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The T-cell response is regulated by the balance between costimulatory and coinhibitory signals. Immune
checkpoints are essential for efficient T-cell activation, but also for maintaining self-tolerance and protecting
tissues from damage caused by the immune system, and for providing protective immunity. Modulating immune
checkpoints can serve diametric goals, such that blocking a coinhibitory molecule can unleash anti-cancer im-
munity whereas stimulating the same molecule can reduce an over-reaction in autoimmune disease. The purpose
of this review is to examine the regulation of T-cell costimulation and coinhibition, which is central to the
processes underpinning autoimmunity, transplant rejection and immune evasion in cancer. We will focus on the
immunomodulation agents that regulate these unwanted over- and under-reactions. The use of such agents has
led to control of symptoms and slowing of progression in patients with rheumatoid arthritis, reduced rejection
rates in transplant patients, and prolonged survival in patients with cancer. The management of immune
checkpoint inhibitor treatment in certain challenging patient populations, including patients with pre-existing
autoimmune conditions or transplant patients who develop cancer, as well as the management of immune-
related adverse events in patients receiving antitumor therapy, is examined. Finally, the future of immune
checkpoint inhibitors, including examples of emerging targets that are currently in development, as well as
recent insights gained using new molecular techniques, is discussed. T-cell costimulation and coinhibition play
vital roles in these diverse therapeutic areas. Targeting immune checkpoints continues to be a powerful avenue
for the development of agents suitable for treating autoimmune diseases and cancers and for improving trans-
plant outcomes. Enhanced collaboration between therapy area specialists to share learnings across disciplines
will improve our understanding of the opposing effects of treatments for autoimmune disease/transplant
rejection versus cancer on immune checkpoints, which has the potential to lead to improved patient outcomes.

1. Introduction

An adaptive immune response against invading pathogens is initi-
ated by the activation of naive T cells, which requires coordinated sig-
nals, two of which are fundamental for many aspects of T-cell activation.
Signal 1 is stimulatory and involves an antigen/major histocompatibility
complex binding to an antigen-specific T-cell receptor (Fig. 1). Signal 2
is mediated by members of the B7 and tumor necrosis factor (TNF) re-
ceptor families of cell-surface protein ligands and can be stimulatory or
inhibitory [1,2]. A third signal of innate cytokines helps T cells differ-
entiate into protective T-cell subsets required for host immunity [3].

Depending on the affinity, signal 1 can sometimes be effective

without the need for a stimulatory signal 2, whereas signal 2 alone
cannot lead to activation of T cells [4]. Initially, the CD28 receptor and
its counterpart CD80/86 were identified, and it was proposed that T-cell
activation occurred following T-cell receptor ligations and assembly of
the signaling complex; for example, the binding of CD28 to CD80/86
(Fig. 2) [2,5,6]. Subsequent identification of additional B7/CD28 and
TNF receptor family members [2,7,8] led to the current understanding
that an inhibitory signal 2 can counteract T-cell activation; for example,
when cytotoxic T-lymphocyte antigen 4 (CTLA-4; CD152) outcompetes
CD28 for B7 binding (Fig. 2). The down-regulation of T-cell responses at
immune checkpoints is fine-tuned by many coinhibitory pathways to
avoid inappropriate or prolonged activation (Fig. 2) [1,2,9]. The
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regulation of T-cell costimulation (or costimulation modulation) and
coinhibition has a function in both health and disease and is at the center
of the processes that underpin autoimmunity, transplant rejection, and
immune evasion in cancer [2].

Immune checkpoints are essential for maintaining self-tolerance,
protecting tissues from damage caused by the immune system, and
providing protective immunity [10]. An imbalance in immune homeo-
stasis can lead to costimulation and the upregulation of T-cell activation
in autoimmune diseases and transplant rejection [9]. Inmune homeo-
stasis is mediated in part by the balance between the costimulatory (e.g.
CD28) and coinhibitory (e.g. CTLA-4 or programmed death 1 [PD-1])
signals [9]. CTLA-4 is a checkpoint molecule that is expressed on acti-
vated T cells in the central lymphoid compartment, and has a mainly
inhibitory function due to having a higher affinity for CD80/86 than that
of CD28 [1,2,10,11]. PD-1, another member of the CD28 family of re-
ceptors, is expressed primarily on T cells in peripheral tissues, and binds
to programmed death ligand 1 or 2 (PD-L1 or PD-L2), which leads to
T-cell inhibition [2,10]. Evidence gained from preclinical animal models
has provided useful insights into the role of immune checkpoints. In a
murine CTLA-4 knockout model, animals developed rapid auto-
inflammatory responses resulting in fatal lymphoproliferative disease
[12,13], whereas in a murine PD-1 knockout model, animals developed
lupus-like disease [14].

