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Efficacy and safety of first-line
immunotherapy plus
chemotherapy in treating
patients with extensive-stage
small cell lung cancer: a
Bayesian network meta-analysis

Tianming Zhang*, Wenjun Li*, Danbei Diwu?, Lijun Chen,
Xi Chen?* and Hong Wang™

Department of Respiratory Medicine, Lanzhou University Second Hospital, Lanzhou, Gansu, China,
2School of Health, Brooks College (Sunnyvale), Sunnyvale, CA, United States, *Department of
Epidemiology and Statistics, School of Public Health, Medical College, Zhejiang University, Hangzhou,
Zhejiang, China

Background: Despite numerous immunotherapy and chemotherapy regimens
available for patients with extensive-stage small cell lung cancer (ES-SCLC), it
remains unclear which regimen is the most effective and safest; relative studies
comparing such regimens are scarce.

Objective: The aim of this study was to investigate the efficacy and safety of first-
line immunotherapy combinations with chemotherapy for patients with
extensive-stage small cell lung cancer. In addition, for the first time,
comparisons among the first-line systemic regimens on OS and PFS in ES-
SCLC by each time node were made.

Methods: Databases including PubMed, Embase, Cochrane Library, Scopus, Google
Scholars, and ClinicalTrials.gov, and major international conferences were searched
for randomized controlled trials (RCTs) regarding comparing immunotherapy
combinations with chemotherapy as first-line treatments for patients with advanced
ES-SCLC from inception to 1 November. Hazard ratios (HRs) and odds ratios (ORs)
were generated for dichotomous variants by RStudio 4.2.1. The outcomes comprised
overall survival (OS), progression-free survival (PFS), objective response rate (ORR), and
adverse events of grade 3 or higher (Grade > 3 AEs).

Results: Eventually, a total of nine RCTs reporting 4,352 individuals with nine
regimens were enrolled. The regimens were ipilimumabnu (Ipi), atezolizumab
(Atez), durvalumab plus tremelimumab (Durv-Trem), durvalumab (Durv),
pembrolizumab (Pemb), adebrelimab (Adeb), serplulimab (Serp), atezolizumab
plus tiragolumab (Atez-Tira), and nivolumab (Nivo). With regard to OS,
serplulimab (HR = 0.63, 95% CI: 0.49 to 0.81) was found to yield the best OS
benefit when compared with chemotherapy. Meanwhile, serplulimab had the
highest probability (46.11%) for better OS. Furthermore, compared with
chemotherapy, serplulimab significantly increased the OS rate from the 6th to
the 21st month. With regard to PFS, serplulimab (HR = 0.47, 95% ClI: 0.38 to 0.59)
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was found to yield the best PFS benefit when compared with chemotherapy.
Simultaneously, serplulimab had the highest probability (94.48%) for better PFS.
Serplulimab was also a long-lasting first-line regimen in both OS and PFS from a
longitudinal perspective. In addition, there was no significant difference among
the various treatment options for ORR and grade >3 AEs.

Conclusion: Considering OS, PFS, ORR, and safety profiles, serplulimab with
chemotherapy should be recommended as the best therapy for patients with ES-
SCLC. Certainly, more head-to-head studies are needed to confirm these findings.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/,

extensive-stage small cell lung cancer, immunotherapy, network meta-analysis,

Zhang et al.
identifier CRD42022373291.
KEYWORDS
efficacy, safety
Background

According to the National Cancer Institute (NCI), the rate of
new cases of lung and bronchus cancer was 52.0 per 100,000
persons per year. The death rate was 35.0 per 100,000 persons per
year in 2019; there were an estimated 236,740 new cases in 2022 (1).
According to the estimates of the National Cancer Center (NCC) of
China, approximately 549,800 newly diagnosed lung cancer cases
were reported in 2016; 29.7% of all deaths from cancer were
ascribed to lung cancer in men and 22.9% in women (2). Small
cell lung cancer (SCLC) represents approximately 15% of all lung
cancers, which was a high-grade neuroendocrine carcinoma defined
by its aggressiveness, poor differentiation, and somber prognosis (3,
4). The veteran’s administration lung cancer study categorizes
SCLC into limited or extensive-stage disease according to whether
the disease is limited to one hemithorax in a field amenable to
radiation therapy (5). Despite divergent active treatment, SCLC has
a bleak prognosis, with a 5-year survival rate of only approximately
7% due to factors like a high proliferative index, a quick doubling
time, and a strong propensity to metastasis (5). Throughout the
course of the disease, 50% of patients with SCLC will develop
central nervous system (CNS) metastasis (6, 7).

For several decades, platinum drugs (cisplatin or carboplatin) plus
etoposide, namely, EP protocol, have been established as the first-line
standard treatment protocol for ES-SCLC. However, because of the quick
emergence of resistance, the transient benefit of therapy, and the limited
efficacy of subsequent lines, the survival outcomes benefit remained poor
(8-10). Although some trials in Japan demonstrated that an irinotecan-
based regimen as a first-line treatment for ES-SCLC had better PFS, its

Abbreviations: ES-SCLC, Extensive-stage small cell lung cancer; OS, overall
survival; PFS, progression-free survival; ORR, objective response rate; Grade > 3
AEs, adverse events of grade 3 or higher; RCTs, randomized controlled trials;

HRs, hazard ratios; ORs, odds ratios; CNS, central nervous system.

Frontiers in Immunology

OS advantage was still vague (11). Thus, the above situation compels
physicians and scientists to seek better first-line treatments.

One of the most significant advancements in the treatment of cancer
was immunotherapy (IO), particularly immune checkpoint inhibitors
(ICIs) that obstruct co-inhibitory molecules such as programmed cell
death protein-1 (PD-1) and the associated programmed death ligand 1
(PD-L1) (12-15). Clinical evidence has revealed that anti-PD-L1
monoclonal antibodies like atezolizumab and durvalumab provided
additional benefits in both OS and progression-free survival (PFS)
when compared with platinum-based chemotherapy as the first-line
treatment for patients with ES-SCLC (16-18). The National
Comprehensive Cancer Network (NCCN) SCLC panel recommended
certain chemotherapy plus immunotherapy regimens as preferred
alternatives for patients with ES-SCLC in 2018 (9, 19).

Undoubtedly, randomized controlled trials (RCTs) with placebo
are the gold standard for determining the efficacy of novel
pharmaceutical treatments (20). Until now, there have been
numerous regimens treating ES-SCLC, up to now, simultaneously
physicians were trapped with making clinical decisions on which
regimen to choose owing to the lack of direct/indirect comparisons
among those agents, urgently entailing the launch of relevant studies.

Hence, we conducted a Bayesian network meta-analysis
comparing the efficacy and safety of immunotherapy combinations
with chemotherapy in treating ES-SCLC to provide more evidence for
clinical practice.

Methods

We conducted this meta-analysis in accordance with the
Preferred Reporting Items for Systemic Review and Meta-analyses
(PRISMA) checklist (Supplementary Table 1). This network meta-
analysis (NMA) was performed and reported in accordance with
the PRISMA Extension version (PRISMA-NMA) (21). This study
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protocol has been registered on the international prospective
register of systematic review (PROSPERO) (CRD42022373291).

Search strategy

Databases including PubMed, Embase, Cochrane Library,
Scopus, Google Scholars, and ClinicalTrials.gov, and major
international conferences were searched for RCTs regarding
comparing immunotherapy combinations with chemotherapy as
first-line treatments for patients with advanced ES-SCLC from
inception to 1 November.

The search terms included the following keywords: small cell
lung carcinoma, extensive-stage, first-line, immunotherapy, PD-1,
PD-L1, CTLA-4, ipilimumab, atezolizumab, durvalumab,
pembrolizumab, adebrelimab, serplulimab, tiragolumab,
nivolumab, randomized clinical trial, and their related MeSH
terms. The detailed strategy is shown in Supplementary Table 2.

Selection and eligibility criteria

Two investigators independently searched and assessed the
eligibility of each study by reading the title and abstract or even
the full text when necessary.

The inclusion criteria were as follows:

(1) Prospective, randomized, phase 3 or 2, controlled clinical
studies.

(2) Eligible patients were newly diagnosed with treatment-
naive histologically or cytologically documented ES-SCLC
(American Joint Committee on Cancer, 7th edition).

(3) RCTs that used immunotherapy-based combination
treatment as first-line treatment settings.

(4) RCTs that used immunotherapy-based combination
treatment or placebo treatment as first-line treatment
settings.

The exclusion criteria were as follows:

(1) RCTs that were based on overlapping patients.

(2) RCTs with ambiguous clinical outcomes.

Prior to the evaluation of full texts, titles and abstracts were
scrutinized to ascertain eligibility. To ensure that the most recent
information was included, the abstracts from all the included trials
and conferences were double-checked online. Any discrepancies
were resolved through discussions with the senior authors.

Data extraction
Essential clinical characteristics extracted from the enrolled studies

include the following: trial name, first author, publication sources, year of
publication, sample size, patients’ age and sex distribution, smoking status,

Frontiers in Immunology
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histologic type, PD-L1 expression, and Eastern Cooperative Oncology
Group (ECOG) performance status score. The clinical outcomes extracted
included hazard ratios (HRs) with corresponding 95% confidence intervals
(95% ClIs) for OS (randomization to death regardless of any causes) and
PFS (randomization to the progression of any causes or death regardless of
any causes). Secondary endpoints items consisted of ORR; patients were
evaluated as complete response (CR) or partial response (PR) according to
the criteria of RECIST version 1.1 or mWHO-best overall response rate
(mWHO-BORR, proportion of patients with CR or PR per mWHO), and
adverse events of grade 3 or higher (Grade > 3 AEs).

Quality assessment

The quality of the included studies was checked using the
Cochrane Risk of Bias Tool in Review Manager 5.3 software
(Nordic Cochrane Centre, Copenhagen, Denmark) for RCTs. The
data were independently extracted by two investigators (Wenjun Li
and Danbei Diwu), and any discrepancies were resolved through
discussions with the senior author (Hong Wang).

Statistical analysis

HRs and odds ratios (ORs) were generated for dichotomous
variants by using GeMTC (version 0.14.3) and R (version 3.5.3). OS
and PFS were reported as HR with an associated 95% CI. ORR and
Grade > 3 AEs were reported as OR with an associated 95% CI. As
for Rstudio, we set the number of iterations to 300,000 and used the
first 20,000 as a burn-in sample (the thinning interval was 10); the
surfaces under the cumulative ranking curve (SUCRAs) and
matrices were calculated to show pairwise comparisons among
regimens on OS, PFS, ORR, and grade>3 AEs. In addition, the
software can calculate the probability that each intervention is rated
as the best. Furthermore, trace and density plots as well as
convergence plots were generated to determine the degree of
convergence. Statistical significance was set as p < 0.05.

Results
Baseline characteristics of included studies

We identified a total of 488 records from the databases and 11
additional online records from the conference proceedings during
the preliminary literature search. After eliminating the duplicates
and non-pertinent articles through abstract screening, 13 articles
finally met our eligibility criteria (Figure 1). A total of 4,352
individuals were enrolled to receive the following nine
immunotherapy combinations across nine RCT eligible studies:
ipilimumab plus etoposide/paclitaxel and platinum (Ipi);
atezolizumab plus carboplatin and etoposide (Atez); durvalumab
plus tremelimumab plus platinum and etoposide (Durv-Trem);
durvalumab plus platinum and etoposide (Durv); pembrolizumab
plus etoposide and platinum (Pemb); adebrelimab plus carboplatin
and etoposide (Adeb); serplulimab plus carboplatin and etoposide
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FIGURE 1

PRISMA flowchart illustrating the selection of studies included in our analyses.

(Serp); atezolizumab plus tiragolumab plus carboplatin and
etoposide (Atez-Tira); and nivolumab plus carboplatin and
etoposide (Nivo). Detailed information on all the included studies
is presented in Table 1. All studies’ complete outcome reports were
achieved, and 10 studies followed the principle of random
allocation. All studies were at low risk of bias. The assessment of
risk of bias is presented in Supplementary Figure 1. The network
plots are depicted in Figure 2.

Comparisons of OS and PFS

Nine studies were randomized studies and provided HR values
for PFS and OS (Table 2).

Primary analysis: OS

Regarding OS (Figure 3A), compared with placebo,
immunotherapy combined with chemotherapy significantly
increased OS except for ipilimumab (HR = 0.92, 95% CI: 0.81 to
1.06) and atezolizumab plus tiragolumab (HR = 1.02, 95% CI: 0.80
to 1.30). Serplulimab (HR = 0.63, 95% CI: 0.49 to 0.81) was found to
yield the best OS benefit when compared with placebo. Compared
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with ipilimumab, serplulimab (HR = 0.68, 95% CI: 0.51 to 0.91) and
durvalumab (HR = 0.77, 95% CI: 0.61 to 0.97) significantly
increased OS. Compared with atezolizumab plus tiragolumab,
serplulimab (HR = 0.62, 95% CI: 0.43 to 0.88), atezolizumab (HR
=0.69, 95% CI: 0.48 to 0.98), durvalumab (HR = 0.70, 95% CI: 0.51-
0.94), and adebrelimab (HR = 0.71, 95% CI: 0.51 to 0.98)
significantly increased OS. According to Bayesian ranking profiles
(Figure 4), serplulimab had the highest probability (46.11%) of
ranking first for better OS (Supplementary Table 4).

Regarding the OS for immunotherapy combinations compared
to standard chemotherapy, the HRs at the 3rd, 6th, 9th, 12th, 15th,
18th, 21st, and 24th month were examined (Table 2). Compared
with placebo, only serplulimab (HR = 2.02, 95% CI: 1.24 to 3.30)
significantly increased the 6th month OS rate. Compared with
placebo, serplulimab (HR = 1.66, 95% CI: 1.18 to 2.36),
durvalumab (HR = 1.71, 95% CI: 1.21 to 2.40), adebrelimab (HR
=1.66,95% CI: 1.14 to 2.40), atezolizumab (HR = 1.60, 95% CI: 1.08
to 2.38), and nivolumab (HR = 4.03, 95% CI: 1.26 to 12.84)
significantly increased the 12th month OS rate. Compared with
placebo, serplulimab (HR = 1.72, 95% CI: 1.20 to 2.47), adebrelimab
(HR = 1.95, 95% CI: 1.32 to 2.87), and atezolizumab (HR = 1.90,
95% CI: 1.22 to 2.98) significantly increased the 18th month OS
rate. However, there was no significant difference in efficacy among
all regimens in the 24th month. The first—echelon regimens were
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TABLE 1 Baseline characteristics of studies.
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TABLE 1 Continued

ORR,
\[e¥
total No.

Participants

Treatment
No.

Source

Study

(%)

luli i 154 12
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PFS,
median,
m

HR
(95%
(@)}

oS,
median,
months

HR
(95%
Cl)

ES-SCLC, extensive-stage small cell lung cancer; HR, hazard ratio; NR, not reported; OS, overall survival; PFS, progression-free survival; ORR, objective response rate; Grade > 3 AEs, adverse

events of grade 3 or higher.

compared to placebo from a longitudinal perspective. With regard
to OS, serplulimab, atezolizumab, and durvalumab were first-
echelon regimens in the 3rd to 24th month. These data were
summarized based on a matrix plot of each pairwise comparison
of all regimens on the efficacy across all regimens from the 3rd to
24th months (Supplementary Table 6). Concurrently, it could be
seen from the Rank-Heat Plot that each sector was colored
according to the surface under the cumulative ranking (SUCRA)
value of the corresponding treatment and outcome at each month.
Serplulimab has the highest ranking based on its effect compared
with the rest of the regimens at each month (Figure 5A).

Primary analysis: PFS

Regarding PFS (Figure 3A), compared with placebo,
immunotherapy combined with chemotherapy significantly
increased PFS except durvalumab plus tremelimumab (HR = 0.84,
95% CI: 0.70 to 1.01) and atezolizumab plus tiragolumab (HR =
1.08, 95% CI: 0.89 to 1.31). Serplulimab (HR = 0.47, 95% CI: 0.38 to
0.59) was found to yield the best PES benefit when compared with
placebo. Compared with adebrelimab (HR = 0.70, 95% CI: 0.52 to
0.95), pembrolizumab (HR = 0.63, 95% CI: 0.47 to 0.84),
atezolizumab (HR = 0.61, 95% CI: 0.45 to 0.83), and durvalumab
(HR = 0.59, 95% CI: 0.44 to 0.78), serplulimab significantly
increased PFS. According to Bayesian ranking profiles (Figure 4),
serplulimab had the highest probability (94.48%) of ranking first for
better PES (Supplementary Table 4).

From the 1st to the 4th month, there was no significant difference
in efficacy among all regimens (Table 3). Compared with placebo,
serplulimab (HR = 2.67, 95% CI: 1.27 to 5.62) barely significantly
increased the 5th month PFS rate. Compared with placebo,
serplulimab (HR = 3.31, 95% CI: 2.25 to 4.87), adebrelimab (HR =
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1.61, 95% CI: 1.11 to 2.33), pembrolizumab (HR = 1.69, 95% CI: 1.12
to 2.55), and ipilimumab (HR = 1.32, 95% CI: 1.00 to 1.74)
significantly increased the 6th month PFS rate. Compared with
placebo, adebrelimab and pembrolizumab significantly increased
the PES rate from the 6th to the 12th month. In addition, from the
7th to 11th months, compared with placebo, nivolumab significantly
increased the PFS rate. In contrast, the efficacy of atezolizumab plus
tiragolumab was poorer than placebo from the 5th to the 12th month.
The comparison was made between the first-echelon regimens and
placebo from a longitudinal perspective, with regard to PES,
serplulimab, and nivolumab were first-echelon regimens at Ist to
12th month, synchronously, it was the most long-lasting regimen in
the first-echelon in PFS. On the other hand, adebrelimab was also a
first-echelon regimen compared with placebo at the 1st and the 4th to
the 12th month in PFS. These data were summarized based on a
matrix plot of each pairwise comparison of all regimens on the
efficacy across all regimens from the Ist to 12th months
(Supplementary Table 7). Concurrently, it could be seen from the
Rank-Heat Plot that serplulimab and nivolumab have a higher
ranking based on their effect compared with the rest of the
regimens at each month (Figure 5B).

Comparisons of ORR

Regarding ORR (Figure 3B), compared with placebo, except
atezolizumab (HR = 1.19, 95% CI: 0.48 to 2.97), immunotherapy
combined with chemotherapy non-significantly increased ORR.
Here, compared with placebo, atezolizumab plus tiragolumab
(HR = 0.79, 95% CI: 0.32 to 1.96) non-significantly increased
ORR. According to Bayesian ranking profiles (Figure 4),
serplulimab had the highest probability (31.09%) of ranking first
for better ORR (Supplementary Table 4).
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Network meta-analysis of comparisons on different outcomes of first-line treatments in different groups of ES-SCLC patients. (A) Comparison of
overall survival (OS). (B) Comparison of progression-free survival (PFS). (C) Comparison of objective response rate (ORR). (D) Comparison of grade 3
or more adverse events. Direct comparisons are represented by the color lines connecting the treatments. Line width is proportional to the number
of trials including every pair of treatments, whereas circle size is proportional to the total number of patients for each treatment in the network
Nivo, Nivolumab; Atez-Tira, Atezolizumab + Tiragolumab; Atez, Atezolizumab; Serp, Serplulimab; Durv, Durvalumab; Durv-Trem, Durvalumab +
Tremelimumab; Pla, Placebo; Adeb, Adebrelimab; Pemb, Pembrolizumab; Ipi, Ipilimumab

Comparisons of safety and toxicity

Compared with placebo, the immunotherapy combined with
chemotherapy elevated the toxicity whereas there was no significant
difference between the various treatment options for safety and
toxicity (Figure 3B). According to Bayesian ranking profiles, the
following analysis was conducted (Figure 4), nivolumab had the
highest probability (69.06%) of ranking first of being the most
toxicity treatment for patients (Supplementary Table 4). AEs with a
grade greater than or equal to 3 that were frequently reported for the
immunotherapy combinations included neutropenia, leukopenia,
thrombocytopenia, anemia, diarrhea, vomiting, decreased, appetite,
nausea, fatigue, rash, pruritus, alopecia, constipation, hypothyroidism,
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hyperthyroidism, and pneumonitis (Supplementary Table 5). In the
chemotherapy plus ipilimumab arm, there were five treatment-related
deaths, one from liver toxicity.

Subgroup analysis based on CNS status

Only OS network meta-analysis could be carried out, and it
involved eight immunotherapy combinations for patients without
CNS metastases at baseline and seven immunotherapy combinations
for patients with CNS metastases (Supplementary Table 8). We did
not have enough data to perform a meta-analysis on PFS in the
subgroup of brain metastases. There was no significant difference
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TABLE 2 HR and 95% CI on 3rd, 6th, 9th, 12th, 15th, 18th, 21st, and 24th month OS for immunotherapy combinations compared to placebo.

10.3389/fimmu.2023.1197044

Time
Durv

(months)

3rd 1.29 1.31 1.04 - 2.61 1.36 - - - Reference
(0.22,7.53) (0.23,7.65) (0.20,5.47) (0.43,15.98) (0.24,7.74)

6th 2.02 1.34 1.04 - 1.74 1.05 - 1.07 1.08 Reference
(1.24,3.30) (0.78,2.29) (0.68,1.60) (0.90,3.36) (0.61,1.79) (0.69,1.64) (0.78,1.48)

9th 1.72 1.31 142 0.97 3.00 1.09 1.06 1.14 1.04 Reference
(1.19,2.50) (0.87,1.96) (0.99,2.01) (0.63,1.47) (1.23,7.30) (0.71,1.67) (0.75,1.49) (0.79,1.65) (0.81,1.34)

12th 1.66 1.60 1.71 1.66 4.03 - 1.17 1.33 1.17 Reference
(1.18,2.36) (1.08,2.38) (1.21,2.40) (1.14,2.40) (1.26,12.84) (0.83,1.65) (0.92,1.94) (0.91,1.50)

15th 2.05 1.97 1.53 1.58 16.43 - 1.19 1.62 1.18 Reference
(1.44,2.92) (1.30,297) | (1.07,2.18)  (1.09,2.28)  (0.92,292.62) (0.83,1.70) (1.09,2.41) | (0.90,1.55)

18th 1.72 1.90 1.42 1.95 - - 1.37 1.49 1.22 Reference
(1.20,2.47) (1.22,2.98)  (0.98,2.08) (1.32,2.87) (0.94,2.00) (0.97,2.27) (0.89,1.67)

21st 6.28 1.52 1.43 1.97 - - 1.42 1.87 1.19 Reference
(3.68,10.73) (0.89,2.59) (0.90,2.29) (1.22,3.17) (0.89,2.27) (1.10,3.18) (0.53,2.67)

24th 6.09 1.38 1.83 2.19 - - 1.80 2.35 2.66 Reference
(0.68,54.14) (0.15,12.28) (0.21,16.16) (0.25,19.27) (0.20,15.84) (0.26,21.16) (0.26,27.37)

Nivo, nivolumab; Atez-Tira, tiragolumab; Atez, atezolizumab; Serp, serplulimab; Durv, Durvalumab; Durv-Trem, Durvalumab + tremelimumab; Pla, Placebo; Adeb, Adebrelimab; Pemb,

Pembrolizumab; Ipi, ipilimumab.
Significant results were in bold.
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Pla

FIGURE 3

Grade >3 Adverse Events

Efficacy and safety profiles of the Bayesian network meta-analysis in patients with ES-SCLS. (A) HRs and 95% CI for overall survival (upper triangle in

blue) and progression-free survival (lower triangle in yellow), and a hazard ratio < 1.00 provides better survival benefits. (B) ORs and 95% CI for

objective response rate (upper triangle in blue) and grade > 3 adverse events (lower triangle in yellow), and an OR < 1.00 indicates a better efficacy

or more toxicity. The results are presented as column-defined treatment versus row-defined treatment. Significant results are in bold. Nivo,

Nivolumab; Atez-Tira, Atezolizumab + Tiragolumab; Atez, Atezolizumab; Serp, Serplulimab; Durv, Durvalumab; Durv-Trem, Durvalumab +
Tremelimumab; Pla, Placebo; Adeb, Adebrelimab; Pemb, Pembrolizumab; Ipi, Ipilimumab.
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Adeb, Adebrelimab; Pemb, Pembrolizumab; Ipi, Ipilimumab.

between the various treatment options for patients with CNS
metastases. In contrast, compared with placebo, serplulimab (HR =
0.62, 95% CI: 0.47 to 0.82), adebrelimab (HR = 0.68, 95% CI: 0.55 to
0.85), atezolizumab (HR = 0.68, 95% CI: 0.52 to 0.89), durvalumab

Pemb

%q).em

0.00 M ——92.14
Ranking statistic, %

FIGURE 5

Bayesian ranking profiles for immunotherapy combinations on efficacy and safety for patients with ES-SCLC. Ranking plots indicate the probability of
each comparable immunotherapy combination being ranked from first to last on OS, PFS, ORR, and grade > 3 AEs. Nivo, Nivolumab; Atez-Tira,
Atezolizumab + Tiragolumab; Atez, Atezolizumab; Serp, Serplulimab; Durv, Durvalumab; Durv-Trem, Durvalumab + Tremelimumab; Pla, Placebo;

Rank-heat plot of multiple therapies in first-line treatment of patients with ES-SCLC. Each sector was colored according to the surface under the
cumulative ranking (SUCRA) value of the corresponding treatment and outcome. (A) Rank-heat plot based on SUCRA on OS. (B) Rank-heat plot
based on SUCRA on PFS. Circles from outside to inside refer to SUCRA value of OS on 3rd, 6th, 9th, 12th, 15th, 18th, 21st, and 24th month for
immunotherapy combinations compared to chemotherapy, and SUCRA value of PFS on 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th, 9th, 10th, 11th, and 12th
month. The closer the color is to red, the greater the probability of ranking first, and the closer the color is to green indicates 0% probability of being
ranked first. Nivo, Nivolumab; Atez-Tira, Atezolizumab + Tiragolumab; Atez, Atezolizumab; Serp, Serplulimab; Durv, Durvalumab; Durv-Trem,
Durvalumab + Tremelimumab; Pla, Placebo; Adeb, Adebrelimab; Pemb, Pembrolizumab; Ipi, Ipilimumab.

(HR = 0.71, 95% CIL: 0.59 to 0.86), pembrolizumab (HR = 0.75, 95%
CL: 0.60 to 0.94), and durvalumab plus tremelimumab (HR = 0.79,
95% CI: 0.65 to 0.95) significantly increased OS for patients without
CNS metastases (Figure 6).
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TABLE 3 HR and 95% CI on 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th, 9th, 10th, 11th, and 12th month PFS for immunotherapy combinations compared to
placebo.

Atez-Tira

st 1.99 1.99 - 1.99 2.08 1.77 - - - Reference
(0.12,31.98) (0.18,22.10) (0.18,22.10) (0.50,8.63) (0.51,6.14)

2nd 221 - 1.27 - 1.22 1.61 1.14 - - Reference
(0.02,239.30) (0.01,134.76) (0.01,146.78) (0.01,177.60) (0.01,120.44)

3rd 1.96 1.03 1.18 - 2.61 1.21 1.06 - - Reference
(0.39,9.89) (0.21,5.10) (0.12,11.27) (0.44,15.56) (0.24,6.11) (0.22,5.09)

4th 2.09 1.08 1.15 1.13 1.50 1.27 - 1.04 - Reference
(0.28,15.58) | (0.14,8.05)  (0.16,8.48) (0.158.53) | (0.19,12.07) | (0.17,9.55) (0.14,7.72)

5th 2.67 1.54 - 1.29 1.57 - - 1.35 1.00 Reference
(1.27,5.62) (0.72,3.30) 0.60,2.76) | (0.64,3.89) (0.64,2.87) (0.50,1.99)

6th 3.31 1.56 - 1.61 1.74 - - 1.69 1.32 Reference
(2.25,4.87) (1.00,2.43) (1.11,2.33) (0.90,3.36) (1.12,2.55) (1.00,1.74)

7th 3.77 1.81 1.14 1.81 2.40 - 1.08 1.81 1.19 Reference
(2.52,5.63) (1.10,2.96) (0.78,1.67) (1.10,2.96) (1.15,5.03) (0.74,1.59) (1.10,2.96) (0.88,1.60)

8th 3.92 1.98 1.61 2.26 3.00 - 1.34 2.48 1.31 Reference
(2.54,6.05) (1.16,3.39)  (1.08,2.41) (1.47,3.46)  (1.23,7.30) (0.89,2.02) (1.48,4.16)  (0.95,1.82)

9th 3.56 1.58 1.63 2.68 3.03 - 1.59 2.52 1.59 Reference
(2.26,5.61) (0.90,2.80) (1.04,2.55) (1.63,4.41) (1.19,7.72) (1.02,2.49) (1.38,4.61) (1.09,2.32)

10th 3.51 1.98 1.78 3.42 5.13 - 1.66 2.71 1.80 Reference
(2.20,5.62) (1.06,3.72) (1.11,2.87) (1.91,6.15) (1.64,16.02) (1.02,2.68) (1.44,5.10) (1.20,2.71)

11th 4.02 2.10 2.64 3.34 4.03 - 2.51 3.34 1.47 Reference
(2.42,6.69) (1.09,4.05) (1.54,4.55) (1.85,6.00) (1.26,12.84) (1.46,4.33) (1.85,6.00) (0.96,2.23)

12th 3.21 2.47 3.97 3.89 2.65 - 3.68 4.90 1.42 Reference
(1.92,5.37) (1.18,5.16) = (2.13,7.40) (2.07,7.31)  (0.89,7.90) (1.97,6.87) (2.11,11.38)  (0.88,2.28)

Nivo, nivolumab; Atez-Tira, tiragolumab; Atez, atezolizumab; Serp, serplulimab; Durv, Durvalumab; Durv-Trem, Durvalumab + tremelimumab; Pla, Placebo; Adeb, Adebrelimab; Pemb,
Pembrolizumab; Ipi, ipilimumab.
Significant results were in bold.

Discussion SCLC, which is more comprehensive than previously
published studies (22, 23). In addition, this was the first

To the best of our knowledge, this was the first network  network meta-analysis to make comparisons among the
meta-analysis to compare the relative efficacy of all current  first-line systemic regimens on OS and PFS in ES-SCLC by

available first-line immunotherapy combinations for ES-  each time node.

CNS metastases
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FIGURE 6

Bayesian network meta-analysis in patients with ES-SCLC. Hazard ratios and 95% Cls for patients with the baseline CNS metastases (upper triangle in
blue) and for patients without baseline CNS metastases (lower triangle in yellow), and a hazard ratio < 1.00 provides better survival benefits. Hazard
ratios less than 1 favor row defining treatment. Significant results are in bold. Nivo, Nivolumab; Atez-Tira, Atezolizumab + Tiragolumab; Atez,
Atezolizumab; Serp, Serplulimab; Durv, Durvalumab; Durv-Trem, Durvalumab + Tremelimumab; Pla, Placebo; Adeb, Adebrelimab; Pemb,
Pembrolizumab; Ipi, Ipilimumab.
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Our analysis results indicated that the immunotherapy-
chemotherapy combination strategy showed significant efficacy
for OS compared with placebo, except ipilimumab and
tiragolumab plus atezolizumab. According to Bayesian ranking
profiles, serplulimab had the highest probability for better OS,
followed by atezolizumab and durvalumab, with the same results
as before (23). In addition, we proved for the first time that among
the first—echelon regimens compared to placebo from a longitudinal
perspective, serplulimab, atezolizumab, and durvalumab were first-
echelon regimens at the 3rd to 24th month on OS. These findings
indicated that they may be related to better long-term survival
benefits of patients with ES-SCLC. As for PFS, the immunotherapy
combinations revealed better PFS than chemotherapy. The only
exception was also tiragolumab plus atezolizumab, which was found
to have the worst PFS of all treatments. According to Bayesian
ranking profiles, serplulimab had the highest probability for better
PES, with the same results as before (23). Furthermore, in our study,
serplulimab and nivolumab were first-echelon drugs from the 1st to
the 12th month in PFS and had a faster onset of action compared
with placebo.

In this study, efficacy and safety were well balanced in the
serplulimab group, which ranked first for OS, PFS, and ORR, and
fourth for grade greater than or equal to 3 AEs across all
immunotherapy combinations. Serplulimab recently became the
first anti-PD-1 antibody, when combined with chemotherapy,
demonstrates significant improvement in the survival rates of
patients with ES-SCLC (24, 25). According to our research
results, serplulimab could be a first-echelon regimen because,
first, it takes effect sooner and, second, the patients who benefit
from it can experience long-lasting effects. Recently, serplulimab
received its first approval in China for the treatment of adult
patients with advanced unresectable or metastatic microsatellite
instability-high (MSI-H) solid tumors that have failed to respond to
previous standard treatments (26). Prior to our study, PD-L1
inhibitors might be preferred for patients with ES-SCLC, and
atezolizumab and durvalumab were approved by Food and Drug
Administration (FDA) as first-line treatment for patients with ES-
SCLC based on the primary data from IMpower133 (27, 28) and
CASPIAN (29, 30). Our study also found that the addition of
atezolizumab to chemotherapy was associated with the best benefit
in survival outcomes but not in ORR, with the same results as before
(23). The ORR of the atezolizumab and placebo was 60.2% vs.
64.4%, respectively (17). In addition, the 3-year OS rate of
durvalumab was 17.6%, which was nearly three times higher than
that of chemotherapy, and the long-term survival benefit was
significant. The results showed that the combination of
durvalumab and EP regimen could significantly improve the OS
of patients, while the combination of durvalumab and
tremelimumab plus the EP regimen did not further improve the
survival prognosis of ES-SCLC (10.4 vs. 10.5 months; HR = 0.81,
95% CI: 0.67 to 0.97) (31). A final analysis of a recent phase 3
clinical trial (CAPSTONE-1) showed that adebrelimab combined
with carboplatin and etoposide improved the OS and PFS of ES-
SCLC patients (32). In contrast, the experimental results are not
very ideal for PD-1 antibody pembrolizumab and nivolumab; in
terms of PES, the efficacy of pembrolizumab and nivolumab was
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significantly increased compared with chemotherapy, and the
secondary endpoint of OS was also improved. However, there was
no significant difference between the two groups (33, 34). In terms
of safety and toxicity, consistent with expectations, the
immunotherapy-chemotherapy combination strategy did not
observe unexpected safety events; all adverse events were
controllable. A review of the included studies revealed that anti-
PD-1/PD-L1 combinations with chemotherapy were relatively safe.
However, toxicity increased, but remained tolerable, when anti-
CTLA4/TIGIT and chemotherapy were combined (35-38).
Furthermore, inclusion of nivolumab may significantly increase
AEs according to our results. The PD-1 and PD-L1 antibodies were
the most typical inhibitors of immunological checkpoints, with the
primary function of the PD-1/PD-L1 pathway being to induce
tumor cells to evade immune attacks (27). Preclinical research
showed that chemotherapy altered the immune response against
tumor cells and increased PD-L1 expression on tumor cells;
additionally, while not reducing the number of T cells in the
tumor, chemotherapy can lessen the activation and proliferation
of T cells in peripheral blood (39). Head-to-head comparisons are
still needed to confirm the efficacy of PD-1 and PD-L1 antibodies
for patients with ES-SCLC.

According to the result of CA184-041 and CA184-156 studies,
ipilimumab could significantly improve the PFS of patients with ES-
SCLG; however, it could not significantly improve the OS in our study;
this study confirmed the feasibility of immunotherapy combination
strategy for ES-SCLC (37, 40). Ipilimumab was a monoclonal antibody
(IgG1) that blocks cytotoxic T-lymphocyte-associated protein 4
(CTLA4) through its association with CD28 and enhances the T-cell
response (41). SKYSCRAPER-02 evaluated the addition of tiragolumab
to atezolizumab plus carboplatin and etoposide (CE), which did not
provide an antitumor effect and survival benefits in patients with
untreated ES-SCLC with or without brain metastases. Although the
remission rate of tiragolumab was higher, it was of little significance
and did not meet the prediction of ES-SCLC response rate for first-line
treatment (42). Comparing Impower133 and SKYSCRAPER-02, the
control arm outperformed expectations in the SKYSCRAPER-02 study,
which was likely the cause of negative endpoints, in addition to the fact
that an enhanced benefit in the tiragolumab arm was not seen.
However, the reason for this is unclear, and further research is
needed (43). TIGIT was an inhibitory receptor expressed on CD4+T
cells, effector CD8+T cells, and NK cells. TIGIT interacts with CD155
expressed on antigen-presenting cells or tumor cells to downregulate T-
cell and natural killer (NK) cell functions; moreover, anti-TIGIT may
synergize with other immunotherapies, such as PD-L1/PD-1 inhibitors,
and further amplify the immune response to improve clinical outcomes
(44). However, increasing only TIGIT antibody does not appear to
increase the efficacy in the tumor microenvironment where there are
fewer tumor-infiltrating lymphocytes, according to some studies (45).
In conclusion, adding immunosuppressive drugs to the immunological
checkpoint alone does not appear to be a breakthrough in the
treatment of ES-SCLC without the supervision of biomarkers.

For subgroup analysis, single metastatic sites were favorable
prognostic factors in patients with ES-SCLC (5). These data support
the idea that patients with asymptomatic CNS metastasis can
receive first-line systemic treatment (15, 42). More ongoing
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clinical trials will shed further light on the safety and efficacy of
immunotherapy combination with chemotherapy strategy in
patients with CNS metastasis (46, 47).

Immunotherapy combination was the focus of ES-SCLC
treatment, and it had higher tumor mutation load (TMB) and higher
total immune cell infiltration, suggesting that it may show a greater
benefit trend in immunotherapy (48, 49). Whether there were
differences in tumor microenvironments between different molecular
subtypes of SCLC is also a matter of concern. Recently, some real-world
research findings with large sample sizes have further validated the
notion that the differential expression of immune genes and predictive
biomarkers in various SCLC subtypes might serve as vulnerable areas
where rational and personalized treatment strategies can be targeted
(50, 51). At the same time, increasing lines of evidence prove that SCLC
has different cell origins, suggesting that SCLC was a heterogeneous
disease. It might be a feasible strategy to improve the treatment
dilemma of SCLC by molecular typing of SCLC through differences
in molecular expression, exploring the characteristics of the tumor
microenvironment of different molecular subtypes of SCLC, and
formulating accurate treatment (50, 52). Therefore, patients with
SCLC still urgently need therapeutic drugs with different
mechanisms of action. In the realm of future exploration, a crucial
direction lies in establishing an organic connection between key factors
of SCLC molecular typing and tumor evolution. This could be
accomplished through comprehensive multi-group research, aiming
to identify targeted treatment strategies.

Limitation

First, we came up with a very comprehensive search strategy;
however, regrettably, publication bias limitations could have
resulted from missing unpublished literature.

Second, owing to the limited number of studies that met our
inclusion criteria, the inclusion of eligible studies with small sample
sizes presumably increased the overall uncertainty of our results.

Third, patients were not stratified according to factors like race,
which might modify treatment benefits, and the efficacy of
immunotherapy combined with chemotherapy in the Asian
population may differ from that in the Western population.
Subsequent studies should investigate the relative treatment
efficacy according to these clinical characteristics.

Conclusion

According to our findings from this research, serplulimab
combined with standard chemotherapy appears to be the best
course of treatment. More head-to-head clinical trials are needed
to confirm these findings.
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The PD-1/PD-L1 signaling pathway plays a crucial role in cancer immune
evasion, and the use of anti-PD-1/PD-L1 antibodies represents a significant
milestone in cancer immunotherapy. However, the low response rate
observed in unselected patients and the development of therapeutic resistance
remain major obstacles to their clinical application. Accumulating studies
showed that overexpressed TGF-B is another immunosuppressive factor apart
from traditional immune checkpoints. Actually, the effects of PD-1 and TGF-f
pathways are independent and interactive, which work together contributing to
the immune evasion of cancer cell. It has been verified that blocking TGF-3 and
PD-L1 simultaneously could enhance the efficacy of PD-L1 monoclonal antibody
and overcome its treatment resistance. Based on the bispecific antibody or
fusion protein technology, multiple bispecific and bifunctional antibodies have
been developed. In the preclinical and clinical studies, these updated antibodies
exhibited potent anti-tumor activity, superior to anti-PD-1/PD-L1
monotherapies. In the review, we summarized the advances of bispecific
antibodies targeting TGF-B and PD-L1 in cancer immunotherapy. We believe
these next-generation immune checkpoint inhibitors would substantially alter
the cancer treatment paradigm, especially in anti-PD-1/PD-L1-resistant patients.

KEYWORDS

cancer immunotherapy, immunotherapy resistance, immune checkpoint inhibitor,
bispecific antibody, TGF-8, PD-L1

Abbreviations: APC, antigen presentation cell; BiTE, bispecific T-cell engager; BsAb, bispecific antibody;
BTK, Bruton’s tyrosine kinase inhibitor; CAF, carcinoma-associated fibroblast; CRS, cytokine release
syndrome; CRI, cancer-related inflammation; DC, dendritic cell; IL-2, interleukin-2; MAPK, mitogen-
activated protein kinase; MDSC, myeloid-derived suppressor cell; NK, natural killer; NSCLC, non-small
cell lung cancer; ORR, objective response rate; PD-1, programmed cell death protein 1; PI3K-AKT,
phosphoinositide-3-kinase-serine/threonine kinase; scFv, single-chain fragment variable; TGE-p,
transforming growth factor-beta; TGFPRI, TGF-B type I receptor; TGFBRII, TGF-B type II receptor;
TME, tumor microenvironment; Treg, regulatory T cell; TandAb, Tandem diabody.
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1 Background

Programmed cell death 1 (PD-1) is a crucial signaling pathway
that inhibits the immune response and helps maintain immune
homeostasis (1). However, when overactivated in the tumor
microenvironment, this pathway hinders host immune
surveillance and clearance of tumor cells (2). Monoclonal
antibodies targeting PD-1 or its ligand PD-L1 can restore the
activity of exhausted immune cells and enhance the killing effect
on tumor cells by blocking this immunosuppressive signaling (3-5).
While anti-PD-1/PD-L1 monoclonal antibodies have been clinically
approved for treating multiple malignancies and have exhibited
promising anti-tumor effects in some patients, the low objective
response rate of patients remains a challenge (6). In fact, the cancer-
immunity cycle model suggests that in addition to the highly
activated PD-1/PD-L1 pathway, multiple factors may become
rate-limiting steps that restrict the anti-tumor immune response.
Several studies have demonstrated that the activity of the TGF-3
pathway in immunotherapy-resistant tumor is significantly
increased (7, 8). The highly expressed TGF-f in the tumor
microenvironment is also involved in cancer immune escape (9).
The immunosuppressive mechanisms of TGF-f and PD-1
pathways are independent and complementary to each other,
jointly promoting tumors to escape from host immune
surveillance (10).

Highly expressed TGF-3 in tumor tissues is primarily secreted
by tumor cells and stromal cells. Highly expressed TGE-f3 not only
promotes the epithelial-mesenchymal transition of tumor cells, but
also regulates multiple tumor-infiltrating immune cells, leading to
the formation of the immunosuppressive tumor microenvironment
(11-14). On the one hand, TGF-P suppresses the functions of CD8"
T cells and natural killer cells (NK), and on the other hand,
upregulates the numbers of regulatory T cells (Treg), M2-like
macrophage, and myeloid-derived suppressor cells (MDSCs) (15-
18). In addition, it has been confirmed that the high TGF-B tumor
microenvironment can improve the activity of tumor-associated
fibroblasts (CAFs) and promote the generation of collagen fibers in
tumor stroma. The thickened collagen fibers around the tumor
tissue are not conducive to immune cell infiltration, eventually
forming the immune-excluded tumor type (7). Commonly, this
type of tumor does not respond to anti-PD-1/PD-L1 monoclonal
antibodies, while blocking TGF-J signaling can significantly reverse
the therapeutic resistance of PD-1/PD-L1 blockade therapy and
enhance anti-tumor immunotherapy effects (19-22). Theoretically,
agents simultaneously blocking TGF-f§ and PD-1/PD-L1 pathways
might have superior anti-tumor activity, relative to anti-PD-1/PD-
L1 monoclonal antibodies.

Currently, Merck reported a bifunctional antibody called
M7824 that simultaneously blocks PD-L1 and TGEF-B (23).
M7824 combines PD-L1 antibody with a trap structure targeting
TGF-B, acting as a neutralizing receptor for TGF-f. Phase I clinical
data indicate that the side effects of M7824 treatment are
manageable and therapeutic effects have been observed in
multiple types of cancers (24). Later, more bispecific antibodies
(BsAbs) such as YM101 and BiTP are developed, which also exhibit
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potent anti-tumor activities in preclinical and clinical studies (25,
26). BsAbs targeting both PD-1/PD-L1 and TGF-PB represent a
significant breakthrough and an upgrade to current PD-1/PD-L1
monoclonal antibodies. By synergistically blocking both PD-1/PD-
L1 and TGF-B inhibitory signals, these antibodies can effectively
promote the transformation from immune-excluded tumors into
immune-inflamed tumors. This can improve the efficacy of current
PD-1/PD-L1 monoclonal antibodies and broaden their anti-tumor
effects spectrum. In this review, we provide a summary of the recent
advances in anti-TGF-B/PD-L1 BsAb development. Additionally,
we discuss both the advantages and disadvantages of this next-
generation immune checkpoint inhibitor.

2 The present status of
PD-1/PD-L1 blockade

PD-1 is a pivotal immune regulation signal molecule distributed
in a wide breadth of immune cells, including DC, T cells, B cells and
natural killer cells (NK), and activated monocytes or macrophages
(27). PD-1, together with its ligands, PD-L1 and PD-L2, was found
to take immunosuppressive effects in the antiviral inflammation
and the tumor microenvironment (28, 29). Contemporarily,
monoclonal antibodies targeting PD-1/PD-L1 have been widely
utilized in clinical settings and exhibited remarkable therapeutic
efficacy against various malignancies, particularly advanced and
refractory tumors.

2.1 The biogenesis and biological pathway
of PD-1/PD-L1

PD-1 was initially discovered to play a role in immune
suppression of inflammation by serving as a negative feedback
regulator. The two ligands, PD-L1 and PD-L2, activate and transmit
inhibitory signals to target cells. Relative to PD-L2, PD-L1 is more
widely distributed, particularly on tumor cells (27). Recent research
has shed light on the elaborated and intriguing expression patterns
of PD-L1, which is now known to be present not only on cell
membrane, but on various cellular compartments and secreted in
extracellular vesicles (30). Specifically, PD-L1 has been found to
localize endocellularly on endosomes, the Golgi apparatus’s
membrane, and endocytic vesicles. PD-L1 has also been detected
in extracellular vesicles, which are involved in intercellular
communication and the exchange of biological material between
cells. These findings offer fascinating new prospects and possibilities
for the development of novel therapeutic strategies targeting PD-L1
in cancer therapy (31). The PD-1/PD-L1 pathway exerts immune
regulatory effects via recognition of effector T cells in the
inflammatory context, with persistently high expression on
activated T cells. Cytokines across the extracellular interval of
tissue cells induce and modulate the expression of PD-LI,
blunting the activation of T cells, and consequently resulting in
immune homeostasis that the immune system eliminates exogenous
microbiota while attenuating damage on normal tissue cells
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simultaneously. The most important inductive cytokine is IFN-v,
mainly derived from Thl cells (32). PD-1 is persistently expressed at
a high level in the circumstance of ongoing inflammation. As a
result, persistently high expression of PD-1 triggers T cell
exhaustion or inactivation (33).

Mechanistically, the immune system relies on a complex
network of interactions between different cells and molecules to
mount an effective response against invading pathogens or
endogenous abnormalities, including tumor cells. One crucial
aspect of this system is the ability of T cells to recognize and
respond to antigens presented by other cells. In this bioprocess,
MHC II molecules on antigen presentation cells (APCs) or MHC I
molecules on all the karyocytes present fragments of antigens on
cell membrane, which can be recognized by the T cell receptor
(TCR) (34). This interaction activates T cells and triggers a cascade
of signaling events that lead to the proliferation and differentiation
of T cell, as well as the secretion of cytokines and other effector
immune molecules. However, to prevent excessive immune
activation and tissue damage, the immune system could dampen
or terminate immune responses. Simultaneously with TCR-induced
cascade, PD-1 begins to be expressed on the activated T cells. PD-1
and PD-LI are brought into close proximity to each other in the
microscale spatial structure. Subsequently, Immunoreceptor
Tyrosine-based Inhibitory Motif (ITIM) and Immunoreceptor
Tyrosine-based Switch Motif (ITSM) domain of PD-1 receptor
are phosphorylated (35). The phosphorylated domains recruit
tyrosine phosphatases, SHP-2 and SHP-1, which are capable of
impeding critical factors in TCR signaling (36-38).

Consequently, T cell activation and function are blunted,
restraining the degree and duration of the immune response. In
addition to signaling repression, PD-1 can also interfere with the
recognition of tumor cells by directly dampening the trimeric
interaction between the TCR, pMHC, and CD8 molecules (39).

10.3389/fimmu.2023.1196970

This further contributes to immune evasion and tolerance by tumor
cells and highlights the importance of PD-1/PD-L1 blockade as a
promising immunotherapy strategy for cancer treatment.

2.2 The present approved PD-1/PD-L1
blockade therapies

As of March 2023, 21 PD-1/PD-L1 blockade drugs are available
worldwide (Figure 1) (40-48). Herein, Nivolumab and
Pembrolizumab are the most widely used PD-1/PD-L1 blockers
and have received approval for the most indications. Notably,
Cadonilimab is the first approved anti-PD-1/CTLA-4 BsAb for
cervical cancer (44). More drugs targeting these immune
checkpoints are in development, and clinical trials are underway
to explore new indications for existing drugs. New drugs need to be
tested against drugs already on the market to show better efficacy or
performance. However, primary or acquired treatment resistance of
PD-1/PD-L1 blockades has become an interactive conundrum for
both physicians and tumor patients (49). Combination therapy
regimens containing PD-1/PD-L1 inhibitors and other agents might
be promising strategies for overcoming treatment resistance
(50-52).

2.3 The challenges of PD-1/PD-L1
blockades in cancer therapy

Although PD-1/PD-L1 blockers have achieved an
unprecedented breakthrough in cancer therapy, there have been
increasing concerns about their disadvantages and insufficiency in
the clinic (53, 54). Besides the adverse events and hyper progression
associated with PD-1/PD-L1 blockade therapies (55-57), there is a
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prevalent concern regarding the limited response rate among cancer
patients (58). Commonly, the therapeutic effect of anti-PD-1/PD-L1
antibodies mainly depends on the PD-L1 expression status, such as
tumor proportion score (TPS), combined positive score (CPS), and
immune cell proportion score (IPS) (59). However, a universe
evaluation criterion is absent (60). Moreover, recent investigations
suggest that single PD-LI status is not a reliable indicator of
predicting the response of patients to PD-1/PD-L1 blockade (61).
Nevertheless, for patients without sufficient histopathologic
evidence, the response rate to PD-1/PD-L1 blockades is less than
17% (62). Other responding assessing systems intervene to mount
the accuracy, which hinges on the genomic instability, which is
defined by tumor mutational burden (TMB) and microsatellite
instable (MSI) (63-65). However, there are more or less
deficiencies with these systems (66). The low response is partially
attributed to the discrepancies in immune cell infiltration
phenotype. In theory, the tumor immune microenvironment is
classified histopathological as three phenotypes, inflamed, immune-
excluded, and immune-desert, respectively. They are inextricably
intertwined with immune cytokines level, which includes IFN-yand
TGF-B, fatty acid metabolism, neuroendocrine features, and EMT
phenotype (67). Only the first tumor immune type benefits from the
immune checkpoint inhibitors (68), but the proportion is less than
50% (67). The immune-excluded type takes up 30 to 50 percent of
colorectal and ovarian cancer (69, 70). Herein, TGF-f3 exerts
essential effects for hindrance of immune surveillance and tumor
elimination in the immune-excluded type (7). The exploitation of
an immunotherapeutic strategy that combines PD-1/PD-L1
blockades and TGEF-B inhibiting or trap medicine is a
promising direction.

