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Therapeutic Development of Immune
Checkpoint Inhibitors

Jilin Wang, Teddy Yang and Jie Xu

Abstract Immune checkpoint blockade (ICB) has been proven to be an effective
strategy for enhancing the effector activity of anti-tumor T cells, and checkpoint
blockers targeting CTLA-4, PD-1, and PD-L1 have displayed strong and durable
clinical responses in certain cancer patients. The new hope brought by ICB therapy
has led to the boost in therapeutic development of ICBs in recent years. Nonethe-
less, the therapeutic efficacy of ICBs varies substantially among cancer types and
patients, and only a proportion of cancer patients could benefit from ICBs. The
emerging targets and molecules for enhancing anticancer immunity may bring addi-
tional therapeutic opportunities for cancer patients. The current challenges in the ICB
therapy have been discussed, aimed to provide further strategies for maximizing the
efficacy of ICB therapy.
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23.1 Introduction

Immunotherapy has emerged as an attractive treatment option for many kinds of can-
cer patients, in particular, immune checkpoint blockade (ICB) therapies that enhance
the functionof anti-tumorT lymphocytes havebeen especially promising in the clinic.
Compared with other immunotherapies, ICB therapies often show higher response
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rates and long-lasting responses, even in patients with advanced cancer (Busato
et al. 2019). Ipilimumab, a cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4)
blocker, was the first ICB approved by the FDA in 2010 (Lipson and Drake 2011).
It provided a new treatment option for the metastatic melanoma patients who previ-
ously lacked any effective treatments (Graziani et al. 2012). Until now, many kinds
of ICB agents that targeting CTLA-4, programmed cell death-1 (PD-1), and PD-L1
have been approved for many kinds of cancers, such as metastatic melanoma (Pos-
tow et al. 2015; Deeks 2016; Rosenberg et al. 2016), non-small-cell lung cancer
(NSCLC) (Wolchok et al. 2010; Rizvi et al. 2015; Dang et al. 2016), Hodgkin lym-
phoma (Kasamon et al. 2017), urothelial cancer (Kimet al. 2019;Burgess et al. 2019),
hepatocellular carcinoma(HCC) (Hage et al. 2019; Kudo 2019), gastric cancer (Chen
et al. 2019; Park et al. 2018), head and neck squamous cell carcinoma(HNSCC) (Yu
et al. 2018; Sim et al. 2019), microsatellite instability-high colorectal cancer (CRC),
and other MSIhigh cancers (Middha et al. 2019; Overman et al. 2017; Marginean and
Melosky 2018). The common mechanism of these ICBs is through the activation of
anti-tumor T-lymphocyte responses and overcoming tumor immune supervision.

However, the ICB therapy usually has many shortcomings, such as the effective-
ness of ICBs varies in different kinds of cancers, and even if inmelanoma,most of the
patients cannot benefit from the ICB therapy (Puglisi et al. 2010; Khalil et al. 2016).
Other more common cancers, such as breast cancer and MSIlow CRC patients rarely
could benefit from ICB therapies (Reck et al. 2016; Kindler et al. 2012; Alexandrov
et al. 2013; Polk et al. 2018; Hermel and Sigal 2019). The reason for this phenomenon
is that the effectiveness of ICBs in different tumors and patients is strongly affected
by the tumor’s mutation load and the local tumor microenvironment (TME) (Tumeh
et al. 2014; Hamada et al. 2018).

In this chapter, we will first summarize the clinical development of the ICBs
related to CTLA-4, PD-1, and PD-L1, then we will describe the emerging new ICB
agents besides the CTLA-4, PD-1, and PD-L1, and finally wewill explore the current
challenges of immune checkpoint blockade therapy in cancer.

23.2 Therapeutic Development of CTLA4 Blockade

23.2.1 The CTLA-4 Immune Checkpoint

CTLA-4 was the first identified negative regulator of T-cell activation. It belongs to
the immunoglobulin superfamily and has similar structures as T-cell surfacemolecule
CD28 with similar functional properties (Linsley et al. 1994). CTLA-4 shares the
same B7 ligands as CD28, including B7-1 (CD80) and B7-2 (CD86), but the affinity
of CTLA-4 for both ligands is about 100-fold higher than that of CD28 (Sansom
2000). CD28 ligation by the B7 family ligands results in a positive co-stimulatory
signal needed by the T lymphocytes for optimal cytokine secretion and prolifera-
tion (Chen et al. 2019). However, after T-cell receptor (TCR) activation, CTLA-4
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is upregulated and binds CD80/CD86, resulting in reduced T-lymphocyte prolif-
eration and lessened cytokine secretion (Engelhardt et al. 2006). More and more
studies supported the idea that CTLA-4 functioned as an important negative regula-
tor of T-lymphocyte activation. In the early stage of carcinogenesis, CTLA-4 could
decrease the T lymphocyte activation by producing inhibitory signals to weaken the
immune response against tumor cells (Rowshanravan et al. 2018); CTLA-4 could
trigger reverse signaling through B7 ligands to induce indoleamine-2, 3-dioxygenase
(IDO) and results in inhibition of T-cell proliferation (Boasso et al. 2005); recent
studies also revealed that CTLA-4 could induce inhibition of PI3K/Akt pathways,
cyclin-dependent kinases, and nuclear transcription factor (NF-κB) (Parry et al. 2005;
Ghorpade et al. 2011); in addition, CTLA-4 inhibition may also involve in regulatory
CD4+ T-cell (Treg) activation which then suppresses CTL functions by “stripping”
CD80/CD86 from APCs (Qureshi et al. 2011).

However, in spite of extensive researches on CTLA-4, the mechanism of CTLA-
4 interacting with its ligands or its downstream targets and the action of CTLA-4
blockade still need to be further investigated.

23.2.2 Immune Checkpoint Inhibitors Targeting CTLA-4

Based on CTLA-4’s role in the negative regulation of T-cell activation, antibodies
that block CTLA-4 and B7 ligands interaction have become attractive targets