The role of immune checkpoints has been further elucidated from
studies in humans. As the primary costimulation molecule for T-cell
activation, loss of expression of CD28 during T-cell maturation can lead
to varying T-cell phenotypes (cytotoxic or immunoregulatory) in
different disease states, including in inflammatory conditions, in-
fections, cancers, and transplantation [15]. In addition, patients with
newly described genetic diseases of CTLA-4 signaling deficiency have
heterogeneous symptoms that include aggressive autoimmune mani-
festations of arthritis, psoriasis, and thrombocytopenia [16]. CTLA-4
haploinsufficiency with autoimmune infiltration (CHAI) is a common
variable immunodeficiency-related condition exhibiting a heterozygous
loss-of-function mutation in CTLA-4 [16,17]. Patients with CHAI typi-
cally develop lymphocytic infiltration of multiple nonlymphoid organs
as well as heterogeneous autoimmune symptoms. Patients with LATAIE
(LRBA deficiency with autoantibodies, regulatory T-cell defects, auto-
immune infiltrations, and enteropathy) have recessive loss-of-function
mutations in LRBA, a CTLA-4 trafficking protein, and experience
CHAI-like symptoms [16]. The shared mechanism of autoimmunity of
these two diseases demonstrates the crucial role of CTLA-4 in immune
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checkpoint regulation. Single nucleotide polymorphisms in the PD-1
gene that are associated with the risk of developing cancer or autoim-
mune diseases have been identified, with variation noted between
ethnic groups [18,19]; such findings may provide further insights into
the role of immune checkpoints.

In this article we aim to provide a multidisciplinary perspective on
costimulation/coinhibition modulation through the learnings from
three diverse therapeutic areas—autoimmunity, transplantation and
cancer—and to discuss the future of immune checkpoint therapeutics,
including those currently in development. The checkpoint molecules
most commonly targeted are CTLA-4 and PD-1/PD-L1; however,
emerging targets include T-lymphocyte markers and various T-cell
immunoglobulin domains. In addition, the management of immune
checkpoint inhibitor treatments in specific and challenging patient
populations, including their adverse events, will be reviewed.

2. The critical function of costimulation/coinhibition
modulation and therapeutic targeting of immune checkpoints:
perspectives from different therapy areas

Many immune checkpoints are initiated by ligand-receptor in-
teractions and can readily be blocked by antibodies or modulated by
recombinant forms of ligands or their receptors, presenting opportu-
nities for therapeutic targeting. As such, various agents have been
investigated, based on increasing costimulatory/coinhibitory pathway
knowledge, for controlling unwanted immune responses and enhancing
desired immune responses. We summarize here some of the novel
immunomodulatory agents (based on the inhibition of receptors and/or
ligands of CTLA4 and PD-1/PD-L1) that are currently being used suc-
cessfully in clinical practice to treat patients with autoimmune diseases,
transplant recipients, and patients with cancer (Table 1).

2.1. In autoimmune diseases

Autoimmune diseases originate from the breakdown of cos-
timulatory and coinhibitory signals and the loss of self-tolerance due to a
shift in immune homeostasis [20]. In rheumatoid arthritis (RA), T-cell
activation results in the production of B-cell-derived autoantibodies and
macrophage pro-inflammatory cytokines, which leads to inflammation
and tissue damage [21-23]. If left unchecked, there is a constant
renewal of the T-cell-initiated immune response.

In addition to exacerbation of the costimulatory signal in patients

Dendritic cell

) Signal 1
MHC class 1 & I
Tumor
Activated upregulates Ir;ff:lcl;vat:_d "
. T-cell co- effector T-cells
inhibitory
Recruitment PD-L1 \

to tumor
microenvironment

PD-11.
Tumor immune
escape

Effector T-cells IFN

09 © Proinflammatory
(] ”cytokines

Fig. 1. T-cell activation is at the center of both autoimmunity and cancer pathogenesis [75,78,154]. CTLA-4, cytotoxic T-lymphocyte-associated protein 4; IFN,
interferon; MHC, major histocompatibility complex; PD-1, programmed death 1; PD-L1, programmed death ligand 1; Tfh, T-follicular helper.
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with RA, studies have noted that levels of CTLA-4 expression in regu-
latory T cells are reduced, leading to impaired suppressive capacity of
these cells [24]. Other autoimmune diseases that occur due to a shift in
immune homeostasis have been investigated, and both CD28 expression
and PD-1-expressing T-cell frequency were found to be lower in patients
with Sjogren’s syndrome and systemic sclerosis [25].

