active
Fc [26]. Relatively few formats have reached the clinical stage and only three have been approved
thus far. An important class of BsAb is the T cell engagers (TE), i.e., BsAbs that bind with one arm
to the CD3 component of the T cells receptor and with the other arm bind to a tumor antigen [29].
These BsAbs activate T cells, after tumor target recognition, and bring T cells close to the tumor target
so that the latter are efficiently killed (Figure 1C). Worth noting is that T cells belong to the adaptive
component of immunity and thus, TE BsAbs activate immune cells by a different mechanism to those
induced by Fc regions on MAbs (innate immunity, i.e., mostly NK cells and macrophages). Approved
TE BsAbs include the mouse/rat chimeric Triomab catumaxomab (EpCAM × CD3), an orphan drug
for Epidermal Cell Adhesion Molecule (EpCAM)-positive malignant ascites, and the tandem single
chain variable fragment (scFv) bispecific T cell engaging (BiTE) antibody blinatumomab (CD3 × CD19)
for refractory Philadelphia chromosome-negative acute lymphoblastic leukemia [30] (Table 3). It is
expected that more bispecific or multispecific antibodies will be approved in the near future, including
antibodies that engage immune cells other than T cells (e.g., NK, macrophages).
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4. Immune Checkpoint Inhibitors

The development by William B. Coley of the first immune-based treatment for cancer, at the end
of the nineteenth century, has highlighted immunotherapy as an important therapeutic modality to
treat cancer [31].

In fact, the immune system is naturally strongly involved in cancer prevention, development
and defense [32]. This “cancer immunosurveillance” hypothesis, initially postulated by Burnet and
Thomas in the mid-20th century, originated from the evidence of the presence of tumor-associated
antigens. This concept has developed into a wider and more complex “cancer immune-editing” version,
described by Ikeda, Old and Schreiber, that encompasses three component phases, often referred to as
the “3 Es”: Elimination, Equilibrium and Escape [33,34]. These three key events play a part in cancer
elimination, dormancy and progression, respectively [35]. Tumor escape occurs when the immune
system is unable to eradicate cancers that arise in the organism, driven by the accumulation of genetic
alterations and epigenetic changes [36,37].

The more recently identified molecular mechanisms used by tumors to escape immune
recognition can be classified into the following four categories: deficiencies in antigen processing and
presentation [38], upregulation of inhibitory mechanisms and immunosuppressive function within the
tumor microenvironment [39], deficiencies in costimulatory signals and thus in T-cell activation [40],
and cancer cell immune resistance, also due, for example, to tumor aggressiveness [41]. Among escape
mechanisms, recent promising advances in cancer immunology provide clear evidence in favor of
the crucial role played by ICI in preventing tumor attack by the immune system [42]. In fact, ICI
are important for the maintenance of self-tolerance, and normally turn off the immune response to
prevent the body from destructing host tissues [43]. However, some cancers can exploit the immune
checkpoint pathways by expressing ligands that can bind to these key immune regulators and thus
attenuate the anti-tumor response and promote tumorigenesis [35,44]. The therapeutic antibodies, by
blocking the inhibitory checkpoint proteins from binding to their corresponding antigens, prevent
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the “off” signal from being sent, ensuring the recognition of cancer cells by the host’s immune system
and hence enhancing any preexistent anti-tumor immune activity that can lead to the elimination of
malignant cells [45].

The Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) molecule, first characterized by Brunet et al. in
the 1980s, was the first ICI to be targeted in a clinical trial in 2000, and ipilimumab, a CTLA-4 blocking
antibody, was the first ICI antibody to be approved in 2011 by the FDA for the treatment of metastatic
melanoma [46,47]. In 2014, the FDA approved another molecule, nivolumab, a PD-1 blocking antibody,
as second-line treatment of unresectable or metastatic melanoma [48]. Drs. Tasuku Honjo and James
Allison were jointly awarded the 2018 Nobel Prize for their contribution to the understanding of how
the immune system is subject to inhibitory controls at PD-1 and CTLA-4 checkpoints.

With regard to the mechanism of action, CTLA-4 is expressed on activated cytotoxic T-cells and
Tregs. It binds to CD80 and CD86 expressed by antigen-presenting cells (APCs), competing on this
function with the CD28 activating receptor, which is expressed by resting T cells but shows lower
affinity for the CD80/86 ligand. Normally, an antigen-presenting cell will activate the T cell by binding
both the T-cell receptor (TCR) and CD28. CTLA-4 acts as the “off” switch of this system by competing
with CD28, triggering an inhibitory signal leading to a stop in proliferation. The blocking of CTLA-4
thus leads to the lifting of this “brake” and allows the T-cells to proliferate and become activated when
they encounter a dendritic cell (DC) presenting a tumor antigen within a tissue [49]. CTLA-4 is also
constitutively expressed by the FoxP3+CD4+CD25+ tumor infiltrating regulatory T cells (Tregs), which
are important negative regulators of tumor immunity and of autoimmunity [50]. Thus, anti-CTLA-4
antibodies may inhibit CTLA-4 function in activated conventional T cells and may also downmodulate
Tregs [23,50,51].

The second major checkpoint inhibitor PD-1 is expressed by activated T and B cells, NK and APCs.
The two PD-1 ligands are PD-L1 (also called CD274 or B7-H1), expressed by numerous cells after
exposure to inflammatory cytokines, and PD-L2, expressed predominantly by antigen-presenting cells.
PD-1 inhibits T-cell function by preventing the activation of the signal induced by TCR activation via
the SHP2 phosphatase that will dephosphorylate the activated proteins by the TCR pathway. In fact,
in a tumor microenvironment, the expression of PD-L1 is enhanced by inflammation, thus allowing
cancer cells to inhibit the cytotoxic anti-tumor response of T cells [52,53].

Following the considerable success of the previously discussed targets, several other immune
checkpoint pathways have been discovered for the treatment of cancer. These are variably expressed
by different immune cells, including T cells, NK, macrophages, Tregs, DCs, granulocytes, etc. Thus, a
number of MAbs have been developed against these molecules and have been demonstrated, based
on pre-clinical and some early clinical data, to have efficacy against different types of cancer. The
most commonly targeted molecules are Lymphocyte Activation Gene 3 (LAG-3, CD223) [54], B and T
lymphocyte attenuator (BTLA, CD272) [55], T-cell Immunoglobulin and Mucin domain-containing 3
(TIM-3, CD366) [56,57], V-domain Immunoglobulin Suppressor of T-cell Activation (VISTA) [58] and
T cell Immunoreceptor with Immunoglobulin and ITIM domains (TIGIT) [59,60], the CD47-SIRPα
receptor-ligand pair [61], as well as others. The major ICI and their ligands that are present targets of
antibody development are listed in Table 4 (A).

Similarly, anti-tumoral immunity may also be activated through the stimulation by agonist
antibodies of activating rather than inhibitory checkpoints, including: CD27 [8], CD28 [8,62], Inducible
T cell Co-stimulator (ICOS; CD278) [8,63], Glucocorticoid-Induced TNFR-Related protein (GITR) [8,64],
NKG2D [65], OX40 [66] and 4-1BB (CD137) [67] (Table 4 (B)). Several MAbs and BsAbs are being
developed against these molecules for clinical use.
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Table 4. Major immune checkpoint inhibitory and stimulatory proteins.

