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It has been widely acknowledged that the use of immune checkpoint inhibitors
(ICl) is an effective therapeutic treatment in many late-stage cancers. However,
not all patients could benefit from IClI therapy. Several biomarkers, such as high
expression of PD-L1, high mutational burden, and higher number of tumor
infiltration lymphocytes have shown to predict clinical benefit from immune
checkpoint therapies. One approach using ICl in combination with other
immunotherapies and targeted therapies is now being investigated to
enhance the efficacy of ICl alone. In this review, we summarized the use of
other promising immunotherapies and targeted therapies in combination with
ICl in treatment of lung cancers. The results from multiple animals and clinical
trials were reviewed. We also briefly discussed the possible outlooks for
future treatment.
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Introduction

One mechanism in which cancer weakens the body is through binding of the
programmed death-ligand 1 (PD-L1) expressed on the surface of cancer cells with the
programmed death 1 (PD-1) expressed on the surface of T cells. Over time this affinity
leads to exhaustion of T cells and a weakened immune system through various signaling
pathways due to the inhibitory nature of the PD-LI. So far, several mechanisms have
been elucidated. PD-1/PD-L1 binding complex triggers the immunoreceptor tyrosine-
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based switch motif (ITSM) found in the intracellular head of the
PD-1 receptor to undergo phosphorylation. Next binding occurs
between the high affinity T cell SHP2 molecule and the
phosphorylated ITSM. This induces proximal T-cell receptor
molecules such as zeta-chain (TCR)-associated protein kinase
(ZAP70) to undergo dephosphorylation (1). ZAP70 binds
directly with the major histocompatibility complex (MHC)
receptor and plays a role in T-cell signaling.
Dephosphorylation of ZAP70 leads to inhibition in
downstream PI3K-AKT and RAS-ERK signaling, further
reduces T-cell receptor (TCR)-mediated interleukin-2 (IL-2)
and T cell proliferation, and thus promotes T-cell
immunosuppression (2). Moreover, PD-1/PD-L1 interaction
also leads to downregulation of LCK proto-oncogene (Lck)
activity (3). Downregulation of Lck activity leads to a
reduction of phosphorylated ZAP70 and ultimately to a
downstream inhibition of the PI3K/Akt/mTOR pathway and
the Ras/MEK/ERK pathway. Low Lck levels also leads to a
reduction in phosphorylated CD3(, decreasing intracellular
signaling and TCR surface expression. PKCO is an enzyme
found in the T cell that plays a role in intracellular signaling
and is essential for T cell activation and IL-2 production. A
reduction in Lck activity means less activated PKC8 availability
and, therefore, a reduction in essential T-cell functions.
Altogether, these pathways combine to exhaust T cells’ post
PD-1/PD-L1 activation complex. Furthermore, PD-1 activation
complex leads to downregulation of the CK2 molecule which
phosphorylates the PTEN cytoplasmic domain. Higher levels of
dephosphorylated PTEN lead to continued phosphatase activity
and ultimately, inhibition of TCR activation signals. Together,
these responses in T cells are linked to decrease function,
proliferation, and overall, an exhausted phenotype.
PD-1/PD-L1 monoclonal antibodies (mAbs) trigger an
antitumor response by blocking this binding complex between
T cells and tumor cells. These mAbs bind directly to the PD-1 on
T-cell membranes or the PD-L1 on tumor-cell membranes.
Once binding occurs, these mAbs will stop the inhibition of
the T-cell immune surveillance response. Moreover, they can
increase the production of interferon-gamma (IFN-y), IL-2, and
interleukin-7 (IL-7) (4). IFN-y is a cytokine found in T cells that
plays a role in inducing and modulating several immune
responses. IL-2 is another cytokine that has been shown to be
induced via three different signaling pathways, i.e., JAK-STAT,
PI3K/Akt/mTOR, and MAPK/ERK pathways, all of which are
suppressed by PD-1/PD-L1 binding (5). IL-2 plays a role in T-
cell immune regulation by converting T cells into Treg cells to
prevent strong autoimmune response and enhance activation-
induced cell death (AICD). It is also involved in increasing T-cell
differentiation into effector T cells and memory B cells to fight off
pathogens and tumor-associated antigens. IL-7 is an important
cytokine involved in the development and growth of B cells and
T cells. During early T-cell development, IL-7 plays a role as an
important cofactor for V(D)J rearrangement of the T-cell
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receptor beta (TCRB) (6). Through the inhibition of the PD-1/
PD-L1 binding complex and the up-regulation of these cytokines
patients can achieve profound survival benefits including higher
overall survival (OS) and objective response rate (ORR). Briefly,
mAbs targeting the PD-1/PD-L1 axis has shown tremendous
benefit in clinical trials and have been approved as second-line
or first-line therapies for an increasing number of carcinomas,
including lung cancer, melanoma, lymphoma, among others (7).
Currently, FDA-approved drugs for use in PD-1 blockade
include pembrolizumab, nivolumab, avelumab, and in PD-L1
blockade include atezolizumab and durvalumab. These drugs fall
into a class of therapeutics known as checkpoint inhibitor
blockade (ICB). ICB fall into a bigger class known as
immunotherapies, which are considered one of the most
important advancements in cancer treatment.

Since FDA approval of nivolumab and pembrolizumab, two
mADbs targeting PD-1, for the treatment of advanced melanoma
in 2014, countless studies on PD-1/PD-L1 have flooded the
scientific community (8). This review will focus on lung cancers,
specifically non-small cell lung cancer (NSCLC). It has been
revealed that only 30% of NSCLC patients are diagnosed at stage
I, for which the 5-year survival rate is 65%. In contrast, the 5-
year survival rate for stage IV is only 5% (9).. Around 85% of all
lung cancer cases are NSCLC (10). PD-1/PD-L1 drugs have
shown promising benefits and low treatment-related adverse
events (AE) for NSCLC in many clinical trials. A study of 495
NSCLC patients treated with pembrolizumab monotherapy
achieved an ORR of 19.4%, and a median duration of response
of 12.5 months, leading to pembrolizumab was approved as a
single agent for the first-line treatment for NSCLC patient with
PD-L1 TPS 21% and without driver gene mutations (11).
Another randomized NSCLC study testing nivolumab in
comparison to docetaxel demonstrated that progression-free
survival (PFS), OS, and ORR were considerably improved with
nivolumab irrespective of PD-L1 expression (12). Based on the
findings, nivolumab was approved as second-line treatment of
non-squamous advanced NSCLC after failure of prior platinum-
based chemotherapy. When the PD-LI inhibitor durvalumab
was given to NSCLC patients after concurrent
chemoradiotherapy, investigators saw an increased OS rate
(66.3% in the durvalumab group vs. 55.6% in the control
group), increased PFS (17.2 months for durvalumab group vs.
5.6 months in the control group), and increased median time to
death or distant metastasis (28.3 months in the durvalumab
group vs. 16.2 months in the control group) (13). Based on the
findings, FDA approved durvalumab as the first maintenance
therapy for stage III unresectable NSCLC.

Despite promising clinical benefits, a large percentage
(>50%) of cancer patients still do not respond to the ICB.
Mainly, the reasons for this can be attributed to a decreased
number of tumor-infiltrating lymphocytes (TILs) and a lack of
highly expressed PD-1/PD-L1 axis on all cancer cells. Therefore,
colleagues speculate that patients with PD-L1 overexpressing
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tumor may have optimal treatment outcomes (14-16). Another
major concern in ICB is the toxic AE, which are commonly
experienced alongside a new growing list of immune-related
adverse effects. In some instances, these AEs prove more harm
than benefits, and, thus, the treatment must be discontinued.
With these challenges being the major setbacks in ICB, modern
therapeutic approaches are now looking to expand upon PD-1/
PD-LI1 inhibition in ways to minimize adverse events, while
increasing treatment efficacy. Accordingly, researchers have
been exploring combination strategies with other types of
cancer therapy, such as chemotherapy, targeted therapy,
radiotherapy, and immunotherapy (17, 18). Unlike
chemotherapy and radiotherapy that damage tumors
indiscriminately, immunotherapy and targeted therapy use
specific protein-targeted approaches that reduce cytotoxicity to
normal cells. This allows for lower rate of AEs in comparison.
For instance, one study compared immunotherapy with the
combination of immunotherapy and chemotherapy. The
investigators found the combinational therapy demonstrated
higher ORR (15.2% vs. 43.5%) and significantly longer PFS
(4.6 vs. 15.5 months) in NSCLC patients (19). In another
study, in comparison with chemotherapy alone, combinational
therapy demonstrated a higher ORR (19.9% and 48.3%) and
longer 2-year PFS (3.4% vs. 22%) in advanced NSCLC (20).
Given immunotherapy is very promising, we particularly
reviewed ICB in combination with other immunotherapy and
targeted therapies in NSCLC, which includes cancer vaccine,
mAD, oncolytic viruses, protein targeted compounds,
immunomodulators, and adoptive cell transfer therapy. Going
forward, we acknowledge that the scope of this research is vast
with far too many significant treatments to cover in one review.
Therefore, we dedicated our focus to combinations of
immunotherapy with high potential for lung cancers.

Combination with cancer vaccine
Neoantigen-based vaccines

Modern vaccinations typically work by introducing a foreign
substance or antigen in small or weakened doses into the body,
which allows the immune system to develop antibodies
specifically programmed to eliminate the antigen. Vaccines are
now also being tested in cancer therapy. In cancer treatment,
vaccinations use the antigens found in tumor cell membranes as
therapeutic targets, which can be recognized and targeted by
immune cells, thus triggering specific immune response against
tumor cells (21, 22). Neoantigen vaccines work by identifying
and targeting antigens found exclusively on the surface of cancer
cells known as tumor-specific antigens (TSA). Every patient has
a unique set of TSA, which requires personalized treatment
typically targeting up to 20 unique neoantigens. Neoantigen-
based vaccines promote neoantigen-specific CD4+ T cells and
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CD8+ T cells against neoantigen expressing cells. Subsequently,
T cells can search, recognize, and kill cells harboring these
antigens, achieving a powerful and specific anti-tumor
response. This boost in the immune system in combination
with ICB can potentially increase treatment efficacy. Indeed, T
cell targeting neoantigens has been associated with anti-tumor
activity and has long been believed to be effective targets for anti-
tumor response (23, 24). In a recent study, neoantigens were
successfully identified as targets through RNA sequencing of
NSCLC tumor and blood samples harvested from patients. The
RNA sequencing data were analyzed to identify mutations,
genetic expression information, and human leukocyte antigen
(HLA) typing in order for several mutated neoantigens
characterized by strong HLA affinity to be chosen and tested
(25). Through in vitro experiments and neoantigen reactive T
cells (NRT)-induced cytotoxicity in vivo evaluation, they
demonstrated NRT had responses against neoantigens with
high HLA affinity. In mice models bearing the NSCLC tumors,
they were able to show that targeted therapy against ACADS-
T105I, BCAR1-G23V, and PLCG1-M245L led to improved
immune cell response, demonstrating the feasibility of
treatment in vivo. In a stage III/IV NSCLC study with 24
patients, neoantigens-based personalized vaccination was
developed based on predictions using a panel of 508 tumor-
associated genes from tumor biopsies, with peptides also
demonstrating high affinity to HLA class I and II, determined
through HLA typing (26). Researchers were able to demonstrate
OS and median PFS of 8.9 and 6 months, respectively. Five
patients demonstrated vaccine induced CD8+ T cell responses
against epidermal growth factor receptor (EGFR) neoantigen
peptides, showing that personalized neoantigen vaccination is a
feasible and safe method to increase immune response against
tumor cells harboring EGFR mutations. Another study tested
the efficacy of PD-1 inhibitor nivolumab in combination
with personal neoantigen vaccine, NEO-PV-01 (27). This was
the first time ICI was tested in combination with neoantigen
vaccine in NSCLC patients. It was determined that the approach
provided minimal toxic AEs, while specifically activating CD4+
and CD8+, MHC class I, and MHC class II against restricted
neoantigen epitopes. It is noteworthy that only three patients
with NSCLC were treated, and, therefore, further clinical data
are needed to confirm the findings of this study and to
demonstrate the feasibility of this combination approach.

CIMAvax

EGFR and epidermal growth factor (EGF) play critical roles
in healthy cell tissue development and homeostasis (28). EGFR
falls into a receptor class that is heavily involved in a multimodal
signaling cascade responsible for cellular migration,
differentiation, and proliferation (29). Overexpression of EGFR
occurs in ~60% of NSCLC patients and is associated with poor
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differentiation, increased tumor proliferation, higher incidence
of metastases, and lower efficacy (30, 31). The EGFR/EGF
complex has long been viewed as therapeutic targets in
NSCLC. The mode of action behind these treatments involves
inhibition of EGFR, cutting off tumors’ main mechanism to
proliferate and undergo angiogenesis. Another form of
treatment involves binding to the EGF directly to create a
conformational change, decreasing the amount of available
EGF in the bloodstream for cancer cell binding. CIMAvax-
EGF vaccine is a recombinant Neisseria Meningitis B
bacterium-derived outer membrane protein P64K, conjugated
onto human recombinant EGF and using Montanide ISA51 as
an adjuvant, leads to an upregulation of anti-EGF antibodies
(32). Ultimately, the decrease in EGF in the bloodstream starves
cancer cells, directly deregulating critical pathways involved in
tumor growth, signaling, and differentiation. In phase III
randomized study testing CIMAvax-EGF in advanced NSCLC
patients that were previously treated with frontline
chemotherapy, results showed that median OS in vaccinated
and nonvaccinated patients was 12.43 and 9.43 months.
Moreover, long-term survival in vaccinated and nonvaccinated
after 2 years was 37% and 20%, and after 5 years was 23% and
0%, respectively (33). The researchers hypothesized that high
level of EGF (>870 pg/ml) could be used as a predictive
biomarker of CIMAvax efficacy. Interim results from a phase
I/II study using nivolumab in combination with CIMAvax in
advanced NSCLC showed ORR 44% (four out of nine) of
patients with no AE of 3+, except in one patient due to
nivolumab alone (34). Compared to nivolumab monotherapy,
where ORR was reported as 23% (12 out 52). These findings
indicate an improvement in efficacy for this combinational
approach (35). Importantly, three out of the four patients had
PD-LI expression <1%, demonstrating success in cancer patients
that normally exhibit poor prognosis with anti-PD-L1
treatments. It was determined that four doses of the
GIMAvax-EGF vaccine were optimal, and the only dosing
scheme where >50% of patients achieved sufficient antibody
responders. Results from nivolumab/pembrolizumab in
combination therapy with CIMAvax are awaited as the trial is
still recruiting at the time of this publication (NCT02955290).
Despite promising results, it is important to acknowledge that
there exists a lack of data regarding the possibility of vaccine
neutralization from the patient’s immune system, which should
be further explored. Additionally, it would be interesting to see
how anti-EGFR antibodies compared with CIMAvax-EGF.

TG4010

MU is an antigen from a family of mucin. This glycoprotein
plays a role in keeping pathogens out of the body through
binding oligosaccharides to its extracellular domain (36).
Overexpression of MU1 has been associated with lung, colon,
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breast, and pancreatic cancers (37). Additionally, biochemical
differences exist between healthy MU1 expression and tumor
associated MU1 expression. For example, MU1 transcriptional
genes, such as STAT3, NF-kB, p53, and B-catenin are associated
with tumor invasion, proliferation, and angiogenesis (38).
TG4010 vaccine is a modified virus designed to express coding
genes for MU1 and IL-2. This vaccine therapy deregulates
critical pathways for NSCLC cell survival and, therefore,
could prove effective in combination with ICB. In a phase II/
III randomized, double-blind study testing stage IV NSCLC
patients lacking an EGFR mutation while also expressing > 50%
of MUCI on tumor cell surface, 222 patients received standard
first-line chemotherapy in combination and without
combination of TG4010 vaccine (39). Results showed that
median PFS was 5.1 months in the group without TG4010 and
5.9 months in the group with TG4010. The adverse event was 4%
in the combinational therapy group and 10% in the control
group. Following up on the promising findings, two ongoing
clinical trials are testing the feasibility of nivolumab in
combination with TG4010 (NCT02823990) and triple arm
nivolumab in combination with TG4010 and chemotherapy II
with PD-L1 <50% (NCT03353675).

Cell-based vaccines

Antigen-presenting cells (APC) such as mature dendritic
cells (mDC) are now being utilized in cancer vaccine therapies.
Normally, APCs function as a surveillance system in the body
continuously monitoring the extracellular environment for
antigens. Once an antigen is identified, they return to the
lymph nodes and bind to T cells through MHC I and MHC 1I,
which cause activation against the antigen. In cancer therapy,
one approach requires the use of neoantigens or TSA found in
the patients to transfect mDC in vitro creating APCs that
promote targeting to specific neoantigens or TSA.
Subsequently, once educated mDCs are transplanted into the
patient, these mDCs can simulate CD4+ and CD8+ T cells
against tumor cells. However, this approach has proven to be
impractical and time-consuming. A new approach is using the
patient’s intratumor as the neoantigen and creating vaccine
response in vivo. This approach creates antitumor-specific
CD8+ T cells by acting more of a primer releasing pro-
inflammatory chemokines including CCL4, CCL5, CXCLI0,
and cytokines at the time of intra-tumoral administration,
rather than an antigen-presenting platform helping induce the
recruitment of immune cells, including T cells to the injection
site (40, 41). T-cell activation can potentially demonstrate a key
agonist that can help improve PD-1/PD-L1 treatments. Current
ongoing clinical trials of combination mDC vaccine and PD-1/
PD-L1 inhibitors include pembrolizumab in NSCLC
(NCT03546361), pembrolizumab in solid tumors
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(NCT03735290), and Pembrolizumab in plasmacytoid dendritic
cells (PDC) derived from NY-ESO-1 antigens (NCT03970746).
The ongoing clinical trials testing vaccine-based therapeutics
with ICI were listed in Table 1.

Combination with mAb

Anti-EGFR antibody

Overexpression of EGFR is commonly found in a variety of
cancers including NSCLC. Gene mutations at the EGFR are
responsible for continuous autophosphorylation and a
continuous activated state, which, ultimately, leads to
carcinogenesis. Currently, there are two common approaches
by which targeted treatment to this complex occurs. One is
through an anti-EGFR mAb binding directly to the extracellular
domain of EGFR, which will be primarily covered here. The
other is via small-molecule EGFR tyrosine kinase inhibitors
(TKI), binding competitively with adenosine 5’ triphosphate to
the intracellular catalytic head of EGFR, covered more in depth
in the next section (42). The binding of both therapeutics
downregulates continuous phosphorylation and activation
pathways involved in oncogenic mutations. Additionally, one
anti-EGFR mAb known as cetuximab suggests that inhibition of

10.3389/fonc.2022.948405

this receptor-ligand axis also leads to immune stimulation and is
associated with counterregulatory mechanisms. Cetuximab is
also thought to be linked in immune suppression feedback loops
that include an increase in the expression level of immune
checkpoint receptors like PD-L1 in cancer cells (43). These
results suggest an additive effect that is ideal for increasing
treatment efficacy for ICB by increasing levels of PD-1/PD-LI.
A stage IV NSCLC phase Ib dose-escalating trial of
necitumumab, an anti-EGFR mAb, combined with
pembrolizumab demonstrated ORR of 23.4%, PES of 4.1
months regardless of PD-L1 status (44). The OS of patients at
6 months was 74.7%. It is noteworthy that patients with PD-L1
expression of >1% had improved ORR and medium PFS when
compared to PD-L1 negative patients. It was concluded that the
approach was tolerable with no dose-limiting toxicities reported
and provided better efficacy than treatment in monotherapy,
particularly in tumors of <50% PD-L1 expression. In a phase II
trial for NSCLC testing avelumab in combination with
cetuximab and chemotherapy results from 43 patients
demonstrated ORR of 30.2%, OS of 10 months, and medium
PES of 6.1 months (45). No significant toxic AEs occurred
compared either Avelumab or Cetuximab alone. However,
anti-EGFR mAb and anti-PD-1/PD-L1 combination approach
is still in the early stage of testing, and, therefore, due to lack of
data, these findings are hard to validate.