for cancer therapies. Antibodies that block CTLA-4 have demonstrated anti-tumor
effect first in mouse models, then in cancer patients (Peggs et al. 2009). Based on
the encouraging outcome of a pivotal clinical trial in 2010, the anti-CTLA-4 mono-
clonal antibody ipilimumab became the first immune checkpoint inhibitor approved
for cancer therapy by the U.S. FDA in 2011. This study found that patients with unre-
sectable stage III/IV melanoma exhibited improved survival following treatment
by ipilimumab compared with glycoprotein 100 (gp100) peptide vaccine (median
overall survival (OS) of 10 vs. 6.4 months, respectively) (Hodi et al. 2010). In the
meanwhile and after that, more clinical trials were conducted to explore the treat-
ment of melanoma by ipilimumab, and most of the studies support the idea that
ipilimumab is effective for the treatment of unresectable melanoma (Zimmer et al.
2015; Chiarion Sileni et al. 2014; Alexander et al. 2014). A pooled analysis from 10
prospective and 2 retrospective studies including 1861 advanced melanoma patients
found that the 3-year survival rate could reach 22% for patients receiving ipilimumab
(Schadendorf et al. 2015). Meanwhile, the 3-year survival rate was only 12.2% for
the metastatic melanoma patients treated with the FDA approved chemotherapeutic
agent dacarbazine (Robert et al. 2011). Therefore, ipilimumab was recommended
for the treatment of metastatic or unresectable melanoma patients by the National
Comprehensive Cancer Network (NCCN). However, ipilimumab is not effective for
a large amount ofmelanoma patients, and a recent clinical trial found that ipilimumab
had no clinical activity in patients with metastatic uveal melanoma (Zimmer et al.
2015).
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In the meanwhile, many clinical trials are exploring the potential clinical use of
ipilimumab in many other cancers, but most of the results are not encouraging. Ipili-
mumab has been found to have a partial response in stage IIIB/IV non-small-cell lung
cancer (Lynch et al. 2012), and a high dose of ipilimumab could result in a durable
response in some subtypes of hematologic cancers after allogeneic hematopoietic
stem-cell transplantation (HSCT) (Davids et al. 2016). The clinical activity of ipili-
mumab in prostate cancer was controversial (Slovin et al. 2013; Kwon et al. 2014;
Beer et al. 2017). Furthermore, more clinical trials have suggested that ipilimumab
monotherapy is not effective in some other solid tumors, such as colorectal cancer
(O’Mahony et al. 2007), extensive-small-cell lung cancer (Reck et al. 2013), unre-
sectable locally advanced or metastatic gastric or gastroesophageal junction cancer
(Bang et al. 2017), gastrointestinal stromal tumor (GIST) (D’Angelo et al. 2017),
metastatic sarcoma (D’Angelo et al. 2018), and pancreas cancer (Royal et al. 2010).

Although ipilimumab did not show complete response inmany kinds of cancers, it
did show some clinical activity in most kinds of cancers, therefore, some efforts have
been made to assess the efficacy of combination therapy, and some twilight has been
seen. A phase I clinical trial of a combination of ipilimumab and imatinib in patients
with advanced GIST and melanoma have shown partial response and long-time dis-
ease stable property (Reilley et al. 2017), another RCT has shown that ipilimumab
plus paclitaxel and carboplatin could improve progression-free survival (PFS) of
stage IIIB/IV non-small-cell lung cancer patients (Lynch et al. 2012), Sakamuri’s
study also revealed combination of ipilimumab and lenalidomide demonstrated pre-
liminary signals of activity in patients with refractory Hodgkin lymphoma and other
advanced cancers (Sakamuri et al. 2018), Formenti’s study also found that radiother-
apy enhances responses of lung cancer to CTLA-4 blockade (Formenti et al. 2018).
Some preclinical studies also found combination of CTLA-4 inhibitor and other
chemotherapy agents could result in better response, Charlotte’s study has found
local chemotherapy combined with CTLA-4 inhibitor results in a durable response
to cancer therapy in melanoma and prostate cancer (Ariyan et al. 2018), Liu’s study
revealed combination immunotherapy of the vaccine and anti-CTLA-4 monoclonal
antibody could significantly enhance anti-tumor immune response for triple-negative
breast cancer (TNBC) (Liu et al. 2018). More clinical trials are warranted to clarify
the efficacy of combination therapy in these kinds of cancer patients.

While ipilimumab has received FDA approval for the treatment of advanced
melanoma, there is another CTLA-4 inhibitor, tremelimumab, a fully human IgG2
monoclonal antibody marketed by AstraZeneca that is also being investigated in
many clinical trials. Unfortunately, it has not improved patient survival as monother-
apy in most of the trials although tremelimumab has a comparable affinity and longer
serum half-life (22 days versus 12 days) than ipilimumab. For example, Forty-four
patients with non-small-cell lung cancer (NSCLC) were treated with 15 mg/kg of
tremelimumab, only two out of 44 patients (4.5%) showed a partial response (PR)
(Corrales et al. 2018); Seventeen patients diagnosed with hepatocellular carcinoma
received 15 mg/kg of tremelimumab, only three of those patients experienced a con-
firmed PR (Sangro et al. 2013); Tremelimumabwas also investigated as a second-line
treatment for patients with gastric and esophageal adenocarcinomas, only one out of
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18 patients achieved a PR > 32 months (Ralph et al. 2010); Tremelimumab did not
significantly prolong overall survival compared with placebo in patients with previ-
ously treated malignant mesothelioma (Maio et al. 2017). According to melanoma, a
phase II clinical trial gave a promising data, in this study, tremelimumab (15 mg/kg)
was administered to 32 patients with metastatic melanoma, four patients benefitted
with an overall response(OR), where the OS fluctuated between 2 months and 41
months, and seven patients survived > 2 years (Ribas 2010). This promising data led
to the development of a two arm Phase III clinical trial, although the patients treated
with tremelimumab had an objective response of 10.7 months, with a median OS of
12.6 months, there were no clinical differences between the tremelimumab and the
temozolomide or dacarbazine arms (Ribas et al. 2013). Therefore, tremelimumab
was not approved as cancer monotherapy to date. Tremelimumab is currently being
investigated in combinationwith other regimens to assess whether it will have greater
efficacy as part of combinatorial regimens (Jiang et al. 2019; Xie et al. 2019). The
difference observed in clinical outcome between ipilimumab and tremelimumabmay
be attributed to their antibody isotypes. Ilipilumab in human IgG1 depletes immune-
suppressive CTLA-4 high expressing regulatory T cells through antibody dependent
cell-mediated cytotoxicity (ADCC) while tremelimumab in IgG2 isotype does not
engage ADCC pathway (Borrie and Maleki 2018).

23.3 Therapeutic Development of PD-1/PD-L1 Blockade

23.3.1 The PD-1/PD-L1 Immune Checkpoint

Programmed cell death 1(PD-1) is a transmembrane protein, mainly expressed on the
surface of activated T cells, B cells, and macrophages cells (Chemnitz et al. 2004).
PD-L1(CD724) and PD-L2(CD723) were discovered as dual ligands for PD-1, and
both were shown to inhibit T-cell effector activity following PD-1 engagement (Pan-
jwani et al. 2018). Although the engagement between PD-1 and PD-L2 in cancer tis-
sues could contribute to PD-1-mediated inhibition of cytotoxic T-lymphocyte(CTL)
responses, there is no evidence that antibodies against PD-1 show higher clini-
cal activity than antibodies against PD-L1, suggesting that PD-L1 is the dominant
inhibitory ligand of PD-1 on T cells (Yearley et al. 2017). Binding of PD-L1 by
PD-1 has been proposed to deliver survival signals to cancer cells, enhancing their
resistance to proapoptotic effects of Fas, interferons, and CTLs (Gato-Canas et al.
2017; Kythreotou et al. 2018). In fact, tumor cells could escape the immune attack
by abnormally expressing a series of negative co-stimulatory molecules such as PD-
L1, which binds to PD-1 on the surface of immune cells, forming a unique immune
escape microenvironment and inhibiting anti-tumor immunity (Topalian et al. 2015;
Choueiri et al. 2014). This is the main mechanism of tumor immune escape. In view
of this, the PD-1/PD-L1 immune checkpoint pathway has become an ideal target
for immunotherapy that aim to restore the effector function of anti-tumor-specific T
cells.
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23.3.2 Immune Checkpoint Inhibitors Targeting PD-1/PD-L1