3 The effects of TGF-3 on
anti-tumor immunity

3.1 TGF- signaling

TGF- superfamily consists of more than 40 members, mainly
classified as four subtypes, the TGF-B subtype, the bone
morphogenetic protein-growth differentiation factor (BMP-
GDM), activin-inhibin-nodal and others, orchestrates in the
biological processes of carcinoma initiation, progression, and
immune elimination (71-77). TGE-3, the most classic subtype, is
a highly conserved and distributed breadth of the organism in the
mammal. Three isoforms, TGF-B1, B2, and 33, are highly conserved
with 80% of the same amino sequence, despite being encoded by
separate genes. However, they still exhibit slight discrepancies in
structural and bio-functional aspects, which can be recapitulated
that TGF-B1 is more tendentious to immune regulation (78). It is
secreted into the extracellular matrix, initially exists in an inactive
form of latent precursor, and readily exerts biological functions in
the tumor microenvironment via autocrine and paracrine (79).
TGEF-B is transcribed into a polypeptide, which is then cleaved by
the Furin proteinase into two subunits. These subunits are further
reassembled into an inactivated form that is secreted out of the cells.

Frontiers in Immunology

10.3389/fimmu.2023.1196970

The extracellular inactivated TGF-f3 exists as a large complex, with
the dimeric regulatory subunit called the long latency-associated
peptide (LAP) forming the peripheral compound. The initial
segment of LAP is a short signal peptide called the arginyl-glycyl-
aspartic acid site (RGD). The bioactive catalytic subunit is
ensconced internally, noncovalently combined with and wrapped
around by the dimeric LAPs (72). In most cases, the cage-like
complex could anchor via a disulfide bond to a compound of
extracellular matrix, namely latent TGFB-binding protein (LTBP),
for stabilization. Additionally, the complex could also bind to
transmembrane milieu proteins, particularly glycoprotein A
repetitions predominant (GARP) on Treg and negative regulator
of reactive oxygen species (NRROS) on microglia or macrophage
(80-82). In the extracellular space, physical and chemical
perturbance or serine protease would cleave and separate the
dimeric LAPs from the complex to release the bioactive subunit.
But integrin complexes capable of transmitting force derived from
cytoskeleton across the cytomembrane, play the most prominent
activated executor role (83). B-ov integrin heterodimer,
particularly, recognizes the RGD motif, further interdigitates with
the LAP, and consequently, changes autologous conformation. The
allosterism tightens and gradually tears the “sleeve” of the latent
TGE-B off and exposes the internal bioavailable TGF-f (83).
Nevertheless, a unique kind of integrin is able to transduce the
signaling without tearing LAP off and releasing the internal
bioactive TGE-f3 (84). The free activated TGF-f or integrin owvf38-
latent TGF-P complex is capable of attaching to their three isoforms
of the specific receptor, namely TGFBRI, 2, and 3, in divergent
degrees of affinity (85). TGFBR3 doesn’t possess kinase activity like
the others but can bind with all types of TGF-[3 with a high affinity
therein. Therefore, it was previously believed to sequester and
hinder the redundant TGF-B signaling (86). Recent studies
recover its crucial roles in cellular signaling transduction in TGF-
B dependent or independent manners (87, 88).

Bioavailable TGF-f could bind with TGFBR2 on the plasm
membrane of specific cells. TGFBRI1, subsequently, is recruited by
the signaling complex, and together companies into a
transmembrane heterotetrameric signaling complex. The endo-
domain of the allosteric complex is phosphorylated. Then, the
signaling cascade is triggered off. There are two signaling
processes after the TGF-B-TGFBR1/2 tetrameric complex
phosphorylated (10).

3.1.1 Canonical downstream signaling pathway

The Smad2/3 are firstly recruited by the transmembrane
signaling and ulteriorly phosphorylated. The phosphorylation
induces the binding of Smad4. Then, phosphorylated-Smad2/3/4
(Phospho-Smad complex) is assembled and translocates into the
nucleus. As a result, the ultimate signaling complex induces
downstream alterations in gene expression (89).

3.1.2 Noncanonical downstream
signaling pathway

The redundantly initial transmembrane signaling could cross
the recognition of Smad2/3, and directly activate the downstream
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signaling, such as phosphoinositide-3-kinase-serine/threonine
kinase (PI3K-AKT) and mitogen-activated protein kinase
(MAPK). The PI3K-AKT and MAPK signaling ulteriorly cause
respective downstream cascades, which regulate the physiologic and
pathologic alterations (90).

3.2 TGF-P signaling around the
development of cancer

The smoldering cancer-related inflammation (CRI) accompanied
by the development of cancer, with multitudinous kinds of immune
cells and immune regulatory cytokines and chemokines pervading
across mesenchyme is the persistent intrinsic characteristic of the
tumor microenvironment (91). TGE-B, as a pleiotropic cytokine,
exerts nuanced, complicated, and even contradictory biological
regulatory functions with the development of cancer. In general,
TGF-B stimulates the proliferation, transformation, and motility of
mesenchyme-originated cells, while inhibiting proliferation and
promoting differentiation of epithelium-originated cells and
hemopoietic cells (92, 93). In the physiologic condition and early
stage of cancer, TGF-} across mesenchyme delicately induces cell
cycle arrest and inhibits cell proliferation through the canonical
pathway. In the progression of malignancy, the loss of function
mutations across the TGF- pathway and rewiring TGF-8
bioprocess make TGF-f a mutineer against tumor suppression
signal network, to elicit tumor unconfinedly growing (94). The
stimulation of TGF-f, the other cytokines, and chemokines in the
tumor microenvironment transforms normal fibroblasts into CAF
(95, 96). CAF can prompt tumor progression versatilely (97). In this
condition, the tumor cells and cancer-associated fibroblasts
excessively secret the amount of TGF-f to the extracellular matrix
(97, 98). TGF-B also induces tumor cell EMT, a critical biologic
process for migration and invasion, and biological features robustly
associated with metastasis (99, 100). Besides, TGF-3 can enhance
angiogenesis which is beneficial to tumor growth and metastasis
through either intracellular pathways or indirectly mediating EMT
(101, 102). Apart from the aforementioned direct effects, TGF-f3 also
assumes the paramount role in tumor immunity, indirectly
influencing tumor cells throughout the tumor initiation and
progression (Figure 2).

3.2.1 TGF-B signaling in the tumor
immune system

TGF-f is a widely distributed signaling molecule involved in the
regulation of almost all kinds of immune cells in the tumor
microenvironment. Foxp3 positive Treg, particularly terminally
differentiated effector Treg cells, plays a crucial role in
tumor immune evasion, suppressing immune recognition and
diminishment and ensuring tumor development and metastasis
(103). With the development of genetic tracing and multiple-colors
flow cytometer analysis, the lineage derivation of Treg has been
demonstrated as dual origins, thymic Treg (tTreg) or natural Treg
(nTreg), and peripheral Treg (pTreg) or alias-induced Treg (iTreg)
(104-106). tTreg, which constitutes 80% of the total Treg repertoire, is
derived from CD4-positive T cells that are induced by moderately
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robust co-stimulation of the TCR and a series of soluble cytokines, such
as interleukin-2 (IL-2), IL-7, and IL-15, secreted by other autoreactive
immunocytes in the thymus medulla. These cells express Foxp3 more
stably and strongly, which is the major component of immune
regulation (107-109). The pTreg, despite minor proportion, plays a
comprehensive and cryptic role in local immune regulation and
immune homeostasis in a Foxp3-independent way (16, 110). TGF-3
plays nuanced, complicated, and pleiotropic roles in Tregs of both
origins. In thymus medulla, it is highly enriched. The activated TGF-3
participates in promoting the differentiation of Treg and the negative
selection of neonatal T cells (108). Nevertheless, it is reported when
TGF-B signaling is depleted, medullary thymic epithelial cells are
stimulated, acting as “caregivers” of Treg cells and ultimately
increasing the number of Treg cells (111). It suggests the multiplicity
of TGF-P signaling on tTreg.

In the induction of pTreg, TGF-f accompanied with other
immune regulatory signals, is capable of boosting Foxp3 expression
on mature CD4 positive T cells in the peripheral. In the tumor
microenvironment, excessive TGF-f from tumor cells and CAF not
only suppresses the proliferation of other normal epithelial cells and
conventional immune cells, but facilitates the transformation of
pTreg (11). An aforesaid TGF-P3 anchored transmembrane milieu
protein, GARP, is located on Treg, which is essential to extracellular
latent TGF-f stabilization. Besides, the GARP on Treg could
interact with integrin owvP8, which also widely distributes on the
Treg (112, 113). Both transmembrane proteins orchestrate more
efficiently in the signaling transduction on Treg without breaking
latent TGF-3 off (113). Therefore, the increased pTreg in the local
tumor context accelerates the transmission of TGF- through the
GARP pathway. To summarize, TGF- prompts the activation of
Treg of both origins, through whose pathway cancer cells trigger
immune evasion and immunotherapy resistance.

The understanding of tumor-infiltrating B cells and their
regulatory molecules remains vague. A regulatory type of B cells
is identified as IgA positive and capable of inhibiting CD8" T cell
activation in colorectal tumors (114). Breg can also secret TGF-f3,
contributing to the apoptosis of effector T cells in the tumor
microenvironment (115).

TGEF-B can inhibit immunological surveillance and conventional
effector immune cells in the tumor-developing stage. On the one
hand, TGF-B directly dampens immunological surveillance by
targeting cytotoxic lymphocytes (CTL) (15). On the other hand, it
can prevent mature inflammation dendritic cells (DC) infiltration
and induces the tolerogenic DC to indirectly deceive the surveillance
(116, 117). Although tumor antigen bypasses or breaks through the
first immunosuppression barrier to prime and activate the antigen
immunity, TGF-f can suppress igniting CRI by decreasing total
effector immune cells repertoire by reducing IL-2 secreted (118).
Moreover, it precludes the transformation from naive T cells to Th1/
Th2 cells (119-121), but prompts the transformation to anti-
inflammation Th17 cells (122, 123). In the natural immunity of
tumor context, TGF-f polarizes tumor-associated macrophages to
M2 (124), and reprogram tumor-associated neutrophil (125), both of
which are detrimental to tumor immune elimination (126).
Additionally, TGF- inhibits the activation and functions of natural
killer cells by suppressing the mTOR pathway (81, 127).
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4 Advances of BsAb

BsAb is a powerful tool for improving the limited sensitivity and
effectiveness of traditional antibodies in immunotherapy (128, 129).
BsAb can broaden the range of applications by targeting two
different molecules and enhancing the anti-tumor effects (130-
132). There are two primary types of BsAbs, depending on the

10.3389/fimmu.2023.1196970

presence of the Fc region. The first type is the Fc-containing BsAb,
also known as the IgG-like molecule. This type of antibody exerts
Fc-mediated effects, such as antibody-dependent cellular
cytotoxicity or phagocytosis, and complement-dependent
cytotoxicity (133, 134). IgG-like molecules also have a longer
half-life than fragment-based molecules (135). Alternatively, the
antigen-binding site can be directly connected by a peptide, which

© © 0 ¢ v ©°

Th1 cell CD8+ T cell Treg Dentritic cell Macrophage
Cylotoxicit; A Lymphocyte
Cytoloxwllyl Pr)(l)liferaliog l Differentation T Antigen presentation l M2 hkeT Cytotoxicity infiltration l

Apoptosis T

L[ T 7

[ [ ]

Transcriptional regulation

PI3K-AKT

Noncanonical Pathway

<

~

Extracellular matri
\/M

|
: TGF-p polypeptide
|
|
|
|

FIGURE 2

The mechanisms of TGF- signaling and the immunosuppressive effects of TGF-f signaling on the immune response. Cells with yellow nuclei refer
to immune cells and CAFs regulated by TGF-B signaling pathway. Cells with purple nuclei refer to TGF-B-producing cells (mainly secreted by
fibroblast). TGF- is a widely distributed signaling molecule involved in the regulation of almost all kinds of immune cells in the tumor
microenvironment. On the one hand, TGF-p limits the functions of T cell, NK, and dendritic cell (DC). On the other hand, TGF-p promotes the
differentiation towards Treg and M2-like macrophage. Besides, TGF- enhances cancer-associated fibroblast (CAF) to generate collagen, which

hampers immune cell infiltration. Adapted from Yi et al, 2022 (10).

Frontiers in Immunology 26

TGFBRI TGFBR2 TGFBR1/2

ﬁmu

TGFBR3

@

Canonical Pathway \

—————— TGF -} signaling cascade
TGFBR1/2
recru1

(ALIRAT IR

\\'

\\\

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1196970
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

lacks the Fc region, known as the fragment-based molecule. This
type of antibody has demonstrated flexibility in targeting tumor
cells. Additionally, fragment-based molecules have promising
potential to develop multi-specific antibodies (136). BsAbs can be
developed using one of three methods: genetic or protein
engineering, chemical conjugation, and quadroma (137). With
these manufacturing methods, a vast array of BsAbs has been
developed and tested in clinical trials.

The targeted antigens of BsAb are diverse. To summarize, the
main targets include EpCAM, CEA, PSMA, ErbB, GPC3, immune
checkpoints like PD-1 and CTLA-4, DLL4, and VEGF (138).
The therapeutic effect of BsAb mainly regulates tumor immune
response, which can be divided into two parts: immune
cell redirection and anti-tumor immunity enhancement.
Physiologically, immune cells, especially CD8" T cells, detect and
kill potential tumor cells. During tumorigenesis, multiple
dysfunctions of T cells result in cancer immune escape (139).

Some BsAbs have two types of binding antigens: a specific
tumor-associated antigen (TAA) and an extracellular CD3 subunit
located on the T cell surface. This kind of antibody is called T cell-
engaging BsAbs (TCE). Thus, TAAs direct T cells to targeted tumor
cells. TCE was first introduced in 1985 and has rapidly developed at
the beginning of the 21st century (140). Catumaxomab and
blinatumomab are representatives of TCE. The TAAs of the two
antibodies are EpCAM and CD19 (141, 142). Additionally, other
TAAs such as CD20, CEA, gpA33, EGER variant III, PSMA, MUC-
1, glypican-3, P-cadherin, B7-H3, and even intracellular antigens
can be TAA of TCE (143-151). Another mechanism of BsAb is
anti-tumor immunity enhancement. To achieve this effect, this kind
of antibody mainly blocks immune checkpoints. The blockade of
innate immune checkpoints like CD47 can disrupt the
antiphagocytic signals expressed by tumor cells and enhance
phagocytosis by macrophages (152-154). Immune checkpoints of
T cell activity can also be blocked to enhance adaptive immunity.
PD-1/PD-L1, CTLA-4, LAG3, and TIM3 are receptors of
coinhibitory immune checkpoints. The blockade of these
molecules resuscitates the function of tumor-infiltrating T cells in
various kinds of cancers in 10%-30% of patients (155). Molecules in
the TNF receptor superfamily and glucocorticoid-induced TNFR-
related protein are receptors of costimulatory immune checkpoints.
Using an agonist to activate the receptors can reverse the
suppression of CTL and promote tumor cell death (156). The
combination of blockade of coinhibitory molecules and activation
of costimulatory molecules also achieves promising anti-tumor
effects in vivo (40, 157, 158). The immune cell redirection and
anti-tumor immunity enhancement can also be combined to
achieve a robust anti-tumor effect in vivo (159).

However, there are some adverse effects of BsAb that cannot be
eliminated at present. Since BsAb primarily regulates the immune
response through signaling pathways and cytokines, the most
common adverse effect is cytokine release syndrome (CRS) (160,
161). CRS is caused by a large number of cytokines, such as IFN-y
secreted by activated T cells (162, 163). They can suppress the
overstimulated inflammatory reactions without significantly
reducing the anti-tumor effect (147). Cytokine receptor
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antagonism can block the receptors of overexpressed cytokines
and relieve the symptoms of CRS (164, 165). However, to prevent
the potential immune suppressive effect of corticosteroids, small
molecule inhibitors have been developed. This type of inhibitor
specifically targets the signaling molecules involved in CRS
induction. Since most cytokines promote inflammation via the
JAK/STAT pathway in CRS, preclinical studies of JAK1/2
inhibitors have shown promising efficacy in preventing CRS
(166). In addition, Bruton’s tyrosine kinase inhibitors (BTK) can
directly bind to B cells to reduce the overexpression of cytokines
caused by BTK signaling, preventing CRS without affecting anti-
tumor efficacy (167).

5 Anti-TGF-B/PD-L1 bsAb (including
bifunctional protein)

Given the high expression levels and specific enrichment of
both PD-L1 and TGF-B in the TME, reagents that target them
simultaneously could provide more precise targeting of cancerous
lesions while sparing normal tissues. As a result, bispecific
antibodies (BsAbs) may accumulate in the TME, reducing side
effects and improving tumoral precision therapy.

5.1 YM101 and BiTP

YM101 is the world’s first publicly reported anti-TGF-f3/PD-L1
bsAb (25). Although fusion protein M7824 has been published
before, it is the first time to target these two molecules by bsAb
technology. YM101 is the first molecule developed based on the
Check-BODY ™ technology platform (Figure 3) (25). The results
showed that YM101 could effectively antagonize the biological
effects of TGF-f and PD-1/PD-L1 pathways. In addition, in vivo
experiments showed that the anti-tumor activity of YM101 was
superior to that of anti-TGF-f and anti-PD-L1 monotherapies.
Investigations into the TME found that YM101 promoted the
formation of inflamed tumor: increased the number and activity
of TIL and DC, and increased the ratio of M1/M2 macrophages.
Additionally, hyperactive TGF-f signaling in CAF leads to
thickened peritumoral collagen, which hampers immune cell
infiltration and limits the efficacy of anti-PD-L1. However,
YM101 suppressed the functions of CAFs and undermined the
peritumoral barrier by neutralizing TGE- in the TME. As a result,
YM101 promoted T cell infiltration and relieved anti-PD-L1
resistance (25). Moreover, the combination therapy of Mn*" and
YM101 has been shown to have a synergistic anti-tumor effect,
effectively reversing immunotherapy resistance in non-inflamed
tumors (168). It has been validated that that Mn>" activates the
STING pathway, promotes DC maturation, and cooperates with
YM101 to promote T cell activation. Moreover, in multiple mouse
tumor models, the combination of Mn>* and YM101 treatment has
exhibited durable anti-tumor effects and prolonged the survival of
tumor-bearing mice (168). Compared to monotherapy, the
combination of Mn*" and YM101 has a stronger anti-tumor effect
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FIGURE 3

The structure of bispecific and bifunctional antibodies targeting TGF-3 and PD-L1. (A) The structure of YM101 and BiTP. YM101 and BiTP contain
anti-TGF-B and anti-PD-L1 domains in Fab region. (B) The structure of M7824. M7824 contains an anti-PD-L1 domain in Fab region and a TGF-B

trap in Fc region. Adapted from Yi et al, 2022 (40)

and a broader anti-tumor spectrum. Mechanistically, this strategy
(168). Further single-cell transcriptome analysis demonstrated that
STING agonist combined with YM101 simultaneously regulates
multiple components of anti-tumor immunity, promoting the
transition from immune-exclude or immune-desert to inflamed
tumors. This novel combined approach has the potential to be a
general treatment for both inflamed and non-inflamed tumors (74).
Encouraged by the positive preclinical data, the alternative molecule
BiTP was constructed for further clinical trials (26). With a similar
structure to YM101, BiTP is created by Check-BODY "™ as well. The
results of murine triple-negative breast cancer models showed that
BiTP decreased peritumoral collagen generation and promoted T
cell infiltration (26). A phase I clinical trial (NCT05028556) is also
on recruiting to explore the optimal dose, efficacy, and safety of
BiTP. There has been no observation of serious immune-related
adverse events in the trial.

5.2 M7824

As a novel bifunctional fusion protein targeting TGF-f3 and PD-
L1, M7824 contains an anti-PD-L1 domain in Fab region and a TGF-
B trap in Fc region (23). In murine cancer models, M7824 showed
potent anti-tumor efficacy and significantly prolonged the survival of
tumor-bearing mice (23). Further investigations showed that M7824
substantially reshaped the tumor immune microenvironment:
upregulating the numbers and activities of tumor-killing effectors
and decreasing the ratio of immunosuppressive subsets such as
MDSC, M2-like macrophage, and Treg (23). Also, M7824 led to
tumor matrix remodeling, which might contribute to improved
immune cell infiltration (23). Notably, preclinical data indicated
that radiotherapy or chemotherapy might enhance the anti-tumor
effect of M7824 (23, 169). The successful in-vivo studies and animal
studies inspire researchers to conduct clinical trials associated with
M7824 as listed in Table 1. In the phase 1 trial NCT02517398, the
response rate was 87.5% in patients with PD-L1 high NSCLC (170).
Up to now, M7824 has undergone 19 clinical trials, with 4 completed,
1 actively not recruiting, 12 terminated and 2 withdrawn, according
to the ClinicalTrials database (Supplementary File: Table S1).
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5.3 Other novel antibodies

The triumph of M7824 has stimulated the exploration of novel
fusion protein endeavors, among which is SHR-1701, a monoclonal
anti-PD-L1 domain fused with an N-terminal-truncated domain of
TGFPBRII that bears a resemblance to M7824 in structure (171). The
linked TGFBRII domain serves as a trap and neutralizes TGF-} in
the tumor microenvironment, while the Fab segment of the
antibody blocks PD-L1. This dual blockade overcomes anti-PD-1
resistance in murine tumor models (172). In advanced tumors,
SHR-1701 showed anti-tumor activity with objective response rate
(ORR) of over 20% (173). In recurrent and metastatic cervical
cancer, the ORR of SHR-1701 reached 15.6% (174). Also, fusion
protein BR102 contains anti-PD-L1 antibody and TGFBRII
ectodomain (175). Further animal studies confirmed the anti-
tumor activity of BR102 in murine tumor models (176).

6 Perspective and Conclusion

For advanced cancers, TGF-f changes from a tumor suppressor
to a tumor promoter. In cancer immunology, TGF-3 substantially
undermines immune surveillance and immune clearance by
limiting the activities of antigen-presenting cells and cytotoxic T
cells. Therefore, TGF-f blockade is a promising approach to
improve immunotherapy performance. Although the enhanced
anti-tumor effect of TGF- and PD-L1 dual blockade has been
validated in several clinical studies, the combination therapy of two
antibodies indeed complicates grouping in clinical trials.

Based on BsAb or fusion protein technology, multiple BsAbs
have been developed, which could simultaneously counteract PD-1
and TGF-f signaling pathways. Commonly, these BsAbs exhibit
more potent anti-tumor activities and effectively reshape the
immunosuppressive microenvironment. Notably, the therapeutic
effect of anti-TGF-B/PD-L1 BsAb is even superior to anti-TGF-3
plus anti-PD-L1 treatment, which might be attributed to the high
tumor specificity brought by BsAb structure. We believe anti-TGF-
B/PD-L1 BsAb has a significant advantage in treatment effect,
especially in TGF-B-driven immune-excluded tumors.
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TABLE 1 Clinical trials of M7824.

10.3389/fimmu.2023.1196970

NCT number Cancer type Phase Primary Measure Outcomes Status
NCT03833661 Biliary tract cancer, Cholangiocarcinoma, Gallbladder cancer 2 ORR Completed
NCT03524170 Breast cancer 1 Safety Completed
NCT03840915 NSCLC 1/2 Safety Completed
NCT02699515 Solid tumors 1 Safety Completed
NCT04066491 Biliary tract cancer, Cholangiocarcinoma, Gallbladder cancer 2/3 Safety and OS Completed
NCT02517398 Solid tumors 1 Safety Completed
NCT04489940 TNBC 2 ORR Completed
NCT04246489 Uterine cervical neoplasms 2 ORR Completed
NCT04220775 HNSCC 1/2 Safety and PFS Completed
NCT04551950 Cervical cancer 1 Safety Completed
NCT04501094 Urothelial cancer 2 ORR Terminated
NCT03840902 NSCLC 2 PES Terminated
NCT03451773 Pancreatic cancer 12 Safety and ORR Terminated
NCT04327986 Pancreatic cancer 1/2 PR2D, Safety, and ORR Terminated
NCT04560686 NSCLC 2 ORR Terminated
NCT04428047 HNSCC 2 ORR Terminated
NCT04727541 Cholangiocarcinoma 2 ORR Terminated
NCT04971187 NSCLC 2 ORR and PFS Terminated
NCT04417660 Thymic cancer 2 ORR Recruiting
NCT05005429 Mesothelioma and lung cancer 2 PES Recruiting
NCT04303117 Kaposi sarcoma 172 Safety Recruiting
NCT04432597 HPV+ cancer 12 Safety, PR2D, and CD3+ TIL Recruiting
NCT03554473 SCLC 1/2 ORR Recruiting
NCT03493945 Prostate cancer 1/2 Clinical benefit Recruiting
NCT05012098 Olfactory neuroblastoma 2 ORR Recruiting
NCT03315871 Prostate cancer 2 PSA Recruiting
NCT04708470 Solid tumors 12 ORR and PR2D Recruiting
NCT03427411 Solid tumors 2 ORR Active, not recruiting
NCT03631706 NSCLC 3 PFS and OS Active, not recruiting
NCT03436563 Colorectal cancer, MSI-H solid tumors 12 ORR, ctDNA Active, not recruiting
NCT05061823 Lung cancer 3 Safety Active, not recruiting
NCT04247282 Head and neck cancer 172 ORR Active, not recruiting
NCT04574583 Solid tumors 12 ORR Active, not recruiting
NCT04491955 Small bowel cancer, colorectal cancer 2 ORR Active, not recruiting
NCT04287868 Solid tumors 12 ORR Active, not recruiting
NCT04789668 Solid tumors 12 ORR, PR2D, Safety, and OS Active, not recruiting
NCT04396535 NSCLC 2 PES Active, not recruiting

ORR, objective response rate; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; TNBC, triple negative breast cancer; OS, overall survival; HNSCC, head and neck squamous cell
carcinoma; PFS, progression-free survival; PR2D, recommended phase II dose; TIL, tumor-infiltrating lymphocyte; MSI-H, microsatellite instability-high; ctDNA, circulating tumor DNA.
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However, in a head-to-head phase III clinical study
with pembrolizumab, M7824 failed to achieve the expected
endpoints in patients with non-small cell lung cancer and
cholangiocarcinoma. Although the reasons for the large
discrepancy between the results of the phase III trial and the
phase I trial have not been published, the lack of precise
molecular markers to select suitable patients may be one reason
for the failure of the phase III trial. For immune-desert tumors, both
TGF-B and PD-1 pathways are not primary rheostats for the
cancer-immunity cycle. In this case, combination therapy with
agents stimulating antigen release or improving antigen-
presenting cell functions is essential to overcome immunotherapy
resistance. It has been confirmed that anti-TGF-B/PD-L1 BsAb
combined with STING agonist effectively conquers anti-PD-1/PD-
L1 resistance in immune-desert and immune-exclude tumors.
Hereto, anti-TGF-B/PD-L1 BsAb-involved combination
therapy might effectively broaden the anti-tumor spectrum of
immunotherapy in the future.
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Immunotherapy has emerged as a hot topic in the treatment of non-small cell lung
cancer (NSCLC) with remarkable success. Compared to chemotherapy patients, the
5-year survival rate for immunotherapy patients is 3-fold higher, approximately 4%—
5% versus 15%-16%, respectively. Immunotherapies include chimeric antigen
receptor T-cell (CAR-T) therapy, tumor vaccines, immune checkpoint inhibitors,
and so forth. Among them, immune checkpoint inhibitors are in the spotlight.
Common immune checkpoint inhibitors (ICls) currently in clinical use include
programmed death receptor-1(PD-1)/programmed death ligand-1(PD-L1) and
cytotoxic T lymphocyte-associated antigen 4(CTLA-4). This article focuses on
monotherapy and combination therapy of CTLA-4 and PD-1/PD-L1 immune
checkpoint inhibitors. In particular, the combination therapy of ICls includes the
combination of ICls and chemotherapy, the combination therapy of dual ICls, the
combination of ICls and anti-angiogenic drugs, the combination of ICls and
radiotherapy, and the combination of ICls inhibitors and tumor vaccines and so
forth. This article focuses on the combination therapy of ICls with chemotherapy,
the combination therapy of dual ICls, and the combination therapy of ICls with anti-
angiogenic drugs. The efficacy and safety of ICls as single agents in NSCLC have
been demonstrated in many trials. However, ICls plus chemotherapy regimens offer
significant advantages in the treatment of NSCLC with little to no dramatic increase
in toxicity, while combined dual ICls significantly reduce the adverse effects (AEs) of
chemotherapy. ICls plus anti-angiogenic agents regimen improves anti-tumor
activity and safety and is expected to be the new paradigm for the treatment of
advanced NSCLC. Despite some limitations, these agents have achieved better
overall survival rates. In this article, we review the current status and progress of
research on ICls in NSCLC in recent years, aiming to better guide the individualized
treatment of NSCLC patients.
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1 Introduction

Lung cancer is the second most common cancer worldwide and
the leading cause of cancer deaths, accounting for 11.4% of new cancers
and 18% of cancer-related deaths in 2020 (1). According to statistics,
NSCLC accounts for 80%-90% of all lung cancer diagnoses (2).
Surgical resection is the main treatment modality for early-stage
NSCLC; however, the prognosis and 5-year survival rate of patients
after surgery remain unsatisfactory. In addition, approximately two-
thirds of patients have already developed local or distant metastases at
the time of detection and lost the opportunity for surgery (3). NSCLC is
characterized by rapid proliferation, which will multiply rapidly during
the radiotherapy stage, usually starting to multiply in 3-4 weeks of
radiotherapy, and is also the main factor leading to the failure of
radiotherapy, so the overall effect of conventional radiotherapy in
treating NSCLC is unsatisfactory (4). Platinum-based two-drug
chemotherapy is the standard first-line treatment for advanced
negative mutation-driven NSCLC. However, the median overall
survival (OS) is only 7.9 months, and chemotherapy-related side
effects are not well tolerated by many patients (5). At present,
numerous clinical studies have shown that immune checkpoint
inhibitors (ICIs) are safer and more effective than conventional
treatments, such as radiotherapy and chemotherapy. ICIs have better
guidance for the clinical treatment of patients with advanced NSCLC.

This article reviews the mechanism of action of programmed
death receptor-1 (PD-1)/programmed death ligand-1 (PD-L1) and
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) ICIs,
including their clinical applications and related clinical trials,
focusing on clinical trials related to ICIs to provide ideas for
treatment options for NSCLC patients.

2 Mechanisms of ICls for NSCLC

According to immunology, in tumorigenesis and regression, the
body resists tumorigenesis through acquired immunity, while tumor
cells evade recognition and attack by the body’s immune system
through various mechanisms, which then grow and metastasize free
of immune killing effects. The immune response begins with antigen
uptake, processing, and presentation by antigen-presenting cells (APC),
which bind to the major histocompatibility complex molecules through
the APC to the T cell surface receptors. The T cell cluster of
differentiation (CD)28 receptor then binds to the CD80/CD86 ligand
on the APC, and the two signals together activate the T cell (6). Ligands
of immune checkpoints bind to receptors, thereby inhibiting the
activation of CTLs, which is one of the key causes of tumor immune
escape (7). Tumor cells can upregulate the molecular expression of cell
surface immune checkpoints and use the immune checkpoint pathway
to evade the host immune system, thereby suppressing immune cell
function (Figure 1A) (8).

2.1 Anti-CTLA-4 antibody

CTLA-4 is a suppressor receptor expressed only by T cells and is
used to inhibit T cell activity. Although CTLA-4 and CD28 are
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homologous analogs, they produce different effects. CD28 exerts
positive regulation of the immune response, while CTLA-4 exerts
negative regulation of the immune response. CTLA-4 has a higher
affinity for CD80/CD86 than CD28, thus CTLA-4 pre-emptively
binds to CD80/CD86 through competitive action. In addition,
CTLA-4 can downregulate CD80/CD86 expression on APC or
remove it through cellular cytokinesis, blocking the B7-CD28
signaling pathway in T-cell activation by competing with CD28,
and thus blocking T-cell activation (Figure 1B) (9). CTLA-4 plays a
negative regulatory role in T cell activation and activation of the
immune response, and anti-CTLA-4 antibodies block inhibitory
signals, induce T cell activation and proliferation, and restore their
function. In addition, CTLA-4 induces the development and
function of regulatory T cells (Treg), and CTLA-4 deficiency
impairs Treg suppressor function in vivo and in vitro
(Figure 1C) (10).

2.2 Anti-PD-1/PD-L1 antibody

PD-1 (also known as CD279) is an important immune checkpoint
protein, mainly expressed in activated T cells and is associated with
specific ligands PD-L1 (B7-H1, CD274) and PD-L2 (B7-H2, CD273)
(11). Both can competitively bind to the PD-1 interaction. The PD-L2/
PD-1 interaction has a higher affinity for cancer cells than the
differentiated PD-L1/PD-1 interaction and activation; however, the
tumor expression and activity of differentiated PD-12 in regulatory
cancer cells is much less than that of PD-L1 (12). PD-L1 is induced to
be expressed by immune cells and epithelial cells, and PD-L2 is induced
to be expressed by APC. Physiologically, PD-1 interacts with PD-L1
and PD-L2 on the surface of APC to inhibit T-cell overactivation and
maintain immune homeostasis (Figure 1D). When tumor cells
expressing PD-L2 bind to PD-1 (CD279) on T cells for synergistic
signaling, it induces dephosphorylation of binding protein tyrosine
phosphatases and affects downstream signaling pathways such as PI3K/
Akt, Ras/ERK, PLCy, and VAV, leading to immunosuppression and
cancer progression by inhibiting T cell activation, proliferation,
survival, and cytolytic functions in the tumor microenvironment
(Figure 1E) (11). PD-1/PD-L1 monoclonal antibody disrupts tumor
immune tolerance by specifically blocking PD-1/PD-L1 interaction,
restoring the killing function of tumor-specific T cells and achieving
tumor clearance (Figure 1F) (13).

3 Research progress of ICls

3.1 CTLA-4 ICls

Ipilimumab is a CTLA-4 immunoglobulin G1 (IgGl)
monoclonal antibody, which enhances T cell activation and
proliferation for anti-tumor effects. A randomized phase II study
showed that ipilimumab in combination with chemotherapy
improved outcomes more significantly than chemotherapy alone
in patients with driver-negative squamous NSCLC (sq-NSCLC)
(14). In a subsequent phase III trial, patients with advanced sq-
NSCLC who had not received chemotherapy were randomized to
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immunosuppressants

either the ipilimumab +paclitaxel+ carboplatin(I+CP)or placebo in
combination with chemotherapy groups and found no significant
difference in OS between the two groups (median OS:13.4 months
vs12.4 months), with a median progression-free survival (PES) of
5.6 months in both groups. The results suggest that I+CP did not
improve OS in patients with advanced sq-NSCLC and resulted in a
higher incidence of treatment-related adverse events (15). It has
been hypothesized that Ipilimumab, which stimulates early T-cell
activation in the lymphoid region, may not produce a sufficiently
strong anti-tumor response in SCLC if there is no corresponding
effector T-cell stimulation in the local tumor microenvironment.
This explanation may also apply to sq-NSCLC (15) Nivolumab, a
fully human anti-PD-1 antibody, and ipilimumab, a fully human
anti-CTLA4 antibody, are ICIs with distinct but complementary
mechanisms of action. Ipilimumab induces T-cell proliferation and
de-novo anti-tumor T-cell responses, including in memory T cells,
whereas nivolumab restores the function of existing anti-tumor T
cells (16-18). 2020 FDA approval for Nivolumab+ipilimumab
+chemotherapy first line for advanced or relapsed NSCLC.

Frontiers in Oncology

3.2 PD-11ICls

3.2.1 PD-1 ICIs monotherapy

Pembrolizumab is a monoclonal antibody that targets PD-1 and
binds to the PD-L1 receptor, blocking its interaction with PD-L1
and PD-L2. KEYNOTE-001 was the first phase Ib study to evaluate
pembrolizumab in patients with advanced NSCLC, showing an
objective response rate (ORR) of 27%, median OS of 22.1 months,
and PFS of 6.2 months. Among patients with PD-L1 tumor
proportion score (TPS) >50%, ORR was 45.2% (19). Based on the
findings in KEYNOTE-001, KEYNOTE-024 further investigated
the efficacy of first-line pembrolizumab monotherapy in advanced
NSCLC patients with PD-L1 TPS >50% and compared it with
chemotherapy (20). The study found that the pembrolizumab group
had significantly better PFS and ORR than the chemotherapy
group; however, OS had not been reached. Based on the
KEYNOTE-001/024 study, the US Food and Drug Administration
(FDA) announced the approval of pembrolizumab as the first-line
treatment for patients with advanced NSCLC with high PD-L1
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expression (21). To further expand the population for first-line
immunotherapy, the KEYNOTE-042 study was created. This study
demonstrated that immunotherapy was more effective than
chemotherapy in patients with PD-L1 TPS >1%, with lower rates
of side effects and an extended OS of nearly 8 months. Furthermore,
the study included a Chinese population for the first time, thus
allowing the results to be more relevant to Chinese patients as well
(22). Based on the results of the KEYNOTE-042 study, The
National Medical Products Administration approved
pembrolizumab as a single-agent first-line treatment for advanced
NSCLC with PD-L1 TPS 21% in September 2019. The results of the
KEYNOTE024 and KEYNOTEO042 studies showed that people with
high PD-L1 expression benefitted more from immune
monotherapy (20, 22).

Nivolumab, an IgG4 monoclonal antibody that binds to the PD-
1 receptor, blocks the interaction of PD-1 with PD-L1 and PD-L2
and relieves PD-1 pathway-mediated suppression of the immune
response. It is the first FDA-approved humanized IgG4-type
monoclonal antibody against PD-1 as the second-line treatment
for advanced or metastatic NSCLC, with a high safety profile and
durable efficacy (23, 24). The CheckMate017 study showed that in
patients with advanced sq-NSCLC cancer, the (median OS: 9.2
months vs 6.0 months), (median PFS: 3.5 months vs 2.8 months)
and response rates were significantly better in the nivolumab group
than in the docetaxel group, regardless of PD-L1 expression levels
(25). Check Mate-063 results showed an ORR of 14.5% and a 1-year
OS rate of 39%, demonstrating the significant benefits of nivolumab
in relapsed refractory sq-NSCLC (26). Subsequent Check Mate-012
results showed a 23% ORR and 74% 1-year OS rate for nivolumab
monotherapy in advanced NSCLC, confirming a significant
prolongation of the duration of response (DoR) for nivolumab
monotherapy in first-line treatment of advanced NSCLC (24). In
the CheckMate 078 and 057 trials, nivolumab had a significant
improvement in patient survival and a significantly lower incidence
of AEs compared to docetaxel, and the benefit was also more
pronounced in patients with low PD-L1 expression (27, 28).

3.2.2 PD-1 IClIs in combination
with chemotherapy

Tislelizumab is a humanized IgG4 monoclonal antibody with
high affinity and specificity for PD-1, which rarely binds to FcyR on
macrophages, thus eliminating antibody-dependent phagocytosis,
T-cell clearance mechanisms, and potential resistance to anti-PD-1
therapy (29, 30). A study revealed that tislelizumab was well
tolerated in patients with advanced solid tumors, regardless of
PD-1 expression, and anti-tumor activity was observed in NSCLC
(31). RATIONALE304, a phase III clinical trial in nonsquamous
NSCLC (nsq-NSCLC), showed that PFS was significantly longer in
stage IIIB or IV nsq-NSCLC patients treated with tislelizumab +
platinum + pemetrexed(T+PP) as compared to platinum +
pemetrexed (PP)(median PFS:9.7 months vs 7.6 months).
Furthermore, the main adverse effect (AE) of this regimen is
decreased neutrophil count. In addition, the combination therapy
had a higher response rate and longer response time, and the best
PFES benefit was observed in patients with >50% PD-L1 expression
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(32). RATIONALE 307 is one of the first phase 3 trials of a PD-1
inhibitor in combination with chemotherapy for sq-
NSCLC.Tislelizumab+carboplatin+nab-paclitaxel/paclitaxel (T
+CnP/T+CP) dramatically improved PFS and ORR and provided
evidence of stable safety/tolerability compared to carboplatin+nab-
paclitaxel/paclitaxel(CnP/CP). The study also fully demonstrates
the clinical benefit of tislelizumab in combination with
chemotherapy as a first-line treatment for sq-NSCLC (33).

Sintilimab is a potent and selective anti-PD-1 antibody that
inhibits the interaction between PD-1 and its ligands. Compared to
nivolumab and pembrolizumab, sintilimab has a different binding
epitope and greater PD-1 binding affinity (34). Platinum and
gemcitabine (GP) are the most common inter-standard
chemotherapy regimens for sq-NSCLC in Asia. ORIENT12 is the
first study to use GP as a backbone combination to assess the benefit
of adding an anti-PD-1 antibody to first-line sq-NSCLC
chemotherapy in Asia (35). The results showed that the addition
of sintilimab+GP (S+GP) standard chemotherapy significantly
prolonged PFS in previously untreated patients with advanced or
metastatic sq-NSCLC, and the greatest benefit was observed in the
subgroup with PD-LITPS >50%. Furthermore, this regimen could
be used as first-line treatment for locally advanced or metastatic sq-
NSCLC. ORIENT11 showed that in patients with previously
untreated, locally advanced, or metastatic nsq-NSCLC, the
addition of sintilimab+pemetrexed+platinum (S+PP) significantly
prolonged PFS (median PFS:8.9 months vs 5.0 months) with a
manageable safety profile compared to chemotherapy alone. Thus,
the combination regimen may provide a new treatment option for
this patient population (36).

Camrelizumab (SHR-1210), a humanized Ig G4-k monoclonal
antibody against PD-1, exhibits anti-tumor activity and tolerability
in lung cancer (37). In the phase 3 Camel trial, camrelizumab +
pemetrexed + platinum (C+PP) significantly prolonged PFS
compared to chemotherapy (PFS:11.3 months vs 8.3 months).
The main AEs of this regimen are decreased white blood cell and
neutrophil counts and anemia. The regimen is identified as the
standard first-line therapy for Chinese patients with advanced nsq-
NSCLC without EGFR mutations or ALK translocations (38). In the
CAMEL-SQ study, first-line camrelizumab + carboplatin+
paclitaxel (C+CP) showed stable and durable clinical benefit in
patients with advanced sq-NSCLC (median PFS:8.5 months vs 4.9
months) (39). Although the OS had not been reached, the survival
benefit was consistent across all PD-L1 TPS subgroups, with an
ORR of 64.8% versus 36.7%, DoR of 13.1 versus 4.4 months, and
manageable adverse events. These findings support the efficacy of C
+CP as the standard first-line treatment regimen for sq-NSCLC.

3.3 PD-L1 inhibitor

3.3.1 PD-L1 ICls monotherapy

Durvalumab is a humanized anti-PD-L1 protein monoclonal
antibody that blocks the binding of PD-LI to PD-1 and CD80. It
recognizes and clears tumor cells and can be used as the first-line
treatment for unresectable III NSCLC that has not progressed after
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concurrent radiotherapy or chemotherapy and for progressing
SCLC (40, 41). A phase III study [NCT02125461] showed a
higher PES in the durvalumab group than in the placebo group
(PFS:16.8 months vs 5.6 months) (42). In addition, the ORR was
higher in the durvalumab group than in the placebo group (28.4%
vs 16.0%), with a DoR of 18 months. Similarly, the median time to
death or distant metastasis was longer in the durvalumab group
compared to the placebo group (23.2 months vs 14.6 months). In
the phase III ARCTIC study (NCT02352948), 476 patients with
advanced NSCLC received durvalumab as a consolidation therapy
after chemoradiotherapy (43). The study found that patients treated
with durvalumab had a longer median PFS benefit irrespective of
PD-LI expression levels. In light of these findings, in February 2018,
the US FDA approved durvalumab for patients with NSCLC whose
disease has not progressed after locally advanced
chemoradiotherapy and who are inoperable.

Avelumab is an IgG1-type monoclonal antibody, which also has
antibody-dependent cell-mediated cytotoxic effects compared to
other PD-L1 inhibitors, causing direct lysis of tumor cells (44).
Avelumab has a controlled safety profile and promising clinical
activity in a population of patients with progressive, platinum-
treated, metastatic, or recurrent NSCLC. Responses occurred in
both squamous and non-squamous tumors, regardless of PD-L1
expression status. These findings support the therapeutic benefit of
anti-PD-L1 antibodies in previously treated NSCLC patients. In
addition, these results demonstrating the efficacy of avelumab
provide a rationale for ongoing Phase 3 trials in the second-line
NSCLC population and highlight the potential benefit of
immunotherapy for patients with this difficult-to-treat disease (45).

3.3.2 PD-L1 ICIs combined with chemotherapy

Atezolizumab is an engineered humanized monoclonal anti-
PD-L1 antibody that inhibits the binding of PD-L1 to PD-1 and
B7.1 (also known as CD80), thereby restoring anti-cancer immunity
(46). IMpower130 is the first to demonstrate the benefit of PD-L1
inhibitors in combination with chemotherapy for the first-line
treatment of advanced NSCLC. The results of the study showed
that atezolizumab+carboplatin+nab-paclitaxel(A+CnP) for first-
line treatment of patients with EGFR/ALK wild-type nsq-NSCLC
showed a better benefit in both OS (median OS: 18.6 months vs 13.9
months) and PFS (median PFS:7.0 months vs 5.5 months)
compared to chemotherapy, with no new occurrence of AEs (47).
In light of these findings, A+CnP was approved by the US FDA for
the first-line treatment of metastatic nsq-NSCLC without EGFR/
ALK mutations. In the phase III clinical trial IMpower131, which
also compared the efficacy of immunotherapy plus chemotherapy
with chemotherapy alone in advanced sq-NSCLC, there was an
improvement in PFS in the A+CnP group compared with CnP
group (PFS:6.3 months vs 5.6 months), with no difference in OS
(48). The IMpowerl32 study focused on the efficacy of
atezolizumab+ pemetrexed + platinum(A+PP) versus
chemotherapy alone in patients with advanced nsqNSCLC and
showed that atezolizumab in combination with chemotherapy
improved PFS (PFS: 7.6 months vs 5.2 months), regardless of PD-
L1 expression (49).
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Sugemalimab (formerly CS1001) is an immunoglobulin G4
(IgG4, s228p) monoclonal antibody targeting PD-LI.
Sugemalimab retains binding affinity to Fcy receptor I and thus
can effectively induce antibody-dependent cellular phagocytosis
through cross-linking of PD-LI-positive tumor cells with
macrophages prevalent in the tumor microenvironment and may
further enhance tumor antigen presentation (50). In the
GESTONE-302 trial, which investigated the PD-L1 inhibitor
sugemalimab in combination with platinum-based chemotherapy
(S+P) in NSCLC, sugemalimab combined with chemotherapy
improved PFS compared with placebo combined with
chemotherapy (median PFS:9.0 months vs 4.9 months), with a
more prominent benefit, especially in the sq-NSCLC subgroup.
Analysis of the subgroups indicated that these benefits remained
unchanged, regardless of PD-L1 expression and NSCLC subtype.
Their results confirmed that sugemalimab combined with
platinum-based chemotherapy showed measurable improvements
in PFS in NSCLC patients and could be a new first-line treatment
option for NSCLC (51). An interim analysis of the phase 3 trial
GESTONE-301 exhibited a significant and clinically meaningful
improvement in PFS after concurrent or sequential
chemoradiotherapy combined with sugemalimab (S+C)group
compared with the placebo group. The results suggested that
sugemalimab is an effective consolidation therapy for patients
with locally advanced, unresectable stage III NSCLC without
disease progression after chemoradiotherapy (52).

3.4 Combined treatment with dual ICls

PD-1 and CTLA-4 are both immune checkpoint molecules but
have very different mechanisms of action, negatively regulating the
activation of T cells in the immune response at different stages.
CTLA-4 prevents T cell activation and effector functions during the
initial T cell activation phase, whereas PD-1 acts on activated T cells
at a later stage of the immune response, inhibiting the degree of T
cell activation and cytotoxicity (Figure 2A) (13). Clinical research
has shown that the combination of PD-1/PD-L1 inhibitors and
CTLA-4 inhibitors resulted in enhanced effector T-cell action and
attenuated suppressor T-cell action, resulting in stronger anti-
tumor effects than single-agent ICIs (Figure 2B) (53).

The CheckMate012 study was a trial of dual ICIs regimen, using
nivolumab and ipilimumab as the first-line treatment for patients
with NSCLC. The regimen showed excellent efficacy with a
manageable safety profile. Patients with high PD-L expression
benefitted more from combination therapy. This investigation
was the first to support that dual immunotherapy can enhance
the benefit of first-line treatment in NSCLC (54). The CheckMate
227 trial further confirmed that the dual ICIs arm (nivolumab plus
ipilimumab, N+I) had a prolonged PES (median PFS:7.2 months vs
5.4 months) and a more prominent improvement in ORR (45.3% vs
26.9%) compared to the chemotherapy alone arm, regardless of PD-
L1 status. The results of this project were assessed by the Lung
Cancer Symptom Scale and the European Five-Dimensional Health
Scale, and patient-reported outcomes showed multiple symptoms
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and quality-of-life improvements compared to chemotherapy (55).
The results of the CheckMate 9LA study were consistent with that
of CheckMate 227. Compared to chemotherapy alone, regardless of
tumor histology or PD-L1 expression, nivolumab plus ipilimumab
in combination with two cycles of chemotherapy significantly
improved survival. Efficacy and safety data support nivolumab
plus ipilimumab combination chemotherapy has a favorable risk-
benefit profile as first-line therapy for patients with advanced
NSCLC (56). The main objective of the phase III clinical trial
MYSTIC study was to explore the efficacy and safety of durvalumab
plus tremelimumab versus conventional chemotherapy in the first-
line treatment of advanced NSCLC and to explore its associated
biomarkers. At tumor mutation burden (TMB) >16 mut/Mb, the
OS of dual immune combination versus chemotherapy was 16.5
months and 10.5 months, with significant differences. In patients
with low TMB, immunotherapy did not result in favorable OS,
showing the importance of appropriate biomarkers (57). A phase 1b
investigation demonstrated that, regardless of PD-l expression
levels, the combination of durvalumab and tremelimumab
showed good anti-tumor effects in NSCLC patients (58).

3.5 ICIs in combination with anti-
angiogenic drugs

ICIs combined with anti-angiogenic drugs are based on the
following theories. First, tumor angiogenesis inhibits the tumor
microenvironment; vascular endothelial growth factor (VEGF)
plays a key role in tumor angiogenesis and immunosuppression
at different levels by binding to VEGF receptors 1-3 and neuropilin
(59). Dendritic cells (DCs) play a central role in T cell initiation and
activation. However, VEGF can inhibit the differentiation,
maturation, and antigen presentation of DCs (60). In addition,
VEGF can drive the suppressive effects on effector T cells by
inhibiting the differentiation of progenitor cells to CD8+ T cells,
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reducing the proliferation and cytotoxic effects of CD8+ T cells,
increasing the exhaustion of CD8+ T cells, promoting the
polarization of tumor-associated macrophages (TAMs) to M2
type and recruiting immunosuppressive cells (such as Tregs,
MDSCs and M2-like TAMs) to exert immunosuppressive effects
(61). Target VEGF can diminish the expression of adhesion
molecules on the endothelium of tumor vessels and decrease the
ability of immune cells to adhere to and cross the vessel wall, thus
preventing immune cells from entering the tumor (62). Second, the
tumor immune microenvironment promotes tumor angiogenesis;
neuropilin-1 can be transferred from DCs to T cells during the
interaction between T cells and DCs, and the transferred
neuropilin-1 can effectively bind VEGF secreted by DCs to boost
tumor angiogenesis. Moreover, DCs and M2-like TAMs can
promote angiogenesis by secreting the pro-angiogenic factor
VEGF (63).