TABLE 1 Ongoing clinical trials testing vaccine-based therapeutics with PD-1/PD-L1 checkpoint inhibitors.

Clinical Cancer Setting
Trial Type
NCT03639714 Advanced Solid Personalize Neoantigen cancer vaccine
Tumors
NCT04266730 Squamous Personalized and Adaptive Neoantigen, Dose-
NSCLC Adjusted vaccine
NCT03953235 NSCLC Personalized Vaccine targeting shared
Neoantigens
NCT04998474 NSCLC Personalized Vaccine
NCT03380871 Advanced or Neo-PV-01 plus pembrolizumab Plus
Metastatic non- Chemotherapy
squamous
NSCLC.
NCT02897765 NSCLC NEO-PV-01 + Adjuvant With nivolumab
NCT02955290 NSCLC, CIMAvax + pembrolizumab/nivolumab
Metastatic and
Unresectable
NSCLC
NCT02823990 NSCLC TG4010 + nivolumab
NCT03353675 NSCLC TG4010 + chemotherapy + nivolumab
NCT03970746 NSCLC PDC*Lung01 + injectable pembrolizumab/
pemetrexed
NCT03546361 NSCLC Autologous Dendritic Cell-Adenovirus CCL21
Vaccine + pembrolizumab
NCT03735290 NSCLC ilixadencel + pembrolizumab
NCT03847519 NSCLC ADXS-503 + pembrolizumab

Phase VaccineAgent Anti-PD-1/ Primary N.
PD-L1 Outcomes Patients

/1 GRT-C901/GRT-  nivolumab/ AE, SAE, DLT, 214
R902 ipilimumab ORR, RP2D

I PANDA-VAC pembrolizumab AE 6

/1 GRT-C903/ nivolumab/ AE, SAE, DLT, 144
GRT-R904 ipilimumab ORR, RP2D

I FRAME-001 pembrolizumab Antigen-specific 15

immune response

I NEO-PV-01 pembrolizumab AE 38

1 NEO-PV-01 nivolumab SAE, AE, 34

I/11 CIMAvax pembrolizumab, DLT, AE, OS 42

nivolumab

I TG4010 nivolumab ORR 13

I TG4010 nivolumab ORR 39

/Il PDC*lung01 pembrolizumab DLT 64

I CCL21 Vaccine pembrolizumab MTD/MAD, ORR 24

I/ ilixadencel pembrolizumab AE, SAE, DLT, ORR 150

/11 ADXS-503 pembrolizumab AE, DLT, anti- 74

tumor activity
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Anti-VEGF/VEGFR mAb

Vascular endothelial growth factor (VEGF) is a protein that
promotes angiogenesis. In the cases of malignant cells, VEGF/
VEGEFR is commonly overexpressed leading to rapid
proliferation and expansion of tumor tissue. Inhibition of this
receptor-protein complex acts as an angiogenesis antagonist,
leading to a decrease in cancer metastases and proliferation.
Results from Bevacizumab, an anti-VEGFA mAb, in
combination with atezolizumab demonstrated ORR of 64%
and medium duration of response of 10.4 months as a first-
line chemo-free therapy in NSCLC with PD-L1 expression >50%
(46). However, despite promising results, prolonged exposure to
VEGF/VEGFR mAb can lead to adaptive resistance by tumors
and create a path for new expansion mechanisms. Ongoing
clinical trials with anti-VEGF/VEGFR mAb are summarized in
Table 2 with more results awaited to provide relevant
information on the combination approach.

Combination with targeted therapies
Targeting tyrosine kinase

In addition to anti-EGFR mADb, a different approach exists
targeting the EGF/EGFR complex, using TKIs instead.
Activation of the oncogenic EGFR pathway in preclinical
studies has shown enhancements in the susceptibility of lung
tumors to anti PD-1 inhibitors in mice models, suggesting that
EGRF TKIs in combination ICI may be a promising therapeutic
approach, especially in EGFR mutated NSCLC (47). However,
clinical trial data have been inconclusive with some reports
finding AEs outweighing efficacy. In an EGFR mutation-
positive NSCLC clinical trial, nivolumab in combination with
Erlotinib (EGFR TKI) resulted in tolerable safety profile with an
ORR of 19%, and durable response was observed in four out of

10.3389/fonc.2022.948405

20 patients (48). A previously untreated stage IIIb/IV EGFR-
mutant NSCLC study combining pembrolizumab and erlotinib
reached an ORR rate of 41.7% with similar toxicities as
pembrolizumab monotherapy (49). When comparing to a
pembrolizumab monotherapy, where ORR was reported as
44.8%, no improvement in ORR was present for
pembrolizumab alone (50). However, when compared to
erlotinib monotherapy, which showed ORR of 22.7%, results
do show a significant increase in ORR (51). This suggests that
the combination approach has an increase in ORR when
compared to EGF inhibitor alone, but no noticeable increase
when compared to pembrolizumab alone. Importantly, different
EGFR mutations can lead to different treatment outcomes.
EGEFR exon 18 G719, exon 19 K757R, exon 20 S768I, exon 21
(G836S, and E746G mutations have been correlated to successful
treatment outcomes in NSCLC patients, whereas tumors
exhibiting exon 18 $720I mutation demonstrated poor clinical
outcomes to erlotinib (52). It’s worth mentioning most anti-
EGFR treated patients build an adaptive resistance to treatment,
raising speculation on the viability of this combination
approach. Nonetheless, further data are awaited with Table 3
capturing the ongoing clinical trials of combination ICI with
anti-EGF/EGFR therapeutics. In addition, anlotinib is a small
molecule that acts as a receptor tyrosine kinase (RTK) inhibitor
with multi-RTKs inhibition pathways including VEGFR-2 and
VEGER-3, fibroblast growth factor receptor (FGFR), stem cell-
factor receptor (c-Kit), and platelet-derived growth factor
receptor (PDGFR) (53). This agent may both inhibit
angiogenesis and downregulate tumor expansion. Clinical
trials have indicated that anlotinib significantly prolonged OS
(9.3 vs. 6.3 months) and PFS (4.8 vs. 1.2 months) of patients with
advanced NSCLC (54). Evidence shows that a combination
approach can reverse PD-1/PD-L1 resistance when combined
with nivolumab. In a phase Ib study of sintilimab in combination
with anlotinib as first-line therapy, out of the 22 NSCLC patients
enrolled in the study, 16 demonstrated an ORR of 72.7% and the
12-month PES was 71.4% (55).

TABLE 2 Ongoing clinical trials testing VEGF targeted antibodies in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical
Trial

Cancer Type Intervention

NCT03786692 Stage IV NSCLC carboplatin, + pemetrexed, + bevacizumab,

+/- atezolizumab
NCT04124731 Advanced NSCLC
NCT04471428 Metastatic NSCLC

NCT03386929 Metastatic/Stage III
NSCLC

NCT05078931 NSCLC pembrolizumab + lenvatinib
NCT04147351 NSCLC Stage III-IV  atezolizumab; bevacizumab
NCT04459663 NSCLC

sintilimab plus anlotinib
cabozantinib + atezolizumab

avelumab + axitinib + palbociclib

NCT03971474 Recurrent NSCLC ramucirumab + pembrolizumab

Frontiers in Oncology

toripalimab injection combined with axitinib

Phase VEGFAgent Anti-PD-1/ Primary N.
PD-L1 Outcomes Patients
I bevacizumab atezolizumab PES 117
11 anlotinib sintilimab ORR 98
III cabozantinib atezolizumab (e} 366
/11 axitinib avelumab DLT, AE, RR, DR, 130
PFS, OS, SIM
I lenvatinib pembrolizumab  PFS 35
I bevacizumab atezolizumab ORR 22
I axitinib toripalimab Antitumor activity, 50
ORR
I ramucirumab pembrolizumab ~ OS 166
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TABLE 3 Ongoing clinical trials testing EGF/EGFR TKI and targeted antibodies in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical Cancer Type Intervention
Trial
NCT02924233 NSCLC Sym004 + nivolumab
NCT04042701 NSCLC DS-8201a + pembrolizumab
NCT04976647  Squamous NSCLC HLX07 + HLX10
NCT04646330 NSCLC AK104+anlotinib
NCT02013219 NSCLC erlotinib + atezolizumab
NCT02947386  Recurrent NSCLC, Stage III-IV nimotuzumab + nivolumab
NSCLC

Targeting KRAS

KRAS mutant genes, the most frequent altered gene in
NSCLC for years has been sought after as a therapeutic target
with little success partly due to its high affinity for GTP and
complex down streaming pathways (56). Recent FDA approval
of KRAS G12C inhibitor, sotorasib has opened light on this
treatment approach. Current dose exploration and dose
expansion clinical trial combining sotorasib with
pembrolizumab (NCT04185883) is undergoing, which
included participants with KRAS p.G12C advanced non-small
cell lung cancer. Upon completing the dose exploration, dose
expansion may also proceed consisting of participants with
KRAS p.G12C mutant advanced NSCLC. In addition, another
trial on sotorasib in combination with pembrolizumab
(NCT03785249) is also undergoing, which is a phase 1
evaluation of the safety, tolerability, and clinical activity in
patients with KRAS G12C mutant unresectable or
metastatic NSCLC.

Targeting IDO1

Indoleamine 2,3-Dioxygenase 1 (IDO1) is an enzyme
expressed by the IDO1 gene, which is responsible for
catalyzing tryptophan into kynurenine via the tryptophan-
kynurenine-aryl hydrocarbon receptor (Trp-Kyn-AhR)
pathway. Tryptophan is associated with healthy T-cell function
(57). Depletion of tryptophan inhibits mTORCI signaling
pathway, which leads to T-cell autophagy and the release of
GCN2-mediated phosphorylation of eIF-2. Finally, the ripple
effects induce cell-cycle arrest and death in T cells (58).
Therefore, upregulation of the IDO1 gene is associated with
increased immunosuppression due to T-cell apoptosis and
increased metabolites of IDO1 in the tumor
microenvironment (TME) (59). Furthermore, IDO1
overexpression has been observed after ICB in NSCLC
patients, suggesting a possible role in the process of acquired
resistance and has been hypothesized to negatively affect post-
treatment prognosis (60). Clinical studies indicated that IDO1
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Phase EGF/ Anti-PD-1/ Primary N.
EGFRAgent PD-L1 Outcomes Patients

/11 Sym004 nivolumab DLT, RP2D 0
1 DS-8201a pembrolizumab DLT, ORR 115
11 HLX07 HLX10 ORR, PES 156
/Il anlotinib AK104 ORR 120

1 erlotinib atezolizumab DLT, RP2D, 52
/11 nimotuzumab nnivolumab DLT, ORR 48

inhibition combined with ICB may have added antitumor effects
and heightened immune response. In a phase I/II trial, IDO-1
inhibitor epacadostat, in combination with pembrolizumab for
pretreated advanced NSCLC, demonstrated ORR of 35% with
generally good tolerability. Signs of toxicity were present as 11%
of patients had to discontinue treatment due to AEs (61).
However, a phase III trial of the same treatment demonstrated
no advantage from the combination approach in comparison
with pembrolizumab alone (median PFS of 4.7 vs. 4.9 months;
ORR of 34% vs. 32%) (62). In a phase I study to explore the
combination of navoximod (another IDO1 inhibitor) with
atezolizumab for the first time as treatment for patients with
advanced cancer, navoximod combined with atezolizumab
demonstrated good tolerability and acceptable safety (63). In
the dose escalation stage, six of 66 (9%) patients achieved PR,
and 11 (17%) patients achieved SD, and the rate of treatment-
related Grade > 3 adverse event increases with increasing doses
of navoximod (63). However, there was no clear evidence of
benefit from the combination approach in comparison with
atezolizumab alone. The mixed results from these trials indicated
that IDO1 inhibition alone might not sufficiently induce T-cell
activation. More clinical trials are underway to better understand
IDOL1 inhibition and its potential in combination with
ICI (Table 4).

Combination with oncolytic virus
Oncolytic virus and TME

Oncolytic viruses (OV) are typically engineered from
existing virus models and repurposed to target cancer cells. A
promising therapeutic PD-1/PD-L1 combination approach
involves the use of OV. To promote immunogenic cell death
(ICD), the virus first must replicate exclusively in cancer cells
and then promote antitumor responses via activation of mDC
and T cells. Secretion of damage-associated molecular patterns
such as adenosine triphosphate (ATP) and high-mobility group
box protein 1 (HMGBI1) are usually a characteristics of such
responses (64, 65). Many virus models have been explored as
potential therapies. Some of the more studied models include
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TABLE 4 Ongoing clinical trials testing IDO1 targeted antibodies in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical Cancer Type Intervention
Trial
NCT03322540  Metastatic NSCLC ~ epacadostat + pembrolizumab, epacadostat +
placebo
NCT03322566 ~ Metastatic NSCLC ~ epacadostat + pembrolizumab, +/-
chemotherapy
NCT03347123  Advanced or epacadostat + nivolumab, + ipilimumab
Metastatic solid lirilumab
tumors
NCT05077709  Metastatic NSCLC ~ 10102-I0103 + pembrolizumab
NCT03343613  Solid tumors LY3381916 + LY3300054
NCT03562871  NSCLC 10102 + pembrolizumab

measles virus, retroviruses, herpes simplex viruses, adenovirus,
bovine papillomavirus, among others. As stated, a major
limitation of PD-1/PD-L1 inhibitors is the lack of patients
responding to treatment. To effectively increase the rate of
successful treatment outcomes, better understanding of the
TME is needed. Benefits of ICI appear most successful with
tumors categorized by high PD-L1 expression, increased
mutational burden, and high level of TILs. These tumor types
are classified as treatment-receptive tumors otherwise known as
immunologically “hot” (66, 67). On the other hand, tumors
classified as immunologically “cold” tumors demonstrate
reduced therapeutic benefit. These tumors, express low or no
TSAs, have decreased TILs density, and a low rate of suppressive
immune-cell subtypes infiltrating deep tumor regions including
myeloid-derived suppressor cells, regulatory T cells, NK cells,
neutrophils, or macrophages. Additionally, they demonstrate
low expression of immune-suppressive molecules such as
(including IL-10, IDO, CD73, PD-L1, and prostaglandin E2)
(68-72). A promising approach for combination ICB would
ideally alter these “cold” tumors into “hot” tumors. OV therapy
can heat up immunologically “cold” tumors by enabling ICB and
converting immunosuppressive cells to a pro-inflammatory
phenotype to effectively break the immune tolerance of the
TME (73). Recently, breakthroughs and discoveries have
allowed for better understanding of the mechanism behind
OV therapy. It is now understood that the clinical efficacy of
OVs is highly dependent on the vaccine’s ability to transform
tumors into biological “vaccine factories”. OVs can promote the
recruitment and activation of lymphocytes, upregulate the
expression of PD-1/PD-L1 effectively increasing efficacy and
downregulating resistance of ICI, as well as alter components of
the antitumor immune response including small, e.g., uric acid)
(74), ATP, protein mediators such as HMGBI and IFN signaling
(75, 76). The mechanisms inducing these benefits involve tumor
lysis, TME alteration, TIL activation, and recruitment, triggering
of immune responses mediated by innate immune cells and CB8
+ T cells through antigen binding, as well as inhibition of tumor
angiogenesis, neovascularization, and other such vascular
modifications (77, 78). Through these responses, OV
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Phase IDOl1Agent  Anti-PD-1/ Primary N.
PD-L1 Outcomes Patients

I epacadostat pembrolizumab ORR 154

I epacadostat pembrolizumab ORR 23
I/l epacadostat nivolumab TEAE, ORR 11
11 10102-10103 pembrolizumab ORR, PES 90

I LY3381916 LY3300054 DLT 60
/11 10102 pembrolizumab DLT, ORR 108

treatment can lead to increased neoantigen spreading and
tumor antigen presentation, infiltration of NK cells and T cells
into the TME, and increase T-cell effector function leading to a
phenomenon known as the “bystander effect” both at proximal
and distal sites of tumors (79). The results from one study of
intra-tumoral mJX-594 treatment targeting granulocyte-
macrophage colony-stimulating factor (GM-CSF) gene showed
a highly altered TME, while promoting suppressed growth of
tumors treated with ICB (80). These promising results led to an
increase response to immunotherapy treatment. Furthermore,
the combination of anti-PD-1 mAb and mJX-594 reduced tumor
growth by 70%, whereas anti-PD-1 and mJX-594 monotherapy
delayed tumor growth by 23% and 44%. The combination of
TME alteration with PD-1 therapy is a promising approach to
increasing PD-L1 expression and tumor-associated antigens,
therefore, improving efficacy and the percentage of patients
affected by anti-PD-1 inhibitors alone.

Coxsackievirus A21

Coxsackievirus A21 is another OV targeting ICAM-1 on
tumor cells. A phase Ib KEYNOTE-200 trial of coxsackievirus
A21 in combination with Pembrolizumab demonstrated good
tolerability with no dose-limiting toxicities and no grade 4/5 AEs
(81). Currently, the available data show medium OS of 9.5
months, ORR of 23%, and 33% for patients with ALK-negative
and EGFR-negative NSCLC. The final results of the study are
awaited. Notable increases in PD-L1 tumor levels were observed
indicating combination OV with ICI could have additive effects.
Current findings indicate that a combination of anit-PD-1 mAb
with an optimal dose of OV does not significantly increase
toxicity and, in most cases, is tolerated with grade >3 AEs.
However, a major setback is acquired resistance that arises after
multiple therapies, and, generally, therapy becomes ineffective
after the third dose of treatment. Nonetheless, the ongoing
clinical trials testing OV in combination with ICB in NSCLC
are highly anticipated and summarized in Table 5.
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Combination with
immune modulators

CTLA4

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) a
member of the immunoglobulin superfamily and encodes a
protein, which transmits an inhibitory signal to T cells (82).
Ipilimumab is an immune-checkpoint inhibitor targeting
CTLA-4, which is first approved for use as monotherapy in
metastatic melanoma (83). Previous research revealed that the
combination of ipilimumab with nivolumab has demonstrated
superior efficacy compared with nivolumab alone in patients
with advanced melanoma (84, 85). Similarly, phase 1 and 2
studies in patients with untreated advanced NSCLC showed
promising early results with nivolumab plus ipilimumab, and
recent phase 3 trials in this population demonstrated superiority
of the combination either alone or with chemotherapy compared
with chemotherapy alone (86-89). Nivolumab plus ipilimumab
combined with chemotherapy (2 cycles) have been approved as
first-line treatment for patients with metastatic or recurrent
NSCLC, with no EGFR, or ALK genomic tumor aberrations in
many countries (90). However, in this phase 3 randomized

10.3389/fonc.2022.948405

clinical trial, ipilimumab plus nivolumab did not improve
outcomes in patients with advanced, pretreated, immune-
checkpoint inhibitor-naive lung squamous cancer (91). Several
studies suggested ipilimumab plus pembrolizumab do not
improve efficacy and are associated with greater toxicity as
first-line and second-line or later therapy treatment for
NSCLC, suggesting ipilimumab plus pembrolizumab may not
be a well choice (92, 93). In a phase 1b trial, preliminary efficacy
of atezolizumab, a PD-L1 inhibitor, plus ipilimumab were
observed in metastatic NSCLC, and the combination had
manageable toxicity, with a safety profile consistent with those
of the individual agents (94). Overall, anti-PD-1/PD-L1 therapy
plus anti-CTLA-4 therapy could be promising for advanced
NSCLC, but the proper combination strategy is still needed to be
explored. The ongoing clinical trials testing the combination of
anti-PD-1/PD-L1 and anti-CTLA-4 therapy in NSCLC are
summarized in Table 6.