In recent years, PD-1 and PD-L1 antibodies have attracted more and more attention
due to their promising efficacy compared with other immune therapy or chemother-
apy agents. People have witnessed several different anti-PD-1 and anti-PD-L1 anti-
bodies in simultaneous development in numerous cancer types. Among the agents,
FDA has approved two PD-1 antibodies (Pembrolizumab and Nivolumab) and three
PD-L1 antibodies (Atezolizumab, Avelumab, and Durvalumab) for cancer therapy.
Currently, more research focused on Pembrolizumab, Nivolumab, and Atezolizumab
in solid tumors.
Pembrolizumab
Pembrolizumab was the first PD-1 antibody approved by U.S. FDA for patients
with metastatic melanoma in September 2014 based on two randomized clinical
trials, PN002 and PN006. In trial PN002, 540 patients with ipilimumab-refractory
metastaticmelanomawere randomized (1:1:1) to pembrolizumab2or 10mg/kg every
3 weeks or to chemotherapy (Weber et al. 2013). In trial PN006, 834 patients with
ipilimumab-naive metastatic melanoma were randomized (1:1:1) to pembrolizumab
10 mg/kg every 2 or 3 weeks until disease progression or ipilimumab 3 mg/kg every
3 weeks for up to four doses (Barone et al. 2017). In both trials, patients receiving
pembrolizumab demonstrated statistically significant improvements in PFS. In trial
PN006, patients treated with pembrolizumab demonstrated a statistically significant
improvement in overall survival compared with ipilimumab. In recent years, other
more studies are conducted to assess the efficacy of pembrolizumab in different
melanoma population and its long term efficacy. There was a phase 3 double-blind
trial to evaluate pembrolizumab as adjuvant therapy in patients with resected, high-
risk stage III melanoma (Eggermont et al. 2018). In this trial, 514 patients received
200 mg of pembrolizumab intravenously every 3 weeks for a total of 18 doses,
other 505 patients received a placebo. After a median follow-up of 15 months, pem-
brolizumab was associated with significantly longer recurrence-free survival than a
placebo. A retrospective analysis found that melanoma patients with pretreated brain
metastasis could have durable systemic responses to pembrolizumab (Dagogo-Jack
et al. 2017). The efficacy of pembrolizumab in melanoma was confirmed in differ-
ent countries, including Spanish, Japan, and China. The long-term effect of pem-
brolizumab was confirmed by re-analyzing the PN006 and PN001 trials. In PN006
trial, 24-month overall survival rate was 55% in the 2-week pembrolizumab group,
55% in the 3-week pembrolizumab group, and 43% in the ipilimumab group, sug-
gesting pembrolizumab continued to provide superior overall survival versus ipil-
imumab (Schachter et al. 2017). In PN001 trial (Hamid et al. 2019), 655 patients
with previously treated or treatment-naive advanced/metastatic melanoma received
pembrolizumab 2 mg/kg every 3 weeks, 10 mg/kg every 3 weeks, or 10 mg/kg every
2 weeks, median follow-up was 55 months. The estimated 5-year OS was 34% in
all patients and 41% in treatment-naive patients; median OS was 23.8 months and
38.6 months, respectively. Estimated 5-year PFS rates were 21% in all patients and
29% in treatment-naive patients; median PFS was 8.3 months and 16.9 months,
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respectively. This trial confirmed the durable anti-tumor activity and tolerability of
pembrolizumab in advanced melanoma.

In addition to melanoma, pembrolizumab was found to have good anti-tumor
activity in other solid tumors, especially in non-small-cell lung cancer (NSCLC).
The phase 1 KEYNOTE-001 trial initially revealed the efficacy of pembrolizumab
in NSCLC (Leighl et al. 2019). After that, a large international multi-center phase
2/3 randomized trial found that pembrolizumab prolonged overall survival and had a
favorable benefit-to-risk profile in patients with previously treated, PD-L1-positive,
advanced NSCLC (Herbst et al. 2016). Based on this trial, FDA approved pem-
brolizumab for second-line and above treatment of NSCLC with PD-L1 positive
(≥1%). Another KEYNOTE-024 trial compared the efficacy and safety of pem-
brolizumab and platinum-based chemotherapy in advanced NSCLC and found that
in patients with advanced NSCLC and PD-L1 expression on at least 50% of tumor
cells, pembrolizumab was associated with significantly longer progression-free and
overall survival and with fewer adverse events than was platinum-based chemother-
apy (Brahmer et al. 2017). This trial led to the approval of pembrolizumab for
the first-line treatment of advanced NSCLC with PD-L1 high expression (≥50%).
Another KEYNOTE-21 trial assessed whether the addition of pembrolizumab to
platinum-doublet chemotherapy improves efficacy in patients with advanced non-
squamous NSCLC (Langer et al. 2016). Result showed that 55% patients in the
pembrolizumab plus chemotherapy group achieved an objective response compared
with 29% in the chemotherapy alone group, the median PFS was significantly longer
in the pembrolizumab plus chemotherapy group than in the chemotherapy group
(13.0 months vs 8.9 months), with a 6-month progression-free survival rate of
77%. Based on this data, the FDA approved pembrolizumab in combination with
pemetrexed/carboplatin chemotherapy for the first-line treatment of metastatic non-
squamous NSCLC. Therefore, these results have changed the first-line management
of advanced NSCLC. There are other clinical trials ongoing to assess the clinical
use of pembrolizumab in lung cancer. A recent KEYNOTE-042 trial suggested that
pembrolizumab monotherapy can be extended as first-line therapy to patients with
locally advanced or metastatic non-small-cell lung cancer without sensitizing EGFR
or ALK alterations and with low PD-L1 tumor proportion score (Mok et al. 2019).

In addition to melanoma and NSCLC, based on a series of clinical trials, pem-
brolizumab has also got approval for other cancers, including classical Hodgkin lym-
phoma (Chen et al. 2017), HNSCC (Larkins et al. 2017), urothelial carcinoma (Bell-
munt et al. 2017), gastric cancer (Muro et al. 2016), and colorectal cancer (Wang et al.
2019). It is noteworthy that there is another milestone clinical trial of pembrolizumab
in anti-tumor therapy. It is the first time that US FDA has granted a therapeutic treat-
ment for any cancer types with a specific genetic biomarker. This NCT01876511
clinical trial included 11 dMMR (mismatch repair deficient) CRC patients, 9 dMMR
other cancer patients, and 21 pMMR (mismatch repair proficient) CRC patients,
all of the patient received pembrolizumab intravenously at a dose of 10 mg per
kg of body weight every two weeks. The immune-related objective response rate
and immune-related progression-free survival rate were 40% and 78%, respectively,
for dMMR CRC and 0 and 11% for pMMR CRC patients. Based on this trial, FDA
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approved pembrolizumab for the treatment of microsatellite instability-high(MSI-H)
or dMMR solid tumors (Marcus et al. 2019).
Nivolumab
Nivolumab is another PD-1 antibody that has been approved by FDA for the treat-
ment of various types of cancer. Nivolumab was also firstly approved for the
treatment of unresectable or metastatic melanoma based on CheckMate-037 trial
and CheckMate066 trial. The CheckMate-037 trial revealed improved objective
response rates to nivolumab versus chemotherapy in patients with unresectable or
metastatic melanoma whose cancers had progressed following treatment with ipil-
imumab ± a BRAF inhibitor (Weber et al. 2015). CheckMate 066 trial compared
the nivolumab and dacarbazine based chemotherapy in 418 previously untreated
metastatic melanoma patients without BRAF mutation (Robert et al. 2015). The
overall survival rate was 72.9% in the nivolumab group, as compared with 42.1%
in the dacarbazine group. The median progression-free survival was 5.1 months in
the nivolumab group versus 2.2 months in the dacarbazine group. The objective
response rate was 40.0% in the nivolumab group versus 13.9% in the dacarbazine
group. CheckMate 067 was a subsequent Phase III study that enrolled 945 untreated
unresectable stage III or metastatic melanoma patients, aimed to assess the combina-
tion therapy of nivolumab and ipilimumab (Hodi et al. 2018). This trial showed that
nivolumab combined with ipilimumab resulted in significantly longer progression-
free survival than ipilimumab alone. This trial led to the approval of dual therapy
with nivolumab and nivolumab for the first-line therapy of metastasis melanoma.

