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Abstract \
Immunotherapy has become the mainstay for lung cancer treatment, providing sustained therapeutic responses and improved
prognosis compared with those obtained with surgery, chemotherapy, radiotherapy, and targeted therapy. It has the potential for
anti-tumor treatment and killing tumor cells by activating human immunity and has moved the targets of anti-cancer therapy from
malignant tumor cells to immune cell subsets. Two kinds of immune checkpoints, cytotoxic T-lymphocyte-associated antigen 4
(CTLA-4) and programmed death-1 (PD-1)/programmed death ligand 1 (PD-L1), are the main targets of current immunotherapy in
lung cancer. Despite the successful outcomes achieved by immune checkpoint inhibitors, a small portion of lung cancer patients
remain unresponsive to checkpoint immunotherapy or may ultimately become resistant to these agents as a result of the complex
immune modulatory network in the tumor microenvironment. Therefore, it is imperative to exploit novel immunotherapy targets to
further expand the proportion of patients benefiting from immunotherapy. This review summarizes the molecular features,
biological function, and clinical significance of several novel checkpoints that have important roles in lung cancer immune responses
beyond the CTLA-4 and PD-1/PD-L1 axes, including the markers of co-inhibitory and co-stimulatory T lymphocyte pathways and
inhibitory markers of macrophages and natural killer cells.
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Introduction

Lung cancer still has the highest morbldlty and mortality in
all types of cancer worldwide.!"! Monoclonal antibodies
(mAbs), such as nivolumab, pembrolizumab, atezolizu-
mab, and durvalumab, which are targeted to key immune
checkpoint proteins of programmed death-1 (PD-1) and
programmed death ligand 1 (PD-L1), have been approved
by the US Food and Drug Administration as second-line or
first-line therapy for patients with non-small cell lung
cancer (NSCLC).?' However, desplte the recent success of
immunotherapy against a variety of cancer types, it was
estimated that only 12.46% of patients with advanced or
metastatic tumors respond to these immune checkpoint
inhibitors.”¥) Clinical trial data have revealed that the
responswe proportion of NSCLC patients to this treatment
is between 15% and 25%,? and thus a proportion of lung
cancer patients still cannot benefit from current immuno-
therapy. Various approaches have been implemented to
maximize the therapeutic effect of immune checkpoint
inhibitor therapy; these include the identification of
predictive biomarkers for patient stratification based on
responsiveness. PD-1/PD-L1 antibodies have shown en-
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couraging results in combination with chemotherapy or
radiotherapy in several phase III trials.'¥! Despite this,
many patients inevitably become resistant or acquire
resistance to these treatments, and this may be attributed to
the complex and dgnamic nature of the tumor immune
microenvironment.!*! Therefore, there is an increasing
need to identify alternative immune checkpoints for anti-
cancer treatment. The emerging targets include not only
markers of co-inhibitory and co-stimulatory T lymphocyte
pathways [Figure 1], but also inhibitory markers of
macrophages and natural killer (NK) cells [Figure 2].

Co-inhibitory T Lymphocyte Checkpoints

Lymphocyte activation gene-3 (LAG-3)

LAG-3 (CD223) was first discovered as a membrane
protein in activated NK cells and T lymphocytes and the
gene is located close to the CD4 gene on chromosome
12.5VLAG-3 is also present on the surface of dendritic cells
(DCs), B cells, tumor- 1nﬁltrat1ng lymphocytes (TILs), and
regulatory T cells (Tregs).[*! LAG-3 functions as a negative
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Figure 1: Emerging checkpoints of T lymphocytes in lung cancer immunotherapy. APC:
Antigen presenting cell; B7-H3: B7 homolog 3; CD: Cluster of differentiation; CD28H: CD28
homolog; FGL1: Fibrinogen-like protein 1; Gal-9: Galectin-9; GITR: Glucocorticoid-induced
tumor necrosis factor receptor (TNFR)-related receptor; GITRL: GITR ligand; HHLA2: Human
endogenous retrovirus-H long terminal repeat-associating protein 2; LAG-3: Lymphocyte
activation gene-3; MHC II: Major histocompatibility class Il; PSGL-1: P-selectin glycoprotein
ligand-1; TIGIT: T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif
domain; TIM-3: T-cell immunoglobulin- and-mucin-domain-containing molecule 3; VISTA:
V-domain immunoglobulin suppressor of T cell activation; VSIG-3: V-Set and
immunoglobulin domain containing-3.

regulator in the stimulation of CD4+ T lymphocytes and is
essential for the suppressive function of Tregs according to
early studies.”® LAG-3 protein can bind to major
histocompatibility (MHC) class II with high affinity due
to its highly structural homology with CD4, in spite of
sharing onl;r approximately 20% amino- “acid sequence
homology.>”! LAG-3 selectively recognizes stable com-
plexes of peptide and MHC class II (pMHC 1II) and
suppresses the reaction of T cells to pMHC 1II through its
intracellular region rather than a direct interference with
the 1nteract10n between CDA4/T cell receptor (TCR) and
MHC class IL!"°! In addition, a novel ligand of LAG-3,
fibrinogen-like protein 1 (FGL1), can inhibit T- cell
activation independent from MHC class II. FGL1 is
secreted from healthy hepatocytes and its production is
elevated in tumor cells." '"LAG-3 also inhibits CD4+ T cell
expansion bz suppressing metabolism and mitochondrial
biogenesis."