LAG-3

Lymphocyte activation gene-3 (LAG-3) is a cell surface
receptor expressed on activated NK cells, B cells, and T cells.
Its high binding affinity to the MHC-II triggers important T-cell

TABLE 5 Ongoing clinical trials testing oncolytic virus in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical Cancer Intervention
Trial Type
NCT02879760 NSCLC Ad-MAGEA3 injection + MG1-MAGEA3 infusion +
pembrolizumab infusion
NCT03004183 Metastatic = ADV/HSV-tk + valacyclovir + radiation +
NSCLC pembrolizumab
NCT02824965 Advanced CVA21 + pembrolizumab
NSCLC
NCT03767348 NSCLC RP1 + nivolumab
NCT04725331 NSCLC BT-001 + pembrolizumab
NCT04355806 NSCLC Inactivated trivalent influenza vaccine + nivoluamb

/pembrozliumab /atezolizumab, durvalumab

TABLE 6 Ongoing clinical trials testing anti-CTLA-4 inhibitors in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical Cancer Type Intervention Phase

Trial

NCT04140526 NSCLC, Solid ONC-392, +/- pembrolizumab TA/IB/
Tumors I

NCT04043195 NSCLC nivolumab + oxaliplatin + /1L

ipilimumab

NCT05187338 NSCLC, Solid ipilimumab + pembrolizumab + /11
Tumors durvalumab

NCT04606472 NSCLC, Solid SI-B003 I
Tumors

NCT03377023 NSCLC ipilimumab + nivolumab /11

+nintedanib
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Phase Oncolytic Virus ~ Anti-PD-1/ Primary N.
Vector PD-11 Outcomes Patients

/11 MG1-MAGEA3 pembrolizumab AE, ORR 16

I ADV/HSV-tk pembrolizumab ORR 57

I CVA21 pembrolizumab TEAE 11

11 RP1 nivolumab AE, SAE, DLT, 300

ORR, MTD
/11 BT-001 pembrolizumab AE, RDPB, 48
ORR, DCR
I Inactivated trivalent  Inactivated trivalent ~ADCC, irAE, 160
influenza vaccine influenza vaccine PES, OS

CTLA-4 Anti-PD-1/PD-L1 Primary N.
Agent Outcomes Patients

ONC-392 pembrolizumab DLT, MTD, AE, RP2D 468

ipilimumab nivolumab ORR 30

ipilimumab pembrolizumab + AE, PFS, DCR, DOR 100

durvalumab
SI-B003 SI-B003 DLT, MTD, MAD, AE, 159
RP2D

iipilimumab nivolumab MTD, ORR 68
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functions including T-cell proliferation, activation, cytolytic
activity, cytokine production, and other functions (95). In
cancer therapy binding between LAG-3/MCH-II triggers anti-
immune response including tumor escape, decreased production
of cytokines, and a reduction in CD8+ T cells response (96).
However, the exact mechanism at which this immune escape
occurs is unclear. Overexpression of LAG-3 has been associated
with exhaustion of the immune system and is emerging as a new
checkpoint inhibitor target. Furthermore, targeting LAG-3
alongside PD-1 has been shown to strengthen immune
response (97). A recent study tested 20 NSCLC tumor tissue
samples for identification of potential biomarkers. They found
that TILs in the tumor region had increased levels of both LAG-3
and PD-1 suggesting the apparent synergy and benefit of dual
checkpoint blockade therapy in NSCLC (98). In a phase I/II trial
testing LAG525, an anti-LAG-3 agent, in combination with
PDRO01, an experimental anti-PD-1 agent showed conversion
of immune cold to immune-activated TME and durable
response in 12 patients (11 partial response and one complete
response). It was noted that LAG525 alone and LAG525 in
combination with PDR001 demonstrated high progressive
disease of 79% and 67%, respectively (99). A follow up study
was recently completed (NCT02460224). However, statistic data
were not fully disclosed. In a phase I/II testing relatlimab, an
experimental anti-LAG-3 agent in combination with nivolumab
showed ORR 11.5% and disease control rate (DCR) of 49% with
3 in 10% of patients) (100).
Additionally, FDA approval of Opdualag for melanoma, a

acceptable AEs (grade 2

fixed-dose combination of relatlimab and nivolumab
demonstrated increased PFS of 10.1 months for Opdualag
compared to 4.6 months for the nivolumab monotherapy
(NCT03470922). Although not approved for NSCLC, this first
ever phase III trial of a LAG-3 antibodies demonstrates the
validity of the methodology behind treatment. Promising
combination approaches for NSCLC are now being tested in
several ongoing clinical trials including phase I/II studies of
neoadjuvant nivolumab in combination with relatlimab,
eftilagimod alpha in combination with pembrolizumab
(NCT03625323) (101), BMS-986,016 in combination with

10.3389/fonc.2022.948405

nivolumab (NCT01968109), and more which are summarized
in Table 7.

OX-40

OX-40 is a type 1 transmembrane glycoprotein found on the
surface of activated CD8+ and CD4+ T cell and part of the
tumor necrosis factor receptor family. Activation of the OX-40/
OX-40L axis acts as a costimulatory signal triggering T cell
survival and division for both effector and memory cell
populations against target antigens (102). Additionally, OX-40
activation suppresses proliferation and functionality of Tregs,
preventing the TGF-B-mediated conversion of CD4+ T cells
into Tregs, further increasing immune activity (103). Therefore,
activation of OX-40 has been sought out as a therapeutic target
for cancer immunotherapy. OX-40 inhibitors have shown to be
effective in immunogenic tumors on some cancer cells lines
including MCA303 (sarcoma tumors), SM1 (breast cancer), and
CT26 (colon carcinoma tumors) (104). However, in
immunogenic cold tumors, data were less promising.
Considering the variability of immunogenicity in tumors from
patient to patient and cancer type to cancer type (105),
enhancing OX-40 efficacy via combination approaches has
been explored. Some studies have demonstrated that the
combination of anti-PD-1 ICI in combination with OX-40
inhibitors is feasible. Evidence from an OX-40 antagonist trial
demonstrated synergic effects on different types of murine
models with sequential combination of anti-PD-1 ICI showing
40% survival rate at day 100, compared to 0% survival rate with
no treatment (106). A recent biomarker analysis study with 139
NSCLC patients showed that high PD-1 expression is negatively
correlated with TILs OX-40 and OX-40L expression (0.250 and
0.386), according to linear regression models (107). This
indicates that some patients with low PD-1 expression may
have higher OX-40 and OX-40L expressions, suggesting OX-40
inhibitors have potential to be effective in patients at lower
chances of benefiting from anti-PD-1 inhibitors monotherapy.
In a phase I trial of anti-OX-40 mAb, GSK3174998 administered

TABLE 7 Ongoing clinical trials testing anti-LAG-3 inhibitors in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical Cancer Type Intervention
Trial
NCT03625323 NSCLCHNSCC eftilagimod alpha + pembrolizumab
NCT01968109 NSCLC BMS-986213, +/- nivolumab
NCT02460224  Advanced Solid LAG525, +/- PDR001
Tumors
NCT04140500 NSCLC, Solid RO7247669
Tumors
NCT03849469 NSCLC XmAb®22841, + pembrolizumab

Frontiers in Oncology

Phase LAG-3 Anti-PD-1/ Primary N.
Agent PD-L1 Outcomes Patients
I eftilagimod pembrolizumab ORR 189
alpha
I/Ila  BMS-986016 nivolumab AE, SAE, ORR, DCR, 1499
DOR
/11 LAG525 PDR0O01 DLT, ORR 490
I RO7247669 RO7247669 DLT, AE, ORR, DOR, 320
PES
I XmAb®22841  pembrolizumab AE 242
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as monotherapy or combined with pembrolizumab
demonstrated no dose-limiting toxicities, indicating feasibility
in solid and NSCLC cancer models (108). A phase I trial results
testing MEDI0562, a humanized IgGlk OX-40 mAb in
combination with durvalumab or tremelimumab, an anti-
CLTA-4 inhibitor, for patients with late-stage solid tumors
demonstrated OS of 17.4 and 11.9 months, respectively (109).
A different triple combination approach testing BMS-986178, an
OX-40 agonist, with ipilimumab with/without nivolumab in
phase I/II demonstrated grade 3-4 AEs in six out 79 patients
(8%) in anti-OX-40 with nivolumab. However, no clear efficacy
benefit was observed when compared to nivolumab
monotherapy (110). Further ongoing clinical trials are awaited
to get a better understanding of the mechanism behind this
novel combination approach and are summarized in Table 8.

TIGIT

A target for immunotherapy in NK-cells that has been
grabbing a lot of attention is the poliovirus receptor (CD155).
The binding of this protein in the body can lead to either
improve immune response or increased immune suppression
in cancer patients (111, 112). CD155 acts as a ligand and binds
three ways in cancer patients triggering three distinct responses
(113, 114). One of its binding domains is a glycoprotein called
DNAM-1. DNAM-1 is commonly expressed on NK and CD8+
T cells and binding with CD155 leads to an increased anti-tumor
response by activation of immune cells. The second binding
domain is the TIGIT immunoreceptor for which CD155 has a
higher affinity than DNAM-1. However, binding leads to an
immunosuppressive response. TIGIT is quickly becoming a new

10.3389/fonc.2022.948405

immune checkpoint target in combination with PD-1/PD-LI.
One study showed that high TIGIT/DNAM-1 ratio in Treg cells
found in tumor tissue demonstrated a correlation to poor clinical
outcomes after treatment with anti-PD-1 ICB (115).
Furthermore, combination of anti-TIGIT with other therapies,
mainly PD-1/PD-L1 ICB, have shown to overcome the limited
efficacy of anti-TIGIT mAb alone in subcutaneous mouse
tumors (116, 117). In a randomized phase II study of
advanced NSCLC patients treated with tiragolumab, an anti-
TIGIT antibody, combined with atezolizumab results showed
that compared to a control group there was significant increase
in PFS (5.6 vs. 3.9 months) and ORR (37.3% vs. 20.6%) and after
10.9 months follow up (118). Following these results, the FDA
granted approval of tiragolumab in combination with
atezolizumab for first line treatment in metastatic NSCLC
categorized with high PD-L1 expression. Currently, ongoing
clinical trials are testing anti-TIGIT mAb in combination with
PD-1/PD-L1 therapy, including locally advanced or metastatic
NSCLC (NCT03563716), advanced or metastatic solid cancers
(NCT02913313), untreated locally advanced unresectable or
metastatic NSCLC (NCT04294810), and more with a full list
summarized in Table 9. The third type of binding occurs with
CD96, and while less data are available regarding its interaction
with CD155 in humans, mice models suggest that the binding
promotes tumor escape from the immune system (119, 120).
These mechanisms, however, are more complex and have more
than one ligand/receptor combination. Recently, TIGIT and
DNAM-1 have been found to bind to a ligand called CD112,
which also binds to the immune-cell receptor CD112R (PVRIG)
causing DNAM-1 and TIGIT to compete for the binding of
CD112 (121-123). The DNAM-1/TIGIT/CD96 pathways offer
new ways to improve immune-cell anti-tumor response.

TABLE 8 Ongoing clinical trials testing anti-OX-40 inhibitors in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical Cancer Type Intervention Phase 0X40 Anti-PD-1/ Primary N.
Trial Agent PD-L1 Outcomes Patients
NCT02528357 Neoplasms GSK3174998, +/- pembrolizumab I GSK3174998 pembrolizumab SAE, DLT, 141
NCT02410512 Neoplasms MOXRO0916 + atezolizumab 1 MOXR0916 atezolizumab DLT, AE 610
NCT02554812 Advanced Cancer avelumab, + PF-04518600, +/- 1I avelumab utomilumab DLT, ORR 398
utomilumab
NCT02221960 Recurrent or Metastatic Solid MEDI6383, +/- durvalumab I MEDI6383 durvalumab AE, SAE 39
Tumors
NCT03241173 Advanced or metastatic INCAGN01949 + nivolumab /Il INCAGNO01949 nivolumab TEAE, ORR 52
NSCLC
NCT04198766 Advanced or Metastatic INBRX-106, +/- pembrolizumab I INBRX-106 pembrolizumab AE, SAE, MTD, RP2D 150
NSCLC
NCT03758001 Advanced Solid Tumors IBI101, +/- sintilimab I 1BI101 sintilimab AE 38
NCT04215978 Advanced Soldi Tumors BGB-A445, +/- tislelizumab I BGB-A445 tislelizumab AE, SAE, MTD, 68
RP2D, ORR
NCT02705482 Advanced Solid Tumors MEDI0562 I MEDI0562 durvalumab AE 58
NCT02737475 Advanced Cancer BMS-986178, +/- nivolumab, /Il BMS-986178 nivolumab AE, SAE, 171
+/ipilimumab
Frontiers in Oncology 11 frontiersin.org


https://doi.org/10.3389/fonc.2022.948405
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mussafi et al.

10.3389/fonc.2022.948405

TABLE 9 Ongoing clinical trials testing anti-TIGIT inhibitors in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical Cancer Type Intervention

Trial

NCT05014815 NSCLC ociperlimab, +/- tislelizumab, +
chemotherapy/placebo

NCT04294810 NSCLC tiragolumab, + atezolizumab/placebo

NCT03563716 NSCLC tiragolumab, + atezolizumab/placebo

NCT04513925 NSCLC tiragolumab, +/- atezolizumab

NCT03628677 Solid Tumors domvanalimab, +/- zimberelimab

NCT04262856 NSCLC zimberelimab, +/- domvanalimab, +/-
etrumadenant

NCT02964013 Neoplasms vibostolimab, +/pembrolizumab, +/-
chemotherapy

NCT04165070 NSCLC vibostolimab, +/- pembrolizumab, +/-
chemotherapy

NCT02913313 Solid Tumor BMS-986207, +/- nivolumab, +/-
ipilimumab

NCT03260322 Solid Tumors ASP8374, +/- pembrolizumab

NCT03119428 Advanced or Metastatic OMP-313M32, +/- nivolumab

Solid Tumors

However, their mechanism in cancer therapy is not fully
understood yet.

IL-2

IL-2 is a cytokine that plays multiple roles in the activation
and stimulation of the immune system. Binding occurs between
the IL-2 ligand and IL-2 receptor (IL-2R) which is widely
expressed on the surface of many immune cells types, including
Foxp3+ regulatory T cells, CD4+ and CD8+ T cells, B cells, and
NK cells (124). Upon activation, CD8+ and CD4+ T cells secrete
large amounts of IL-2 in autocrine and paracrine pathways to
recruit neighboring IL-2R+ cells. These circulating IL-2 molecules
also bind to interleukin 2 receptor o-chain (IL-2Ro; CD25)
expressed on Treg cells, which restrain immune responses to
self and foreign antigens. There exist varying binding affinities of
the IL-2/IL-2R pathway. IL-2R is composed of different subunits,
IL-2Ra, IL-2RP (CD122), and IL-2Ry (CD132), which are found
at varying concentrations on the surface of different species of
immune cells (125-127). In the body, low concentrations of IL-2
bind to the high-affinity receptors found on Treg cells leading to
an immunosuppressive response. Only in higher concentrations
can IL-2 bind to the lower affinity IL-2R found on CD8+ T-cells
and NK-cells. These mechanisms are believed to help regulate
immune response and prevent T-cell overstimulation from IL-2
signals and consistent TCR stimulation from tumor and self-
antigens, which have shown to lead to T cell exhaustion or Fas
(CD95)-mediated apoptosis (5). To overcome these regulatory
mechanisms in cancer therapy, one approach is utilizing a
combination strategy with PD-1/PD-L1 ICI. A study using
TCB2, a newly engineered IL-2 antibody to specifically target
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Phase Anti-TIGIT Anti-PD-1/ Primary N.
Agent PD-L1 Outcomes Patients
11 ociperlimab tislelizumab PFS 200
11 tiragolumab atezolizumab PES, OS 635
I tiragolumab atezolizumab ORR, PFS 135
11 tiragolumab atezolizumab PES, 800
I domvanalimab zimberelimab TEAE 74
11 domvanalimab zimberelimab ORR, PFS 150
1 vibostolimab pembrolizumab ~ DLT, AE 492
I vibostolimab pembrolizumab ~ ORR 270
/11 BMS-986207 nivolumab AE, SAE, ORR, 130
mDOR, PFS

1 ASP8374 pembrolizumab ~ DLT, AE, irAE 169
I OMP-313M32 nivolumab DLT, AE 33

the receptor of T cells and NK cells has been tested on mice
models. Noticeably, it was shown that when a suboptimal dosage
of anti-PD-1 mAb was used in combination with hIL-2/TCB2c, all
seven mice models were tumor free after 19 days of treatment
(128). A single-arm, phase I-dose escalation trial testing
nivolumab combined with NKTR-214, a CD122-preferential IL2
pathway agonist, demonstrated ORR at 59.5% (22/37) and
complete response at 18.9% (seven out of 37) for solid tumors
patients including NSCLC. Additionally, analysis of tumor
biopsies on a genetic and cellular level showed increased
numbers of activated CD8+ T cells, without Treg cell activation
(129). An ongoing dose-expansion phase II trial with optimal
doses of 0.006 mg/kg and 360 mg every 3 weeks of NKTR-214
with nivolumab, respectively, demonstrated acceptable toxicity,
while also promoting treatment efficacy regardless of PD-L1 levels
(NCT02983045). It was reported that eight patients (21%) had
grade 3/4 AEs with no cases of deaths from treatment. Total ORR
for the various tumor types (melanoma, renal cell carcinoma, and
NCSLC) and dose cohorts were 59.5% (22 out of 37), with
complete response in seven patients (18.9%). Gene and cellular
expression analysis of tumor samples demonstrated increased
cytotoxicity, activation, and infiltration of CD8+ T cells without
triggering Treg cell activation. Another ongoing clinical trial
including NKT-214 with pembrolizumab in solid tumors
(NCT03138889), IL-2 in combination with nivolumab for
advanced NSCLC (NCT03215810). On a final note, high IL-2
circulating levels have been correlated with improved OS and
response to PD-1/PD-L1 blockade in NSCLC demonstrating a
potential for improved treatment outcomes in patient groups with
higher risk of poor prognosis to anti-PD-1/PD-LI
inhibitors (130).
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Combination adoptive cell transfer