Nivolumab is also a hot topic for the treatment of NSCLC. Nivolumab was the
first checkpoint inhibitor approved by FDA in 2015 for the treatment of squamous
cell NSCLC based on the phase 2 CheckMate 063 trial (Rizvi et al. 2015). In this
trial, 117 patients with advanced, refractory squamous NSCLC received nivolumab
3 mg/kg Q2W until progression or unacceptable toxic effects. The 6 months and
1 year PFS were 25.9 and 20.0%. Median OS was 8.2 months (95% CI, 6.1–10.9)
and 1 year OS was 40.8% (31.6–49.7). Nivolumab was then approved by the FDA as
a second-line therapy for patients with previously treated advanced NSCLC based
on CheckMate017 (Yoo et al. 2018) and CheckMate057 trials (Horn et al. 2017). The
CheckMate 017 trial evaluated the efficacy and safety of nivolumab versus docetaxel
in advanced squamous cell NSCLC. The results showed that the median OS was
9.2 months with nivolumab versus 6.0 months with docetaxel, the 1 year OS rate was
42% with nivolumab versus 24% with docetaxel, the ORR was 20% with nivolumab
and 9% with docetaxel. Meanwhile, the CheckMate 057 trial compared nivolumab
to docetaxel in previously treated advanced non-squamous NSCLC. Median OS was
12.2 months for nivolumab and 9.4 months for docetaxel; 1-year and 18-month OS
rates were 51 and 39% with nivolumab versus 39 and 23% with docetaxel; ORR
was 19% for nivolumab and 12% for docetaxel; 1-year PFS was 19% for nivolumab
and 8% for docetaxel. Nivolumab further improved efficacy across all endpoints
compared with docetaxel.

In addition, the anti-tumor potential of nivolumab has also gained a lot of support
in other tumors. The CheckMate025 trial compared nivolumab with everolimus in
821 patients with renal cell carcinoma who had received previous treatment, and
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found that the median OS was 25.0 months with nivolumab and 19.6 months with
everolimus, and the ORR was greater with nivolumab than with everolimus (25
vs. 5%) (Motzer et al. 2015). The CheckMate 275 trial has found that nivolumab
monotherapy provided meaningful clinical benefit (ORR 28.4%) irrespective of PD-
L1 expression in previously treated patientswithmetastatic or surgically unresectable
urothelial carcinoma (Sharma et al. 2017). Nivolumab monotherapy also resulted in
longer overall survival than treatment with standard therapy among patients with
platinum-refractory, recurrent squamous cell carcinoma of the head and neck (Ferris
et al. 2016). A phase 3 trial also found survival benefits of nivolumab in the treat-
ment of pretreated patients with advanced gastric or gastro-oesophageal junction
cancer (12-month OS rates were 26·2% with nivolumab and 10·9% with placebo)
(Kang et al. 2017). Nivolumab also showed promising efficacy in other tumors, such
as dMMR/MSI-H metastatic colorectal cancer (Overman et al. 2017), unresectable
metastatic anal cancer (Morris et al. 2017), and platinum-resistant ovarian cancer
(Hamanishi et al. 2015).

There is another PD-1 blocker, cemiplimab,which has been approved for the treat-
ment of metastatic cutaneous squamous cell carcinoma (CSCC) or locally advanced
CSCC who are not candidates for curative surgery or curative radiation (Migden
et al. 2018).
Atezolizumab
Atezolizumab is the first approved PD-L1 monoclonal antibody, and there are cur-
rently two approved indications as monotherapy for the progression of metastatic
urothelial carcinoma, metastatic NSCLC after platinum-based chemotherapy and
three indications in combination with chemotherapy in metastatic SCLC and
metastatic triple-negative breast cancer as well as in combination with bevacizumab
in metastatic non-squamous non-small-cell lung cancer.

FDA approved atezolizumab for the treatment of local advanced or metastatic
urothelium cell cancer based on the IMvigor210 trial. This trial revealed that the
ORR reached 23.5% in patients treated with atezolizumab, and the median CR time
is 14.4 months (Powles et al. 2014). FDA approved atezolizumab for the treatment
of NSCLC based on POPLAR and OAK clinical trials. The POPLAR trial assessed
efficacy and safety of atezolizumab versus docetaxel in previously treated NSCLC,
and found thatOSwas 12·6months for atezolizumab versus 9·7months for docetaxel,
16 (11%) patients in the atezolizumab group versus 52 (39%) patients in the docetaxel
group had treatment-related grade 3–4 adverse events (Fehrenbacher et al. 2016).
The OAK trial also found that atezolizumab treatment results in a clinically relevant
improvement of overall survival versus docetaxel in previously treated non-small-cell
lung cancer, with a favorable safety profile (Rittmeyer et al. 2017).

Atezolizumab was approved for the treatment of metastatic triple-negative breast
cancer based on a recent clinical trial that found atezolizumab plus nab-paclitaxel
could prolong the PFS among patients with metastatic triple-negative breast cancer
(Schmid et al. 2018). Another trial assessed the efficacy of first-line atezolizumab
treatment plus chemotherapy in extensive-stage SCLC, and found a significantly
longer overall survival and progression-free survival than chemotherapy alone (Horn
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et al. 2018). This trial led to the approval of atezolizumab in combination with
chemotherapy for the treatment of SCLC.

There are another two PD-L1 blockers, avelumab and durvalumab, which have
got US FDA approval for indications for some types of cancers. A phase 2 clinical
trial revealed that avelumab monotherapy was associated with durable responses,
most of which are still ongoing, and was well tolerated; hence, avelumab represents
a new therapeutic option for advanced Merkel cell carcinoma (Kaufman et al. 2016).
Another phase one clinical trial found that avelumab showed anti-tumor activity
for patients with platinum-refractory metastatic urothelial carcinoma with a man-
ageable safety profile (6% complete responses and 11% partial responses; 29% of
grade 1–2 AEs, 6% of grade 3–4 AEs) (Patel et al. 2018). Based on these trials,
avelumab has been approved for the treatment of advancedMerkel cell carcinoma and
platinum-refractory metastatic urothelial carcinoma. In the meanwhile, durvalumab
was approved for the treatment of metastatic urothelial carcinoma and unresectable
stage III NSCLC. A phase 3 clinical trial has found that durvalumab monotherapy
could result in a significantly longer overall survival and prolonged PFS as compared
with placebo, this led to the approval of durvalumab for the unresectable stage III
NSCLC (24-month overall survival ratewas 66.3% in durvalumabgroup as compared
with 55.6% in placebo group; the median PFS was 17.2 months in durvalumab group
as compared with 5.6 months in the placebo group) (Antonia et al. 2018). A phase
1/2 clinical study designed to assess the efficacy and safety of durvalumab in 191
locally advanced or metastatic urothelial carcinoma patients found that durvalumab
demonstrated favorable clinical activity and an encouraging and manageable safety
profile (ORR was 17.8%, one-year OS rate was 55, 6.8% grade 3/4 AEs) (Powles
et al. 2017). Durvalumab also showed anti-tumor activity with acceptable safety in
some other cancer types such as triple-negative breast cancer (Loibl et al. 2019) and
PD-L1-high patients with recurrent/metastatic head and neck squamous cell carci-
noma (Zandberg et al. 2019), as monotherapy or in combination with chemotherapy.
However, these results warranted further investigation in phase 3 clinical trials.