Immune Checkpoint
Receptor

CD
Number

Receptor
Family

Cellular Expression
of the Receptor Ligand CD Number Cellular Expression

of the Ligand

A. Immune Checkpoint Inhibitory Proteins

CTLA-4 CD152 CD28
Activated T-cells and

Tregs
CD80 CD80

APCCD86 CD86

PD-1 CD279 CD28
Activated T and

B-cells, NK cells and
APCs

PD-L1 CD274
Activated DC,

Macrophage and
Tumors

PD-L2 CD273 APCs

BTLA CD272 CD28
T and B-cells,

Macrophages, DCs
and NK cells

HVEM CD270 T-cells and
Macrophage

LAG3 CD223 -

Activated T-cells,
Tregs, B cells, NK

cells and
Plasmacytoid DCs

MHC class
II/Lectins - APC

TIGIT - CD28
Activated T-cells,

Tregs and NK cells
PVR CD155 DC, APCs and

TumorsNectin-2
(PVRL2) CD112

TIM3 CD366 - Activated T-cells
(Th1 cells), Treg

Gal9

- Variety of tissuesPtdSer
HMGB1

CEACAM-1

VISTA
(B7-H5) - CD28

Macrophages, DCs,
Naïve CD4+ T-cells,
Tregs, Circulating
Neutrophils and

Monocytes

VSIG-3 - Neurons and glial
cells

NKG2A CD94 NKG2 NK HLA-E - -

ecto-5′NT CD73 Ecto-nucleotidase Many cell types,
upregulated in Treg - - -

NTPDase1 CD39 Ecto-nucleotidase Many cell types,
upregulated in Treg - - -

CD47 CD47
Ig

superfamily
Ubiquitous SIRPα CD172α Myeloid, neurons

THBS1
(TSP-1) - Extracellular matrix

B. Immune Checkpoint Stimulatory Proteins

CD27 CD27 TNFR Activated T-cells,
B-cells and NK cells CD70 CD70 Activated T, B-cells

and DC

CD28 CD28 CD28 T-cells B7
CD80

APCCD86

GITR CD357 TNFR Tregs and Naïve and
Memory T-cells GITRL - DC, Macrophage

and Activated B-cells

ICOS CD278 B7/CD28 Activated T-cells ICOSLG CD275 B-cells, Macrophage
and DC

NKG2D CD314 NKG2 NK cells, CD8+
T-cells and γδ T-cells

MHC class I - Epithelial and
endothelial cellsUL16-binding

protein

OX40 CD134 TNFR Activated T cells,
Tregs and NK cells OX40L CD252

DC, Macrophage,
B-cell and

Endothelial cells

4-1BB CD137 TNFR Activated T and NK
cells 4-1BBL CD137L DC, Macrophage

and B-cells

5. Brief Overview of Clinical Data with Anti-Checkpoint Inhibitors as Monotherapy

Most ICI antibodies were first tested as monotherapies in a wide range of solid tumors and in
some hematological cancers. Supplementary Table S1 summarizes the data of the most important
phase II and III clinical trials with currently approved ICI antibodies. Only some salient aspects of
these clinical studies will be discussed here, and we refer to Supplementary Table S1 and the original
publications cited therein for more detailed results.
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5.1. CTLA-4

As mentioned above, anti-CTLA-4 IgG2 tremelimumab was the first ICI antibody to be tested and
gave some promising results, especially in terms of duration of response in melanoma patients [68,69].
Later, anti-CTLA-4 IgG1 ipililumab was also introduced in the clinic and this antibody showed
significant activity alone or combined with vaccines or chemotherapy in Phase II and III clinical
trials [47,70,71]. Later, studies established the 10 mg/kg q3w as the optimum tolerable dose and several
Phase III studies firmly established the activity of ipililumab in melanoma patients. Simultaneously,
ipililumab has been tested in Phase II or III studies in a number of advanced, recurrent or metastatic
solid cancers, including ovarian, prostate and gastric cancers [47,72–77]. Clearly, in all these clinical
contexts, combination strategies may offer an advantage over monotherapy and are being investigated.
In particular, anti-CTLA-4 MAbs are being tested in combination with anti-PD-1 and PD-L1, and this
will be discussed below.

5.2. PD-1

The anti-PD-1 IgG4 antibodies nivolumab and pembrolizumab were approved in 2014 for the
treatment of advanced melanoma. In the following years, approval was extended to several other cancer
types, including non-small cell lung cancer (NSCLC), head and neck, urothelial, renal and hepatocellular
carcinomas and classical Hodgkin’s lymphoma (HL). In addition, nivolumab has been approved for the
treatment of colorectal cancer (CRC) and small cell lung cancer (SCLC). Pembrolizumab has also been
approved for gastric and esophageal carcinomas, Merkel cell carcinoma (MCC), cervical cancer and
primary mediastinal B cell lymphoma (PMBCL). These approvals are based on clinical studies, some of
which are summarized in Supplementary Table S1. Briefly, nivolumab showed a clear advantage in
response over chemotherapy in advanced melanoma in Phase II and III clinical trials [78,79]. Also,
in other cancers it has shown a good response and favorable safety profile [80–94]. In hematological
tumors, nivolumab has shown a low response rate in follicular lymphoma (FL) [80] and diffuse large B
cell lymphoma (DLBCL) [81], but higher efficacy in classical HL [82,83], which appears to correlate
positively with 9p24.1 translocation and increased PD-L1 expression [94].

Interestingly, in some studies on adult T-cell leukemia/lymphoma (ATLL), nivolumab appears
to increase leukemia progression (NCT02631746) [95,96], indicating that in this disease, PD-1 plays a
tumor-suppressive role.

Pembrolizumab has similarly shown efficacy in terms of overall response rate (ORR) and survival
(OS) in several clinical contexts [97–107]. Notably, in melanoma, pembrolizumab showed a significantly
better ORR with a favorable toxicity profile compared to ipililumab [75]. The antibody induced better
OS compared to chemotherapy in NSCLC and urothelial cancers, always with a favorable toxicity
profile [106].

So far, pembrolizumab and nivolumab appear therefore to have similar activity. Interestingly, their
standard dosing is different, nivolumab being generally given at 3 mg/kg every 2 weeks, whereas a
10 mg/kg, or more recently, a flat 200 mg, dose of pembrolizumab is being administered every 3 weeks.

A new anti-PD-1 (cemiplimab) has been approved more recently (2018) for the treatment of
squamous cell carcinoma on the basis of Phase II studies [108].

5.3. PD-L1

PD-L1 is expressed in several cancer tissues, including MCC, melanoma, hepatocellular carcinoma
(HCC), lung cancer, breast cancer, lymphoma and myeloma, as well as others. It is expressed by cancer
cells as well as by some immune cells within the tumor microenvironment [109].

Three anti-PD-L1 MAbs have been approved so far for anti-cancer treatment, one IgG1 (avelumab,
Fc competent) and 2 IgG1 mutated (atezolizumab and durvalumab, Fc silent) (Table 2) [110–113]. Out
of all ICIs, avelumab is presently approved by the FDA for the treatment of metastatic MCC, urothelial
carcinoma (UC) and renal cell carcinoma (RCC) [114]. Indeed, it has shown promising clinical activity
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in these diseases (Supplementary Table S1) [115–118]. Although it has not demonstrated superior
therapeutic activity compared to chemotherapy in NSCLC, its safety profile was favorable [118].
In contrast, efficacy appears low in advanced gastric cancers [115]. Like other ICI antibodies, it is now
also tested in combination with chemotherapy in solid cancers.

Atezolizumab is one of the first approved anti-PD-L1 for the treatment of UC and approval was
extended subsequently for lung cancers, bladder carcinoma and triple-negative breast carcinoma,
where it has shown efficacy and a favorable toxicity profile [119–124]. It is being further tested in
combination with chemotherapy or antibodies such as bevacizumab, as well as with anti-CTLA-4
MAbs (see below).

Durvalumab is another anti-PD-L1 approved in 2017 for the treatment of advanced bladder cancer
and subsequently for unresectable stage III NSCLC (Supplementary Table S1) [125,126]. More recently,
it is being tested with or without tremelimumab in a number of clinical conditions (see Section 7 below
and Table 5).

In conclusion, ICI antibodies directed against CTLA-4 or PD-1 and PD-L1 have shown significant
activity in several solid cancers, most notably, melanoma and NSCLC and in some hematological
neoplasms, in particular classical HL. Nonetheless, in most cases, response to monotherapy is
insufficient. Furthermore, much effort must be invested into defining biological markers that may
correlate with response and/or toxicity. Indeed, many trials have asked the question whether PD-L1 or
PD-1 expression as well as other markers could be predictors of response, with mixed results [98,104].
Indeed, it is likely that additional factors also determine response, such as tumor antigenicity, poor tumor
immune infiltration, the presence of several immune inhibitory mechanisms and pathways. Clearly,
identifying reliable biomarkers to predict response is currently one of the most important challenges.

Finally, many antibodies against the same or novel ICI are in development and some have already
entered clinical trials, alone or in combination with other drugs, as further discussed below. Reviews
have been published on these novel ICI and results from efficacy studies are eagerly awaited [42,127].