CART cell

In recent years, T cell therapy has been gaining momentum
as a new immunotherapy approach. Perhaps, the most popular
model, chimeric antigen receptors (CAR) T cell treatment
utilizes the patient’s own T cells and genetically modifies them
to target cancer cells. Briefly, CAR were expressed on the
patient’s T cells surface typically using an unarmed virus.
Finally, they are injected back into the patient with hopes of
giving a lasting antitumor response. In 2017, CD19 CAR T cell
became the first FDA approve adoptive T cell transfer therapy
after remarkable therapeutic effects in large B cell lymphoma or
acute lymphoblastic leukemia (131, 132). Recently, reports have
shown that the potential of CAR T cell immunotherapy in
NSCLC (133). For NSCLC the most common TSA targets
include EGFR, mesothelin, MUC1, CD80/CD86, PD-LI,
inactive tyrosine-protein kinase transmembrane receptor
(ROR1), carcinoembryonic antigen (CEA), among others
(134). One CAR T cell study targeting EGFR in advanced
NSCLC (NCTO01869166) had reported preliminary results
showing 45.5% (five out of 11) of patients achieved stable
disease, and 18.2% (2/11) achieved partial response (135).
CAR T cells targeting these antigens have been promising.
However, some key challenges relating to CAR T cells include
manufacturing concerns, restricted trafficking, infiltration and
activation within tumors, severe toxicities, insufficient
persistence in vivo, heterogeneity, and antigen escape (136).. In
efforts to increase efficacy, some studies have attempted
combining anti-PD-1 inhibitors with CAR T cell therapy. In a
study testing CAR T cell combined with anti-PD-1 mAb, results
showed significantly increased growth and survival inhibition of
two different HER2+ transgenic mouse tumor models when
compared to either treatment in monotherapy (137). A study for
anti-MUC1 CAR T cells in combination with engineered PD-1
deficient T cells in NSCLC patients demonstrated 33% (two out
of six) patients had significant shrunken tumors after 4 weeks of
treatment (138). A clinical trial testing PD-1 knockout (KO)
CART cells in NSCLC proved to be safe and well-tolerated by all
patients, demonstrating stable disease in 55% (11 out of 20)
patients (139). It is important to note that the combination of
PD-1/PD-L1 targeted pathways and the CAR T cell treatment in
clinical trials are still in early development, and there is a lack of
necessary data to draw valid conclusions (140). Nonetheless,
new promising methodologies are being awaited with CAR T cell
therapy including CRISPER CAS-9 PD-1-knockout-modified
CAR T cells and engineered CAR T cells with the capabilities of
secreting PD-1-blocking single-chain variable fragments (scFv)
(141, 142). With new innovations in genetic engineering, CAR T
cell therapy may utilize PD-1/PD-L1 ICI or genetic alterations to
improve efficacy in combination treatment.
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NK cell

NK cells are another rising form of immunotherapy found in
combination with PD-1- based inhibitor drugs. They are natural
cytotoxic cells found in the body and require no stimulation to
activate. They work by binding to receptors or antibodies present
on abnormal cells such as cancer cells or TME. Cancer therapy has
explored the use of autologous or allogeneic NK cell-based
therapy, transplanting different subsets of NK cell populations
into a cancer patient to achieve an anti-tumor response.
Moreover, some studies demonstrate the benefit of combining
NK cell therapy with ICL One study suggests that PD-L1 mAb can
directly upregulate and activate the cytotoxic effector functions of
NK cells without any correlation to PD-L1 tumor status (143).
Furthermore, via the AKT signaling pathway, PD-L1 mAbs were
found to enhance NK cell function and prevent cell exhaustion,
through upregulation of PD-L1 expression on NK cell surface.
Recent study demonstrated that the combination of mHsp-70
targeting autologous NK cells therapy with nivolumab and
radiochemotherapy was well tolerated with tumor progression
or metastases not detectable 33 months post-diagnosis for one
NSCLC patient (144). A study testing pembrolizumab in
combination with allogeneic NK cells in comparison with
pembrolizumab monotherapy in advanced NSCLC results
demonstrated higher PFS (6.5 months vs. 4.3 months)
and higher median OS (5.5 months vs. 13.3 months) (145).
Several courses of NK cell injection demonstrated better
OS (18.5 months) compared to single-course infusion (13.5
months), notably with the combination approach having
much higher median OS and PFS in PD-L1 tumor portion
score (TPS) 250%. One purpose mechanism for this increased
efficacy involves the mechanism at which expanded NK cells
engage with the TME. Through a contact-independent
mechanism, NK cells promote endogenous TILs and
upregulation of PD-L1 TPS (146). The difference between
expanded NK cells and NK cells, which found naturally in the
body, is that they are less susceptible to tumor suppression,
therefore allowing them to upregulate immune response
through binding with PD-L1 tumors. NK cells therapy can
potentially turn nonresponding tumors into more susceptible to
PD-1/PD-L1 treatment. Currently, an ongoing phase I clinical
trial is testing the combination of PD-1/PD-L1, chemotherapy,
and FT538 allogeneic NK cell therapy in advanced solid cancer
(NCT05069935). These studies demonstrate a correlation between
NK cell function and PD-1/PD-L1 inhibition; however, there lacks
a mechanistic in vivo studies explaining these responses (147).
Another issue with the use of autologous NK cell transfer is that
the procedure is often expensive as each treatment is personalized
and based on cells from the patient or donor. Lastly, the
personalized process is time-consuming and due to the nature
of the disease might prove inapplicable in some cases. NKG2A is
an inhibitory signaling receptor found on the surface of NK cells.
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Similar to the NKG2D ligand, efforts have been focused on
increasing the efficacy of NK cell transfer treatment by targeting
this axis. A popular anti-NKG2A antibody, known as
monalizumab, is now being tested with anti-PD-1 blockade.
One clinical trial testing these agents demonstrated the
feasibility of combination treatment with ORR of 8% and a
DCR at 16 weeks of 31% (148). In vitro and in vivo blocking on
mice models demonstrated that when NKG2A and PD-1 blockers
were combined, results showed a significant increase in the rate of
tumor regression and anti-tumor immunity (149, 150). The
NKG2A/NKG2D axis offers a viable way to increase the efficacy
of PD-1 treatment by improving NK cell function and
homeostasis in the body. In addition, combination
immunotherapy with anti-PD-1/anti-PD-L1 and anti-NKG2 to
improve efficacy of previously less effective anti-PD-1 treatments
characterized by high levels of circulating sMIC should
be explored.

Modified NK cell

To get around these issues, new forms of genetically
engineered NK cells are now being brought into the market
and sold as “oft-the-shelf” universal treatment. A common type
uses CAR NK cells, which are engineered to present antibodies
on their surface and bind to antigens on the surface of cancer
cells. CAR NK cell therapy does not require matching HLA
donors unlike allogeneic NK cells or CAR T cell transplants and
has a higher safety profile in this sense. This allows for large-
scale commercial treatments to be manufactured. NK cells prove
more challenging to extract and isolate than T cells. However, a
line of NK-92 cells has been found to expand easily in vitro and
engineered to present CAR on their surface. In theory, this CAR-
NK cell line would be comparable to a universal CAR T cell
treatment but, simply adding CAR receptors to NK cells is
proving to be insufficient. Most CAR models are engineered
based on T-cell structure and functionality. For example, CAR
models containing co-stimulatory CD28 domains intended for T
cells are commonly used in NK cells despite having no effect or
activating NK cells (151). Currently, the latest advances in NK
cell therapy are working to increase the efficacy of treatment
through a better understanding of the NK cell activation
mechanism and newly modified NK cell treatments. One
clinical trial underway is testing the use of iPSC-derived NK
cells combined with pembrolizumab, nivolumab, and
atezolizumab in late-stage solid tumors, including NSCLC
(NCT03841110). Another approach, derived from several
studies, utilizes the NKG2D ligand, which plays a critical role
in NK cell activation. The most common molecules released
from the NKG2D ligand family in tumors are MICA and MICB,
otherwise, referred to as sMIC. In a study targeting tumor-
derived soluble NKG2D MIC molecules, simultaneously
targeting sMIC with a PD-1/PD-L1 inhibitor resulted in
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enhanced infiltration, intrinsic function, and proliferation of
CD8+ T cells with a TILs score recorded at 32.5% compared to
21% TILs of anti-PD-L1 monotherapy (152).. This study
suggests through these antibodies targeting sMIC can increase
the efficacy of T cell therapy in combination with ICB.
Furthermore, the NKG2D ligand is either not induced or
induced in low levels under normal conditions and that it is
overexpressed only on the oncogenic cell surface or in the TME
(153-159). This allows specific ligand to act not only as a target
receptor for elimination of cancer cells but also as an indicator of
such abnormalities [133]. However, this approach is not fully
proven. Elevated levels of circulating NKG2D are correlated with
poor outcomes in anti-PD-1/PD-LI clinical trials (160). This is,
in part, due to a process of proteolytic shedding (161-164), in
which the tumor releases the ligands from its cell surface leading
to powerful immune-suppressive responses and disturbing NK
cells homeostatic maintenance and function (165, 166). A new
strategy for the creation of universal super NK cell therapy has
been proposed. This new strategy involves the use of aptamer-
equipped NK cells engineered via metabolic glycan biosynthesis
and, thus, avoids the use of genetic alteration (167). This
approach allows for specific tumor targeting therapies via
modified receptors on the NK cell surface. Furthermore, to
enhance immunotherapy, PD-L1 targeting aptamers were also
modified on the NK cell surface to regulate PD-1/PD-L1
signaling. This lead substantial upregulation of PD-L1
expression in HepG2 cells improving ICB. Although the
mechanism remains unclear, it is known that increased levels
of PD-L1 expression have been correlated with higher success
from immunotherapies (168). Additionally, imaging of intravital
tumor sites showed high levels of modified NK cells in deep
tumor regions, indicating better infiltration and therapeutic
efficacy for solid tumors. This approach of increasing
infiltration in solid tumors via chemical engineering and has
several benefits. First, the engineering strategy is simple and
efficient and does not require genetic modification that reduces
the risk for side effects in clinical applications. Secondly, the NK
cells are biodegradable biocompatible, and no signs of toxicity
was detected on mice models in the study. Third, the strategy is
universal and by simply changing the target aptamer, different
types of solid tumors can be targeted. This is made possible by
systematically increasing ligands through exponential
enrichment technology, while screening for aptamers from
various cancer cell types giving a dataset of aptamers/cancer
compatible combinations (169-173). Fourth and perhaps the
most remarkable benefit, the study found aptamer-equipped NK
cells to upregulate PD-L1 expression. This directly targets one of
the major issues lying in targeting this axis, which was the lack of
PD-L1 expression on cancer cells. For these reasons and, in
particular, the upregulation of PD-L1, this new strategy of
chemically modified NK cells needs further testing and to test
the feasibility of combination with PD-1/PD-L1 inhibitors.
Aptamer-equipped glycan biosynthesis NK cells may
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potentially be the first step in providing successful universal NK
cell transplants. CAR NK cells and iPSC NK cells also provide a
pathway to universal treatment, however, face issues with
functionally. Additionally, autologous NK cells have shown
promising clinical trial data when combined with
pembrolizumab and nivolumab. These promising results,
notably, are preliminary mechanistic studies that show
potential for NK cells in combination with PD-1/PD-L1
inhibitors. More clinical trial data are highly anticipated with
these ongoing combination approaches summarized in Table 10.

Probody therapeutics

Finally, a new approach to improve PD-1/PD-L1 inhibitors
efficacy is using a masked peptide linker to inhibit the binding of
therapeutics to normal cells, while becoming unmasked and
activated in the TME exclusively. Probody therapeutics are a
next generation antibody using a masked peptide to cover the fab
region. Once in the TME, the fab region gets cleaved off by
tumor-associated proteases exposing the PD-L1 substrate
domain. One study using extracted tumor samples from
cancer patients demonstrated over 90% of cancer patients had
sufficient protease activity to activate treatment in vivo (174).
Initial in vitro results showed that the masked Pb-TCB reduced
cytotoxicity by 100,000-fold, whereas the unmasked molecule
proved potent in tumor killing at proper dosing schemes (175).
From the concluded preclinical and preliminary clinical studies,
one Probody PD-L1 targeting compound called CX-072 has
demonstrated potential to optimize cancer treatment, while
minimizing toxicity (176). CX-072 is a next generation of
cancer immunotherapy that offers a new way to increase the
percentage of patients affected by PD-L1 targeted treatments,
while potentially reducing the rate of AEs associated with PD-1/
PD-LI blockade by overlooking normal tissue (176). In a dosing-
finding clinical trial (NCT03013491), CX-072 was tolerated with
indications of antitumor activity in patients without high levels
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of PD-L1 (177). As to our current knowledge, this treatment has
not been tested in NSCLC. However, it offers a new approach to
increase the percentage of NSCLC patients benefiting from PD-
1/PD-L1 by increasing the precision of targeted treatment
consequently decreasing required minimum dose and,
therefore, rates of toxic adverse effects.

Discussion

For the past decade, ICI inhibitors and particularly PD-1/
PDL-1 ICB have revolutionized NSCLC therapy. However, over
50% of patients do not respond to PD-1/PDL-1 inhibitor-based
monotherapy due to low expression of PD-L1 in lung cancer
patients, low numbers of TILs, and low mutational burden (178-
180). Targeting specific characteristics of cancer patients
alongside incorporating combination approaches based on
tumor genomics and immunology data is the future of
treatment. Ideally, a successful combination approach would
stimulate one of the abovementioned factors associated with
poor prognosis of PD-1 therapy alone. Vaccine therapy offers the
potential to do just do that based on the biological mechanisms
of how vaccines work. Alteration of the immune system to
express certain receptors, activation of T cells against those
receptors, and release of antibodies all pose the capability of
producing additive antitumor response when used in
combination with PD-1/PD-L1 ICI for patients who are prone
to poor prognosis. However, neutralization is currently a key
setback, especially with multiple doses and future emphasis
should focus on exploring the immune mechanisms leading
to this.

Another issue that lies with PD-1 therapies arises from
NSCLC resistance to ICB. Treatment outcomes are not yet
universal, but one theory shows that this might be mediated
through carcinoma-associated fibroblasts (CAF), which also
influence the CXCR4/CXCL12 axis (181). While the
mechanism is not yet fully understood, it is hypothesized that

TABLE 10 Ongoing clinical trials testing cell-based therapies in combination with PD-1/PD-L1 checkpoint inhibitors.

Clinical Cancer Intervention Phase
Trial Type
NCT03525782 NSCLC CAR-T Cell, +/- PD-1 knockout T-cell /1
NCT04556669 Solid Tumor, Autologous aPD-L1 armored CD22- I
NSCLC targeting CAR T cells
NCT05069935 Solid Tumor FT538, +/- avelumab, +/- 1
atezolizumab, +/- nivolumab,
+/-pembrolizumab
NCT03841110 NSCLC, FT500, +/- nivolumab, +/- I
Advanced Solid pembrolizumab, +/- atezolizumab, +/-
Tumors chemotherapy
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Cell Therapy Anti-PD-1/PD-L1  Primary N.

Outcomes Patients

CAR-T Cell, PD-1 pembrolizumab AE, DLT 60
knockout T-cell
Autologous aPD-L1 Autologous aPD-L1 irAE 30
armored CD22-targeting
CAR T cells
FT538 allogeneic NK-Cell avelumab, atezolizumab, = RP2D, AE 189
immunotherapy nivolumab,

pembrolizumab,
FT500, an allogeneic, iPSC-  nivolumab, DLT 37

derived Natural Killer (NK)

15

pembrolizumab,
atezolizumab
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CXCR4/CXCL12 axis and CAF may be responsible for resistance
to ICB (182). For example, one ovarian mouse model with dual
blockade CXCR4/CXL12 using AMD3100 and PD-1/PDL-1
showed increased effector T cell infiltration, function, and
memory in tumors (183). Future advances on therapeutics
targeting this axis should focus on optimal dosing and
minimizing toxicity. VEGFR is another commonly
overexpressed receptor found on NSCLC that can be used to
overcome immune resistance to PD-1/PD-L1 drugs. A
combination approach using anlotinib showed promising
results in NSCLC clinical trials with significant improvements
in OS and PFS. A targeted EGF TKI Erlotinib demonstrated
additive effects with PD-1 drugs with a 19% ORR (48). However,
a follow-up phase I/II study concluded no significant
improvements in ORR between pembrolizumab monotherapy
and the combination approach using Erlotinib (49). The early
nature of these studies makes it difficult to conclude any solid
findings. Furthermore, VEGF and EGF TKIs are prone to
adaptive resistance to treatment by NSCLC, which could prove
treatment in multiple doses to be ineffective or even create a
more difficult disease to treat. These treatments may prove only
beneficial in early-stage NSCLC since the larger the tumor gets,
the harder it would be to clear it completely. If the tumor is
harder to clear, more treatment dosages would be needed and,
therefore, a higher likelihood for adaptive resistance to occur is
present. Further data from phase I/II clinical trials found in
Table 2 are waited for better understanding of this
combination approach.

A universal challenge in cancer treatment lies in tumor
evasion from immune detection. ICB has the potential to
down regulate immune escape mechanism as they can directly
suppress or stimulate the immune system. LAG-3/MHC-II
binding complex has shown to play key roles in cancer
immune escape. Anti-PD-1 combined with anti-LAG-3,
therefore, poses promising synergy benefits and data from
various clinical trials showed promising effects from dual block
therapy in NSCLC (99-101). OX-40 has been shown to
downregulate Treg function, while acting as a costimulatory
cytokine for CD4+ and CD8+ T cells, with both functionalities
corresponding to improve immune function. This combination
approach demonstrates potential to increase immune response
and infiltration of T cell into tumor region, a key setback of PD-
1/PD-L1 monotherapy. However, in a phase I/II of BMS-986178,
an OX-40 inhibitor combined with nivolumab/ipilimumab
showed no clear benefit (110). It is unclear how exactly these
two therapeutic agents work together; however, due to the boost
in immune response, OX-40 does have the potential to improve
NSCLC treatment efficacy and should be explored further.
Another approach covered used an anti-TIGIT in combination
with PD-1/PD-L1. CD155 is an upcoming immunotherapy with
three distinct methods of binding that could lead to three
different outcomes. The highest affinity TIGIT molecule
showed promising result when combined with anti-PD-L1 in a

Frontiers in Oncology

16

10.3389/fonc.2022.948405

phase II study testing tiragolumab in combination with
atezolizumab. IL-2 is a circulating cytokine with multiple
mechanisms of action in immune response via the JAK-STAT,
PI3K/Akt/mTOR, and MAPK/ERK pathways. Low
concentration of IL-2 led to increased immune suppression by
binding to Treg, while increased levels led to immune activation
by binding/activating NK and CD8+ T cells and were correlated
with improved OS and better response to PD-1/PD-L1 blockade
in NSCLC. Therefore, this cytokine can be used in combination
approach as both as a therapeutic target and biomarker.
However, it also important to note that combination of
immunomodulators and PD-1/PD-L1 inhibitors led to a high
number of AEs in some clinical trials. Additionally, BMS-986178
and OX-40 phase I/II clinical studies showed no increased
benefits. It is possible that these combination regimes might
only be effective for a specific patient group, categorizes by
tumor receptor expression level, TME antigen concentration and
stage of disease. Nonetheless, immunomodulators combined
with PD-1/PD-L1 are promising and require further review for
a better understanding of the complex immune
activation mechanisms.

NK cells have been gaining a lot of momentum in recent
years. Many variations of the NK cell type have been tested. NK
cells have showed promising results via autologous
transplantation. However, the procedure is expensive and
time-consuming. Modified CAR-NK cells conceptually seemed
like a promising approach. However, CAR models designed for
T cells did not activate NK cells as they would in T cells. A
promising approach used a metabolic glycan biosynthesis and
click reaction to chemically bind dual aptamers to target cancers
and regulate PD-1/PD-L1 signaling (167). Its interchangeable
aptamers pose a way to effectively target a wide variety of
NSCLC mutations and regulation of the PD-1/PD-L1 axis may
increase the efficacy of PD-1 inhibitor drugs. It is important to
note that this therapy is in very early stages and more studies are
needed to validate these findings to begin entering this
combination approach into clinical trials.