23.4 Therapeutic Development of Combined Blockade
of CTLA4 and PD-1

Although the drugs targeting PD1-/PD-L1 and CTLA4 have got great success in the
treatment of many kinds of cancers, only a small percentage of patients were seen to
respond to monotherapy. A combination of CTLA-4 and PD-1/PD-L1 blockers was
suggested to have a synergistic effect in the treatment of cancer patients and could
increase the response rates. A large amount of clinical trials have been conducted to
test the efficacy and safety of the combination in different cancer types, and some of
the trials have suggested combination therapy which showed a remarkable increase
in response rates and median survival times, resulting in approval of the combination
treatment of ipilimumab and nivolumab.
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A combination of ipilimumab and nivolumab has been approved for the treatment
of metastatic melanoma, metastatic renal cell carcinoma, and CRC with MSI-H
and MMR aberrations. This combination has been studied extensively in metastatic
melanoma patients and the efficacy and safety of the combination therapy were
demonstrated in multiple clinical trials. Ipilimumab plus nivolumab combination
was reported to increase the ORR to 61% in a phase 1 study (Postow et al. 2015),
the combination therapy increased the 2-year OS rate to 63.8% in a phase 2 study
(Hodi et al. 2016), and the combination therapy had higher ORR, longer median
progression-free survival and lower incidence of disease progression or death com-
pared to ipilimumab and nivolumab monotherapy in a phase 3 study (Larkin et al.
2015). The combination of ipilimumab andnivolumabwas approved for the treatment
of metastatic renal cell carcinoma based on two trials. A phase 1 study found that
the ORR reached to 40.4% and 2-year OS rate reached to 69.6% in the combination
group (Hammers et al. 2017), a following phase 3 study reported the 18-month OS
rate was 75%, ORR was 42%, and median PFS was 11.6 months in the nivolumab
3 mg/kg plus ipilimumab 1 mg/kg combination group (Motzer et al. 2018). The
combination of ipilimumab and nivolumab was approved for the treatment of CRC
withMSI-H andMMR aberrations based on the results of CheckMate-142 trial. This
trial revealed a ORR was 55%, PFS rate was 71%, and OS was 85% in 12 months
(Overman et al. 2018).

There are also multiple studies exploring the efficacy and safety of anti-PD-1/PD-
L1 plus anti-CTLA-4 antibodies in other types of cancer. A phase 1 study evaluated
the safety and efficacy of durvalumab (anti-PD-L1) and tremelimumab (anti-CTLA-
4) combination in patients with advanced NSCLC and reported the ORR was 23%
(Antonia et al. 2016). Another phase 3 study has been conducted to test the safety and
activity of nivolumab and ipilimumab combination as first-line therapy for NSCLC.
The study showed that in patients with high tumor mutational burden, a combination
of nivolumab and ipilimumab achieved ORR of 45.3%, 1-year PFS rate of 42.6%,
and median PFS of 7.2 months (Hellmann et al. 2018). Combination of nivolumab
plus ipilimumab was also tested in patients with malignant pleural mesothelioma
(Scherpereel et al. 2019), locally advanced or metastatic esophagogastric cancers
(Janjigian et al. 2018),metastatic prostate cancer (Boudadi et al. 2018), andmetastatic
sarcoma (D’Angelo et al. 2018), and have showedpromising activity in these patients,
therefore, the combination therapy may provide new option for these patients in the
future.

The FDA approved indications of ICBs targeting CTLA-4, PD-1, and PD-L1were
summarized in Table 23.1.
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Table 23.1 List of approved drugs targeting CTLA-4 and PD-1/PD-L1

Agents Brand name FDA approved indications (year of approved)

CTLA-4 blocker

Ipilimumab Yervoy Metastatic melanoma and surgically resectable “high-risk”
melanoma (2014)

PD-1 blockers

Pembrolizumab Keytruda 1. Unresectable or metastatic melanoma (2014)

2. Recurrent or metastatic PD-L1+ NSCLC (non-small-cell
lung cancers) (2016)

3. Metastatic HNSCC (squamous cell carcinoma of the head
and neck) (2016)

4. Refractory or relapsed Hodgkin lymphoma (2017)

5. Locally advanced or metastatic urothelial carcinoma
(2017)

6. Locally advanced or metastatic gastric or
gastroesophageal junction PD-L1+
adenocarcinoma (2017)

7. Unresectable or metastatic MSI-H or dMMR solid tumors
(2017)

8. Unresectable or metastatic MSI-H or dMMR colorectal
cancer (2017)

9. Refractory PMBCL (primary mediastinal large B-cell
lymphoma) (2018)

10. Recurrent locally advanced or metastatic
gastric/gastroesophageal junction
PD-L1 + adenocarcinoma (2018)

11. Hepatocellular carcinoma previously treated with
sorafenib (2018)

12. Recurrent, locally advanced or metastatic Merkel cell
carcinoma(2018)

13. Recurrent or metastatic cervical cancer with PD-L1 ≥
1% (2018)

14. Melanoma with lymph node invasion after complete
resection (2019)

15. Stage III PD-L1 + NSCLC who are not candidates for
surgical resection or definitive

chemoradiation (2019)

Nivolumab Opdivo 1. Unresectable or metastatic melanoma (2014)

2. Advanced renal cell carcinoma (2015)

3. Metastatic NSCLC (non-small-cell lung cancers) (2015)

4. Recurrent or metastatic HNSCC (squamous cell
carcinoma of the head and neck) (2016)

(continued)
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Table 23.1 (continued)

Agents Brand name FDA approved indications (year of approved)

5. Progressed Classical Hodgkin lymphoma (2016)

6. Locally advanced or metastatic Urothelial carcinoma
(2017)

7. Progressed Hepatocellular Carcinoma (2017)

8. Metastatic dMMR and MSI-H colorectal cancer (2017)

9. Melanoma with lymph node invasion or metastatic
following complete resection (2017)

10. Metastatic SCLC (small-cell lung cancer) (2018)

Cemiplimab Libtayo Metastatic or locally advanced CSCC (cutaneous squamous
cell carcinoma) (2018)

PD-L1 blockers

Atezolizumab Tecentriq 1. Progressed Metastatic NSCLC (non-small-cell lung
cancers) (2016)

2. Advanced or metastatic urothelial carcinoma (2017)

3. Metastatic SCLC (2019)

4. Unresectable, locally advanced or metastatic breast cancer
with PD-L1 + (2019)

Avelumab Bevencio 1. Metastatic Merkel cell carcinoma (2016)