6. The Possible Role of Antibody Isotypes in the Efficacy of ICI Antibodies

As already stated above in Section 5, many ICI antibodies have been produced in an IgG2, IgG4
or Fc silent IgG1 format. This diminishes their ability to bind to FcγRs on NK, B and myeloid cells, and
thus considerably reduces their ability to activate these cells and also reduces their potential to activate
complement. This is because the major focused action of the ICI antibodies is to activate immunity
through inhibition of ICI. Indeed, Fc-mediated killing of immune target cells such as T cells expressing
ICI is often unwanted. Nonetheless, the elimination of some immune cells that express ICI, for example,
Treg or other suppressor cells, may also be useful in some circumstances and in these cases, an active
IgG1 Fc may be useful for efficacy. Therefore, some pre-clinical studies have attempted to define the
effect of using different IgG isotypes. These studies are nicely reviewed by Chen et al. [23]. Briefly,
the available data in animal models suggest that for some ICI, an IgG1 isotype capable of binding
Fcγ (with a so-called competent Fc) induces a better response than isotypes with weak FcγR binding
capability (bearing a so-called silent Fc). Thus, antibodies targeting PD-L1, CTLA-4, TIGIT, VISTA and
B7-H3 work most effectively if they carry a competent Fc. Instead, antibodies against PD-1, TIM-3,
LAG-3 and CD73 have maximum efficacy when constructed with a silent Fc [23]. It is important to
note that these conclusions are based on only limited preclinical data [51], mostly in mice, and may
not be representative of man and of all tumor contexts. There is little doubt however that a better
understanding of the role of Fc in the clinical activity and toxicity of different ICI antibodies would be
of great value.

Perhaps the most studied example of the effect of isotype on efficacy is that the anti-CTLA-4 IgG1
isotype may be preferred over IgG4 or IgG2, because one possible mechanism of anti-CTLA-4 antibody
activity is the killing of Tregs [23,51,128]. Evidence in favor of IgG1 with regard to anti-CTLA-4 is that:
(1) a correlation between efficacy and Treg killing has been observed in animal models, (2) antibodies
that do not block binding of CTLA-4 to its ligand CD80/86 are nonetheless active in these models
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and (3) preliminary reports from mouse and macaque studies suggest that a defucosylated variant of
ipililumab may be more effective [23,128]. However, in humans, available data have not confirmed
that Treg depletion correlates with clinical response. Indeed, evidence suggests that neither ipililumab
nor tremelilumab deplete Treg in melanoma and other solid tumor tissues in man and that both are
equally able to expand CD4 and CD8 cells [129]. A direct comparison of ipililumab and tremelilumab
at equal doses in clinical trials would be the only clear-cut approach to define whether there is any
difference on response of patients to IgG2 tremelilumab and IgG1 ipililumab (Supplementary Table S1).

PD-L1 is an ICI also frequently expressed by tumor cells themselves and, thus, actual elimination
of PD-L1-positive cells by IgG1 antibodies may also be a useful property of these antibodies. There
are indeed some preclinical data suggesting that engagement of FcγRs may enhance efficacy of
anti-PD-L1 antibodies. But this question remains to be resolved; for example, there is the possibility
that such antibodies may deplete PD-L1-positive APCs and other useful immune cells [23]. As already
mentioned, atezolizumab and durvalumab have mutated IgG1 CH2 domains (Fc silent), whereas
avelumab bears an unmutated functional IgG1 Fc. Unfortunately, clinical studies obtained so far do
not allow to resolve the question as to whether the wild-type or mutated IgG1 format is more favorable
for anti-PD-L1 activity (Supplementary Table S1).

Thus, although the fact that MAb isotype may affect the efficacy or mechanism of response to ICI
antibodies, and the isotype choice has to be taken into consideration when designing an antibody, still
much work is required to better define the role of Fc in the clinic for both old and new ICI antibodies.
The possible effect of Fc on toxicity also needs to be evaluated.

7. Combination of ICI Antibodies and Other MAbs or BsAbs

As stated above, ICI antibodies have shown significant and even impressive clinical activities
against some cancers, but not against others, and generally, the impressive clinical activity is manifest
only in a subset of patients. Indeed, tumors are known to develop multiple mechanisms for evading
immune surveillance, and these as well as their high proliferation potential, apoptosis resistance,
enhanced migratory potentials and angiogenetic properties are all factors that may contribute to
resistance or relapse from monotherapy with ICI antibodies [130]. Thus, combined strategies are likely
to be more effective, either by retargeting two different ICI or by targeting an ICI together with a
different mechanism of tumor escape/aggressiveness or with a different expression level in the specific
tumor. Antibodies are good candidates for such combined strategies, either as a combination of two
MAbs or in the form of BsAbs, and many different molecules are already in the clinic or in development
for such approach. Before describing the clinical results and programs for these specific combination
therapies, we will briefly review the rationale and supporting preclinical data.

7.1. Rationale for Combining Anti-CTLA-4 with Anti-PD-1/PD-L1

The combination of antibodies targeting two different ICI has its rationale when the clinical results
with single agents have not shown sufficient therapeutic activity. One mechanism of resistance to
ICI antibodies is considered to be the low immunogenicity of some tumors and/or low infiltration
of the tumor tissue by immune cells. There can also be resistance due to the presence of alternative
pathways of immunosuppression, not targeted by the ICI antibody used, as well as low expression of
the targeted ICI [37]. Thus, it was expected that targeting two different pathways which are active in
different phases of immune activation or in different immune cell types may enhance and perhaps lead
to a synergistic effect.

In particular, targeting CTLA-4 and PD-1/PD-L1 is expected to act on both the induction phase
and effector phase of T cell-mediated immunity [32]. Indeed, CTLA-4 is expressed by resting T cells
and is thought to compete with the CD28 second activation signal of T cells, for B7-1 (CD80) and B7-2
(CD86) on APC family protein binding (CD80 and CD86). CTLA-4 inhibits TCR phosphorylation. In
contrast, PD-1 is induced after T cell activation and is thought to play a role in the downmodulation
of the T cell response and in tolerance. It was therefore reasonable to expect that the CTL4 and PD-1
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pathways may complement each other and that antibodies targeting both these molecules would be
synergistic in vivo. Thus, many clinical trials have been initiated combining these agents and the
clinical results obtained so far are summarized below.

7.2. Clinical Results Obtained with Anti-CTLA-4 and Anti-PD-1/PD-L1 Combinations

A number of efficacy studies have been conducted to evaluate the combination of anti-PD-1/PD-L1
with anti-CTLA4 antibodies. These are listed in Table 5. In particular, combination of anti-PD-1
nivolumab and anti-CTLA-4 ipililumab has been tested in Phase II or III studies in a number of solid
cancers, from melanoma [131–134], to renal [135,136], colon [137,138], esophageal [139], sarcoma [140],
lung cancers [141–144] and mesothelioma [145] (Table 5). One of the principal motivations behind
many of these trials were the early results combining these MAbs in the context of advanced melanoma,
where Phase II and III studies clearly demonstrated the greater efficacy of the antibody combination
over monotherapy (and also showing the better efficacy of anti-PD-1 over anti-CTLA-4 monotherapies).
Indeed ORR, OS and progression-free survival (PFS) were all consistently and significantly increased
in the patients treated with the combined antibodies and the results of Phase II and III studies were in
line with each other [131–134] (summarized in Table 5).

The combination has also been tested in Phase III studies versus chemotherapy in RCC and
NSCLC. Also, in these cancers, the combination resulted in better ORR and OS, although the PFS
improvement was nil or modest [135,136,141,142]. Nivolumab and ipililumab have also been tested
in Phase II studies in sarcoma (NCT02500797) and CRC (NCT02060188), with some improvement
in response (ORR, OS and PFS) with respect to nivolumab monotherapy [137,138,140]. These data
will need to be reinforced in larger Phase III studies. In contrast, in several contexts (esophagogastric
carcinoma, SCLC and pleural mesothelioma), the combination of nivolumab with ipililumab in Phase
II trials has failed to show a significant advantage over nivolumab monotherapy, especially considering
OS and PFS [139,143,145] (Table 5).

Results of several clinical efficacy studies combining anti-PD-L1 durvalumab with anti-CTLA-4
tremelimumab have also been reported. In squamous cell carcinoma of the head and neck, the
combination strategy has not improved ORR, PFS and OS over one MAb alone in a Phase II
study [146,147] (Table 5). Moreover, a large Phase III study indicates that the combination does
not improve response over durvalumab alone and neither over chemotherapy [148]. Similarly, the
combination appears to have very limited efficacy in metastatic pancreatic duct adenocarcinoma [149].
Finally, a large Phase III study of durvalumab with or without tremelilumab compared to chemotherapy
as a first-line treatment of NSCLC, enrolled 1118 patients. Subgroup analysis of 488 patients with
>25% PD-L1 expression showed an improved overall survival in the durvalumab ± tremelilumab
group compared to chemotherapy. Addition of tremelimumab to durvalumab did not appear to
increase responses, but it did lead to more side effects which resulted in treatment discontinuation [150].
This study suggests that selection of patients with higher ICI expression in the tumor may be
appropriate for clinical studies, even though a correlation between ICI and response has not always
been observed [142,150].