Mechanism of action of anti-angiogenic drugs: 1) Immune
response is stimulated by increasing CD8+ T lymphocyte
infiltration into the tumor (64); 2) immune signaling is
suppressed by inhibiting T regulatory cell proliferation and DC
maturation, and PD-1 expression in infiltrating tumor T
lymphocytes exerts a regulatory effect; 3) TAMs are induced to
polarize into an immune-supporting M1-like phenotype, and the
expression of immune checkpoint molecules, such as PD-L1 and
CTLA-4, on the surface of immunosuppressive cells and the
secretion of immunosuppressive factors, such as VEGEF,
transforming growth factor B and interleukin 10, is reduced,
thereby restoring the activation and function of immune cells
(65); and 4) reducing vascular pressure, improving tissue hypoxia,
inviting vascular normalization and relieving immunosuppression
by depressing the permeability of tumor vessels (66). On the other
hand, ICIs can activate CD8+ T lymphocytes and Thl cells to
secrete anti-tumor cytokines such as interferon y and tumor
necrosis factor, which can regulate the immune
microenvironment while exerting anti-angiogenic and vascular
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normalization effects (67, 68). During anti-angiogenic drug
treatment, immunotherapy can be coupled with immunotherapy
to enhance the transport of immunotherapeutic drugs and immune
cells, strengthen the infiltration of immune cells into tumor tissues
and activate the positive regulation of the body’s immune function
to achieve reinforcement of the anti-tumor effect. Therefore, the
combination of anti-angiogenic and immunotherapy can
theoretically produce a synergistic anti-tumor effect (Figure 3).
IMpowerl50, a representative study of ICIs-combined anti-
angiogenesis, is the first randomized phase III clinical trial to
demonstrate the benefit of ICIs in patients with EGFR mutations.
The results showed that the atezolizumab+bevacizumab+
carboplatin + paclitaxel (ABCP) arm prolonged PFS and OS in
first-line nsq-NSCLC patients compared to the bevacizumab+
carboplatin + paclitaxel (BCP) arm, including the EGFR mutation
and ALK translocation populations. The exploratory analysis in the
EGFR mutation population suggested that patients with EGFR-
sensitive mutations or NSCLC treated with tyrosine kinase
inhibitors can benefit from the ABCP regimen, adding a new
treatment option for this patient population. Following this study,
in December 2018, the US FDA approved, atezolizumab
+bevacizumab+paclitaxel+carboplatin for the front-line treatment
of EGFR/ALK-negative metastatic nsq-NSCLC, regardless of PD-L1
expression status (69). ONO-4538-52/TASUKI-52, a randomized,
double-blind phase III clinical trial, evaluated nivolumab
+bevacizumab+carboplatin+paclitaxel (NBCP) as a first-line
treatment for nsq-NSCLC (70). The outcomes showed that the
median PFS was significantly longer in the ABCP group than in the

10.3389/fonc.2023.1213297

placebo group (median PFS:12.1 months vs 8.1 months), and
prolonged PFS was observed in all patients with PD-L1
expression levels, with an ORR of 61.5% and 50.5%, respectively.
In addition, the incidence of grade 23 treatment-related AEs was
comparable in both groups. This regimen can be considered a new
viable treatment strategy for patients with primary nsq-NSCLC. In
the JVDF study (NCT02443324), 26 patients with advanced NSCLC
were enrolled and were administrated ramucirumab
+pembrolizumab (P+R) as first-line treatment. By the time of
data cut-off, the overall ORR was 42.3%, the disease control rate
(DCR) was 84.6%, the median PFS was 9.3 months, OS was not
reached and the overall safety profile was excellent, with stratified
analysis showing better efficacy in those with high PD-L1
expression than in those with low PD-L1 expression. This study
revealed the clinical benefits of anti-angiogenic combination ICIs
(71). A phase Ib/II clinical trial (NCT02501096), which included 21
patients with advanced NSCLC who received lenvatinib
+pembrolizumab, showed an overall ORR of 33.3%, DCR of
80.9%, median PFS of 7.4 months and overall safety control. On
account of these findings, a phase III clinical trial (NCT03829319)
was initiated. Data from the first part of LEAP-006 suggested that
the effectiveness of pembrolizumab+chemotherapy in combination
with lenvatinib in patients with advanced NSCLC as the primary
treatment is definite. Furthermore, data from 13 validated analyses
showed that the ORR of this combination mode was xx. The second
part of the randomized study is currently underway, and we look
forward to the publication of the related data (72). Preliminary
results from the phase I study (NCT03628521) using sintilimab
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+anlotinib (S+A) in 22 patients with advanced NSCLC showed that W <
the combination therapy was well tolerated by all patients, with an % _ . _ . §
incidence of grade 23, treatment-related adverse events of 31.8%, an o 2 8 ) . S
ORR of 77.3% and a DCR of 100%. A subgroup analysis according &
to patients’ PD-L1 expression and TMB at baseline showed a
consistent benefit of combination therapy in all subgroups.
Although PFS was immature at the time of data cut-off, the
regimen demonstrated good anti-tumor activity (73). A phase II .
study (NCT04239443) explored the efficacy and safety of apatinib %
+camrelizumab as a second-line and beyond-treatment option for 1
advanced NSCLC. The results showed that among 91 evaluable <q(u3 ;ED
subjects with nsq-NSCLC, ORR was 30.8%, DCR was 82.4%, c 3
median PFS was 5.9 months and OS was not achieved, with g ‘?§ -
stratified analysis showing better clinical outcomes observed in g E;%
patients with bTMB-high - 535 .
s ZE ¢ -
25 3 ST
4 Conclusion and prospect ;Q EA %@ jg"
With a large number of clinical trials and a growing body of 82 g s £ g TE
data demonstrating the durable efficacy of ICIs in patients with ;)E’QJ‘S:: %g g g g g
advanced NSCLC, the clinical use of ICIs is changing the treatment &F &9 | & < 4
paradigm and landscape for NSCLC. The study of ICIs for NSCLC
has been extended to first-line treatment, and PD-1/PD-L1 ICI x 2 ) ~
monotherapy has improved the prognosis of some patients with 2 -
advanced NSCLC and become a more favorable treatment after e
molecular targeted therapy (Table 1). Combination therapy with % = x © 2
ICIs avoids the intolerable AEs caused by chemotherapy. : e B
Combination therapy with ICIs and anti-angiogenic drugs has E
shown high anti-tumor activity and tolerable safety and is o = o o @z
expected to become a new paradigm in the treatment of advanced g = ~ | = 24
NSCLC (Tables 2, 3). However, despite its excellent efficacy in e
NSCLC, ICIs have some limitations. First are the immune-related
adverse events (irAEs). A growing body of research data suggests 5 | ¢ 2 8 9
that although ICIs improve survival, a significant proportion of
patients develop irAEs. Common target organs for irAEs include g
the skin, gastrointestinal tract, liver, lungs, and endocrine organs. g » o - el el .
Common irAEs for CTLA-4 ICIs are colitis, pituitary gland % o < = sl
inflammation, and rash. Pneumonia, hypothyroidism, and 3
arthralgia are often seen in PD-1/PD-L1 ICI irAEs. However, E % - w R P
although these irAEs are elevated, they are generally within o (@) o = R R
control with proper monitoring and management. Moreover, £ o _ s =
most irAEs are mild to moderate, although severe or life- ﬁ 3
threatening irAEs do occur, resulting in death in 1%-2% of & [&g o | 'g £ = -
patients. The current mainstay of treatment for irAEs is dose g GE) g g £ . g
reduction or drug discontinuation, and for severe toxic reactions, g § SC_’ _é _‘.: % E
immunotherapy should be permanently terminated. The second E (= 5 & 2 %:
limitation is the lack of validated predictive biomarkers of efficacy. & 3 g
Some studies have shown that the expression level of PD-LI, % = =
mismatch repair gene expression status, and TMB, among others, £ ~ ~ =
have a certain correlation with the efficacy of PD-1/PD-L1 IClIs. g - = = =
Among them, PD-L1 is the most reccommended immunotherapy- £
related oncology marker by the National Comprehensive Cancer £ B - - %
Network guidelines. However, its application is limited by temporal : % % % %
dynamics, tumor heterogeneity, and different threshold detection 'g % % % E
methods. Therefore, PD-L1 expression may not be the best = ~ = = °©
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TABLE 1 Continued

Treatment

Experimental group

ORR

Efficacy
PFS

(month)

(0}

(month)

DOR

(month)

Safety

Any
AEs

(%)

>G3AEs

(%)

Most common Aes

Reference

CheckMate063 11 Nivolumab Not - 8.2 Not 75 17 Fatigue(4%),pneumonitis(3%), diarrhea(3%) (26)
CheckMate057 111 Nivolumab 19 2.3 12.2 17.2 69 10 Fatigue(16%),nausea(12%), decreased appetite(10%), (28)
anemia (10%)
CheckMate078 111 Nivolumab 16.6 2.8 12 Not 9 5 Rash(12%),fatigue(10%) (27)
PD-L1 ICls monotherapy
CT02125461 it Durvalumab 284 16.8 - 18 96.8 29.9 Cough(35.4%), (40)
Dyspnea(22.3%),
Pneumonitis(33.9%)
ARCTIC I Durvalumab 22 3.8 11.7 9.5 56.5 22 - (43)
Impower110 11 Atezolizumab - 8.1 20.2 - 90.2 30.1 Anemia, neutropenia, (74)
thrombocytopenia
EMPOWER- 11 Cemiplimab 39 8.2 Not 16.7 43 28 anemia (16%),neutropenia(10%),thrombocytopenia(8%) (75)
Lung 1
CTLA-4 ICls monotherapy
NCT01772004 ‘ I Avelumab 22 3 8.4 ‘ - ‘ 99 ‘ 13 infusion-related reaction(21%),fatigue(25%),nausea(13%) (45)
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TABLE 2 Summary of the efficacy and safety of ICls combination therapy in NSCLC.

Treatment

Experimental group

Efficacy Safety
PFS oS DOR

Any AEs >G3AEs

(month) = (month) (month) (%) (%)
PD-1 ICls Combined with Chemotherapy

Most common Aes

Reference

Rationale304 111 T+PP 57.4 9.7 Not 8.5 20 2 decreased neutrophil count (DeNE,44.6%), anemia (32)
(13.5%),
thrombocytopenia(19.4%)
leukopenia(21.6%)
Rationale307 111 A:T+CP 72.5 7.6 - 8.2 99.4 85.8 anemia,alopecia,DeNE (33)
B:T+CnP 74.8 7.6 - 8.6 83.9
Orient11 111 S+PP 51.9 8.9 Not Not 99.6 61.7 anemia (74.1%),DeNE(71.1%),decreased white blood (36)
count (DeWBC,67.7%)
Orient12 I S+GP 447 6.7 Not 6.1 100 86.6 anemia (93.3%),DeNE(83.2%),DeWBC(88.8%), (35)
decreased platelet (72.6%)
Camel 111 C+PP 60.5 113 Not 17.6 99.5 69 DeNE,DeWBC, anemia (38)
Camel SQ 11 C+CP 64.8 85 Not 13.1 - - DeNE(155%),DeWBC(30%), anemia (10%) (39)
Keynote189 111 Pembrolizumab+PP 47.6 88 Not 11.2 99.8 67.2 Nausea, anemia, fatigue (76)
Keynote407 11 pembrolizumab+CP 57.9 6.4 15.9 7.7 98.2 69.8 anemia,alopecia,neutropenia (77)
PD-L1 ICls Combined with Chemotherapy
Impower130 111 A+CnP 49.2 7 18.6 8.4 99.6 81 neutropenia(32%), anemia (29%),DeNE(12%) (47)
Impowerl131 111 A+CnP 49.7 6.3 14.2 7.3 97.9 68 Pneumonitis(3.0%),neutropenia(3.9%), anemia (2.1%) (48)
Impower132 111 A+PP 47 7.7 17.1 10.1 98.6 54.6 Rash(25.8%),hypothyroidism(8.2%),pneumonitis (49)
(6.2%)
Gestone301 111 S+C - 9 - Not 76 9 pneumonia(2%) (52)
interstitial lung disease (2%)
Gestone302 11 S+P - 9 - - 99 54 DeNE (33%), anemia (13%), (51)
decreased platelet (10%)
DeWBC(14%),
CTLA-4 ICls Combined with Chemotherapy
NCT01285609 III 1+CP 44 5.6 134 - 89 53 anemia (12%), diarrhea(7%), (15)
thrombocytopenia(7%)
neutropenia(14%),
(Continued)
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TABLE 2 Continued

Treatment Efficacy Safety Most common Aes Reference

Experimental group ORR PFS (O DOR Any AEs >G3AEs

(%)  (month) (month) (month) (VA (VA

Combined treatment with dual ICls

CheckMate012 I Nivolumab 1 mg/kg + Ipilimumab 1mg/kg 33 5.6 Not Not 73 40 Skin Eastpointe endocrine (54)
qow
36% 23% 21%
Nivolumab 3mg/kg + Ipilimumab 1 mg/kg 38 39 - Not 744 31 23% 21%
q6w
Nivolumab3 mg/kg + Ipilimumab 1mg/kg 47 8.1 - Not 84 42 39% 24% 11%
ql2
Checkmate227 111 PD-L1 >1% N+I 36.4 5.1 17.1 232 77.2 355 cutaneous (34.0% any grade, 4.2% grade>3), (55)

endocrine (23.8% any grade, 4.2% grade>3),

<1% N+ 273 51 17.2 18 757 35 gastrointestinal (18.2% any grade, 2.4% grade>3),
hepatic (15.8% any grade, 8.2% grade>3)
Checkmate9LA 11 Nivolumab 360mg q3w+ Ipilimumab 1mg/ 38 6.7 15.8 13 92 48 hepatic(14.4%), (56)
kgq6w +Chemotherapy endocrine(25.7%),
cutaneous(40.5%),
gastrointestinal(23.3%)
CheckMate568 I Nivolumab 3mg/kg q2w+ Ipilimumab 1mg/ 30 42 - Not 80 29 gastrointestinal toxicities (5%) (78)
kg q6w Skin(30%)
Nivolumab 360mg q3w+ Ipilimumab 1 mg/ 47 10.8 19.4 12.7 94 58

kg q6w+ Chemotherapy

ARCTIC 111 Durvalumab+ 26 3.5 11.5 12.2 63.3 233 - (43)
Tremelimumab

ICls Combined with anti-angiogenic drugs

Impower150 111 ABCP 64 8.3 19.2 9 944 55 DeNE, neutropenia, (69)
hypertension
TASUKI-52 III NBCP 61.5 12.1 - Not 64 56 DeNE, DeWBC, anemia (70)
JVDF I P+R 423 9.3 Not - 84.6 42.3 Rash(26.9%),Fatigue(19.2%) (71)
Hypertension(19.2%),

Pruritus (15.4%)

NCT03628521 1b/11 S+A 77.3 - Not - - 31.8 Hematuria,hyperuricemia,hypertension (73)
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TABLE 3 Summary of efficacy and safety of FAD-approved ICls for NSCLC.

Treatment

Experimental group

ORR
(%)

Efficacy

PFS
(month)

(O} DOR
(month) (month)

ICIs monotherapy

>G3AEs

Most common Aes

Reference

Keynote001 I pembrolizumab 27 6.2 22.1 12.5 85.1 11.9 fatigue(27.7%),pruritus(14.9%),rash(13.9%),arthralgia (19)
(11.9%), hypothyroidism(13.9%), nausea(11.9%)

Keynote024 111 pembrolizumab 44.8 10.3 - Not 734 26.6 fatigue(10,4%),pyrexia(10.4%), (20)
diarrhea(14.3%),

Keynote042 III pembrolizumab PT% 1 27 7.1 16.7 8.3 63 18 Hypothyroidism(11%) (22)
pneumonitis(3%)

20 33 6.2 17.7 8.3
50 39 54 20 10.8

CheckMate017 111 Nivolumab 20 35 9.2 Not 58 7 decreased appetite(11%), (25)
asthenia(10%), fatigue(16%),

CheckMate063 1I Nivolumab Not - 8.2 Not 75 17 Fatigue(4%),pneumonitis(3%), diarrhea(3%) (26)

CheckMate057 111 Nivolumab 19 23 12.2 17.2 69 10 Fatigue(16%),nausea(12%), decreased appetite(10%), (28)
anemia (10%)

CheckMate078 111 Nivolumab 16.6 2.8 12 Not 9 5 Rash(12%),fatigue(10%) (27)

CT02125461 111 Durvalumab 28.4 16.8 - 18 96.8 29.9 Cough(35.4%), (40)
Dyspnea(22.3%),
Pneumonitis(33.9%)

ARCTIC 11 Durvalumab 22 3.8 11.7 9.5 56.5 22 - (43)

Impower110 il Atezolizumab - 8.1 20.2 - 90.2 30.1 Anemia, neutropenia, (74)
thrombocytopenia

ICls combination therapy

Keynote189 111 Pembrolizumab+PP 47.6 88 Not 11.2 99.8 67.2 Nausea, anemia, fatigue (76)

Keynote407 I pembrolizumab+CP 57.9 6.4 15.9 7.7 98.2 69.8 anemia,alopecia,neutropenia (77)

Impower130 111 A+CnP 49.2 7 18.6 8.4 99.6 81 neutropenia(32%), anemia (29%),DeNE(12%) (47)

Impower131 111 A+CnP 49.7 6.3 14.2 7.3 97.9 68 Pneumonitis(3.0%),neutropenia(3.9%), anemia (2.1%) (48)

Impower132 111 A+PP 47 7.7 17.1 10.1 98.6 54.6 Rash(25.8%),hypothyroidism(8.2%),pneumonitis (49)
(6.2%)

Impower150 111 ABCP 64 83 19.2 9 94.4 55 DeNE, neutropenia, hypertension (69)

(Continued)
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TABLE 3 Continued

Treatment Efficacy Safety Most common Aes Reference
Experimental group ORR PFS (O} DOR Any AEs >G3AEs
(%)  (month) (month) (month) (%) (%)
CheckMate012 I Nivolumab 1 mg/kg + Ipilimumab 1mg/kg 33 5.6 Not Not 73 40 Skin Eastpointe endocrine (54)
qo6w
36% 23% 21%
Nivolumab 3mg/kg + Ipilimumab 1 mg/kg 38 39 - Not 744 31 23% 21%
qow
Nivolumab3 mg/kg + Ipilimumab 1mg/kg 47 8.1 - Not 84 42 39% 24% 11%
ql2
Checkmate227 111 PD-L1 >1% N+I 36.4 5.1 17.1 232 77.2 35.5 cutaneous (34.0% any grade, 4.2% grade>3), (55)
endocrine (23.8% any grade, 4.2% grade>3),
<1% N+I 27.3 5.1 17.2 18 75.7 35 gastrointestinal (18.2% any grade, 2.4% grade=>3),
hepatic (15.8% any grade, 8.2% grade>3)
Checkmate9LA 11 Nivolumab 360mg q3w+ Ipilimumab 1mg/ 38 6.7 15.8 13 92 48 hepatic(14.4%), (56)
kgqéw +Chemotherapy endocrine(25.7%),
cutaneous(40.5%),
gastrointestinal(23.3%)
CheckMate568 I Nivolumab 3mg/kg q2w+ Ipilimumab 1mg/ 30 4.2 - Not 80 29 gastrointestinal toxicities (5%) (78)
kg q6w Skin(30%)
Nivolumab 360mg q3w+ Ipilimumab 1 mg/ 47 10.8 19.4 12.7 94 58
kg q6w+ Chemotherapy
TASUKI-52 1T NBCP 61.5 12.1 N Not 64 56 DeNE, DeWBC, anemia (70)
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predictive biomarker for efficacy. Therefore, future studies
combining multiple other novel biomarkers to individualize the
choice of ICIs treatment regimen are warranted. Third is acquired
immune resistance. Although ICIs therapies have improved
prognostic outcomes for many NSCLC patients, only a few
patients have achieved durable responses after treatment with
ICIs. We need to tap into novel immune checkpoint molecules as
well as explore combination strategies of different ICIs to address
drug resistance. The combination of ICIs with topical therapy
(mainly radiofrequency ablation, cryoablation, and bronchial
artery chemoembolization, etc.) lacks a large number of reliable
clinical studies. Although it has been shown that these topical
therapies combined with ICIs in the treatment of NSCLC, can
improve the survival rate and prolong the survival of patients.
However, there is still a lack of sufficient clinical data, and more
evidence-based medical data is needed to validate the findings. This
is a new direction for the treatment of NSCLC in the future, and it is
worthwhile for us to follow the new research in this field. All of the
above questions will be the direction of our future exploration and
endeavors, guiding us to continue to improve and expand this area
of research to ensure that more NSCLC patients can experience
significant improvements in both survival time and quality of life.
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VNLG-152R and its deuterated
analogs potently inhibit/repress
triple/quadruple negative breast
cancer of diverse racial origins in
vitro and in vivo by upregulating
E3 Ligase Synoviolin 1 (SYVN1)
and inducing proteasomal
degradation of MNK1/2

Retheesh S. Thankan®**!, Elizabeth Thomas™**!,

Puranik Purushottamachar?, David J. Weber?*>,

Vidya P. Ramamurthy?, Weiliang Huang®, Maureen A. Kane®
and Vincent C. O. Njar*>**

tDepartment of Pharmacology, University of Maryland School of Medicine, Baltimore, MD, United
States, 2The Center for Biomolecular Therapeutics, University of Maryland School of Medicine,
Baltimore, MD, United States, *Isoprene Pharmaceuticals, Inc., Baltimore, MD, United States, “Marlene
and Stewart Greenebaum Comprehensive Cancer Center, University of Maryland School of Medicine,
Baltimore, MD, United States, °Department of Biochemistry and Molecular Biology, University of
Maryland School of Medicine, Baltimore, MD, United States, ®Department of Pharmaceutical Sciences,
University of Maryland School of Pharmacy, Baltimore, MD, United States

Triple-negative breast cancer (TNBC) and its recently identified subtype,
quadruple negative breast cancer (QNBC), collectively account for
approximately 13% of reported breast cancer cases in the United States. These
aggressive forms of breast cancer are associated with poor prognoses, limited
treatment options, and lower overall survival rates. In previous studies, our
research demonstrated that VNLG-152R exhibits inhibitory effects on TNBC
cells both in vitro and in vivo and the deuterated analogs were more potent
inhibitors of TNBC cells in vitro. Building upon these findings, our current study
delves into the molecular mechanisms underlying this inhibitory action. Through
transcriptome and proteome analyses, we discovered that VNLG-152R
upregulates the expression of E3 ligase Synoviolin 1 (SYVN1), also called 3-
hydroxy-3-methylglutaryl reductase degradation (HRD1) in TNBC cells.
Moreover, we provide genetic and pharmacological evidence to demonstrate
that SYVN1 mediates the ubiquitination and subsequent proteasomal
degradation of MNK1/2, the only known kinases responsible for
phosphorylating elF4E. Phosphorylation of elFAE being a rate-limiting step in
the formation of the elF4F translation initiation complex, the degradation of
MNK1/2 by VNLG-152R and its analogs impedes dysregulated translation in
TNBC cells, resulting in the inhibition of tumor growth. Importantly, our
findings were validated in vivo using TNBC xenograft models derived from
MDA-MB-231, MDA-MB-468, and MDA-MB-453 cell lines, representing
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different racial origins and genetic backgrounds. These xenograft models, which
encompass TNBCs with varying androgen receptor (AR) expression levels, were
effectively inhibited by oral administration of VNLG-152R and its deuterated
analogs in NRG mice. Importantly, in direct comparison, our compounds are
more effective than enzalutamide and docetaxel in achieving tumor growth
inhibition/repression in the AR+ MDA-MD-453 xenograft model in mice.
Collectively, our study sheds light on the involvement of SYVNL1 E3 ligase in the
VNLG-152R-induced degradation of MNK1/2 and the therapeutic potential of
VNLG-152R and its more potent deuterated analogs as promising agents for the

treatment of TNBC across diverse patient populations.
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1 Introduction

Breast cancer is a significant global health concern and a leading
cause of cancer-related mortality among women worldwide. It is the
second main cause of cancer-related death in the American women
and the most detected cancer in women globally (1). Over the past
three decades, the rate of incidence has been increasing by 0.3% every
year though the death rate decreased significantly due to advanced
medical intervention (1). Among all the subtypes, triple negative
breast cancer (TNBC) and lately classified quadruple negative breast
cancer (QNBC) are highly resilient and elude currently available
treatment strategies (2). While TNBC lacks the expression of estrogen
receptor (ER), progesterone receptor (PR) and expresses low levels of
HER2, QNBC is characterized by low or no androgen receptor (AR)
expression apart from the features of TNBC (3). More than 57% of
TNBC diagnosed lack AR expression and may be sub-categorized as
QNBC (2, 4). As TNBC and QNBC lack important pharmacological
targets, both these subtypes are therapeutically challenging and highly
metastatic in nature (5). Therefore, the development of novel
therapeutic drugs that effectively inhibits TNBC/QNBC is an
urgent ongoing medical need (6).

Interestingly, the TNBC subtype Luminal AR (LAR) that
expresses AR is significantly driven by AR signaling and
associated with decreased disease-free survival and poor overall
survival (7). Meta-analyses of AR expression in TNBC reveals that
27.96% of the 4703 patients studied expressed AR (8). In the clinical
trial to identify AR-positive TNBC patients, 80% of the 368 patients
screened expressed AR and responded to AR inhibitor
enzalutamide (7). Therefore, AR is considered a significant
pharmacological target in combating TNBC. However, in the
absence of AR in other sub-types such as QNBC, targeting other
pathways such as MNK-eIF4E and mTORCI is more rational (9).
Phosphorylation of eIF4E by MNK1/2 is a critical step in mRNA
5’cap-dependent translation of many proteins that actively promote
cell division and tumor growth (10).
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Pharmacological targeting of oncogenic eIF4F translation
initiation complex has been an attractive therapeutic strategy for
the development of novel drugs to treat various cancers (11, 12).
EIF4E, being the least abundant protein of the eIF4F complex is
considered the rate-limiting factor in mRNA 5’-cap-dependent
translation initiation (13). Phosphorylation of eIF4E is critical for
the formation of eIF4F. MNK1 and MNK2 are the only kinases
known to phosphorylate eIF4E when both are bound to the
scaffolding protein eIF4G to form the translation initiation
complex eIF4F (13-15). Further, MNK1/2 being at the center of
elF4E signaling and mTORC signaling (16), pharmacological
inhibition of MNK1/2 is a potent strategy to combat various
cancers including TNBC (17).

Previously, we reported the development of a novel MNK1/2
degrader VNLG-152R that promotes degradation of MNKI1/2 in
breast cancer cells (18) and inhibits TNBC in vivo (9). Additionally,
we explored the potential of deuterated derivatives of VNLG-152R,
which showed enhanced efficacy against TNBC cells in vitro and
improved pharmacokinetic properties in mice models (19). The
incorporation of deuterium, by replacing hydrogen atoms, has
emerged as a promising strategy to enhance pharmacokinetic and
therapeutic profiles of various drugs (20). The deuterated analogs were
either better or equipotent to VNLG-152R in in vitro antiproliferative
activities against MDA-MB-231 and MDA-MB-468 human TNBC
cells. Importantly and as expected, the expression of Mnk1, peIF4E and
their associated downstream targets, including cyclin D1 and Bcl2, were
strongly decreased in VNLG-152R/deuterated analogs-treated TNBC
cells signifying inhibition of Mnkl-eIF4E signaling (i.e., target
engagement). Among the seven deuterated analogs of VNLG-152R
examined, three novel analogs (D6, D7 and H6) (Figure 1) exhibited
enhanced pharmacokinetic parameters including prolonged residence
time and extended elimination half-life in plasma in CD-1 female mice
(19). These findings highlight the potential of deuterated analogs as
promising candidates for further development in the treatment
of TNBC.
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The chemical structures of VNLG-152R and its deuterated analogs D6, D7 and H6. The hydrogen atoms in the indicated positions were replaced by
the heavy isotope deuterium to improve the pharmacokinetic properties and retention time in plasma for enhanced antitumor efficacy.

In this study, we unveil the key molecular mechanism behind
degradation of MNK1/2 by VNLG-152R in breast cancer cells. Our
findings highlight the upregulation of Synoviolin 1 (SYVNI), also
called 3-hydroxy-3-methylglutaryl reductase degradation (HRD1),
an E3 ligase by VNLG-152R and its significant role in
ubiquitination and proteasomal degradation of MNK1/2. To
broaden our investigation, we conducted a comprehensive
evaluation comparing the in vivo efficacy of VNLG-152R’s
deuterated analogs, namely D6, D7 and H6, with the parent
compound in three different tumor xenografts of MDA-MB-231
(derived from Caucasian female metastatic mammary
adenocarcinoma, low AR/AR’), MDA-MB-468 (derived from
metastatic mammary adenocarcinoma of an African female
patient and AR’), and MDA-MB-453 of Caucasian female origin
with high AR expression. Additionally, we compared the efficacies
of VNLG-152R and the most potent deuterated analog, D7, to the
efficacies of clinically relevant TNBC drugs, such as docetaxel
(DTX) and enzalutamide (ENZ), in mice tumor xenografts MDA-
MB-453 of Caucasian female origin with high AR expression
(21, 22).

We must acknowledge the emerging racial disparities in TNBC
occurrence and subsequent mortality rates, with women of African
descent facing higher vulnerability (23). Hence, our investigation
also encompassed the evaluation of VNLG-152R and its deuterated
analogs in three distinct tumor xenografts representing diverse
racial origins, including both Caucasian and African women,
while considering their respective AR expression status. Through
our comprehensive study, we aim to shed light on the intricate
molecular mechanisms underlying TNBC and address the urgent
need for effective therapeutic interventions tailored to specific racial
populations. These findings hold promise in advancing
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personalized medicine approaches for the treatment of TNBC,
ultimately contributing to the overall improvement of patient
outcomes irrespective of their ethnicity.

In the current study, we employed in vitro, in vivo, molecular,
and biochemical approaches to investigate the eftects of VNLG-
152R and its deuterated analogs on TNBC. Next-generation RNA-
sequencing, differential gene expression analysis and HD Mass
Spectrometry Proteome revealed significant upregulation of
SYVNI, in response to VNLG-152R treatment. Furthermore, the
modulation of multiple pathways by VNLG-152R contributed to
the inhibition of TNBC. Biochemical analyses confirmed the
presence of elevated levels of SYVNI1 protein in both VNLG-
152R-treated cells in vitro and tumor tissues from the treated
mice. Notably, we show for the first time that VNLG-152R
facilitated the ubiquitination of MNK1/2 by SYVNI, leading to its
subsequent proteasomal degradation, which ultimately contributed
to the inhibition of TNBC. Degradation of MNK1/2 further affected
phosphorylation of eIF4E adversely, which in turn restricted mRNA
5’cap-mediated translation initiation thereby checking uncontrolled
protein synthesis in tumor cells, effectively restricting tumor growth
and proliferation.

2 Materials and methods

2.1 Cell culture, western blotting,
and fine chemicals

The human breast cancer cell lines, MDA-MB-231, MDA-MB-

468 and MDA-MB-453 representing triple negative breast cancer of
Caucasian origin with no AR expression (QNBC), African origin with
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low AR and Caucasian origin with high AR expression respectively
obtained from ATCC (Manassas, VA) were cultured in the
recommended media supplemented with 10% heat-inactivated
standard fetal bovine serum (FBS, GIBCO) and 1% penicillin-
streptomycin (10,000 U/ml, Life Technologies) at 37°C and 5%
CO,. Primary antibodies of MNK1, MNK2, eIF4E, p-eIF4E,
SYVN1, Ubiquitin, B-actin, GAPDH and secondary HRP-
conjugated anti-rabbit were obtained from Cell Signaling
Technology, USA. The cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer supplemented with 1x protease inhibitors
(Roche, Indianapolis, IN, USA), phosphatase inhibitors (Thermo
Scientific, Waltham, MA, USA), 1 mmol/L EDTA and 1 mmol/L
PMSF (Sigma) and immunoblotted as described earlier (24,
25). Immunoprecipitation of MNK1 was performed as reported
previously using MNKI1 primary antibody (26, 27). All fine
chemicals were purchased from Sigma-Aldrich, St. Louis, MO.
VNLG-152R and the deuterated analogs (D6, D7 and H6) were
synthesized in house as described previously (19). The chemical
structures of VNLG-152R and its deuterated analogs are presented
in Figure 1.

2.2 RNA-sequencing and GSEA

MDA-MB-231 cells were treated with 10 uM VNLG-152R for
24 h in triplicates. Total RNA was isolated using RN Aeasy Plus mini
kit (Qiagen) following manufacturer’s instructions. The RNA
preparation was quantified and assessed its quality using Agilent
2100 Bioanalyzer. A RIN value of 8 or above was used for all
samples. The sequencing libraries were prepared with the NEB
Ultra II Directional RNA library prep kit. Further, the libraries were
evaluated for quantity and size distribution using Qubit and Agilent
2100 Bioanalyzer. Sequencing was carried out on an Illumina
NovaSeq S2 PE100 bp lane (Maryland Genomics, Institute for
Genome Sciences, University of Maryland Baltimore). As a norm,
Phred quality score (Q score; to measure the quality of sequencing)
more than 90% of the sequencing reads reached Q30 (99.9% base
call accuracy). Differential Gene Expression and Gene Set
Enrichment analyses (GSEA) were performed to identify
canonical cellular pathways modulated by VNLG-152R as
reported previously (28).

2.3 siRNA-mediated knockdown
of gene expression

Specific siRNA targeting SYVN1 and scramble siRNA
(siControl) were purchased from Ambion (Foster City, CA, USA).
MDA-MB-231 and MDA-MB-468 cells were grown in 6-well
culture plates and transfected with siRNA using lipofectamine
RNAiMax transfection reagent (Invitrogen, USA) in Opti-MEM
reduced serum medium (Thermo Fisher Scientific, USA) for 48 h
according to the manufacturer’s protocol. Scrambled siRNA was
transfected as control and SYVNI knockdown was scored by
immunoblot analyses.
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2.4 Proteome profiling by high-definition
mass spectrometry

MDA-MB-231 cells treated with VNLG-152R (10 uM, 24 h) or
vehicle control were lysed in 4% deoxycholate and the lysates were
washed, reduced and alkylated followed by trypsin-lysis as
described (29). The tryptic fragment peptides were separated in a
nanoACQUITY UPLC analytical column (BEH130 C18, 1.7 um, 75
um x 200 mm, Waters) over a 180 min linear acetonitrile gradient
(3-43%) containing 0.1% formic acid in nano-ACQUITY UPLC
system, Waters Corporation and analyzed in coupled Waters
Synapt G2S HDMS mass spectrometry system. The spectra
acquired using ion mobility linked parallel mass spectrometry
(UDMSe) were analyzed as reported previously (30, 31).

Tandem mass spectra generated were aligned using UniProt
human reference proteome. The resulting hits were further
validated at a maximum false discovery rate of 0.01. The
abundance ratio between the control and VNLG-152R treatments
were calculated by comparing the MS1 peak volumes of peptide
ions at the low collision energy cycle. The MS1 peptides were
further validated by MS2 sequencing at higher collision energy
cycle. Label-free quantifications were performed using aligned
AMRT (Accurate Mass and Retention Time) cluster
quantification as reported previously (32).

2.5 In vivo tumor xenograft studies

All animal studies in mice were performed in accordance with
the humane use of experimental animals following review and
approval by the Institutional Animal Care and Use Committee
(TACUC), University of Maryland School of Medicine, Baltimore,
MD, USA, per IACUC No. # 0221010 dated 03/09/2021. The
human breast cancer cell lines, MDA-MB-231, MDA-MB-468
and MDA-MB-453 representing triple negative breast cancer of
diverse ethnic origin and AR expression status were used to induce
tumor xenografts in immunodeficient female NRG mice (age 5-7
weeks) procured from the Veterinary Resources, University of
Maryland School of Medicine, Baltimore, MD, USA. The animals
were housed under sterile conditions and fed with sterile pellets and
water ad libitum. After a week of acclimatization, 3-5x10° cells in
100 pl were subcutaneously injected into the left flank of mice. After
21-25 days of inoculation and upon reaching the tumor volume
~100 mm?, the animals were randomly grouped into five animals
per group. The control animals were orally administered with
vehicle (20% [B-cyclodextrin in saline, PO) and other compounds
administered (PO or IP as indicated) with indicated doses of test
compounds and duration. The animals were carefully observed
daily for general health and body weight recorded three times a
week. The tumor size was measured three times a week using digital
calipers and tumor volume calculated using the formula length
(mm) x width?* (mm) x 0.5 (mm?*). Upon reaching a tumor length of
approximately 20 mm or a tumor volume of 2000 mm?, whichever
was achieved first in the control groups (approximately 6 weeks
after breast cancer cell inoculation), the study was promptly
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concluded. Subsequently, the mice were humanely euthanized, and
the tumors were surgically removed for further analysis.

2.6 Statistical analysis

Statistical comparisons were made by one-way ANOVA
followed by Multiple comparisons test using GraphPad Prism
9.0 software (GraphPad Software, Inc.). A probability value with
*p < 0.05, **p<0.001 and ***p<0.0001 were considered statistically
significant. As specified in the figures, values in data are expressed as
the mean + SEM of three or more independent experiments.

3 Results

3.1 MNK1/2 and elF4E are upregulated in
breast cancer: TCGA and CPTAC database

Notably, transcriptome and proteome analyses using data from
The Cancer Genome Atlas (TCGA) and Clinical Proteomic Tumor
Analysis Consortium (CPTAC) have revealed consistent
upregulation of MNK1/2 and eIF4E in most breast cancer cases at
mRNA and protein level except MNK1 mRNA (Figures 2A-F).
Though MNKI mRNA is marginally upregulated in breast cancer,
MNKI protein is significantly abundant in the cancer tissue
(Figure 2B). Upregulation is evident at the protein level in all

10.3389/fonc.2023.1240996

three genes, with breast tumor tissues from cancer patients
exhibiting significantly higher levels of MNKI1/2 and eIF4E
(Figures 2B, D, F). Remarkably, elevated levels of eIF4E have been
associated with poor overall survival in breast cancer patients
(Figure 2G). Further, the analysis of patient data based on racial
backgrounds indicated relatively higher levels of MNKI protein in
patients of African descent (Figure 2H). Among the major races
represented in the database, Caucasian patients exhibited relatively
higher levels of eIF4E expression in tumor tissues, followed by the
African race (Figure 2I). These findings underscore the consistent
dysregulation of MNK1/2 and eIF4E in breast cancer and provide
insights into potential racial disparities in their expression patterns.
It also emphasizes the importance of further investigations to
unravel the underlying molecular mechanisms and implications
in breast cancer disparities.

3.2 SYVNL1 is constitutively upregulated in
VNLG-152R-treated TNBC cells and
associated with MNK1/2 degradation

We first carried out the total proteome profiling of TNBC cells
MDA-MB-231 using High-Definition Mass Spectrometry (HDMS)
to visualize the differently expressed proteins upon treating with
VNLG-152R (Figure 1). Among the differentially expressed
proteins, SYVNI, an E3 ligase was found to be upregulated three-
fold in the treated cells (Figure 3A). Based on our previous studies
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FIGURE 2

Expression (MRNA) and protein levels of MNK1/2 and elF4E are significantly high in tumor tissues of breast cancer patients: TCGA (The Cancer
Genome Atlas) and CPTAC (Clinical Proteomic Tumor Analysis Consortium). (A-F) The mRNA levels in tumor tissues of 1097 breast cancer patients
were compared to the mRNA levels in the adjacent normal tissues of 114 individuals. The protein levels of MNK1/2 and elF4E were analyzed from
tumor tissues from 125 patients against that of normal tissue from 18 individuals. Both mRNA and protein levels of MNK1/2 and elF4E are significantly
higher in tumor tissue from breast cancer patients compared to the adjacent normal tissue. (G) Increased level of elF4E is correlated to poor overall
survival rate in breast cancer patients. (H, 1) Protein level of MNK1 and elF4E is significantly high in clinical tumor specimens of African and Caucasian
races respectively and are likely to benefit from therapies targeting MNK1/2-elF4E signaling.
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demonstrating the ubiquitin-proteasomal degradation of MNK1/2
induced by VNLG-152R in breast (9, 18) and prostate (33, 34)
cancer cell lines and the role of SYVNI as an E3 ligase involved in
ubiquitination and proteasomal degradation of several proteins
(35-42), we hypothesized that SYVN1 might play a key role in
the ubiquitination and subsequent degradation of MNKI1/2.
Immunoblotting for SYVN1 confirmed its increased expression in
VNLG-152R-treated cells compared to the control with
concomitant decrease in MNKI1/2 and its product p-eIF4E
(Figure 3B). To further validate the involvement of SYVNI1 in
MNK1/2 degradation, we performed immunoblotting in MDA-
MB-231 and MDA-MB-468 cells treated with VNLG-152R in the
presence or absence of the SYVNI inhibitor LS102 (43, 44) or
SYVNI1 siRNA. As predicted, VNLG-152R did not significantly
affect the levels of MNK1/2 when SYVNI inhibitor or siRNA was
present, but it significantly decreased the levels of MNK1/2 in the
absence of SYVNI inhibitor or siRNA (Figure 3B). To address a
concern raised by an astute reviewer, we note that LS102 is an
inhibitor of the enzymatic activity of SYVN1 and hence we do not
see (or expected) decreased levels of SYVN1. As MNK1/2 are the
only known kinases known to phosphorylate eIF4E (13-15), the
degradation of MNK1/2 by VNLG-152R was accompanied by
decrease in eIF4E phosphorylation, indicating the active role of
SYVNI in the degradation of MNK1/2 mediated by VNLG-152R.
Furthermore, we observed a dose-dependent increase in SYVNI1
expression and a corresponding decrease in MNK1/2 and p-eIF4E

10.3389/fonc.2023.1240996

levels upon treatment with increasing concentrations of VNLG-
152R (Figures 3C, D). As expected, we also observed a dose-
dependent decrease in other downstream oncoproteins involved
in breast cancer cell migration, invasion, and cell cycle progression
such as WNKI1 (kinase with no lysine (K) 1) (45, 46), and Cyclin-D1
(47, 48), respectively (Figure 3D).

3.3 SYVNI1 induces proteasomal
degradation of MNK1/2
through ubiquitination

After ascertaining the involvement of SYVNI1 in the
degradation of MNK1/2, we proceeded to investigate the
ubiquitination of MNK1/2 through a proteasomal degradation
inhibition assay. MDA-MB-231 cells were treated with MG-132, a
known proteasomal inhibitor (49) prior to treating the cells with
VNLG-152R briefly (2 h) to recover ubiquitinated MNK1/2,
immunoblotted and probed with ubiquitin antibody. As expected,
ubiquitinated MNK1/2 was accumulated in cells treated with MG-
132 and VNLG-152R, while reduced ubiquitination was observed in
cells treated with SYVNI siRNA (Figure 4A). Thus, treating MDA-
MB-231 and MDA-MB-468 cells with proteasome inhibitor MG132
in presence of VNLG-152R did not significantly alter the MNK1/2
levels, suggesting the proteasomal pathway of degradation of
MNK1/2. The level of MNK1/2 was comparable to that of control
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FIGURE 3

MDA-MB-231

SYVNL1 is upregulated in VNLG-152R-treated TNBC cells and correlated to MNK1/2 degradation. (A) Whole Proteome profiling by high-definition
mass spectrometry (HD-MS) showed that SYVNL is upregulated three-fold compared to the vehicle control (p<0.01). MDA-MB-231 cells were
treated with 10 pM VNLG-152R for 24 h and processed as detailed in the methods section. (B) Degradation of MNK1/2 by VNLG-152R in QNBC is
mediated by its ubiquitination by SYVN1. Immunoblots show upregulation of SYVN1 protein in VNLG-152-treated TNBC cells with concurrent
degradation of MNK1/2. Knockdown of SYVN1 using siRNA or its inhibition by known inhibitor LS102 abrogated VNLG-152R-mediated degradation of
MNK1/2 suggesting active role of SYVN1 in VNLG-152R-mediated MNK1/2 degradation in TNBC cells. As MNK1/2 are the only kinases known to
phosphorylate elF4E, a decrease in MNK1/2 levels further affects the level of p-elF4E, thus limiting mRNA 5'cap-dependent translation initiation in
TNBC cells. B-actin served as protein loading control. (C) Immunoblot showing upregulation of SYVN1 when MDA-MB-231 cells were treated with
20 uM VNLG-152R. (D) Dose-dependent effect of VNLG-152R on the expression of SYVN1, MNK1, elF4E, pelF4E, WNK1 and Cyclin D1. MDA-MB-231
cells were treated with VNLG-152R (0-20 uM) for 24h. Cells were lysed with RIPA buffer and 40 ug of protein used in analyzing protein expression
of, SYVN1, MNK1, elF4E, pelF4E, WNK1 and Cyclin D1 respectively by immunoblotting. GAPDH was used as the loading control.
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when treated with MG-132 and VNLG-152R whereas we observed
significant decrease of MNK1/2 in VNLG-152R treatment alone,
further reenforcing the proteasomal degradation of MNKI1/
2 (Figure 4B).

However, there are two major pathways involved in degradation
of cellular proteins viz. ubiquitin-proteasome system (UPS), which
is specific in nature and associated with targeted protein
degradation and more generic autophagy-lysosomal degradation
that degrades protein aggregates and organelles, which is less
specific but tightly regulated (50, 51). We ruled out the potential
involvement of the autophagy-lysosomal pathway in the
degradation of MNKI1/2 by using Bafilomycin-Al (Baf-Al), a
standard inhibitor of lysosomal autophagy (52). Addition of Baf-
Al to cultured MDA-MB-231 cells did not inhibit VNLG-152R-
mediated degradation of MNK1/2, indicating that the lysosomal
pathway is not involved in the degradation of MNK1/2 mediated by
VNLG-152R (Figure 4C). As expected, the levels of SYVN1 were
elevated in the VNLG-152R treated cells (Figure 4C).

3.4 RNA-sequencing, GSEA and HD mass
spectrometry-proteome profiling
demonstrates inhibition of mTORC1
signaling and reveal pathways

perturbed by VNLG-152R

After establishing the role of SYVN1 in the degradation of
MNK1/2 induced by VNLG-152R, we proceeded to assess the

10.3389/fonc.2023.1240996

impact of VNLG-152R on canonical pathways relevant to breast
cancer. To investigate the effect of 10 UM VNLG-152R on the
cellular transcriptome of MDA-MB-231 cells, we conducted
RNA sequencing and GSEA studies. Notably, VNLG-152R
induced differential expression (DE) of 337 genes (Figure 5A).
Gene Set Enrichment Analysis (GSEA) of these differentially
expressed genes revealed the inhibition of key cancer pathways
such as mTORCI signaling and NUP153, while p53 was
upregulated (Figure 5B). The inhibition of mTORCI signaling
is apparently due to MNKI1/2 degradation by VNLG-152R,
corroborating the biochemical data presented in the study.
NUP153 (Nucleoporin 153) contributes to cell migration and
proliferation and regulates the nuclear translocation of
endothelial nitric oxide synthase (eNOS) by forming a
multimeric complex (53). It is reported that eNOS is critical
for maintaining tumorigenicity of cancer cells (54).

Further, the HDMS Proteome profiling and subsequent
pathway analysis revealed a shift in total proteome of VNLG-
152R-treated cells to reflect decreased levels of several pathway
proteins involved in the biological processes such as cell adhesion to
the matrix and cell-to-cell adhesion that are critical for breast cancer
progression and cell migration were decreased 4-5-fold upon
treating TNBC cells with VNLG-152R (Figure 5C). Particularly
noteworthy, protein translation in the cells were decreased by 12-
fold (Figure 5C), apparently due to the decreasing levels of MNK1/2
that is necessary for phosphorylating eIF4E, a pre-requisite for the
formation of mRNA 5’ cap-dependent translation initiation
complex elF4F.
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FIGURE 4

MDA MB 231

Inhibition of proteasomal degradation but not lysosomal degradation accumulates ubiquitinated MNK1. (A) MDA-MB-231 cells were treated with
MG-132 prior to treating cells with VNLG-152R for short duration (2h). The cells were lysed and immunoprecipitated MNK1 using anti-MNK1 and
probed with anti-ubiquitin. The cells treated with VNLG-152R resulted in accumulation of higher amount of ubiquitinated MNK1 compared to the
controls. Short duration of treatment with VNLG-152R minimizes MNK1 degradation and facilitates maximum recovery of ubiquitinated MNK1.

(B) Treatment of TNBC cells with proteasome inhibitor MG-132 in presence of VNLG-152R did not significantly alter the MNK1/2 levels, suggesting
the proteasomal pathway of degradation of MNK1/2. Decrease in MNK1/2 is reflected by decreased levels of phosphorylated elF4E. (C) MDA-MB-231
cells were treated with VNLG-152R in presence or absence of lysosome inhibitor Bafilomycin-Al (BafAl) or proteasome inhibitor MG-132. Inhibition
of lysosome by BafAl did not abrogate VNLG-152R-mediated degradation of MNK1/2 but inhibition of proteasome by MG-132 abolished MNK1/2
degradation. This further suggests that the VNLG-152R-mediated degradation of MNK1/2 is through proteasomal pathway and not by lysosomal

degradation. B-actin served as protein loading control.
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VNLG-152R modulates transcriptome and proteome of TNBC cells in favor of cancer inhibition. (A) RNA-sequencing and differential gene expression
analysis show that 337 genes were differentially expressed when MDA-MB-231 cells were treated with 10 uM VNLG-152R for 24h; 259 genes were
upregulated (red dots) and 78 downregulated (blue dots). (B) GSEA of differentially expressed genes demonstrate inhibition of MTORC1 and NUP-153
pathways but activation of p53 pathway by VNLG-152R. (C) Whole proteome profiling by high-definition mass spectrometry (HD-MS) of VNLG-
152R-treated (10 uM for 24 h) MDA-MB-231 cells demonstrate modulation of several pathways. Notably, protein translation is inhibited 12-fold
apparently due to MNK1/2 degradation besides inhibiting other biological processes such as cell adhesion to the matrix, cell to cell adhesion and IFN
signaling critical to breast cancer progression. Statistical significance was computed at P < 0.01.