In a recent cohort of 139 surgically resected tumor
specimens from NSCLC patients, the LAG-3 protein was
found to be associated with poor prognosis and its
expression is correlated with PD-1/PD-L1 expression.!?!
However, LAG-3 was found to be expressed on TILs in
tumor tissues of some patients in a study including 553
primary NSCLC tumors as well as 143 metastatic lymph
nodes, and LAG-3+ TILs were related to improved
survival.'¥ The differences between the two studies reflect

| inhibitory
< stimulatory,

i

Figure 2: Emerging checkpoints of macrophages and NK cells in lung cancer
immunotherapy. APC: Antigen presenting cell; CD: Cluster of differentiation; HLA I:
Human leukocyte antigen class I; IDO1: Indoleamine 2,3-dioxygenase 1; KIR: Killer
immunoglobulin-like receptor; Kyn: Kynurenine; NK: Natural killer; SIRP«: Signal regulatory
protein «o; Trp: Tryptophan.

the complexity of LAG-3 function, indicating further
research is required. A pre-clinical study using a novel
LAG-3 antibody, LBL-007, blocked the binding of LAG-3
to MHC class II molecules and downstream signaling of
LAG-3. This significantly controlled tumor growth and
was con51derably more effective in combination with a PD-
1 antibody.!"*! Another LAG-3 antibody, TSR-033, has
also demonstrated its potent therapeutic efﬁcacy in
boosting anti-PD-1 therapy.!

Currently, a soluble LAG-3 fusion protein IMP321, and
several LAG-3 mAbs, such as BMS-986016, LAGS5235,
MK-4280, REGN3767, and TSR-033 are being tested in
clinical trials. IMP321 demonstrated favorable tolerability
in completed early phase I clinical trials on different types
of tumors with promising outcomes in tumor immune
microenvironment, and clinical benefits were observed in
breast carcinoma.!’! Currently, there are two phase II
clinical trials that are recruiting eligible NSCLC and small
cell lung cancer (SCLC) patients, separately, to test the
combination of IMP321/LAGS525 and anti-PD-1 antibody
[Table 1].

T-cell immunoglobulin- and mucin-domain-containing
molecule 3 (TIM-3)

TIM-3 works as an inhibitory receptor suppressing the
function of effector T helper 1 (Th1) cells and cytotoxic T-
lymphocytes (CTLs) and has a pivotal role in maintaining
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the tumor immunosuppressive microenvironment.!'8! The
TIM gene family (TIM-1, TIM-3, and TIM-4 in humans) is
located on chromosome 5q33.2 and all members are
associated with immune-related diseases.!"”! The interac-
tion between TIM-3 and its alternative ligand C-type lectin
galectin-9 (Gal-9) causes TIM-3-dependent Th1 cell death
by inducing an intracellular calcium influx and suppression
of Th1 cell responses.””! In addition to being highly
expressed on CD4+ and CD8+ TILs in tumor tissues, TIM-
3 has also been identified on the surface of NK cells, DCs,
macrophages, Tregs, and even tumor cells.[!8-21:22!