Altogether, the results obtained so far suggest that, as for monotherapy, not all tumor types
respond to ICI antibodies, either alone or in combination. Nonetheless, some tumor types have shown
significantly improved results. Improved response is unfortunately often accompanied by increased
toxicity, which in some cases explains the lack of effect of combination on overall survival [139,143].
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Table 5. Summary of main Phase II–III trials of anti-CTLA-4/PD-1/PD-L1 antibody in combination.

Cancer Type Trial Number of Patients Main Clinical Results References

Combination of nivolumab (anti-PD-1) and ipililumab (anti-CTLA-4)

Metastatic and
Unresectable
Melanoma

Phase II
NCT01927419 142

Placebo + Ipilimumab
(3 mg/kg)

2-year OS: 53.6%
ORR: 10.6%

PFS: 3.0 months (mo) [131,132]

Nivolumab (1 mg/kg) +
Ipilimumab (3 mg/kg)

2-year OS: 63.8%
ORR: 55.9%

PFS: Not reached

Phase III
NCT01844505

1296

Nivolumab (3 mg/kg)
ORR: 45.0%
OS: 36.9 mo
PFS: 6.9 mo

[133,134]Ipilimumab (3 mg/kg)
ORR: 19.0%
OS: 19.9 mo
PFS: 2.9 mo

Nivolumab (1 mg/kg) +
Ipilimumab (3 mg/kg)

ORR: 58.0%
OS: >60 mo
PFS: 11.5 mo

Renal Cell
Carcinoma

Phase III
NCT02231749

1390

Nivolumab (3 mg/kg) +
Ipilimumab (1 mg/kg)

ORR: 42.0%
OS: Not reached

PFS: 8.2 mo [135,136]

Sunitinib (50 mg)
ORR: 29.0%
OS: 26.6 mo
PFS: 8.3 mo

Non-Small-Cell
Lung Cancer

Phase III
NCT02477826

2220

Nivolumab (3 mg/kg) +
Ipilimumab (1 mg/kg)

ORR: 45.3%
1-year PFS: 42.6%

PFS: 7.2 mo [141,142]

Chemotherapy
ORR: 26.9%

1-year PFS: 13.2%
PFS: 5.5 mo

Sarcoma Phase II
NCT02500797

96

Nivolumab (3 mg/kg)
ORR: 5.0%
PFS: 1.7 mo
OS: 10.7 mo [140]

Nivolumab (3 mg/kg) +
Ipilimumab (1 mg/kg)

ORR: 16.0%
PFS: 4.1 mo
OS: 14.3 mo

Colorectal Cancer Phase II
NCT02060188

183

Nivolumab (3 mg/kg)
ORR: 31.1%

1-year OS: 73.4%
1-year PFS: 50.4% [137,138]

Nivolumab (3 mg/kg) +
Ipilimumab (1 mg/kg)

ORR: 54.6%
1-year OS: 85.0%
1-year PFS: 71.0%

Esophagogastric
Cancer

Phase I/II
NCT01928394

160

Nivolumab (3 mg/kg)
ORR: 12.0%
PFS: 1.4 mo
OS: 6.2 mo

[139]Nivolumab (1 mg/kg)+
Ipilimumab (3 mg/kg)

ORR: 24.0%
PFS: 1.4 mo
OS: 6.9 mo

Nivolumab (3 mg/kg) +
Ipilimumab (1 mg/kg)

ORR: 4.0%
PFS: 1.6 mo
OS: 4.8 mo

Recurrent
Small-Cell Lung

Cancer

Phase I/II
(NCT01928394)

243

Nivolumab (3 mg/kg)
ORR: 11.6%
OS: 5.7 mo
PFS: 1.4 mo [143]

Nivolumab (1 mg/kg)+
Ipilimumab (3 mg/kg)

ORR: 21.9%
OS: 4.7 mo
PFS: 1.5 mo

216

Nivolumab (3 mg/kg) ORR: 10.0%

[144]
Nivolumab (1 mg/kg)+
Ipilimumab (3 mg/kg) ORR: 23.0%

Nivolumab (3 mg/kg)+
Ipilimumab (1 mg/kg) ORR: 19.0%
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Table 5. Cont.

Cancer Type Trial Number of Patients Main Clinical Results References

Relapsed
Malignant Pleural

Mesothelioma

Phase II
NCT02716272

125

Nivolumab (3 mg/kg)

12-week DC: 40.0%
ORR: 19.0%
PFS: 4.0 mo
OS: 11.9 mo

[145]

Nivolumab (3 mg/kg)+
Ipilimumab (1 mg/kg)

12-week DC: 52.0%
ORR: 28.0%
PFS: 5.6 mo
OS: 15.9 mo

Combination of durvalumab (anti-PD-1) and tremelimumab (anti-CTLA-4)

Squamous Cell
Carcinoma of the
Head and Neck

Phase II
randomized

NCT02319044
267

Durvalumab (10 mg/kg)
ORR: 9.2%
PFS: 1.9 mo
OS: 6.0 mo

[146,147]Tremelimumab
(10 mg/kg)

ORR: 1.6%
PFS: 1.9 mo
OS: 5.5 mo

Durvalumab (20 mg/kg)
+ Tremelimumab

(1 mg/kg)

ORR: 7.8%
PFS: 2.0 mo
OS: 7.6 mo

Phase III
NCT02369874

736

Durvalumab (10 mg/kg)
ORR: 17.9%
PFS: 2.1 mo
OS: 7.6 mo

[148]
Durvalumab (20 mg/kg)

+ Tremelimumab
(1 mg/kg)

ORR: 18.2%
PFS: 2.0 mo
OS: 6.5 mo

Chemotherapy
ORR: 17.3%
PFS: 3.7 mo
OS: 8.3 mo

NSCLC Phase III
NCT02453282

1118

Durvalumab (20 mg/kg) OS: 12.3 mo
PFS: 2.8 mo

[150]
Durvalumab (20 mg/kg)

+ Tremelimumab
(1 mg/kg)

OS: 11.2 mo
PFS: 9.9 mo

Chemotherapy OS: 11.8 mo
PFS: 5.4 mo

Metastatic
Pancreatic Ductal
Adenocarcinoma

Phase
IINCT02558894

65

Durvalumab (1.5 g)
ORR: 0.0%
PFS: 1.5 mo
OS: 3.6 mo

[149]
Durvalumab (1.5 g) +

Tremelimumab (75 mg)

ORR: 3.1%
PFS: 1.5 mo
OS: 3.1 mo

Combination of pembrolizumab (anti-PD-1) and trastuzumab (anti-HER2)

Advanced
Metastatic Breast

Cancer
(trastuzumab

resistant)

Phase I/II
NCT02129556

52
(Onlyphase II:

40 PDL1+, 12 PDL1−)

Pembrolizumab
(200 mg) +

Trastuzumab (6 mg/kg)

ORR:
PD-L1+: 15.0%
PD-L1−: 0.0%

[98]
OS at 12 months:
PD-L1+: 65.0%
PD-L1−: 12.0%

PFS:
PD-L1+: 2.7 mo
PD-L1−: 2.5 mo

7.3. Combinations Using Novel ICI Antibodies

Some correlation was observed between expression of PD-L1 or PD-1 within the tumor
microenvironment and response to antibodies targeting this pathway. This suggested that in cases
showing low expression, other immune inhibitory pathways may be more important, leading to the
design of antibodies targeting ICI other than CTLA-4 and PD-1/PD-L1, that are either overexpressed in
specific types of tumors and/or involved in downmodulating anti-cancer immunity mediated by T cells,
NK and myeloid cells [40,151]. Table 6 lists all the combination of antibodies, targeting two or more ICI
or immune stimulators, being tested in the clinic at the present time. A wide variety of combinations
are being tested against many different cancers. Most often, and for obvious reasons, the first antibody
is an approved anti-PD-1/PD-L1 or anti-CTLA-4, combined with more novel ICI antibodies.
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One frequently used targeted molecule in these combinations is LAG-3, which is a CD4-like
molecule expressed by tumor infiltrating lymphocytes (TILs), by activated CD4 and CD8 T cells, Tregs,
B cells and DCs. It interacts with MHC class II and inhibits CD4 T cell proliferation, cytokine release
and CD8 effector functions. It is overexpressed in some tumors and its combination with classical ICI
antibodies is expected to improve responses. Thus, many Phase I/II trials and one Phase II/III trial have
been started with anti-LAG-3 combined with the more established ICI antibodies. Results from these
studies are awaited [152].