The shift in immune homeostasis via several pathways provides
insight into disease development and potential treatment options.
Immunomodulation agents used in the treatment of autoimmune dis-
eases act on costimulatory pathways and aim to prevent the over-
reaction of the immune system. Abatacept, a human CTLA-4 fusion
protein, binds to CD80/86, disrupting the continuous cycle of T-cell
activation and thereby inhibiting autoantibody and cytokine produc-
tion, as well as reinstating homeostasis [26,27]. Abatacept is approved
in the United States and Europe for treating patients with RA and con-
trols signs and symptoms, slows radiographic disease progression and
improves quality of life (QoL) of patients with RA [26,27]. The presence
of autoantibodies, in particular anti-citrullinated protein antibodies
(ACPAs), are characteristic of RA and may be present years before the
patient exhibits any symptoms [28]. ACPAs are associated with more
aggressive disease, increased disease activity, structural damage
including bone loss and erosion and functional impairment [28-32]. The
presence of ACPAs may also be associated with a lower likelihood of
achieving and maintaining drug-free remission following treatment with
methotrexate (MTX) or biological disease-modifying antirheumatic
drugs (DMARDs) [27,33]. An exploratory analysis of a Phase III study
has shown that efficacy of abatacept treatment was greater in patients
with higher baseline ACPA levels than in those with lower levels (p =
0.003) [34]. Furthermore, in an observational study, only treatment
with the DMARDs that target the adaptive immune response, such as
abatacept and rituximab, resulted in significant decreases in ACPA
levels; in addition, only abatacept preserved immunoglobulin G (IgG)
levels [35]. It has also been reported in another post hoc evaluation of a
Phase III study that treatment with abatacept and MTX improved the
probability of rheumatoid factor (RF) and ACPA seroconversion over
MTX alone [36]. Additionally, patients who seroconverted from ACPA
+ to ACPA- status had better clinical and radiographic outcomes [36].
Real-world data have also shown that abatacept initiators achieve sig-
nificant differences in low disease activity and remission based on their
ACPA/RF status, with patients who have positive status exhibiting
improved clinical response [37].
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Table 1
Summary of immune checkpoint targets and approved therapeutic agents.

Target Therapeutic Stage of development (as of September 2019)
agent
CD80/ Abatacept Approved by FDA for treatment of RA (2005),

86 polyarticular juvenile idiopathic arthritis (2008),
and psoriatic arthritis (2017)

Belatacept Approved by FDA for immune suppressive
treatment of kidney transplant patients (2011)
CTLA-4 Ipilimumab Approved by FDA for treatment of metastatic
melanoma (2011)
PD-1/ Pembrolizumab Approved by FDA for treatment of metastatic

PD-L1 melanoma (2014), NSCLC (2015), HNSCC (2016),
Hodgkin lymphoma (2017), urothelial carcinoma
(2017), solid tumors (2017), gastric cancer (2017),
cervical cancer (2018), large B cell lymphoma
(2018), and hepatocarcinoma (2018)

Approved by FDA for treatment of metastatic
melanoma (2014), NSCLC (2015), RCC (2015),
Hodgkin lymphoma (2017), HNSCC (2016),
urothelial carcinoma (2017), colorectal cancer
(2017), and hepatocarcinoma (2017)

Approved by FDA for treatment of urothelial
carcinoma (2016), metastatic lung cancer (2016),
bladder cancer (2017), and nonsquamous NSCLC
(2018)

Approved by FDA for treatment of metastatic
Merkel cell carcinoma (2017) and locally advanced
or metastatic urothelial carcinoma (2017)
Approved by FDA for treatment of urothelial
carcinoma (2017) and NSCLC (2018)
Cemiplimab- Approved by FDA for treatment of metastatic
rwlc cutaneous squamous cell carcinoma (2018)

Nivolumab

Atezolizumab

Avelumab

Durvalumab

CTLA-4, cytotoxic T-lymphocyte antigen 4; FDA, United States Food and Drug
Administration; HNSCC, head and neck squamous cell carcinoma; NSCLC, non-
small cell lung cancer; PD-1, programmed-death 1; PD-L1, programmed death
ligand 1; RA, rheumatoid arthritis; RCC, renal cell carcinoma.

As many immune checkpoints can be readily blocked by antibodies,
additional therapeutic targeting opportunities could be investigated for
RA and other autoimmune diseases. A defective PD-1 immune check-
point has been characterized as early as at the undifferentiated stage of
RA [38]. This means that, despite the increased expression of PD-1 in
synovial tissue of patients with RA, the PD-1 pathway is down-regulated
during disease progression [38]. Recently, Guo et al. suggested that an
agonistic PD-1 antibody agent may, in the future, show efficacy and
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Fig. 2. Costimulation and coinhibition of the T cell showing some of the key receptors that modulate the T-cell response; in addition, other receptors (not shown
here) may act to fine tune the response [2,9,10]. APC, antigen-presenting cell; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; MHC, major histocompatibility
complex; PD-1, programmed death 1; PD-L1/2, programmed death ligand 1/2; TCR, T-cell receptor.
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prevent progression of RA by restoring the inhibitory activity of PD-1
[38].

Immunomodulation agents have been investigated for use in other
autoimmune diseases such as Sjogren’s syndrome and systemic sclerosis
[39-42]. An experimental anti-CD86 monoclonal antibody prevented
autoimmune lesions in a murine Sjogren’s syndrome model [42]. In
patients with Sjogren’s syndrome, abatacept has been shown to reduce
disease activity [41]. For human fibrotic diseases such as systemic
sclerosis, CD40/154 (CD40L) signal blockade may be a therapeutic op-
tion [40]. Murine models have shown that abatacept prevented and
induced regression of inflammation-driven dermal fibrosis [39], and this
treatment strategy is currently under investigation in a Phase II clinical
trial assessing the efficacy of abatacept to improve skin involvement in
patients with early diffuse systemic sclerosis (NCT02161406).