2. Locally advanced or metastatic urothelial carcinoma
(2016)

Durvalumab Imfinzi 1. Locally advanced or metastatic urothelial carcinoma
(2016)

2. Unresectable stage III NSCLC (2018)

Combination of CTLA-4 and PD-1 blockers

Ipilimumab plus Yervoy plus 1. Unresectable or metastatic BRAF V600 wild-type
melanoma (2015)

Nivolumab Opdivo 2. Metastatic renal cell carcinoma (2018)

3. Colorectal cancer with MSI-H and MMR aberrations
(2018)

23.5 Therapeutic Development of Next Generation
Immune Checkpoint Blockade

CTLA-4 and PD-1/PD-L1 blockade only confers clinical benefits in a limited propor-
tion of cancer patients, therefore, therapeutic agents that target immune checkpoints
other than CTLA-4 and PD-1/PD-L1 are currently under clinical investigations.
Here, we summarized the therapeutic development of new targets in immune check-
point blockade, including TIM-3, LAG-3, TIGIT, VISTA, CD39, CD73, A2AR, and
NKG2A.
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TIM-3
T-cell immunoglobulin mucin-3 (TIM-3), also known as HAVCR2, is a member
of the TIM gene family. As a negative regulatory immune checkpoint, TIM-3 is
detected in different types of immune cells, including T cells, Tregs, DCs, B cells,
macrophages, NK cells, and mast cells. It has four ligands including galectin-9 (Gal-
9), high-mobility group protein B1 (HMGB1), carcinoembryonic antigen cell adhe-
sion molecule 1 (CEACAM-1), and phosphatidylserine (PS) (Anderson et al. 2016).
By binding to these ligands, TIM-3 could inhibit cancer immunity by negatively
regulating T-cell immunity.

TIM-3 expression has several roles in cancer. Firstly, TIM-3 expression is asso-
ciated with severe T-cell dysfunction in several types of cancers including NSCLC,
hepatocellular carcinoma (HCC), CRC, cervical cancer, ovarian cancer, gastric can-
cer, RCC, head and neck cancer, and so on. TIM-3 could inhibit anti-tumor immunity
by mediating T-cell exhaustion in these cancers (Zhu et al. 2015). For example, TIM-
3+CD8+Tcells could impair the functioning ofCD8+Tcells in gastric cancer (Wang
et al. 2015); in CRC, upregulation of TIM-3 could restrict T-cell responses and might
participate in tumorigenesis (Xu et al. 2015); in RCC, TIM-3 expressed on cancer
cells and in myeloid cells could inhibit cancer immunity (Komohara et al. 2015);
in ovarian cancer, TIM-3 could negatively regulate various T-cell subsets (Fucikova
et al. 2019). Secondly, TIM-3 expression on tumor-infiltrating T cells has been sug-
gested to have a role in resistance to PD-1/PD-L1 blockade. It was reported that PD-1
blockade may lead to an increased expression of TIM-3 in a mouse model of lung
cancer, and additional TIM-3 blockade conferred survival benefits (Koyama et al.
2016). PD-1 and TIM-3 inhibitors could enhance T cells’ response to tumor antigens,
and had a synergistic function, therefore, the combined use of TIM-3 blockade and
PD-1 blockade could be more effective than the TIM-3 or PD-1 blockade alone. It
was reported that Dual TIM-3 and PD-1 blockade synergistically restored the func-
tion of tumor-infiltrating T cells from HCC patients (Zhou et al. 2017), melanoma
patients (Fourcade et al. 2014), and gastric cancer patients (Lu et al. 2017).

Currently, several clinical trials are focusing on TIM-3 alone or combined with
PD-1 as a new approach for the treatment of cancer. Three anti-TIM-3 antibod-
ies, MBG453 (Novartis Pharmaceuticals), LY3321367(Eli Lilly and Company), and
TSR-022 (Tesaro, Inc.) are under clinical evaluation in combinationwith PD-1 block-
ade for patients with advanced solid tumors, and the clinical benefits are worth
looking forward to (He et al. 2018).
LAG-3
Lymphocyte activation gene-3 (LAG-3) is a member of the immunoglobulin super-
family mainly expressed on activated T cells, NK cells, Tregs, B cells, and dendritic
cells (DCs). LAG-3 could bind to MHC class II and LSECtin, however, recently
fibrinogen-like protein 1 (FGL-1) has been identified as a major inhibitory ligand for
LAG-3 (Wang et al. 2019). By binding to these ligands, LAG-3 could suppress T-cells
activation and cytokines secretion, and could exert differential inhibitory impacts on
various types of lymphocytes (Goldberg and Drake 2011).
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Importantly, over-expression of LAG-3 is detected on various TILs and exhibits
significant immune regulatory impacts. For example, expression of LAG-3 on tumor-
specific CD8+ T cells was first described in ovarian cancer and co-expression of
LAG-3 and PD-1 was linked to a more severe T-cell dysfunction (Matsuzaki et al.
2010); LAG-3 is also expressed at a high level on Treg cells, and LAG-3+ Treg
cells have a more activated phenotype and confer higher suppressive effect (Chew
et al. 2017); LAG-3 blockade can potentially affect CD4+ T-cell populations, lead
to a relative skewing from a Treg phenotype, and modulate the function of CD4+ T
cells to be suppressed (Durham et al. 2014); In melanoma patient samples, LAG-3 is
highly expressed on tumor-infiltrating pDCs, contributing to directing an immune-
suppressive environment (Camisaschi et al. 2014). Therefore, LAG-3 may be a
promising therapeutic target in cancer immunotherapy.

Interestingly, LAG-3 has remarkable interactions with other immune checkpoints
especially PD-1. Increasing evidence has elucidated that LAG-3 has remarkable
cooperation with PD-1/PD-L1, which can conjointly mediate immune homeostasis,
and enhance tumor-induced tolerance (Okazaki et al. 2011). In animal studies, the
striking synergy between LAG-3 and PD-1 has been reported in melanoma, fibrosar-
coma, and CRCmodels, the combinational blockade against LAG-3 and PD-1 could
effectively eradicatemost established tumors resistant to single agent treatment (Woo
et al. 2012). In tumor samples from patients, co-expression of LAG-3 and PD-1 can
modulate T-cells exhaustion state (Matsuzaki et al. 2010). A recent study in human
NSCLC revealed that over-expression of LAG-3 onTILs significantly correlateswith
PD-1/PD-L1 expression (Deng et al. 2016). Overall, these preclinical data suggest
an apparent synergy between LAG-3 and PD-1/PD-L1, providing the foundation for
combinational treatment strategy (Dempke et al. 2017).