TIM-3 is another molecule of interest. It is expressed by exhausted T cells, Tregs, B cells, NK cells,
DCs, macrophages and mast cells and binds to galectin 9, High Mobility Group Box 1 (HMGB1) and
Carcinoembryonic Antigen-Related Cell Adhesion Molecule 1 (CEACAM-1). It is overexpressed by
some tumors. The mechanism of inhibition of T cell proliferation and TH1 responses by TIM-3 are
still unclear and the subject of controversy [152]. Nonetheless, the frequent co-expression of TIM-3
with PD-1 on exhausted T cells and TILs has offered a rationale for combined use of anti-PD-1 and
anti-TIM-3. Moreover, experiments in some mouse models have provided evidence for the efficacy of
this combination [153]. Thus, several mostly Phase I studies of anti-PD-1 and anti-TIM-3 have been
initiated in advanced and metastatic solid tumors, but the data are not yet available.

TIGIT is another ICI that has gained much interest and is being tested in combination with
“classical” ICI antibodies. It belongs to the family of nectin and nectin-like proteins and is expressed
by NK and T cells, including CD4, CD8 and Tregs [154]. It binds with high affinity to CD155 (Polio
Virus Receptor, PVR), to CD112, but with lower affinity to the CD113. It competes with DNAM-1, an
activating receptor, for CD155 binding and may inhibit T and NK cell activation in this way, similar
to competition between CTLA-4 and CD28 binding to B7 molecules. In addition, TIGIT interaction
with CD155 induces tolerogenic signals, such as IL-10 production and decreased secretion of IFN-γ
and IL-12 by DCs, resulting in decreased priming and proliferation of T cells, and induction of a
M2-type phenotype in macrophages. These data, and the fact that TIGIT is overexpressed in the
microenvironment of several tumor types, such as multiple myeloma, melanoma, gastric cancers and
AML, has led to the development of several anti-TIGIT antibodies, all IgG1 with either Fc competent
or silent Fcs, and the initiation of Phase I/II clinical studies alone or in combination with PD-1/PD-L1
blockade [154].

PVRIG is related to TIGIT and binds to CD112 but not to CD155. It inhibits T cell cytotoxicity
and PVRIG inhibition increases anti-tumor response [155]. Furthermore, PVRIG blockade appears to
cooperate with anti-PD-1 [156]. A phase I clinical trial has been started combining antibodies targeting
PVRIG and PD-1 in advanced solid tumors (NCT03667716).

Other combinations aim to more specifically target cell types other than T cells or Tregs, in
particular, NK cells (NKG2A) [157]. NKG2A is a well-known inhibitory receptor of NK cells. Preclinical
studies suggest that its use in combination with the anti-PD-1/PD-L1 pathway inhibitors may reinforce
NK cell activation [158]. This combination is being tested in clinical studies (NCT03833440).

Other molecules being actively investigated and tested as ICI belong to quite different pathways
of immune inhibition. This is the case of CD73 which is part of the complex of cell surface enzymes,
regulating adenosine metabolism, which includes CD39 and adenosine receptors. CD39 is an ATPase
which hydrolizes ATP and ADP to AMP. CD73 is an ecto-5′-nucleotidase which hydrolizes, in turn,
AMP to adenosine. The adenosine receptors A2a (ADORA2A) and A2b (ADORA2B) in turn increase
cAMP levels in response to ligand and downmodulate the immune response mediated by T cell, NK
and macrophages. All these enzymes therefore cooperate to downmodulate inflammation and the
immune system in physiological conditions. They are expressed by many cell types, including tumor
cells, stromal cells, immune cells and are upregulated on Treg [159]. Thus, blocking CD73 reduces
adenosine production and activates immune cells. Several anti-CD73 MAbs have been introduced in
the clinic, all bearing a silent Fc, because CD73 is ubiquitously expressed and the aim of the antibodies
is to block CD73 function and not eliminate the target cells (see above). Indeed, evidence suggests
that a major mechanism of some anti-CD73 MAbs, like BMS-986179, is to internalize CD73 leading to
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decreased cAMP production. Many Phase I/II clinical trials have also been started combining anti-CD73
and anti-PD-1/PD-L1 MAbs against hematological tumors. Anti-adenosine receptors A2a and A2b
antibodies are also being developed [160].

CD47 is a ubiquitous protein whose physiological function is to send a “do not eat me” signal to
macrophages and inhibit phagocytosis of healthy cells. The CD47 ligand is CD172a (SIRP1α) expressed
by macrophages, including Kupffer cells in the liver, granulocytes, DCs and neuronal cells. SIRPα
bears a negative regulatory domain (ITIM) in its cytoplasmic tail so that interaction with CD47 inhibits
positive signal triggering for activation of SIRPα-positive cells and phagocytosis, for example, by
macrophages. Thus, healthy cells that express CD47, in particular erythrocytes, send a negative signal
to macrophages and blocks their phagocytosis, whereas damaged or old cells (aging erythrocytes as
well as others) have lower levels of CD47 and are rapidly eliminated by macrophages. Increased CD47
has been shown in some tumors, like AML, CML, B-NHL and numerous solid tumors, as well as
in cancer stem cells, thus providing a mechanism for immune evasion [161]. Blocking CD47/SIRPα
increases phagocytosis by macrophages and antigen presentation by DCs, thus promoting adaptive
immunity. In addition, anti-CD47 may induce cell death of tumors cells expressing this molecule,
but this possible mechanism is uncertain [162]. Blocking CD47/SIRPα interaction has been shown
to synergize in vitro and in vivo with some therapeutic MAbs, like rituximab, which act at least
in part by inducing phagocytosis of CD20-positive tumor cells [61]. Anti-CD47 may also enhance
the efficacy of other standard therapeutic MAbs, such as cetuximab and trastuzumab [163]. Finally,
pre-clinical models suggest a synergy between anti-CD47 and anti-EGFR/HER2 antibodies of IgA
isotype, through the action of neutrophils [164]. The use of an anti-CD47 IgG4 (Hu5F9 G4) is therefore
entering the clinic, alone or in combination with these MAbs (Table 6). In this case, the silent Fc version
of anti-CD47 is preferred to mediate the blocking of the CD47–SIRPα interaction rather than to promote
Fc-mediated activities.

In addition to what has been said about possible synergies, it is important to note that combining
two different ICI antibodies bears with it the intrinsic risk of increased toxicity, in particular, enhanced
autoimmune and allergic reactions. This has indeed been shown to be the case in a number of clinical
studies [165].

7.4. Combining ICI and Immune Stimulating Antibodies

A corollary to inhibiting two or more ICI is to combine them with immune activators. Well-known
immune stimulators include CD137, GITR, OX40 and CD27, as well as others, most of which belong to
the TNFR superfamily. They are expressed by T cells, in some cases also Treg (GITR, OX40) and variably
by other immune cells types. As for inhibitory molecules, the list of these agents as potential targets
for cancer immunotherapy is growing and a more precise description of these molecules is beyond the
scope of this review. We instead refer the readers to several recent articles [166,167]. Several agonistic
antibodies have been developed against the immune activators. After ligand binding, these antibodies
induce activating pathways in the targeted cells (e.g., via MAPK and NFkB signaling), most often
T cells or antigen-presenting cells which may be present within the tumor microenvironment [167].
Some antibodies like anti-GITR and OX40 may also deplete Tregs [64,168].

Thus, immune-stimulating antibodies have shown anti-tumor activity in preclinical models and
are therefore being tested in Phase I or Phase I/II clinical studies, either alone or in combination with
standard MAbs (in particular rituximab and cetuximab), or with ICI antibodies, mostly anti-PD-1/PD-L1
or CTLA-4 in various solid and hematological tumors [169]. The combinations of ICI and immune
stimulatory antibodies that have presently entered clinical trials are listed in Table 6. As noted above,
enhanced autoimmune and allergic reactions are also likely to occur as a consequence of using a
combination of ICI and immune-activating antibodies.
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7.5. Combination of an ICI Antibody with a Standard Anti-Tumor MAb

One interesting combination strategy is to use an ICI antibody with standard Fc competent
IgG1 anti-tumor antibodies, like rituximab, cetuximab, trastuzumab or daratumumab. Indeed, these
latter antibodies are known to activate innate immunity: ADCP, ADCC, as well as complement [2,3].
This results in the release of pro-inflammatory cytokines and chemokines, including complement
anaphylatoxins C3a and C5a [170]. These may favor the recall of immune cells to the tumor, facilitating
further immune control of tumors [171]. Thus, combining anti-tumor MAbs with ICI antibodies that
activate T cells or stimulate hyperactivate innate immune cells may lead to synergistic effects.