3.5 VNLG-152R and its deuterated analogs
demonstrate potent inhibition of TNBC
growth and inhibit tumor growth in vivo in
diverse racial tumor xenograft models

3.5.1 MDA-MB-231 tumor xenograft in mice:
caucasian female patient with low/no AR

Tumor xenografts in mice originated from the widely used
TNBC model, MDA-MB-231 cell line, derived from pleural effusion
of a 51-year-old Caucasian female with metastatic mammary
adenocarcinoma is highly aggressive, metastatic, and fast-growing
(55). Interestingly, many reports suggest that it lacks expression of
AR protein though presence of AR mRNA is detected (22). When
the mice bearing MDA-MB-231 tumor xenograft were orally
administered with 20 mg/kg VNLG-152R, five days a week, it
resulted in 87% tumor growth inhibition (TGI) as measured by
tumor volume (Figures 6A-C). Remarkably, the deuterated analogs
D6, D7, and H6 demonstrated even higher tumor growth inhibition
(94% each for D6 and Heé, respectively), with D7 causing 67% tumor
regression compared to the initial tumor volume. The percentage
change in tumor volume was plotted for the groups (Figure 6B) and
for the individual animals in the groups (Figure 6C) show
significant tumor regression in D7-treated group and 1-3 animals
in the D6- and Hé-treated groups. The weight of excised tumors
was plotted and corresponded to the tumor volume (Figure 6D).
Figure 6E shows the photograph of all the excised tumors after
termination of the study which corroborates the tumor volumes
shown in Figures 6A-C. Immunoblotting analysis of excised tumor
tissue revealed significantly decreased levels of MNKI,
accompanied by increased expression of SYVNI, confirming the

Frontiers in Oncology

expected molecular response to treatment (Figure 6F). Moreover,
downregulation of the antiapoptotic protein BCL2, upregulation of
the pro-apoptotic protein BAX, and decreased expression of Cyclin
D1, crucial for cell cycle progression, were observed in the treated
tumor tissues of the Caucasian model of TNBC/QNBC in vivo. We
did not assess the levels of AR in the MDA-MD-231 tumors because
we (data not shown) and others have shown that MDA-MB-231
cells have undetectable level on AR protein (22). Importantly, the
body weight of the control and treated animals did not show
significant differences, indicating the absence of treatment-
induced toxicity of the test molecules at the given dose (Figure 6G).

3.5.2 MDA-MB-468 tumor xenograft in mice:
female patient of African descent with
low/no AR

MDA-MB-468 cell line is derived from metastatic
adenocarcinoma of the breast from a female patient of African
ancestry, expresses no AR and characterized by aggressive
lymphatic metastasis (56). In mice tumor xenograft model of
MDA-MB-468, oral administration of 20 mg/kg VNLG-152R and
its deuterated analogs (D6, D7, and H6) resulted in significant
inhibition of tumor growth. VNLG-152R inhibited tumor growth
by 80.5%, while D6 exhibited a higher inhibition rate of 92.8%.
Remarkably, both D7 and H6 completely inhibited tumor growth
and induced tumor regression by 37.1% and 6.6%, respectively
(Figures 7A-C). Importantly, the percentage change in tumor
volume demonstrated significant tumor regression in at least two
mice in the groups treated with the deuterated analogs (Figures 7A-
C). The weights of the excised tumors from all animals were
consistent with the tumor volume, further confirming the
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FIGURE 6

MDA-MB-231

VNLG-152R and its deuterated analogs inhibit QNBC of Caucasian origin with no AR in NRG mice tumor xenograft model. MDA-MB-231 tumor
xenografts were transplanted to NRG mice by subcutaneous injection of 5 x 10° cells to the left flank. Oral administration of VNLG-152R and its
deuterated analogs (20 mg/kg body weight, PO) significantly inhibited tumor growth and resulted in tumor regression without apparent host toxicity.

(A) Tumor volume was measured periodically as indicated and plotted against time (days),

all p values are compared to vehicle control: *P < 0.001,

**P < 0.0001; (B, C) Comparison of percentage change in tumor volume of animals in the group and the individual mice in the group (waterfall
plots); (D) All excised tumors were weighed and plotted for comparison of tumor mass. (E) Tumors excised from all the test animals at the end of
the experiment and photographed; (F) Immunoblots of key proteins in the excised tumor tissue show significant reduction in MNK1/2 protein and
decreased level of phosphorylated elF4E. The level of SYVNL is higher in the treated animals compared to the control. (G). The body weights of mice
periodically taken and plotted show no apparent host toxicity of the test compounds. Statistics: All P values are compared to vehicle control:

*P < 0.001, **P < 0.0001.

reduction in tumor mass following treatment with VNLG-152R or
its analogs (Figure 7D). Furthermore, the oncogenic proteins BCL2
and Cyclin D1 were downregulated, while the proapoptotic protein
BAX was upregulated in the excised tumors treated with VNLG-
152R and the deuterated analogs (Figure 7F). Immunoblotting
analysis of key proteins in the excised tumor tissue revealed
significant downregulation of MNK1, accompanied by a decrease
in p-eIF4E, which can be attributed to elevated levels of SYVNI1
compared to the control (Figure 7C). Furthermore, the oncogenic
proteins BCL2 and Cyclin D1 were downregulated, while the pro-
apoptotic protein BAX was upregulated in the excised tumors
treated with VNLG-152R and the deuterated analogs. As with the
MDA-MB-231 tumors, we did not assess the impact of treatments
on AR as the MDA-MB-468 cells do not express detectable levels of
AR (22). Throughout the study period, the body weight of the
animals did not show any significant changes in the treatment
groups compared to the control, indicating that the administered
compounds were not associated with significant toxicity at the given
dose (Figure 7G).

3.5.3 MDA-MB-453 tumor xenograft in mice:
caucasian female patient with high AR

Finally, we tested the antitumor efficacy of VNLG-152R and its
most potent deuterated analog, D7 in MDA-MB-453 xenograft
tumor model in female NRG mice in head-to-head comparison
with Enzalutamide (ENZ) and Docetaxel (DTX). It is noteworthy
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that unlike a recent report which found that MDA-MB-453 tumors
grew very slowly in either female or male SCID mice (22), our study
clearly established that MDA-MB-453 xenograft tumors grew
exceptionally well in female NRG mice (Figure 8A). MDA-MB-
453 cell line represents a type of aggressive TNBC and was
originally developed from metastatic breast cancer of a Caucasian
female patient with metastatic sites involving the nodes, brain and
both pleural and pericardial cavities (57). Unlike the other TNBC
models investigated in this study, MDA-MB-453 expresses high
levels of AR (22). Despite being less proliferative in nature, the LAR
(luminal androgen receptor) subtype of TNBC is less responsive to
chemotherapy than the basal type (58-60). When the mice
transplanted with MDA-MB-453 tumor xenografts were treated
with VNLG-152R and its deuterated analog D7, tumor growth was
significantly inhibited as shown by the tumor volume (Figures 8A-
C). VNLG-152R exhibited 84.2% inhibition of tumor growth, while
D7, the most promising analog in other models, completely
inhibited tumor growth and led to a remarkable 52.4% tumor
regression. As anti-androgen therapy is a preferred clinical
treatment option in AR-positive TNBC (7, 61-64), we compared
the test compounds with clinically relevant anti-androgen, ENZ and
chemotherapeutic, DTX, which inhibited tumor growth by 78.6%
and 74.9%, respectively (Figures 8A-C). It is important to state here
that ENZ (65) and DTX (66) were administered at their optimal
preclinical dosing regimens, and, it should be noted that higher doses
of DTX have been shown to be toxic to mice. The percentage change
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FIGURE 7

MDA-MB-468

VNLG-152R and its deuterated analogs effectively inhibit TNBC of African origin with low or no AR expression in vivo in NRG mice. NRG mice were
subcutaneously injected with 5x10° MDA-MB-468 cells in the left flank to establish tumor xenografts. Oral administration of VNLG-152R and its
deuterated analogs (20 mg/kg body weight, PO) effectively suppressed tumor growth and induced tumor regression. (A) Tumor volume was
periodically measured and plotted over time to assess the growth of tumors in response to the treatments; (B, C) Percentage change in volume of
tumor from all animals in the group and that of individual mice (waterfall plots). (D) All excised tumors were weighed and plotted for comparison of
tumor mass. (E) Tumors excised from all the test animals at the end of the experiment and photographed; (F) Immunoblots of proteins of interest in
the excised tumor show reduction in level of MNK1/2. Further, the level of phosphorylated elF4E is decreased and SYVNL1 is higher in the tissue of
treated animals. (G) The body weights of mice periodically taken and plotted show no signs of host toxicity of the test compounds. Statistics: All P
values are compared to vehicle control: *P < 0.01, **P < 0.001, **P < 0.0001.

in tumor volume for individual animals and the treatment group is
presented in Figures 8B, C, highlighting significant tumor
regressions in all animals of the D7-treated group with a mean
value of 52.4%. The weights of the excised tumors from all animals
corresponded to the tumor volumes, providing further
confirmation of the decrease in tumor mass after treatment with
VNLG-152R or its analog (Figure 8D). Figure 8E shows the
photograph of all the excised tumors after termination of the
study which corroborates the tumor volumes shown in
Figures 6A-C. Immunoblotting analysis of key proteins in the
excised tumor tissue revealed upregulation of SYVNI and a
concomitant decrease in MNKI, resulting in reduced levels of p-
elF4E, modulation of apoptosis (BAX/BCL-2 ratios), depletion of
cyclin D1 like the observations in other TNBC models (Figure 8F).
In this model, and as expected (33, 34, 67), we also observe
significant depletion of AR in tumors treated with VNLG-152R
and D7 (Figure 8F). Consistent with the other studies, the tested
compounds did not exhibit any toxic effects on the animals at the
studied dose, as evidenced by stable body weight throughout the
study period (Figure 8G).

4 Discussion

The pharmacological intervention of TNBC is an intricate
challenge due to its diverse sub-types and unique molecular
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signatures, each presenting its own complexities. Additionally,
patients of different racial backgrounds respond differently to
available drugs. the pharmacological outcome is largely dependent
on molecular signatures and ethnicity, with the African women
registering the least overall survival (68). Due to this racial disparity
in overall survival and response to drugs, it is imperative to study
the efficacy of novel putative drugs in in vivo models of TNBC
representing different racial origin.

The standard treatment regimens with hormone or HER2-
targeted therapies are not an option in treating TNBC/QNBC
patients (69). One of the alternative strategies is to
pharmacologically target dysregulated translation machinery in
the tumor cell as demonstrated by inhibition of MNK1/2 by
eFT508 and other agents (70, 71). Notably, MNK1/2 are the only
kinases known to phosphorylate eIF4E critical for the formation of
translation initiation complex eIF4F (13-15). Since MNK1/2 are at
the crossroads of other signaling pathways vital for the cancer
development and progression such as mTORC1-4E-BP1 signaling
and eIF4E signaling axes (16, 72), restraining MNK1/2 significantly
inhibits cancer cells proliferation, cell migration, invasion, and
metastasis (71).

The present study further extends our current understanding of
the benefits of pharmacologically targeting MNK1/2 in TNBC/
QNBC and unravels the molecular mechanism of VNLG-152R-
mediated degradation of MNK1/2. Transcriptome and proteome-
guided study further suggested the role of E3 ligase SYVNI in
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FIGURE 8

MDA-MB-453

VNLG-152R and its deuterated analogs inhibit TNBC of Caucasian origin with high AR in NRG mice tumor xenograft model. MDA-MB-453 tumor
xenografts were transplanted to NRG mice by subcutaneous injection of 3x10° cells to the left flank. Oral administration of VNLG-152R and its
deuterated analog D7 (20 mg/kg body weight, PO) significantly inhibited tumor growth and resulted in tumor regression without apparent host
toxicity. DTX was administered by IP injection (5 mg/kg body weight). (A) Tumor volume was measured periodically as indicated and plotted against
time (days) and shows significant inhibition of tumor growth in treated animals. Notably, D7 caused 52.4% tumor regression. (B, C) Percentage
change in tumor volume of mice in different groups and that of the individual animals (waterfall plots). (D) All excised tumors were weighed and
plotted for comparison of the tumor mass. (E) Tumors excised from all the test animals at the end of the experiment and photographed.

(F) Immunoblots of putative proteins in the excised tumor tissue show a decrease in MNK1/2 and consecutive reduction of p-elF4E level in the
tumor of treated animals. (G) The body weights of mice periodically taken and plotted show no apparent host toxicity of the test compounds as
there is no significant difference in body weights. Statistics: All P values are compared to vehicle control: *P < 0.01, **P < 0.001, **P < 0.0001.

MNKI1/2 degradation. Interestingly, biochemical, and molecular
studies emphasized the involvement of SYVNI in ubiquitination
of MNK1/2 as the presence of SYVNI inhibitor LS102 or siRNA-
knockdown of SYVNI1 abolished the MNK1/2 degradation by
VNLG-152R. Furthermore, immunoblots showed the presence of
elevated levels of ubiquitinated MNK1/2 upon VNLG-152R
treatment when proteasome was inhibited using the known
proteasome inhibitor MG-132, suggesting the proteasomal
degradation of ubiquitinated MNK1/2. VNLG-152R and the
analogs might act as a molecular glue that brings together SYVN1
and MNKI1/2 facilitating proximity-induced ubiquitination and
subsequent proteasomal degradation as depicted in Figure 9. This
study, including our previous studies (9, 18, 19, 33, 34), clearly
establishes VNLG-152R and its analogs as monomeric molecular
glues that induce MNK1 and MNK2 ubiquitin-proteasomal
degradation to inhibit oncogenic eIF4F complex.

It is well established that E3 ligases, including SYVN1 can have
opposite effects as either tumor suppressors (TS) or oncogenes
depending on the context or type of cancer (73-75). With regards to
SYVNI, previous studies have shown that it functions as a tumor
suppressor in breast (37, 39, 41, 76, 77) and ovarian (40) cancers.
On the contrary, the tumor-promoting (oncogenic) effects of
SYVNI have been revealed in colon cancer (78), lung cancer (79,
80), and hepatocellular carcinoma (81, 82).
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Another significant finding of this study is that VNLG-152R
caused dose-dependent depletion of WNK1 (Figure 3D) which is
implicated in cell migration, invasion, and metastasis in multiple
cancer types including glioblastoma (83), prostate cancer (84), non-
small cell lung cancer (85), and breast cancer (45, 46, 86, 87).
Because metastasis is the major cause of mortality in patients with
breast cancer (88), we posit that our compounds can be developed
as small molecules therapeutics with the characteristics of inhibiting
both cell proliferation and metastasis, which would undoubtedly
have a major impact on mortality in patients with breast cancer.

Transcriptome and proteome analyses further demonstrate
inhibition of oncogenic pathways such as mTORCI and NUP152
signaling in TNBC cells treated with VNLG-152R. Our study
reveals a remarkable finding that VNLG-152R and the deuterated
analogs are capable of inhibiting TNBC in patients of different
ethnicity and molecular signatures. This includes patients with
higher levels of MNKI and eIF4E expression in tumors
irrespective of AR expression status. Besides delineating the
molecular mechanism of action of VNLG-152-induced
degradation of MNK1 and MNK2, we clearly demonstrate that
VNLG-152R and its deuterated analogs effectively inhibit TNBC
tumor xenografts of both Caucasian and African origins, including
those with low or no AR expression as well as the Caucasian race
with high AR expression.
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FIGURE 9

Schematic representation of mechanism of action of VNLG-152R in inhibiting TNBC by degrading MNK1/2. A ternary complex formed upon binding
of VNLG-152R (-152; Molecular Glue), target proteins (MNK1/2) and SYVN1 E3 ligase complex (step 1), to promote MNK1/2 protein ubiquitination (Ub)
(step 2), followed by MNK1/2 degradation by the proteasome and release of VNLG-152R (step 3). Free VNLG-152R can then bind another molecule

of MNK1/2 (step 4) to repeat the degradation cycle.

5 Conclusion

In conclusion, we have clearly established that SYVNT1 is the prime
E3 ligase implicated in the VNLG-152/deuterated analogs-induced
ubiquitin-proteasomal degradation of MNK1 and MNK2 degradation
in vitro and in vivo. Because SYVNI has been shown to act as a tumor
suppressor in TNBC models, in vitro and in vivo, we propose that this
phenomenon may also contribute to the anti-tumor efficacy of our
compounds. Indeed, the inhibition of MNKI1/2-mediated eIF4E
phosphorylation reduces the formation of the translation initiation
complex eIF4F, effectively restraining dysregulated protein synthesis
central to tumor growth, progression and metastasis. Our findings
highlight the significant potential of VNLG-152R and its deuterated
analogs in effectively combating TNBC/QNBC across patients of diverse
racial backgrounds, regardless of their genetic background and AR
expression status. These results emphasize the broad applicability and
efficacy of these compounds in addressing the challenges associated with
TNBC/QNBC treatment in a racially diverse population. The data
presented here clearly justify the on-going Investigational New Drug
(IND) studies with VNLG-152R under the auspices of Isoprene
Pharmaceuticals, Inc., in view Phase I clinical trials in women with
TNBC and solid tumors.
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Leukemia cells prevent immune system from clearing tumor cells by inducing the
immunosuppression of the bone marrow (BM) microenvironment. In recent
years, further understanding of the BM microenvironment and immune
landscape of leukemia has resulted in the introduction of several
immunotherapies, including checkpoint inhibitors, T-cell engager, antibody
drug conjugates, and cellular therapies in clinical trials. Among them, the
programmed cell death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1)
axis is a significant checkpoint for controlling immune responses, the PD-1
receptor on tumor-infiltrating T cells is bound by PD-L1 on leukemia cells.
Consequently, the activation of tumor reactive T cells is inhibited and their
apoptosis is promoted, preventing the rejection of the tumor by immune system
and thus resulting in the occurrence of immune tolerance. The PD-1/PD-L1 axis
serves as a significant mechanism by which tumor cells evade immune
surveillance, and PD-1/PD-L1 checkpoint inhibitors have been approved for
the treatment of lymphomas and varieties of solid tumors. However, the
development of drugs targeting PD-1/PD-L1 in leukemia remains in the
clinical-trial stage. In this review, we tally up the basic research and clinical
trials on PD-1/PD-L1 inhibitors in leukemia, as well as discuss the relevant toxicity
and impacts of PD-1/PD-L1 on other immunotherapies such as hematopoietic
stem cell transplantation, bi-specific T-cell engager, chimeric antigen receptor
T-cell immunotherapy.

KEYWORDS

leukemia, programmed cell death protein 1, programmed death-ligand 1,
immunotherapy, PD-1/PD-L1 mAbs

1 Introduction

The current standard clinical treatment for leukemia, as a non-solid malignant tumor,
mainly includes chemotherapy and hematopoietic stem cell transplantation (HSCT).
However, the treatment process faces a series of problems such as chemotherapy
insensitivity, chemoresistance, post-transplant relapse, and intolerance in elderly patients
(1-4), thereby greatly limiting the progress of treatment for patients with leukemia.
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Therefore, developing effective methods with low adverse reactions
is currently imperative to ameliorate the prognoses of leukemia
patients. The immune milieu of bone marrow (BM) is dramatically
altered in patients with leukemia, where tumor cells prevent
themselves from being cleared by immune system by affecting
suppressive immune responses (5-8). Moreover, tumor cells in
the blood, BM, and lymphoid tissue are also more accessible to
immune cells than solid tumors. Furthermore, the efficacy of
allogeneic HSCT (allo-HSCT) demonstrates that leukemia is a
typical immune-responsive tumor type (9). Thus, immunotherapy
is an obvious choice for treating hematological malignant tumors.
In hematologic tumors, currently used immunotherapies include
allo-HSCT, bi-specific T-cell engager (BiTE), chimeric antigen
receptor (CAR) T-cell immunotherapy (CAR-T), immune-
checkpoint inhibitors (ICIs), and other monoclonal antibodies
(mAbs) targeting tumor-cell surface antigens (10-13). In recent
years, the role of immune escape in leukemia progression and
development of immunotherapy have been elucidated, employing
ICIs to block suppressor molecules on the surface of T cells, thereby
reversing the “exhausted” state of T cells to an “activated” one to kill
tumor cells, has proved to be a promising option.

Immune checkpoint (IC) is a signal regulating T-cell receptor
(TCR) antigen recognition during immune response. Programmed
cell death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1) as
an important IC modulating immune response. PD-1 (CD279), a
type I transmembrane protein inhibitory checkpoint molecule is
expressed on various immune cells, such as naive and activated B
cells, effector T cells, regulatory T cells (Tregs), dendritic cells
(DCs), activated monocytes, macrophages, natural killer (NK),
and immature Langerhans cells (14). PD-1 receptors bind two
ligands of the B7 family, PD-L1 and programmed death-ligand 2
(PD-L2). PD-L1 (CD274) is expressed on the surface of
hematopoietic cells, such as DCs, macrophages, T cells, and B
cells (15, 16). PD-L2 (PDCDI1LG2) is expressed on monocytes,
myeloid DCs, and activated CD4+ or CD8+ T-cell subsets (17). PD-
L1 and PD-L2 differ in expression patterns but have the same effect,
and binding of PD-1 to either ligand leads to T-cell dysfunction or
exhaustion, resulting in diminished intensity of antigen-specific T-
cell response in tumor tissues (18-21). In hematological malignant
tumors, the expression rate of PD-L1I in malignant cells is 37%-58%
(22). Leukemia cells highly express checkpoint-inhibitor receptors
for sharing an immune-cell lineage (9, 23), making them potential
targets for this therapy. This review centers around PD-1 signaling,
summarizes its molecular functions in hematological malignant
tumors and the achievements of ICIs in preclinical development
and clinical settings.

2 Mechanisms involved in tumor
immune escape through PD-1/PD-L1

As a pair of co-stimulatory signals, PD-1 and PD-L1 jointly
constitute PD-1/PD-L1 signaling pathway. Under physiological
conditions, the binding of PD-L1 on cell surface to PD-1 on
lymphocyte surface inhibits lymphocyte function and induces the
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apoptosis of activated lymphocytes. The activation of the PD-1/PD-
L1 pathway reduces the damage of immunoreactions to
surrounding tissues and prevents the progression of autoimmune
diseases (24). However, the activation of this pathway causes the
binding of PD-L1 expressed on tumor cells to PD-1 on tumor
infiltrating lymphocytes, decreasing the immune effect of T cells in
the local tumor microenvironment (TME), thereby mediating
tumor immune escape and promoting cancer progression (25-
27). Researches have shown that PD-L1 expression is upregulated
in tumor cells, which activates PD-1/PD-L1 downstream pathways
by specifically binding to PD-1 on the surface of cytotoxic T
lymphocytes (CTLs) to deliver negative regulatory signals. In
turn, it induces the exhaustion of activated T cells and the loss of
immunoreactivity, leading to a diminished intensity of antigen-
specific CTL responses in tumor tissues (18-21). Besides, Tregs as
important suppressive immune cells in TME contribute to cancer
initiation and progression. The PD-1/PD-L1 pathway promotes
Tregs transformation and enhances their immunosuppressive
capacity (28-30). In addition to T cells, other immune cells are
implicated in the regulation of immune tolerance induced by the
PD-1/PD-L1 pathway. Tumor-associated macrophages (TAM:s)
upregulate PD-L1 expression of tumor cells (31), whereas tumor
cell-secreted versican and derived exosomes induce upregulation of
PD-L1 expression in TAMs, which is associated with M2
polarization of TAMs. TAMs with high expression of PD-L1
more significantly inhibit effector T cells and promote tumor
growth and metastasis (32-34). Tumor cells increase PD-1
expression on B cells (35, 36), and PD-1+ B cells significantly
suppress the proliferation and reduce the viability of CD4+ and
CD8+ T cells via the PD-1/PD-L1-dependent pathway (37). NK
cells can obtain PD-1 from leukemia cells by endocytosis in tumor
cells, and PD-L1 in tumor cells interacts with PD-1 of NK cells to
reduce NK cell responses and produce more aggressive tumors (38—
40) (Figure 1).

PD-1 signaling is a pivotal molecule mediating immune escape
in TME. Blocking PD-1 signaling attenuates tumor cell suppression
of immune cells and improves immune system recognition and
cytotoxicity of tumor cells. The increasing understanding of
immune function and immune escape mechanisms has led to
exploitation of therapeutic mAbs targeting PD-1 signaling (25).
Up to now, FDA has successively approved four mAbs
(pembrolizumab, nivolumab, cemiplimab, and dostarlimba)
targeting PD-1 and three mAbs (atezolizumab, avelumab, and
durvalumab) targeting PD-L1 for the treatment of solid and
hematological malignancies (15, 16, 41-46), as presented in Table 1.

3 Role of PD-1/PD-L1 in the
development of leukemia

Leukemia can be divided four major clinical categories: acute
myeloid leukemia (AML), chronic myeloid leukemia (CML), acute
lymphoblastic leukemia (ALL), and chronic lymphocytic leukemia
(CLL). This review provides a theoretical basis for drug discovery
and clinical application of PD-1/PD-L1 pathway by summarizing
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FIGURE 1

Mechanisms involved in tumor immune escape through the PD-1/PD-L1 (inhibition marked with -, enhancement marked with+), PD-1, programmed
cell death protein 1; PD-L1, programmed death-ligand 1; TAMs, tumor associated macrophages; Tregs, regulatory T cells; NK, natural killer.

and analyzing the role of PD-1 signaling in various types
of leukemia.

3.1 AML

AML is a heterogeneous disease with various genetic and
epigenetic alterations. Its pathogenesis is the accumulation and
expansion of immature myeloid cells in the peripheral blood (PB)
and BM, resulting in hematopoietic dysfunction. Historically, AML
has been regarded as an immunoreactive malignancy and remains
the most common indication to receive allo-HSCT (7). PD-1
expression is generally high on T cells in AML patients with de

TABLE 1 FDA approves mAbs for PD-1/PD-L1.

novo and relapsed/refractory (R/R) after chemotherapy, and partial
recovery is achieved in patients with complete remission (47-49).
Moreover, the level of PD-1 on NK cells and PD-L1 on regulatory B
cells (Bregs) increases in AML patients (47, 48, 50, 51). High
expression of PD-1 coincides with the T-cell exhaustion (52-54).
The overexpression of PD-1 signaling is relevant to poor overall
survival of AML patients (55). Above studies suggest PD-1 signaling
may influence the development and poor prognosis of AML by
increasing T-cell exhaustion. Contrary to this conclusion, Schnorfeil
et al. (56) found the level of PD-1 expression on PB CD4+ and CD8
+ T cells of AML patients at diagnosis was similar to that of healthy
controls, but significantly increased in relapse after stem cell
transplantation. T-cell function is not impaired during this

Drugs Target Timeline and cancer type

Pembrolizumab | PD-1 2014: Melanoma; 2015: NSCLC; 2016: HNSCC; 2017: Hodgkins Lymphoma, MSI-H or dMMR cancer, Gastric cancer, Bladder Cancer;
2018 Merkel cell carcinoma, Hepatocellular carcinoma, Cervical cancer, PMBCL; 2019: RCC, SCLC, Esophagus cancer; 2020: Colorectal
cancer, Cutaneous squamous-cell carcinoma, TMB-high cancers; 2021: Breast cancer, Endometrial Carcinoma

Nivolumab PD-1 2014: Melanoma; 2015: NSCLC, RCC; 2016: Hodgkins Lymphoma, HNSCC; 2017: Colorectal cancer; Hepatocellular carcinoma, Bladder
Cancer; 2018: SCLC; 2020: Esophagus cancer, Malignant Pleural Mesothelioma; 2021: Gastric cancer

Cemiplimab PD-1 2018: Cutaneous squamous-cell carcinoma;2021: NSCLC, Basal Cell Carcinoma

Dostarlimab PD-1 2021: dMMR solid cancers, Endometrial Carcinoma

Atezolizumab PD-L1 2016: NSCLC, Bladder Cancer; 2019: SCLC, Breast cancer; 2020: Melanoma, Hepatocellular carcinoma; 2022: ASPS

Durvalumab PD-L1 2017: Bladder Cancer; 2018: NSCLC; 2020: SCLC; 2022: Hepatocellular carcinoma, Billiary track

Avelumab PD-L1 2017: Merkel cell carcinoma, Bladder Cancer; 2019 RCC

FDA, Food and Drug Administration; mAbs, monoclonal antibodies; PD-1, programmed cell death protein 1; PD-L1, programmed cell death-ligand 1; NSCLC, non-small cell lung cancer;
HNSCC, head and neck squamous cell carcinoma; MSI-H, high microsatellite instability; dAMMR, deficient mismatch repair; PMBCL, Primary mediastinal large B-cell lymphoma; RCC, renal cell
carcinoma; SCLC, small cell lung cancer; TMB, tumor mutational burden; ASPS, Alveolar soft part sarcoma.
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process. They thought that this pattern is associated with a shift
toward effector memory cells in patients with recurrent AML and
T-cell exhaustion does not play a major role in AML. Besides, AML
cells induce generation and expansion of Tregs by PD-1 signaling,
and Tregs promote the proliferation of AML cells by secreting IL-10
and IL-35 (57, 58). In addition to regulating immune cells, PD-1/
PD-L1 drives AML progression by regulating tumor-associated
proteins, for example, the expression of PI3K and p-AKT
decreases after PD-L1 knockdown, which induces G2/M cell cycle
arrest and apoptosis, and the upregulation of PD-L1 increases the
expression of PI3K/AKT and enhances the proliferation of tumor
cells (59). PD-L1 is overexpressed in AML leukemia-initiating cells,
where it increases cyclin D2 expression by enhancing JNK
phosphorylation, ultimately promoting the entry of leukemia-
initiating cells into cell cycle and proliferation (60). Epigenetic
therapy (EGT), particularly with hypomethylating agents (HMAs)
either alone or in combination, continues to be successfully used in
treating elderly AML, although resistance is a frequent and
ultimately near universal outcome (61). Liu et al. (62) found that
EGT treatment induces the expression of PD-L1 mRNA and PD-L1
induces the occurrence of EGT resistance. To sum up, PD-1
signaling can promote AML progression by regulating immune
cells, oncoproteins, and the occurrence of drug resistance,
inhibition of PD-1 signaling can be a breakthrough for successful
treatment of AML.

3.2 CML

CML is a myeloproliferative disorder characterized by BCR-
ABL oncoprotein with high tyrosine kinase activity, which
promotes the proliferation and inhibits the apoptosis of cancer
cells (63). PD-1 signaling on specific T cells leads to T-cell
exhaustion, and leukemia cells inhibit effector T-cell proliferation
through PD-1/PD-L1 interactions, blocking PD-1 signaling
contributes to improved CML control in pre-clinical mouse
models by restoring the function of CML-specific CTLs (64). The
quantity of ber-abl fusion gene, as the initiation and core factor of
CML pathogenesis, is positively correlated with the PD-1 expression
level on CD8+ T cells. When CML is treated with tyrosine kinase
inhibitors (TKIs), a target drug for bcr-abl, the PD-1 expression
level of CD8+ T cells in the complete hematological response group
is significantly lower than that in the control group, chronic phase,
and blast phase (22). However, leukemia stem cells (LSCs) are
resistant to specific TKIs and cause disease relapse after drug
discontinuation in CML, besides, CTL transfer therapy leads to
upregulation of PD-L1 on LSCs, which protects LSCs from CTL-
mediated elimination. In contrast, PD-1 blockade during CTL
transfer results in long-term survival of CML mice, suggesting
that LSCs were either eliminated or effectively controlled by PD-1
blockade (65, 66). The Tregs are also increased in CML patients at
diagnosis and in patients refractory to TKI treatment, and these
Tregs have higher levels of PD-1 expression (67, 68). Which
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suggests PD-1-blocking antibodies given directly prior to and
temporarily after TKI discontinuation may block the immune
inhibitory effects of Tregs on CD4+/CD8+T-cells, blocking
aberrant PD-1 signaling may result in greater success in TKI
cessation studies.

3.3 ALL

ALL results from a clonal expansion of abnormal lymphoid
progenitors of B cell (BCP-ALL) or T cell (T-ALL) origin that
invades BM, PB, and extramedullary sites (69). Similar to other
types of leukemia, PD-1 expression increases on T-cell subsets in B-
ALL patients and is more prominent at relapse, PD-L1/L2
expression increases on LSCs (70). PD-1+ LSCs are used for T-
ALL initiation and relapse, they can upregulate genes related to the
MYC pathway, leukemic stemness, and early T-cell progenitor
development, and downregulate genes related to apoptosis, cell
cycle, and PI3K/AKT signal pathway (71). To determine whether
PD-L1 expression on ALL cells inhibits T-cell responses, Blaeschke
et al. (72) co-cultured second-generation anti-CD19 CAR-T cells
with CD19+ and CD19+/PD-L1+ target cells. Result shows that
CAR-T cells co-cultured with PD-L1+ target cells decrease the levels
of Thl cytokine secretion. Which indicates that PD-1 signaling
mediates T-cell inhibition after/during T cells against BCP-ALL. In
summary, above studies suggest that enhancing T-cell response by
inhibiting PD-L1/L2 is a promising therapeutic option.

3.4 CLL

CLL is characterized by the accumulation and clonal
proliferation of mature and typically CD5+CD23+ B-cells within
PB, BM, lymph nodes, and spleen (73). Several studies have shown
that PD-1 signaling is significantly upregulated in CLL patients, and
the high level of PD-1/PD-L1 is closely related to disease grade and
poor prognosis (74-78). Epstein-Barr virus (EBV) is one of the
human tumor viruses, it can transform B-cells into tumor cells. In
CLL patients, EBV load is positively correlated with the expression
of PD-1 signaling on CD4+ and CD8+ T cells. In EBV (+) patients,
the higher the level of PD-1 signaling on T cells, the higher the risk
of lymphocyte doubling and treatment initiation (79). Gassner et al.
(80) found that inhibiting the interaction of PD-1/PD-L1 can
reactivate the cytotoxic effect of exhausted T cells in CLL mouse
model. To study the mechanism of PD-1 signaling in CLL, Qorraj
et al. (81) collected PB mononuclear cells from CLL patients. They
found that triggering PD-1 on monocytes hampers phagocytosis,
glycolysis, and Bruton’s tyrosine kinase (BTK)-signaling.
Conversely, the immune metabolic dysfunctions and antitumor
activity of monocytes can be reversed by disrupting PD-1
signaling. In conclusion, PD-1 signaling inhibits immune cell
activity and interferes with immune metabolic processes. The
blockade of PD-1 signaling may improve the prognosis of CLL.
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4 Regulation of the PD-1/PD-L1
pathway in leukemia

In addition to PD-1 and PD-L1 antibodies directly acting on
PD-1 signaling, other proteins, genes, and drugs affect the level of
PD-1/PD-L1. When mAbs are insensitive or patients are intolerant
to adverse reactions, we may consider indirectly inhibiting immune
escape of tumor cells by regulating related proteins and genes or
applying relevant drugs (Figure 2).

4.1 AML

In AML patients, B lymphocyte-induced maturation protein 1
(Blimp-1) directly binds to the promoter of PD-1 and impairs T-cell
activity by upregulating PD-1. The knockdown of Blimp-1 can reverse
the T-cell functional defect (82). IFN-y induces PD-L1 expression in
myeloid precursor cells and primary cells (57, 83). Stattic, a small
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molecule inhibitor of STAT3, interferes with IFN-y-induced PD-L1
expression in AML (84). PD-1 level decreases after the initial HMA/
ventoclax (Bcl-2 inhibitor) treatment on all CD4+ T-cell
subpopulations except naive in AML patients (48). In an
immunocompetent murine leukemia model, guadecitabine (a
second-generation HMA) negatively regulates inhibitory accessory
cells in TME by reducing PD-1+ T cells and the AML-mediated
expansion of myeloid-derived suppressor cells. Consequently,
functionally active leukemia specific T cells increase (85). NA-AML
(NrasGIZD/ “ Asxl” “AML) cells overexpress PD-L1/PD-L2, and the level
of PD-LI is associated with the upregulation of AP-1 transcription
factor (TF). AP-1 inhibitor or short-hairpin RNAs against AP-1 TF Jun
decreases PD-L1 expression (86). The overexpression of miR-200c and
miR-34a causes the significant downregulation of PD-L1 level. MUC1
attenuates the interference of miR-34a and miR-200c on PD-L1
translation by negatively regulating the expression of miR-34a and
miR-200c¢, and silencing of MUCI leads to increased miR-34a and
miR-200c. In turn, PD-L1 expression is reduced (87).
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The regulation of the PD-1/PD-L1 pathway. PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; AML, acute myeloid
leukemia; ALL, acute lymphoblastic leukemia; CML, chronic myeloid leukemia; CLL, chronic lymphocytic leukemia; Blimp-1, B lymphocyte-induced
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4.2 CML

Myeloid leukemia cells induce PD-L1 expression on NK cells
via PI3K/AKT/NF-kB pathway (88), thus, inhibiting this pathway
may block PD-L1 expression. The level of PD-1 on CD8+ T cells is
reduced in CML patients treated with TKIs dasatinib and imatinib
(22). Gynura divaricata (L.) DC. is a widely used herbal medicine,
whose non-alkaline ingredients regulate PD-1 signaling,
significantly inducing apoptosis and inhibiting proliferation of
CML cells (89).

4.3 ALL

A leukemic microenvironment supports the survival of ALL
cells and their immune evasion through multiple interactions (69).
In an ALL mouse model, inhibition of MERTK significantly
decreases the expression PD-L1/L2 on CDI11b+ monocytes/
macrophages and PD-1 on CD4+ and CD8+ T cells in the
leukemic microenvironment, reducing the incidence of splenic
FOXP3+ Tregs at sites of leukemic infiltration. Consequently, T-
cell activation increases, and immune-mediated ALL clearance is
promoted (90). Murine models of AML and T-ALL reveal that
VIPhyb, a peptide antagonist of VIP signaling, enhances IFN-y
secretion and suppresses PD-1 expression in CD4+ and CD8+ T
cells (91).

4.4 CLL

CD84-mediated intercellular interactions upregulate the level of
PD-1 on T cells and PD-L1 on CLL-cells via the Akt-mTOR
pathway, resulting in T-cell exhaustion. Conversely, the
downregulation of CD84 expression reverses these phenomena
and reduces the expression level of other exhaustion markers
(92). The activation of Adenosine A2A receptor (A2A) induces
immune tolerance and is closely associated with immune escape of
tumor cells (93). In CLL cells, hypoxia causes the emergence of a
population of PD-1+ and IL-10-secreting T cells, and adding A2A
antagonists attenuates Tregs generation, TGF-f induction, PD-1
expression, and IL-10 synthesis and secretion. Thus, leukemia cells
become more susceptible to pharmacological agents while restoring
immune competence and T-cell proliferation (94). Ibrutinib, a
covalent inhibitor of BTK, is approved for treatment of patients
with R/R or treatment-naive CLL (95). Cubillos et al. (96) found
that ibrutinib can decrease PD-1 and PD-L1 expression by driving
Th1-selective pressure in T cells. Kondo et al. (95) suggested that
ibrutinib enhances antitumor immune responses by inhibiting
STAT3-induced selective and persistent downregulation of PD-L1
on CLL cells and PD-1 in CD4+ and CD8+ T cells. In a venetoclax
(VEN)-ibrutinib combination treatment, the number of PD-1
+CD8+ T cells, Tregs, and follicular helper T cells decreases more
than fivefold, thereby reducing the immunosuppressive
characteristics of CLL (97). The SYK inhibitor entospletinib in
combination with obinutuzumab downregulates the expression of
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PD-1 in CD4+ and CD8+ T-cell subsets of CLL patients, partially
reversing the T-cell exhausted phenotype (98).

5 PD-1/PD-L1 and allo-HSCT

Allo-HSCT is a potentially curative therapy for various
hematologic malignancies. It relies on the graft-versus-leukemia
(GVL) effect mediated by donor-derived alloreactive T cells.
However, graft-versus-host disease (GVHD) is also mediated by
the same T cells and remains a major clinical problem related to
considerable morbidity and mortality (99, 100). The occurrence of
GVHD and T-cell suppression is positively correlated with the
expression level of PD-L1 (101). The loss of GVL effect is relevant to
PD-1 overexpression in allograft recipients, and blocking PD-L1
largely restores GVL efficacy without triggering GVHD (102).
Besides, HSCT leads to differential upregulation of PD-1 ligands
in tissues, which compartmentalizes CTL activity and thus creates
niches for tumor escape. PD-1 blockage can restore CTL sensitivity
to antigens and homogenize the effect of graft against tumor (103).
These suggest that improving GVL and reducing GVHD by
blocking PD-1 signaling can yield considerable results. Ni et al.
(100) found that the exhaustion of CD4+ T cells leads to PD-L1
upregulation in donor CD8+ T cells and recipient tissues. which
increased PD-L1/PD-1 interplay between donor CD8+ T cells and
recipient tissues contributes to preventing GVHD by promoting the
apoptosis and exhaustion of T-cell in GVHD target tissues, and
enhanced PD-L1/CD80 interplay between CD8+ T cells contributes
to retaining GVL responses by improving T-cell expansion and
survival. Accordingly, the influence of the PD-L1-mediated effect on
HSCT depends on the tissue microenvironment, the existence of
CD4+ T cells, and the natural interacting partner expressed by CD8
+ T cells. This suggests that we can enhance the PD-1 signaling-
mediated GVL effect and reduce the PD-1 signaling-mediated
GVHD by changing the above conditions. Besides, VIPhyb also
increases the anti-leukemic effect after allogeneic BM
transplantation by downregulating PD-1 and PD-L1 expression
on donor immune cells (104). In clinical trial, Tschernia et al. (105)
found that the use of pembrolizumab before allo-SCT reduced 100-
day mortality in AML patients (17% vs 0%) and did not increase
grade III-IV acute GVHD. The chronic GVHD is not found in
patients who have received pembrolizumab before allo-SCT and
cyclophosphamide after transplantation. This suggests that ICI
treatment prior to allo-SCT is effective and safe, and post-
transplant cyclophosphamide can eliminate the GVHD risk and
severity. The above studies provide an empirical and theoretical
basis for ICIs combined with HSCT in the treatment of leukemia.

In addition to utilizing the GVL effect of hematopoietic stem
cells (HSCs), Hu et al. (106) enhanced the delivery of checkpoint
inhibitors by using the in situ activation of platelets and the homing
ability of HSCs. They constructed HSC-platelet-aPD-1 conjugates
and then injected them into mice bearing AML cells, the therapeutic
effect of checkpoint blocking is significantly enhanced. With regard
to the drug-delivery mode of PD-1/PD-L1, Chen et al. (107)
introduced a transdermal cold atmospheric plasma (CAP)-
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mediated IC blockade (ICB) therapy. The ICB delivered via
microneedles enhanced the immune response mediated by T cells.
Han et al. (108) used HEK293T-derived vesicles with PD-1
receptors on their surface to destroy PD-1 signaling, while the
internal space of the vesicle allows for the packaging of an
indoleamine 2,3-dioxygenase inhibitor, which further enhanced
the antitumor effect. This suggests that in addition to drug
development for ICIs, new technologies for applying ICIs are also
of interest worthy of attention.

6 Efficacy of PD-1/PD-L1 mAbs
treating leukemia alone or
in combination

Studies on leukemia treatment with PD-1/PD-L1 mAbs are
rapidly increasing in number. They are primarily divided into basic
research and clinical stages. Herein, we provide guidance and
rationale for subsequent clinical applications by analyzing their
pooled data.

6.1 PD-1/PD-L1 mAbs for AML

Current clinical treatments for AML are primarily
chemotherapy and allo-HSCT. However, due to the emergence of
resistance to chemotherapy and GVHD, more effective and safer
drugs to treat AML need to be developed (109, 110). Nivolumab, a
PD-1 mAbs, is applied in an index case of recurrent
myeloproliferative neoplasms after HSCT. Before infusion of
nivolumab, AML blasts show high expression of chemokines,
whereas T cells are characterized by the expression of interferon-
responsive genes. This baseline inflammatory signature disappears
after infusion of nivolumab, and the clinical responses are
characterized by the temporary expansion of polyclonal CD4+ T-
cell populations, the contraction of AML subsets exhibiting
megakaryocytic characteristics, and elevated PD-L1 expression
(111). Several studies show that the combination of PD-1/PD-L1
mADbs is promising research, for instance, the combined blockade of
PD-1 signaling and Tim-3 have an additive effect on inhibiting
tumor growth in advanced AML mouse models (112). The
combination of IL-15 and PD-1 blockers activates AML-NK cells
and enhances the killing ability of NK by increasing the release of
perforin, granzyme, and IFN-y (113). In addition, inhibiting the
effects of other therapies on PD-1 expression can also yield
considerable results, for instance, exogenous short 5'-
triphosphate-modified RNA (ppp-RNA) can direct the immune
response toward tumor cells. However, ppp-RNA treatment
induces PD-L1 expression on AML cells and establishes
therapeutic sensitivity to anti-PD-1 in vivo, the combination of
anti-PD-1 and ppp-RNA is superior to either regimen alone in the
survival rate of a mouse model (114). The DAC/VEN therapy
(HMA decitabine combined with BCL-2 inhibitor venetoclax)
effectively targets leukemia cells while upregulating PD-1
expression in AML patients. Nivolumab combined with DAC/

Frontiers in Immunology

71

10.3389/fimmu.2023.1265299

VEN can enhance antitumor effect and eliminate circulating
blasts and LSCs/progenitor cells (115). The above studies indicate
that considering PD-1/PD-L1 antibodies as an adjuvant treatment
scheme for AML can effectively enhance the sensitivity of cell
therapy and chemotherapeutic agents, which is a promising
combination-chemotherapy option. A number of clinical studies
have been conducted on PD-1 mAbs combined with other
chemotherapeutic drugs in the treatment of AML, such as
cytarabine (116), azacytidine (117), decitabine (118), and these
treatment regimens are clinically feasible and have shown
encouraging results.

Tumor progression leads to increased Tregs and elevated PD-1
expression on CD8+ CTLs in AML mouse model, which reduces
the recognition and activation of tumor-specific CTLs (58). PD-L1
siRNA-mediated silencing augments the expression of T cell
activation markers (CD69 and CD137) and improves CTL
degranulation (CD107a) (119). CTL infusion combined with PD-
1 blockade suppresses Tregs (120). PD-1 blockade in combination
with Tregs exhaustion or CTL infusion induces significantly more
AML tumor reduction than either treatment alone (58, 120).
Additionally, combining DC-based immunotherapy with PD-1
blockade might be a promising approach to eliminating LSCs
(121). In sum, PD-1/PD-L1 blockade combined with cell therapy
represents a significant new approach that can be easily translated
into clinical applications to enhance T cell-mediated
cytotoxic responses.

6.2 PD-1/PD-L1 mAbs for CML

TKIs and HSCT are the mainstay of treatment for CML (122,
123), and immune mechanisms may help maintain treatment-free
remission. The direct interplay between NK cells and K562 myeloid
leukemia cells induces the PD-L1 expression of NK cells. Compared
with PD-L1-NK cells, PD-L1+ NK cells are activated effector cells
with strong killing activity against tumor cells in vitro. The binding
of the PD-L1 mAbs atezolizumab to PD-L1 upregulates PD-L1
expression on the surface of NK cells and provides more binding
sites for PD-L1 mAbs, resulting in continuous activation of p38.
This phenomenon further propagates strong activation signals
toward NK cells to maintain their cytotoxic and cytokine-
secretion features. In vivo, the combination of PD-L1 mAbs and
NK cell-activating cytokines significantly enhances the antitumor
activity of NK cells against myeloid leukemia lacking PD-L1
expression (88). This finding suggests that PD-L1 mAbs have a
unique therapeutic effect on PD-L1- tumors, this is independent of
PD-1. Dasatinib, a second-generation TKI, upregulates PD-1
expression on CD56%™NK cells and increases dysfunctional
CD56"*8NK cells that highly express PD-1. Nivolumab enhances
the cytotoxic activity of both subsets but more efficiently in the
CD56%™ subset compared with the CD56" subset (39). Which
suggests the combination of TKIs and PD-1/PD-L1 mAbs may be
an approach for the successful treatment of CML patients. Recent
evidence shows PD-1 expression on CD4+ and CD8+ T-cells,
including on CML-reactive PR1-CTL in TKI-naive but also TKI-
treated remission CML patients (124-126), which suggests T-cell
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exhaustion also in deep molecular remission, this provides a
rationale for the treatment with checkpoint blocking antibodies to
PD-1/PD-L1. However, a clinical trial of the combination of
dasatinib and nivolumab for the treatment of CML showed that
this approach did not show meaningful clinical activity in patients
with CML in chronic phase or accelerated phase who received >2
prior TKIs with progression, resistance, or suboptimal response to
most recent therapy (127). A phase II trial of the effectiveness of
pembrolizumab and dasatinib, imatinib mesylate, or nilotinib in
treating patients with CML and consistently detecting minimal
residual disease (defined as the level of a gene product called ber-abl
in the blood) is currently underway (www.clinicaltrials.gov as
# NCT03516279).

6.3 PD-1/PD-L1 mAbs for ALL

ALL has genetic heterogeneity, and the incidence is much higher in
children. The current therapies for ALL are primarily multidrug
chemotherapy, which has a high response rate but also has a high
recurrence rate, leaving much room for improvement (128, 129). The
phenotypic exhaustion of CD4+ T-cells predicts recurrence and poor
overall survival in B-ALL. In a Ph+ B-ALL mouse model, the
application of PD-L1 antibody clonally expands leukemia-specific
CD4+ T-cells with helper/cytotoxic phenotype and reduces the
expression of exhaustion markers. The combination of PD-L1 mAbs
and TKI nilotinib also significantly improves the efficacy of nilotinib
against BCR-ABL+ B-ALL (130). Axl ablation in macrophages can
elicit the susceptibility of PD-1 refractory treatment naive B-ALL to
PD-1 checkpoint blockade and promote antileukemia immunity (131).
A new peptide, nABPDI, is designed to specifically bind PD-1. It
enhances cytokine-induced killer (ICIK) cell-mediated antitumor
activity by protecting ICIK cells through blockade of PD-1 signaling
(44). There is a lack of clinical studies on the use of PD-1/PD-L1 mAbs
in ALL, especially in young people, and as far as the current studies are
concerned, they show unsatisfactory results for MRD in adults(median
age is 52.5y) with ALL (132). Two studies of PD-1 mAbs for the
treatment of ALL in children, adolescents, and young adults are
currently underway (www.clinicaltrials.gov as #
NCT05310591, NCT04546399).

6.4 PD-1/PD-L1 mAbs for CLL

Chemotherapy and anti-CD20 mAbs therapy are the standard
of care for patients with CLL (133-135). Currently, it is prominent
to improve the complete remission rate and reduce chemotherapy-
induced immunosuppression. Studies suggest that early blockade of
PD-L1 effectively prevents the immune dysfunction induced by
tumor cells and thus avoids CLL development in mice. This
includes the prevention of exhaustion-like and aberrant T-cell
phenotypes, and the restoration of MHC class II-expressing
dendritic cells and mature macrophages (108, 136). Ioannou et al.
(137) concluded that although PD-L1 mAbs are superior to PD-1
mAbs in inducing anti-CLL T-cell activity, PD-1 mAbs and PD-L1
mAbs monotherapies are largely ineffective in overcoming T-cell
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tolerance in CLL. Avadomide is a cereblon E3 ligase modulator drug
that stimulates T-cell immune synapse while increasing PD-L1
expression, it triggers IFN-driven T-cell responses and converts
noninflamed CLL tumors into CD8+ T cell-inflamed ones, making
CLL sensitive to PD-1/PD-L1 immunotherapy. The combination of
avadomide and PD-1/PD-L1 blockade effectively reinvigorates
previously exhausted patient T cells and contributes to more T
cell killing in CLL. HDAC6 gene silencing or inhibition decreases
PD-L1 expression on B cells of Eu-TCL1 mice model, and the
combination of HDACS inhibitor ACY738 and anti-PD-1/anti-PD-
L1 further enhances the cytotoxicity of T cells (138). Rivas et al.
(139) found that the treatment of CLL with anti-PD-L1 in
combination with IL-10 produces more IFN-y+, memory CD8+
T-cells, and cytotoxic effector KLRG1+, and fewer exhausted T-cells
than anti-PD-L1 alone. CLL animal experiments show that PD-1/
PD-L1 antibody as a combination chemotherapy regimen definitely
affects tumor inhibition. However, according to the results of the
current clinical study, PD-1 mAbs have limited efficacy in CLL
patients, but reassuringly they show a promising therapeutic option
in patients with Richter’s transformation (140-142).