2.2. In transplantation

The disciplines of solid organ and hematopoietic stem cell trans-
plantation (HSCT) have advanced greatly over the past 50 years. Solid
organ transplantation is the standard treatment for improving both the
QoL and survival of patients with various end-stage organ diseases [43].
In HSCT, the infusion of stem cells can help restore hematopoietic
function as part of treatment for patients with certain cancers, such as
multiple myeloma or leukemia [44]. In the United States, more than 36,
000 patients received solid organ transplants [45], and more than 8000
patients underwent allogeneic (donor) HSCT [36,46] in 2018.

Despite their benefits, serious immune reactions, such as transplant
rejection and graft-vs-host disease (GVHD), can complicate solid organ
transplantation and HSCT, respectively [43]. Rejection is an immune
response leading to damage of transplanted tissues. This response results
from an intricate sequence of interactions which involves both innate
and adaptive immune systems, including a key role of T cells [47]. The
process is initiated by recognition of donor-derived antigens by recipient
T cells (allorecognition). In direct allorecognition, T-cell-mediated re-
actions driven by CD4 T cells are focused on donor human leukocyte
antigen (HLA) class II antigen mismatches, while cytotoxic CD8 T cells
drive responses specific for HLA class I (A, B, or C) antigens [47]. In-
direct allorecognition involves the presentation of processed alloantigen
epitopes, and follows a more CD4 T-cell driven activation of
donor-specific CD8 T cells [48]. The development of de novo
donor-specific antibodies (alloimmune response) is also CD4 T-cell
dependent and is associated with accelerated graft loss in solid organ
transplant recipients due to direct effector functions of the allospecific
antibodies acting on the graft and development of allospecific T cells
[47,49]. All of the CD4 T-cell-dependent responses are heavily influ-
enced by costimulatory signals. The widespread use of potent immu-
nosuppressive  drugs—for example, calcineurin inhibitors—has
decreased early graft loss due to rejection [47]. However, prolonged
treatment with a maintenance regimen that includes 1-3 immunosup-
pressants often results in infections [47], attributed to the
non-antigen-specific effects of the drugs used, and numerous off-target
toxicities, particularly nephrotoxicity of calcineurin inhibitors [50].
For this reason, T-cell costimulation has been recognized as a highly
effective approach for preventing alloantibody formation.

In HSCT, HLA-matched sibling donors are only found for approxi-
mately 30% of patients, and such limited availability of matched donors
has led to an increase in the use of mismatched, unrelated donors [51].
Unfortunately, acute GVHD, which is associated with high mortality
rates, occurs more frequently in mismatched transplantation than with
matched donors [47,52]. Studies of in vivo T-cell costimulation
blockade to prevent acute GVHD have identified several potential T-cell
costimulation pathway targets [53,54].

Approaches targeting T-cell costimulation have been investigated,
both for preventing rejection and in the prevention and treatment of
acute GVHD. In transplantation, therapeutic agents that act on cos-
timulatory pathways and prevent the rejection process while preserving
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the protective function of the immune system are required [47,55].
Belatacept, a second-generation T-cell modulator, was genetically
engineered to increase binding affinity to CD80/86 [56,57], and is
approved in the United States and Europe for immune-suppressive
treatment in kidney transplant patients. Prevention of CD80/86 bind-
ing to CD28 is an approach referred to as “costimulatory blockade” and
is effective in preventing allograft rejection in rodent models [58].
However, in primate preclinical models, monotherapy is generally not
effective and adjuvant therapies are required [59,60]. Effective adju-
vants included other costimulatory pathway inhibitors, particularly
CD40/CD154 (CD40L) blockade, and mechanistic target of rapamycin
inhibitors (for example, sirolimus) [60,61]. Phase III trials of belatacept
in adult kidney transplant patients demonstrated non-inferiority to
cyclosporine and improvement in long-term renal function with bela-
tacept [62,63]. A post hoc analysis showed that patients treated with
belatacept were significantly less likely to develop de novo
donor-specific antibodies over time (p < 0.01) than those treated with
cyclosporine [62]. However, in transplantation, it has also been reported
that belatacept treatment is associated with an increased risk of cyto-
megalovirus (CMV) primary infection and a prolonged course of viral
replication in CMV high-risk patients [64]. This suggests that new viral
exposure encountered at the time of transplantation (when the dose of
adjuvant immunosuppressant is high) is likely to precipitate a height-
ened risk of viremia and clinical viral illness.

In general, costimulation blockade is most effective for naive re-
sponses; as T cells gain antigen experience, the approach can become
less effective and may, in fact, be largely ineffective for established T-
cell memory [65]. However, an immune memory that results from
pathogen exposure and induces costimulation resistance can occur even
in recipients who have not had direct exposure to a donor antigen [65].
As such, costimulation-blockade-resistant rejection can be present even
in allo-naive individuals [66]. Combination therapy can help overcome
this; for example, alemtuzumab (a humanized IgG1 anti-CD52 mono-
clonal antibody) can eliminate costimulation-blockade-resistant rejec-
tion, and belatacept prevents alloantibody production promoted by
alemtuzumab [67-70]. Following alemtuzumab treatment, more cD28"
naive T cells are produced that are easier to control with costimulation
blockade [67].