TIM-3 has been suggested to be highly expressed on CD4+
T cells in NSCLC patients with lymph node metastasis and
advanced tumor stages./*!! Similarly, increased expression
of TIM-3 on NK cells in circulating blood was also
correlated with several high risk clinicopathological
parameters and independently demonstrated a shorter
overall survival of lung adenocarcinoma patients./*?!
Tumor cells release more exosomes than physiological
conditions, and they mirror the molecular features of their
parental cells. Gao et al®*3! discovered that upregulated
TIM-3 and Gal-9 in exosomes isolated from peripheral
blood may be potential biomarkers correlated to poor
clinicopathological parameters in NSCLC, similar to
expression of TIM-3 on T cells and NK cells. In another
study, the TIM-3 positive group revealed poorer survival
performance, and approximately half of the resected lung
adenocarcinoma samples demonstrated a strong associa-
tion of TIM-3 expression with PD-1 expression.** Co-
expression of both TIM-3 and PD-1 on TILs resulted in
more exhausted immune cells than expressing of either
TIM-3 or PD-1 alone in mouse models, indicating that a
complex cross-regulation may exist between TIM-3 and
PD-1 }S)athways in the immunosuppressive environ-
ment.*! In addition, a TIM-3 blockade may play a much
more important role in converting the immunosuppressive
environment into an immunoactive state, as TIM-3 is
significantly expressed on the surface of Tregs and is
crucial to the tumor immune microenvironment.?!!
Therefore, combined targeting of both the two pathways
could be a promising strategy for anti-tumor therapy.
Additionally, up-regulation of TIM-3 observed in the
progress of anti-PD-1 therapy indicated that blockading
TIM-3 following acquired resistance to present immuno-
therapy would be an effective therapeutic solution.!*®!
Most importantly, TIM-3 is selectively expressed on T cells
at the tumor site, while the expression of TIM-3 on T cells
in circulating blood is negligible.!*!! This means that TIM-
3 targeting therapy may avoid the immune-related adverse
events (irAEs) commonly observed in patients treated with
PD-1 antibodies and CTL-associated antigen 4 (CTLA-4)
antibodies.

A TIM-3 antibody, TSR-022, and a bispecific antibody,
RO7121661, are currently undergoing safety and tolera-
bility evaluation in a phase I study [Table 1].

B7 homolog 3 (B7-H3)

B7-H3 protein is a member of the B7 family, also known as
CD276. B7-H3 was initially discovered in 2001 as a co-
stimulator of both CD4+ and CD8+ T cells, enhancing the
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proliferation of cytotoxic T cells and stimulating interferon
gamma (IFN-y) production in activated T cells.!*”]
However, a later study demonstrated that the B7-H3-
mediated inhibition was overwhelmed by the stimulatory
effect of CD28. B7-H3 has been shown to play an
inhibitory role on the activities of CD4+ and CD8+ T cells
and reduces the production of interleukin (IL)-2 and IFN-
~v.281 B7-H3 is constitutively expressed in many normal
tissues and overexpressed in various types of tumors.!*”!
Tumor-associated macrophages could promote the ex-
pression of membrane B7-H3 on tumor cells, and up-
regulated B7-H3 could then induce DCs to an immuno-
suppressive phenotype in lung cancer.[3%31!

B7-H3 is expressed in 70% to 80% of NSCLC cases.[>*%3!
High expression of this protein is correlated with smoking
history and a shortened overall survival in patients."
Soluble B7-H3 in malignant pleural effusions is a potential
biomarker for its correlation with the stage of NSCLC.!>*!
In addition, B7-H3 is associated with refractoriness to
PD-1 antibodies and effective anti-tumor activity by
increasing CD8+ T cell infiltration, which was shown in
the dual blockade of B7-H3 and PD-1.3 Another study
also reported that inhibition of B7-H3 could enhance the
sensitivity to cisplatin chemotherapy.**! Higher B7-H3
expression on tumors in human immunodeficiency virus
(HIV)-infected lung cancer patients as compared with
uninfected patients may provide clues for the treatment of
HIV-infected lung cancer patients.*®! It is reported that
B7-H3 could regulate lipid metabolism by hijacking sterol
regulatory element-binding protein 1/fatty acid synthase
signaling in lung cancer, indicating a possible mechanism
of B7-H3 in tumor development.*” Interestingly, the
combination of a B7-H3-targeting agent and a PD-1
antibody remarkably suppressed the growth and metasta-
ses of tumors as B7-H3 is not only overexpressed on tumor
cells and on vascular endothelial cells in tumor tissues but
finitely expressed in normal tissue vessels.*®! This may
enable it to distinguish tumor vessels from physiological
vessels.

Two phase I clinical trials are ongoing for the safety of
enoblituzumab (MGA271), a B7-H3 mAb, in combination
with antibodies to either PD-1 or CTLA-4, in NSCLC
patients [Table 1].

V-domain immunoglobulin (Ig) suppressor of T cell
activation (VISTA)

VISTA is a novel B7 family member, mainly expressed in
hematopoietic cells and overexpressed in myeloid antigen-
presenting cells (APCs) and T cells. VISTA is also known as
PD-1 homology and its Ig-V domain is highly homologous
to PD-L1.”) VISTA plays an important role in regulatin(%
immune responses acting both as a receptor and a ligand.*

The engagement of VISTA and its recently identified ligand,
V-Set and immunoglobulin domain containing-3 suppresses
proliferation of activated T cells and further reduces the
production of several cytokines and chemokines.!*!!
Additionally, as a ligand, VISTA inhibits T cells by
interacting with receptor P-selectin glycoprotein ligand-1
preferentially in acidic environments usually found in tumor
beds.[**! Furthermore, the expression of VISTA on Tregs is
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Table 1: Summary of clinical trials of emerging immunotherapy targets in lung cancer.