6.5 PD-1/PD-L1 mAbs and CAR-T

CAR-T cell therapy has contributed to a revolution in the
therapy of patients with hematological malignancies (143).
However, the activation of CAR-T cells can lead to persistently
high levels of PD-1 and eventually cause the exhaustion of T cells
(144). Several studies have shown that the integration of PD-1-
mediated inhibitory signaling into CAR-T significantly improves
the function of conventional CAR-T, and it even may have an
almost equivalent or better anti-tumor effect and a lower side effect
compared with the CAR-T plus PD-1 antibody (72, 145, 146). More
studies on PD-1 signaling with CAR-T are shown in Table 2. These
studies suggest that PD-1 signaling blockade combined with CAR-T
can enhance the efficacy of CAR-T. To date, a variety of CAR-T
with PD-1 inhibition have been designed, and they have achieved
gratifying results in preclinical studies. PD-1 signal blocking
combined with CAR-T may produce greater benefits compared
with chemotherapeutic drugs. However, there is a lack of clinical
studies in this area, and the clinical effects and adverse effects

are unclear.

6.6 PD-1/PD-L1 mAbs and BIiTE

Blinatumomab (BiTE antibody) is a novel immunotherapy that
recruits the forces of T cells and guides them against lymphoblastic
cells by binding CD3 expressed on the surface of T cells and CD19
expressed on the surface of B cell lines (151, 152). It was approved
by FDA in 2014 for the treatment of Ph-negative R/R precursor B-
ALL. However, approximately 50% of R/R B-ALL patients do not
respond to blinatumomab. Non-responders consistently express
higher levels of PD-1 during blinatumomab treatment, and the
levels of PD-L1 and PD-L2 increase on residual tumor cells in BM
after treatment. The T-cell responses of blinatumomab against

frontiersin.org


http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
https://doi.org/10.3389/fimmu.2023.1265299
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cao et al. 10.3389/fimmu.2023.1265299

TABLE 2 CAR-T combined with PD-1/PD-L1 for leukemia treatment.

Condition CAR-T Design Outcome
product

(72) ALL CD19 Anti-CD19 and anti-CD22 CAR T cells combined with Preclinical Increase function of CAR-T cells against leukemia and
CAR-T, PD-1-CD28 fusion protein trial protect CAR-T cells from leukemia-induced suppression
CD22
CAR-T

(147) CLL CD19 - Clinical The percentage of CAR-T cells with CD8+PD-1+ phenotype
CAR-T trial is significantly lower in complete-remission patients

compared with partially responding and nonresponding
patients.

(146) CML CD19/ Integrate PD-1 shRNA into a third-generation CAR Preclinical Suppress the immunosuppression of TME and prolong the
/\PD-1 plasmid trial activation time of CAR-T cells
CAR-T

(145) CML aPDL1- Integrate a PD-L1-targeted scFv fusion protein into a Preclinical = Successfully prevent the development of PD-L1-expressing
CART CAR trial leukemia xenografts in immunocompromised mice

(144) AML CLL-1 Silence the expression of PD-1 in CLL-1 CAR-T Preclinical The killing ability of CLL-1 CAR-T is further enhanced
CAR-T trial

(148) AML CD19- CAR-T treated with JQ1 [JQ1(BET inhibitors) can Preclinical The antileukemia potency and anti-exhaustion ability of
CAR-T, suppress PD-1 expression in T cell] trial CAR-T cells are enhanced
CD123-
CAR-T

(149) R/R CLL-1 CLL-1 CAR-T cells with PD-1 knockdown in 2 patients Clinical Both patients achieved molecular complete remission with

AML CAR-T trial incomplete hematologic recovery at 28 days

(150) ALL PD-1- Fuse different variants of the extracellular domain of PD- | Preclinical IFP variants with physiological PD-1 length ameliorate CAR
CD28 IFP 1 to the intracellular domain of CD28 to create multiple trial T cell effector function and proliferation in response to PD-
CAR-T variants in the protein length of the PD-1-CD28 IFP L1+ tumor cells in vitro and prolonged survival in vivo

CAR-T, chimeric antigen receptor T-cell immunotherapy; ALL, acute lymphoblastic leukemia; PD-1, programmed cell death protein 1; CLL, chronic lymphocytic leukemia; CML, chronic
myeloid leukemia; shRNA, short hair RNA; TME, tumor microenvironment; PD-L1, programmed death-ligand 1; CLL-1, C-type lectin-like molecule-1; BET, bromodomain and extra terminal

domain BET; IFP, immunostimulatory fusion protein.

leukemia are potentiated by blocking CTLA-4 and PD-L1 signaling
pathways (153, 154). This finding illustrates that the response of
blinatumomab is correlated with the molecular level of IC.
Wunderlich et al. (155) reported that pembrolizumab combined
with blinatumomab increases the clearance of B-ALL in mice and
reverses T-cell lymphopenia induced by blinatumomab. PD-1
inhibition also enhances the efficacy of blinatumomab in a UCB/
PDX model of recurrent pediatric B-ALL. Krupka et al. (156)
constructed the CD33/CD3 BiTE antibody AMG 330. They found
that PD-L1 on primary AML cells is strongly upregulated after
adding AMG 330 in the ex vivo culture, and blocking PD-1/PD-L1
axis enhances the AMG 330-induced lysis of AML cells by reversing
T-cell-induced immune escape. Herrmann et al. (157) fused the
extracellular domain of PD-1 (PD-1ex), which naturally holds a low
affinity to PD-L1, with an aCD3.0.CD33 BiTE®-like scaffold to
form a bifunctional checkpoint inhibitory T-cell-binding (CiTE)
antibody. The CiTE antibody is more potent in binding to AML
cells and T cells, thereby increasing the function of T-cell effectors,
and minimizing iRAEs associated with the systemic application of
ICB. From the above several ex vivo studies and animal
experiments, we can conclude that BiTE and PD-1 signaling
blockade have good synergy in leukemia treatment. Nevertheless,
there are few completed clinical studies on the combination therapy
of blinatumomab and PD-1/PD-L1 mAbs for leukemia. A large
sample phase II trial comparing blinatumomab alone to
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blinatumomab with nivolumab in patients with relapsed B-ALL is
currently underway (www.clinicaltrials. as # gov NCT04546399).

6.7 Clinical trials of PD-1/PD-L1 mAbs
in leukemia

A number of clinical trials on leukemia treatment with PD-1/
PD-L1 mAbs have been performed nowadays. The overall response
rate (ORR) of pembrolizumab alone is 0% in eight patients with
AML (158). When combined with cytarabine, the ORR is 46%
(116); the former grade 3-4 iRAEs are 25% (158), and the latter
grade >3 iRAEs are 14% and self-limiting (116). The median
recurrence-free survival (RFS) of AML patients treated with
nivolumab alone is 8.48 months (159). When combined with
cytarabine-idarubicin, the RFS is 18.54 months (160); the former
grade 3-4 iRAEs are 27% (159), and the latter are 13.6% (160).
From the above data, we assume that the efficacy of pembrolizumab
and nivolumab alone is significantly lower than that of the
combination, and the incidence of iRAEs is also higher with the
single agent than with the combination. The median overall survival
(mOS) is 11.1 months for AML with 200 mg of pembrolizumab in
combination with 1.5-2 g/m? cytarabine (116), 21 months when
combined with 1.5-2 mg/m* cytarabine (105), and 10.8 months
when combined with decitabine (118). Regarding the data from the
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current sample, the efficacy of pembrolizumab combined with low-
dose cytarabine is superior to that of the high-dose one, and the
efficacy of pembrolizumab combined with decitabine or high-dose
cytarabine is similar. The iRAEs are 42% in AML patients treated
with pembrolizumab alone, the grade 3-4 iRAEs are 25% (158), the
iRAEs are 40% when treated with nivolumab alone, the grade 3-4
iRAEs are 27% (159), and the incidence of adverse events is similar
for both drugs. The mOS for AML treated with avelumab-
azacitidine combination is 4.8 months (161), and that with
durvalumab-azacitidine combination is 13.0 months (162). The
ORR for AML treated with avelumab-azacitidine combination is
10.5% (161), that with nivolumab-azacitidine combination is 33%
(117), and that with durvalumab-azacitidine combination is 31.3%
(162). However, the grade 3-4 iRAEs in the avelumab combination
are less than 7.7% (163). Based on the current sample alone,
avelumab is less effective than pembrolizumab, nivolumab, and
durvalumab, but its incidence of iRAEs is much lower. Due to
differences in sample size and patient disease status among studies,
comparisons of efficacy and adverse effect assessments of PD-1/PD-
L1 mAbs among studies are subject to large errors. Regarding the
current sample, PD-1/PD-L1 mAbs are effective in the treatment of
leukemia, but the effect of single drug therapy is weak, and the effect
of combination is more considerable. The occurrence of iRAEs is
also not negligible, and large sample data are required to clarify the
curative effects and adverse effects of PD-1/PD-L1 mAbs. Studies on
PD-1/PD-L1 mAbs in CML, ALL, and CLL are few, and more
details about clinical trials on PD-1/PD-L1 mAbs in the treatment
of leukemia are shown in Table 3.

6.8 Future clinical scenarios of PD-L1/PD-1
inhibitors in AML

In sum, setting of either consolidation or maintenance where, in
the presence of PD-L1/PD-1 inhibitors at least partially restored
immune system, they could promote measurable residual disease
negativity. A very interesting therapeutic application, albeit of
limited use, of checkpoint inhibitors in AML, could be in the post
allo-HSCT setting, where, in the presence of AML relapse/
progression, these agents might be useful in augmenting the
immune reactivity of the graft, boosting the GVL effect, at the
expense of also enhancing iRAEs, in combination with other
chemotherapeutic drugs might improve drug sensitivity in
patients with R/R AML, and in combination with other T-cell
based immunotherapies such as CAR-T, BiTE, and Treg exhaustion
might enhance cytotoxic responses.

7 Limitations of ICB in the treatment
of leukemia
7.1 Limited efficacy of ICB treatment

Different from other preclinical studies, co-blockade of PD-1
with Tim-3 or PD-1 with TIGIT fails to restore the proliferation and
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degranulation of CD8+ T-cells from CLL patients (173, 174). There
are many other suppressive checkpoint molecules in T cells such as
A2A receptor, CD276, B7-H4, CD272, CTLA-4, LAG-3, etc. (16),
and they may also play an important role in exhaustion of CD8+ T-
cells. Besides, Radpour et al. (175) suggest that CD8+ T cells in
AML are dysfunctional mainly due to epigenetic silencing of
activating IC receptors rather than signaling by immune
inhibitory IC receptors. Kalinin et al. (176) block PD-1/PD-L1
signaling in CD19 CAR-T cells by co-expression of CD19-CAR and
PD-1-specific VHH domain of anti-PD-1 nanobody. Results show
that although the activation of CAR-T cells with low PD-1 level
increases, the survival and cytotoxicity of these cells are diminished.
Functional impairment caused by disrupted PD-1 signaling is
accompanied by faster maturation and upregulation of exhaustion
marker TIGIT in CAR-T cells. This result proves that for prolonged
CAR-T activity and successful target cell killing, the strength of
activation signal provided by CAR should be balanced by negative
signal from IC. It suggests simply eliminating/knocking out PD-1 is
not enough if one wants to optimize CAR-T cells by disposing of
negative co-stimulation. Moreover, AML is an aggressive, rapid
progressive disease, which does not allow the immune system to
develop a proper antileukemic response. A study shows robust
antigen-specific T cell responses are generated against AML cells
after localized implantation (subcutaneous), but not a systemic
(intravenous) route, the latter generates a tolerant state towards
the malignant cells. Which suggests the ideal scenario for
promoting a leukemia-specific T cell response will likely be in the
minimal residual disease setting (177). Furthermore, AML has a low
mutational burden and the newly formed antigens are expressed in
different other tissues of the host (16). In conclusion, there are some
experiments that have not found the exact effect of PD-1 signal
blocking, and the reasons for poor PD-1 efficacy are complex. This
may explain why PD-1 mAbs have suboptimal clinical efficacy.

7.2 Adverse reactions of ICB treatment

Additionally, the application of PD-1/PD-L1 mAbs is greatly
limited by adverse drug reactions during the clinical treatment of
leukemia patients. Godfrey et al. (158) concluded from a prospective
study that treatment with pembrolizumab after allo-SCT is feasible,
but it may be associated with serious iRAEs. A case study has reported
the combined use of azacitidine and tislelizumab (an PD-1 mAbs) to
treat relapsed AML posttransplantation. AML patients achieve
complete remission, but the patients successively develop serious
iRAEs and GVHD, eventually dying from GVHD complications
(178). Significant ICI-related toxicity can occur in multiple tissues
and organs, such as pneumonia, glomerulonephritis, hepatitis,
gastroenteritis, dermatitis, neurotoxicity, and others. Fortunately,
these symptoms are usually alleviated with the prompt use of
steroids (179). However, among the 75 R/R AML patients treated
with nivolumab, 85% develop infections during the study period, and
they are mostly severe. R/R AML patients treated with nivolumab are
more likely to develop infections when treated with corticosteroids
than those who are not (164). More adverse events during leukemia
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TABLE 3 Clinical trials of PD-1/PD-L1 mAbs in leukemia.

10.3389/fimmu.2023.1265299

Study Therapy regimen Clinical
population benefits
(116)R/R AML 37 Pembrolizumab ~ PD-1 Phase II, open- | Pembrolizumab 200 mg after 1.5-2 g/m® ORR 46% Grade 23
label, single- cytarabine CRc rate 38% iRAEs are 14%
arm, mOS 11.1 and self-
months limiting
(118)R/R AML 10 Pembrolizumab ~ PD-1 Open-label, Pembrolizumab 200 mg on day 1 of mOS 10.8 iRAEs are 30%
single-arm, every 3-week cycle, with decitabine 20 months
single- mg/m” on days 8-12 and 15-19 of
institution alternative cycles starting with cycle 1.
(105 R/RAML | 9 Pembrolizumab = PD-1 Phase II, Cytarabine 1.5-2 mg/m® every 12 hours mOS 21 months NR
retrospective days 1-5 followed by pembrolizumab 200 = 1-year RFS 44%
matched cohort | mg on day 14, every 3 weeks for up to 2 1-year OS 67%
years
(158)AML, 12 Pembrolizumab = PD-1 Prospective Pembrolizumab 200 mg every 3 weeks AML ORR 0% iRAEs are 42%
MRD, and study for up to 2 years Grade 3-4
lymphoma iRAEs are 25%
relapsed after
SCT
(159)High-risk 15 Nivolumab PD-1 Phase II, open- Nivolumab 3 mg/kg every 2 weeks for 6-month RFS iRAEs are 40%;
AML label, single- cycle 6, then nivolumab every 4 weeks for = 57.1% Grade 3-4
arm, cycle 12, finally, nivolumab every 3 median RFS 8.48 | iRAEs are 27%
months until disease relapse months
(164)R/R AML 75 Nivolumab PD-1 Single-center Azacitidine with nivolumab or azacitidine ~ All but 2 53% experience
retrospective with nivolumab plus ipilimumab patients are one or more
cohort study withdrawn from iRAEs and
the CPI trial grade 2-3
before iRAEs are the
completion most common
(117)R/R AML 70 Nivolumab PD-1 Phase, open- Azacitidine 75mg/m? days 1-7 with ORR 33% Grade 3-4
label, non- nivolumab 3mg/kg on day 1 and 14, CR/CRi 22% iRAEs are 11%
randomized every 4-6 weeks
(160)AML or 44 Nivolumab PD-1 Phase, single- Cytarabine 1.5 g/m” on days 1-4 and Median RFS Grade 3-4
High-risk MDS arm idarubicin 12 mg/m* on days 1-3. 18.54 months iRAEs are
Nivolumab 3 mg/kg is started on day 24 mOS 18.54 13.6%
and continues every 2 weeks for up to a months.
year in responders
(161)R/R AML 19 Avelumab PD-L1 Phase Ib/II, Azacitidine 75 mg/m* on days 1-7 and ORR 10.5% Two patients
open-label, avelumab 3 mg/kg or 10 mg/kg on days 1 = mOS 4.8 months | experience
single-center, and 14, every 28-day iRAEs of grade
non- 2 and grade 3
randomized pneumonitis
(163)R/R AML | 7 Avelumab PD-L1 Phase Ib/II, Azacitidine 75 mg/m* on days 1-7, CR 14% Grade >3
open-label, Avelumab 10 mg/kg (max dose: 2000 iRAEs are 0%
parallel cohort mg) on day 1 and day 14, gemtuzumab
ozogamicin 3 mg/m2 (max dose: 4.5 mg)
on day 8
(163)R/R AML 13 Avelumab PD-L1 Phase Ib/II, Azacitidine 75 mg/m?* on days 1-7, CRi 15% One patient
open-label, venetoclax 400 mg on days 1-28 (cycle mOS 4.8 months | experience
parallel cohort 1)/days 1-21 (cycles 2+), avelumab 10 grade 3 iRAE
mg/kg (max dose: 2000 mg) on day 1
and day 14
(165)AML 7 Avelumab PD-L1 Phase I, open- Decitabine 20mg/m” days 1-5, every 28- CR 20% NR
label, single- day, avelumab 10mg/kg day 1, every 14- mOS 3.2 months
arm day
(162) Elderly 64 Durvalumab PD-L1 Phase, open- Azacitidine 75 mg/m® on days 1-7 with ORR 31.3% iRAEs. are
AML label, durvalumab 1500 mg on day 1 every 4 OS 13.0 months 28.1%
randomized weeks DOR 24.6 weeks
(Continued)
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TABLE 3 Continued

10.3389/fimmu.2023.1265299

Study Number Therapy regimen Clinical
population (n) benefits
(166)AML 16 Atezolizumab PD-L1 Phase Ib, open- | Guadecitabine 60 mg/m” on days 1-5 87.5% patients Grade 3-4
label, non- and atezolizumab 840 mg on day 8 and die during the TRAEs of
randomized, day 22 in 28-day cycles trial period due Atezolizumab
multicenter to disease are 18.8%
progression or
AEs
(167)R/R AML 11 Atezolizumab PD-L1 Phase Ib. open- Atezolizumab (840 mg) on day 22 of 18.2% patients AE:s related to
label, cycle 1, in subsequent 28-day cycles, withdraw from atezolizumab
multicenter, atezolizumab on days 8 and 22. the study, and are 36.4%
non- Magrolimab two priming doses of 1 mg/ 81.8% patients
randomized kg on days 1 and 4 of cycle 1, then 15 die
mg/kg on day 8, and 30 mg/kg on day 11
of cycle 1, starting on day 15,
magrolimab maintenance 30 mg/kg/week.
(168)R/R AML | 27 Tislelizumab PD-1 Phase II, open- | Azacitidine 75 mg/m” daily, day 1-7 or ORR 63% Grade 2-3
label, single- decitabine 20 mg/m” daily, day 1-5 plus CR 44% iRAEs are
arm, CAG regimen (cytarabine 100 mg every CRi 7% 14.8%
nonrandomized | 12h, day 1-5; aclarubicin 20 mg daily, mOS 9.7 months
day 1-5 or idarubicin 10 mg day 1, 3 and = EFS 9.2 months
5; and G-CSF 5 pg/kg/day, from day 0 to
end) with tislelizumab 200 mg day 6 or
day 8
(127)CML 31 Nivolumab PD-1 Phase Ib Dasatinib 100 mg (CP) or 140 mg (AP) 26% patient Only 2 serious
once daily and nivolumab 0.3 mg/kg, 1 achieve MMR at | AEs (both
mg/kg, or 3 mg/kg every 2 weeks for <2 months 12 grade 2) are
years followed by <1 year of dasatinib 29% patient considered
only achieve MMR at | drug-related
months 24
(169)MDS and 33 Atezolizumab PD-L1 Phase 1/11, Guadecitabine 30 mg/m2 and escalating ORR 33% iRAEs are 36%
CMML multicenter to 60 mg/m”* days 1-5, atezolizumab mOS 15.1 (4 grade 3, 3
840mg days 8 and 22 of a 28-day cycle. months grade 2, 5
Median PFS 7.2 gradel)
months
(132) ALL and 12 Pembrolizumab =~ PD-1 Phase Pembrolizumab 200 mg every 3 weeks mOS 12.7 iRAEs are 8%
MRD months (grade 3
8% experience a Stevens-
complete MRD Johnson
response, which syndrome)
last 3 weeks
(140) R/R CLL 17 Pembrolizumab =~ PD-1 Phase Ib Pembrolizumab 200 mg every 3 weeks ORRs 29.4% TRAEs, any
plus dinaciclib 7 mg/m® on day 1 and 10 median PFS 5.2 grades are
mg/m? on day 8 of cycle 1 and 14 mg/m®  month 76.5%, grade
on days 1 and 8 of cycles 2 and later median DOR 3-4 are 52.9%
10.3 months
mOS 21.7
months
(141)CLL and 36 Nivolumab PD-1 Phase 1/11a, Ibrutinib (420 mg or 560 mg) in ORRs 61% The most
SLL open-label; combination with nivolumab (3 mg/kg median DOR common grade
two-part every 2 weeks) 19.2 months 3-4 iRAEs are
The median rash (8%) and
duration of increased ALT
stable disease or (2%)
better is 19.7
months
(142)CLL and 10 Nivolumab PD-1 Phase II Nivolumab 3 mg/kg every 2 weeks each CR/CRi 30% One patient

SLL

4-week cycle, starting cycle 1 day 1 for a

experiences a
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total of 24 cycles, ibrutinib 420 mg once grade 2
daily starting cycle 2 day 1 immunological
toxicity
(Continued)
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TABLE 3 Continued

10.3389/fimmu.2023.1265299

Study Therapy regimen Clinical
population (n) benefits
(170)AML 1 Tislelizumab PD-1 Case report Tislelizumab 100 mg on day 1 and Achieve CR Patient
relapsed after azacitidine 100 mg on days 1-7 experience
SCT moderate
GVHD and
iRAEs
(171)AML 1 Pembrolizumab =~ PD-1 Case report Pembrolizumab 100 mg CR lasting 10 NR
relapsed after months or more
SCT
(171)AML 1 Nivolumab PD-1 Case report Nivolumab 0.3-1 mg/kg, 5 times a week Achieve NR
relapsed after molecular
SCT disease
stabilization
(171)AML 1 Nivolumab PD-1 Case report Nivolumab 100 mg No objective NR
relapsed after response
SCT
(172)ALL 1 Nivolumab PD-1 Case report Nivolumab 40 mg every 2 weeks PET-CT show Owing to
relapsed after near complete hepatic
SCT resolution of derangement,
pre-existing nivolumab is
lesions, with suspended
residual low-
grade metabolic
uptake in the
renal lesion
(172)ALL 1 Nivolumab PD-1 Case report Nivolumab 40 mg every 2 weeks for two Blast counts LDH and
relapsed after cycles, then 80 mg every 2 weeks remain static for | serum
SCT 9 weeks, but phosphate
increase after the | increase, and
fifth dose of generalized
nivolumab bone pain

ICIs, immune checkpoint inhibitors; iRAE, immune-related adverse events; R/R, relapsed/refractory; AML, acute myeloid leukemia; PD-1, programmed cell death protein 1; ORR, overall

response rate; CR, complete remission; CRe, composite complete remission; OS, overall survival; mOS, median overall survival; RFS, recurrence-free survival; NR, not report; MRD, measurable
residual disease; SCT, stem cell transplantation; CPI, checkpoint inhibitor; CRi CR with incomplete recovery; MDS, myelodysplastic syndrome; PD-L1, programmed death-ligand 1; DOR,
duration of response; AE, adverse events; TRAE, treatment-related adverse event; G-CSF, granulocyte-colony-stimulating factor; EFS, event-free survival; CML, chronic myeloid leukemia; CP,
chronic Phase; AP, accelerated Phase; MMR, major molecular response; CMML, chronic myelomonocytic leukemia; PFS, progression-free survival; ALL, acute lymphoblastic leukemia; MRD,
measurable residual disease; CLL, chronic lymphocytic leukemia; SLL, small lymphocytic lymphoma; ALT, alanine aminotransferase; LDH, lactate dehydrogenase.

TABLE 4 Adverse events after PD-1/PD-L1 blockade.

Study

population

(116)R/R AML

(158)AML,
MRD and
Lymphoma
relapsed after
SCT

Antibody

Pembrolizumab

Pembrolizumab

Participants

()]

37

12

grade >3

hematological
adverse events

Febrile neutropenia
62%; Hemolytic
anemia 3%

Hemolytic anemia
8%; Idiopathic
thrombocytopenic
purpura 8%

grade >3 Nonhematological
adverse events

Hypokalemia 3%; ALT increase 5%; AST
increase 5%; Alkaline phosphatase increase
5%; Lymphocytic infiltration of liver 3%;
Catheter-related infection 8%; Clostridium
difficile colitis 3%; Hepatic infection 3%;
Lung infection 26%; Typhlitis 3%;
Pulmonary edema 3%; Maculopapular rash
5%

Fatigue 8%; Fever 17%; Pneumonitis 17%;
Hyperthyroidism 8%; Secondary
malignancy 8%

solutions

Median time to administration of

systemic steroids after
pembrolizumab and total duration
of steroids is 15 (range, 5-23) and
14 (range, 1-35) days, respectively.
iRAEs are self-limiting and fully
resolve after administration of

systemic steroids.

Steroid therapy/discontinue

pembrolizumab therapy
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TABLE 4 Continued

Study

Antibody
population

Participants
()

grade >3
hematological

adverse events

grade >3 Nonhematological
adverse events

10.3389/fimmu.2023.1265299

solutions

(171)AML Pembrolizumab | 1 NR Skin GVHD Complete remission after 30 days
relapsed after with topical corticosteroids
SCT
(159)High-risk Nivolumab 15 Febrile neutropenia ALT increase 13%; Pneumonitis 13%; Steroid therapy/discontinue
AML 7%; Hemolysis 7% Hypotension 7%; Abdominal pain 7%; nivolumab therapy
Vomiting 7%; Sepsis 7%; AST increase 7%
(160)AML or Nivolumab 44 Febrile neutropenia Nausea 2%; Diarrhoea 16%; Muscle All patients are treated with steroids
High-risk MDS 32% weakness 2%; Syncope 2%; Elevated and nivolumab interruption and are
transaminases 2%; Elevated bilirubin 2%; successfully re-challenged with
Rash 5%; Colitis 4%; Pancreatitis 2%; nivolumab
Cholecystitis 2%; Small bowel obstruction
2%
(164)R/R AML | Nivolumab 75 Neutropenia 84%; 85% patients develop an infection during Infliximab/steroid therapy/
Lymphopenia 79%; the study period, with bacterial (72%), antimicrobials/antibacterial
Combined cytopenia fungal (16%), viral (11%), and parasitic (<
71% 1%)
(161)R/R AML | Avelumab 19 Anemia 10.5%; Diarrhea 5.3%; Fatigue 5.3%; Nausea 5.3%; Self-resolved/steroid therapy/anti-
Neutropenia 10.5%; Anorexia 5.3%; Pneumonitis 5.3% infective therapy/antiviral
Lymphopenia 5.3%
(163)R/R AML Avelumab 13 Febrile neutropenia Fatigue 8%; Gastrointestinal hemorrhage NR
23% 8%; ALT/AST increase 8%; Increased
bilirubin 8%; Infection 46%; Pericarditis
8%; Syncope 8%
(165)AML Avelumab 7 Febrile neutropenia Fatigue 14%; Weight 14%; Hypertension NR
86% 57%; Edema 14%; Hypoxia 57%; Acute
kidney injury 14%; Hypokalemia 29%; Oral
mucositis14%; Pneumonitis 29%; Heart
failure 29%
(166)AML Atezolizumab 16 Febrile neutropenia Pneumonia 31.3%; Sepsis 18.8%; NR
56.3%; Anemia Hypokalemia 18.8%; Hypophosphatemia
18.8%; 18.8%; Failure to thrive 12.5%; Pneumonia
Thrombocytopenia aspiration 12.5%
18.8%; Neutrophil
count decrease 12.5%
(167)R/R AML Atezolizumab 11 Anemia 36.4% Pneumonia 36.4%; Fatigue 18.2%; NR
Hypokalemia 36.4%; Hypertension 18.2%
(162)Elderly Durvalumab 64 TEAEs: TEAESs: Constipation 57.8%; NR
AML Thrombocytopenia imAEs: Pneumonitis 6.25%; Dermatitis
42.2%; Anemia 30%; 1.5%; Enteritis 1.5%; Arthritis 1.5%;
Neutropenia 36% Myocarditis 1.5%; Hepatitis 1.5%;
Thyroiditis 1.5%; Bullous pemphigoid 1.5%;
Colitis 1.5%; Progressive multifocal
leukoencephalopathy 1.5%
(127)CML Nivolumab 31 Anemia 13%; Diarrhea 13%; Rash 6%; Nausea 3%; NR
Thrombocytopenia Vomiting 3%; Pyrexia 3%; Asthenia 3%
16%; Neutropenia
16%; Febrile
neutropenia 6%
(132)ALL and Pembrolizumab = 12 Neutrophil count Hypertension 25%; Stevens-Johnson After initiation of prednisone, all
MRD decrease 8% syndrome 8% lesions resolve within days for
Stevens-Johnson syndrome.
(141)CLL and Nivolumab 36 Neutropenia 53%; Rash 6%; Pneumonia 14%; Increased lipase NR

SLL

Anemia 25%;
Thrombocytopenia
14%; Febrile
neutropenia 11%

14%; Hypokalemia 8%; Increased amylase
8%; ALT increase 3%; Hypertension 6%
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TABLE 4 Continued

10.3389/fimmu.2023.1265299

Study Antibody Participants = grade >3 grade >3 Nonhematological solutions
population (n) hematological adverse events
adverse events
(180)AML Nivolumab 1 NR PD-1 inhibitor-associated vitiligo-like Routine skin surveillance and no
depigmentation additional treatment
(181)AML Pembrolizumab 2 NR Pembrolizumab induce acute corneal Topical steroids, artificial tears and
relapsed after toxicity after allo-SCT therapeutic soft contact lens/Topical
allo-SCT. steroids, topical serum eye drops,
therapeutic soft contact lens and
punctal plugs, bilateral temporary
tarsorrhaphy
(182)CLL Pembrolizumab | 1 Autoimmune NR Prednisone/Rituximab/Ibrutinib
hemolytic anemia

R/R, relapsed/refractory; AML, acute myeloid leukemia; ALT, alanine aminotransferase; AST, aspartate aminotransferase; iRAEs, immune-related adverse events; MRD, measurable residual
disease; SCT, stem cell transplantation; NR, not reported; GVHD, graft versus host disease; MDS myelodysplastic syndromes; TEAEs, treatment-emergent adverse events; imAEs, immune-
mediated adverse events; CML, chronic myeloid leukemia; ALL, acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; SLL, small lymphocytic lymphomaj; allo-PBSCT, allogeneic

peripheral blood stem cell transplantation.

treatment with ICIs are shown in Table 4. Chemotherapy intolerance
is an important cause of treatment discontinuation in leukemia
patients, and reducing adverse effects during ICI therapy while
aiming to improve their efficacy is equally important. Accordingly,
the development of well-tolerated ICIs and the exploration of clinical
protocols with few adverse effects of ICIs are the keys to solving the
problem. However, given the insufficient data on the clinical
application of ICIs for leukemia, further exploration is required to
optimize ICI therapy.

8 Conclusion

Blocking PD-1/PD-L1 achieves encouraging outcomes as
shown by ex vivo studies and animal models, but clinical trials on
PD-1/PD-L1 mAbs as single-agent in leukemia treatment show
suboptimal results and varying degrees of adverse drug reactions.
Fortunately, combinations of PD-1/PD-LImAbs with other
immunotherapies have shown quite promising, including the
enhancement of GVL effect and reduction of GVHD in HSCT,
the improvement of T-cell response in BiTE or CAR-T, and the
application to multidrug chemotherapy to enhance drug sensitivity.
In conclusion, ICB therapy opens new horizons for tumor
immunotherapy, and future research will focus on refining
combination regimens of ICIs to modulate the immune
environment so that leukemia patients can maximize the benefits
of ICB therapy.
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The novel high-affinity
humanized antibody IMM40H
targets CD70, eliminates tumors
via Fc-mediated effector
functions, and interrupts
CD70/CD27 signaling

Song Li, Dianze Chen', Huiqin Guo®, Dandan Liu?,

Chunmei Yang?, Ruliang Zhang?, Tianxiang Wang?, Fan Zhang®,
Xing Bai?, Yanan Yang®, Nana Sun', Wei Zhang?, Li Zhang?,

Gui Zhao?, Liang Peng?, Xiaoping Tu® and Wenzhi Tian**

!Department of R&D, ImmuneOnco Biopharmaceuticals (Shanghai) Inc., Shanghai, China,
2Department of CMC, ImmuneOnco Biopharmaceuticals (Shanghai) Inc., Shanghai, China

Background: A significant level of CD70 can be detected in various types of
tumor tissues and CD27 is expressed on Treg cells, but CD70 expression is low in
normal tissues. The interaction between CD70 and CD27 can stimulate the
proliferation and survival of cancer cells and increase the level of soluble CD27,
which is associated with poor prognosis in patients with lymphoma and certain
solid tumors. Thus, it is a promising therapeutic target for the treatment of many
major CD70+ cancer indications, including CD70+ lymphoma, RCC, NSCLC,
HNSCC and OC.

Methods: IMM40H was obtained through hybridoma screening and antibody
humanization techniques. IMM40H was evaluated for its binding, blocking, Fc-
dependent effector functions and antitumor activity characteristics in various in
vitro and in vivo systems. The safety and tolerability profile of IMM40H were
evaluated through single and repeated administration in cynomolgus monkeys.

Results: /n vitro cell-based assays demonstrated that IMM40H had considerably
stronger CD70-binding affinity than competitor anti-CD70 antibodies, including
cusatuzumab, which enabled it to block the interaction of between CD70 and
CD27 more effectively. IMM40H also exhibited potent Fc-dependent effector
functions (ADCC/CDC/ADCP), and could make a strong immune attack on
tumor cells and enhance therapeutic efficacy. Preclinical findings showed that
IMM40H had potent antitumor activity in multiple myeloma U266B1 xenograft
model, and could eradicate subcutaneously established tumors at a low dose of
0.3 mg/kg. IMM40H (0.3 mg/kg) showed therapeutic effects faster than
cusatuzumab (1 mg/kg). A strong synergistic effect between IMMO1 (SIRPa-Fc
fusion protein) and IMM40H was recorded in Burkitt's lymphoma Raji and renal
carcinoma cell A498 tumor models. In cynomolgus monkeys, the highest non-
severely toxic dose (HNSTD) for repeat-dose toxicity was up to 30 mg/kg, while
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the maximum tolerated dose (MTD) for single-dose toxicity was up to 100 mg/kg,
confirming that IMM40H had a good safety and tolerability profile.

Conclusion: IMM40H is a high-affinity humanized IgG1 specifically targeting the
CD70 monoclonal antibody with enhanced Fc-dependent activities. IMM40H
has a dual mechanism of action: inducing cytotoxicity against CD70+ tumor cells
via various effector functions (ADCC, ADCP and CDC) and obstructs the
proliferation and activation of Tregs by inhibiting CD70/CD27 signaling.

KEYWORDS

IMM40H, CD70/CD27 signaling, CD70, targeting CD70 antibody, ADCC

1 Introduction

Cluster of differentiation 70 (CD70) is a tumor necrosis factor
family cell surface antigen. It is involved in lymphocyte maturation
and proliferation and is intermittently produced by mature
dendritic cells and a small proportion of activated B and T
lymphocytes (1, 2). However, solid and hematological cancers
express CD70 constitutively, and this expression is associated
with a poor prognosis (3-6). Trimer type II transmembrane
protein CD70 is the most common version of CD70, while CD27
is its receptor. The secretion of soluble CD27 (sCD27) and
proteolytic shedding of the ectodomain of CD27 occur after
CD70 binds to CD27 (CD70-CD27), which activates the nuclear
factor-xB (NF-kB) and c-Jun kinase pathways and promotes the
proliferation and survival of malignant cells (7). The CD70-CD27
signaling pathway can promote regulatory T cells (Tregs)
mobilization or survival, leading to immune monitoring in the
tumor microenvironment (8).

Monoclonal antibodies are the main focus of CD70-targeted
immunotherapy, and they have either been tested as
monotherapeutic agents or in conjunction with other medications.
CD70 antibodies are not available commercially. For inhibiting
CD70/CD27 signaling, cusatuzumab (ARGX-110) is the most
rapidly progressing anti-CD70 monoclonal antibody (9). Due to its
effector actions, such as antibody-dependent cellular phagocytosis
(ADCP), complement-dependent cytotoxicity (CDC), and increased
antibody-dependent cell-mediated cytotoxicity (ADCC),
cusatuzumab can destroy tumor cells directly (9). Combination
treatment with azacitidine and cusatuzumab is safe and effective for
individuals with untreated AML who are not candidates for intense
chemotherapy, as determined by the results of a Phase I/II trial.
Cusatuzumab may cause long-lasting remissions by eliminating
CD70+ leukemia stem cells (LSCs) (10-12).

In this study, we reported the novel targeting CD70 monoclonal
antibody IMM40H, which has higher affinity and stronger blocking
activity than competitor anti-CD70 antibodies. Besides enhancing the
immune defense against tumors by disrupting the communication
between CD70-CD27 and Tregs, IMM40H induces cytotoxicity over
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CD70+ tumor cells through several effector functions (ADCC,
ADCP, and CDC). Preclinical data have shown that IMM40H has
potent antitumor activity in various CDX models, including Raji,
U266B1, and A498 tumor cells; IMM40H was also safe and well-
tolerated in cynomolgus monkeys.

2 Materials and methods
2.1 Cell culture

The SP2/0, Raji, Daudi, Jurkat, and Jeko-1 cell lines were
purchased from the Cell Bank of the Chinese Academy of
Sciences, and the U266B1 and A498 cell lines were purchased
from the American Type Culture Collection (ATCC). Jurkat-
CAR-CD27 and FcgRIITA (158V) target-activated NK (FcR-
TANK'™) cells were self-modified in our laboratory. The
logarithmic growth phase was reached in all cell lines before
harvesting. The SP2/0, Raji, U266B1, Daudi, Jurkat, Jurkat-CAR-
CD27, and Jeko-1 cell lines were maintained in an incubator at 37°C
and 5% CO, with the RPMI-1640 medium (Gibco, Cat#11875093)
containing 10% fetal bovine serum (Gibco, Cat#10091148) and 1%
penicillin-streptomycin (Gibco, Cat#15140122). MEM medium
(Gibco, Cat#11095080) with 1% penicillin-streptomycin and 10%
FBS was used for the cultivation of A498 cells. TANK serum-free
medium (Immuneonco, Cat#CT001-1) was used for the cultivation
of FcR-TANK cells.

2.2 Humanization and development
of antibodies

After immunizing with the human CD70 full-length
extracellular domain (39-193) fused to mIgGl-Fc, we used the
conventional hybridoma technique to screen for anti-human CD70
antibodies. Positive fusions were evaluated for specific CD70
binding to U266B1 by fusing splenocytes from vaccinated animals
with the Sp2/0 myeloma cell line. We cloned and sequenced one of
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the hybridoma clones, designated 26A3. By grafting CDRs onto
human germline frameworks, 26A3 was humanized. For detailed
information on the preparation of IMM40H, can refer to the
approved patent (US11613584B1).

2.3 Antibody expression, purification,
and characterization

CHO-S cells were cultured in TransFx-C CHO Transient
transfection medium (Hyclone, Cat#SH30942.02). Co-transfection
of expression vectors expressing the antibody heavy chain and
light chain was achieved by transient transfection using a
polyethylenimine transfection reagent (Polysciences, Cat#24765).
After 8-10 days, the cells were collected for their supernatants and
loaded to Protein A Sepharose columns (Bestchrom, Cat#AA0273).
Wash buffer (20 mM phosphate buffer (PB) +140 mM NaCl,
pH7.4 + 0.1) was added to the columns, and the antibodies were
then eluted with the elution buffer (25 mM NaAc+ 100 mM NaCl,
pH3.5 £ 0.1). Using 2 M Tris, the pH of the collected fractions was
adjusted to 5.2 * 0.2. Size-exclusion high-performance liquid
chromatography (SEC-HPLC) was performed to examine the
purity of the eluted antibodies.

2.4 Determining the binding of IMM40H to
the trimer CD70 protein

The binding of IMM40H to the trimer CD70 protein
(ACROBiosystems, Cat# CDL-H52Da) was analyzed by ELISA.
Trimer CD70 protein (100 ng/well) in PBS was overnight incubated
at 4°C in flat-bottom 96-well plates (Thermo Fisher Scientific,
Cat#442404). The plates were blocked in blocking buffer (PBS + 3%
skim milk) at room temperature for 2 h, then washed thrice with wash
buffer (PBS + 0.05% Tween-20). The plates were incubated with two-
fold serially diluted IMMA40H at the starting concentration of 10 ug/
mL. Peroxidase-conjugated anti-human IgG secondary antibody
(Jackson Immuno, Cat#109-006-008) was added after washing
thrice and incubated for 1 h. After incubating the plates with the
substrate solution TMB (KPL, Cat#51200050) for 10 min and adding 2
M sulfuric acid to terminate the reaction, the plates were analyzed using
a microplate reader (BioRad, iMARK).

2.5 Determining the binding of IMM40H to
CD70+ tumor cells

The binding of IMM40H to CD70+ tumor cells (including Raji,
U266B1, SP53, and A498) was analyzed via flow cytometry assays.
We used hIgG1-Fc (In house) as an isotype control. The tumor cells
were incubated with IMM40H, Cusatuzumab, and hIgGl-Fc at
different serially diluted concentrations for 45 min at 4°C. Then,
PBS containing 0.5% BSA (Sangon Biotech, Cat#A500023-0100)
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was added to remove free antibodies. The 500-fold diluted FITC-
conjugated anti-human IgG Fc 2nd antibody (Sigma, Cat#F9512)
was added to the samples and incubated at 4°C for 45 min in the
dark. After washing, the FITC fluorescence signal of the cells was
analyzed by performing flow cytometry assays (Luminex, Guava®

easyCyteTM 8HT Base System).

2.6 Antibody affinity assay

Surface plasmon resonance, SPR device (Biacore T200, GE
Healthcare) was used for evaluating the affinity of IMMA40H to
recombinant human CD70 trimer. Following the amine coupling
methodology described by the manufacturer, the anti-human IgG
(Fc) antibody (GE Healthcare, Cat# BR-1008-39) was diluted to 25
pg/mL in 10 mM sodium acetate (pH 5.0) and then attached to a
CMS5 biosensor (GE Healthcare, Cat#BR100530). The SPR
experiment was performed at 25°C in 1XxHEPES running buffer
(pH 7.4, 10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.005%
Tween-20). The samples, which were diluted to 10 pug/mL in
1xHEPES (pH 7.4), were captured on the anti-hIgG(Fc) antibody
surface. A concentration series of 3.125-0.049 nM trivalent human
CD70 was injected over the captured antibodies at 30 pL/min to
measure association and dissociation. The anti-hIgG(Fc) antibody
capture surface was regenerated between test cycles with 30 s
injections of 3 M magnesium chloride. Biacore T200 Evaluation
Software v.3.1 was used to fit the rate constants ka (kon, association
rate) and kd (koff, dissociation rate) from the reference flow cell and
0 nM blank-subtracted sensorgrams to a 1:1 binding model.

2.7 Blocking the CD70/CD27
signaling assay

We engineered a recombinant Jurkat cell line that expressed a
chimeric CD27 receptor (Jurkat-CAR-CD27) to further define the
target-blocking action in a biological setting. The chimeric antigen
receptor (CAR)-CD27 consisted of an extracellular CD27 domain that
was linked to CD8a-hinge, CD28-TMD/ICD, and CD3{ signal
domains in a specific order. When the Jurkat-CAR-CD27 cells were
incubated with recombinant Raji cells (CD70+) for 24 h, the former
cells underwent activation-induced cell death (AICD), which was
coupled with an increase in the expression of CD69. However, when
the interaction between CD27 and CD70 was blocked by CD70 mAb,
CD70-induced cell death was inhibited and CD69 expression remained
stable. The experimental steps are briefly described as follows. The
Jurkat-CAR-CD27 cells and Raji cells were mixed in a 5:1 ratio and
incubated with serially diluted concentrations of antibodies in a
humidified incubator at 5% CO, and 37°C for 24 hours. After
incubation, CD69 (Biolegend, Cat#310906) and CD3 (Biolegend,
Cat#300412) antibodies were added to each well, and then, the
expression of CD69 on Jurkat-CAR-CD27 cells was determined via
flow cytometry assays.
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2.8 In vitro Fc-mediated effector function
(ADCC/ADCP/CDC) assay

2.8.1 ADCC assay

The target cells were labeled with 200 nM carboxyfluorescein
succinimidyl ester (CSFE; Sigma, Cat#21888) and incubated with
different concentrations of antibodies for 30 min. Then, in an E/T
ratio of 1:2, FcgRIIA (158V) target-activated NK (FcR-TANK' )
cells (In house) were added to wells for 4 h at 5% CO, and 37°C.
Propidium Iodide (PI) solution (Sigma, Cat#P4170) was used for
staining the cells. Then, the flow cytometry assay was performed to
collect the cells, and the PI-positive stained cells were calculated.
The intensity of ADCC was calculated using the formula: Lysis% =
[(E+T+ADb) % PI positive cell - (E+T) % PI positive cell]/(100 - T %
PI positive cell) x 100%.

2.8.2 ADCP assay

We collected THP-1 cells and washed them in RPMI-1640
medium with 10% fetal bovine serum (Gibco, Cat# 10091148) and
1% penicillin-streptomycin (Gibco, Cat# 15140122). In a flat 96-
well plate, 100 pL of 4 x 10°/mL THP-1 cells and 200 ng/mL PMA
(Sigma, Cat#P-050) were incubated for 48 h at 37°C and 5% CO..
After counting and harvesting the target cells, 200 nM CSFE was
added to the cells and incubated at 37°C in the dark for 30 min to
label them. After washing twice with full culture medium, the target
cells were seeded at a density of 1 x 10 cells/well (50 uL, 2 x 10%/
mL). Antibodies were serially diluted and added to the plate at 50
uL/well and incubated for 2 h (Effector : Target = 2:5) at 37°C and
5% CO,. After incubation, the plates were washed with PBS to
remove free target cells. Adherent macrophages were digested with
10 pL/well 0.25% Trypsin-EDTA and resuspended in 150 pL/well
PBS buffer. The phagocytic index was determined by flow cytometer
and defined as the percentage of macrophages that have
phagocytosed the target cells. The phagocytic index was
calculated using the formula: phagocytic index % = (E+T+Ab) %
CFSE positive cell - (E+T) % CFSE positive cell.

2.8.3 CDC assay

Different concentrations of antibodies were used for incubating
target cells with normal human serum complement (Quidel,
Cat#A113) at 37°C and 5% CO, for 4 h before being stained with
a PI solution. A flow cytometry assay was performed to collect the
cells and the percentage of PI-positive cells was calculated. The
CDC intensity was calculated using the formula: Lysis % =
Experimental Sample Lysis %- No Antibody Lysis %.

2.9 In vivo xenograft mouse model

2.9.1 U266B1/A498 xenograft model in
CB17-SCID mice

We resuspended 200 pL of cells in cold PBS and injected them
into the right side of the back near the axilla of female CB17- severe
combined immunodeficient (SCID) mice aged 6-8 weeks (5 x 10°
A498 or U266B1 cells). After the tumors in both models grew to an
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average of 126 and 195 mm?>, respectively, the animals were
randomly divided into treatment groups (eight mice per group)
based on the size of the tumor and the weight of the mice. In both
experiments, IMM40H was administered intraperitoneally. In the
U266B1 study, 0.3, 1, and 3 mg/kg QW of IMM40H was
administered for four weeks. Bortezomib (Xian Janssen) was IV
administered at 0.5 mg/kg BIW for four weeks and Cusatuzumab
was administered via IV at 1 mg/kg QW for four weeks. In the A498
study, 3, 10, 30 mg/kg IMM40H, 10 mg/kg IMMO1, and 10 mg/kg
IMM40H combo with 5 mg/kg SIRPa-Fc fusion protein IMMO1
were administered BIW for four weeks. The tumor volume and
body weight were measured twice a week. When the tumor size met
the euthanasia threshold (3,000 mm3), the animals were euthanized.
When a sufficient number of mice in any group met the euthanasia
threshold, the study was terminated.

2.9.2 Raji orthotopic xenograft model in
CB17-SCID mice

To establish disseminated disease, female CB-17 SCID mice
aged 6-8 weeks were injected with 100 pL, 5 x 10° Raji cells
resuspending cold PBS per animal into the lateral tail vein. The
animals were randomized to various treatment groups (eight mice
per group) based on body weight (BW) after three days of tumor
cell inoculation. Treatment began with twice-weekly tail vein
injections for three consecutive weeks. The following dosages
were used: IMM40H (1, 3, and 10 mg/kg), IMMO1 (0.3 mg/kg),
and IMM40H (3 mg/kg) with IMMO1 (0.3 mg/kg). The mice were
euthanized when they displayed symptoms of an excessive tumor
burden, such as weight loss > 20%, stooped posture, paralysis,
lethargy, cranial edema, or dehydration. The BW of the mice was
monitored at least twice a week.

2.10 Pharmacokinetics study in
non-human primates

Acute toxicity, Pharmacokinetics (PK), and ToxicoKinetics
(TK) profiles of IMM40H were evaluated following intravenous
(IV) administration in cynomolgus monkeys. The appropriate
standard operating procedures (SOPs) provided by WuXi AppTec
(Suzhou) Co., Ltd. were followed for all experiments. The Protocol
complied with the requirements of the Animal Welfare Act
Regulations (9 CFR 3).

Acute toxicity study was evaluated after IMM40H was
administered as a single-dose IV infusion to cynomolgus
monkeys. Eight cynomolgus monkeys (4 animals/sex) were
randomly assigned to four groups (1/sex/group). Different
concentrations of IMM40H (0, 20, 50, and 100 mg/kg) were
administered to the monkeys in different groups. The animals
were monitored for 14 days and various parameters were
assessed, including viability (morbidity/mortality), autopsy,
clinical pathology and observations, food intake, and body weight.

The IMM40H PK study was conducted after a single IV
infusion was administered to male and female cynomolgus
monkeys to determine the serum PK properties and evaluating
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the presence of anti-drug antibodies (ADA) in serum. In total, 18
cynomolgus monkeys (9 animals/sex) were assigned to three groups
(3 animals/sex/group), which were IV-administered with different
concentrations of IMM40H (0.5, 1.5, or 3 mg/kg). Blood samples
were collected from the peripheral vessel of the animals following
administration after 0, 0.5, 1, 2, 8, 24, 48, 72, 96, 120, 168, 336, 504,
and 672 h. ADA samples were collected following administration
after 0, 168, 336, 504, and 672 h. The concentration of IMM40H in
serum was measured by an ELISA method, and ADA was analyzed
using an ECL method.

In the TK study, male and female cynomolgus monkeys were
characterized after they were administered IMM40H via IV
infusion for five doses (on days 1, 8, 15, 22, and 29). In total, 40
monkeys (5/sex/group) were randomly assigned into four groups
(0, 3,10, and 30 mg/kg) in the TK study. On days 1 and 22, blood
samples were collected for the TK analysis at 0, 0.5, 2, 6, 24, 48, 72,
96, and 168 h after the end of the infusion.