With the challenges of targeting CD80/86, the limited success in
downregulating alloimmunity and the untoward immune-activating
effects, there is a growing interest in selectively targeting CD28 [71].
Results from a study in non-human primates with an investigational,
therapeutic, anti-CD28 antigen-binding fragment highlighted the need
for the risks, including comprehensive down-modulation of T-cell acti-
vation, to be fully assessed before deploying a CD28-targeted agent [71].

In patients with leukemia, abatacept treatment was associated with a
marked reduction in the cumulative incidence of acute GVHD (grade
III-1V) and reduced mortality compared with a historical cohort [72];
further study has shown that patients treated with abatacept did not
have a greater risk of relapse [72]. In addition, CTLA-4-Ig has been
shown to prevent GVHD in animal models, both when given to the
recipient and when used ex vivo in the infused bone marrow product
[73].

2.3. In cancer

Global rates of cancer incidence and mortality are rapidly increasing,
due in part to both longer life expectancy and population growth. In
2018 there were an estimated 18.1 million new cancer cases and 9.6
million cancer deaths [74]. Malignant tumors can circumvent both
innate and adaptive immune responses and develop in an immunosup-
pressive microenvironment, achieved through inhibition of effector
T-cell function or recruitment of regulatory immune cells to evade im-
mune response [10,75-77]. As such, in patients with cancer, an anti-
tumor response is avoided due to an under-reaction of the immune
system. This is in contrast to the over-reaction that occurs in patients



L.H. Calabrese et al.

with autoimmune disease or following transplantation (Fig. 1) [75,78,
79], and highlights the importance of maintaining the balance between
comodulatory signals for immune homeostasis.

The use of immune checkpoint blockade therapy has significantly
prolonged the survival of some patients with cancer. For example, CTLA-
4 blocking antibody treatment leads to prolonged T-cell activation and
T-cell proliferation/diversity, as well as increases in patients’ capacity to
produce an effective immune response [78,80]. Ipilimumab (CTLA-4--
blocking antibody), approved for the treatment of melanoma, has been
shown to augment T-cell activation and proliferation, including
tumor-infiltrating T effector cells [81]. In a study of patients with mel-
anoma treated with ipilimumab, tumor antigen-specific T cells with
specificities in the blood of clinically responsive patients were noted that
were not present before treatment; these cells were not seen in clinically
nonresponsive patients [82]. Thus, CTLA-4 suppresses T cells within the
lymphoid compartment rather than within the tumor microenvironment
by limiting T-cell proliferation, thus preventing expansion of antitumor
T-cell responses [83].

PD-1 and PD-L1 inhibitors increase T-cell activity against tumor cells
by blocking negative regulatory signals mediated by PD-1, i.e. restoring
antitumor response. PD-L1 expression is a marker of improved response
to treatment with PD-1 or PD-L1 inhibitors and clinical outcome in
some, but not all, patients [10,78]. A recent meta-analysis [84] found
that PD-L1 expression was prognostic for objective response rate but not
overall survival in patients with metastatic urothelial cancer. The
approved therapies nivolumab and pembrolizumab, and the investiga-
tional therapy spartalizumab (currently in Phase III trials;
NCT02967692), are human IgG4 monoclonal antibodies that bind to the
PD-1 receptor, while the approved immune checkpoint inhibitors ave-
lumab, atezolizumab and durvalumab block PD-L1 [85]. Immune
checkpoint combination therapies including ipilimumab have recently
been evaluated for treatment of renal cell carcinoma, providing signif-
icant improvements in survival benefit [86,87]. In addition, current
Phase II and III checkpoint inhibitor trials include use of nivolumab as
monotherapy (NCT03063450), or in combination with ipilimumab
(NCT03469960, dual checkpoint blockade), relatlimab (anti--
lymphocyte activation gene 3 [LAG-3], NCT03743766, dual checkpoint
blockade), or NKTR-214 (NCT02983045, coinhibition and cytokine to
target CD122 [signal 3]).

As there are multiple factors in the tumor microenvironment that
inhibit T-cell effector functions, blocking two or more negative check-
points can lead to increased therapeutic efficacy (e.g. CTLA-4 plus PD-
L1) [79]. In support of this, the therapeutic combination of ipilimu-
mab (CTLA-4) and nivolumab (PD-1) has recently been shown to
improve overall survival rates in patients with advanced melanoma
[88]. The use of combined nivolumab and ipilimumab in patients with
renal cell carcinoma in a Phase III study demonstrated significantly
higher overall survival and objective response rates than with sunitinib,
a multi-targeted receptor tyrosine kinase inhibitor [89]. Combined
nivolumab and ipilimumab also showed efficacy in a Phase III trial in
lung cancer [90].

Although broadening the repertoire of T cells may allow better
recognition of antigens, particularly neoantigens [91,92], it may also
lead to unwanted adverse events via activation of non-specific path-
ways; for example, decreased peripheral tolerance (PD-1 inhibition)
[93] or diversification of the T-cell repertoire toward cross-reactive T
cells (CTLA-4 blockade) [12,94]. In patients with metastatic,
castrate-resistant prostate cancer it was noted that ipilimumab induced
greater diversification in the T-cell repertoire of those with
immune-related adverse events (irAEs) compared with those without
[80]. As a result of the unbalancing of the immune system, irAEs can
affect any tissue, but mostly the skin, gastrointestinal, pulmonary, he-
patic, and endocrine glands are associated with checkpoint therapy [9,
95,96]. Numerous irAEs have been recorded, including colitis and pso-
riasis. In addition, mild musculoskeletal events such as arthralgia,
myalgia, arthritis, and sicca symptoms are commonly reported
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[97-100].