Alternative NCT
targets Agents Mechanism Combined agents identifier Phase Diseases
LAG-3 Eftilagimod alpha  Soluble LAG-3 Pembrolizumab NCT03625323 I NSCLC
(IMP321) fusion protein Head and neck
squamous cell
carcinoma
LAGS525 Anti-LAG-3 mAb  PDROO0O1 NCT03365791 II SCLC
(anti-PD-1 mAb) Others
TIM-3 RO7121661 Anti-PD-1/TIM-3 - NCT03708328 I NSCLC
bispecific mAb SCLC
Others
TSR-022 Anti-TIM-3 mAb  Niraparib (active NCT03307785 I NSCLC
PARP1 and PARP2 Others
inhibitor)
TSR-042 (anti-PD-1
mADb)
Carboplatin
Paclitaxel
Bevacizumab
Pemetrexed
Nab-Paclitaxel
B7-H3 Enoblituzumab Anti-B7-H3 mAb  Ipilimumab NCT02381314 I NSCLC
(MGA271) Melanoma
Enoblituzumab Anti-B7-H3 mAb  Pembrolizumab NCT02475213 I NSCLC
(MGA271) MGAO012 (anti-PD-1 Others
mAb)
TIGIT MTIG7192A Anti-TIGIT mAb  Atezolizumab NCT03563716 II NSCLC
Tiragolumab Anti-TIGIT mAb  Atezolizumab NCT04256421 III  SCLC
Carboplatin
Etoposide
Placebo
Tiragolumab Anti-TIGIT mAb  Atezolizumab NCT04294810 III  NSCLC
Placebo
AB154 Anti-TIGIT mAb  Zimberelimab NCT04262856 II NSCLC
(anti-PD-1 mAb) Lung Cancer
AB928 (A2aR and
A2bR antagonist)
GITR BMS-986156 Anti-GITR Ipilimumab NCT04021043 I Metastatic lung
Agonistic mAb  Nivolumab I carcinoma
Radiation Others
CD27 CDX-1127 Anti-CD27 mAb - NCT01460134 I NSCLC
(Varlilumab) Others
CDX-1127 Anti-CD27 mAb  Atezolizumab NCT04081688 I Metastatic/refractory/
(Varlilumab) Radiation unresectable NSCLC
Stage II(IITA/IIIB/IIC)/
IV lung cancer
IDO1 Indoximod IDO1 inhibitor Docetaxel NCT02460367 I NSCLC
Tergenpumatucel-L
Epacadostat IDO1 inhibitor Pembrolizumab NCT03322540 I Lung cancer
Placebo
Epacadostat IDO1 inhibitor Pembrolizumab NCT03322566 II Lung cancer
Platinum-based
chemotherapy
Placebo
LY3381916 IDO-1 inhibitor LY3300054 (PD-L1 NCT03343613 I NSCLC
inhibitor) Others

LAG-3: Lymphocyte activation gene-3; TIM-3: T-cell immunoglobulin- and mucin-domain-containing molecule 3; B7-H3: B7 homolog 3; TIGIT: T-cell
immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain; GITR: Glucocorticoid-induced tumor necrosis factor receptor (TNFR)-
related receptor; CD27: Cluster of differentiation 27; mAb: Monoclonal antibody; IDO1: Indoleamine 2,3-dioxygenase 1; PD-1: Programmed death-1;
PARP: Poly(ADP-Ribose) Polymerase 2; PD-L1: Programmed death ligand-1; NSCLC: Non-small cell lung cancer; SCLC: Small cell lung cancer.
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crucial to maintain the Treg pool size by promoting Treg
differentiation and stabilization.

VISTA was detected in the majority of tumor samples from
758 NSCLC cases in different stages and displayed
differential distribution in stromal and tumor cells.
Predominately, these cases exhibited expression of VISTA
on stromal cells, and only one fifth of the cases
demonstrated expression in both stromal and tumor
cells.**! Although VISTA preferentially inhibits CD4+ T
cells-mediated immune responses,*’! it is more highly
expressed on CD8+ T cells than CD4+ helper T
lymphocytes, and the expression of VISTA is generally
correlated with CD8+ T cell infiltration rather than CD4+
T cell infiltration.[**! This may be related to its main
inhibitory effects on CD4+ T cell in early stage and down-
regulation on activated CD4+ T cells in vivo, which is a
unique regulatory pattern absent from other inhibitory B7
family members.*”! Interestingly, VISTA is found to be
reduced by IL-10 and IFN-y, in a similar fashion to PD-
L1.¢1 The co-expression of VISTA, PD-1, and PD-L1
potentially contributes to a cooperative tumor immune
evasion procedure and indicates a promising immunother-
apy strategy by simultaneouslzf blocking both the VISTA
and PD-1/PD-L1 pathways.!**! Additionally, the limited
association between VISTA levels and tumor mutational
burden is also consistent with PD-L1 expression.!***7!
Most importantly, the expression of VISTA predicted a
positive outcome with a longer S-year survival rate.!