Another combination approach that led to increased
immune activation was OV therapy. OV therapy can be used
to activate TILs, suppress tumor growth, and alter the TME.
These responses pose synergy effects to patients who do not
respond to PD-1/PD-L1 inhibitors well and making this
combination promising. Currently, six clinical trials are
ongoing of PD-1/PD-L1 combined with OV therapy, and we
await the data from these trials to gain a better understanding of
an optimal combination approaches. A downside of the
treatment is that extensive use of OV therapy arising from
repeat administrations can lead to progressively weakened
response and spread of viral infection due to rapid
neutralization by the immune system (184). Hosts with
normal immunity have shown decreased reduced anti-tumor
activity, viral clearance, and oncolytic viral replication in various
pre-clinical and phase I clinical studies (185-192). OV therapy,
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which attempts to overcome these challenges, lies brought on by
neutralization of the immune system through cell encapsulation
(193), immunomodulators (194), and DNA aptamers (195, 196).
The future of OV therapy needs to focus on optimal
combination approaches, while minimizing neutralization
and toxicity.

It is important to note that these combination strategies are
the latest advances in the field of NSCLC treatment. Our current
understanding of immunotherapy suggests that these treatments
are promising. However, they might not be ideal for everyone.
As these trials are still in early stages, results should still be
treated with caution. Additionally, although not primarily
focused on in this paper, chemotherapy and radiotherapy are
effective cancer treatments with over 60% of patient’s diagnosis
at stage III/IV receiving a dose of one or other (197). The future
of ICI therapy involves understanding of tumor immunology.
Tumors continuously evolve throughout the disease causing a
high level of spatial and temporal heterogeneity. In addition,
intra- and inter-tumor regions also express heterogeneity
throughout the different stages. This heterogeneity is a key
hurdle in the way of predicting treatment outcomes accurately.
To mainstream cancer treatment, it now understood that
analyzing tumor genomics and immunomodulating activities
are critical for increasing success rates. This “new-revolution” of
cancer therapy directly relies on the use of the TME and tumor
immunology as predictive biomarkers for the development of
optimal combination approaches. These approaches can be
achieved to directly target overexpression and suppressed
immune pathways. It is known that each tumor demonstrates
different levels of biologic expressions, and this varies greatly
from person to person. The near future of the field will orientate
more towards a personalized approach to first screen tumors for
key antigens in the TME and expression levels of important
receptors on NSCLC, such as PD-L1 and CT-L4. Ideally, a
biopsy of the tumor will also be used to perform DNA assays
and determine tumor mutations. Finally, early diagnosis has
proven to be a key factor in lowering the mortality rate.
Awareness needs to be spread to encourage periodic testing to
those higher risk groups such as those exposed to cigarette
smoke. As more data will be released, it will be necessary to
create a system to gather, manipulate, and utilize the findings
from combination PD-1/PD-L1 in clinical trials. Using data and

References

1. Yokosuka T, Takamatsu M, Kobayashi-Imanishi W, Hashimoto-Tane A, Azuma M,
Saito T. Programmed cell death 1 forms negative costimulatory microclusters that directly
inhibit T cell receptor signaling by recruiting phosphatase Shp2. ] Exp Med (2012) 209
(6):1201-17. doi: 10.1084/jem 20112741

2. LiuQ, QuJ, Zhao M, Xu Q, Sun Y. Targeting Shp2 as a promising strategy for
cancer immunotherapy. Pharmacol Res (2020) 152:104595. doi: 10.1016/
j.phrs.2019.104595

Frontiers in Oncology

17

10.3389/fonc.2022.948405

machine learning models to diagnosis, creating treatment
combinations and dosage regimes is the future of cancer
therapy and, ultimately, is a feasible method to universally
treat NSCLC, while bypassing the need for a universal treatment.

Author contributions

YW and WM designed the study and participated in
coordination and project control. OM and JM wrote the
manuscript. J]M and OM prepared Tables. YW and WM
revised the manuscript. All authors contributed to the article
and approved the submitted version.

Funding

This work was supported by National Cancer Institute
(IR01CA230339) subaward and 1R37CA255948), Natural
Science Foundation of Jiangsu Province (BK20210068), and
the High-end Medical Expert Team of the 2019 Taihu Talent
Plan (2019-THRCTD-1).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

3. Salmaninejad A, Valilou SF, Shabgah AG, Aslani S, Alimardani M, Pasdar A,
et al. Pd-1/Pd-L1 pathway: Basic biology and role in cancer immunotherapy. J Cell
Physiol (2019) 234(10):16824-37. doi: 10.1002/jcp.28358

4. Faghfuri E, Faramarzi MA, Nikfar S, Abdollahi M. Nivolumab and
pembrolizumab as immune-modulating monoclonal antibodies targeting the pd-
1 receptor to treat melanoma. Expert Rev Anticancer Ther (2015) 15(9):981-93.
doi: 10.1586/14737140.2015.1074862

frontiersin.org


https://doi.org/10.1084/jem.20112741
https://doi.org/10.1016/j.phrs.2019.104595
https://doi.org/10.1016/j.phrs.2019.104595
https://doi.org/10.1002/jcp.28358
https://doi.org/10.1586/14737140.2015.1074862
https://doi.org/10.3389/fonc.2022.948405
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mussafi et al.

5. Arenas-Ramirez N, Woytschak J, Boyman O. Interleukin-2: Biology, design
and application. Trends Immunol (2015) 36(12):763-77. doi: 10.1016/
j.it.2015.10.003

6. Nguyen V, Mendelsohn A, Larrick JW. Interleukin-7 and immunosenescence.
J Immunol Res (2017) 2017:4807853. doi: 10.1155/2017/4807853

7. Havel JJ, Chowell D, Chan TA. The evolving landscape of biomarkers for
checkpoint inhibitor immunotherapy. Nat Rev Cancer (2019) 19(3):133-50.
doi: 10.1038/s41568-019-0116-x

8. Khoja L, Butler MO, Kang SP, Ebbinghaus S, Joshua AM. Pembrolizumab.
J Immunother Cancer (2015) 3:36. doi: 10.1186/s40425-015-0078-9

9. Miller KD, Nogueira L, Devasia T, Mariotto AB, Yabroff KR, Jemal A, et al.
Cancer treatment and survivorship statistics, 2022. CA Cancer J Clin (2022) 0:1-28.
Epub 2022/06/24. doi: 10.3322/caac.21731

10. Zappa C, Mousa SA. Non-small cell lung cancer: Current treatment and future
advances. Transl Lung Cancer Res (2016) 5(3):288-300. doi: 10.21037/tlcr.2016.06.07

11. Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, et al.
Pembrolizumab for the treatment of non-Small-Cell lung cancer. N Engl ] Med
(2015) 372(21):2018-28. doi: 10.1056/NEJMoal501824

12. Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al.
Nivolumab versus docetaxel in advanced nonsquamous non-Small-Cell lung
cancer. N Engl ] Med (2015) 373(17):1627-39. doi: 10.1056/NEJMoal507643

13. Antonia S§J, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al.
Overall survival with durvalumab after chemoradiotherapy in stage iii nsclc. N Engl
J Med (2018) 379(24):2342-50. doi: 10.1056/NEJMoal809697

14. Casey SC, Tong L, Li Y, Do R, Walz S, Fitzgerald KN, et al. Myc regulates the
antitumor immune response through Cd47 and pd-L1. Science (2016) 352
(6282):227-31. doi: 10.1126/science.aac9935

15. Horton BL, Williams JB, Cabanov A, Spranger S, Gajewski TF. Intratumoral
Cd8(+) T-cell apoptosis is a major component of T-cell dysfunction and impedes
antitumor immunity. Cancer Immunol Res (2018) 6(1):14-24. doi: 10.1158/2326-
6066.Cir-17-0249

16. Gorbet MJ, Ranjan A. Cancer immunotherapy with immunoadjuvants,
nanoparticles, and checkpoint inhibitors: Recent progress and challenges in
treatment and tracking response to immunotherapy. Pharmacol Ther (2020)
207:107456. doi: 10.1016/j.pharmthera.2019.107456

17. Upadhaya S, Neftelinov ST, Hodge J, Campbell J. Challenges and
opportunities in the Pd1/Pdll inhibitor clinical trial landscape. Nat Rev Drug
Discovery (2022) 21:482-43. doi: 10.1038/d41573-022-00030-4

18. Attili I, Tarantino P, Passaro A, Stati V, Curigliano G, de Marinis F.
Strategies to overcome resistance to immune checkpoint blockade in lung
cancer. Lung Cancer (2021) 154:151-60. doi: 10.1016/j.lungcan.2021.02.035

19. Wang X, Niu X, An N, Sun Y, Chen Z. Comparative efficacy and safety of
immunotherapy alone and in combination with chemotherapy for advanced non-
small cell lung cancer. Front Oncol (2021) 11:611012. doi: 10.3389/
fonc.2021.611012

20. Rodriguez-Abreu D, Powell SF, Hochmair MJ, Gadgeel S, Esteban E, Felip E,
et al. Pemetrexed plus platinum with or without pembrolizumab in patients with
previously untreated metastatic nonsquamous nsclc: Protocol-specified final
analysis from keynote-189. Ann Oncol (2021) 32(7):881-95. doi: 10.1016/
j.annonc.2021.04.008

21. Hammerich L, Binder A, Brody JD. In situ vaccination: Cancer
immunotherapy both personalized and off-the-Shelf. Mol Oncol (2015) 9
(10):1966-81. doi: 10.1016/j.molonc.2015.10.016

22. Lizotte PH, Wen AM, Sheen MR, Fields J, Rojanasopondist P, Steinmetz NF,
et al. In situ vaccination with cowpea mosaic virus nanoparticles suppresses
metastatic cancer. Nat Nanotechnol (2016) 11(3):295-303. doi: 10.1038/
nnano.2015.292

23. Schumacher TN, Schreiber RD. Neoantigens in cancer immunotherapy.
Science (2015) 348(6230):69-74. doi: 10.1126/science.aaa4971

24. Hacohen N, Fritsch EF, Carter TA, Lander ES, Wu CJ. Getting personal with
neoantigen-based therapeutic cancer vaccines. Cancer Immunol Res (2013) 1
(1):11-5. doi: 10.1158/2326-6066.Cir-13-0022

25. Zhang W, Yin Q, Huang H, Lu J, Qin H, Chen §, et al. Personal neoantigens
from patients with nsclc induce efficient antitumor responses. Front Oncol (2021)
11:628456. doi: 10.3389/fonc.2021.628456

26. Li F, Deng L, Jackson KR, Talukder AH, Katailiha AS, Bradley SD, et al.
Neoantigen vaccination induces clinical and immunologic responses in non-small
cell lung cancer patients harboring egfr mutations. ] Immunother Cancer (2021) 9
(7):€002531. doi: jitc-2020/jitc-2021-002531

27. Ott PA, Govindan R, Naing A, Friedlander TW, Margolin K, Lin J], et al.
Abstract Ct125: A personal neoantigen vaccine, neo-Pv-01, with anti-Pd1 induces
broad De novo anti-tumor immunity in patients with metastatic melanoma, nsclc,
and bladder cancer. Cancer Res (2018) 78(13_Supplement):CT125-CT.
doi: 10.1158/1538-7445.Am2018-ct125

Frontiers in Oncology

18

10.3389/fonc.2022.948405

28. Sigismund S, Avanzato D, Lanzetti L. Emerging functions of the egfr in
cancer. Mol Oncol (2018) 12(1):3-20. doi: 10.1002/1878-0261.12155

29. Seshacharyulu P, Ponnusamy MP, Haridas D, Jain M, Ganti AK, Batra SK.
Targeting the egfr signaling pathway in cancer therapy. Expert Opin Ther Targets
(2012) 16(1):15-31. doi: 10.1517/14728222.2011.648617

30. Toyooka S, Mitsudomi T, Soh ], Aokage K, Yamane M, Oto T, et al.
Molecular oncology of lung cancer. Gen Thorac Cardiovasc Surg (2011) 59(8):527—
37. doi: 10.1007/s11748-010-0743-3

31. Volm M, Drings P, Wodrich W. Prognostic significance of the expression of
c-fos, c-jun and c-Erbb-1 oncogene products in human squamous cell lung
carcinomas. | Cancer Res Clin Oncol (1993) 119(9):507-10. doi: 10.1007/
bf01686458

32. Gonzalez G, Crombet T, Catala M, Mirabal V, Hernandez JC, Gonzalez Y,
et al. A novel cancer vaccine composed of human-recombinant epidermal growth
factor linked to a carrier protein: Report of a pilot clinical trial. Ann Oncol (1998) 9
(4):431-5. doi: 10.1023/a:1008261031034

33. Rodriguez PC, Popa X, Martinez O, Mendoza S, Santiesteban E, Crespo T,
et al. A phase iii clinical trial of the epidermal growth factor vaccine cimavax-egf as
switch maintenance therapy in advanced non-small cell lung cancer patients. Clin
Cancer Res (2016) 22(15):3782-90. doi: 10.1158/1078-0432.Ccr-15-0855

34. Dy G, Dozier A, Reid M, Lee K, Miller A, Wallace P, et al. P2.04-26 interim
results from a phase I/Ii trial of nivolumab in combination with cimavax-egf as
second-line therapy in advanced nsclc. J Thorac Oncol (2018) 13(10):S740.
doi: 10.1016/j.jtho.2018.08.1250

35. Gettinger S, Rizvi NA, Chow LQ, Borghaei H, Brahmer ], Ready N, et al.
Nivolumab monotherapy for first-line treatment of advanced non-Small-Cell lung
cancer. J Clin Oncol (2016) 34(25):2980-7. doi: 10.1200/jc0.2016.66.9929

36. Moncada DM, Kammanadiminti SJ, Chadee K. Mucin and toll-like
receptors in host defense against intestinal parasites. Trends Parasitol (2003) 19
(7):305-11. doi: 10.1016/s1471-4922(03)00122-3

37. Gendler SJ. Mucl, the renaissance molecule. ] Mammary Gland Biol
Neoplasia (2001) 6(3):339-53. doi: 10.1023/a:1011379725811

38. Nath S, Mukherjee P. Mucl: A multifaceted oncoprotein with a key role in
cancer progression. Trends Mol Med (2014) 20(6):332-42. doi: 10.1016/
j.molmed.2014.02.007

39. Quoix E, Lena H, Losonczy G, Forget F, Chouaid C, Papai Z, et al. Tg4010
immunotherapy and first-line chemotherapy for advanced non-Small-Cell lung
cancer (Time): Results from the phase 2b part of a randomised, double-blind,
placebo-controlled, phase 2b/3 trial. Lancet Oncol (2016) 17(2):212-23.
doi: 10.1016/s1470-2045(15)00483-0

40. Ock CY, Keam B, Kim S, Lee JS, Kim M, Kim TM, et al. Pan-cancer
immunogenomic perspective on the tumor microenvironment based on pd-L1 and
Cd8 T-cell infiltration. Clin Cancer Res (2016) 22(9):2261-70. doi: 10.1158/1078-
0432.Ccr-15-2834

41. Karlsson-Parra A, Kovacka J, Heimann E, Jorvid M, Zeilemaker S,
Longhurst S, et al. Ilixadencel - an allogeneic cell-based anticancer immune
primer for intratumoral administration. Pharm Res (2018) 35(8):156.
doi: 10.1007/s11095-018-2438-x

42. Martinelli E, De Palma R, Orditura M, De Vita F, Ciardiello F. Anti-
epidermal growth factor receptor monoclonal antibodies in cancer therapy. Clin
Exp Immunol (2009) 158(1):1-9. doi: 10.1111/j.1365-2249.2009.03992.x

43. Ferris RL, Lenz HJ, Trotta AM, Garcia-Foncillas J, Schulten J, Audhuy F,
et al. Rationale for combination of therapeutic antibodies targeting tumor cells and
immune checkpoint receptors: Harnessing innate and adaptive immunity through
Iggl isotype immune effector stimulation. Cancer Treat Rev (2018) 63:48-60.
doi: 10.1016/j.ctrv.2017.11.008

44. Besse B, Garrido P, Cortot AB, Johnson M, Murakami H, Gazzah A, et al.
Efficacy and safety of necitumumab and pembrolizumab combination therapy in
patients with stage iv non-small cell lung cancer. Lung Cancer (2020) 142:63-9.
doi: 10.1016/j.Jungcan.2020.02.003

45. Andric ZG, Galfty G, Dols MC, Szima B, Stojanovic G, Petrovic MD, et al.
103p first-line avelumab in combination with cetuximab and chemotherapy in
patients with advanced squamous non-small cell lung cancer (Nsclc). J Thorac
Oncol (2021) 16(4):S753-84. doi: 10.1016/S1556-0864(21)01945-6

46. Seto T, Nosaki K, Shimokawa M, Toyozawa R, Sugawara S, Hayashi H, et al.
Lba55 wjog @Be study: A phase ii study of atezolizumab (Atez) with bevacizumab
(Bev) for non-squamous (Sq) non-small cell lung cancer (Nsclc) with high pd-L1
expression. Ann Oncol (2020) 31:51185-S6. doi: 10.1016/j.annonc.2020.08.2288

47. Ahn M]J, Sun JM, Lee SH, Ahn JS, Park K. Egfr tki combination with
immunotherapy in non-small cell lung cancer. Expert Opin Drug Saf (2017) 16
(4):465-9. doi: 10.1080/14740338.2017.1300656

48. Gettinger S, Hellmann MD, Chow LQM, Borghaei H, Antonia S, Brahmer
JR, et al. Nivolumab plus erlotinib in patients with egfr-mutant advanced nsclc.
J Thorac Oncol (2018) 13(9):1363-72. doi: 10.1016/j.jth0.2018.05.015

frontiersin.org


https://doi.org/10.1016/j.it.2015.10.003
https://doi.org/10.1016/j.it.2015.10.003
https://doi.org/10.1155/2017/4807853
https://doi.org/10.1038/s41568-019-0116-x
https://doi.org/10.1186/s40425-015-0078-9
https://doi.org/10.3322/caac.21731
https://doi.org/10.21037/tlcr.2016.06.07
https://doi.org/10.1056/NEJMoa1501824
https://doi.org/10.1056/NEJMoa1507643
https://doi.org/10.1056/NEJMoa1809697
https://doi.org/10.1126/science.aac9935
https://doi.org/10.1158/2326-6066.Cir-17-0249
https://doi.org/10.1158/2326-6066.Cir-17-0249
https://doi.org/10.1016/j.pharmthera.2019.107456
https://doi.org/10.1038/d41573-022-00030-4
https://doi.org/10.1016/j.lungcan.2021.02.035
https://doi.org/10.3389/fonc.2021.611012
https://doi.org/10.3389/fonc.2021.611012
https://doi.org/10.1016/j.annonc.2021.04.008
https://doi.org/10.1016/j.annonc.2021.04.008
https://doi.org/10.1016/j.molonc.2015.10.016
https://doi.org/10.1038/nnano.2015.292
https://doi.org/10.1038/nnano.2015.292
https://doi.org/10.1126/science.aaa4971
https://doi.org/10.1158/2326-6066.Cir-13-0022
https://doi.org/10.3389/fonc.2021.628456
https://doi.org/jitc-2020/jitc-2021-002531
https://doi.org/10.1158/1538-7445.Am2018-ct125
https://doi.org/10.1002/1878-0261.12155
https://doi.org/10.1517/14728222.2011.648617
https://doi.org/10.1007/s11748-010-0743-3
https://doi.org/10.1007/bf01686458
https://doi.org/10.1007/bf01686458
https://doi.org/10.1023/a:1008261031034
https://doi.org/10.1158/1078-0432.Ccr-15-0855
https://doi.org/10.1016/j.jtho.2018.08.1250
https://doi.org/10.1200/jco.2016.66.9929
https://doi.org/10.1016/s1471-4922(03)00122-3
https://doi.org/10.1023/a:1011379725811
https://doi.org/10.1016/j.molmed.2014.02.007
https://doi.org/10.1016/j.molmed.2014.02.007
https://doi.org/10.1016/s1470-2045(15)00483-0
https://doi.org/10.1158/1078-0432.Ccr-15-2834
https://doi.org/10.1158/1078-0432.Ccr-15-2834
https://doi.org/10.1007/s11095-018-2438-x
https://doi.org/10.1111/j.1365-2249.2009.03992.x
https://doi.org/10.1016/j.ctrv.2017.11.008
https://doi.org/10.1016/j.lungcan.2020.02.003
https://doi.org/10.1016/S1556-0864(21)01945-6
https://doi.org/10.1016/j.annonc.2020.08.2288
https://doi.org/10.1080/14740338.2017.1300656
https://doi.org/10.1016/j.jtho.2018.05.015
https://doi.org/10.3389/fonc.2022.948405
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mussafi et al.