Due to their clinical efficacy, the numbers of patients receiving
checkpoint inhibitors is increasing [96]. A key question is whether any
or all of these irAEs represent the new occurrence of idiopathic forms of
autoimmunity derived from similar immunopathogenic pathways, or
alternatively new and undescribed examples of autoinflammatory or
autoimmune diseases [101]. As such, the pathogenesis of irAEs is
incompletely understood and numerous immunologic hypotheses exist
to explain their evolution [102]. These include (a) disease occurring via
generalized immune activation and elaboration of inflammatory cyto-
kines, (b) off-target effects of the checkpoint inhibitors on targeted
ligand-expressing host tissues, and (c) the exacerbation of pre-existing
asymptomatic autoimmunity (i.e. patients with asymptomatic ACPAs
developing RA and euglycemic patients with anti-islet cell antibodies
developing Type 1 diabetes) [102]. Finally, another theory with some
limited evidence relates to off-target effects of newly-sensitized T cells
thought to be due to tumor cell death, and the subsequent release of both
tumor and self-antigens [102]. The resulting self-reactive T cells cause
additional tumor destruction and off-target destruction of normal tissue,
leading to autoimmunity [97]. A recent review [103] suggested that the
similarity between irAEs and autoimmune disorders supports the hy-
pothesis that irAEs may be linked to genetic susceptibility loci related to
various autoimmune diseases. From a review of the literature, groups of
susceptibility loci were identified that are most likely associated with
irAEs, and which could be used in the future to predict irAEs and help to
identify patients who may develop them [103]. The authors hypothe-
sized that the environmental component, checkpoint inhibition therapy,
may trigger underlying inflammatory disease in genetically predisposed
individuals [103].

3. Management of immune checkpoint inhibitor treatments in
specific patient populations and their adverse events

As use of immune checkpoint inhibitor treatment increases, addi-
tional factors will need to be taken into account regarding specific pa-
tient populations. Particular consideration will be needed prior to
initiating immune checkpoint therapy with respect to any pre-existing
autoimmune conditions, as well as for treatment of tumors in trans-
plant patients. The most viable options for treating irAEs also need to be
carefully considered, and algorithms that include escalation with im-
mune suppressive drugs have been used for treatment of the conse-
quences of irAEs [98,104-106]. It should be noted that even though
irAEs show similar symptoms to autoimmune phenomena, their rapid
onset and reversibility following prompt initiation of immune suppres-
sion therapy differentiates them from actual autoimmune diseases. In
addition, although not fully addressed in this review, the potential for
diminished cancer immune control in immune checkpoint treatment of
autoimmune disease or transplant rejection needs further study.

3.1. Patients with autoimmune disease who develop cancer

The overall risk of cancer among patients with RA initiating abata-
cept treatment does not differ substantially from that of conventional
synthetic DMARD- or placebo-treated patients with RA [107,108]. The
management of cancer in patients with autoimmune disease can be
problematic, as use of biologic agents to treat their current autoimmune
disease may impact their immune checkpoint inhibitor cancer treatment
[109]. Limited information is available regarding this group of patients
as those with pre-existing conditions are often excluded from clinical
trials of immune checkpoint inhibitors [98,110-112]. However, im-
mune checkpoint inhibitors can precipitate a flare in the autoimmune
disease of some patients with pre-existing conditions, which may be
manageable with corticosteroids [98,99,105]. Health insurance data
suggested that having a pre-existing autoimmune disease was associated
with a modest increase in hospitalizations with irAE diagnoses and with
corticosteroid treatment [113]. Findings from a systematic review
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suggested that flares and irAEs can be successfully managed without
discontinuing therapy, although occasionally events with some agents
may be severe and fatal [114].

Studies are required to evaluate risk-benefit ratios and the decision
to initiate checkpoint inhibitor therapy should be a multidisciplinary
one, with close monitoring and careful consideration of the severity of
the underlying autoimmunity, prognosis of cancer, alternative options,
and patients’ preferences. A study is currently underway assessing
tolerance in patients with pre-existing autoimmune conditions who
received immune checkpoint inhibitors for an advanced cancer in clin-
ical practice (NCT03140137).

3.2. Transplant patients who develop cancer

Compared with the general population, transplant recipients have an
increased cancer risk [115]. In kidney transplantation patients, overall
rates of malignancy were similar between belatacept- and
cyclosporine-treated groups [63]. Although data are limited, the use of
immune checkpoint blockade for tumors in transplant patients is war-
ranted [116,117]. Organ transplant recipients are generally excluded
from checkpoint inhibitor clinical studies; however, it has been sug-
gested that transplant patients can be treated with checkpoint inhibitors
and obtain a durable antitumor immune response while avoiding
rejection [117]. As immune checkpoint inhibitors carry a high risk of
graft rejection, they should be used with caution and in a multidisci-
plinary setting [118,119]. A current Phase I trial investigating tacroli-
mus, nivolumab, and ipilimumab in treating kidney transplant
recipients with cancer is ongoing (NCT03816332).