The increased expression of VISTA after ipilimumab
(CTLA-4 antibody) therapy in prostate cancer suggests
that VISTA may represent a significant potential mecha-
nism of acquired resistance to immune checkpoint
inhibitor therapy. This response, and the heightened
infiltration of VISTA positive lymphocytes noted after
anti-PD-1 therapy in melanoma, indicates that VISTA may
be an im{)ortant immunotherapy target following these
therapies.!***°! However, this possible role of VISTA in
lung cancer requires further exploration.

T-cell immunoglobulin and immunoreceptor tyrosine-based
inhibitory motif domain (TIGIT)

TIGIT and CD96 are both members of immunoglobulin
superfamily. These two inhibitory receptors bind to
CD155 and share the ligand with the CD226 co-
stimulatory receptor. Both TIGIT and CD96 have a
higher affinity for CD155 than CD226, which is analogous
to the relationship between CTLA-4 and CD28 interacting
with B7 ligands.’°! Moreover, research shows that TIGIT
could influence CD226 homodimerization and disturb its
stimulation signaling.®!! TIGIT and CD96 are expressed
on the surface of effector T cells and NK cells, and TIGIT is
also expressed on Tregs.>"!

TIGIT was identified on the surface of 58% of CD8+ TILs
in NSCLC, and the majority of these cells also have
high levels of PD-1 expression, although the proportion of
CD4+ TILs that express both TIGIT and PD-1 is minor in
comparison. Elevated TIGIT expression on CD8+ and
CD4+ T cells is also present in peripheral blood.”!!
Blockade of TIGIT has been shown to enhance therapy
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with PD-L1 antibody and the expression of TIGIT is
associated with the exhaustion of NK cells. Blockading
TIGIT could avoid this situation and restore anti-tumor
immunity through evoking T cell immunocompetence in
an NK cell-dependent pattern.®?! Additionally, TIGIT
directs Tregs to a highly suppressive phenotype and marks
the most dysfunctional CD8+ T cell subset. However, the
anti-tumor immune milieu suppressed by TIGIT relies
primarigy on the expression on Tregs rather than on CD8+
T cells.> This study also demonstrated a synergistic effect
of TIGIT and TIM-3 indicated by the co-expression of the
two receptors in tumor tissues.

MTIG7192A, AB154, and tiragolumab are three experi-
mental anti-TIGIT antibodies. A number of studies are
currently evaluating them, including a phase II study of
MTIG7192A combined with atezolizumab in chemothera-
py-naive patients with locally advanced or metastatic
NSCLC, a phase II study of AB154 in lung cancer patients,
and two phase III studies of tiragolumab combined with
atezolizumab in participants with SCLC or NSCLC [Table 1].

Co-stimulatory T Lymphocyte Checkpoints

Human endogenous retrovirus-H long terminal
repeat-associating protein 2 (HHLA2)

HHLA2 is also a member of B7 family, and it is only found
in higher primates.° The most studied receptor of
HHLA2 is transmembrane and immunoglobulin domain
containing 2 (TMIGD?2), also known as CD28 homolog
(CD28H) or immunoglobulin-containing and proline-rich
receptor-1.°°1 HHLA2 is constitutively expressed on
APCs, whereas CD28H is primarily expressed on
endothelial cells and all naive T cells; the HHLA2 gene
of human is located in chromosome 3 q13.13 close to the
B7-1 and B7-2 genes."***®! The interaction of HHLA2 and
CD28H was reported to co-stimulate T cell growth and
cytokine production in a protein kinase B (AKT)-
dependent pattern.’®! However, other studies have
demonstrated that HHLA2 and CD28H binding is co-
inhibitory in the company of TCR signaling.>**

HHLA?2 was detected in approximately 65% of NSCLC
tumor tissues and in a greater proportion in PD-L1
negative cases, but was not expressed in the majority of
healthy lung tissue.*®°?! The expression of HHLA2 is
significantly correlated with high TILs and epidermal
growth factor receptor mutation in lung adenocarcino-
ma.’¥! Contradictorily, HHLA2 has greater potency in
inhibition of T cell proliferation than PD-L1 and may
mediate immune evasion in PD-L1 negative environ-
ment.®” A comprehensive analysis to evaluate the
prognostic significance of HHLA2 in human pan-cancer
suggested that HHLA?2 is an independent predictive factor
for prognosis of many human tumors.®®! Unfortunately,
this comprehensive study did not indicate the prognostic
value in lung cancer. In an independent study on NSCLC,
the patients with high HHLA2 expression tended to have a
poorer survival, but this was not statistically significant.!>®!