Interestingly, some MAbs, like trastuzumab and cetuximab, have also been shown to upregulate the
expression of ICI, like PD-1, PD-L1 or TIM3 [172,173]. Also, EGF stimulates PD-L1 expression [174,175].
Although the interplay between EGFR signaling and the PD-L1 /PD-1 pathway is complex and still
needs to be fully understood [176], these observations offer a rationale for using anti-EFGR cetuximab
in combination with anti-PD-1 or PD-L1 in HNSCC or NSCLC (Table 6). Indeed, several clinical studies
combining cetuximab or trastuzumab with anti-PD-1/PD-L1 have been initiated [177]. Results from
one Phase II study combining pembrolizumab with trastuzumab for trastuzumab-resistant advanced
breast cancer has been reported (NCT02129556). The data show promising clinical activity of the
combination in the PD-L1-positive subgroup (Table 4) [98].

In other cases, high ICI expression has been detected in tumors known to be responsive to a specific
MAb. For example, PD-1 and PD-L1 have been shown to be expressed in some B-Non Hodgkin’s
Lymphoma (B-NHL) subtypes and to correlate with poor prognosis [178,179]. Thus, the combination
of anti-PD-1 and anti-PD-L1 with anti-CD20 antibodies effective in B-NHL is quite an obvious choice,
which is being tested in the clinic.

Standard MAbs may also be combined with agonist immune-activating antibodies in a strategy to
increase immunity against tumor, the first MAb directing the innate immune system specifically to the
tumor and the other offering a boost to the same or other players of the immune system [180].

7.6. Combination of an ICI Antibody with a T Cell Engager Antibody

Another combination approach is to use an ICI antibody with TE BsAbs (Table 6). Several such
combinations are already being tested in the clinic, in particular using the approved BsAb (BiTE)
CD3xCD19 blinatumomab [181]. The biological rationale is, also in this case, to reinforce, through the
ICI antibody, an immune cell activation that is already induced by the TE antibody. More specifically,
the TE bispecific activates T cells, induces their proliferation and the killing of the tumor cells by CD8+

cytotoxic T cells. Increased PD-1 and PD-L1 expression on a tumor or in its microenvironment has
been observed following blinatumomab administration and this has been suggested as a mechanism of
resistance to this BsAb [182]. Thus, an obvious strategy is to combine blinatumomab with anti-PD-1 or
PD-L1 antibodies to control these resistance mechanisms, and several such trials are being carried out.

Other data suggest that the presence of Tregs inhibits the response to blinatumomab, so combination
with antibodies that may deplete Tregs, like anti-CTLA-4, is another logical approach that is being
pursued [181]. The paradigm may not only reinforce the T cell-mediated anti-tumor response already
activated by the TE BsAb, but it may also activate other immune cells that would not be normally and
specifically involved in the response, with potentially additive or synergistic effects. Combinations of
ICI antibodies with TE BsAbs other than blinatumomab are also being tested, including the CD20 × CD3
IgG4 BsAb, REGN1979, for B-NHL, and the gpA33 × CD3 DART-type BsAb, MGD007, for colon cancer
(Table 6). The rationale behind these combinations is similar to that for blinatumomab, since all these
TE antibodies have been designed to activate T cells through TCR and have no Fc or a silent Fc. As in
other cases, the drug combinations may lead to higher efficacy but also increased side effects, which
will need to be carefully evaluated.
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7.7. Combination of Antibodies Targeting ICI and ReceptorActivator of Nuclear Factor kB Ligand (RANKL)
Antibodies

The mechanisms by which RANK/RANK Ligand (RANKL) may interact with ICI has been
nicely reviewed by van Dam [183]. RANKL is a transmembrane and soluble molecule that binds to
RANK. RANK and RANKL are expressed by different cell types and their interaction may modulate
immunity by different mechanisms. RANKL/RANK is involved in cross-talk between the bone and
the immune system, causing osteoclasts to function as antigen-presenting cells. RANKL is expressed
on TILs and Tregs. These cells may stimulate cancer cell metastasis. In contrast, RANK is expressed
on tumor-associated macrophages (TAMs) and NK cells [184]. TAMs are generally of the M2 type
and favor an immunosuppressive microenvironment, including angiogenesis and tumor growth.
RANK–RANKL interaction may promote Treg proliferation, attract macrophages, promote tumor
growth and metastasis, angiogenesis and tumor cell stemness [185].

A favorable association between anti-RANKL antibody denosumab and anti-CTLA-4 ipililumab
was noted by chance in a case study of a melanoma patient co-administered these two drugs [186]. The
likely synergistic effect of this specific combination was subsequently suggested in a retrospective study
of patients with metastatic melanoma [187]. The efficacy of this combination was further demonstrated
in mouse models of solid tumors [188]. Lymphocytes (in particular, CD8 T cells and NK cells) as well as
FcγRs were required for efficacy in this model, with the Fc-competent anti-CTLA-4 being more active
that the Fc-silent version. In contrast, the Fc of the anti-RANKL antibody was not required. These
encouraging results have led to the opening of three Phase Ib/II clinical trials combining anti-RANKL
denosumab with anti-PD-1 nivolumab alone or with anti-CTLA-4 ipililumab (in NSCLC and renal
cancers) (Table 6), whose results are awaited. RANK/RANKL inhibition has multiple effects on the
immune environment and how these effects may synergize with anti-CTLA-4, anti-PD-1 or other ICI
antibodies still needs to be clarified. As for other combinations, synergy or other mechanisms may
be context-dependent.

7.8. Combination of ICI and Anti-Angiogenic Antibodies

Antibodies targeting angiogenic factors have long been employed in immunotherapy of solid
cancers, with the knowledge that angiogenesis is a factor promoting cancer cell growth. Nonetheless,
anti-angiogenic antibodies, combined with chemotherapy, have had limited success so far [189]. This
has led to the hypothesis that they could be combined with ICI antibodies, thus targeting different
pathways that promote tumor growth. Several clinical trials combining antibodies against angiogenic
factors or their receptors and ICI have therefore been started, especially in the context of solid tumors
(Table 6).

7.9. Combination with Antibodies Targeting the Complement System

The complement system is an essential component of innate immunity. It is composed of more
than 50 soluble, membrane-bound and intracellular proteins, organized as enzyme cascades and their
regulators. Complement is activated via 3 different pathways, the classical pathway induced by C1q
binding to antibodies or dying cell components, the lectin pathway activated by lectin binding proteins,
and the alternative pathways, which amplifies the first two [190]. In the last 10 years, complement
has emerged as an important regulator of immunity against tumors, in addition to its well-known
role as a sensor and mechanism of elimination of pathogens [191–193]. Complement components
both activate and recall immune cells (T cells, neutrophils, monocytes, macrophages, etc.) within
tumors, most prominently through the C3a and C5a fragments which are potent anaphylatoxins.
However, several complement components also dampen immunity, presumably as a negative feedback
mechanism to avoid tissue damage by excessive immune response. Several components are implicated
in these negative effects of complement, mediating the induction of tolerogenic signals, the recall of
C5aR-positive myeloid-derived suppressor cells (MDSC), the induction of PD-L1 on monocytes, the
recall and differentiation of immunosuppressive M2-type macrophages within tumors, the activation
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of Tregs, as well as others [192]. Since C3 and C5 and their receptors are central to these effects, the
therapeutic efficacy of combining anti-PD-1 with C5aR or C3aR blockers has been tested in pre-clinical
models with interesting results [194,195], leading to the initiation of a clinical trial of the combined
treatment of solid tumors with anti-C5aR antibody and anti-PD-1 durvalumab (NCT03665129). Results
are awaited.

7.10. Combining Different Specificities Using Bispecific or Two Monospecific Antibodies?

Most of the antibody combinations described in the previous paragraphs could be designed as
MAb combinations or as BsAbs. Given the different possible formats of bispecifics [26], the latter
may be monovalent for each target antigen or bivalent, allowing for greater avidity in the latter case,
equivalent to that of the parent MAbs (Figure 2). Whether these differences may have an impact on
efficacy, dosing or toxicity is still a fully open question.