3.3. Patients who develop musculoskeletal irAEs

Managing irAEs while allowing effective antitumor therapy is chal-
lenging [120]. Numerous irAEs have been recorded [95,121]. Currently,
no algorithms exist for the treatment of commonly reported musculo-
skeletal irAEs. Based on algorithms for other irAEs, it has been suggested
that treatment should be based on symptom severity and functional
consequences [98,99,104,105]. Non-steroidal anti-inflammatory drugs
and low-dose corticosteroids can be used for patients with less severe
symptoms, and increased corticosteroid doses or TNF inhibitors for
those with more severe symptoms [99,102,104,105,122-124]. Howev-
er, prolonged use of TNF inhibitors may lead to significant immuno-
suppression and can negatively impact the antitumor efficacy of immune
checkpoint therapy; in these cases, an anti-interleukin (IL)-6 receptor
antibody may be an effective alternative.

4. Ongoing research and developments in T-cell modulation

Currently, the checkpoint molecules most commonly targeted are
CTLA-4 and PD-1/PD-L1 (Table 1), and agents blocking these pathways
have demonstrated durable clinical activity in transplant recipients, in
patients with autoimmune diseases, and in multiple cancer types.
Although a meta-analysis highlighted the clinical differences in safety
among immune checkpoint inhibitors for patients with cancer, head-to-
head efficacy data are currently limited and hypotheses regarding
relative efficacies are speculative [125].

In addition, checkpoint inhibitors may have significant potential for
future use for treating chronic infections or sepsis; however, further
studies are needed to confirm their role [126-130]. Pembrolizumab may
help patients with progressive multifocal leukoencephalopathy, an
opportunistic viral infection predominantly seen in immunosuppressed
patients (most commonly in HIV cases, lymphoproliferative disorders,
and primary immunodeficiency), by blocking the PD-1 receptor to in-
crease the cellular immune response [127,128,131].

Some subsets of patients with cancer treated with checkpoint in-
hibitors do not respond, which may be due in part to a lack of sufficient
infiltration by tumor-reactive and -infiltrating lymphocytes [132,133].
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The identification of biomarkers predictive of response to checkpoint
inhibitors is an aspirational area that requires further investigation
[134]. CD8™ T-effector cell phenotype was linked to good response in
patients with metastatic urothelial cancer [135], whereas TGFp
signaling in the tumor microenvironment was a determinant of poor
response to PD-1/PD-L1 blockade [135,136]. In transplant patients,
various potential markers for belatacept resistance have been noted,
namely CD57 expression [65], CD2hi [137], and pretransplant fre-
quencies of CD28" CD4™ TEM cells [138].

Further understanding of the mechanism of action of checkpoint
inhibitors will aid the design of forthcoming therapies. Consequently,
research is focusing on the identification of new entities that may
enhance checkpoint inhibitor response rates in patients with cancer, and
several new inhibitory pathways are under preclinical and early clinical
investigation (Table 2) [132,139,140]. Emerging targets include
T-lymphocyte markers, such as LAG-3 T-cell immunoglobulin- and
mucin-domain-containing molecule 3 (TIM-3), V-domain containing Ig
suppressor of T-cell activation (VISTA), T-cell immunoglobulin and ITIM
domain (TIGIT), and B7-H3. LAG-3 and PD-1 are frequently
co-expressed and upregulated on tumor-infiltrating lymphocytes, lead-
ing to immune exhaustion and tumor growth [132]. TIM-3 is a direct
negative regulator of T cells that is expressed on natural killer (NK) cells
and macrophages and indirectly promotes immunosuppression [132].
Particularly elevated TIM-3 levels are noted on dysfunctional and
exhausted T cells, suggesting an important role in malignancy [141].
TIGIT is a CD28 receptor that is expressed by NK and T cells whereas
VISTA acts as a stimulatory and negative ligand [132].

More informed and effective therapeutic strategies may be possible
with an improved understanding of the anti-tumor CD8" T-cell response
after checkpoint blockade. In preclinical models, bulk and single-cell
RNA profiles of CD8" tumor infiltration lymphocytes after combined
TIM-3+PD-1 blockade revealed significant changes in the transcrip-
tional profile of PD-1 tumor-infiltrating T cells [142]. In addition,
anti-PD-1 was observed to act on a specific subpopulation of exhausted
CD8" tumor infiltrating lymphocytes that differentially mediated tumor
control and responded to checkpoint blockade [143]. In a small cohort
of patients with non-small cell lung cancer treated with PD-1 blockade,
the presence of T-lymphocyte populations with high PD-1 tumor--
infiltrating lymphocytes was strongly predictive for both response and
survival [144]. The mechanism of action of anti-PD-1 therapy was
further studied in a comprehensive genomic analysis of melanoma
samples pre- and post-nivolumab therapy, which found an association of
pre-therapy tumor mutation load and clonal mutation load with survival

Table 2
Ongoing Phase II clinical trials of non-CTLA4 and non-PD-1 immune checkpoint
inhibitors.