HHLAZ2 is emerging as a potential therapeutic target for
lung cancer as it also has an angiogenesis effect via an
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interaction with TMIGD2 on endothelium cells.!*!
However, due to a lack of understanding of the precise
mechanism of HHLA2-induced tumor immune suppres-
sion, especially the contradictory phenomenon on the co-
inhibitory and co-stimulatory effect between HHLA2 and
its ligand, more progress is required before clinical
application of HHLA2 immunotherapy.

Tumor necrosis factor receptor superfamily (TNFRSF)

Members of TNFRSF, such as CD27, glucocorticoid-
induced tumor necrosis factor receptor-related receptor
(GITR), OX-40 (CD134), and 4-1BB (CD137), can
promote immune responses by stimulating conventional
T cells and APCs, suppressing Tregs, and medlatlnigI
communication between CD4+ and CD8+ T cells, 1

making them attractive targets for cancer 1mmunotherapy

GITR is a type I transmembrane receptor expressed on
both immune cells and human tissues. Among the two
ligands of GITR, the GITR ligand (GITRL) and secreted
and transmembrane protein 1A (SECTM1A), the GITR/
GITRL signaling plays a critical role in immune modula-
tion.'°“! An in vitro study has shown that an SCLC cell line
expressing GITR was induced to cell death through
increased apoptosis inducing factor production in the
presence of mesenchymal stromal cells expressing
GITRL.[®3! GITR-agonistic antibody promoted tumor
cell apoptosis and increased the activity of NK cells,
T lymphocytes, and APCs, accompanied with decreased
levels of pro-angiogenesis chemokines and increased levels
of anti-angiogenesis chemokines in lung cancer mice.!®*!
Interestingly, a completed phase I trial of GITR-agonistic
antibody TRX518 (NCT01239134) in human advanced
tumors found that peripheral Tregs are a reliable
biomarker in GITR agonist therapy and were reduced to
the same extent with Tregs at the tumor site. Patients were
reported to have decreased Treg numbers and elevated
effector T cell to Treg (Teff:Treg) ratios, but failed to show
obvious clinical benefit from the GITR agonist mono-
therapy, indicating that stimulated GITR alone is unable to
restore the anti-tumor immunity sufﬁc1ently due to
excessive exhaustion of effector T cells.!®*! Similarly, cell
co-culture in vitro also revealed that even under co-
stimulation of GITR or CD27, the activation of T cells was
inhibited by PD-1 effectively.[°® These results demonstrat-
ed that the combination of blockading PD-1 and triggering
TNFRSF molecules is a rational therapeutic strategy of
tumor treatment. Indeed, preclinical study of NSCLC
mouse models revealed that a GITR agonist combined with
anti-PD-1 and radiation therapy improved the survival
51gn1ﬁcantly and produced tumor-free status in half the
mice tested.!®”! Diminished Tregs in the tumor tissue also
indicated that GITR agonist treatment may help overcome
Treg immunosuppression induced by radiation therapy. A
phase I/I trial has been launched to evaluate the safety and
efficiency of BMS-986156 (agonistic anti-GITR mAb)
combined with PD-1/CTLA-4 blockade in metastatic lung
carcinoma and other tumors [Table 1].

CD27 is constitutively expressed on naive and activated
CD4+ and CD8+ T cells, and the expression of its ligand
CD70 is induced on macrophages, DCs, and B cells. An
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agonistic mAb of CD27, varlilumab, showed both clinical
and biologic activity with favorable safety and tolerance in
melanoma and renal cell carcinoma patients. 18] The anti-
tumor efficacy of CD27 targeted therapy is attributed to
both stlmulatlon of effector T cells and depletion of
Tregs.*”! Chemokines and IFN-y released by activated T
cells further stimulated macrophages and increased
myeloid infiltration.””!  However, persistent CD27-
CD70 co-stimulatory signaling can directly contribute to
T cell exhaustion and lethal immunodeficiency.”!! In
addition, recent results reported that high levels of soluble
CD27 predicted a poor prognosis in NSCLC, and may
be supporting an immune exhaustion state in these
patients.[”?l Therefore, it is necessary to vary the dosage
of CD27 agonists to achieve the optimal therapeutic effect
in treatment. Two phase I trials are underway in lung
cancer patients to evaluate anti-CD27 antibody alone or in
combination with atezolizumab and radiation therapy

[Table 1].