49. Yang JC, Gadgeel SM, Sequist LV, Wu CL, Papadimitrakopoulou VA, Su
WG, et al. Pembrolizumab in combination with erlotinib or gefitinib as first-line
therapy for advanced nsclc with sensitizing egfr mutation. ] Thorac Oncol (2019) 14
(3):553-9. doi: 10.1016/j.jtho.2018.11.028

50. Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fiilop A, et al.
Pembrolizumab versus chemotherapy for pd-L1-Positive non-Small-Cell lung
cancer. N Engl ] Med (2016) 375(19):1823-33. doi: 10.1056/NEJMoal606774

51. Giaccone G, Gallegos Ruiz M, Le Chevalier T, Thatcher N, Smit E,
Rodriguez JA, et al. Erlotinib for frontline treatment of advanced non-small cell
lung cancer: A phase ii study. Clin Cancer Res (2006) 12(20 Pt 1):6049-55.
doi: 10.1158/1078-0432.Ccr-06-0260

52. Klughammer B, Brugger W, Cappuzzo F, Ciuleanu T, Mok T, Reck M, et al.
Examining treatment outcomes with erlotinib in patients with advanced non-small
cell lung cancer whose tumors harbor uncommon egfr mutations. J Thorac Oncol
(2016) 11(4):545-55. doi: 10.1016/j.jtho.2015.12.107

53. Shen G, Zheng F, Ren D, Du F, Dong Q, Wang Z, et al. Anlotinib: A novel
multi-targeting tyrosine kinase inhibitor in clinical development. ] Hematol Oncol
(2018) 11(1):120. doi: 10.1186/513045-018-0664-7

54. Han B, Li K, Zhao Y, Li B, Cheng Y, Zhou J, et al. Anlotinib as a third-line
therapy in patients with refractory advanced non-Small-Cell lung cancer: A
multicentre, randomised phase ii trial (Alter0302). Br J Cancer (2018) 118
(5):654-61. doi: 10.1038/bjc.2017.478

55. Chu T, Zhong R, Zhong H, Zhang B, Zhang W, Shi C, et al. Phase 1b study
of sintilimab plus anlotinib as first-line therapy in patients with advanced nsclc. J
Thorac Oncol (2021) 16(4):643-52. doi: 10.1016/j.jth0.2020.11.026

56. Liu P, Wang Y, Li X. Targeting the untargetable kras in cancer therapy. Acta
Pharm Sin B (2019) 9(5):871-9. doi: 10.1016/j.apsb.2019.03.002

57. Fallarino F, Grohmann U, Vacca C, Bianchi R, Orabona C, Spreca A, etal. T
Cell apoptosis by tryptophan catabolism. Cell Death Differ (2002) 9(10):1069-77.
doi: 10.1038/sj.cdd.4401073

58. Labadie BW, Bao R, Luke JJ. Reimagining ido pathway inhibition in cancer
immunotherapy Via downstream focus on the tryptophan-Kynurenine-Aryl
hydrocarbon axis. Clin Cancer Res (2019) 25(5):1462-71. doi: 10.1158/1078-
0432.Ccr-18-2882

59. Munn DH. Indoleamine 2,3-dioxygenase, tumor-induced tolerance and
counter-regulation. Curr Opin Immunol (2006) 18(2):220-5. doi: 10.1016/
j.€01.2006.01.002

60. Botticelli A, Cerbelli B, Lionetto L, Zizzari I, Salati M, Pisano A, et al. Can
ido activity predict primary resistance to anti-Pd-1 treatment in nsclc? J Transl Med
(2018) 16(1):219. doi: 10.1186/s12967-018-1595-3

61. Mitchell TC, Hamid O, Smith DC, Bauer TM, Wasser JS, Olszanski AJ, et al.
Epacadostat plus pembrolizumab in patients with advanced solid tumors: Phase I
results from a multicenter, open-label phase I/Ii trial (Echo-202/Keynote-037). J
Clin Oncol (2018) 36(32):3223-30. doi: 10.1200/jc0.2018.78.9602

62. Long GV, Dummer R, Hamid O, Gajewski TF, Caglevic C, Dalle S, et al.
Epacadostat plus pembrolizumab versus placebo plus pembrolizumab in patients
with unresectable or metastatic melanoma (Echo-301/Keynote-252): A phase 3,
randomised, double-blind study. Lancet Oncol (2019) 20(8):1083-97. doi: 10.1016/
$1470-2045(19)30274-8

63. Jung KH, LoRusso P, Burris H, Gordon M, Bang Y], Hellmann MD, et al.
Phase I study of the indoleamine 2,3-dioxygenase 1 (Idol) inhibitor navoximod
(Gdc-0919) administered with pd-L1 inhibitor (Atezolizumab) in advanced solid
tumors. Clin Cancer Res (2019) 25(11):3220-8. doi: 10.1158/1078-0432.Ccr-18-
2740

64. Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic cell death in
cancer therapy. Annu Rev Immunol (2013) 31:51-72. doi: 10.1146/annurev-
immunol-032712-100008

65. Kepp O, Senovilla L, Vitale I, Vacchelli E, Adjemian S, Agostinis P, et al.
Consensus guidelines for the detection of immunogenic cell death.
Oncoimmunology (2014) 3(9):€955691. doi: 10.4161/21624011.2014.955691

66. Gujar S, Pol JG, Kroemer G. Heating it up: Oncolytic viruses make tumors
'Hot' and suitable for checkpoint blockade immunotherapies. Oncoimmunology
(2018) 7(8):e1442169. doi: 10.1080/2162402x.2018.1442169

67. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages
C, et al. Type, density, and location of immune cells within human colorectal
tumors predict clinical outcome. Science (2006) 313(5795):1960-4. doi: 10.1126/
science.1129139

68. Gajewski TF, Schreiber H, Fu YX. Innate and adaptive immune cells in the
tumor microenvironment. Nat Immunol (2013) 14(10):1014-22. doi: 10.1038/
ni.2703

69. Tran Janco JM, Lamichhane P, Karyampudi L, Knutson KL. Tumor-
infiltrating dendritic cells in cancer pathogenesis. J Immunol (2015) 194
(7):2985-91. doi: 10.4049/jimmunol.1403134

Frontiers in Oncology

19

10.3389/fonc.2022.948405

70. Lanitis E, Dangaj D, Irving M, Coukos G. Mechanisms regulating T-cell
infiltration and activity in solid tumors. Ann Oncol (2017) 28(suppl_12):xii18-32.
doi: 10.1093/annonc/mdx238

71. Bilir C, Sarisozen C. Indoleamine 2,3-dioxygenase (Ido): Only an enzyme or
a checkpoint controller? J Oncol Sci (2017) 3(2):52-6. doi: 10.1016/
jjons.2017.04.001

72. Antonioli L, Yegutkin GG, Pacher P, Blandizzi C, Hasko G. Anti-Cd73 in
cancer immunotherapy: Awakening new opportunities. Trends Cancer (2016) 2
(2):95-109. doi: 10.1016/j.trecan.2016.01.003

73. Ribas A, Dummer R, Puzanov I, VanderWalde A, Andtbacka RHI,
Michielin O, et al. Oncolytic virotherapy promotes intratumoral T cell
infiltration and improves anti-Pd-1 immunotherapy. Cell (2017) 170(6):1109—
19.¢10. doi: 10.1016/j.cell.2017.08.027

74. Endo Y, Sakai R, Ouchi M, Onimatsu H, Hioki M, Kagawa S, et al. Virus-
mediated oncolysis induces danger signal and stimulates cytotoxic T-lymphocyte
activity Via proteasome activator upregulation. Oncogene (2008) 27(17):2375-81.
doi: 10.1038/sj.onc.1210884

75. Achard C, Boisgerault N, Delaunay T, Tangy F, Grégoire M, Fonteneau J-F.
Induction of immunogenic tumor cell death by attenuated oncolytic measles virus.
J Clin Cell Immunol (2015) 6(1):291. doi: 10.4172/2155-9899.1000291

76. Kaufman HL, Kohlhapp FJ, Zloza A. Oncolytic viruses: A new class of
immunotherapy drugs. Nat Rev Drug Discovery (2015) 14(9):642-62. doi: 10.1038/
nrd4663

77. Lin CZ, Xiang GL, Zhu XH, Xiu LL, Sun JX, Zhang XY. Advances in the
mechanisms of action of cancer-targeting oncolytic viruses. Oncol Lett (2018) 15
(4):4053-60. doi: 10.3892/01.2018.7829

78. Senior M. Checkpoint inhibitors go viral. Nat Biotechnol (2019) 37(1):12-7.
doi: 10.1038/nbt.4327

79. Ajina A, Maher J. Prospects for combined use of oncolytic viruses and car T-
cells. J Immunother Cancer (2017) 5(1):90. doi: 10.1186/s40425-017-0294-6

80. Chon HJ, Lee WS, Yang H, Kong SJ, Lee NK, Moon ES, et al. Tumor
microenvironment remodeling by intratumoral oncolytic vaccinia virus enhances
the efficacy of immune-checkpoint blockade. Clin Cancer Res (2019) 25(5):1612—
23. doi: 10.1158/1078-0432.Ccr-18-1932

81. Pandha HS, Ralph C, Harrington K, Curti BD, Sanborn RE, Akerley WL,
et al. Keynote-200 phase 1b: A novel combination study of intravenously delivered
coxsackievirus A21 and pembrolizumab in advanced cancer patients. ] Clin Oncol
(2017) 35(15_suppl):TPS3108-TPS. doi: 10.1200/JCO.2017.35.15_suppl. TPS3108

82. Walker LS, Sansom DM. The emerging role of Ctla4 as a cell-extrinsic
regulator of T cell responses. Nat Rev Immunol (2011) 11(12):852-63. doi: 10.1038/
nri3108

83. Lipson EJ, Drake CG. Ipilimumab: An anti-Ctla-4 antibody for metastatic
melanoma. Clin Cancer Res (2011) 17(22):6958-62. doi: 10.1158/1078-0432.CCR-
11-1595

84. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al.
Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N
Engl ] Med (2015) 373(1):23-34. doi: 10.1056/NEJMoal504030

85. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Rutkowski P, Grob JJ, Cowey
CL, et al. Overall survival with combined nivolumab and ipilimumab in advanced
melanoma. N Engl ] Med (2017) 377(14):1345-56. doi: 10.1056/NEJMoal709684

86. Hellmann MD, Rizvi NA, Goldman JW, Gettinger SN, Borghaei H, Brahmer
JR, et al. Nivolumab plus ipilimumab as first-line treatment for advanced non-
Small-Cell lung cancer (Checkmate 012): Results of an open-label, phase 1,
multicohort study. Lancet Oncol (2017) 18(1):31-41. doi: 10.1016/S1470-2045
(16)30624-6

87. Ready N, Hellmann MD, Awad MM, Otterson GA, Gutierrez M, Gainor JF,
et al. First-line nivolumab plus ipilimumab in advanced non-Small-Cell lung
cancer (Checkmate 568): Outcomes by programmed death ligand 1 and tumor
mutational burden as biomarkers. J Clin Oncol (2019) 37(12):992-1000.
doi: 10.1200/JCO.18.01042

88. Hellmann MD, Paz-Ares L, Bernabe Caro R, Zurawski B, Kim SW,
Carcereny Costa E, et al. Nivolumab plus ipilimumab in advanced non-Small-
Cell lung cancer. N Engl ] Med (2019) 381(21):2020-31. doi: 10.1056/
NEJMoal910231

89. Paz-Ares L, Ciuleanu TE, Cobo M, Schenker M, Zurawski B, Menezes J,
et al. First-line nivolumab plus ipilimumab combined with two cycles of
chemotherapy in patients with non-Small-Cell lung cancer (Checkmate 9la): An
international, randomised, open-label, phase 3 trial. Lancet Oncol (2021) 22
(2):198-211. doi: 10.1016/S1470-2045(20)30641-0

90. John T, Sakai H, Ikeda S, Cheng Y, Kasahara K, Sato Y, et al. First-line
nivolumab plus ipilimumab combined with two cycles of chemotherapy in
advanced non-small cell lung cancer: A subanalysis of Asian patients in
checkmate 9la. Int ] Clin Oncol (2022) 27(4):695-706. doi: 10.1007/s10147-022-
02120-0

frontiersin.org


https://doi.org/10.1016/j.jtho.2018.11.028
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1158/1078-0432.Ccr-06-0260
https://doi.org/10.1016/j.jtho.2015.12.107
https://doi.org/10.1186/s13045-018-0664-7
https://doi.org/10.1038/bjc.2017.478
https://doi.org/10.1016/j.jtho.2020.11.026
https://doi.org/10.1016/j.apsb.2019.03.002
https://doi.org/10.1038/sj.cdd.4401073
https://doi.org/10.1158/1078-0432.Ccr-18-2882
https://doi.org/10.1158/1078-0432.Ccr-18-2882
https://doi.org/10.1016/j.coi.2006.01.002
https://doi.org/10.1016/j.coi.2006.01.002
https://doi.org/10.1186/s12967-018-1595-3
https://doi.org/10.1200/jco.2018.78.9602
https://doi.org/10.1016/s1470-2045(19)30274-8
https://doi.org/10.1016/s1470-2045(19)30274-8
https://doi.org/10.1158/1078-0432.Ccr-18-2740
https://doi.org/10.1158/1078-0432.Ccr-18-2740
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.4161/21624011.2014.955691
https://doi.org/10.1080/2162402x.2018.1442169
https://doi.org/10.1126/science.1129139
https://doi.org/10.1126/science.1129139
https://doi.org/10.1038/ni.2703
https://doi.org/10.1038/ni.2703
https://doi.org/10.4049/jimmunol.1403134
https://doi.org/10.1093/annonc/mdx238
https://doi.org/10.1016/j.jons.2017.04.001
https://doi.org/10.1016/j.jons.2017.04.001
https://doi.org/10.1016/j.trecan.2016.01.003
https://doi.org/10.1016/j.cell.2017.08.027
https://doi.org/10.1038/sj.onc.1210884
https://doi.org/10.4172/2155-9899.1000291
https://doi.org/10.1038/nrd4663
https://doi.org/10.1038/nrd4663
https://doi.org/10.3892/ol.2018.7829
https://doi.org/10.1038/nbt.4327
https://doi.org/10.1186/s40425-017-0294-6
https://doi.org/10.1158/1078-0432.Ccr-18-1932
https://doi.org/10.1200/JCO.2017.35.15_suppl.TPS3108
https://doi.org/10.1038/nri3108
https://doi.org/10.1038/nri3108
https://doi.org/10.1158/1078-0432.CCR-11-1595
https://doi.org/10.1158/1078-0432.CCR-11-1595
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1056/NEJMoa1709684
https://doi.org/10.1016/S1470-2045(16)30624-6
https://doi.org/10.1016/S1470-2045(16)30624-6
https://doi.org/10.1200/JCO.18.01042
https://doi.org/10.1056/NEJMoa1910231
https://doi.org/10.1056/NEJMoa1910231
https://doi.org/10.1016/S1470-2045(20)30641-0
https://doi.org/10.1007/s10147-022-02120-0
https://doi.org/10.1007/s10147-022-02120-0
https://doi.org/10.3389/fonc.2022.948405
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mussafi et al.

91. Gettinger SN, Redman MW, Bazhenova L, Hirsch FR, Mack PC, Schwartz
LH, et al. Nivolumab plus ipilimumab vs nivolumab for previously treated
patients with stage iv squamous cell lung cancer: The lung-map S1400i phase 3
randomized clinical trial. JAMA Oncol (2021) 7(9):1368-77. doi: 10.1001/
jamaoncol.2021.2209

92. Boyer M, Sendur MAN, Rodriguez-Abreu D, Park K, Lee DH, Cicin I, et al.
Pembrolizumab plus ipilimumab or placebo for metastatic non-Small-Cell lung
cancer with pd-L1 tumor proportion score >/= 50%: Randomized, double-blind
phase iii keynote-598 study. J Clin Oncol (2021) 39(21):2327-38. doi: 10.1200/
JCO.20.03579

93. Gubens MA, Sequist LV, Stevenson JP, Powell SF, Villaruz LC, Gadgeel SM,
et al. Pembrolizumab in combination with ipilimumab as second-line or later
therapy for advanced non-Small-Cell lung cancer: Keynote-021 cohorts d and h.
Lung Cancer (2019) 130:59-66. doi: 10.1016/j.lungcan.2018.12.015

94. Wong DJ, Bauer TM, Gordon MS, Bene-Tchaleu F, Zhu J, Zhang X, et al.
Safety and clinical activity of atezolizumab plus ipilimumab in locally advanced or
metastatic non-small cell lung cancer: Results from a phase 1b trial. Clin Lung
Cancer (2022) 23(3):273-81. doi: 10.1016/j.cllc.2021.07.002

95. Goldberg MV, Drake CG. Lag-3 in cancer immunotherapy. Curr Top
Microbiol Immunol (2011) 344:269-78. doi: 10.1007/82_2010_114

96. Donia M, Andersen R, Kjeldsen JW, Fagone P, Munir S, Nicoletti F, et al.
Aberrant expression of mhc class ii in melanoma attracts inflammatory tumor-
specific Cd4+ T- cells, which dampen Cd8+ T-cell antitumor reactivity. Cancer Res
(2015) 75(18):3747-59. doi: 10.1158/0008-5472.Can-14-2956

97. Ruffo E, Wu RC, Bruno TC, Workman CJ, Vignali DAA. Lymphocyte-
activation gene 3 (Lag3): The next immune checkpoint receptor. Semin Immunol
(2019) 42:101305. doi: 10.1016/j.smim.2019.101305

98. Juncker-Jensen A, Nagy M, Kuo J, Leones E, Sahafi F, Pham K, et al. Pd-1
and lag-3 synergize to drive tumour-infiltration of T cytotoxic cells in nsclc
tumours. Ann Oncol (2019) 30:xi48-xi9. doi: 10.1093/annonc/mdz452.002

99. Uboha NV, Milhem MM, Kovacs C, Amin A, Magley A, Purkayastha DD,
et al. Phase ii study of spartalizumab (Pdr001) and Lag525 in advanced solid
tumors and hematologic malignancies. J Clin Oncol (2019) 37(15_suppl):2553.
doi: 10.1200/JC0O.2019.37.15_suppl.2553