Target  Therapeutic agent Condition (study number)

TIM-3 BGB-A425 Advanced solid tumors (NCT03744468)

MBG453 Advanced solid tumors (NCT02608268)
LAG-3 Relatlimab (and nivolumab) Metastatic melanoma (NCT03743766
(BMS986213) and NCT02519322)

Gastric or gastroesophageal junction
cancer (NCT03662659)
Esophagogastric cancer (NCT03610711)
Solid tumors (NCT03459222)

Relatlimab (BMS986016) B-cell malignancies (NCT02061761)

Eftilagimod alpha Metastatic NSCLC and HNSCC
(NCT03625323)
Breast cancer (NCT02614833)
LAG525 Breast cancer (NCT03499899)

CD40 APX005 M NSCLC and metastatic melanoma

(NCT03123783)

CTLA-4, cytotoxic T-lymphocyte antigen 4; HNSCC, head and neck squamous
cell carcinoma; LAG-3, lymphocyte activation gene 3; NSCLC, non-small cell
lung cancer; PD-1, programmed-death 1; TIM-3, T-cell immunoglobulin- and
mucin-domain-containing molecule 3.
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and response [145]. This analysis revealed the changing transcriptional
and microenvironmental alterations induced by anti-PD-1 therapy, and
identified a broad spectrum of immune checkpoint-related genes that
were upregulated.

Furthermore, agonists of stimulatory checkpoint pathways such as
0X40, inducible T-cell co-stimulator (ICOS/ICOS-L), CD27/CD70 and
glucocorticoid-induced TNF receptor, 4-1BB, CD40, or molecules tar-
geting tumor microenvironment components like IDO or TLR are being
assessed [132]. A Phase I study evaluating mRNAs encoding for human
OX40L, IL-23, and IL-36y in combination with durvalumab is ongoing
(NCT03739931). The NK cell marker CD94/NKG2A and the killer
immunoglobulin-like receptor family are also under investigation [132,
146].

While checkpoint inhibitors induce durable responses in patients
with a variety of cancers, combinations of agents have shown enhanced
potency, and combining inhibitors with a costimulatory agent has also
improved outcomes. In addition to affecting T cells, inhibitors can also
augment NK cell function [147]. Identifying the molecular and cellular
factors required for maintaining an immunosuppressive tumor micro-
environment will drive the successful development of novel NK
cell-based immunotherapies. Therefore, combinations of checkpoint
inhibitors with other treatments are being evaluated, such as combining
PD-1 pathway inhibitors with recombinant cytokines and
neoantigen-based cancer vaccines [148]. The safety and tolerability of
new IL-2 inhibitors, for example NKTR-214, IL-15 super agonist, and
PEGylated IL-10, have been investigated in early phase clinical trials
[148]. In a study it was noted that IL-12, a pro-inflammatory and
pro-stimulatory cytokine, improves the tumor immune microenviron-
ment [149].

From the studies described, it can be seen that malignancy is the
focus of many trials; however, research is also ongoing in autoimmune
diseases and transplantation. An analysis of gene signatures in synovial
tissue from patients at various stages of RA development suggested that
the use of agonistic PD-1 antibody-based therapeutics may show efficacy
in RA treatment [38]. In addition, a Phase II trial has recently assessed
the efficacy and safety of a novel anti-CD28 domain antagonist antibody
(lulizumab pegol) in patients with systemic lupus erythematosus
(NCT02265744) [150]. Development of novel agents targeting other
costimulatory molecules including ICOS/ICOS-L, PD-1/PD-L1, and
CD40/CD154 have shown early promise for transplantation patients
[151]. Although previously several clinical trials evaluating the safety
and efficacy of anti-CD154 agents had to be stopped prematurely due to
the occurrence of severe thromboembolic complications in some pa-
tients [152], different strategies for addressing this issue are being
evaluated.

Another novel approach being investigated is the use of small
molecule protein—protein interaction inhibition. For example, RhuDex
targeting CD80/28 and CA-170 targeting PD-1-PD-L1 are being inves-
tigated, which may have improved safety profiles with less immuno-
genic effects than currently available immune checkpoint inhibitors
[153].

5. Conclusions

T-cell costimulation, T-cell coinhibition and T-cell-B-cell commu-
nication all play vital roles in the pathophysiology of autoimmune dis-
eases and cancer, and in the prevention of transplant rejection. As such,
targeting the immune checkpoint continues to be a powerful avenue for
the development of agents suitable for treating autoimmune diseases
and cancers, and for improving transplant outcomes. Immune check-
point targeting can lead to control of autoimmunity via costimulation
modulation in autoimmune disease and transplantation, and antitumor
response via blocking of coinhibitory molecules in cancer. With the
increasing development of checkpoint therapy, fostering enhanced
collaboration between rheumatologists, oncologists, and transplant
specialists will deepen our understanding of the diametric effects of
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immune checkpoint inhibitors as treatment for autoimmune disease/
transplant rejection versus cancer along with collective knowledge of
their associated irAEs and potentially improve patient outcomes across
diverse therapy areas.
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