There are advantages and disadvantages of the MAb combinations versus BsAb approaches.
Whereas combining two separate MAbs targeting different ICI/immunostimulatory molecules allows
fine tuning of the concentration of each, blocking two ICIs in a bispecific format can have the advantage
that a single agent is administered, potentially reducing costs for production and treatment. However,
using a BsAb against 2 ICI/immunostimulatory molecules does not allow for flexibility in relative
dosing. In this case, one cannot taper one MAb in case of toxicity nor modulate/optimize the treatment
regimen, for example by treating patients with each target specificity in succession, or at modified
dosages. Most current clinical trials are testing the combination of two or more ICI MAbs, of which at
least one is already approved, rather than BsAbs. This is explained by the fact that the best combinations
still need to be established and this approach allows testing of different combinations relatively rapidly.
It is likely that future development will include optimized bispecific formats to target more than one
ICI/immune stimulators. Indeed, several BsAbs targeting 2 ICI have been developed and some have
reached phase I clinical trials [196–199].

Table 6. Combinations of MAbs/BsAbs being tested in Phase I and II clinical trials.

First Specificity Combined with Antibodies
Against Category of Combination Diseases References

PD-1 or PD-L1

TIGIT

2 ICI

Solid tumors and
hematological
malignancies

[43]
[154]
[155]
[160]
[166]
[177]
[183]
[193]

TIM3
LAG3

NKG2A
CD73

PVRIG
CD47
CD137

ICI + immune stimulatorOX40
CD27
GITR
EGFR

ICI + anti-tumor MAb

HER2
CD20
CD22
CCR4
FGFR3

CD19 × CD3 ± CTLA4
ICI + TE BsAbCD20 × CD3

gPA × CD3
VEGF × ANG2 ICI + anti-angiogenic BsAb

C5aR ICI + anti-complement receptor
TGF-β RII

MiscellaneousRANKL ± CTLA4

CTLA4
LAG3 2 ICI Melanoma [152]
OX40 ICI + immune stimulator Solid tumors [169]
EGFR ICI + anti-tumor MAb HNSCC [177]

OX40

CTLA-4 ± PD-1 2 ICI + immune stimulator Solid tumors

[166]CD137
2 immune stimulator Solid tumorsTLR4 ot TLR9

CD20 immune stimulator +
anti-tumor MAb DLBCL
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Table 6. Cont.

First Specificity Combined with Antibodies
Against Category of Combination Diseases References

CD27 GPNMB (ADC) immune stimulator and ADC Melanoma [166]

CD137

CCR4
immune stimulator and

anti-tumor MAb

Advanced solid tumors

[166,199]
CD20 ± PD-L1 DLBCL

EGFR CRC
HER2 (Mab or ADC) Breast cancer

OX40+PD-L1 2 immune stimulators and
1 ICI antibody Solid tumors

CD47
EGFR

ICI + anti-tumor MAb
Colorectal [162]

CD20 B-NHL

NKG2A EGFR ICI + anti-tumor MAb
Squamous cell

carcinoma of head and
neck

[157]

CD73 EGFR ICI + anti-tumor MAb Solid tumors [160]

LAG3
PD-1 + TIM3 3 ICI antibodies Solid + Lymphoma

[152]PD-1 + CTLA4 ± CD38 3 ICI MAbs + anti-tumor MAb Advance tunors

PD-1 + CD137 2 ICI MAbs + 1 immune
stimulator Glioblastoma

GITR PD-1 ± CTLA4 2 ICI MAbs + 1 immune
stimulator Solid tumors [166]

Other types of combinations, most notably those combining antibodies against a tumor antigen
and an ICI, may be more favorable in a bispecific format, since the tumor antigen should be
specifically expressed or overexpressed in the tumor, allowing for greater specificity. Therefore,
a tumor antigen × ICI BsAb should allow a better localization of the ICI blocking function to the
tumor, thanks to the anti-tumor moiety. In addition, in the case of fully competent IgG1 Fc-bearing
BsAbs targeting a tumor antigen and an ICI, the drug should have the capacity to activate immunity
through both its Fc and its ICI blocking moiety, potentially resulting in enhanced and localized
anti-tumor immune responses, involving both innate and adaptive immunity. This kind of approach is
in pre-clinical development by different groups [200–202].

Another aspect to consider when designing MAb combination versus BsAb strategies is the
pharmacokinetics and immunogenicity of the drugs. MAbs are “natural” molecules with little
immunogenicity and bear an Fc, which allows a prolonged stability in vivo (generally a half-life of
2–3 weeks). BsAb structures are very variable (Figure 2) and some may contain unnatural peptides,
such as linkers or dimerization modules that join different elements or mutations, orscFvs that are less
stable than Fabs. These artificial elements may be more immunogenic and may lead to the formation
of anti-drug antibodies in vivo [203]. In addition, BsAbs that lack an Fc have a limited half-life in vivo.
Others have natural IgG-like structures, including an Fc, thus providing a better framework for stability
in vivo [26,204,205].

These aspects emphasize the need for careful design of novel strategies that take into account all
aspects which may impact on the efficacy and safety of the drugs.

8. Conclusions and Future Prospects

Antibodies targeting ICI have shown impressive efficacy in several solid cancers, especially
melanoma. However, effectiveness is very much patient-dependent and for most tumors, ICI antibodies
are not sufficient as monotherapy and need to be combined with chemotherapy, radiotherapy, targeted
drugs or other therapeutic antibodies. Different combinations of antibodies have been proposed in a
variety of types of cancer, with the hope of either inducing a stronger and more specific anti-tumor
immune response, or of blocking different and synergistic pathways of tumor growth. Anti-CTLA-4
has been combined with anti-PD-1 and PD-L1, showing that in some contexts, this combination is
more effective than monotherapy or chemotherapy. Novel combinations are also being investigated.
Figure 3 summarizes the different types and mechanisms of antibody combinations that are being
investigated. Clinical data from most studies are still awaited, so conclusions about efficacy of the
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different combinations are not yet possible. The next challenge will be to define the best treatment
strategy for each type of tumor and to identify biomarkers predicting efficacy and/or toxicity.
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We believe that ICI expression studies, the sensitivity of different tumors to ICI antibody
monotherapy, in vivo animal pre-clinical models, but also a plausible biological rationale, the
pharmacodynamic and pharmacokinetic aspects are all important elements to guide the choice
of the best combinations of MAbs or novel BsAbs.

Another important theme for the future will be to define the choice of best doses and regimens
for each antibody combination (concurrent versus sequential treatment, etc.), in order to optimize the
ratio between response and toxicity. Careful pharmacokinetic and pharmacodynamic analyses will no
doubt contribute to optimize treatment schedules. Indeed, specific timing of each intervention is likely
to crucially affect the response in the complex interplay of immune cells with each other and with the
tumor microenvironment. Finally, the possible occurrence of anti-drug antibodies that may affect the
pharmacokinetics and efficacy of single or combined ICI MAbs or BsAbs is an issue that needs further
careful investigation in order to optimize these treatments [206].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4468/9/2/17/s1,
Table S1: Results of major Phase II and III clinical trials using anti-ICI as monotherapy.

Author Contributions: Both authors have contributed equally to the revision of the literature, collection of data
and writing of the review. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Associazione Italiana Ricerca contro il Cancro (AIRC) (Investigator
Grant to JG, n◦ IG-19036, and Grant AIRC 5 × 1000, Project ISM) and by Fondazione Regionale per la Ricerca
Biomedica (Regione Lombardia), project nr. 2015-0042 FRBB).

Acknowledgments: We thank Ronald P. Taylor for constructively revising the manuscript and for his
kind suggestions.

http://www.mdpi.com/2073-4468/9/2/17/s1


Antibodies 2020, 9, 17 23 of 34

Conflicts of Interest: The authors have no conflict of interest to report.