100. Ascierto PA, Bono P, Bhatia S, Melero I, Nyakas MS, Svane IM, et al.
Efficacy of bms-986016, a monoclonal antibody that targets lymphocyte activation
gene-3 (Lag-3), in combination with nivolumab in pts with melanoma who
progressed during prior anti-Pd-1/Pd-L1 therapy (Mel prior io) in all-comer and
biomarker-enriched populations. Ann Oncol (2017) 28:v611-v2. doi: 10.1093/
annonc/mdx440.011

101. Peguero JA, Bajaj P, Carcereny E, Clay TD, Doger B, Felip E, et al. A
multicenter, phase ii study of soluble lag-3 (Eftilagimod alpha) in combination with
pembrolizumab (Tacti-002) in patients with advanced non-small cell lung cancer
(Nsclc) or head and neck squamous cell carcinoma (Hnscc). J Clin Oncol (2019) 37
(15_suppl):TPS2667-TPS. doi: 10.1200/JC0O.2019.37.15_suppl. TPS2667

102. Croft M, So T, Duan W, Soroosh P. The significance of Ox40 and Ox40l to
T-cell biology and immune disease. Immunol Rev (2009) 229(1):173-91.
doi: 10.1111/j.1600-065X.2009.00766.x

103. Vu MD, Xiao X, Gao W, Degauque N, Chen M, Kroemer A, et al. Ox40
costimulation turns oft Foxp3+ tregs. Blood (2007) 110(7):2501-10. doi: 10.1182/
blood-2007-01-070748

104. Weinberg AD, Rivera MM, Prell R, Morris A, Ramstad T, Vetto JT, et al.
Engagement of the ox-40 receptor in vivo enhances antitumor immunity. J
Immunol (2000) 164(4):2160-9. doi: 10.4049/jimmunol.164.4.2160

105. Blankenstein T, Coulie PG, Gilboa E, Jaffee EM. The determinants of
tumour immunogenicity. Nat Rev Cancer (2012) 12(4):307-13. doi: 10.1038/
nrc3246

106. Messenheimer DJ, Jensen SM, Afentoulis ME, Wegmann KW, Feng Z,
Friedman DJ, et al. Timing of pd-1 blockade is critical to effective combination
immunotherapy with anti-Ox40. Clin Cancer Res (2017) 23(20):6165-77.
doi: 10.1158/1078-0432.Ccr-16-2677

107. Kunert A, Basak EA, Hurkmans DP, Balcioglu HE, Klaver Y, van Brakel M,
et al. Cd45ra&Lt;Sup<+&Lt;/Sup<Cer7&Lt;Sup<-&Lt;/Sup< Cd8 T cells lacking
Co-stimulatory receptors demonstrate enhanced frequency in peripheral blood of
nsclc patients responding to nivolumab. J Immunother Cancer (2019) 7(1):149.
doi: 10.1186/540425-019-0608-y

108. Infante JR, Ahlers CM, Hodi FS, Postel-Vinay S, Schellens JHM, Heymach
], et al. Engage-1: A first in human study of the Ox40 agonist Gsk3174998 alone and
in combination with pembrolizumab in patients with advanced solid tumors. J Clin
Oncol (2016) 34(15_suppl):TPS3107-TPS. doi: 10.1200/JC0O.2016.34.
15_suppl. TPS3107

109. Goldman JW, Piha-Paul SA, Curti BD, Pedersen K, Bauer TM, Groenland
SL, et al. Safety and tolerability of Medi0562 in combination with durvalumab or
tremelimumab in patients with advanced solid tumors. J Clin Oncol (2020) 38
(15_suppl):3003. doi: 10.1200/JC0.2020.38.15_suppl.3003

Frontiers in Oncology

20

10.3389/fonc.2022.948405

110. Gutierrez M, Moreno V, Heinhuis KM, Olszanski AJ, Spreafico A, Ong M,
et al. Ox40 agonist bms-986178 alone or in combination with nivolumab and/or
ipilimumab in patients with advanced solid tumors. Clin Cancer Res (2021) 27
(2):460-72. doi: 10.1158/1078-0432.Ccr-20-1830

111. Kucan Brli¢ P, Lenac Rovis T, Cinamon G, Tsukerman P, Mandelboim O,
Jonjic S. Targeting pvr (Cd155) and its receptors in anti-tumor therapy. Cell Mol
Immunol (2019) 16(1):40-52. doi: 10.1038/s41423-018-0168-y

112. Molfetta R, Zitti B, Lecce M, Milito ND, Stabile H, Fionda C, et al. Cd155:
A multi-functional molecule in tumor progression. Int ] Mol Sci (2020) 21(3):922.
doi: 10.3390/ijms21030922

113. Gilfillan S, Chan CJ, Cella M, Haynes NM, Rapaport AS, Boles KS, et al.
Dnam-1 promotes activation of cytotoxic lymphocytes by nonprofessional antigen-
presenting cells and tumors. J Exp Med (2008) 205(13):2965-73. doi: 10.1084/
jem.20081752

114. Pende D, Spaggiari GM, Marcenaro S, Martini S, Rivera P, Capobianco A,
et al. Analysis of the receptor-ligand interactions in the natural killer-mediated lysis
of freshly isolated myeloid or lymphoblastic leukemias: Evidence for the
involvement of the poliovirus receptor (Cd155) and nectin-2 (Cd112). Blood
(2005) 105(5):2066-73. doi: 10.1182/blood-2004-09-3548

115. Fourcade J, Sun Z, Chauvin JM, Ka M, Davar D, Pagliano O, et al. Cd226
opposes tigit to disrupt tregs in melanoma. JCI Insight (2018) 3(14):e121157.
doi: 10.1172/jci.insight.121157

116. Johnston R]J, Comps-Agrar L, Hackney J, Yu X, Huseni M, Yang Y, et al.
The immunoreceptor tigit regulates antitumor and antiviral Cd8(+) T cell effector
function. Cancer Cell (2014) 26(6):923-37. doi: 10.1016/j.ccell.2014.10.018

117. Dixon KO, Schorer M, Nevin J, Etminan Y, Amoozgar Z, Kondo T, et al.
Functional anti-tigit antibodies regulate development of autoimmunity and
antitumor immunity. J Immunol (2018) 200(8):3000-7. doi: 10.4049/
jimmunol.1700407

118. Rodriguez-Abreu D, Johnson ML, Hussein MA, Cobo M, Patel AJ, Secen
NM, et al. Primary analysis of a randomized, double-blind, phase ii study of the
anti-tigit antibody tiragolumab (Tira) plus atezolizumab (Atezo) versus placebo
plus atezo as first-line (1l) treatment in patients with pd-L1-Selected nsclc
(Cityscape). J Clin Oncol (2020) 38(15_suppl):9503-. doi: 10.1200/
JC0.2020.38.15_suppl.9503

119. Chan CJ, Martinet L, Gilfillan S, Souza-Fonseca-Guimaraes F, Chow MT,
Town L, et al. The receptors Cd96 and Cd226 oppose each other in the regulation
of natural killer cell functions. Nat Immunol (2014) 15(5):431-8. doi: 10.1038/
ni.2850

120. Blake SJ, Stannard K, Liu J, Allen S, Yong MC, Mittal D, et al. Suppression
of metastases using a new lymphocyte checkpoint target for cancer
immunotherapy. Cancer Discovery (2016) 6(4):446-59. doi: 10.1158/2159-
8290.Cd-15-0944

121. Tahara-Hanaoka S, Shibuya K, Onoda Y, Zhang H, Yamazaki S, Miyamoto
A, et al. Functional characterization of dnam-1 (Cd226) interaction with its ligands
pvr (Cd155) and nectin-2 (Prr-2/Cd112). Int Immunol (2004) 16(4):533-8.
doi: 10.1093/intimm/dxh059

122. Zhu Y, Paniccia A, Schulick AC, Chen W, Koenig MR, Byers JT, et al.
Identification of Cd112r as a novel checkpoint for human T cells. J Exp Med (2016)
213(2):167-76. doi: 10.1084/jem.20150785

123. Levy O, Christopher C, Cojocaru G, Liang SC, Ophir E, Ganguly S, et al.
Abstract 581: Discovery and development of Com701, a therapeutic antibody
targeting the novel immune checkpoint pvrig. Cancer Res (2017) 77:581-. doi:
10.1158/1538-7445.AM2017-581

124. Boyman O, Sprent J. The role of interleukin-2 during homeostasis and
activation of the immune system. Nat Rev Immunol (2012) 12(3):180-90.
doi: 10.1038/nri3156

125. Boyman O, Kovar M, Rubinstein MP, Surh CD, Sprent J. Selective
stimulation of T cell subsets with antibody-cytokine immune complexes. Science
(2006) 311(5769):1924-7. doi: 10.1126/science.1122927

126. Wang X, Rickert M, Garcia KC. Structure of the quaternary complex of
interleukin-2 with its alpha, beta, and gammac receptors. Science (2005) 310
(5751):1159-63. doi: 10.1126/science.1117893

127. Rickert M, Wang X, Boulanger M]J, Goriatcheva N, Garcia KC. The
structure of interleukin-2 complexed with its alpha receptor. Science (2005) 308
(5727):1477-80. doi: 10.1126/science.1109745

128. LeeJY, Lee E, Hong SW, Kim D, Eunju O, Sprent J, et al. Tcb2, a new anti-
human interleukin-2 antibody, facilitates heterodimeric il-2 receptor signaling and
improves anti-tumor immunity. Oncoimmunology (2020) 9(1):1681869.
doi: 10.1080/2162402x.2019.1681869

129. Diab A, Tannir NM, Bentebibel SE, Hwu P, Papadimitrakopoulou V,
Haymaker C, et al. Bempegaldesleukin (Nktr-214) plus nivolumab in patients with
advanced solid tumors: Phase I dose-escalation study of safety, efficacy, and
immune activation (Pivot-02). Cancer Discovery (2020) 10(8):1158-73.
doi: 10.1158/2159-8290.Cd-19-1510

frontiersin.org


https://doi.org/10.1001/jamaoncol.2021.2209
https://doi.org/10.1001/jamaoncol.2021.2209
https://doi.org/10.1200/JCO.20.03579
https://doi.org/10.1200/JCO.20.03579
https://doi.org/10.1016/j.lungcan.2018.12.015
https://doi.org/10.1016/j.cllc.2021.07.002
https://doi.org/10.1007/82_2010_114
https://doi.org/10.1158/0008-5472.Can-14-2956
https://doi.org/10.1016/j.smim.2019.101305
https://doi.org/10.1093/annonc/mdz452.002
https://doi.org/10.1200/JCO.2019.37.15_suppl.2553
https://doi.org/10.1093/annonc/mdx440.011
https://doi.org/10.1093/annonc/mdx440.011
https://doi.org/10.1200/JCO.2019.37.15_suppl.TPS2667
https://doi.org/10.1111/j.1600-065X.2009.00766.x
https://doi.org/10.1182/blood-2007-01-070748
https://doi.org/10.1182/blood-2007-01-070748
https://doi.org/10.4049/jimmunol.164.4.2160
https://doi.org/10.1038/nrc3246
https://doi.org/10.1038/nrc3246
https://doi.org/10.1158/1078-0432.Ccr-16-2677
https://doi.org/10.1186/s40425-019-0608-y
https://doi.org/10.1200/JCO.2016.34.15_suppl.TPS3107
https://doi.org/10.1200/JCO.2016.34.15_suppl.TPS3107
https://doi.org/10.1200/JCO.2020.38.15_suppl.3003
https://doi.org/10.1158/1078-0432.Ccr-20-1830
https://doi.org/10.1038/s41423-018-0168-y
https://doi.org/10.3390/ijms21030922
https://doi.org/10.1084/jem.20081752
https://doi.org/10.1084/jem.20081752
https://doi.org/10.1182/blood-2004-09-3548
https://doi.org/10.1172/jci.insight.121157
https://doi.org/10.1016/j.ccell.2014.10.018
https://doi.org/10.4049/jimmunol.1700407
https://doi.org/10.4049/jimmunol.1700407
https://doi.org/10.1200/JCO.2020.38.15_suppl.9503
https://doi.org/10.1200/JCO.2020.38.15_suppl.9503
https://doi.org/10.1038/ni.2850
https://doi.org/10.1038/ni.2850
https://doi.org/10.1158/2159-8290.Cd-15-0944
https://doi.org/10.1158/2159-8290.Cd-15-0944
https://doi.org/10.1093/intimm/dxh059
https://doi.org/10.1084/jem.20150785
https://doi.org/10.1158/1538-7445.AM2017-581
https://doi.org/10.1038/nri3156
https://doi.org/10.1126/science.1122927
https://doi.org/10.1126/science.1117893
https://doi.org/10.1126/science.1109745
https://doi.org/10.1080/2162402x.2019.1681869
https://doi.org/10.1158/2159-8290.Cd-19-1510
https://doi.org/10.3389/fonc.2022.948405
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mussafi et al.

130. Boutsikou E, Domvri K, Hardavella G, Tsiouda D, Zarogoulidis K,
Kontakiotis T. Tumour necrosis factor, interferon-gamma and interleukins as
predictive markers of antiprogrammed cell-death protein-1 treatment in advanced
non-small cell lung cancer: A pragmatic approach in clinical practice. Ther Adv
Med Oncol (2018) 10:1758835918768238. doi: 10.1177/1758835918768238

131. O'Leary MC, Lu X, Huang Y, Lin X, Mahmood I, Przepiorka D, et al. Fda
approval summary: Tisagenlecleucel for treatment of patients with relapsed or
refractory b-cell precursor acute lymphoblastic leukemia. Clin Cancer Res (2019) 25
(4):1142-6. doi: 10.1158/1078-0432.Ccr-18-2035

132. Bouchkouj N, Kasamon YL, de Claro RA, George B, Lin X, Lee S, et al. Fda
approval summary: Axicabtagene ciloleucel for relapsed or refractory Large b-cell
lymphoma. Clin Cancer Res (2019) 25(6):1702-8. doi: 10.1158/1078-0432.Ccr-18-
2743

133. Doroshow DB, Sanmamed MF, Hastings K, Politi K, Rimm DL, Chen L,
et al. Immunotherapy in non-small cell lung cancer: Facts and hopes. Clin Cancer
Res (2019) 25(15):4592-602. doi: 10.1158/1078-0432.Ccr-18-1538

134. Qu J, Mei Q, Chen L, Zhou J. Chimeric antigen receptor (Car)-T-Cell
therapy in non-Small-Cell lung cancer (Nsclc): Current status and future
perspectives. Cancer Immunol Immunother (2021) 70(3):619-31. doi: 10.1007/
500262-020-02735-0

135. Zhang C, Leighl NB, Wu Y-L, Zhong W-Z. Emerging therapies for non-
small cell lung cancer. ] Hematol Oncol (2019) 12(1):45. doi: 10.1186/s13045-019-
0731-8

136. Locke FL, Ghobadi A, Jacobson CA, Miklos DB, Lekakis L], Oluwole OO,
et al. Long-term safety and activity of axicabtagene ciloleucel in refractory Large b-
cell lymphoma (Zuma-1): A single-arm, multicentre, phase 1-2 trial. Lancet Oncol
(2019) 20(1):31-42. doi: 10.1016/s1470-2045(18)30864-7

137. John LB, Devaud C, Duong CP, Yong CS, Beavis PA, Haynes NM, et al.
Anti-Pd-1 antibody therapy potently enhances the eradication of established
tumors by gene-modified T cells. Clin Cancer Res (2013) 19(20):5636-46.
doi: 10.1158/1078-0432.Ccr-13-0458

138. Chen S, Lin Y, Zhong S, An H, Lu Y, Yin M, et al. Anti-Mucl car-T cells
combined with pd-1 knockout engineered T cells for patients with non-small cell
lung cancer (Nsclc): A pilot study. Ann Oncol (2018) 29:x11. doi: 10.1093/annonc/
mdy485.002

139. Lin Y, Chen S, Zhong S, An H, Yin H, McGowan E. 350 - phase I clinical
trial of pd-1 knockout anti-Mucl car-T cells in the treatment of patients with non-
small cell lung cancer. Ann Oncol (2019) 30:xi12. doi: 10.1093/annonc/mdz448

140. Enblad G, Karlsson H, Gammelgard G, Wenthe J, Lévgren T, Amini RM,
et al. A phase I/Tia trial using Cd19-targeted third-generation car T cells for
lymphoma and leukemia. Clin Cancer Res (2018) 24(24):6185-94. doi: 10.1158/
1078-0432.Ccr-18-0426

141. Shah NN, Highfill SL, Shalabi H, Yates B, Jin J, Wolters PL, et al. Cd4/Cd8
T-cell selection affects chimeric antigen receptor (Car) T-cell potency and toxicity:
Updated results from a phase I anti-Cd22 car T-cell trial. J Clin Oncol (2020) 38
(17):1938-50. doi: 10.1200/jc0.19.03279

142. Baumeister SH, Murad J, Werner L, Daley H, Trebeden-Negre H, Gicobi
JK, et al. Phase I trial of autologous car T cells targeting Nkg2d ligands in patients
with Aml/Mds and multiple myeloma. Cancer Immunol Res (2019) 7(1):100-12.
doi: 10.1158/2326-6066.Cir-18-0307

143. Dong W, Wu X, Ma S, Wang Y, Nalin AP, Zhu Z, et al. The mechanism of
anti-Pd-L1 antibody efficacy against pd-L1-Negative tumors identifies nk cells
expressing pd-L1 as a cytolytic effector. Cancer Discovery (2019) 9(10):1422-37.
doi: 10.1158/2159-8290.Cd-18-1259

144. Kokowski K, Stangl S, Seier S, Hildebrandt M, Vaupel P, Multhoff G.
Radiochemotherapy combined with nk cell transfer followed by second-line pd-1
inhibition in a patient with nsclc stage iiib inducing long-term tumor control: A
case study. Strahlenther Onkol (2019) 195(4):352-61. doi: 10.1007/s00066-019-
01434-9

145. Lin M, Luo H, Liang S, Chen ], Liu A, Niu L, et al. Pembrolizumab plus
allogeneic nk cells in advanced non-small cell lung cancer patients. J Clin Invest
(2020) 130(5):2560-9. doi: 10.1172/jci132712

146. Poznanski SM, Ritchie TM, Fan IY, El-Sayes A, Portillo AL, Ben-Avi R,
et al. Expanded human nk cells from lung cancer patients sensitize patients' Pdl1-
negative tumors to Pdl-blockade therapy. J Immunother Cancer (2021) 9(1):
€001933. doi: jitc-2020/jitc-2020-001933

147. Hsu J, Hodgins JJ, Marathe M, Nicolai CJ], Bourgeois-Daigneault MC,
Trevino TN, et al. Contribution of nk cells to immunotherapy mediated by pd-1/
Pd-L1 blockade. J Clin Invest (2018) 128(10):4654-68. doi: 10.1172/jci99317

148. Segal NH, Naidoo J, Curigliano G, Patel S, Sahebjam S, Papadopoulos KP,
et al. First-in-Human dose escalation of monalizumab plus durvalumab, with
expansion in patients with metastatic microsatellite-stable colorectal cancer. J Clin
Oncol (2018) 36(15_suppl):3540. doi: 10.1200/JCO.2018.36.15_suppl.3540

Frontiers in Oncology

10.3389/fonc.2022.948405

149. Ager C, Reilley M, Nicholas C, Bartkowiak T, Jaiswal A, Curran M, et al.
31st annual meeting and associated programs of the society for immunotherapy of
cancer (Sitc 2016): Part two: National harbor, md, USA. 9-13 November 2016. |
Immunother Cancer (2016) 4(Suppl 1):107-221. doi: 10.1186/s40425-016-0173-6