2.11 Statistical analysis

We used GraphPad Prism 8.0 (GraphPad Software, Inc.) for
statistical analysis. For comparisons involving three or more groups,
a one-way repeated ANOVA was performed with Holm-Sidak
correction. T-tests were performed for comparisons involving two
groups. All differences were considered to be statistically significant
at P < 0.05. In figures, asterisks denote statistical significance
(*p<0.05; **p<0.01; **p<0.001; ***p<0.0001).

3 Results

3.1 Humanization and generation of anti-
CD70 monoclonal antibodies

The binding activity of the selected hybridoma clones to U266B1
cells was evaluated via FACS. One of the most promising positive
clones, 26A3, could inhibit the interaction between human CD70 and
CD27 in addition to binding human CD70 (Figures 1A, B).
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To improve its Fc-dependent effector capabilities, 26A3 was
humanized by grafting its CDRs onto human germline
frameworks, and then, it was built as human IgG1 with S298A,
E333A, and K334A alterations. FACS, ELISA, and SPR were then
used to evaluate the humanized 26A3 (IMM40H) for its antigen-
binding affinity. The FACS and ELISA results showed that the
humanized 26A3 antibody (IMM40H) had equivalent CD70-
binding ability to the chimeric antibody (Supplementary
Figures 1A, B). The results of the affinity analysis showed that
IMM40H also had a similar CD70 binding affinity to that of the
chimeric version (kD = 3.22E-11M for humanized Ab, kD =
3.15E-11M for chimeric Ab) (Figure 2). Also, 26A3 could cross-
react with CD70 from cynomolgus monkey but not from mouse
(Supplementary Figure 2).

3.2 IMM40H exhibited the strongest
specific binding activity to CD70+
tumor cells

Only stromal cells from the thymic medulla and mature
dendritic cells were found to contain CD70 protein, indicating
that its distribution outside the lymphoid organs is quite restricted
(13, 14). CD70 is extensively expressed in Hodgkin and non-
Hodgkin lymphomas, chronic lymphocytic leukemia, and
multiple myeloma. It is also substantially expressed in renal cells
(15, 16). A therapeutic anti-CD70 antibody may have broader
applications since aberrant CD70 expression is associated with a
poor prognosis in solid and hematologic cancers. FACS analysis
was used to determine whether IMM40H bound to CD70 on
various solid and hematologic tumor cells. Subsequently,
IMM40H showed the highest binding activity to Raji and
U266B1 cells among the competitor anti-CD70 antibodies
(Figures 3A, B). In the low nanomolar range, IMM40H bound
to both A498 and SP53 cells with high affinity (Supplementary
Figures 3A-E). Upon transfection with CD70, IMM40H bound to
the CD70-negative cell line CHO (Chinese Hamster Ovary) and
Jurkat (T cell lymphoma cell line), proving its specificity for CD70
(Supplementary Figures 4A, B).

B8 33 %3
28583
28 9%

Cusatuzumab
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T T T
100 10000 1000000
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Identification of the lead anti-CD70 antibody. (A) Binding of the candidates to U266B1 cells, as determined by flow cytometry assays. (B) Blocking
the interaction of CD27 with U266B1 cells, as determined by flow cytometry assays. Candidates with U266B1 cells were pre-incubated. Then,
biotinylated-CD27 protein (Acro Biosystems, Cat#TN7-H82F6) and PE-conjugated Streptavidin (Biolegend, Cat# 405204) were added to detect the
binding signal of CD27 and U266BL1 cells. The results showed that 26A3 lead had the optimal binding and blocking activities, and thus, it was

selected as the final candidate for generation.
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FIGURE 2

CD70 target affinity measured by SPR. The results of the affinity analysis showed that the humanized 26A3 (IMM40H) has equivalent CD70 binding
affinity to the chimeric 26A3 (kD = 3.22E-11M for humanized Ab, kD = 3.15E-11M for chimeric Ab).

3.3 IMM40H exhibited the strongest
blocking activity of interrupting CD70/
CD27 signaling

Inhibition of the CD70-CD27 interaction between tumor cells
and immune cells in the tumor microenvironment can be used for
therapeutic purposes. The expression of CD70 on cancer cells is
linked to the induction of regulatory T cells, which may inhibit the
immune system in the tumor microenvironment (17). Additionally,
IMMA40H can inhibit growth signals and/or limit the acquisition of
T-cell immune regulatory function inside the tumor
microenvironment, while removing CD70+ malignant cells
through Fc-mediated effector activities. A chimeric CD27 receptor
(CAR) expressing recombinant Jurkat cells (Jurkat-CAR-CD27)
was tested in a bioassay to determine their target-blocking activity
(Figure 4A). When Jurkat-CAR-CD27 bound to Raji (CD70+), it
transduced a stimulatory signal, which upregulated the expression
of CD69. IMM40H can block CD70-CD27 interaction, which in
turn inhibits the expression of CD69. IMM40H has potent target-
blocking activity (IC50 = 2.94 ng/mL), which is significantly better

Binding to Raji
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FIGURE 3

than that of cusatuzumab (IC50 = 12.69 ng/mL) and other
competing CD70 mAbs (Figure 4B).

3.4 IMM40H exhibited potent antitumor
effects through Fc-dependent effector
functions in vitro

In healthy tissues and organs, expression of the CD70 protein is
very low. IgGl was prioritized while developing anti-CD70
therapeutic antibodies since it has a high affinity for binding and
activating FcyRs and can elicit potent ADCC and ADCP against
CD70+ tumor cells. IgG1 was selected for the formats of IMM40H,
with the S298A, E333A, and K334A substitution in the Fc region to
enhance the Fc-dependent effector functions. In vitro pharmacology
studies showed that IMM40H can induce tumor cell lysis through
ADCC, ADCP, and CDC in malignant cells expressing CD70.
IMM40H exhibited stronger ADCC activity against cells
associated with hematological malignancies (Raji, U266B1, Daudi,
and Jeko-1 cell lines) compared to competing CD70 mAbs, while

Binding to U266B1

CD70-mAb D3
CD70-mAb D4
CD70-mAb D5-8A1
CD70-mAb D6-AbS
CD70-mAb D5-7F2
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The binding of IMM40H and competing CD70 mAbs to CD70+ tumor cells was evaluated by FACS. (A) The binding of IMM40H and competing
CD70 mAbs to Burkitt's lymphoma Raji cell. (B) The binding of IMM40H and competing CD70 mAbs to multiple myeloma U266B1 cells. The results
showed that IMM40H had a higher binding activity to Raji and U266B1 cells than the competitor anti-CD70 antibodies. Competitor anti-CD70
antibodies sequence derived from patents data. Cusatuzumab, WO2012123586A1; CD70-mAb D3, US20120294863A1; CD70-mAb D4,
W0O2007038637A2; CD70-mAb D5-8A16CD70-mAb D5-7F2, WO2013192360A1; CD70-mAb D6-Ab4&CD70-mAb D6-Ab8, WO2013043933A2.
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The target-blocking activity of IMM40H was characterized by bioassay using the Jurkat-CAR-CD27 cell line. (A) MOA of Jurkat-CAR-CD27 cell.
Upon ligation with CD70+ positive tumor cell, the CAR-CD27 (extracellular CD27 domain that was linked to CD8a.-hinge, CD28-TMD/ICD, and
CD3{ signal domains in a specific order) molecule transduces a stimulatory signal and activates Jurkat-CAR-CD27 cells. The activated Jurkat-CAR-
CD27 cells up-regulate Fas and Fas ligand, upon interaction of Fas on one cell with Fas ligand on another cell, death signal will be transduced to
Jurkat-CAR-CD27 cells, thus will undergo AICD. Which was coupled with an increase in the expression of CD69, INF-y and IL-2. Antibodies specific
for CD70 or CD27 can block the interaction of CD70 with extracellular CD27 domain and thus will block the CD70 induced AICD. (B) The target
blocking activity of IMM40H was significantly better than that of the competing CD70 mAbs.

also exhibiting potent killing effects against solid tumor cells (A498)
(Figures 5A, B, Supplementary Figures 5A-C). A significant
proportion of human Tregs gain stable CD70 expression while
losing CD27 after prolonged in vitro stimulation (18). Using
commercially activated Tregs (Sailybio, Cat#XFB-nTreg-02BA) as
target cells, the results showed that due to the low expression of
CD70 in Treg cells, IMM40H was able to directly kill Tregs through
ADCC (Figure 5C, Supplementary Figure 6). Besides enhancing the
immune defense against tumors by disrupting the communication
between CD70-CD27 and Tregs, IMMA40H can reduce the ratio of
activated Tregs and relieve immune suppression by directly killing
them. Using flow cytometry, phagocytosis was evaluated in the
monocytic cell line THP-1 (effector) against the target cell lines Raji,
Daudi, U266B1, Jeko-1, and A498 labeled with CFSE by measuring
the THP-1 green fluorescence following 2 h of incubation with
IMM40H. IMM40H induced stronger ADCP against Raji and
U266B1 than the competing CD70 mAbs, including cusatuzumab
(Figures 6A, B). ADCP effects on THP-1 cells with an ECs, range of
MFI of 0.035 nM in Raji, 0.0094 nM in U266B1, 0.0718 nM in
Daudi, 0.0052 nM in Jeko-1, and 0.0508 nM in A498, respectively
(Supplementary Figure 7). Cell lysis as a marker for CDC was
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determined via propidium iodide (PI) labeling by flow cytometry
assays. The lysis ECsq for IMM40H was 0.395 nM in Raji cells
(Supplementary Figure 8), whereas IMM40H had no CDC activity
against other CD70+ tumor cell lines, including U266B1, Daudi,
Jeko-1, and A498 (data not presented).

3.5 IMM40H exhibited strong antitumor
efficacy in vivo

3.5.1 In vivo activity against multiple myeloma
(U266B1) subcutaneous xenograft model

We examined the effect of IMM40H in subcutaneous xenograft
models derived from the multiple myeloma cell line U266B1
compared to the effects of bortezomib and Cusatuzumab, which
are commonly used for multiple myeloma treatment. IMM40H (IP,
QWx4, 0.3, 1, 3 mg/kg), Bortezomib (IV, BIWx4W, 0.5 mg/kg),
and Cusatuzumab (IV, QWx4, 1 mg/kg) were administered after
grouping. Animals in all groups showed no significant abnormality
during the study, without any remarkable body weight differences
among animals in the 0.3, 1, and 3 mg/kg IMMA40H groups. At the
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FIGURE 5

The ADCC activity against CD70+ tumor cells and Tregs was measured using FCR-TANK. (A) IMM40H and the competing CD70 mAbs induced
ADCC against Raji. (B) IMM40H and competing CD70 mAbs induced ADCC against U266. (C) IMM40H induced ADCC against Tregs. The ADCC-
inducing activity of IMM40H was stronger than the competing CD70 mAbs and had similar activity to defucosylated cusatuzumab.
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The ADCP activity against CD70+ tumor cells were measured using THP-1 cell. (A) IMM40H induced ADCP against Raji. (B) IMM40H induced ADCP
against U266. The phagocytic index was determined by FACS and defined as the percentage of CFSE positive macrophages. The phagocytic index
was calculated using the formula: phagocytic index % = (E+T+Ab) % CFSE positive cell — (E+T) % CFSE positive cell. IMM40H induced stronger ADCP
against CD70+ tumor cells than the competing CD70 mAbs, including cusatuzumab.

endpoint of the study, all mouse tumors in the three IMM40H
treatment groups were eliminated. The therapeutic effect was
observed earlier with IMM40H (0.3 mg/kg) than with
cusatuzumab (1 mg/kg) (Figure 7).

3.5.2 In vivo activity against Burkitt's lymphoma
(Raji) orthotopic xenograft model

We further evaluated the antitumor activity of IMMA40H in vivo
via Raji orthotopic xenografts. IMMO1 (SIRPai-Fc fusion protein)
and IMM40H were tested in the study. IMMOL (0.3 mg/kg),
IMM40H (1, 3, 10 mg/kg), and IMMOI (0.3 mg/kg) combined
with IMM40H (3 mg/kg) were administered twice weekly via tail
vein injection for three consecutive weeks. The antitumor activity
confirmed that IMMA40H substantially improved the survival time
in a dose-dependent manner. Overall, 38% (3/8), 75% (6/8), and
75% (6/8) of mice in the three dosages groups (1, 3, and 10 mg/kg,
respectively) survived at the endpoint. While CD47 blocker
(IMMO1) survived 88% (7/8) of the treated mice at the dose of
0.3 mg/kg, the combination of IMMO1 (0.3 mg/kg) with IMM40H
(3 mg/kg) survived 100% of the treated mice, suggesting a
synergistic effect between CD47- and CD70-targeted
therapy (Figure 8).
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FIGURE 7

3.5.3 In vivo activity against renal carcinoma cell
(A498) subcutaneous xenograft model

We also performed in vivo experiments using an A498 mouse
xenograft model to evaluate the antitumor activities of IMM40H
combined with IMMO1 compared to the activities of IMM40H and
IMMO1 alone without affecting body weight. IMMO1 (10 mg/kg),
IMM40H (3, 10, 30 mg/kg), and IMMO1 (5 mg/kg) combined
with IMM40H (10 mg/kg) were administered twice weekly via
intraperitoneal injection for four consecutive weeks. IMM40H at
doses of 3-30 mg/kg showed a certain dose-dependent significant
tumor inhibition efficacy. IMM40H exhibited a synergistic effect
with CD47-targeted IMMO1 in treating A498 xenograft renal
carcinoma model. Tumor Growth Inhibition (TGI) percentage of
Combo (5 + 10 mg/kg), IMMO1 (10 mg/kg), and IMM40H (10 mg/
kg) was 62.86%, 36.22%, and 39.52%, respectively (Figure 9).

3.6 IMM40H exhibited a favorable safety
and tolerability profile in vivo

We used cynomolgus monkeys for pharmacokinetic and
toxicological studies. The CD70 amino acid sequence was very

m—
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vih Inhibition Rate;

EM;
P as calculated based on different groups of tumor volume using vehicle group as the
control by T-Test

In vivo activity against multiple myeloma (U266B1) subcutaneous xenograft model. IMM40H demonstrates much stronger tumor killing efficacy than
Cusatuzumab. Therapeutic effect was observed earlier in IMM40H (0.3 mg/kg) group than in cusatuzumab (1 mg/kg) group.
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In vivo activity against Burkitt's lymphoma (Raji) orthotopic xenograft model. IMM40H substantially improved the survival time in a dose-dependent
manner. The percentage of mice survived in the three dosage group (1, 3, 10 mg/kg) is 38% (3/8), 75% (6/8), and 75% (6/8) respectively. Interestingly,
a combination of IMMO1 (0.3mg/kg) with IMM40H (3mg/kg) showed 100% survival in the treated mice, which is superior to IMM40H or IMMO1 alone,

suggesting a synergistic effect between CD47- and CD70-targeted thera

py.

similar in human and cynomolgus monkey (86.6%) but only slightly
more similar between human and mouse (66.1%). IMM40H can
bind to Cyno CD70, whereas mouse CD70 does not. The results of
an affinity analysis revealed that IMM40H had an equivalent
binding affinity for human and Cyno CD70, but the latter was
slightly stronger, as determined by biolayer interferometry (BLI)
(Supplementary Figure 9). In a GLP-compliant general toxicity
study, the potential toxicity of IMM40H was evaluated when it was
administered as a single-dose IV infusion to cynomolgus monkeys.
All three tested doses of IMM40H (at 20, 50, and 100 mg/kg) were
well-tolerated by the monkeys when administered intravenously. At
different dosages of IMM40H (up to 100 mg/kg), there were no
detectable changes in gross observations, urinalysis, coagulation,
serum chemistry, hematological parameters, food intake, body
weight, clinical observations, and survival (mortality/morbidity).
Thus, IMM40H was well-tolerated at all doses tested, and a single
IV infusion of 100 mg/kg was the maximum tolerated dose (MTD)
in both male and female cynomolgus monkeys.

The PK analysis showed no differences between the sexes at all
doses when the area under the serum concentration-time curve was
compared from time zero to the last quantifiable concentration
(AUC_1ost) and maximum observed concentration (C,,,,) in male
and female cynomolgus monkeys. After a single IV infusion of
different doses of IMMA40H (0.5, 1.5, and 3 mg/kg), the IMM40H
showed serum clearance (CL) of 0.00920, 0.00934, and 0.0123 mL/

min/kg, respectively, and a half-life (T,,,) of 97.3, 75.2, and 48.6 h,
respectively. The volume of distribution at steady state (Vdss) was
0.0761, 0.0649, and 0.0711L/kg, respectively. The AUC, 1, values
were 634000, 2150000, and 3800000 ng-h/mlL, respectively. The
results showed that the systematic exposure (AUC 1,5 and Cyax) Of
IMMA40H increased proportionally as the dose increased from 0.5
mg/kg to 3 mg/kg (Figure 10, Table 1).

We further evaluated the potential toxicity of IMM40H to
cynomolgus monkeys when it was administered by IV infusion
once a week for five weeks. We also assessed the reversibility,
persistence, and delayed occurrence of toxicity following a 42-day
recovery period. We found that the administration of IMM40H
resulted in IMM40H-related adverse but reversible microscopic
changes consisting of mild mononuclear inflammation in the
pulmonary interstitium and minimal or mild glomerulonephritis
at = 10 mg/kg/dose. No IMM40H-related abnormalities occurred in
clinical observations, food consumption, body weight,
ophthalmology, body temperature, safety pharmacology
(electrocardiogram, blood pressure, respiratory and neurological
examinations), urinalysis, immunophenotyping, and macroscopic
observations at all doses. Therefore, the highest non-severely toxic
dose (HNSTD) of IMM40H was considered to be 30 mg/kg. At this
dose, Cpax and AUCy_;49 1, of IMM40H were 959,000 ng/mL and
66,400,000 h*ng/mL, respectively, in females, and 877,000 ng/mL
and 57,500,000 h*ng/mL, respectively, in males on Day 22 (Table 2).
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TGI: Tumor Growth Inhibition Rate; T/C: Relative Tumor Volume Growth Rate.

a, Mean + SEM;
b, p value was calculated based on different groups of tumor volume using vehicle group as the
control by T-Test.

In vivo activity against renal carcinoma cell (A498) subcutaneous xenograft model. IMM40H at the doses of 3~30 mg/kg showed a significant tumor
inhibition efficiency in a dose-dependent manner. IMM40H demonstrated synergistic effect with CD47-targeted IMMO1 (SIRPa.-Fc), which is superior

to IMM40H or IMMO1 alone.
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FIGURE 10
Mean serum concentration after single IV infusion at dose of 0.5,1.5
and 3.0 mg/kg to male and female cynomolgus monkeys.

4 Discussion

Cancer immunotherapy advanced considerably following the
development of therapeutic antibodies that target critical immune
checkpoints. In 2011, the U.S. Food and Drug Administration
(FDA) authorized the use of ipilimumab for the treatment of
melanoma that has spread to other parts of the body (19).
Individuals suffering from unresectable or advanced melanoma
who do not respond to prior therapy were provided approval to
receive treatment by pembrolizumab on September 4, 2014 (20).
Nivolumab was granted FDA approval on December 22, 2014, for
the treatment of individuals with metastatic or unresectable
melanoma whose illness progressed even after ipilimumab
therapy, and in patients who tested positive for a BRAF V600
mutation following treatment with a BRAF inhibitor (21). Immune
checkpoint blockers are a promising new option for treating
malignancies that are beyond the scope of traditional treatment.

10.3389/fonc.2023.1240061

Patient response rates are still low in most cases, indicating further
or combinatorial targeting of immune checkpoints is needed.
Many different types of cancer, both hematologic and solid,
have been linked to abnormal expression of CD70 and its receptor
CD27. Tumor progression and immunosuppression are linked to
the dysregulation of the CD70-CD27 axis in the tumor and its
microenvironment (22). Since CD70 is normally expressed only by
a small percentage of cells in the lymphoid compartment, therapies
that specifically target this protein should have few unintended
consequences. When tumor cells overexpress CD70, CD27
expression in tumor-infiltrating Tregs may facilitate immune
evasion. Many different types of cancer, including renal cell
carcinoma, glioblastoma, thymic carcinoma, nasopharyngeal
carcinoma, T-anaplastic large-cell lymphoma, Waldenstrém’s
macroglobulinemia, and Hodgkin and non-Hodgkin lymphomas,
may respond well to therapies that target CD70 (13, 15, 23-28).
Monoclonal antibodies, antibody-drug conjugates (ADCs), and
CAR-T-based treatments have shown that CD70 is the optimal
target due to its very limited expression pattern in certain blood
cancers and solid tumors. Several drugs based on mAbs (SEA-
CD70, MDX1411, and cusatuzumab), ADCs (ARX305, MDX-1203,
AMGI172, SNG-CD70, and SNG-75), and CAR-Ts (CTX130,
CD70-001, ALLO-316, and GIMIIRB-20006) are currently being
tested in clinical trials for the treatment of CD70-related diseases
(29). Combining cisplatin and docetaxel with anti-CD70 treatment
(Cusatuzumab) can boost antitumor immune responses in NSCLC
patients, as shown by preclinical evidence (30). Defucosylated anti-
CD70 monoclonal antibody cusatuzumab (ARGX-110) prevents
tumor immune escape by blocking the survival of Tregs and
restoring normal myeloid differentiation. Phase I dose-escalation
study of cusatuzumab showed good tolerability, pharmacokinetics,

TABLE 1 PK Parameters in Cynomolgus Monkeys After Single IV Injection at dose of 0.5, 1.5, and 3 mg/kg of IMM40H.

IMM40H

Dose Route IV Infusion 1V Infusion 1V Infusion

Dose level(mg/kg) 0.5 mg/kg 1.5 mg/kg 3 mg/kg

PK Parameters Mean SD Mean SD Mean SD
Cmax (ng/mL) 11000 1120 34600 3070 58200 6380
Tmax (h) 1.17 0.408 1.17 0.408 1.00 0.00
T1/2 (h) 97.3 16.8 752 50.0 48.6 40.4
Vdss (L/kg) 0.0761 0.00590 0.0649 0.0135 0.0711 0.0112
Cl (mL/min/kg) 0.00920 0.00149 0.00934 0.00223 0.0123 0.00243
AUCO-last (ngeh/mL) 634000 68400 2150000 177000 3800000 440000
AUCO-inf (ngeh/mL) 925000 146000 2820000 747000 4220000 1000000

AUCO-inf, area under the curve to infinite time; AUClast, area under the serum concentration—time curve from time zero to the last quantifiable concentration; Cl, clearance; Cmax, maximum

observed concentration; IV, intravenous; PK, pharmacokinetics; T1/2, half-life; Tmax, time of maximum observed concentration; Vdss, volume of distribution at steady state.
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TABLE 2 TK Parameters in Cynomolgus Monkeys After Repeat-dose IV Infusion at dose of 3, 10, and 30 mg/kg of IMM40H.

Dose (mg/kg) Study Day Cmax (ng/mL) Tmax (h) AUCO0-169h (h*ng/mL)
Male 63400 + 16000 1.0 (1.0 - 1.0) 3970000 + 390000
' Female 72700 + 4240 1.0 (1.0 - 1.0) 4100000 + 187000
’ Male 58700 + 29300 1.0 (10 - 1.5) 1610000 + 1490000
z Female 81500 + 20200 1.0 (1.0 - 1.5) 3720000 + 3280000
Male 198000 + 19400 1.0 (1.0 - 1.0) 11600000 + 1640000
1 Female 216000 + 20300 1.0 (1.0 - 1.5) 13200000 + 878000
. Male 209000 + 72900 1.0 (1.0 - 1.5) 9810000 + 10400000
z Female 300000 + 79300 1.0 (1.0 - 1.5) 21400000 + 12000000
Male 614000 + 55200 1.0 (1.0 - 1.5) 37200000 + 3780000
1 Female 690000 = 107000 1.0 (1.0 - 1.5) 38200000 + 4450000
¥ Male 877000 + 146000 1.0 (1.0 - 1.0) 57500000 + 15200000
“ Female 959000 + 263000 1.0 (1.0 - 3.0) 66400000 + 39500000

Data are presented as mean + SD for Cmax and AUCO0-16%h values, and median (range) for Tmax. AUC0-169 = area under the serum concentration-time curve (AUC) from time zero to 168

hours post end of infusion (169 hours post start of the infusion, AUC0-169h); Cmax, maximum observed concentration; Tmax, time of maximum observed concentration.

and preliminary antitumor activity at all dose levels (0.1, 1, 2, 5, and
10 mg/kg) in patients with advanced CD70-positive malignancies
(31). Cusatuzumab also inhibits LSC proliferation, reduces
leukemic blast cells, and blocks CD70/CD27 signaling (8, 9).
Patients with previously untreated AML who were ineligible for
intense chemotherapy responded well to a combination of
cusatuzumab and azacitidine, as determined by a Phase I/II study
(10-12).

We obtained IMM40H through hybridoma screening and
antibody humanization techniques. IMM40H specifically binds to
the CD70 target and has higher affinity and stronger blocking
activities compared to competitor anti-CD70 antibodies,
including Cusatuzumab. IMM40H can interrupt the proliferation
and activation of Treg cells by inhibiting CD70/CD27 signaling.
Additionally, IMM40H also showed potent Fc-dependent effector
functions (ADCC/CDC/ADCP) via S298A, E333A, and K334A
substitution in the Fc region, resulting in a strong immune attack
on hematologic malignancies and potent therapeutic efficacy. Our
preclinical data also suggested that IMM40H has potent antitumor
activity in the U266B1 multiple myeloma tumor model, eradicating
subcutaneously established tumors even at a dose as low as 0.3 mg/
kg. Moreover, IMM40H (0.3 mg/kg) showed a therapeutic effect
faster than cusatuzumab (1 mg/kg). With cusatuzumab (1 mg/kg),
tumors were cleared in five of the six mice. A strong synergistic
effect of IMMO1 (SIRPo-Fc fusion protein) and IMM40H was
found on Burkitt’s lymphoma Raji and renal carcinoma cell A498
tumor models. Synergistic antitumor activity between CD47-and
CD70-targeted therapy acts as a foundation for their combined

Frontiers in Oncology

application in future clinical studies. IMM40H has a favorable
safety and tolerability profile, considering that significant
IMM40H-related toxic side effects were not observed. The
HNSTD for repeat-dose toxicity and MTD for single-dose toxicity
were up to 30 mg/kg and 100 mg/kg, respectively, in cynomolgus
monkeys. We obtained IND approval for IMM40H from the
NMPA and the FDA in August 2022, and we aim to initiate
Phase I clinical studies.

5 Conclusions

Anti-CD70 targeted combinatorial therapy was effective in
preclinical and clinical investigations. Although AML is the primary
indication of monotherapy and combinatorial therapy, this strategy
might be applied to other tumor types also. The CD70-CD27 axis was
studied extensively for its role in tumor promotion and immune
evasion in cancer, and new insights into its putative molecular
processes emerged. Therefore, methods to suppress the signaling
pathways implicated in the CD70-CD27 axis might offer attractive
new therapeutic possibilities along with current techniques that rely on
targeting CD70. Pre-clinical findings showed that IMM40H has a
higher binding ability, stronger ability to block the interaction of CD70/
CD27, and stronger ability to kill tumor cells than other CD70
competitors. We aim to investigate the safety and efficacy of
IMM40H in clinical trials for hematomas and solid tumors. It might
emerge as a novel, safe, and effective therapeutic option for
treating cancers.
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Immunotherapy is currently the most promising clinical treatment for lung
cancer, not only revolutionizing second-line therapy but now also approved
for first-line treatment. However, its clinical efficiency is not high and not all
patients benefit from it. Thus, finding the best combination strategy to expand
anti-PD-1/PD-L1-based immunotherapy is now a hot research topic. The
conventional use of chemotherapeutic drugs and targeted drugs inevitably
leads to resistance, toxic side effects and other problems. Recent research,
however, suggests that by adjusting the dosage of drugs and blocking the
activation of mutational mechanisms that depend on acquired resistance, it is
possible to reduce toxic side effects, activate immune cells, and reshape the
immune microenvironment of lung cancer. Here, we discuss the effects of
different chemotherapeutic drugs and targeted drugs on the immune
microenvironment. We explore the effects of adjusting the dosing sequence
and timing, and the mechanisms of such responses, and show how the
effectiveness and reliability of combined immunotherapy provide improved
treatment outcomes.
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1 Introduction

According to the International Agency for Research on Cancer’s
World Cancer Statistical Report, approximately 1.8 million deaths
occur annually due to lung cancer, followed by rectal cancer, liver
cancer, and stomach cancer (1). Lung cancer is most prevalent
among male patients and ranks second among female patients (2)
due to its initial asymptomatic nature and difficulty in detection
(3, 4). Currently, lung cancer holds the highest incidence and
mortality rate globally (5). Smoking causes 80% of lung cancer
deaths, while other risk factors include radon gas, asbestos,
cumulative exposure to air pollution, polycyclic aromatic
hydrocarbon emissions, and genetic factors (6).

Lung cancer is categorized based on histology into non-small cell
lung cancer (NSCLC) and small cell lung cancer (SCLC) (7). NSCLC
accounts for 80-85% of all lung cancer cases and includes
adenocarcinoma, squamous carcinoma, and other histological
subtypes (8). Poor prognosis usually follows an advanced NSCLC
diagnosis (9), but new insights into the molecular mechanisms of
disease progression and an increased understanding of the disease
have allowed for the development of novel treatment options. These
treatments include surgery, radiation therapy, chemotherapy,
targeted therapy, immunotherapy, interventional therapy, and a
combination of Chinese traditional and western medicine, as
shown in Figure 1. Significantly improved survival rates have been
observed in lung cancer patients with the continuous improvement of
systemic therapy.

Lung cancer treatment has shifted from indiscriminate cytotoxic
chemotherapy to more refined targeted agents. The development of
small molecule drugs and monoclonal antibodies that target specific
components of dysfunctional molecules or immune pathways, as well
as mutated genes that target lung cancer, and the development of
more personalized combinations based on different conditions, has
led to more optimal treatment options for lung cancer (10).
Currently, immunotherapy is the most promising clinical treatment
for lung cancer (11, 12). The goal of cancer immunotherapy is to elicit
a cellular immune response (6, 13). Immunotherapies for lung cancer
include tumor-related vaccines, chimeric antigen receptor (CAR)-T,
T cell receptor (TCR)-T cell therapy, tumor infiltrating lymphocytes
(TILs) therapy, lysing viruses, targeted antibodies for lung cancer, and
immune checkpoint inhibitors (ICIs) (6). Among them, ICIs are the
most widely used in clinical practice,which have not only
revolutionized second-line treatment, but they are now also
approved for first-line treatment (14, 15). Cytotoxic T lymphocyte
associated antigen 4 (CTLA-4) (3, 16) is the first antibody in
immunotherapy to be approved by the U.S. Food and Drug
Administration (17). Since the discovery of CTLA-4, several
immune checkpoint proteins have been discovered, including
programmed death-1 (PD-1), T-cell immunoglobulin and ITIM
domain (TIGIT), T-cell immunoglobulin domain and mucin
domain-containing molecule-3 (TIM-3), lymphocyte activation
gene 3 (LAG-3), V-domain Ig suppressor of T cell activation, B
and T cell lymphocyte attenuator and cluster of differentiation 200.
Among the most common clinical treatments for NSCLC are PD-1
monoclonal antibodies, including nivolumab and pembrolizumab
(18). However, their clinical effectiveness is not high and not all
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patients benefit from them. The response rate after second-line
treatment with nivolumab is approximately 20%. First-line
treatment with pembrolizumab is currently limited to patients with
a PD-1 ligand (PD-L1) tumor percentage score above 50%, which
accounts for approximately one-third of NSCLC patients, and has an
response rate of 69% (15). The upregulation of PD-1 expression in
TILs is one of the main immunosuppressive mechanisms in the
tumor microenvironment (TME). The TILs interact with ligands
(PD-L1 and PD-12), leading to a decrease in CD8" T cells and an
increase in regulatory T cells (Tregs), suppressing the function of
CD8" T cells or causing immune escape in response to an adaptive
response to interferon (IFN) signaling (17, 19). Other factors that
affect the effectiveness of treatment include the absence of tumor
expression of MHC class I molecules (20, 21), low numbers of CD4"
T cell infiltrates in tumor tissue, high numbers of myeloid-derived
suppressor cells (MDSC), and low expression of PD-L1 on cancer
cells. Based on these potential mechanisms, the antitumor efficacy of
immunotherapy can be boosted with the use of other types of
treatment. Thus, finding the best combination strategy to expand
anti-PD-1/PD-L1-based immunotherapy is currently a hot issue in
lung cancer research (22).

In this paper, we review what is known about the current state
of NSCLC research, with a particular emphasis on the TME, the
current available drugs for treatment, and the potential for using
combined therapies at appropriate doses to improve treatment
response while minimizing treatment-related adverse events.

2 TME in lung cancer

Tumor cells and peripheral cells both coexist and compete with
each other. Among the surrounding cells are intrinsic and specific
immune cells, resulting in a unique environment that varies by tumor
type and is highly adapted to tumor behavior; this is referred to as the
TME (21). The TME includes tumor-associated macrophages (TAMs),
cancer-associated fibroblasts, tissue-specific mesenchymal cells,
endothelial cells, intrinsic and specific immune cells, TILs,
neutrophils, eosinophils, MDSCs, cytokines and extracellular matrix
(23-26) (Figure 2). The metabolic status of immune cells in the TME is
a key factor affecting their immune response (27) and plays an
important role in tumorigenesis, disease progression, and treatment
response and prognosis (28). Under normal physiological conditions,
innate and acquired immune cells capture and destroy cancer cells
through immune surveillance (29, 30). However, in the pathological
state, tumor cells can shape the immunosuppressive microenvironment
through different mechanisms.

The tumor immune microenvironment consists of a diverse array
of cell types, including CD4" T cells, CD8" T cells, B cells, TAMs,
natural killer cells, CD1¢" myeloid and CD141" myeloid dendritic cells,
neutrophils, basophils, eosinophils, and mast cells (31). CD4" T cells
have different subsets of cells (TH1, TH2, TH17, and Tregs) that
perform specialized immunomodulatory functions and secrete
different cytokines to enhance or suppress immune responses (32).
Tregs are a functional subpopulation of suppressor T cells that express
the transcription factor FOXP3 (33). CD8" T cells are activated to
secrete IFN-y and tumor necrosis factor after cell receptors on their
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FIGURE 1

Treatments for lung cancer include surgery, radiotherapy, chemotherapy, targeted therapy, immunotherapy, interventional therapy, and combination

of traditional Chinese and Western medicine.

surface destroy tumor cells (34). CD4 CTL and CD8" T cells express
granzyme and perforin, which are effectors that mediate cytotoxic
activity in target cells (32). The activation process of macrophages is
highly plastic, and depending on signals in the TME, macrophages can
be polarized into M1 or M2 functional phenotypes (35, 36). M1
macrophages secrete IFN, interleukin (IL), nitric oxide synthase, and
reactive oxygen species to exert and enhance anti-tumor immunity (35,
37). M2 macrophages are associated with high expression of IL-10, IL-
1B and vascular endothelial growth factor (VEGF) in vivo, and form a
beneficial survival environment for tumor cells by suppressing
immunity and promoting tumor angiogenesis, invasion and distant
metastasis (35, 38).

Tumor cells can shape the immunosuppressive microenvironment
through nutritional competition, secretion of cytokines, the release of
metabolites and modulation of immune cell metabolism to affect
immune cell growth, development and differentiation, thereby
increasing the function of immune cells toward a pro-tumor
phenotype, a process that helps promote the immune escape of
tumor cells themselves (27). When PD-L1 on tumor cells binds to
PD-1 on T cells, the T cells are unable to specifically recognize the
tumor cells, and this also results in immunosuppression (39). If this
immunosuppression caused by tumor cells is reversed by drugs, the
immune cells can resume their normal function of recognizing and
killing tumor cells.
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FIGURE 2

(A) The immune microenvironment of lung cancer includes immune cells such as T cells, B cells, NK cells, macrophages, DC cells and cytokines
such as IL-2. (B) Principles of anti-tumor effects of PD-1 monoclonal antibodies in the immune microenvironment of lung cancer.
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3 Low dose of chemotherapy drugs in
combination with PD-1/L1
monoclonal antibody

More than 100 chemotherapeutic drugs have entered clinical
use since 1948; they are divided into four main categories: 1)
alkylating agents such as cyclophosphamide, cisplatin, and
oxaliplatin; 2) antimetabolites such as pemetrexed, gemcitabine,
and fluorouracil; 3) botanicals such as vincristine and paclitaxel;
and 4) antibiotics such as doxorubicin and bleomycin.
Chemotherapeutic drugs are thought to produce anti-proliferative
or cytotoxic effects during cell division (40), selectively killing cells
that are proliferating rapidly in the body. Thus, while killing tumor
cells, bone marrow suppression may also occur with a decrease in
neutrophils, lymphocytes, platelets and hemoglobin (41). In
addition, adverse skin reactions to chemotherapy occur in 30-40%
of patients (41). High doses of chemotherapy drugs can also cause
significant liver and kidney damage and gastrointestinal
complications, side effects that many patients do not tolerate well
(42). Thus, chemotherapy combined with immunotherapy seems to
be somewhat contradictory because chemotherapy can kill anti-
tumor immune cells. To further improve the treatment efficacy in
clinical treatment of lung cancer with a combination of
chemotherapy drugs and PD-1 monoclonal antibody, the
chemotherapy dose may be reduced to reduce the killing effect on
immune cells (43).

Recent evidence indicates that some chemotherapy drugs at low
doses have anti-angiogenic and sometimes even immunomodulatory
effects (44). Several new studies have demonstrated that small doses
of gemcitabine combined with cisplatin can not only cause
immunogenic death of lung cancer tumor cells but can also directly
activate NK cells and increase IFN-y secretion, thus inhibiting tumor
growth. The optimal antitumor outcome was observed in in vivo
experiments when administering a low dose of gemcitabine (30 mg/
kg) (45) (Table 1, Figure 3).

Conventional chemotherapy attempts to maximize efficacy and
directly eradicate tumor cells using doses close to the maximum
tolerated dose (MTD) and has been the standard of care in lung
cancer treatment (51, 52). Even with the use of intensive
chemotherapeutic agents, remission rates as well as survival remain
poor for lung cancer patients. However, metronomic chemotherapy
(MET) is dosed at one-tenth to one-third the MTD (52) and defined as
(53) the rhythmic chemotherapy of low-dose cytotoxic drugs with
short or no drug-free breaks over prolonged periods (51). MET have
shown promising anti-angiogenic properties (53, 54), as well as anti-
tumor immune activation, while limiting side effects (54-56). Zhong
et al. conducted a study to investigate the effects of three different
rhythmic chemotherapy regimens on tumor growth in C57BL mice.
The researchers injected 10° cells into the right abdomen of the mice
and after four days, administered different doses of cyclophosphamide
for a period of three weeks. The three regimens used were MTD, which
consisted of three doses of 150 mg/kg during the first week only; Met-1,
which was 170 mg/kg given every six days; and Met-2, which was 25
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mg/kg given every other day. The results of the study revealed that
continuous administration of low-dose cyclophosphamide (Met-2) had
a significant impact on the tumor microenvironment. Specifically, there
was an increase in the number of CD4" and CD8" T cells, while the
number of Tregs decreased. Low doses of cyclophosphamide also
decreased the expression of transforming growth factor (TGEF-B)
receptor 2 by up-regulating the expression of E-calcineurin and
down-regulating the expression of N-calcineurin (49) (Table 1,
Figure 3). TGF- can act as an immunosuppressive factor, and
tumors with high expression of TGF-3 can escape the surveillance of
the immune system and inhibit expression of CD86 by TAMs. As
CD86 is a tumor suppressor (57, 58), this implies that inhibition of
TGF- may enhance the antitumor immune response. In one study,
co-administration of a Toll-like receptor 9 agonist and TGF-f2
inhibitor not only effectively exerted anti-tumor effects, but also led
the TME to have T and NK cell enrichment and improved
immunosuppression (59). In addition, sustained regular low-dose
cyclophosphamide administration exerts anti-angiogenic effects by
inhibiting the expression of VEGF, which can have a sustained
tumor suppression effect and has the advantages of less toxic side
effects and less drug resistance than conventional MTD administration.
A prominent feature of this anti-angiogenic effect is tumor stabilization,
not rapid tumor destruction (60).

In an in vivo study, rhythmical treatment with vincristine
combined with Endo (Met NVB+Endo) gave better results than a
maximum tolerated dose of vincristine combined with Endo (MTD
NVB+Endo) in terms of anti-tumor responses, reduction of CD31,
VEGF, HIF-1a and CEPS expression, as well as reduction of toxic
side effects and induction of apoptosis. In this experiment, mice
were administered vincristine at the MTD of 10 mg/kg, with the
MET ranging from 1/10 to 1/3 of the maximum daily dose. In
addition, the combination showed better antitumor effects than
either drug alone (50). VEGF expression, detected by western
blotting, indicated reduced VEGF expression levels in the Met
NVB+Endo group and MTD NVB+Endo group (Table 1,
Figure 3). The potent antitumor effect of MET in combination
with anti-angiogenic drugs through enhanced inhibition of tumor-
associated angiogenesis is consistent with previous findings (50, 61).
Despite the observed positive outcomes in terms of tumor control
and reduced side eftects, conclusive Phase III trial results are yet to
be established. Moreover, patient drug dosage and dosing intervals
are currently determined empirically, and inter-individual variances
necessitate a criterion for patient categorization (62).

Low-dose chemotherapy drugs combined with ICIs have a
synergistic effect in the treatment of tumors (44). Li Zhou et al.
(42) showed carboplatin activated the STING/TBK1/IRF3 signaling
pathway and the STING-NF-xB signaling pathway, then
experimentally verified that low dose of carboplatin could
increase PD-L1 expression in lung cancer cells. In addition, a low
dose (20 mg/kg) of carboplatin also increased the infiltration of
cytotoxic CD8" T cells and the secretion of the chemokines
CXCL10 and CCL5 compared to a high dose (75 mg/kg) (42)
(Table 1, Figure 3). Low-dose carboplatin in combination with PD-
1 monoclonal antibody significantly improved the anti-tumor effect
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TABLE 1 Modulation mechanisms of the anti-tumor immune effect induced by low-dose chemotherapy.

Medication regimen Adjusted ratio of Immune Signaling  Cytokines References
chemotherapeutic cells pathway
agents (low / impacted = or target
standard dose)
Gemcitabine low-dose (30 mg/kg) gemcitabine 25% NK cell IFN-v, (45)
combined with HMGBI1
cisplatin in small
doses
Low-dose 20 mg/kg 26.7% CD8+ T cell STING/ CXCLI10, (42)
carboplatin TBKI1/IRF3 CCL5
STING-NE-
kB
Sub-lethal dose of 100nM 35.7% TIL TS-ROS-NF- 1L-2 (46)
pemetrexed/5-FU kB-PD-L1
Low-dose gemcitabine (40 mg/kg, 1/7, first day of 33.3% CD8+ T cell, STING/ Type 1 IEN, (47)
gemcitabine with the week), SRA737+ (100 mg/kg, 2/7, DC, M1 TBK1/IRF3 IFN-B, CCL5
SRA737+ anti- first and second day of the week) and macrophage, and CXCL10
PD-L1 anti-PD-L1 (300 pg, 1/7, third day of the M2
week ) macrophage,
MDSC
Low-dose high- DTX (11 mg/kg) or PTX (11 mg/kg) 33.3% APC, T cell PI3K/AKT/ HMGB-1 (48)
density DTX or NF-«B
PTX
Small doses of 25 mg/kg every other day 55.6% CD4+T cell, TGF-B (49)
cyclophosphamide CD8+ T cell,
Treg
Rhythm 1/10-1/3 of the maximum daily dose 10%~33.3% HIF-1ot and CD31, VEGF (50)
Vincristine CEPS
combined with
Endo
Gemcitabine ” - TE Low dose
L ] ol cyclophosphamide o
‘Q& Low dose Low dose Low dose Low dose © cxeLio
paraplatin pemetrexed docetaxel FIu(:muraclI °
Gemcitabine combined %
with cisplatin in low
doses
“NKcell
IFN-y
DDOVD
ﬂ IFN-B. CXCL10, ceLs 2]
T 7
FIGURE 3
Mechanisms by which low-dose chemotherapeutic agents (gemcitabine, decitabine, carboplatin, pemetrexed, doxorubicin, cyclophosphamide, and
fluorouracil) act on tumor cells and enhance antitumor immune function. The arrows of each color represent the pathway by which each drug acts
on the lung cancer.
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compared to both PD-1 monoclonal antibody alone and
carboplatin alone without significant toxic side effects (42).

Lu et al. (46) found that sublethal doses of pemetrexed (100nM)
and 5-fluorouracil (5-FU) could upregulate PD-L1 expression and
regulate TIL activity in NSCLC cells, and found that pemetrexed or 5-
FU elevated PD-L1 protein levels in a dose-dependent manner. In vivo
experiments, the combination of pemetrexed (100 mg/kg) with a PD-1/
PD-L1 blocker (3 mg/kg) further enhanced the antitumor immune
response. The antimetabolite pemetrexed induced PD-L1 upregulation
by activating the ROS-NF-kB signaling pathway through inactivation
of thymidylate synthase and thus in combination with PD-1
monoclonal antibody activation of CD4™ T cells and CD8" T cells
provides a more favorable immune microenvironment for tumor
growth inhibition (46) (Table 1, Figure 3).

Sen et al. found that low-dose gemcitabine (40 mg/kg, first day
of the week) in combination with SRA737+ (100 mg/kg, first and
second day of the week) and anti-PD-L1 (300 pg, third day of the
week) combination therapy in the treatment of tumor-bearing mice
had significantly better antitumor effects than single-agent or two-
by-two dosing regimens. This triple therapy increased T-cell
infiltration, decreased T-cell depletion, and significantly increased
antigen-presenting cell subpopulations. This was demonstrated by a
significant increase in the number of CD8" cytotoxic T cells,
dendritic cells, and M1 macrophages and a significant decrease in
the number of immunosuppressive M2 macrophages and MDSC.
Triple therapy also increased the expression of the type 1 interferon
gene, IFN-fB, and the chemokines CCL5 and CXCL10 (47)
(Table 1, Figure 3).

He et al. demonstrated that low-dose high-density DTX (11 mg/
kg) or PTX (11 mg/kg) indirectly activated the killing effect of T
cells on tumor cells by activating the PI3K/AKT/NF-xB signaling
pathway, promoting the exposure of antigen on the surface of the
tumor cells, and further activating the antigen-presenting function
of antigen-presenting cells. Combined with PD-1/PD-LI
monoclonal antibody, it can increase the expression of type 1
macrophages, dendritic cells (DCs) and cytotoxic CD8" T cells
(48) (Table 1, Figure 3).

In summary, low-dose chemotherapy drugs have vascular and
immunomodulatory effects, and their combined application with
ICIs has a synergistic effect. One of the important tasks ahead is to
conduct more research to further determine the optimal dose,
frequency, and sequence of chemotherapy drugs that achieve the
best antitumor efficacy with ICIs.

4 Targeted drugs and lung cancer

Current targeted therapy for lung cancer includes the targets
VEGF, EGFR, ALK, ROS1, MET, BRAF, NTRK, RET, and RAF
(63). As research continues, many other oncogenic drivers, such as
HER2 exon 20 insertion mutations are being identified, and the
efficacy data of targeted therapies are constantly being updated (64).
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Targeted therapies are undoubtedly a milestone in the development
of cancer therapy. They play a key role in early disease detection and
increase our understanding of tumor evolution and treatment
resistance. Targeted therapies represent one of the future
directions of precision oncology approaches.

4.1 Current status of anti-angiogenic drugs
for lung cancer

Angiogenesis involves several growth factors (65), among which
the VEGF family consists of VEGF-A, VEGF-B, VEGF-C, VEGF-D
and placental growth factor (66). VEGF-A is a major regulator of
angiogenesis and is closely associated with angiogenesis in NSCLC,
and VEGF receptor (VEGFR)-1 and VEGFR-2 are both receptors
for VEGF-A (66, 67). VEGFR-1 binds VEGF-A with a higher
affinity than VEGFR-2 (68). Anti-angiogenic drugs normalize
local blood vessels (69) and can be divided into four categories:
anti-VEGF monoclonal antibodies (mAb), anti-VEGFR mAb,
induced VEGF-trap receptors, and VEGFR tyrosine kinase
inhibitors (TKIs). In addition, endothelial inhibitors inhibit
endothelial cell proliferation by inhibiting a series of angiogenic
factors, such as recombinant human vascular endothelial inhibitor
(Endo) (66, 69).

Since the approval of the first anti-angiogenic drug,
bevacizumab, for the treatment of NSCLC, anti-angiogenic
therapy has become a popular strategy for the treatment of
advanced NSCLC (66). Bevacizumab is a recombinant humanized
monoclonal antibody against VEGF-A, and patients treated with
bevacizumab have improved OS. However, the addition of
bevacizumab leads to increased toxicity, particularly neutropenia,
thrombosis, hypertension, proteinuria, and bleeding events (15).
Bevacizumab is not approved for the treatment of NSCLC due to
the high risk of bleeding reported in early trials. This risk is
associated with the central site of the disease, which often
infiltrates the large mediastinal vessels (70). Ramucirumab, a
recombinant human IgGl monoclonal antibody targeting
VEGFR-2, also blocks the activation of VEGFR-2 by ligands other
than VEGF-A compared to bevacizumab (10, 15, 61, 71).
Combination therapy with ramucirumab significantly improves
progression free survival and overall survival, but adverse effects
are also common (72).

Anti-angiogenic TKIs target VEGFR1-3 in addition to a
variety of other kinases (15). The most common, anlotinib, was
approved by the National Drug Administration on 8 May 2018
and 30 August 2019 for third-line treatment in patients with
advanced NSCLC and SCLC, respectively (73). Despite the wide
range of targets of TKIs, most TKIs appear to be only weakly
effective in the treatment of NSCLC. Several clinical trials are
investigating whether anti-angiogenic drugs can stimulate
immunity, improve immunosuppression and thereby enhance
antitumor immunity. New therapeutic targets including
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metabolic intermediates of vascular endothelial cells and cellular
components of the TME may lead to the discovery of new novel
targets beyond the VEGF family (28).

4.2 Immunomodulatory effects of anti-
angiogenic drugs

Clinical studies have shown that VEGF can affect immune cells
(74, 75), including inhibiting the differentiation of thymic
hematopoietic progenitors to CD8" and CD4" T cells,
suppressing the proliferation cytotoxic activity of effector T cells
through binding to VEGFR2, reducing the activity of natural killer
cells, increasing Tregs and MDSC in the TME (68, 76) and up-
regulating a variety of immune checkpoints, such as PD-L1, CTLA-
4, TIGIT, TIM-3 and LAG-3 (77, 78) (Figure 4).VEGF blockade has
been shown to reduce VEGF-mediated inhibition of DC maturation
(79) (Figure 4),which can be reversed by anti-angiogenic drugs
targeting VEGF-A-VEGEFR. Given these results, the association of
anti-angiogenic molecules with immunomodulatory agents with
suppressive checkpoints may be of particular interest in VEGF-A
producing tumors. The combination of bevacizumab and
atezolizumab reverses the immunosuppression produced by
VEGF and lifts PD-L1-mediated immunosuppression (80). In
experimental studies, anti-angiogenic agents bevacizumab and
sorafenib (polytyrosine kinase VEGFR2 inhibitors) reversed
VEGF-mediated inhibition of monocyte differentiation to DCs in
vitro (81).