Co-inhibitory Macrophage Checkpoints

CD47 and signal regulatory protein o (SIRPx)

CD47 is widely known as the “don’t eat me” signal and is
expressed on the surface of all cells in the human body
while its receptor, SIRPa, is expressed restrictively on all
myeloid cells and also on neuronal cells in the central
nervous system. Binding of CD47 to SIRPa restricts
phagocytic and cytotoxic function of SIRPa-expressi ing
cells to CD47 positive healthy and malignant cells.!”
Interestingly, CD47 is also a receptor for thrombospondin-
1, which is a negative regulator of angiogenesis expressed
on tumor stromal endothelial cells, and treatment with
antibody against CD47 could lead to tumor progression by
enhancing angiogenesis.[”!

The overexpression of CD47 is detected in NSCLC cell
lines and is associated with tumor stages, and distant
lymph node metastases. The downstream molecule cell
division cycle 42 plays a cr1t1cal role in prompting tumor
invasion and metastasis.””>) CD47 is highly expressed on
the membrane of human SCLC cells and blockade with
CD47 antibody or dysfunction of the CD47 gene
effectively suppressed SCLC tumor growth by inducing
phagocytosis of macrophages.[’®! Moreover, analysis of
CDA47 expression in NSCLC patients indicated that high
levels of CD47 were correlated with a shorter overall
survival, delayed apoptosis or necrosis, and impaired
macrophage-mediated clearance of CD47 expressing
neutrophils. The latter may contribute to neutrophllla in
NSCLC, which is a negative predictor for patients.””! A
CD47-targeting fusion protein SIRPa-Fc was reported to
activate macrophages in NSCLC xenograft mice, probably
mediated by inactivation of mammalian target of rapa-
mycin and reactive oxygen species, and was enhanced
by simultaneously targeting auto hagy 81 Caspase-3/7
were poorly activated in NSCLC, 771 while caspase-3 was
activated in CD47- tar%etlng therapy, indicating an
acceleration of apoptosis.”®! An anti-CD47 small interfer-
ing RNA (s1RNA) was also shown to be effective in
1nh1b1t1ng tumor invasion and metasta51s in NSCLC cell
lines.[”*! In addition, Wu et all”®! explored a novel strategy
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to deliver anti-CD47 siRNA to kill lung cancer cells
precisely without adverse effects on CD47-expressing
platelets and red blood cells, exploiting the excessive
glutamine demand of tumor cells. In summary, the CD47/
SIRPa axis is a potential immunotherapeutic target for
both NSCLC and SCLC.

There are presently two types of CD47-targeting agents
being evaluated in clinical trials, soluble recombinant
fusion protein TTI-621 (SIRPa- immunoglobulin G1
[IgG1] Fc) and CD47 antibodies, such as HuSF9-G4
(magrolimab), SRF231, AO-176, CC-90002, ZL-1201,
IBI188, and SGN-CD47M.

Indoleamine 2,3-dioxygenase 1 (ID01)

IDO1 is an enzyme expressed in DCs, endothelial cells, and
tumor cells. The IDO1 pathway has an important role in
immunosuppression through the metabolism of trypto-
phan (trp) to kynurenine (kyn). The decreased amino acid
level results in the activation of the general control
nonderepressible 2 kinase that can inhibit T cell prolifera-
tion and promote the differentiation from naive CD4+
T cells to Tregs. In addition, the binding of IDO1 to aryl
hydrocarbon receptor also results in the generation of
immunosuppressive DCs and macrophages, as well as
Tregs, which jointly foster a tumor immune microenviron-
ment tolerant to tumor cells.®

In a study of lung adenocarcinoma, analysis of IDO1 and
PD-L1 expression on resected tumor specimens found that
co-expression of IDO1 and PD-L1 was associated with
a poor prognosis of patients.®!! Similar results were
obtained from lung squamous cell carcinoma.!®?! The
frequent expression of IDO1 and its significant co-
expression with PD-L1 in NSCLC indicated that IDO1
and PD-1/PD-L1 may be promising targets of combined
immunotherapy. Furthermore, IDO1 activity, expressed
by the trp/kyn ratio, is correlated with responsiveness of
anti-PD-1 treatment. Resistance to anti-PD-1 agents could
be predicted by a high trp/kyn ratio.!®3! These results may
optimize the treatment of NSCLC patients by assessing
their trp/kyn ratio. In another study, IDO1 inhibition also
shows a bright future in lung cancer patients non-
responsive to anti-PD-1 therapy, as an IDO1 inhibitor
restricted tumor growth and metastases by reducing
myeloid derived suppressor cells in anti-PD-1-resistant
lung cancer model.®*! Additionally, IDO1 activity, as
measured by the trp/kyn ratio in the serum, was found to
be influenced by radiotherapy. IDO1 was also associated
with reduced overall survival of these NSCLC patients and
may be a meanmgful biomarker guiding personalized
radiotherapy.®*