150. Soulas C, Remark R, Brezar V, Lopez ], Bonnet E, Caraguel F, et al. Abstract
2714: Combination of monalizumab and durvalumab as a potent immunotherapy
treatment for solid human cancers. Immunology (2018) 78(13 supplement):2714.
doi: 10.1158/1538-7445.AM2018-2714

151. Hermanson DL, Kaufman DS. Utilizing chimeric antigen receptors to
direct natural killer cell activity. Front Immunol (2015) 6:195. doi: 10.3389/
fimmu.2015.00195

152. Zhang J, Larrocha PS, Zhang B, Wainwright D, Dhar P, Wu JD. Antibody
targeting tumor-derived soluble Nkg2d ligand smic provides dual Co-stimulation
of Cd8 T cells and enables smic(+) tumors respond to Pd1/Pd-L1 blockade therapy.
J Immunother Cancer (2019) 7(1):223. doi: 10.1186/s40425-019-0693-y

153. Bauer S, Groh V, Wu J, Steinle A, Phillips JH, Lanier LL, et al. Activation of
nk cells and T cells by Nkg2d, a receptor for stress-inducible mica. Science (1999)
285(5428):727-9. doi: 10.1126/science.285.5428.727

154. Jamieson AM, Diefenbach A, McMahon CW, Xiong N, Carlyle JR, Raulet
DH. The role of the Nkg2d immunoreceptor in immune cell activation and natural
killing. Immunity (2002) 17(1):19-29. doi: 10.1016/s1074-7613(02)00333-3

155. Raulet DH. Roles of the Nkg2d immunoreceptor and its ligands. Nat Rev
Immunol (2003) 3(10):781-90. doi: 10.1038/nril1199

156. Roberts Al Lee L, Schwarz E, Groh V, Spies T, Ebert EC, et al. Nkg2d
receptors induced by il-15 costimulate Cd28-negative effector ctl in the tissue
microenvironment. J Immunol (2001) 167(10):5527-30. doi: 10.4049/
jimmunol.167.10.5527

157. Zhang]J, Basher F, Wu JD. Nkg2d ligands in tumor immunity: Two sides of
a coin. Front Immunol (2015) 6:97. doi: 10.3389/fimmu.2015.00097

158. Groh V, Rhinehart R, Randolph-Habecker J, Topp MS, Riddell SR, Spies T.
Costimulation of Cd8a} T cells by Nkg2d Via engagement by mic induced on
virus-infected cells. Nat Immunol (2001) 2(3):255-60. doi: 10.1038/85321

159. Rajasekaran K, Xiong V, Fong L, Gorski J, Malarkannan S. Functional
dichotomy between Nkg2d and Cd28-mediated Co-stimulation in human Cd8+ T
cells. PloS One (2010) 5(9):e12635. doi: 10.1371/journal.pone.0012635

160. Lopez-Soto A, Gonzalez S, Galluzzi L. Soluble Nkg2d ligands limit the
efficacy of immune checkpoint blockade. Oncoimmunology (2017) 6(10):e1346766.
doi: 10.1080/2162402x.2017.1346766

161. Maurer S, Kropp KN, Klein G, Steinle A, Haen SP, Walz JS, et al. Platelet-
mediated shedding of Nkg2d ligands impairs nk cell immune-surveillance of tumor
cells. Oncoimmunology (2018) 7(2):e1364827. doi: 10.1080/
2162402x.2017.1364827

162. Salih HR, Holdenrieder S, Steinle A. Soluble Nkg2d ligands: Prevalence,
release, and functional impact. Front Biosci (2008) 13:3448-56. doi: 10.2741/2939

163. Baragafio Raneros A, Suarez-Alvarez B, Lopez-Larrea C. Secretory
pathways generating immunosuppressive Nkg2d ligands: New targets for
therapeutic intervention. Oncoimmunology (2014) 3:e28497. doi: 10.4161/
onci.28497

164. Chitadze G, Lettau M, Bhat J, Wesch D, Steinle A, Fiirst D, et al. Shedding
of endogenous mhc class I-related chain molecules a and b from different human
tumor entities: Heterogeneous involvement of the "a disintegrin and
metalloproteases” 10 and 17. Int ] Cancer (2013) 133(7):1557-66. doi: 10.1002/
ijc.28174

165. Groh V, Wu ], Yee C, Spies T. Tumour-derived soluble mic ligands impair
expression of Nkg2d and T-cell activation. Nature (2002) 419(6908):734-8.
doi: 10.1038/nature01112

166. Wu JD, Higgins LM, Steinle A, Cosman D, Haugk K, Plymate SR. Prevalent
expression of the immunostimulatory mhc class I chain-related molecule is
counteracted by shedding in prostate cancer. J Clin Invest (2004) 114(4):560-8.
doi: 10.1172/jci22206

167. Zhang D, Zheng Y, Lin Z, Liu X, Li ], Yang H, et al. Equipping natural killer
cells with specific targeting and checkpoint blocking aptamers for enhanced
adoptive immunotherapy in solid tumors. Angew Chem Int Ed Engl (2020) 59
(29):12022-8. doi: 10.1002/anie.202002145

168. Wang X, Zhang D, Wang G, Duan A, Ruan X, Zhao T. Association
between pd-L1 variants and pd-L1 expression: A pan-cancer analysis. ] Clin Oncol
(2020) 38(15_suppl):e13661-e. doi: 10.1200/JC0O.2020.38.15_suppl.e13661

169. Sefah K, Shangguan D, Xiong X, O'Donoghue MB, Tan W. Development of
DNA aptamers using cell-selex. Nat Protoc (2010) 5(6):1169-85. doi: 10.1038/
nprot.2010.66

170. Fang X, Tan W. Aptamers generated from cell-selex for molecular
medicine: A chemical biology approach. Accounts Chem Res (2010) 43(1):48-57.
doi: 10.1021/ar900101s

frontiersin.org


https://doi.org/10.1177/1758835918768238
https://doi.org/10.1158/1078-0432.Ccr-18-2035
https://doi.org/10.1158/1078-0432.Ccr-18-2743
https://doi.org/10.1158/1078-0432.Ccr-18-2743
https://doi.org/10.1158/1078-0432.Ccr-18-1538
https://doi.org/10.1007/s00262-020-02735-0
https://doi.org/10.1007/s00262-020-02735-0
https://doi.org/10.1186/s13045-019-0731-8
https://doi.org/10.1186/s13045-019-0731-8
https://doi.org/10.1016/s1470-2045(18)30864-7
https://doi.org/10.1158/1078-0432.Ccr-13-0458
https://doi.org/10.1093/annonc/mdy485.002
https://doi.org/10.1093/annonc/mdy485.002
https://doi.org/10.1093/annonc/mdz448
https://doi.org/10.1158/1078-0432.Ccr-18-0426
https://doi.org/10.1158/1078-0432.Ccr-18-0426
https://doi.org/10.1200/jco.19.03279
https://doi.org/10.1158/2326-6066.Cir-18-0307
https://doi.org/10.1158/2159-8290.Cd-18-1259
https://doi.org/10.1007/s00066-019-01434-9
https://doi.org/10.1007/s00066-019-01434-9
https://doi.org/10.1172/jci132712
https://doi.org/jitc-2020/jitc-2020-001933
https://doi.org/10.1172/jci99317
https://doi.org/10.1200/JCO.2018.36.15_suppl.3540
https://doi.org/10.1186/s40425-016-0173-6
https://doi.org/10.1158/1538-7445.AM2018-2714
https://doi.org/10.3389/fimmu.2015.00195
https://doi.org/10.3389/fimmu.2015.00195
https://doi.org/10.1186/s40425-019-0693-y
https://doi.org/10.1126/science.285.5428.727
https://doi.org/10.1016/s1074-7613(02)00333-3
https://doi.org/10.1038/nri1199
https://doi.org/10.4049/jimmunol.167.10.5527
https://doi.org/10.4049/jimmunol.167.10.5527
https://doi.org/10.3389/fimmu.2015.00097
https://doi.org/10.1038/85321
https://doi.org/10.1371/journal.pone.0012635
https://doi.org/10.1080/2162402x.2017.1346766
https://doi.org/10.1080/2162402x.2017.1364827
https://doi.org/10.1080/2162402x.2017.1364827
https://doi.org/10.2741/2939
https://doi.org/10.4161/onci.28497
https://doi.org/10.4161/onci.28497
https://doi.org/10.1002/ijc.28174
https://doi.org/10.1002/ijc.28174
https://doi.org/10.1038/nature01112
https://doi.org/10.1172/jci22206
https://doi.org/10.1002/anie.202002145
https://doi.org/10.1200/JCO.2020.38.15_suppl.e13661
https://doi.org/10.1038/nprot.2010.66
https://doi.org/10.1038/nprot.2010.66
https://doi.org/10.1021/ar900101s
https://doi.org/10.3389/fonc.2022.948405
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Mussafi et al.

171. LiJ, Mo L, Lu CH, Fu T, Yang HH, Tan W. Functional nucleic acid-based
hydrogels for bioanalytical and biomedical applications. Chem Soc Rev (2016) 45
(5):1410-31. doi: 10.1039/c5¢s00586h

172. XuF, Yang S, Chen X, Liu Q, Li H, Wang H, et al. Energy-storage covalent
organic frameworks: Improving performance Via engineering polysulfide chains
on walls. Chem Sci (2019) 10(23):6001-6. doi: 10.1039/c8sc04518f

173. Liang H, Chen S, Li P, Wang L, Li J, Li J, et al. Nongenetic approach for
imaging protein dimerization by aptamer recognition and proximity-induced DNA
assembly. ] Am Chem Soc (2018) 140(12):4186-90. doi: 10.1021/jacs.7b11311

174. Desnoyers LR, Vasiljeva O, Richardson JH, Yang A, Menendez EE, Liang
TW, et al. Tumor-specific activation of an egfr-targeting probody enhances
therapeutic index. Sci Transl Med (2013) 5(207):207ral44. doi: 10.1126/
scitranslmed.3006682

175. Autio KA, Boni V, Humphrey RW, Naing A. Probody therapeutics: An
emerging class of therapies designed to enhance on-target effects with reduced oft-
tumor toxicity for use in immuno-oncology. Clin Cancer Res (2020) 26(5):984-9.
doi: 10.1158/1078-0432.Ccr-19-1457

176. Wong C, Mei L, Wong KR, Menendez EEM, Vasiljeva O, Richardson JH,
et al. Abstract A081: A pd-L1-Targeted probody provides antitumor efficacy while
minimizing induction of systemic autoimmunity. Cancer Immunol Res (2016) 4
(1_Supplement):A081-A. doi: 10.1158/2326-6074.CRICIMTEATIAACR15-A081

177. Naing A, Thistlethwaite F, De Vries EGE, Eskens FALM, Uboha N, Ott PA,
et al. Cx-072 (Pacmilimab), a Probody&Lt;Strong<&Lt;Sup<®&Lt;/Sup<&Lt;/
Strong< pd-L1 inhibitor, in advanced or recurrent solid tumors (Proclaim-Cx-
072): An open-label dose-finding and first-in-Human study. ] ImmunoTher Cancer
(2021) 9(7):e002447. doi: jitc-2020/jitc-2021-002447

178. Brahmer J, Reckamp KL, Baas P, Crino L, Eberhardt WE, Poddubskaya E,
et al. Nivolumab versus docetaxel in advanced squamous-cell non-Small-Cell lung
cancer. N Engl ] Med (2015) 373(2):123-35. doi: 10.1056/NEJMoal504627

179. Kang YK, Boku N, Satoh T, Ryu MH, Chao Y, Kato K, et al. Nivolumab in
patients with advanced gastric or gastro-oesophageal junction cancer refractory to,
or intolerant of, at least two previous chemotherapy regimens (Ono-4538-12,
attraction-2): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet
(2017) 390(10111):2461-71. doi: 10.1016/s0140-6736(17)31827-5

180. Haanen J. Converting cold into hot tumors by combining
immunotherapies. Cell (2017) 170(6):1055-6. doi: 10.1016/j.cell.2017.08.031

181. Fearon DT. The carcinoma-associated fibroblast expressing fibroblast
activation protein and escape from immune surveillance. Cancer Immunol Res
(2014) 2(3):187-93. doi: 10.1158/2326-6066.Cir-14-0002

182. Scala S. Molecular pathways: Targeting the Cxcr4-Cxcl12 axis-untapped
potential in the tumor microenvironment. Clin Cancer Res (2015) 21(19):4278-85.
doi: 10.1158/1078-0432.Ccr-14-0914

183. Zeng Y, Li B, Liang Y, Reeves PM, Qu X, Ran C, et al. Dual blockade of
Cxcl12-Cxcr4 and pd-1-Pd-L1 pathways prolongs survival of ovarian tumor-
bearing mice by prevention of immunosuppression in the tumor
microenvironment. FASEB ] (2019) 33(5):6596-608. doi: 10.1096/j.201802067RR

184. Filley AC, Dey M. Immune system, friend or foe of oncolytic virotherapy?
Front Oncol (2017) 7:106. doi: 10.3389/fonc.2017.00106

Frontiers in Oncology

22

10.3389/fonc.2022.948405

185. Nemunaitis J, Cunningham C, Senzer N, Kuhn J, Cramm J, Litz C, et al.
Pilot trial of genetically modified, attenuated salmonella expressing the e. coli
cytosine deaminase gene in refractory cancer patients. Cancer Gene Ther (2003) 10
(10):737-44. doi: 10.1038/sj.cgt.7700634

186. Parato KA, Senger D, Forsyth PA, Bell JC. Recent progress in the battle
between oncolytic viruses and tumours. Nat Rev Cancer (2005) 5(12):965-76.
doi: 10.1038/nrc1750

187. Thorne SH, Negrin RS, Contag CH. Synergistic antitumor effects of
immune cell-viral biotherapy. Science (2006) 311(5768):1780-4. doi: 10.1126/
science.1121411

188. Chen Y, Yu DC, Charlton D, Henderson DR. Pre-existent adenovirus
antibody inhibits systemic toxicity and antitumor activity of Cn706 in the nude
mouse Incap xenograft model: Implications and proposals for human therapy.
Hum Gene Ther (2000) 11(11):1553-67. doi: 10.1089/10430340050083289

189. White CL, Twigger KR, Vidal L, De Bono JS, Coffey M, Heinemann L, et al.
Characterization of the adaptive and innate immune response to intravenous
oncolytic reovirus (Dearing type 3) during a phase I clinical trial. Gene Ther (2008)
15(12):911-20. doi: 10.1038/gt.2008.21

190. Rudin CM, Poirier JT, Senzer NN, Stephenson JJr., Loesch D, Burroughs
KD, et al. Phase I clinical study of Seneca valley virus (Svv-001), a replication-
competent picornavirus, in advanced solid tumors with neuroendocrine features.
Clin Cancer Res (2011) 17(4):888-95. doi: 10.1158/1078-0432.Ccr-10-1706

191. Tsai V, Johnson DE, Rahman A, Wen SF, LaFace D, Philopena J, et al.
Impact of human neutralizing antibodies on antitumor efficacy of an oncolytic
adenovirus in a murine model. Clin Cancer Res (2004) 10(21):7199-206.
doi: 10.1158/1078-0432.Ccr-04-0765

192. Sumida SM, Truitt DM, Lemckert AA, Vogels R, Custers JH, Addo MM,
et al. Neutralizing antibodies to adenovirus serotype 5 vaccine vectors are directed
primarily against the adenovirus hexon protein. J Immunol (2005) 174(11):7179-
85. doi: 10.4049/jimmunol.174.11.7179

193. Berkeley RA, Steele LP, Mulder AA, van den Wollenberg DJM, Kottke T7J,
Thompson J, et al. Antibody-neutralized reovirus is effective in oncolytic
virotherapy. Cancer Immunol Res (2018) 6(10):1161-73. doi: 10.1158/2326-
6066.Cir-18-0309

194. ]ayawardena N, Poirier JT, Burga LN, Bostina M. Virus-receptor
interactions and virus neutralization: Insights for oncolytic virus development.
Oncolytic Virother (2020) 9:1-15. doi: 10.2147/0v.S186337

195. Niemann J, Woller N, Brooks J, Fleischmann-Mundt B, Martin NT, Kloos
A, et al. Molecular retargeting of antibodies converts immune defense against
oncolytic viruses into cancer immunotherapy. Nat Commun (2019) 10(1):3236.
doi: 10.1038/s41467-019-11137-5

196. Zhang Z, Krimmel J, Zhang Z, Hu Z, Seth P. Systemic delivery of a novel
liver-detargeted oncolytic adenovirus causes reduced liver toxicity but maintains
the antitumor response in a breast cancer bone metastasis model. Hum Gene Ther
(2011) 22(9):1137-42. doi: 10.1089/hum.2011.003

197. Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL, Rowland JH, et al.
Cancer treatment and survivorship statistics, 2016. CA Cancer ] Clin (2016) 66
(4):271-89. doi: 10.3322/caac.21349

frontiersin.org


https://doi.org/10.1039/c5cs00586h
https://doi.org/10.1039/c8sc04518f
https://doi.org/10.1021/jacs.7b11311
https://doi.org/10.1126/scitranslmed.3006682
https://doi.org/10.1126/scitranslmed.3006682
https://doi.org/10.1158/1078-0432.Ccr-19-1457
https://doi.org/10.1158/2326-6074.CRICIMTEATIAACR15-A081
https://doi.org/jitc-2020/jitc-2021-002447
https://doi.org/10.1056/NEJMoa1504627
https://doi.org/10.1016/s0140-6736(17)31827-5
https://doi.org/10.1016/j.cell.2017.08.031
https://doi.org/10.1158/2326-6066.Cir-14-0002
https://doi.org/10.1158/1078-0432.Ccr-14-0914
https://doi.org/10.1096/fj.201802067RR
https://doi.org/10.3389/fonc.2017.00106
https://doi.org/10.1038/sj.cgt.7700634
https://doi.org/10.1038/nrc1750
https://doi.org/10.1126/science.1121411
https://doi.org/10.1126/science.1121411
https://doi.org/10.1089/10430340050083289
https://doi.org/10.1038/gt.2008.21
https://doi.org/10.1158/1078-0432.Ccr-10-1706
https://doi.org/10.1158/1078-0432.Ccr-04-0765
https://doi.org/10.4049/jimmunol.174.11.7179
https://doi.org/10.1158/2326-6066.Cir-18-0309
https://doi.org/10.1158/2326-6066.Cir-18-0309
https://doi.org/10.2147/ov.S186337
https://doi.org/10.1038/s41467-019-11137-5
https://doi.org/10.1089/hum.2011.003
https://doi.org/10.3322/caac.21349
https://doi.org/10.3389/fonc.2022.948405
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Immune checkpoint inhibitors for PD-1/PD-L1 axis in combination with other immunotherapies and targeted therapies for non-small cell lung cancer
	Introduction
	Combination with cancer vaccine
	Neoantigen-based vaccines
	CIMAvax
	TG4010
	Cell-based vaccines

	Combination with mAb
	Anti-EGFR antibody
	Anti-VEGF/VEGFR mAb

	Combination with targeted therapies
	Targeting tyrosine kinase
	Targeting KRAS
	Targeting IDO1

	Combination with oncolytic virus
	Oncolytic virus and TME
	Coxsackievirus A21

	Combination with immune modulators
	CTLA4
	LAG-3
	OX-40
	TIGIT
	IL-2

	Combination adoptive cell transfer
	CAR T cell
	NK cell
	Modified NK cell

	Probody therapeutics
	Discussion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