References

1. Golay, J. Direct targeting of cancer cells with antibodies: What can we learn from the successes and failure of
unconjugated antibodies for lymphoid neoplasias? J. Autoimmun. 2017, 85, 6–19. [CrossRef] [PubMed]

2. Weiner, G.J. Building better monoclonal antibody-based therapeutics. Nat. Rev. Cancer 2015, 15, 361–370.
[CrossRef] [PubMed]

3. Taylor, R.P.; Lindorfer, M.A. Cytotoxic mechanisms of immunotherapy: Harnessing complement in the
action of anti-tumor monoclonal antibodies. Semin. Immunol. 2016, 28, 309–316. [CrossRef] [PubMed]

4. Sedykh, S.E.; Prinz, V.V.; Buneva, V.N.; Nevinsky, G.A. Bispecific antibodies: Design, therapy, perspectives.
Drug Des. Devel. Ther. 2018, 12, 195–208. [CrossRef] [PubMed]

5. Gajewski, T.F.; Schreiber, H.; Fu, Y.-X. Innate and adaptive immune cells in the tumor microenvironment.
Nat. Immunol. 2013, 14, 1014–1022. [CrossRef] [PubMed]

6. Ansell, S.M.; Vonderheide, R.H. Cellular composition of the tumor microenvironment. Am. Soc. Clin. Oncol.
Educ. Book 2013, 33, e91–e97. [CrossRef]

7. Guerrouahen, B.S.; Maccalli, C.; Cugno, C.; Rutella, S.; Akporiaye, E.T. Reverting Immune Suppression to
Enhance Cancer Immunotherapy. Front. Oncol. 2020, 9. [CrossRef]

8. Sanmamed, M.F.; Pastor, F.; Rodriguez, A.; Perez-Gracia, J.L.; Rodriguez-Ruiz, M.E.; Jure-Kunkel, M.;
Melero, I. Agonists of Co-stimulation in Cancer Immunotherapy Directed Against CD137, OX40, GITR,
CD27, CD28, and ICOS. Semin. Oncol. 2015, 42, 640–655. [CrossRef]

9. Waldmann, T.A. Cytokines in Cancer Immunotherapy. Cold Spring Harb. Perspect. Biol. 2018, 10, a028472.
[CrossRef]

10. Neri, D. Antibody-Cytokine Fusions: Versatile Products for the Modulation of Anticancer Immunity.
Cancer Immunol. Res. 2019, 7, 348–354. [CrossRef]

11. Webb, E.S.; Liu, P.; Baleeiro, R.; Lemoine, N.R.; Yuan, M.; Wang, Y. Immune checkpoint inhibitors in cancer
therapy. J. Biomed. Res. 2018, 32, 317–326.

12. Li, X.; Shao, C.; Shi, Y.; Han, W. Lessons learned from the blockade of immune checkpoints in cancer
immunotherapy. J. Hematol. Oncol. 2018, 11, 31. [CrossRef] [PubMed]

13. Kennedy, L.B.; Salama, A.K.S. A review of cancer immunotherapy toxicity. CA Cancer J. Clin. 2020, 70, 86–104.
[CrossRef]

14. Das, S.; Johnson, D.B. Immune-related adverse events and anti-tumor efficacy of immune checkpoint
inhibitors. J. Immunother. Cancer 2019, 7, 306. [CrossRef] [PubMed]

15. McGonagle, D.; Bragazzi, N.L.; Amital, H.; Watad, A. Mechanistic classification of immune checkpoint
inhibitor toxicity as a pointer to minimal treatment strategies to further improve survival. Autoimmun. Rev.
2020, 19, 102456. [CrossRef]

16. Saunders, K.O. Conceptual Approaches to Modulating Antibody Effector Functions and Circulation Half-Life.
Front. Immunol. 2019, 10, 1296. [CrossRef] [PubMed]

17. Kang, T.H.; Jung, S.T. Boosting therapeutic potency of antibodies by taming Fc domain functions. Exp. Mol. Med.
2019, 51, 1–9. [CrossRef] [PubMed]

18. Salfeld, J.G. Isotype selection in antibody engineering. Nat. Biotechnol. 2007, 25, 1369–1372. [CrossRef]
19. De Aguiar, R.B.; de Moraes, J.Z. Exploring the Immunological Mechanisms Underlying the Anti-vascular

Endothelial Growth Factor Activity in Tumors. Front. Immunol. 2019, 10. [CrossRef]
20. Bournazos, S.; Wang, T.T.; Dahan, R.; Maamary, J.; Ravetch, J.V. Signaling by Antibodies: Recent Progress.

Annu. Rev. Immunol. 2017, 35, 285–311. [CrossRef]
21. Davies, A.M.; Sutton, B.J. Human IgG4: A structural perspective. Immunol. Rev. 2015, 268, 139–159.

[CrossRef] [PubMed]
22. Alsaab, H.O.; Sau, S.; Alzhrani, R.; Tatiparti, K.; Bhise, K.; Kashaw, S.K.; Iyer, A.K. PD-1 and PD-L1

Checkpoint Signaling Inhibition for Cancer Immunotherapy: Mechanism, Combinations, and Clinical Outcome.
Front. Pharmacol. 2017, 8, 561. [CrossRef]

23. Chen, X.; Song, X.; Li, K.; Zhang, T. FcγR-Binding Is an Important Functional Attribute for Immune
Checkpoint Antibodies in Cancer Immunotherapy. Front. Immunol. 2019, 10, 292. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jaut.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28666691
http://dx.doi.org/10.1038/nrc3930
http://www.ncbi.nlm.nih.gov/pubmed/25998715
http://dx.doi.org/10.1016/j.smim.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/27009480
http://dx.doi.org/10.2147/DDDT.S151282
http://www.ncbi.nlm.nih.gov/pubmed/29403265
http://dx.doi.org/10.1038/ni.2703
http://www.ncbi.nlm.nih.gov/pubmed/24048123
http://dx.doi.org/10.1200/EdBook_AM.2013.33.e91
http://dx.doi.org/10.3389/fonc.2019.01554
http://dx.doi.org/10.1053/j.seminoncol.2015.05.014
http://dx.doi.org/10.1101/cshperspect.a028472
http://dx.doi.org/10.1158/2326-6066.CIR-18-0622
http://dx.doi.org/10.1186/s13045-018-0578-4
http://www.ncbi.nlm.nih.gov/pubmed/29482595
http://dx.doi.org/10.3322/caac.21596
http://dx.doi.org/10.1186/s40425-019-0805-8
http://www.ncbi.nlm.nih.gov/pubmed/31730012
http://dx.doi.org/10.1016/j.autrev.2019.102456
http://dx.doi.org/10.3389/fimmu.2019.01296
http://www.ncbi.nlm.nih.gov/pubmed/31231397
http://dx.doi.org/10.1038/s12276-019-0345-9
http://www.ncbi.nlm.nih.gov/pubmed/31735912
http://dx.doi.org/10.1038/nbt1207-1369
http://dx.doi.org/10.3389/fimmu.2019.01023
http://dx.doi.org/10.1146/annurev-immunol-051116-052433
http://dx.doi.org/10.1111/imr.12349
http://www.ncbi.nlm.nih.gov/pubmed/26497518
http://dx.doi.org/10.3389/fphar.2017.00561
http://dx.doi.org/10.3389/fimmu.2019.00292
http://www.ncbi.nlm.nih.gov/pubmed/30863404


Antibodies 2020, 9, 17 24 of 34

24. Challa, D.K.; Velmurugan, R.; Ober, R.J.; Sally Ward, E. FcRn: From molecular interactions to regulation of
IgG pharmacokinetics and functions. Curr. Top. Microbiol. Immunol. 2014, 382, 249–272. [PubMed]

25. Stapleton, N.M.; Einarsdóttir, H.K.; Stemerding, A.M.; Vidarsson, G. The multiple facets of FcRn in immunity.
Immunol. Rev. 2015, 268, 253–268. [CrossRef]

26. Spiess, C.; Zhai, Q.; Carter, P.J. Alternative molecular formats and therapeutic applications for bispecific
antibodies. Mol. Immunol. 2015, 67, 95–106. [CrossRef]

27. Carter, P.J.; Lazar, G.A. Next generation antibody drugs: Pursuit of the “high-hanging fruit”. Nat. Rev. Drug.
Discov. 2018, 17, 197–223. [CrossRef]

28. Brinkmann, U.; Kontermann, R.E. The making of bispecific antibodies. MAbs 2017, 9, 182–212. [CrossRef]
29. Goebeler, M.-E.; Bargou, R.C. T cell-engaging therapies—BiTEs and beyond. Nat. Rev. Clin. Oncol. 2020.

[CrossRef]
30. Bargou, R.; Leo, E.; Zugmaier, G.; Klinger, M.; Goebeler, M.; Knop, S.; Noppeney, R.; Viardot, A.; Hess, G.;

Schuler, M.; et al. Tumor regression in cancer patients by very low doses of a T cell-engaging antibody.
Science 2008, 321, 974–977. [CrossRef]
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