In a study involving experimental animals with lung
adenocarcinoma, a reduction in the infiltration of CD8" T cells
into tumors was observed in the anti-VEGFR2 antibody (DC101)
group receiving a low-dose (10 mg/kg). However, there was no
notable variation in the percentage of T cells that underwent in
vitro treatment with a combination of medium-dose (20 mg/kg) and
high-dose (40 mg/kg) DC101 and anti-PD1 antibody. Combining

10.3389/fimmu.2023.1256740

low-dose anti-VEGFR2 antibody with anti-PD1 antibody treatment
resulted in a delay in tumor growth and extended the survival time of
mice afflicted with tumors (82).VEGF-A upregulates both LAYN and
immune receptors in human CD8" T cells such as TIGIT (82). LAYN
is a key gene in the regulation of immunity, and a bioinformatics
analysis showed that LAYN is associated with prognosis and the level
of immune infiltration of CD8" T cells, CD4" T cells, macrophages,
neutrophils, and DCs in patients with several cancers, especially colon
and gastric cancers. In addition, LAYN expression may contribute to
the regulation of TAMs, DCs, T-cells, and Tregs in colon and gastric
cancers (83). However, no experiments have been performed to verify
this conclusion. In a human tissue lymphocyte transcriptional atlas,
analyzing RNA-SEQ data from colorectal and NSCLC tumors along
with normal colon and lung samples, high expression of Tregs’
cellular signature genes, such as LAYN, MAGEHI1 and CCRS, in
whole tumor samples was associated with poor prognosis. This
finding highlights the specific expression pattern of immune
checkpoints and their ligands in tumor-infiltrating Tregs and
effector cells and suggests that their functional relevance should be
studied directly at the tumor site (84). PD-1 combined with its ligand
PD-L1 allows tumor cells to escape recognition by T cells, achieving
immune escape and exerting immunosuppressive effects; the
combination of LAYN and its ligand has the potential to stimulate
Tregs and further suppress effector T cells. Bioinformatic analysis of
data is a resource that can generate and validate hypotheses to
increase our understanding of tumor-infiltrating Tregs biology and
identify immune targets (84).

4.3 Anti-angiogenic drugs combined with
chemotherapy and immunotherapy exert
powerful anti-tumor effects in lung cancer

In NSCLC, VEGF-A is overexpressed, and the progression of
NSCLC is closely associated with angiogenesis. The larger the tumor

FIGURE 4

(A) The relationship between VEGF and immune cell action. VEGF secreted by tumor cells and endothelial cells can promote immunosuppressive
MDSC and Treg cells. Inhibit the differentiation of monocytes into mature DC, inhibit the differentiation of T cells and inhibit NK cells. (B) The
relationship between VEGF and immune checkpoints. VEGF secreted by tumor cells and endothelial cells can promote multiple immune checkpoints

including TIGIT, PD-L1, LAG-3, CTLA-4 and TIM-3.
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size of NSCLC or the more advanced the tumor, the more likely it is
to undergo excessive, abnormal angiogenesis (66). In one study,
angiogenesis was found to be more abundant in lung squamous
carcinoma than in lung adenocarcinoma (85). In addition, high
levels of circulating VEGF-A are associated with poor prognosis in
NSCLC, so using circulating levels of VEGF-A expression to predict
patient prognosis may be useful (86). Chinnasamy et al. developed
anti-VEGFR2 CAR T cells in a mouse model in which T cells
cotransduced with anti-VEGFR-2 CAR and IL-12 infiltrated,
expanded and were maintained in tumor tissues for longer. The
altered immunosuppression of the TME by anti-VEGFR-2 CAR can
lead to effective tumor regression. This is effective in mice, but
further efficacy and safety assessments are needed for humans (87).

Chemotherapy combined with anti-angiogenesis drugs such as
bevacizumab is more effective against NSCLC than chemotherapy
alone. In one study (88), median survival in the chemotherapy plus
bevacizumab group for NSCLC was 12.3 months compared with 10.3
months in the chemotherapy alone group. Median progression free
survival was 6.2 and 4.5 months for the chemotherapy plus bevacizumab
group and chemotherapy alone group, respectively, and the effective
rates were 35% and 15%, respectively. Clinically significant bleeding rates
were 44% and 0.7%, respectively. There were 15 treatment-related
deaths in the chemotherapy plus bevacizumab group, including 5
deaths from pulmonary hemorrhage (88). Thus, bevacizumab
combined with chemotherapy can significantly improve PFS and
effectiveness compared to chemotherapy alone, but the former has an
increased rate of bleeding.

In a subsequent study, the dosage and duration of drug use was
adjusted to see if side effects, such as bleeding could be reduced while
retaining effectiveness. The toxicity, biology and antitumor activity of
the rhythmic chemotherapy combined with the bevacizumab regimen
were investigated by treating a group of 114 patients, 86 of whom were
treated with split-dose cisplatin and oral etoposide plus bevacizumab;
28 patients were treated with split-dose cisplatin and oral etoposide.
These patients had no significant toxicity or delay associated with
toxicity during the chemotherapy course, and no toxic deaths,
bleeding, or serious infections occurred (70). Rhythmic
chemotherapy is an emerging approach to the treatment of cancer
patients based on the long-term use of low-dose cytotoxic drugs (89).
This approach allows higher dose intensities of cytotoxic drugs to be
achieved compared to conventional chemotherapy regimens, avoiding
dangerous blood concentration spikes (90). The reduction of VEGF
and IL-17A levels in the tumor tissue of the 86 patients in the
combined treatment group was paralleled by an increase in the
percentage of peripheral blood central memory T cells, activated
CD62L" cytotoxic T cells and the expansion of activated myeloid-
derived DCs expressing CD83 and CD80, activating the immune
system; this result was ascribed as partly related to the rhythmic
method of chemotherapy administration and partly to the
maintenance dosing of bevacizumab (70). This suggests changes in
the dosage of chemotherapeutic agents can lift immunosuppression
and in combination with anti-angiogenic agents can further activate
the immune system. Thus, it is hypothesize that adding
immunotherapy on this basis for chemotherapy plus anti-angiogenic
agents may maximize the effect of each treatment modality and
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simultaneously circumvent the side effects due to single drug dose
requirements, allowing for long-term treatment to improve survival
and quality of life.

Chemotherapy aims to inhibit the over-proliferation of cancer cells
but may not effectively control two of the most important conditions in
the tumor-permissive environment: neo-angiogenesis and tolerogenic
immunity. This conjecture was tested in a prospective randomized trial
that included patients with advanced, unresectable pancreatic, non-
small cell lung, or prostate cancer (91). One group of patients was given
standard chemotherapy and served as a control group; the other group
was treated with chemotherapy plus an anti-angiogenic and anti-tumor
immune-inducing regimen. The latter group had significantly longer
survival, lower blood levels of neovascularization and immune
tolerance mediators, and higher levels of anti-angiogenic and anti-
tumor immune mediators than the control group (91). The anti-
angiogenic effect was monitored by detecting VEGF and vasopressor
levels, and the anti-tumor immunomodulation was determined by
assessing the number and presence of Tregs and DCs. Several
antitumor immune induction regimens are possible, including low-
dose rhythm cyclophosphamide, high-dose COX-2 inhibitors,
granulocyte colony-stimulating factor, sulthydryl donors, and blood
derivatives containing autologous tumor antigens released into the
blood from the patient’s tumor. Whether this antitumor immune
induction regimen is equally or more effective if replaced with low-dose
rhythm chemotherapy plus ICI or immune inducer plus ICI requires
additional study. In an in vivo trial, triple combination therapy, ie.,
radiation combined with PD-L1 monoclonal antibody and anlotinib,
was used to improve the tumor microenvironment and to counteract
the immunosuppressive effects of radiation on the tumor
microenvironment in Lewis lung cancer mice. Compared with
radiation-combined immunotherapy, anlotinib was able to promote
infiltration of CD8" T cells and M1-type macrophages and reduce the
number of MDSCs and M2 macrophages. In addition, IFN-yand IL-18
levels were higher, while IL-23, IL-13, IL-1, IL-2, IL-6, and IL-10 levels
were significantly lower. Triple combination therapy also promoted the
anti-tumor effects of radioimmunotherapy by downregulating the
expression of NF-kB, MAPK and AKT signaling pathways (92)
(Table 2). The anti-angiogenic and immune-activating effects of
anlotinib provide a strong theoretical basis for the clinical treatment
of lung cancer (92).

5 Current status of other targeted
drugs for lung cancer and
immunomodulatory effects of low
doses on lung cancer

With the identification of alterations in the targeted oncogene,
advanced lung cancer can be treated with greater precision (64).
Targeted agents are increasingly available as a first-line choice of
lung cancer treatment and have improved prognosis and reduced
toxicity compared to chemotherapy (97). EGFR mutations and ALK
fusions are the most common targeted alterations (98, 99). In the
analysis of specific cell populations, different TME modifications
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TABLE 2 Regulatory mechanisms of anti-tumor immune effects induced by different targeted drugs.

immune cells impacted Cytokines Signaling pathway References
or target
Bevacizumab DC, CTL IL-17 PD-L1, TIGIT, LAG-3, TIM-3, (70, 77, 78)
Treg CTLA-4
Anlotinib CD8+ T cells, M1 macrophages, MDSCs, M2 IFN-y, IL-18, IL-23, IL-13, IL-1B, IL-2, NF-kB, MAPK and AKT (92)
macrophages IL-6, IL-10
EGFR-TKI CD8+ T cells, DC IFN-v, IL-10 STAT3 pathway, (29, 93)
FOXP3+ Tregs PD-L1
M2 macrophages
ALK-TKI T cells IFN-y PD-L1 (94, 95)
DNA-PK CD8+ T cell TGFB PD-L1 (96)
inhibitors

were detected in EGFR-positive and ALK-positive tumors
compared to EGFR/ALK-negative tumors: TME in EGFR-positive
tumors had decreased numbers of CD8" T cells; TME in ALK-
positive cases had increased numbers of Tregs. This suggests that in
the development of lung cancer different immune cell responses
occur (98, 100). In addition, targeted oncogenic alterations were
also associated with PD-L1 expression, and upregulated by
activation of MAPK, PI3K-AKT-mTOR and JAK-STAT3
signaling pathways in NSCLC cells with altered KRAS, EGFR and
ALK activating genes or PD-L1 expression (19, 101-106).

5.1 EGFR

EGEFR is one of the most common mutation driver genes and is
considered an oncogenic factor (107). As a representative of precision
medicine, EGFR-TKI therapy significantly alleviates the development
of activating mutant EGFR-driven NSCLC (108). EGFR-TKI drugs
include erlotinib, afatinib, gefitinib, and osimertinib (63). Madeddu
et al. (29) found that EGFR-TKI enhanced MHC class I and class 1I
antigen presentation in response to IFN-y, increased CD8" T cell and
DC levels, eliminated FOXP3" Tregs, inhibited proliferation and
differentiation of M2 macrophages, and decreased PD-L1 expression.
In another clinical trial of EGFR-TKI combined with ICI therapy, the
use of an EGFR-TKI afatinib inhibited CD8" T cell proliferation and a
time-related modulation of CD8" T cell proliferation was found in
NSCLC patients who received afatinib-targeted therapy for up to 48
weeks during treatment. In the early phase of treatment, afatinib
inhibited CD8" T cell proliferation, and in the late phase of
treatment, CD8" T cells responded adaptively to afatinib treatment
(93). In contrast, the results of several clinical trials of EGFR-TKI
combination immunotherapy showed no additional benefit in the
treatment of lung cancer (69, 72, 97, 109). The different results of
these studies may be related to the different types, specificity and doses
used of the EGFR-TKI drugs.

5.2 ALK

Immunogenic cell death (ICD) was originally discovered in the
context of chemotherapy, but only a small fraction of
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chemotherapeutic agents can trigger ICD, which is related to their
clinical long-term efficacy against cancer and their ability to inhibit
DNA-to-RNA transcription (94). In one study, small doses of ALK
inhibitors, crizotinib (<5 uM) and ceritinib, induced ICD when
ALK was activated due to chromosomal translocations, suggesting a
targeting effect to promote ICD (94) (Table 2). In a co-culture
system of tumor cells and DC-cytokine-induced killer cells, PD-L1
expression in NSCLC cell lines was associated with EGFR mutations
and ALK fusion genes, and ALK fusion protein overexpression
increased PD-L1 expression (80). In contrast, Mu et al. (95) found
that ALK fusion proteins downregulated PD-L1 expression
(Table 2). No synergistic effect of the combination of ALK-TKI
and PD-1 monoclonal antibody against tumor cells was observed
using in vivo experiments. One possible explanation is that in ALK-
positive NSCLC, ALK-TKI may have a similar role in disrupting
PD-1/PD-L1 interactions as anti-PD-1 antibodies, but no additional
role. The trial was conducted at the cellular level only, and further in
vivo experiments are needed to explore the results more accurately.
However, the use of crizotinib in combination with cisplatin,
followed by PD-1 monoclonal antibody, not only induced ICD
but also greatly improved the cure rate in TC1 lung cancer mice
(110). There are few studies on ALK-TKI combined with
immunotherapy, and results of the studies available to date are
not yet convincing.

5.3 DNA-dependent protein kinase

Radiation therapy is commonly used in the treatment of lung
cancer, but the development of radiation combination therapy is
still limited (111, 112). The anti-tumor activity of radiation therapy
is mainly derived from the production of double-strand breaks
(DSB) in DNA, which, if not repaired, can induce cancer cell death
through a variety of mechanisms. Therefore, targeting DSB repair
mechanisms in tumors might optimize the effect of radiotherapy.
Peposertib (also known as M3814) is a potent and selective DNA-
PK inhibitor that effectively inhibits the repair of radiation-induced
DNA DSBs, which largely enhances the efficacy of radiotherapy
(96). In addition, DNA-PK inhibitor substantially enhanced PD-L1
expression in irradiated cancer cells, providing a clear rationale for
combination with PD-L1 targeted immunotherapy (96). Given its
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critical function, DNA-PK has been targeted in cancer therapy in
concert with DNA-damaging agents (113, 114). In addition, DNA-
PK inhibitors significantly enhanced the secretion of TGF-f in the
tumor microenvironment and the expression of PD-L1 in irradiated
cancer cells, providing a theoretical basis for the combination of
DNA-PK inhibitors with immunotherapy. Moreover, the addition
of M3814 resulted in a significant enhancement of activity in the
less immunogenic B16F10 and immune-excluded 4T1 mouse
models, a result that was correlated with increased CD8" T cell
infiltration in tumors in addition to increased TGF-} secretion as
well as PD-L1 expression. In addition to melanoma as well as breast
cancer, in lung cancer it has been shown that M3814 alone or in
combination with cisplatin enhances the efficacy of anti-PD-L1
monoclonal antibodies (115). However, the clinical use of DNA-PK
inhibitors has not been well studied, and there are some unresolved
issues, such as short serum half-life due to metabolic instability and
unclear optimal doses for combination with immunotherapy.

6 Discussion

Immunotherapy is a complex and intriguing area of cancer
research (116). How to optimize it is currently a hot topic in cancer
research, including how to further improve response rates, expand
the population that can benefit, and reduce the incidence of
treatment-related adverse events (92). Increasingly, studies
indicate that reducing the dose of chemotherapy and adjusting
the dosing regimen can not only lead to better anti-tumor effects but
can also reduce drug toxicities and regulate the immune
microenvironment by modifying the number of immune cells and
cytokines to further achieve anti-tumor immunity.
Chemotherapeutic drugs can upregulate PD-L1 expression to
create favorable conditions for combining PD-1/PD-L1
monoclonal antibodies and allow low-dose chemotherapy
combined with immunotherapy to work better. Currently, low-
dose chemotherapy combined with immunotherapy has been
validated in both in vitro and in vivo experiments, but clinical
studies are limited to date, and more research is needed. Similarly,
reducing the dose of anti-angiogenic drugs and adjusting the dosing
regimen can improve the anti-tumor effect and activate immunity,
which has also been demonstrated in some animal studies. Low-
dose anti-angiogenic agents are able to modulate multiple immune
checkpoints other than PD-L1, such as TIGIT and LAYN, but all
lack substantial experimental data to support this. In a clinical
study, the trinity of low-dose chemotherapy plus anti-angiogenic
plus immune inducer was found to be more effective than the
combination of any two drugs or a single drug (91). For targeting
oncogenes, the most common are EGFR mutations and ALK
fusions. Studies have shown that normal doses or high doses of
EGFR-TKI and ALK-TKI can alter the immune microenvironment
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in lung cancer, but whether immune activation or immune
suppression occurs needs to be further explored.

In conclusion, for the long-term treatment of lung cancer
patients, an appropriate dose and targeted combination and
dosing regimen based on individual patient differences and
tolerance to the drug that provides the best combination strategy
to expand anti-PD-1/PD-L1-based immunotherapy can greatly
improve the prognosis and quality of life for a patient.
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Relapsed refractory multiple
myeloma with CNS involvement
successfully treated with
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Central nervous system (CNS) involvement in multiple myeloma (MM) is a rare
and challenging complication associated with poor prognosis and limited
treatment options. Emerging T-cell directing therapies, such as bispecific
antibodies (bsAbs) and chimeric antigen receptor T cells (CAR-T), have shown
remarkable success in treating MM, but their efficacy in CNS involvement
remains unclear. Elranatamab, a humanized bispecific antibody targeting B-cell
maturation antigen (BCMA) and CD3-expressing T cells, has demonstrated
promising results in relapsed refractory MM. However, its efficacy in treating
CNS-MM has not been reported. We present a case of a 37-year-old male MM
patient with CNS involvement who has been successfully treated
with Elranatamab.
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Introduction

Emerging T-cell directing therapies, such as bispecific antibodies (bsAbs) and chimeric
antigen receptor T cells (CAR-T), have demonstrated remarkable responses and outcomes
in extensively treated and treatment-resistant patients (1). Despite significant advances in
the treatment of MM, central nervous system (CNS) involvement remains a challenging
and rare complication that can lead to severe neurological symptoms and impact patient
outcomes. Elranatamab is a humanized bispecific antibody that targets both B-cell
maturation antigen (BCMA)-expressing multiple myeloma (MM) cells and CD3-
expressing T cells (2). Elranatamab has shown a promising overall response rate of 70%
in heavily pretreated myeloma patients. However, there is currently limited or no available
data regarding its use and efficacy specifically for CNS involvement in multiple myeloma.
Here we report early and effective use of Elranatamab for relapsed refractory Multiple
Myeloma patient with CNS involvement.
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Case description

A 37-year-old male patient presented with a sudden onset back
pain and fatigue. Laboratory test results revealed normochromic
normocytic anemia, elevated total protein, and an increased serum
creatinine level indicating renal failure. The diagnosis of IgG lambda
Multiple Myeloma ISS III and R-ISS II was confirmed with an
increased number of plasma cells in the bone marrow aspiration and
biopsy. Cytogenetic analysis showed 46 XY karyotype with no
additional myeloma specific molecular abnormalities including 17 p
deletion, translocation t(11,14), t(14,16), t(4,14) and amp/gain 1q. 30
gene next generation sequences analyses of bone marrow at the time of
diagnosis showed KRAS mutation with VAF (variant allele frequency)
37.2% and CALR mutation 48% VAF. PET CT (Positron Emission
tomography) scan showed multiple lytic lesions and spinal bone-
derived plasmacytomas. Bortezomib, Cyclophosphamide,
Dexamethasone (VCD) was initiated as a first-line treatment, and
after the normalization of renal functions, the patient proceeded with
Bortezomib, Lenalidomide and Dexamethasone (VRD). Very good
partial response (VGPR) response according to M protein level was
reached after 4 cycles of induction therapy however, PET CT scan
showed persistent Fluorodeoxyglucose (FDG) avid solitary lesion
paravertebrally located in the spinal cord. 3-Gray (Gy) involved-field
radiation therapy (IFRT) was applied before preceding to
transplantation. Although maintenance therapy initiated after the
stem cell transplantation because of the high-risk features such as
extramedullary nature of the disease, patient was in VGPR only 6
months. Due to increased number of extramedullary lesions and
increased FDG uptake while on maintenance therapy Carfilzomib,
Cyclophosphamide and Dexamethasone (KCd) was started and after 2
cycles of therapy patient underwent second autologous transplantation
due to prolonged cytopenia. Cytopenia was resolved after
transplantation but no improvement observed regarding to disease.
Patient was on KCd as a consolidation therapy after the transplant.
PET-CT, which was obtained in three months after transplantation
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revealed increased lytic lesions and bone derived plasmacytomas. Due
to extra medullary predominant nature of the disease, Proteasome
inhibitor combined chemotherapy regimen, Carfilzomib plus RD-
PACE initiated. After two cycles of therapy patient progressed with
new plasmacytomas. Daratumumab, Bortezomib, Dexamethasone
combination therapy started. After 3 cycles of therapy PET-CT
revealed progressive bone lesions. Patient presented with newly onset
diplopia, headache, and eye movement abnormalities. Diagnostic
lumbar puncture and cranial Magnetic resonance imaging (MRI)
were performed in order to exclude Multiple Myeloma involvement
in CNS. Cranial MRI did not show any myeloma related cranial lesions
or leptomeningeal findings but flow-cytometric analyses of
cerebrospinal fluid showed increased clonal CD138 positive plasma
cells. CNS involvement was confirmed and weekly Elranatamab 76 mg
subcutaneous started by compassionate use of the drug. Treatment
schema and response assessment of the patient are detailed in Figure 1.
Daratumumab continued as scheduled two weeks apart and
Dexamethasone given 20 mg weekly. Grade 2 cytokine release
syndrome (CRS) fever with low flow oxygen need were required at
day 3. One dose of Tocilizumab therapy initiated. No other adverse
events observed including ICAN (Immune Effector Cellular Therapy
Associated Neurotoxicity), after two cycles of Elranatamab, CNS
findings showed significantly increased clonal plasma cells
(Figure 2). Neurological symptoms regressed. PET CT scan showed
complete remission after 4 cycles of therapy (Figure 3). Patient is still in
remission and has been following up since April 2023.

Discussion

Soft-tissue plasmacytomas indicate an aggressive form of MM,
characterized by autonomous growth of a clone and/or sub clone
independent of the bone marrow microenvironment. This
condition is associated with high-risk genetic features, increased
proliferation, resistance to apoptosis, and treatment resistance (3,
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Timeline of patient treatment schema.
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FIGURE 2

(A) Flowcytometric analyses of CNS fluid at the time of diagnosis showing CD138 positive lambda clonal plasma cells and decreased CD38 positivity after
Daratumumab therapy. (B) Flowcytometric analyses of CNS fluid after 2 cycles of Elranatamab showing decreased CD138 positive lambda clonal plasma cells.

4). Although CNS involvement is extremely rare, the prognosis is
even more dismal than extramedullary disease (EMD) in other
locations, particularly with leptomeningeal involvement. A
multicenter retrospective cohort study investigating CNS
involvement in Multiple Myeloma reported a median overall
survival of 7 months from the time of CNS involvement (5). In
this study, untreated and treated patients had median OS of 2 and 8
months, respectively. While there is no standard of care treatment
for CNS involvement in MM, systemic treatment alone or in
combination with either intrathecal chemotherapy or
radiotherapy has shown a significant improvement in survival
when compared to no systemic treatment (5).

Optimal therapy for CNS involvement in MM is not very well
established due to small numbers of reported patients with CNS
involvement and heterogeneity of their treatments. Traditional
approaches such as IT chemotherapy and radiation therapy can
lead to dismal survival of 1-2 months (6). The efficacy of new drugs
in CNS involvement has been documented, but their full potential
remains uncertain. Clinical studies for CNS-MM treatment are
scarce, making it a challenging area to address. One of the reasons

Frontiers in Immunology

112

for this difficulty is the presence of the blood-brain barrier (BBB),
which acts as a natural defense, restricting the entry of numerous
drugs into the central nervous system (7). The dilemma is whether
the BBB is intact and acts as a barrier for drugs but when increased
vascular permeability with in the tumor happens it causes
transferability or some molecules are able to cross the intact BBB
(8). There is limited data on MM agents’ transferability to CSF and
their effectivity. A literature review on the cerebrospinal fluid (CSF)
transferability of drugs for MM showed that IMIDs and
Daratumumab can cross the BBB (9-11). No data are available
about other monoclonal antibodies such as Isatuximab and
Elotuzumab (12). Previous trials have demonstrated that BCMA
CAR-T cells are associated with manageable toxicity and
remarkable effectiveness in patients with relapsed/refractory
multiple myeloma (R/R MM) (13). However, their potential and
suitability for CNS MM treatment have not been determined yet.
Yiyun et al. reported 4 CNS MM cases who had been treated with
BCMA CART cell therapy and they identified the presence of
BCMA CAR-T cells in CSF, and found that BCMA CAR-T cells
are safe and effective in treating CNS MM, but the duration of
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PET CT images are showing a complete remission before (on the top) and after (bottom) Elranatamab therapy.

remission may demand improvement (14). Elranatamab is one of
the promising bispecific antibodies and has been shown promising
results in the setting of relapsed refractory MM, however its

effectiveness in CNS involvement remains unclear.

Conclusion

Elranatamab is one of the promising bispecific antibodies and
has been shown promising results in the setting of relapsed
refractory MM, however its effectiveness in CNS involvement
remains unclear. This is the first CNS-MM case who had been
treated with Elranatamab successfully.
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Objectives: Immune checkpoint inhibitors (ICls) stimulate antitumor immune
responses and, in parallel, they might trigger autoimmune and other
immunopathological mechanisms eventually leading to immune-related
adverse events (irAE). In our study, we assessed patients with malignancies
who underwent anti-PD-1 treatment at the University of Debrecen, Clinical
Center.

Patients and methods: Between June 2017 and May 2021, 207 patients started
ICl treatment at our university. A total of 157 patients received nivolumab and 50
were treated with pembrolizumab. We looked for factors associated with the
development of irAEs. In addition to correlation studies, we performed binary
logistic regression analysis to determine, which factors were associated with
irAEs. We also performed Forward Likelihood Ratio (LR) analysis to determine
independent prognostic factors.

Results: At the time of data analysis, the mean duration of treatment was 2.03 +
0.69 years. ROC analysis determined that 9 or more treatment cycles were
associated with a significantly higher risk of irAEs. A total of 125 patients received
>9 treatment cycles. Three times more patients were treated with nivolumab
than pembrolizumab. Of the 207 patients, 66 (32%) developed irAEs. Among the
66 patients who developed irAEs, 36 patients (55%) developed one, 23 (35%)
developed two, while 7 (10%) developed three irAEs in the same patient. The
most common irAEs were thyroid (33 cases), dermatological (25 cases),
pneumonia (14 cases) and gastrointestinal complications (13 cases). Patients
who developed irAEs received significantly more treatment cycles (21.8 + 18.7
versus 15.8 + 17.4; p=0.002) and were younger at the start of treatment (60.7 +
10.8 versus 63.4 + 10.1 years; p=0.042) compared to patients without irAEs.
Pembrolizumab-treated patients developed more but less severe irAEs
compared to those receiving nivolumab.
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Conclusion: ICI treatment is very effective, however, irAEs may develop. These
irAEs might be related to the number of treatment cycles and the type of treated

malignancy.
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Introduction

Immune checkpoints are cellular proteins that regulate immune
responses. When the B7-1/CD80 molecule on antigen-presenting
cells (APC) antigen binds to the T-cell CD28 antigen, positive
costimulation starts, and the T lymphocytes become activated. On
the other hand, if the B7-2/CD86 or the programmed death ligand 1
(PD-L1) molecule on the surface of APC binds to cytotoxic T-
lymphocyte antigen 4 (CTLA4) or T-cell PD-1 receptor,
respectively, a negative coinhibitory signal is generated, T
lymphocyte anergy develops, and antitumor immune responses
will be attenuated (1-3). Immune-checkpoint inhibitors (ICI)
block CTLA4- or PD-1-mediated coinhibition and thus may
restore antitumor immunity (1-4). ICI therapy has become a
significant breakthrough in oncology. Numerous CTLA4
(ipilimumab), PD-1 (nivolumab, pembrolizumab) and PD-L1
inhibitors (atezolizumab, durvalumab, cemiplimab, avelumab)
have been approved for the treatment of various malignancies
(4-8).

Based on the mode of action of ICIs described above, the
stimulation of antitumor immune responses may, in parallel,
result in the enhancement of autoimmune and other
immunological pathways and thus the possible development of
immune-related adverse events (irAE) of these drugs (3, 5, 7-12).
Such irAEs occur in up to 40% of cases receiving ICI monotherapy
(5, 10). While anti-CTLA4 + anti-PD-1 combination therapy result
in higher response rates and longer progression-free survival than
either agent alone, combination therapy has been associated with
more frequent irAEs (up to 95%) (4, 10, 13). Usually irAEs with
anti-PD-1 antibodies are less frequent than those with anti-
CTLA4 (12).

The irAEs typically start within the first 3 months after the
initiation of ICI therapy (5, 10-12, 14). They include endocrine
(thyroid, pituitary, diabetes), gastrointestinal (colitis), respiratory
(pneumonitis), musculoskeletal (arthritis, manifest autoimmune
rheumatic diseases), dermatologic (rash, itching), neurologic
(polyneuropathy, aseptic meningitis, demyelination, Guillain-
Barré syndrome) and, more rarely, renal (nephritis), hepatobiliary
(hepatitis, cholangitis) and ophthalmologic (uveitis, keratitis,
retinopathy, dacryoadenitis) manifestations (3, 5, 10-12). These
irAEs might have a significant negative impact on the patient’s
performance status, which is also a very important factor in
treatment planning (5, 10). Among general symptoms, fatigue is
the leading complaint with a rate of 16-37% (5, 10). Interestingly,
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the occurrence and the severity of certain irAEs have been
associated with better efficacy of ICI treatment (15).

There have been several recommendations for the monitoring
and management of ICI irAEs. IrAEs associated with anti-PD-1
therapeutic agents are generally reversible and well tolerated (5, 16,
17). It is also possible that patients who previously received ICI
therapy would develop late-onset irAEs (5, 10, 17). The management
of such irAEs highly depends on the grade (G) of severity. In mild
cases (Grade 1), except for cardiac and neurologic side effects, only
symptomatic treatment (NSAIDs, corticosteroids) is required, and
ICI treatment could be continued. In cases of moderate (Grade 2)
irAEs, oral corticosteroid treatment is necessary with close
monitoring of the symptoms. Grade 3 and 4 irAEs might occur in
20-25% of patients undergoing anti-PD-1 treatment and respiratory,
and gastrointestinal irAEs are the most frequent among serious
events. In cases of severe (Grade 3) irAEs, ICI therapy needs to be
temporarily interrupted along with administering parenteral
corticosteroids. ICI therapy may be restarted when the symptoms
resolved to Grade 1. Finally, ICI therapy should be terminated
permanently in more severe and life-threatening cases (Grade 4),
and high-dose parenteral corticosteroids or even synthetic or
biologic immunosuppressive drugs can be initiated. The
management of these irAEs also require a multidisciplinary
approach and consultations with other medical specialties, as well
as health professionals and advocacy experts (5, 14, 16-22).

The present study assessed irAEs in patients with malignant
solid tumors with anti-PD-1 therapy, either nivolumab or
pembrolizumab treatment between 2017 and 2021 at the
University of Debrecen. We evaluated the frequency of irAEs,
compared these irAEs in nivolumab- versus pembrolizumab-
treated patients, and investigated the determinants of irAE
development in these patients. To the best of our knowledge, this
is the first Hungarian cohort where ICI irAE data were collected and
systematically analyzed.

Patients and methods
Patients

Between June 2017 and May 2021, ICI treatment was initiated
for 207 patients at the Departments of Oncology and Pulmonology,

University of Debrecen. Patient characteristics are included in
Table 1. Among the 207 patients, there were 138 males and 69

frontiersin.org


https://doi.org/10.3389/fonc.2023.1252215
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Sebestyén et al.

females. Their mean age was 64.6 + 8.2 years and their age at the
initiation of ICI therapy was 62.6 + 9.8 years (Table 1). Eventually
157 patients received nivolumab and 50 received pembrolizumab
(Table 1). At the time of ICI treatment, patients did not receive any
additional chemotherapy or radiotherapy. All patients underwent
regular follow-ups until the date of data cut, December 31, 2021.

Data collection and statistical analysis

During data collection, we reviewed the charts of all patients
and logged all necessary data into an Excel sheet. Statistical analysis
was performed using SPSS version 26 (IBM, Armonk, NY, USA)
software. Data are expressed as the mean + SD for continuous
variables and percentages for categorical variables. The distribution
of continuous variables was evaluated by the Kolmogorov-Smirnov
test. As the distribution of data was not normal, non-parametric
tests were used. Continuous variables were compared between
groups by the Mann-Whitney test, while nominal variables were
compared using the > or Fisher’s exact test, as appropriate.
Correlations of any two continuous variables were determined by
the Spearman’s test. Binary logistic regression analysis was
performed to assess prognostic factors for irAEs. Moreover, we
analyzed Forward Likelihood Ratio (LR) to determine independent
prognostic factors. Receiver Operating Characteristic (ROC) curves

TABLE 1 Clinical characteristics and efficacy results.

10.3389/fonc.2023.1252215

show the sensitivity and specificity for every possible cut-offs for a
test. P values < 0.05 were considered statistically significant.

Results
Descriptive details of ICI therapy

In our cohort, nivolumab and pembrolizumab were initiated in
157 and 50 patients, respectively (p<0.01; Table 1). Among the 207

274 or >3 Jine of treatment in 29,

patients, ICI was started as 1%
159 and 19 patients, respectively. At the time of the data cut, the
mean treatment duration was 2.03 + 0.69 years. Altogether 152
patients received anti-PD-1 therapy in the past (73%), while the
treatment was still ongoing in 55 patients (27%) (Table 1). Among
patients who received former anti-PD1 therapy, the reasons for
discontinuation or switch were disease progression (105 cases; 69%
of patients treated in the past), death (29 cases; 19%), complete
remission (6 cases; 4%), irAEs (6 cases; 3%); on patient’s request (3
cases; 2%) or unknown reason (3 cases, 2%) (Table 1). Until the data
cut, the patients received a mean of 16.6 + 13.7 cycles of therapy.
Altogether 125 patients received 9 treatment cycles or more. The
types of malignancies are included in Figure 1. The most frequent
malignancies were lung (n=127), renal (n=34), tonsillo-pharyngeal
(n=14) and urinary bladder cancers (n=11) (Figure 1).

Treatment
Nivolumab Pembrolizumab p value

Number of patients, n 207 157 50
Female : male ratio 69:138 50:107 19:31 p=0.422
Age, years* 64.6 + 8.2 644 +99 652+ 11.3 p=0.209
Age at treatment initiation, years* 62.6 +9.8 62.3 £ 10.1 634+ 112 p=0.145
Treatment duration, years* 2.03 +0.69 2.13+£0.90 1.86 + 0.86 p=0.051
Mean number of cycles, n* 16.6 + 13.7 189+ 19.3 139 +12.2 p=0.120
Number of patients with cycles > 9, n (%) 125 (60) 97 (62) 28 (56) p=0.466
Line of treatment, n (%) p<0.01

1% 29 (14) 4(2) 25 (50)

2ond 159 (77) 138 (88) 21 (42)

3™ or more 19 (9) 15 (10) 4(8)
Ongoing or past treatment, n (%)

Ongoing 55 (27) 40 (25) 15 (30) p=0.554

Past 152 (73) 117 (75) 35 (70) p=0.549
Discontinuation or switch of the first ICI therapy, n (%)

Progression 105 (69) 86 (74) 19 (54)

Complete remission 6 (4) 5(4) 1(3)

Death 29 (19) 19 (16) 10 (29)

irAE 6 (4) 3(2) 3(8)

Patient’s request 3(2) 2(2) 1(3)

Unknown 3(2) 2(2) 1(3)

All 152 (100) 117 (100) 35 (100) p=0.078
PFS after ICI (months) 16.6 + 16.0 16.7 + 16.4 16.1 + 14.8 p=0.677

*Data are expressed as mean + SD. Significant differences between the nivolumab versus pembrolizumab groups are in bold italics. ICI, immune-checkpoint inhibitor; PES, progression-free
survival.
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In the nivolumab group, the male:female ratio was 107:50. The
mean age was 64.4 £ 9.9 years, while that at treatment initiation was
62.3 +10.1 years. Among the 157 patients, nivolumab was initiated as
1%, 2™ or >3" line of treatment in 4, 138 and 15 patients, respectively.
The mean treatment duration was 2.13 + 0.90 years. Altogether 117
patients (75%) earlier received nivolumab therapy, while this
treatment was still ongoing in 40 cases (25%) (Table 1). Among
patients who received nivolumab therapy in the past, the reasons for
discontinuation or switch were disease progression (86 cases; 74% of
patients treated in the past with nivolumab), death (19 cases; 16%),
complete remission (5 cases; 4%), irAEs (3 cases; 2%), on patient’s
request (2 cases; 2%) or unknown reason (2 cases, 2%) (Table 1). Our
patients received a mean 18.9 + 19.3 cycles of therapy. Altogether 97
patients received >9 treatment cycles (Table 1). Among patients
receiving nivolumab, the most frequent malignancies were lung
(n=95), renal (n=34), tonsillo-pharyngeal (n=14), esophageal (n=4)
and oral cavity malignancies (n=4) (Figure 1).

In the pembrolizumab group, the male:female ratio was 31:19.
The mean age was 65.2 + 11.3 years, while that at treatment initiation
was 63.4 + 11.2 years. Among the 50 patients, pembrolizumab was
initiated as 1%, 2"¢ or >3 line of treatment in 25, 21 and 4 patients,
respectively. The mean treatment duration was 1.86 + 0.86 years.
Altogether 35 patients received pembrolizumab treatment in the past
(70%), while this therapy was still ongoing in 15 patients (30%)
(Table 1). Among patients who earlier received pembrolizumab
treatment in the past, the reasons for discontinuation or switch
were disease progression (19 cases; 54% of patients treated in the
past with pembrolizumab), death (10 cases; 29%, complete remission
(1 case; 3%), irAEs (3 cases; 8%), on patient’s request (1 case; 3%) or
unknown reason (1 case, 3%) (Table 1).

Patients received a mean of 13.9 + 12.2 cycles of therapy.
Altogether 28 patients received 9 or more treatment cycles

Frontiers in Oncology

(Table 1). Among patients receiving pembrolizumab, the most
frequent tumors were lung (n=32) and urinary bladder tumors
(n=11) (Figure 1).

Considering treatment outcomes, progression-free survival
(PES) rates were calculated in all, as well as nivolumab- and
pembrolizumab-treated patients. After anti-PD1 therapy, PFS was
observed for 16.6 *
pembrolizumab-treated subset, PFS durations were 16.7 + 16.4
and 16.1 + 14.8, respectively (Table 1).

Finally, we analyzed and compared the nivolumab and

16.0 months. In the nivolumab- and

pembrolizumab groups. There were three times more patients
treated with nivolumab than with pembrolizumab. There were
also statistically significant differences in the line of treatment as
88% of nivolumab-treated patients received this ICI in 274 Tine,
while pembrolizumab was used as 1** line treatment in 50% and 2"
line treatment in 42% of the cases (p<0.01). There were no
significant differences between the nivolumab- and
pembrolizumab-treated patients with respect to genders, age, age
at treatment initiation, treatment duration, number of cycles, the
number of patients receiving 29 cycles, whether anti-PD-1
treatment was in the past or ongoing, the reasons for
discontinuation and PFS (Table 1). Regarding the types of
malignancy, 75% of lung and all 34 renal, 14 tonsillo-pharyngeal,
4 esophageal and 4 oral cavity cancer patients received nivolumab.
On the other hand, only 25% of lung, as well as all 11 bladder and 3
breast cancer patients, were treated with pembrolizumab (Figure 1).

Descriptive data on irAEs

Table 2 includes important information for ICI-related irAEs.
Among all 207 patients, 66 (32%) developed altogether 103 irAEs
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(Table 2). Thirty-six patients (55% of patients with irAE) developed
one, 23 (35%) developed two, while 7 (10%) developed three
different irAEs (Table 2). The most frequent irAEs were thyroid
(33 cases; 50% of patients with irAE), dermatological (25 cases;
38%), pneumonitis (14 cases; 21%) and gastrointestinal (13 cases;
20%). In addition, nephropathy (7 cases; 11%), hepatopathy (6
cases; 9%), conjunctivitis (2 cases; 3%), pancreatitis (1 case; 1.5%),
polyneuropathy (1 case; 1.5%) and polyarthritis (1 case; 1.5%) also
occurred (Table 2).

Among the 157 nivolumab-treated patients, 45 (29% of
nivolumab-treated patients) patients developed 68 irAEs
(Table 2). In this cohort, 26 patients (58% of nivolumab-treated
patients with irAE) developed one, 15 (33%) developed two, while 4
(9%) developed three different irAEs (Table 2). In this group, the
most frequent IRAEs were thyroid (23 cases; 30% of all nivolumab-
treated patients with irAE), dermatological (17 cases; 38%),
gastrointestinal (11 cases; 24%) and pneumonitis (9 cases; 20%).
We also observed hepatopathy (3 cases; 7%), nephropathy (2 cases;
4%), conjunctivitis (2 cases; 4%) and polyarthritis (1 case;
2%) (Table 2).

In the pembrolizumab-treated subgroup, among 50 patients, 21
(42%) developed 35 irAEs (Table 2). Here 10 patients (48% of
pembrolizumab-treated patients with irAE) developed one, 8 (38%)
developed 2, while 3 (14%) developed 3 different irAEs (Table 2). In

TABLE 2 Immune-related adverse events.

10.3389/fonc.2023.1252215

this group, the most frequent irAEs were thyroid (10 cases; 48% of
all pembrolizumab-treated patients with irAE), dermatological (8
cases; 38%), nephropathy (5 cases; 24%) and pneumonitis (5 cases;
24%). We also observed hepatopathy (3 cases; 14%), gastrointestinal
toxicity (2 cases; 10%), pancreatitis (1 case; 5%) and polyneuropathy
(1 case; 5%) (Table 2).

IrAEs developed after a mean of 10.0 + 10.4 cycles in anti-PD-1-
treated patients, which occurred after 12.0 + 11.8 cycles with
nivolumab and 7.0 + 5.7 cycles with pembrolizumab (p=0.034). If
more than one irAEs occurred, the time for the first irAE to appear
was calculated (Table 2).

With respect to irAE severity, the percentage of Grade 1, 2 or 3
irAEs in all anti-PD-1-treated, nivolumab-treated or pembrolizumab
treated patients were 60%-35%-5%, 50%-46%-4% and 80%-14%-6%,
respectively (Table 2). Most irAEs were well-controlled by NSAIDs,
corticosteroids or immunosuppressants (data not shown in detail).
As discussed above, only six irAEs (3% of all patients) resulted in
treatment discontinuation, three in the nivolumab and three in the
pembrolizumab group. Treatment discontinuation was needed in one
Grade 3, three Grade 2 and two Grade 1 irAE events (Tables 1, 2).

When comparing nivolumab- and pembrolizumab-treated
patients, we did not find significant differences in the proportion
of patients with irAEs (p=0.078) and in the relative number of
different irAEs (p=0.566). When assessing the specific irAEs,

Treatment
Nivolumab Pembrolizumab p value
Number of patients, n 207 157 50
Number of patients with irAE, n 66 45 21 p=0.078
Number of patients with
1 irAE (%) 36 26 10
2 irAEs (%) 23 15 8
3 irAEs (%) 7 4 3
Total number of irAEs, n 103 68 35 p=0.566
Number of treatment cycles before the first irAE, n* 10.0 + 10.4 12.0 £ 11.8 7.0 £57 p=0.034
Severity of irAEs
Grade 1, n (%) 62 (60) 34 (50) 28 (80)
Grade 2, n (%) 36 (35) 31 (46) 5 (14)
Grade 3, n (%) 5 (5) 3 (4) 2 (6)
Mean severity in Grade* 1.53 + 0.63 2.00 + 0.61 1.35 + 0.65 p=0.027
irAE subtypes, n (% of patients with irAE)
All 66 (100) 45 (100) 21 (100)
Thyroid 33 (50) 23 (30) 10 (48)
Skin (rashes) 25 (38) 17 (38) 8 (38)
Pneumonitis 14 (21) 9 (20) 5(24)
Gastrointestinal 13 (20) 11 (24) 2 (10)
Nephropathy 7 (11) 2 (4) 5(24)
Hepatopathy 6 (9) 3(7) 3(14)
Conjunctivitis 2(3) 2(4) -
Pancreatitis 1(1.5) - 1(5)
Polyneuropathy 1(1.5) - (5)
Polyarthritis 1(1.5) 1(2) -

*Data are expressed as mean + SD. Significant differences between the nivolumab versus pembrolizumab groups are in bold italics. Abbreviation: irAE, immune-related adverse event.
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nephropathy was significantly more frequent in the pembrolizumab
group (p=0.010). Otherwise, there were no differences in the various
organ-specific irAEs between the two subgroups. Moreover, irAEs
developed after significantly more cycles with nivolumab compared
to pembrolizumab (p=0.034). Finally, while nivolumab-associated
irAEs were almost equally Grade 1 and 2, pembrolizumab treatment
resulted in Grade 1 irAEs in 80% of the cases (p=0.027) (Table 2).

Factors associated with the development
of irAEs

When comparing patients with (n=66) and without IRAEs
(n=141), patients with irAEs received significantly more
treatment cycles (21.8 + 18.7 versus 15.8 + 17.4; p=0.002) and
were younger at treatment initiation (60.7 + 10.8 versus 63.4 + 10.1
years; p=0.042). The number of IRAEs correlated with the number
of treatment cycles in a certain patient (R=0.227; p=0.001).

In the simple Spearman’s correlation analysis, the development
of irAEs positively and significantly correlated with the length of
PFS (R=0.264; p<0.001), the total number of ICI cycles
administered (R=0.273; p<0.001) and recent (ongoing) ICI
treatment (R=0.183; p=0.008). The number of irAEs also
correlated with PFS (R=0.263; p<0.001), the number of ICI
cycles (R=0.276; p<0.001) and recent ICI treatment (R=0.193;
p=0.005). Finally, the number of ICI cycles administered before
the first irAE developed also correlated with PFS (R=0.603;
p<0.001) (Table 3).

We performed binary regression analysis to determine
possible prognostic factors for the development of irAEs. As
defined by the ROC analysis (Figure 2), 9 or more treatment
cycles as cut-off resulted in an increased risk for irAEs with an
Odds ratio (OR) of 3.328 (95%CI: 1.008-1.042; p=0.004), a
sensitivity of 72% and a specificity of 54%. The forward LR
method also confirmed the same with an OR of 3.578 (95%CI:

TABLE 3 Results of Spearman’s correlation analysis: significant
correlations.

Parameter 1 Parameter 2 R p
value | value

Development of irAE PES 0.264 <0.001
Number of ICI 0.273 <0.001
cycles
Ongoing ICI 0.183 0.008
therapy

Number of irAEs PES 0.263 <0.001
Number of ICI 0.276 <0.001
cycles
Ongoing ICI 0.193 0.005
therapy

Number of ICI cycles before first | PFS 0.603 <0.001

irAE

ICI, immune-checkpoint inhibitor; irAE, immune-related adverse event; PES, progression-
free survival.
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FIGURE 2

ROC analysis of the association of treatment cycles and the
development of irAEs. The asterisk indicates the cut-off of 9 cycles.
Nine or more treatment cycles as cut-off resulted in an increased
risk for irAEs with an Odds ratio (OR) of 3.328 (95%Cl: 1.008-1.042;
p=0.004), a sensitivity of 72% and a specificity of 54%.

1.875-6.831; p<0.001). Nivolumab and pembrolizumab were also
compared with respect to the frequency of irAEs. In the binary
logistic regression analysis, there was a non-significant tendency
showing that pembrolizumab treatment was more frequently
associated with irAEs compared to nivolumab (OR: 1.878 [95%
CI: 0.980-3.599]; p=0.058). However, in the Forward LR analysis,
this difference was statistically significant with an OR of 2.169
(95%CI: 1.089-4.321; p=0.028).

Concerning the specific irAEs, in binary comparisons, patients
with thyroid irAEs received more treatment cycles than those
without thyroid irAEs (23.0 + 18.8 versus 16.8 + 17.7; p=0.04).
Patients with pneumonitis also received more treatment cycles (23.1
+ 12.0 versus 17.3 + 18.3; p=0.022) and had a longer duration of
treatment compared to those without pneumonitis (2.5 + 1.2 versus
2.0 £ 0.9 years; p=0.032). We could not identify any associations
between dermatological, gastrointestinal or other specific irAEs or
other factors studied.

Discussion

ICIs have become a significant breakthrough in the treatment of
numerous malignancies (4-8). However, due to their mode of
action, irAEs may develop during therapy due to the stimulation
of anti-cancer immune responses [reviewed in (3, 5, 7, 10-12, 21)].
As there have been few reports in this field in the Central-Eastern
European (CEE) region including Hungary, we aimed to share our
experience collected on a relatively large cohort of 207 patients
treated with PD-1 inhibitors, either nivolumab or pembrolizumab
at the Clinical Center of the University of Debrecen.

In our cohort, only 6 patients needed treatment termination due
to irAEs. Eventually one-third of the patients developed at least one
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irAE, after a mean 10 treatment cycles. IrAEs can occur early, while
late-onset irAEs are difficult to predict with available tools and,
consequently, are hard to prevent (12). Half of these patients had
only one irAE, while one-third of them had two and only 10% had
three. In accordance with the literature (3, 5, 7, 10-12, 21), the most
frequent irAEs were thyroid, skin, diseases, pneumonitis and
gastrointestinal conditions. We did not observe any myocarditis
(23) or neurotoxicity (24) except for one case of polyneuropathy. In
general, 60% of the patients developed Grade 1 irAEs. Most irAEs
could be well-controlled using internationally accepted oncology
and rheumatology protocols (5, 14, 16, 18-21) and national
recommendations (5) and did not require treatment
discontinuation. Indeed, irAEs with anti-PD-1 are less frequent
than those with anti-CTLA4 (12) and in clinical trials the
discontinuation rates are 3-8% (12).

When comparing the two anti-PD-1 agents, in our study,
pembrolizumab was twice more often associated with irAEs
compared to nivolumab. On the other hand, regarding severity,
nivolumab treatment was associated with relatively less Grade 1 but
more Grade 2 irAEs compared to pembrolizumab suggesting that
pembrolizumab treatment results in milder irAEs. In most
systematic reviews, meta—analyses, and comparative assessments,
nivolumab and pembrolizumab had similar safety and tolerability
profiles (25-28). Therefore, the differences found in our study
suggesting that pembrolizumab might cause irAEs more often but
these irAEs are milder might be due to other conditions. For
example, three times more patients were treated with nivolumab
compared to pembrolizumab in this cohort. In our study,
pembrolizumab was used earlier, more often in 1** line. Moreover,
there were major differences in treatment indications. For example,
pembrolizumab was administered to mostly patients with lung
cancer. It has not been established, how the underlying
malignancy type influences irAE development, severity, and
outcomes (3, 5, 7, 10, 11, 21). Thus, it is difficult to directly
compare these two ICIs due to heterogeneity in the
treatment environment.

Our results confirmed those from others, suggesting that irAEs
might show associations with ICI efficacy (12, 15, 29, 30). Moreover,
pneumonitis has been suggested to be predictive of favorable
outcomes in patients receiving anti-PD-1 antibodies (12, 31). In
other studies, risk factors include pre-existing autoimmune diseases,
especially those that are active at the time of ICI initiation. In
addition, treatment-related factors, such as the type of ICI (anti-
PD-1 versus anti-CTLA4), combination of ICIs, as well as intrinsic
factors including tumor and genetic heterogeneities, cancer type,
tumour microenvironment and the microbiota might also influence
the development of autoimmune irAEs (12, 32, 33).