Among the three IDO1 inhibitors (epacadostat,
LY3381916, and indoximod) under investigation in
current clinical trials for lung cancer patients [Table 1,
epacadostat is the most studied and a completed phase I
study has reported that this agent was well tolerated in
previously treated sta[§e MMB/IV NSCLC patients, with
limited clinical effect.®®' In addition, an IDO1 peptide
vaccine was observed with durable clinical responses in
stage III-IV NSCLC patients.!®”
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Co-inhibitory NK Cell Checkpoints

Al Omar SY et al'®® reported that NK cells could be
stimulated to increase anti-tumor immunity and to reduce
tumor growth, and impressively, activated NK cells further
recruited T cells to exhibit high immunological functioning
inside tumors, indicating NK cells as an promising target in
cancer immunotherapy.

The killer immunoglobulin-like receptor (KIR) family are
encoded by a cluster of genes on chromosome 19 and have
both co-inhibitory and o stlrnulatory effects on NK cells
and a portion of T cells.’®*”! Interaction between inhibitory
members of the KIR family and human leukocyte antigen
(HLA) class I molecules plays an indispensable role in
educating NK cells to program NK responsiveness, similar
to Ly49 (KIR in mice)-binding MHC class I in mice.””! A
signature feature of educated NK cells is that they respond
effectively to HLA class I negative targets, which is central
to the maintenance of self-tolerance. NK cells highly
expressed KIR CD158b in NSCLC patients and this
suppressed NK cell- medlated cytotox1c1ty against tumor
cells expressing HLA class 1.1%8! The expression of KIR 2D
(L1, L3, L4, and S4) and KIR 3DL1 was associated with
poor prognosis of NSCLC patients.”! The significant co-
expression of inhibitory KIR and PD-1 in tumor cells and
TILs indicated that simultaneous blockade of KIR and PD-
1/PD-L1 pathwa?/s could make a breakthrough in NSCLC
immunotherapy.!”

CDY96 is another inhibitory marker of NK cell. Although
TIGIT and CD96 are both expressed on the surface of
effector T cells and NK cells, the ey play a ma]or role inT
cells and NK cells, respectively.*° Blake ez al'®®! reports
that CD96 blockade could inhibit lung metastases, which
is dependent on NK cells, CD226, and IFN-y, instead of T
cells. This could be enhanced by combining anti-PD-1,
anti-CTLA-4, or chemotherapy. Tumor metastasis has
always been the main cause of terminal pain and death in
cancer patients. CD96 mAb may provide a promising
immunotherapy target to reduce tumor metastases.

Conclusions

Recent years have seen the successful application of the
immune checkpoint inhibitors in anti-tumor treatment.
However, T cell-targeted therapies are effective against
lung cancer only in a fraction of patients, highlighting a
need for supplementary approaches. Combined therapy
with chemotherapy or radiotherapy and stratification of
patients into responder classification have also further
expanded the proportion of clinical benefited patients.
However, the resistance to checkpoint immunotherapy
prevents more patients from benefiting from the current
immunotherapy. In addition, acquisition of resistance in
the treatment progress hinders a more durable clinical
response in patients. This resistance to immunotherapy,
therefore, seriously challenges both clinicians and patients.
It has been gradually realized that the inhibitory and
stimulatory pathways together form a complex immuno-
regulatory network that shapes and maintains the
suppressive immune homeostasis of the tumor microenvi-
ronment. Moreover, there is a continuous remodeling
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progress in this microenvironment during tumor progres-
sion and acquisition of resistance. Therefore, well-designed
combination strategies could be a feasible approach to
yield a synergistic effect in refractory cancer patients. There
is no doubt that a comprehensive understanding of pre-
treatment and post-treatment tumor microenvironment
could help uncover the mechanism of the immunoregula-
tory network at the tumor site. In conclusion, a new
generation of immune modulators could be exploited to
increase response rates of current immunotherapeutic
agents and achieve more effective responses to the
refractory cancers, including lung cancer.

However, the anti-tumor immune response is just like
proper flow of a pipeline. Restoring flow of the pipeline
(effective anti-tumor immune response) by unblocking
specific blockage (immune impairment) rather than
increasing flow or pressure at the risk of pipe rupture
(adverse effects) may be a more attractive strategy in cancer
immunotherapy.”*!  Apparently, in the last decade,
“immune normalization” strategies, such as anti-PD-1/
PD-L1/CTLA-4 therapy, have achieved higher objective
response rates in patients with much fewer irAEs,
compared with rare objective responses and frequent
irAEs encountered in “immune enhancement” strategies.
And there are more trials evaluating the inhibitory
checkpoints for clinical applications.
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