Currently, several anti-LAG-3 antibodies, such as BMS-986016, LAG525,
MGD013, REGN3767, TSR-033, and INCAGN022385 are under clinical evaluation
mostly in combination with PD-1 blockade for cancer patients (Long et al. 2018).
Among these agents, BMS-986016 is actively being evaluated in various phase I
or II clinical trials in hematological and solid tumors. Notably, the combination of
BMS-986016 and nivolumab exhibited exciting preliminary efficacy in melanoma
patients who were refractory to anti–PD-1/PD-L1 therapy (Ascierto and McArthur
2017). These promising results support the ongoing more extensive exploration of
LAG-3 as an alternative immunotherapy target.
TIGIT
T-cell immunoglobulin and ITIM domain (TIGIT) is a member of the immunoglobu-
lin superfamily that is expressed onT cells andNKcells and functions as an inhibitory
checkpoint receptor (Dougall et al. 2017). TIGIThas two ligands,CD115 andCD112,
and has a much higher affinity to CD115 (Zhang et al. 2014). Interaction of TIGIT
with CD112 and CD155 can be happened in trans or in cis. TIGIT competes with
immunoactivator receptor DNAX accessory molecule-1 (DNAM-1) for the same set
of ligands CD155 (Sanchez-Correa et al. 2019). It is also reported that TIGIT could
inhibit immunosurveillance through direct inhibition of DNAM-1.

TIGIT appears to have an important role in the suppression of CD8+ TILs. It is
reported that TIGIT expressed at a higher level on CD8+ TILs than on other immune
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checkpoint receptors, and its expression was also correlated with impaired effector
function of CD8+ TILs in acute myeloid leukemia (Wang et al. 2018), multiple
myeloma (Guillerey et al. 2018), and gastric cancer (He et al. 2017). TIGIT also
has an important role in the suppressive activity of tumor-infiltrating Treg cells. It
was proposed that TIGIT primarily suppresses anti-tumor T-cell responses via Tregs
rather than CD8+ T cells in mouse models (Kurtulus et al. 2015). Zhang’s study also
suggested that TIGITwas highly expressed on exhausted tumor-infiltrating NK cells,
and TIGIT blockade could reverse NK-cell exhaustion and restore NK cell cytotoxic
activity (Zhang et al. 2018). TIGIT’s role in the tumor microenvironment may also
be intertwined with the microbiome. It was suggested that Fusobacterium nucleatum
could directly interact with TIGIT, and cause inhibition of NK cell cytotoxicity (Gur
et al. 2015). Furthermore, TIGIT and PD-1were found to be co-expressed inmultiple
tumor-associated T cells, and this was seen in colon, endometroid, breast, and renal
clear cell carcinoma (Chauvin et al. 2015). These findings suggested that both TIGIT
and PD-1 are partners in inducing T-cell exhaustion.

Preclinical trials have revealed the anti-tumor activity of anti-TIGIT agents alone
or combined with anti-PD-1 antibodies (Solomon and Garrido-Laguna 2018). Cur-
rently, several phase 1 clinical trials evaluating the therapeutic efficacy of anti-
TIGIT monoclonal antibodies BMS-9862, OMP-313M32, MTIG7192A, MK-7684,
AB154, CGEN-15137, and CASC-TIGIT alone or in combination with anti-PD-1
therapy are ongoing (Dixon et al. 2018).
VISTA
V-domain Ig-containing Suppressor of T-cell Activation (VISTA, also known as
PD-1H) is a type I transmembrane protein of the B7 family, and shares similarities
with PD-1, CD28, and CTLA-4, with the highest identity with PD-1 (Wang et al.
2011). However, analysis of the IgV domain of VISTA shows the greatest homol-
ogy with PD-L1, suggesting that VISTA may act as both a ligand and receptor in
regulating immune responses (Lines et al. 2014). Unlike other immune checkpoints,
VISTA is primarily, if not exclusively, found in hematopoietic tissue cells, including
macrophages, dendritic cells, myeloid-derived suppressor cells (MDSCs), and neu-
trophils. VSIG3, VSIG8, and PSGL-1 have been reported to interact with VISTA
and mediate the suppressive effect of VISTA (Wang et al. 2019). In vitro binding
study demonstrated that multimeric form of VISTA was bound to activated T cells
at acidic pH but not at physiological pH7.0. Co-immunoprecipitation analysis has
identified that PSGL-1 interacted with VISTA at acidic pH (Johnston et al. 2019).

In multiple mouse models, VISTA plays a critical role in shaping anti-tumor
immunity. Wang’s study initially demonstrated that over-expression of VISTA in
fibrosarcoma tumor cells significantly increased tumor growth due to an impact of
the ligand activity of VISTA on suppressing T-cell immunity (Wang et al. 2011). Le
Mercier ‘s study showed that anti-VISTAmonotherapy significantly reduced growth
inmany different solid tumormodels regardless of their immunogenic status or origin
(Le Mercier et al. 2014). Taking together, the preclinical studies suggested that anti-
VISTA monotherapy reshapes the suppressive nature of the TME by reducing the
number of MDSCs and tumor-specific Tregs, and increasing the proliferation of TIL
and promoting T-cell effector function. It is also reported that a combined blockade of
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VISTA and PD-1 achieved optimal synergistic anti-tumor activity in a mouse model
(Liu et al. 2015). Currently, the therapeutic efficacy of CA170, a selective inhibitor
of VISTA,is under evaluation (Nowak et al. 2017).
NKG2A
NKG2A is another promising inhibitory checkpoint receptor in cancer immunother-
apy. NKG2A is mainly expressed on the surface of T cells and NK cells in a het-
erodimeric form with CD94, and the main ligand is HLA-E (Manser and Uhrberg
2016). NKG2A has important roles in tumor-infiltrating NK cells. As to know, NK
cells play a major role in the anti-tumor immune response by controlling both tumor
progression and metastases. However, tumor cells have the ability to escape from
NK cell-mediated immune surveillance within the tumor microenvironment (Pahl
and Cerwenka 2017). It is reported that cancer cells could inhibit the effector func-
tions of tumor-infiltrating NK cells via the upregulation CD94/NKG2A heterodimer
on NK cells (Schleypen et al. 2003). NK cells from AML patients also show an
increased expression of NKG2A and impaired effector functions. The increased
expression of NKG2A in tumor-infiltratingNK cells is also emerging as a contributor
in determining the poor prognosis of cancer, such as hepatocellular carcinoma, lung
carcinoma, and invasive breast cancer. Therefore, NKG2A blockade could restore
the cytotoxic capacity of NK cells and targeting NKG2A represents a promising
cancer immunotherapy.

Monalizumab is a humanized NKG2A blocking antibody. The impact of monal-
izumab had been first investigated in in vitro and in vivo studies, and the success of
preliminary investigations made it possible to develop clinical trials in human cancer
patients. Monalizumab was first used after haplo-HSCT because it is demonstrated
that the in vitro blockade of CD94/NKG2A early after haplo-HSCT is able to pro-
mote NK cell alloreactivity (Roberto et al. 2018). The potential clinical utility of
monalizumab in the Chronic Lymphocytic Leukemia (CLL) is also investigated in
combination with irutinib, a tyrosine kinase inhibitor already used in the treatment
of CLL (McWilliams et al. 2016). Other clinical trials are ongoing for the treatment
of different solid tumors including head and neck cancer, ovarian and endometrial
cancer, and metastatic colon cancer (Zandberg et al. 2019).
CD39/CD73/A2AR pathway
CD39/CD73/A2AR/adenosine pathway has recently drawn lots of attention in cancer
immunotherapy field. Adenosine is involved in many pathophysiological processes
particularly it supports development of immunosuppressive cells like regulatory T
cells and myeloid-derived suppressor cells (MDSC) through the binding and activa-
tion of A2AR. Ectoenzyme CD39 hydrolyzes extracellular ATP to ADP and AMP,
where CD73 converts AMP to adenosine. Adenosine exerts its biological functions
through binding to adenosine receptors (Perrot et al. 2019). Expression of CD39
and CD73 have been shown to be upregulated in tumor microenvironment that pro-
motes the development of immune-suppressive cells like regulatory T cells, myeloid-
derived suppressor cells M2 macrophage, at the same time, inhibits T-cell functions
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(through upregulation of CTLA-4, PD-L1, and LAG-3) (Zarek et al. 2008), den-
dritic cells activation, reduction of NK cell cytotoxic capability, neutrophils attach-
ment. Oleclumab (<EDI9447), a fully human anti-CD73 antibody from Medim-
mune/AstraZeneca is currently in Ph I and II clinical studies as a single agent or in
combinationwith anti-PDL-1 or chemotherapy across various solid tumors including
advanced NSCLC (Vigano et al. 2019), metastatic TNBC, and pancreatic cancer as
well as PD-1/PD-L1 resistant NSCLC.Many anti-CD39 and anti-CD73 therapeutics
antibodies are in preclinical stage.

23.6 Current Challenges of Immune Checkpoint Blockade
Therapy in Cancer

In order to maximize the efficacy of immune checkpoint blockade therapy for cancer
patients, some major challenges in this field must be addressed.

One of the major challenges is the toxicities associated with immune checkpoint
blockade therapy for cancer. The immune checkpoint inhibitors are not directed
solely to tumor-specific T cells, therefore, these drugs may lead to activation of
non-tumor-specific immune responses that target self antigens expressed on healthy
tissue. This can result in immune-related adverse events (irAEs) due to enhanced
T-cell responsiveness, and the activation of self-reactive T cells. The most common
irAEs include pruritis and mucositis, vitiligo, diarrhea, and immune-mediated coli-
tis. Less common irAEs include hepatotoxicity, endocrinopathies, and pneumonitis,
and rare irAEs include renal toxicity, neurotoxicity, pancreatitis, cardiovascular tox-
icity, and hematological abnormalities (Kumar et al. 2017). A recent systematic
review concluded that grade 3/4 treatment-related adverse events occurred in 14%
of patients treated with PD-1/PD-L1 inhibitors, in contrast to 34% of patients treated
with CTLA-4 blockade, increasing to 55% during PD-1/PD-L1 and CTLA-4 com-
bination therapy (Arnaud-Coffin et al. 2019). The majority of the irAEs could be
treated with corticosteroids and other immunosuppressive drugs. Such drugs might
be expected to counteract the action of ICBs, although some studies have reported no
obvious therapeutic disadvantage to patients treated with ICBs when corticosteroids
were used to alleviate the symptoms of irAEs (Garant et al. 2017). Therefore, it is
urgent to explore the methods to retain the efficacy and alleviate the side effects.
Ishihara’s study has shown that the safety of anti-PD-L1 antibody in mouse mod-
els can be improved by fusing it to the collagen-binding domain of von Willebrand
factor, thereby allowing it to bind to the tumor stroma and exert its effects locally
(Ishihara et al. 2019). Optimization of dosing regimens could also reduce irAEs in
some studies (Lebbe et al. 2019). More efforts are needed to alleviate the side effects
of ICBs in future studies.

Another challenge is to gain insight into factors that influence response outcomes
to ICB therapy and to better understand and overcome tumor resistance to ICB
therapy. It is a fact thatmost cancer patients donot respondor donot show long-lasting
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remission after ICB treatment.Despite the clinical benefits of ICBs, the response rates
to date have rarely exceeded 40% (Pitt et al. 2016). Patients that do not respond to
ICB are said to have “innate resistance”, while those responding transiently before
disease progresses have “acquired resistance” (Park et al. 2019). There is urgent to
clarify the mechanisms underpinning innate and acquired resistance, and develop
accurate ways of predicting which patients will benefit from ICB therapy.

Apart from “innate resistance”, another major factor that contributes to low
response rate for ICB is the lack of tumor T-cell infiltration or so-called “cold tumor”.
The lack of T-cell infiltration includes lack of tumor-specific antigens, defect in anti-
gen presentation by antigen presenting cells, inhibition of T-cell activation, or hom-
ing to the tumor sites. Conversion of “cold tumor” to “hot tumor” have been a focus
in improving the overall response rate of ICB. Various approaches or therapeutic
combinations are being tested both in patients or animal models. Combination of
ICB with chemotherapy or radiation, oncolytic viruses, tumor antigen vaccination
as well as DC activation agents (Toll like receptor agonist or CD40 agonist) is being
explored to enhance T-cell activation or priming. Anti-TGF, anti-angiogenic agents
or IL-2/IL-15 have been used to improve T-cell trafficking and infiltration into tumor
microenvironment. Bispecific antibody such as T-cell engager or NK cell engager
is another approach being investigated for recruiting T cells or NK cells to tumor
sites. Bispecific antibodies comprising antibodies against ICI and innate immunity
targets such as anti-PD-L1/anti-TGF and anti-PD-L1/anti-CD47 are under extensive
investigation.

Researchers have proposed somepossiblemechanisms thatmay be responsible for
this resistance. One of the mechanism is the tumor mutational burden. It is reported
that high mutational burden is usually associated with a positive outcome for patients
treated with ICB. This is because they contain more potential neo-Ags, therefore
increasing the chance of anti-tumor T cells becoming activated (Gandara et al. 2018;
Samstein et al. 2019; Hellmann et al. 2019). The second potential mechanism is
T-cell priming and infiltration of the TME. Responses to ICB therapy depend on the
number and diversity of previously activated tumor-specific T cells present in the
tumor patient. Tumors with extensive effector T-cell infiltrates will respond best to
the ICB therapy. In other words, tumors will be resistance to ICB therapy if there are
insufficient tumor-specific T cells, or if these cells are unable to enter the TME to
exert anti-tumor activities (Gide et al. 2019; Smith et al. 2019). Another mechanism
is the accumulation of additional metabolic and immunosuppressive factors in the
TMEmay limit the efficacy of T-cell responses elicited by ICB therapy. It is reported
that tumor cells can outcompete T cells for glucose to reduce glycolytic activity and
IFN-γ production by T cells, ICB therapy could restore T-cell glycolysis (Chang
et al. 2015). Genetic defects in IFNγ pathway-related genes are also involved in the
resistance to ICB therapy (Gao et al. 2016). It is also emerging that the microbiome
could influence responses to ICB therapy. Studies on patients with melanoma or
NSCLC have revealed that the certain bacterial species in the oral or gut microbiome
could influence the responses to PD-1/PD-L1 blockade, and antibiotics can reduce
the clinical benefit of PD-1/PD-L1 blockade therapy in cancer patients and mice
(Matson et al. 2018; Routy et al. 2018). In-depth study and understanding these
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mechanisms could develop effective strategies to overcome the resistance to ICB
therapy.

23.7 Conclusion

Immune checkpoint inhibitor therapy, especially anti-PD-1/PD-L1 therapy has
demonstrated clinical efficacy in multiple types of solid and hematologic tumors,
thus FDA has approved six ICB drugs for the treatment of various tumors in recent
years, and more promising clinical trials are ongoing to explore the potential anti-
tumor activity in more kinds of cancer. However, the irAEs and resistance to ICB
therapy are the current major challenges, and more efforts are warranted to develop
more effective strategies to overcome the resistance to ICB therapy.
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