There have been numerous recommendations for the
management and possible prevention of autoimmune irAEs (5,
14, 16, 18-21, 34). In our cohort, 60% of irAEs were Grade 1 and
most irAEs were easy-to-control and only very few patients
required the discontinuation of ICI therapy. As discussed above,
many irAEs occur relatively early, in our case, after a mean of 10
treatment cycles. Several preventive strategies and pretreatment
assessments of target organ function have been implemented in
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preventing chemotherapy-related toxicities, which are more
predictable than irAEs. With respect to irAEs, no evidence-based
algorithms for active surveillance of such events have become
available. Most proposed strategies have been based on expert
opinion (5, 12, 16, 20). Very few of our patients required
cessation of ICI therapy. In most cases, rechallenge after ICI
discontinuation is safe and do not lead to repeated irAEs (35).

The strength of our study is that it might be the largest CEE
cohort with respect to irAEs associated with ICI therapy. Moreover,
we could include a relatively high number of patients from one
center and perform multiple analyses to understand the
determinants of irAEs. Of course, this study might also have
limitations including its single center nature and the solely
clinical approach to these issues.

Conclusions

In our cohort of 207 patients treated with nivolumab or
pembrolizumab, we achieved a 16-month PFS with both anti-PD-
1 agents. One-third of patients developed irAEs, mostly in Grade 1
and did not require treatment discontinuation in all but 6 cases.
There were no major differences between the two drugs in
general. However, pembrolizumab seemed to be associated with
irAEs more frequently, but these irAEs were less severe
compared to those of nivolumab, which could be explained by
differences in indications, patient numbers, and other factors.
Finally, our results also suggest a close relationship between ICI
efficacy as determined by PFS and irAEs. Despite the possible
limitations of our study, we collected and analyzed data in the
CEE region and provided more information on ICI-related irAEs
for practicing physicians (34).
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The differentiation, survival, and effector function of tumor-specific CD8"
cytotoxic T cells lie at the center of antitumor immunity. Due to the lack of
proper costimulation and the abundant immunosuppressive mechanisms,
tumor-specific T cells show a lack of persistence and exhausted and
dysfunctional phenotypes. Multiple coinhibitory receptors, such as PD-1,
CTLA-4, VISTA, TIGIT, TIM-3, and LAG-3, contribute to dysfunctional CTLs and
failed antitumor immunity. These coinhibitory receptors are collectively called
immune checkpoint receptors (ICRs). Immune checkpoint inhibitors (ICls)
targeting these ICRs have become the cornerstone for cancer immunotherapy
as they have established new clinical paradigms for an expanding range of
previously untreatable cancers. Given the nonredundant yet convergent
molecular pathways mediated by various ICRs, combinatorial immunotherapies
are being tested to bring synergistic benefits to patients. In this review, we
summarize the mechanisms of several emerging ICRs, including VISTA, TIGIT,
TIM-3, and LAG-3, and the preclinical and clinical data supporting combinatorial
strategies to improve existing ICl therapies.

KEYWORDS

immune checkpoint inhibitors, combinatorial immunotherapies, PD-1, CTLA-4, VISTA,
TIGIT, TIM3, LAG3

Abbreviations: ICR, Immune checkpoint receptor; ICI, Immune checkpoint inhibitor; CTL, Cytotoxic T cell;
APC, Antigen presenting cell; MDSC, Myeloid-derived suppressor cell; TCR, T cell receptor; MHCII, Major
histocompatibility complex II; TILs, Tumor infiltrating lymphocytes; PD-1, Programmed death-1; CTLA-4,
Cytotoxic T lymphocyte-associated protein 4; VISTA, V domain immunoglobulin suppressor of T cell
activation; TIGIT, T-cell immunoreceptor with Ig and ITIM domains; TIM-3, T-cell immunoglobulin and

mucin domain-containing protein 3; LAG-3, Lymphocyte activation gene 3.
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Introduction

The cancer-immunity cycle refers to the process wherein tumor
antigen-reactive T cells undergo successful priming and differentiate
into cytotoxic killer T cells that infiltrate tumor tissues and eliminate
cancer cells (1). The differentiation, expansion, survival, and effector
function of these tumor-specific cytotoxic T cells (CTLs) is regulated
by the collective signaling effects of the T-cell receptor, costimulatory/
coinhibitory receptors, and cytokine receptors, which culminate
in transcriptional and epigenetic programs to guide T-cell fate.
Unlike in acute viral infections where effector CTLs and
memory T-cell responses develop properly, tumor-specific CTLs
exhibit dysfunctional states in response to chronic stimulation
and a myriad of immunosuppressive factors in the tumor
microenvironment (TME). These T cells progressively lose
proliferative capacity, memory potential, and effector functions, and
enter an “exhausted” state. Exhausted T cells upregulate the
expression of multiple ICRs, including PD-1, CTLA-4, VISTA,
TIGIT, TIM-3, and LAG-3, which sustain dysfunctional antitumor
T-cell responses (2, 3).

Immune checkpoint inhibitors (ICIs) are antibodies or small
molecules that bind and block the function of ICRs, thereby
reducing tumor-induced T-cell exhaustion and restoring
anticancer immunity. Ipilimumab, the monoclonal antibody
(mAD) blocking cytotoxic T lymphocyte antigen 4 (CTLA-4), was
the first ICI therapy approved by the Food Drug Administration
(FDA) in 2011. Currently, several mAbs targeting CTLA-4, PD-1,
and PD-L1 have been approved for clinical applications. However,
despite revolutionizing the field of oncology, the major challenge of
existing ICI therapies is the overall low response rate.
Understanding the unique molecular and cellular mechanisms of
each ICR may support the development of novel combinatorial
therapies that optimally restore antitumor immunity.

10.3389/fimmu.2023.1264327

This review summarizes updated literature regarding the
established and emerging ICRs: PD-1, CTLA-4, VISTA, TIGIT,
TIM-3, and LAG-3. Due to the scope limitation, we omit
discussions of additional emerging ICRs such as B7-H3, B7-H4,
HHLA2, and butyrophilin-like 2 (BTNL2), which have been
reviewed elsewhere (4). Herein, we provide an overview of each
ICR’s structure, expression, signaling mechanisms, and current
preclinical and clinical data. We also elaborate on the concept
that multiple ICRs operate concurrently to impair the expansion,
survival, and effector functions of tumor-reactive cytotoxic T cells
(Figure 1), as well as control the maturation and function of
dendritic cells (DCs), macrophages, and myeloid-derived
suppressor cells (MDSCs) (Figure 2). Given the frequent
coexpression and functional crosstalk of these ICRs, we affirm the
concept that combinatorial targeting of ICRs may achieve
synergistic therapeutic outcomes compared to monotherapies.

Programmed death -1
PD-1 structure and expression

Programmed death -1 (PD-1, CD279) belongs to the B7/CD28
family of receptors, which are type-I transmembrane proteins
consisting of an immunoglobulin variable (IgV) domain, a
transmembrane domain, and a cytoplasmic tail with signaling
capacities. PD-1 engages the ligands PD-L1 and PD-L2 and acts
as a coinhibitory receptor that regulates both the adaptive and
innate arms of the immune system (4, 5).

PD-1 expression is detected in activated T cells, Foxp3™
regulatory T cells (Tregs), natural killer (NK) cells, innate
lymphoid cells (ILC2s), B lymphocytes, macrophages, DCs, and
monocytes. In T cells, PD-1 gene expression is induced by TCR
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FIGURE 1

Overview of coinhibitory ICRs and their effects in conventional T cells. T-cell activation requires TCR recognition of cognate antigens presented on
APCs and costimulation provided by B7/CD28 or CD115/CD226 interactions. On the other hand, many coinhibitory ligand/receptor pathways are
activated to dampen T-cell responses. The B7/CTLA-4 and PD-L1/2/PD-1 pathways are the cornerstones of the immune checkpoint paradigm.
Emerging inhibitory ICRs, including TIGIT, LAG-3, TIM-3, and VISTA, each recognized by multiple ligands, play nonredundant yet convergent roles as

the "brakes” of T-cell responses.
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FIGURE 2

The signaling effects of ICRs in antigen-presenting cells. Aside from suppressing T-cell activation, many ICRs regulate the maturation, antigen
presentation, cytokine production, and other effector functions of DCs and tumor-associated macrophages. CTLA-4 reduces the surface expression
of B7 molecules through trans-endocytosis. LAG-3 and TIGIT trigger signaling in a reverse direction by engaging their respective binding partners
MHCII and CD155. On the other hand, PD-1, TIM-3, and VISTA are expressed in APCs and transmit inhibitory signals to inhibit the effector functions
of APCs, including phagocytosis, antigen presentation, and cytokine production. Both PD-1 and VISTA are also expressed in tumor-driven MDSCs

and contribute to the differentiation and suppressive function of MDSCs.

signaling and positively regulated by multiple transcription factors
including AP-1, NFATcl, FoxO1, NF-¢B, Notch, STAT, and IRF9
(5). In cancers and chronic viral infections, PD-1 expression in
exhausted T cells is significantly higher than in T cells from healthy
hosts (3). The expression of PD-1 and its ligand PD-L1 on immune
cells and cancer cells may serve as an indicator of disease
progression and poor prognosis in a wide range of cancers (6).

Molecular mechanisms of PD-1

The intracellular domain of PD-1 contains an immunoreceptor
tyrosine-based inhibitory motif (ITIM) and an immunoreceptor
tyrosine-based switch motif (ITSM) (5). In T cells, the engagement
of PD-1 by its ligand PD-L1 results in the recruitment of the
tyrosine-protein phosphatases SHP1 and SHP2, which
downregulate the phosphoinositide 3-kinase (PI3K), mitogen-
activated protein kinase (MAPK), and mammalian target of
rapamycin (mTOR) pathways. CD28 can be directly
dephosphorylated by SHP2 and is the major target of PD-1
inhibitory signaling (7). At the cellular level, the consequences of
the PD-1 pathway are multifaceted, resulting in altered T-cell
metabolism with impaired glycolysis and augmented fatty acid
oxidation, reduced cell expansion and effector cytokine
production, and impaired T-cell mobility (3, 4).

In addition to the canonical PD-L1/PD-1 interactions, PD-L1
binds to CD80, which is expressed on antigen-presenting cells
(APCs) and activated T cells (8). Trans-interactions of PD-L1 on
APCs and CD80 on T cells could transmit inhibitory signaling to T
cells and impair antitumor immunity (8, 9). On the other hand, cis-
interactions of PD-L1/CD80 on APCs reduced PD-L1/PD-1
interactions and CD80/CTLA4 interactions, without affecting
interactions between CD80 on APCs and CD28 on T cells (10-
12). Blocking cis-interaction of PD-L1/CD80 reduced CD80
expression on APCs and impaired antitumor immune responses

Frontiers in Immunology

(11). An anti-CD80 antibody blocking PD-L1/CD80 cis-
interactions augmented PD-L1/PD-1 interactions and alleviated
autoimmune disease (13).

In addition to T cells, PD-1 is expressed in tumor-associated
macrophages and inhibits their phagocytic function, which in turn
controls antitumor immune responses (14). Furthermore, PD-1
plays a role in regulating tumor-driven emergency myelopoiesis.
PD-1 deletion in myeloid progenitors reduced the accumulation of
GMPs and MDSCs, which may be the result of elevated ERK1/2 and
mTORCI1 signaling and metabolic reprogramming (15). In
preclinical models and cancer patients, blocking interactions of
PD-1 with PD-L1 augments the effector function of PD-17
exhausted CTLs, and induces the expansion of TCF1" progenitor-
like exhausted T cells with self-renewal capacity (16). On the other
hand, blocking PD-1 may trigger hyperproliferation and
suppressive function of Tregs and contribute to hyperprogressive
diseases (17).

Targeting the PD-1/PD-L1 axis for
cancer immunotherapy

Monoclonal antibodies specific for PD-1 (nivolumab,
pembrolizumab), and PD-L1 (durvalumab, atezolizumab, and
avelumab) have proven to be clinically eftective and gained FDA
approval across a wide range of cancers, such as skin cancer, lung
cancer, Hodgkin lymphoma, renal cell carcinoma (RCC), head and
neck cancer, bladder cancer, colorectal cancer, liver cancer, gastric
cancer, triple negative breast cancer, and cervical cancer (18, 19).
Additional antibodies blocking PD-1, such as cemiplimab,
camrelizumab, sintilimab, toripalimab, tislelizumab,
zimberelimab, prolgolimab, and dostarlimab, have been approved
for cancer applications worldwide. A meta-analysis of randomized
controlled trials has concluded that anti-PD-1/PD-L1 inhibitors are
more advantageous for treating advanced and metastatic cancers
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than conventional therapies, with better overall survival and
progression-free survival particularly in male patients with
younger age, without central nervous system or liver metastasis,
no EGFR mutations, and with higher PD-L1 expression (18).

While PD-L1/PD-1 inhibitors are approved for treating an
expanding list of cancers, their use as monotherapies generated
an overall low response rate, due to mechanisms of primary and
acquired resistance (20, 21). To improve the response rate to ICIs,
numerous combination strategies have been studied in preclinical
and clinical trials, including combining PD-L1/PD-1 inhibitors with
chemotherapeutics such as cyclophosphamide, radiotherapy,
targeted therapy, agonistic costimulatory antibodies targeting
CD134, CD137 or ICOS, innate immune stimulators such as
STING agonists, epigenetic modulators, and cancer vaccines such
as oncolytic viruses (19, 22, 23). On the other hand, these
combinatorial regimens fail to address the roles of other non-
overlapping ICRs that constitute one of the dominant resistance
mechanisms to PD-1/PD-L1 inhibitors. In the rest of this review, we
will summarize studies of emerging ICRs (i.e., VISTA, TIGIT, TIM-
3, and LAG-3) and demonstrate the rationales for combinatorial
therapies targeting non-redundant ICRs together with PD-1/PD-
L1 inhibitors.

CTLA-4
CTLA-4 structure and expression

Cytotoxic T lymphocyte-associated protein 4 (CTLA-4,
CD152), together with CD28, represents the B7 family of
receptors. Similar to PD-1, CTLA-4 contains an extracellular IgV-
domain, a transmembrane domain, and a cytoplasmic tail with
motifs for intracellular signaling (24, 25). CTLA-4 is constitutively
expressed on Foxp3+ regulatory T cells (Tregs) and is inducible
upon activation in conventional T cells. In addition, CTLA-4
expression has been detected in natural killer cells, B cells,
dendritic cells, and myeloid cells (26-31).

In T cells, CTLA-4 gene expression is induced by Foxp3 and
NFAT (32). The stability of CTLA-4 mRNA is regulated post-
transcriptionally, by microRNAs such as miR-145 and miR-155 (33,
34). In resting T cells, a majority of CTLA-4 resides intracellularly
within endosomes and relocalizes to the cell surface upon TCR
stimulation (27, 31, 35-37). CTLA-4 protein localization is
dynamically regulated by clathrin-mediated endocytosis and
endosomal recycling, which is dependent upon the tyrosine
phosphorylation status of its cytoplasmic domain (38).

Molecular mechanisms of CTLA-4

CTLA-4 inhibits the expansion, cytokine production, and
differentiation of conventional T cells and contributes to the
development and function of Foxp3" Tregs. CTLA-4 exerts
inhibitory effects by competing against CD28 due to its higher
affinity for B7 molecules, as well as by recruiting phosphatases SHP2
and PP2A, which in turn downregulate signaling of TCR and CD28
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(39-42). In addition to T-cell intrinsic mechanisms, CTLA-4
indirectly suppresses T-cell responses by modulating dendritic
cells: CTLA-4 downregulates the surface expression of B7
molecules through trans-endocytosis (43) or induces the
expression of indoleamine 2,3-dioxygenase (IDO), which in turn
impairs T-cell proliferation (44). CTLA-4 also reverses the stop
signal in activated T cells and reduces the contact time between T
cells and APCs, leading to decreased cytokine production and T-cell
proliferative responses (45).

The mechanisms of CTLA-4-mediated immunosuppression in
cancers are distinct from PD-1 and potentially synergistic with PD-
1 (46): although both receptors act on activated conventional T
cells, PD-1 controls effector T-cell function at a later stage, mainly
within peripheral tissue sites and the tumor microenvironment,
while CTLA-4 intercepts T-cell priming in the lymph nodes and
governs the function of Tregs (47, 48). CTLA4 is constitutively
expressed in Foxp3™ Tregs and CTLA-4-specific antagonistic
antibodies not only augment effector T-cell activation but also
induce ADCC-mediated depletion of tumor-infiltrating Tregs
(49-51). On the other hand, unlike PD-1 and PD-L1, CTLA-4 is
not expressed in myeloid cells and does not directly regulate
suppressive myeloid cells within the TME. These functional
distinctions provide mechanistic rationales for developing
combination therapies targeting both axes.

Combinatorial blockade of PD-1
and CTLA-4

Studies have shown that while CTLA-4 and PD-1 blockade each
boosts antitumor T-cell responses, dual blockade results in stronger
therapeutic outcomes in preclinical models and human patients
(52-54). ICI monotherapies induced the expansion of different
tumor-infiltrating T cells (TILs), i.e., PD-1 blockade expanded
exhausted-like CD8" CTLs, whereas CTLA-4 blockade expanded
both ICOS™ Thl-like CD4 effectors and exhausted CD8" CTLs. In
contrast, the combined blockade induced the expansion of
terminally differentiated effector CD8+ CTLs that are not seen in
monotherapies and further increased Th1-like CD4" effector T cells
(52, 53). Similar findings have been shown in human melanoma
patients treated with ipilimumab and nivolumab therapy. In
addition to melanoma, dual blockade of CTLA-4 and PD-1 was
studied in a murine breast cancer model (53). While monotherapies
showed modest effects, combination therapy led to complete tumor
regression in a majority of mice. The synergistic efficacy was due to
the anti-CTLA-4 antibody-induced expansion of the T-cell receptor
(TCR) repertoire and augmented functionality of TILs,
accompanied by intratumoral Treg depletion. Taken together,
these studies have demonstrated the mechanisms of synergy with
dual ICI therapy that may guide clinical applications.

Ipilimumab (Yervoy) was the first FDA-approved monoclonal
antibody for cancer immunotherapy, owing to robust clinical
responses for metastatic melanoma (55, 56). We summarize
recent clinical trials that have advanced PD-1 and CTLA-4
combinatorial therapy; comprehensive overviews of other clinical
trials involving ipilimumab can be found in other reviews (57, 58).
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As a monotherapy, the effect of ipilimumab is not as strong as that
of the PD-1 antibody nivolumab (Opdivo) for resected stage III or
IV melanoma and showed shorter survival and higher toxicity for
patients than the PD-1 antibody pembrolizumab (Keytruda) (59,
60). However, when ipilimumab was given concurrently with PD-1
antibody, dual blockade therapy demonstrated significantly
improved outcomes in clinical studies. The advantages of dual ICI
therapy were first noted in a Phase I dose-escalation study using
nivolumab and ipilimumab administered together, which led to
better response rates and progression-free survival compared to
previously reported results from either monotherapy (61). A
subsequent phase III study highlighted better responses and
survival with combinatorial therapy when used for metastatic
melanoma patients with PD-L1 negative tumors compared to
either nivolumab alone or ipilimumab alone, despite the higher
occurrence of grade 3 or 4 treatment-related adverse events (62).
Follow-up studies showed durable responses and sustained benefits
for survival in these patients across multiple years (63-65).
Treatment-naive patients with advanced melanoma also benefited
from nivolumab-plus-ipilimumab treatment, once again producing
higher objective-response rates and progression-free survival with
acceptable safety profiles compared to ipilimumab alone (57).
Current research continues to advance PD-1 and CTLA-4
combinatorial immunotherapy in the treatment of other cancers.
Beyond melanoma, FDA approval of anti-PD-1 and anti-CTLA-4
dual therapy has expanded to hepatocellular carcinoma (HCC),
unresectable pleural mesothelioma, RCC, metastatic non-small cell
lung cancer (NSCLC), and advanced or metastatic esophageal
squamous cell carcinoma (66-68). Combinatorial ICI therapy in
the neoadjuvant setting has also shown promise, with tolerance and
strong pathological responses for late-stage melanoma, early-stage
colon cancers, and late-stage urothelial cancer (69, 70). Dual
blockade of CTLA-4 and PD-1 is currently being evaluated in
numerous clinical trials for advanced solid tumors, such as head
and neck squamous cell carcinoma (HNSCC) and glioblastomas
(NCT04080804, NCT04606316). For testing combined treatment
with pembrolizumab (anti-PD-L1), a randomized, double-blind
phase III KEYNOTE-598 study (NCT03302234) showed that in
patients with metastatic NSCLC, adding ipilimumab to
pembrolizumab did not improve efficacy and exhibited greater
toxicity than pembrolizumab monotherapy (71). Another phase I
expansion trial (NCT02089685) evaluated the efficacy and safety of
pembrolizumab combined with a reduced dose of ipilimumab in
patients with advanced melanoma and RCC and showed
manageable toxicity profile and robust antitumor activity (72).

VISTA
VISTA structure and expression

V-domain immunoglobulin suppressor of T-cell activation
(VISTA, alias Gi24, Dies-1, PD-1H, DDI1a) is homologous to B7
family receptors and acts as a negative regulator of antitumor
immunity and autoimmunity (73-78). VISTA is a type I
transmembrane protein containing a single IgV-like extracellular
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domain (ECD), a transmembrane segment, and a cytoplasmic tail
that does not contain ITAM, ITIM, or ITSM motifs. Structural
studies have revealed unique features of the VISTA ECD that are
distinct from those of other Ig superfamily members, including two
additional disulfide bonds, the insertion of an unstructured C-C’
loop, the striking enrichment of histidine residues within the ECD,
and an extra H B-strand that forms an intramolecular clamping
disulfide bond (79, 80). Mutagenesis studies have demonstrated that
these structural features contribute to the surface orientation and
suppressive function of VISTA (79, 80).

VISTA expression in mice is largely restricted within the
hematopoietic compartment, with the highest expression on
CD11b" myeloid lineages such as monocytes, macrophages,
granulocytes, and dendritic cells (73, 74). VISTA is also expressed
in lymphocytes including NK cells, TCRy3 T cells, naive CD4 " and
CD8" TCRof T cells, and Foxp3" Tregs. A similar expression
pattern of VISTA is seen in human peripheral blood monocytic
cells. VISTA gene expression is positively regulated by the
transcription factors P53, HIF1-o, and STAT3 (81-83). However,
whether VISTA exerts any impact on the functions of HIF1-o. and
STAT3 remains unknown. VISTA expression is also regulated by
TGF-B/Smad3 signaling in T cells and myeloid cells (84).

In human cancer tissues, VISTA expression was mostly
enriched in tumor-infiltrating myeloid cells and T cells (75, 85).
In addition to immune cells, VISTA expression was detected in
mesothelioma (86), gastric cancer (87), and AML (83, 88, 89).
VISTA expression has been associated with resistance to
immunotherapy and poor patient survival in many cancers,
including prostate cancer, lymphoma, bladder cancer, melanoma,
breast cancer, and AML (88, 90-95),

Molecular mechanisms of VISTA

VISTA impairs antitumor immunity through its ligand
activity in myeloid cells and T cell-intrinsic activity. Although it
has been speculated that VISTA also acts as an inhibitory receptor
(96), the signaling mechanism is unclear and it remains possible
that T cell-intrinsic activity may rely on cis interactions with other
signaling partners. At the molecular level, several partners, such as
PSGL-1, VSIG3, and galectin-9, have been identified to engage
VISTA (97-99). While PSGL-1 was suggested as an inhibitory
receptor for VISTA, VSIG3 was considered a ligand. Galectin-9
binds VISTA and forms a protein complex that promotes galectin-
9-mediated apoptotic signaling. At the cellular level, VISTA
regulates the development and function of macrophages,
MDSCs, neutrophils, TCRYS T cells, and CD47/CD8"
conventional T cells (74, 75, 78, 100, 101). In macrophages,
VISTA impairs TLR signaling by regulating the ubiquitination
and stability of TRAF6 (102). Blocking VISTA synergizes with a
TLR-agonistic vaccine by augmenting the activation of DCs and
macrophages, increasing the production of stimulatory cytokines
such as IL-12 and IL-27, and promoting the effector function of
tumor-specific CTLs. VISTA also contributes to the suppressive
function of MDSCs, although the exact molecular mechanisms
remain undefined (82, 102).
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Combinatorial blockade of VISTA and PD-1

In preclinical models, genetic deletion of VISTA or treatment
with anti-VISTA mAb delayed tumor regression by inducing DC
maturation, reducing the abundance of adaptive Foxp3™ Tregs,
reducing the abundance of MDSCs, and augmenting the effector
function and abundance of CTLs (73, 76).

Studies led by Liu et al. first established the nonredundant and
synergistic role of VISTA and PD-1 in mounting immune responses
against self and tumor antigens (103). In both B16 melanoma and
CT26 colon tumor models, combinatorial treatment with anti-
VISTA and anti-PD-L1 mAbs resulted in tumor regression and
long-term survival in comparison to monotherapies (103, 104). A
separate VISTA-blocking mAb, SG7, suppressed the interaction
between VISTA and VSIG3 or PSGL-1 and showed efficacy in
combination with PD-1 blockade in the MC38 colon tumor model
(105). Finally, a unique role of VISTA in promoting naive T-cell
quiescence has been identified (106). Accordingly, a study in a CT26
tumor model showed that a triple blockade of VISTA/PD-1/CTLA-
4 could improve the efficacy of PD-1/CTLA-4 dual blockade by
promoting antigen-presentation in myeloid cells and reducing the
quiescent state of CTLs (107).

Several clinically relevant VISTA-blocking agents have been
developed and entered clinical trials. VSTB112 (Janssen Inc) was
the first anti-VISTA mAb tested in the clinic (NCT02671955).
CA-170 (Curis Inc) is an orally available small molecule that has
dual targeting activities against PD-L1/L2 and VISTA. In
preclinical models, CA-170 rescued T-cell function similarly to
PD-1 antagonists and inhibited the growth of B16 melanoma,
CT26, and MC38 murine tumor models (108, 109). CA-170 was
tested in a phase I trial (NCT02812875) and a phase II trial
(Clinical Trials Registry-India CTRI/2017/12/011026) (110). CA-
170 showed an excellent safety profile and encouraging clinical
activity in classic Hodgkin lymphoma and advanced NSCLC
(109). HMBD-002 (Hummingbird Bioscience) is a human
VISTA-specific mAb that binds to the C-C’ loop of VISTA and
blocks its interaction with VSIG3 (111). Studies of murine and
humanized mouse models showed the effects of HMBD-002 in
reducing MDSCs and augmenting T-cell responses. The phase I
trial of HMBD-002 is ongoing (NCT05082610). W0180 (Pierre
Fabre Inc) is a human VISTA-specific mADb being tested in a phase
I trial (NCT04564417). The NCT05082610 and NCT04564417
trials will both test VISTA inhibitors in combination with
pembrolizumab. KVA12123 (Kineta Inc) is a third human
VISTA-targeting mAb that has recently been granted FDA
acceptance for testing in phase I/II trials.

TIGIT
TIGIT structure and expression
T-cell immunoreceptor with Ig and ITIM domains (TIGIT) is

an ICR that contains an IgV-like ECD, a type I transmembrane
domain, and a cytoplasmic domain with ITIM and ITT motifs

Frontiers in Immunology

10.3389/fimmu.2023.1264327

(112). TIGIT is expressed on NK cells, CD4/CD8" conventional T
cells, and Foxp3™ Tregs. In T cells, TIGIT expression is upregulated
following TCR activation and is sustained with increased
exhaustion (112).

In human cancers, TIGIT gene expression was found to be
upregulated in tumors and correlated with poor prognosis for
KIRC, KIRP, LGG, and UVM cancers (113). TIGIT protein
expression is abundant in CD4"/CD8" TILs and Tregs from a
wide range of cancer types and is often correlated with poor clinical
outcomes or resistance to ICI therapies (114). Coexpression of
TIGIT and PD-1 on CDS8+ TILs, which is associated with
dysfunctional antitumor immune responses, has also been
observed in cancers such as HCC, glioblastoma (GBM), acute
myeloid leukemia, NSCLC, and melanoma (114).

Molecular mechanisms of TIGIT

TIGIT binds to three ligands CDI112, CD113, and PVR
(CD155), out of which CD155 exhibits the highest affinity (115,
116). The TIGIT/CD155 interaction inhibits the functions of NK
cells, T cells, and APCs. Phosphorylation of both the ITT and ITIM
domains is required for the inhibitory signaling of TIGIT in NK
cells and T cells, partly by recruiting the adaptors Grb2 and SHIP1,
which in turn dampen the PI3K, MAPK, and NF-¢B signaling
pathways (117, 118). TIGIT also outcompetes CD226 for binding to
CD155 and disrupts the costimulatory signal from CD226 in T cells
(119). In addition to effector T cells, TIGIT is expressed in Foxp3™
Tregs and plays a role in promoting their differentiation, stability,
and suppressive function (120-122).

In APCs such as DCs and macrophages, CDI155 is
phosphorylated upon engaging TIGIT and subsequently inhibits
MAPK signaling, resulting in tolerogenic APCs that produce
elevated levels of IL-10 but reduced levels of IL-12, and fail to
properly stimulate cognate T cells (123). Another recent study
demonstrated that leukemia-associated macrophages express
TIGIT and that blocking TIGIT drives M1-like phenotypes and
increases phagocytosis (124).

Combinatorial blockade of TIGIT and PD-1

The efficacy of the dual blockade of TIGIT and PD-L1 has been
demonstrated in murine breast and colon carcinoma models (112).
The combination therapy rejuvenated tumor-specific CD8" CTLs
by augmenting their expansion, effector functions, and the
development of memory responses (112). A recent study has
shown that the PD-1 and TIGIT pathways converge to regulate
CD226, as both receptors impair the phosphorylation of CD226
(125). Furthermore, when CD8" TILs from human liver cancers
were treated with TIGIT and PD-1-blocking mAbs, the coblockade
of TIGIT and PD1 significantly improved the expansion, cytokine
production, and cytotoxicity of CD8" TILs compared with single
PD-1 blockade (126). Similar results were seen in an adoptive T-cell
transfer study to treat human lung cancer, where dual blockade of
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TIGIT/PD-1 or TIM-3/PD-1 resulted in greater tumor control than
PD-1 monotherapy (127). Together, these studies provide a strong
rationale for blocking both the PD-1 and TIGIT pathways to allow
optimal CD226-dependent costimulatory signaling in CD8" T cells.

Currently, there are approximately > 50 clinical trials in the US
testing several TIGIT-targeted mAbs, either as monotherapy or in
combination with PD-L1/PD-1 inhibitors (clinicaltrials.gov).
Bispecific antibodies targeting both TIGIT and PD-1 are also
being tested in these trials. In a phase II clinical trial sponsored
by Roche (NCT03563716), anti-TIGIT mAb (Tiragolumab) was
granted breakthrough therapy designation and was tested in
combination with anti-PD-L1 (atezolizumab) in metastatic
NSCLC (128). The combination treatment has improved the
overall response rate, progression-free survival, and overall
survival, over atezolizumab alone (128). Notably, the benefit of
the combination treatment was mainly observed in patients with
high PD-L1 expression (> 50%) (128, 129). Another TIGIT
antibody Vibostolimab (MK-7684) was evaluated in a phase I
trial (NCT02964013) with and without combination with
pembrolizumab for advanced solid tumors, including NSCLC,
and showed promising antitumor activity (130). Additional
TIGIT inhibitors, such as BMS-986207 (NCT04570839) (131),
ASP8374 (NCT03260322, NCT04826393) (132), Domvanalimab
(AB154) (NCT04262856) (133), BGB-A1217 (NCT04047862)
(134), and Etigilimab (OMP-313M32) (NCT04761198) (135) are
under investigation as single agents and in combination with PD-1/
PD-L1 inhibitors in solid tumors.

TIM-3
TIM-3 structure and expression

T-cell immunoglobulin and mucin domain-containing protein
3 (TIM-3), along with TIM1 and TIM4, belongs to the TIM family
of immunoregulatory proteins. The ECD of TIM-3 contains an
immunoglobulin variable domain that binds to several ligands:
galectin 9, phosphatidylserine, CEACAM1, and HMGB1 (136).
Following the ECD is a mucin domain, a transmembrane
domain, and a cytoplasmic domain that does not contain
canonical inhibitory signaling motifs such as ITIM or ITSM motifs.

TIM-3 is expressed on subsets of activated CD4" and CD8"
conventional T cells, Foxp3+ Tregs, NK cells, myeloid cells, and
mast cells (136). TIM-3 can be cleaved into a soluble form by
ADAMI10 and ADAMI17 (137). TIM-3 expression in T cells is
coregulated with other ICRs including PD-1, TIGIT, and LAG-3
(138). Cytokines such as IL-12, IL-27, and IFN- can upregulate
TIM-3 expression (139, 140). In human cancers, TIM-3 is highly
expressed in terminally exhausted CD8" CTLs, Foxp3™ Tregs,
tumor-associated macrophages, and MDSCs. TIM-3 expression
levels have been shown to correlate with resistance to
immunotherapies and poor prognosis in many cancer types such
as melanoma, HCC, prostate cancer, RCC, colon cancer, bladder
cancer, cervical cancer, gastric cancer, and esophageal squamous
cell carcinoma (122, 141-149).
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Molecular mechanisms of TIM-3

In conventional T cells, TIM-3 is recruited to the immune
synapse upon TCR activation (150). Y256 and Y263, two of the five
tyrosines on the cytoplasmic tail of TIM3, bind BAT3, a protein
involved in the TCR signaling pathway (151). Bound BAT3 recruits
LCK, a major upstream player in the TCR signaling pathway (152).
However, engagement with galectin 9 results in the phosphorylation
of Y256 and Y263 by interleukin-2-inducible T-cell Kinase (ITK),
which releases BAT3 and impairs TCR signaling (153, 154).
Another ligand, CEACAMLI, binds TIM-3 in cis to promote the
stability of TIM-3, while the trans interaction induces similar
signaling outcomes as galectin-9 (154). The Galectin 9/TIM-3 axis
induces apoptosis of effector Thl cells and CD8" CTLs (152, 155,
156). In Foxp3" Tregs, TIM-3 signaling drives an effector-like
phenotype and enhances suppressive function (157).

TIM-3 is also expressed in DCs, where its ligation induces the
activation of Bruton’s tyrosine kinase and c-Src, which inhibit NF-
kB activation and subsequently reduce DC activation (158). In
macrophages, TIM-3 has been reported to promote M2-like
polarization by inducing SOCS1 (159). In monocytes and DCs,
TIM-3 inhibits the cellular responses to TLR signaling and reduces
the production of proinflammatory mediators (160). In a breast
cancer model, blocking TIM-3 augmented the production of a key
chemokine CXCL9 from CD103" DCs, thereby improving the
antitumor immune responses when combined with
chemotherapy (161).

Combinatorial targeting of TIM-3 and PD-1

In preclinical models, dual blockade of TIM-3 and PD-1
restored the function of both CD4" and CD8" T cells and led to
complete tumor regression whereas either monotherapy was not
effective (162, 163). A recent study has shown that PD-1 binds
galectin-9 and that PD-1/TIM-3/galectin-9 may crosslink and form
a lattice. As such, PD-1 functions to attenuate galectin-9/TIM-3-
induced apoptosis (164). It should be noted that VISTA also binds
to galectin-9 and augments the inhibitory effects of TIM-3 (99).
Thus, these findings may provide a rationale for future studies to
test the combined blockade of PD-1, TIM-3, and VISTA, to
improve the persistence and functions of tumor-reactive PD-1"
TIM-3* CTLs.

In human cancers, TIM-3 and PDI are often coexpressed on
CD8" T cells and mark the most dysfunctional T cell subsets. An
earlier study of advanced melanoma showed that NY-ESO-1-
specific PD-1"CD8" TILs upregulate TIM-3 expression, which is
correlated with dysfunctional phenotypes (165). Blocking TIM-3
augmented cytokine production and proliferation of T cells, while
combined blockade of both TIM-3 and PD-1 showed synergistic
effects. Similar findings were reported in colorectal cancer, where
TIM-3"PD-1"CD8" TILs represented the predominant fraction of
TILs and targeting both TIM-3 and PD-1 enhanced cell expansion,
cytokine production, and cytotoxic activity (166). Recent studies of
diffuse large B-cell lymphoma found that TIM-3"PD1" TILs
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exhibited a transcriptomic signature of T-cell exhaustion, reduced
proliferation, and impaired cytokine production, but these
dysfunctions were restored by the blockade of PD1 or TIM-3
(167, 168). Although there have not been any FDA-approved
therapeutics targeting TIM-3, the pipelines for novel TIM-3
inhibitors are expanding: several TIM-3-specific antibodies (i.e.,
cobolimab, MBG453, Sym-023, BMS-986258, AZD7789,
INCAGNO02390, etc.) or TIM-3/PD-1 bispecific antibodies are
being tested in clinical trials (169). A phase I/II trial
(NCT02608268) evaluated MGB453 (anti-TIM3) in combination
with PDR0O01 (anti-PD-1) in advanced solid cancers such as
melanoma and NSCLC and showed excellent safety profile and
preliminary antitumor activity (170). Similar encouraging results
were shown by trials (NCT02817633 and NCT03680508) that
evaluated TSR-022 (anti-TIM3) in combination with PD-1
inhibitors (171, 172). In addition, a phase Ia/b trial evaluated the
safety, pharmacokinetics, and efficacy of LY3321367 (anti-TIM3)
plus LY3300054 (Anti-PD-L1) and showed modest antitumor
activity (173).

LAG-3
LAG-3 structure and expression

Lymphocyte activation gene 3 (LAG-3, CD223) is an Ig
superfamily ICR and is homologous to CD4 (174, 175). The ECD
of LAG-3 contains four IgV or IgC-like domains that are involved
in ligand binding. The cytoplasmic domain of LAG-3 contains a
serine phosphorylation site, the conserved KIEELE motif, and the
glutamate-proline dipeptide repeat motif that is involved in its
inhibitory signaling (176).

LAG-3 is expressed in many immune cell types including
activated conventional CD4"/CD8" T cells, Foxp3™ Tregs, TCRYS
T cells, NK cells, dendritic cells, and B cells (175). In T cells, LAG-3
expression is induced upon TCR stimulation or by cytokines such as
IL-12, IL-2, IL-15, IL-7, IL-6, and IL-8 (177-179). LAG3 expression
is promoted by transcription factors such as TOX, NFAT, and
NR4A, while suppressed by T-bet (180-186). Studies of human
cancers have shown that LAG-3 expression is abundant in TILs and
associated with T cell dysfunction or insensitivity to PD-1 blockade.
These include breast cancer (187), kidney renal clear cell carcinoma
(188), melanoma (189), NSCLC (190, 191), HCC (192, 193), and B-
cell lymphoma (194). LAG-3 expression in peripheral blood
lymphocytes is also associated with resistance to ICI therapies in
patients with melanoma and urothelial carcinoma (195).
Furthermore, the clinical resistance to PD1 blockade may be
correlated with reduced shedding of LAG-3 in CD4" conventional
T cells due to reduced expression of the protease ADAM10 (196).

Molecular mechanisms of LAG-3

LAG-3 is recognized by multiple ligands including MHCII
(197-199), fibrinogen-like protein 1 (FGL-1) (200), galectin-3
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(201), and liver sinusoidal endothelial cell lectin (LSECtin) (202).
In conventional T cells, LAG-3 signaling suppresses T cell
activation, proliferation, cytokine secretion, and cytotoxic
functions (203). LAG-3 interacts in cis with the TCR/CD3
complex and inhibits TCR signaling by promoting local
acidification and Lck dissociation (204). LAG-3 and PD1 interact
in cis and cluster with pLck at the immunological synapse and
recruit SHP1/2, thereby exerting inhibitory effects on T-cell
signaling (205). LAG-3 also promotes the activation and
suppressive function of Foxp3™ Tregs (206). Soluble LAG-3 acts
as an MHCII agonist and induces tyrosine phosphorylation and
activation of the AKT and ERK1/2 signaling pathways, thereby
inducing DC maturation and improving antitumor T-cell responses
(207, 208).

Combinatorial targeting of LAG-3 and PD-1

Preclinical studies have established that LAG-3 cooperates with
PD-1 in controlling antitumor immunity (175, 209). The striking
synergy between LAG-3 and PD-1 has been demonstrated in
murine melanoma, colon cancer, and ovarian tumor models,
where the dual blockade against LAG-3 and PD-1 effectively
controlled tumor progression that was resistant to respective
monotherapies (205, 210). A study in the MC38 colon cancer
model has shown that PD-L1 blockade elevated the expression of
both costimulatory receptors (ICOS) and coinhibitory receptors
(LAG3 and PD-1) in TILs, thereby providing a new mechanistic
rationale for coblocking LAG3 (211).

In human ovarian cancer, NY-ESO-1-specific CD8" TILs
demonstrated impaired effector function and enriched
coexpression of the inhibitory molecules LAG-3 and PD-1. Dual
blockade of LAG-3 and PD-1 during T-cell priming efficiently
augmented proliferation and cytokine production by NY-ESO-1-
specific CD8" T cells (212).

These preclinical and clinical studies have provided the
backbone for combinational treatment strategies. Currently,
numerous clinical trials are exploring the therapeutic benefits of
simultaneously targeting LAG-3 and PD-1 (209, 213). LAG-3
targeted agents include soluble LAG-3, LAG-3-specific mAbs, or
bispecific antibodies recognizing both LAG-3 and PD-1. Relatlimab
(anti-LAG-3) in combination with nivolumab received FDA
approval in March 2022 for treating unresectable or metastatic
melanoma (214). Favezelimab (MK-4280) in combination with
pembrolizumab was tested in a phase III trial (NCT02720068) for
colorectal cancer and showed promising antitumor activity in PD-
L1-positive tumors (213, 215). Ieramilimab (LAG525) was tested in
a phase I/II study (NCT02460224) in combination with
spartalizumab (PDRO001, anti-PD-1) in advanced/metastatic solid
tumors such as melanoma and TNBCs, demonstrating a good
toxicity profile but moderate antitumor activity (216). Fianlimab
(REGN3767, anti-LAG3) is being tested in combination with
cemiplimab (anti-PD-1) in a phase I dose-escalation study
(NCT03005782) in advanced melanoma patients and showed
clinical activities (217). Eftilagimod alpha, a soluble LAG-3 fusion
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protein, is being tested along with pembrolizumab for treating
recurrent or metastatic head and neck squamous cell carcinoma
(NCT03625323) (208). An ongoing phase I/II study
(NCT04370704) is testing retifanlimab (INCMGA00012, Anti-
PD-1), INCAGNO02385 (Anti-LAG-3), and INCAGN02390
(Anti-TIM-3) triple combination therapy in patients with
advanced solid tumors (218). Multiple trials tested BI-754111
(anti-LAG3) combined with BI-754091 (anti-PD-1) in patients
with advanced solid tumors but no significant antitumor activity
was reported (219). Lastly, bispecific antibodies targeting PD-1/
LAGS3, including tebotelimab (MGDO013, NCT04212221) and
RO7247669 (NCT04140500) are under early-stage clinical
investigations (220).

Conclusions

Since the first FDA approval of ICIs in 2011, significant progress
has been made toward optimizing existing ICI therapies. Taking the

10.3389/fimmu.2023.1264327

lessons from existing ICIs that target PD-1, PD-L1, and CTLA-4,
current efforts in the field focus on identifying and targeting
nonredundant ICRs that may potentially synergize with existing
therapies. VISTA, TIGIT, TIM-3, and LAG-3 represent such
candidates in the pipeline. Recent advances in understanding the
converging role of ICRs in driving the dysfunction of both APCs
and T cells (Figures 1, 2) have set the conceptual foundation for
developing combinatorial therapies targeting these ICRs. Based on
the frequent coexpression of ICRs in tumor tissues and the distinct
yet convergent mechanisms of action (Table 1), it is expected that
combined blockade of these emerging ICRs with PD-L1/PD-1 will
result in additive or synergistic outcomes. Indeed, many novel ICI
combination therapies are being investigated in early-stage trials
(Table 2). To advance this concept into clinical applications, the
field still faces some challenges, such as defining the molecular
pathways and hierarchy of emerging ICRs, identifying the optimal
ICR combinations for distinct cancer types and discrete biomarkers,
and developing better preclinical models that present the full extent
of immune-related toxicities as seen in human patients. In

TABLE 1 Blocking individual ICRs augments antitumor immune responses by convergent cellular and molecular mechanisms.

Effect in

immune
cell

PD-1 block-
ade

CTLA-4 blockade

VISTA block-
ade

TIGIT
blockade

TIM3 block-
ade

LAG3
blockade

Conventional ~ Augment CD28- Expand ICOS+Th1-like CD4+ Enhance CTL cell Enhance CTL cell ~ Enhance CTL cell Enhance CTL cell
T cells mediated effector T cells; expand terminally proliferation, proliferation, proliferation, proliferation,
costimulation; differentiated effector CD8+ CTLs; cytokine production cytokine cytokine production cytokine
enhance the expand CTL TCR repertoire; and cytotoxic production and and cytotoxic production and
proliferation and enhance CTL effector function; function; reduced cytotoxic function; improve T cytotoxic
effector function of | Improve T cell stop signal and CTL quiescence; function; cell survival; function;
CTLs; Expand interaction with DCs; combined combined blockade combined combined blockade combined
progenitor-like blockade with anti-PD1 obtain with anti-PD1 obtain = blockade with with anti-PD1 blockade with
exhausted CTLs. synergistic effects synergistic effects. anti-PD1 obtain obtain synergistic anti-PD1 obtain
synergistic effects.  effects synergistic effects
FOXP3+ Induces hyper- Reduce intratumoral Tregs. Reduce the Reduce Treg Reduce the
Tregs expansion of Tregs differentiation of stability and suppressive
and contribute to adaptive Tregs and suppressive activity of Tregs
hyper-progressive their suppressive function
diseases. functions
Antigen Augment Increase surface expression of B7 Promotes antigen Promotes M1 Promotes M1 Soluble LAG-3
presenting macrophage on APCs; reduce IDO expression presentation in DCs polarization of polarization of acts as a MHCII

cells (APCs)

phagocytosis and
M1 polarization.

Myeloid Reduce the
derived expansion of tumor
suppressor driven GMP and
cells MDSCs; augment
(MDSCs) ERK1/2 and

mTORCI signaling;
metabolic
reprogramming in
myeloid
progenitors.

and macrophages;
promote TLR-
mediated activation
and cytokine
production of DCs
and macrophages

Reduce the
abundance and
suppressive function
of MDSCs.

macrophages and
DC activation;
increase the
production of
chemokine Cxcl9
and cytokines

macrophages; TLR
signaling; DC
activation

agonist and
induces DC
activation

This table summarizes the multitudinous effects of blocking each ICR, including PD-1, CTLA-4, VISTA, TIGIT, TIM-3, and LAG-3, in regulating antitumor immune responses. The relevant
effector cell types include effector T cells, Foxp3* Tregs, APCs, and MDSCs.
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TABLE 2 Clinical trials testing combined targeting of ICRs.

ICl combina-
tions

Agents

CTLA4 + PD-1/
PD-L1

Ipilimumab+ Nivolumab

Ipilimumab+ Nivolumab

Company
Bristol-Myers
Squibb

Bristol-Myers
Squibb

Clinical trials

FDA approval

NCT04080804 NCT04606316

10.3389/fimmu.2023.1264327

Cancer types

HCC, pleural mesothelioma, metastatic melanoma,
colon cancer, urothelial cancer, metastatic NSCLC, RCC

HNSCC
Glioblastoma
Results: recruiting

Ipilimumab+ Pembrolizumab Merck Sharp NCT02089685 Metastatic melanoma, RCC
& Dohme NCT03302234 Results: showed tolerability and antitumor activity
NCT03873818 NSCLC
Results: combination therapy failed to improve efficacy
over monotherapy.
Metastatic melanoma (recruiting)
VISTA + PD-1/ CA170 (dual activity) Curis NCT02812875 CTRI/2017/12/ Hodgkin lymphoma, NSCLC
PD-L1 011026 No results
HMBD-002 + Pembrolizumab Hummingbird = NCT05082610 Advanced solid tumors, TNBC, NSCLC
No results
‘W0180 + Pembrolizumab Pierre Fabre NCT04564417 Locally advanced or metastatic solid tumors,
No results
KVA12123 + pembrolizumab Kineta NCT05708950 Advanced solid tumors,
Recruiting
TIGIT + PD-1/ Tiragolumab + Atezolizumab Roche NCT03563716 Metastatic NSCLC
PD-L1 Results: show improved ORR and PFS
Vibostolimab (MK-7684) + Merck Sharp NCT02964013 Advanced solid tumors, including NSCLC, melanoma,
Pembrolizumab & Dohme NCT04725188 bladder cancer, urothelial carcinoma
NCT04738487 Results: recruiting
NCT05665595
NCT02625961
NCT05298423
NCT05845814
BMS-986207 + Nivolumab+ Bristol-Myers NCT05005273 NSCLC
Ipilimumab Squibb Results: terminated
BMS-986207 + Nivolumab+ Bristol-Myers =~ NCT04570839 Advance solid tumors

COM?701 (anti- PVRIG)

Squibb

No results

ASP8374 + Pembrolizumab Astellas NCT03260322 NCT04826393 Advance solid tumors
Recurrent glioma
No results
Domvanalimab (AB154) + Arcus NCT04262856 Metastatic NSCLC
Zimberelimab (AB122, anti-PD- Bioscience Results: improved ORR and PFS in combination
1) therapy.
BGB-A1217 + Tislelizumab Beigene NCT04047862 metastatic squamous NSCLC
(anti-PD-1) Results: recruiting
Etigilimab + Nivolumab Mereo NCT04761198 Advanced solid tumors, cervical cancer, uveal
BioPharma melanoma, ovarian cancer, NSCLC.
Results: showed early efficacy
TIM3 + PD-1/PD- Cobolimab (TSR-022) + Tesaro NCT02817633 Advanced solid tumors such as NSCLC, melanoma,
L1 Nivolumab or TSR-042 (anti- NCT03680508 HCC,
PD-1) Results: showed clinical efficacy
Sabatolimab (MBG453) + Novartis NCT02608268 Advanced solid cancers such as melanoma and NSCLC
Spartalizumab (PDR001, anti- Results: preliminary antitumor activity
PD-1)
Symo023 + Sym-021 (anti-PD-1) Symphogen NCT03311412 Advanced solid tumors, lymphomas,
No results.
LY3321367 + LY3300054 (Anti- Eli Lilly NCT03099109 Advanced solid tumors,

PD-LI)

Results: modest antitumor activity.
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TABLE 2 Continued

ICl combina-
tions

Agents

Company

Clinical trials

10.3389/fimmu.2023.1264327

Cancer types

BMS986258 + Nivolumab Bristol-Myers  NCT03446040 Advanced solid tumors,
Squibb Recruiting
LAG3 + PD-1/PD-  Relatlimab + Nivolumab Bristol-Myers FDA approval Unresectable or metastatic melanoma
L1 Squibb
Favezelimab (MK-4280) + Merck Sharp NCT02720068 Colorectal cancer, Lymphomas,
Pembrolizumab & Dohme NCT03598608 Recruiting
NCT05064059
Ieramilimab + Spartalizumab Novartis NCT02460224 Advanced solid tumors, melanoma, TNBCs,
(PDRO01, anti-PD-1) mesothelioma,
Results: modest antitumor activity
Fianlimab + Cemiplimab (anti- Regeneron NCT03005782 Advanced melanoma,
PD-1) Results: preliminary antitumor activity, ongoing
biomarker analysis
Eftilagimod alpha + Immutep NCT03625323 Metastatic NSCLC and HNSCC,
Pembrolizumab Results: showed antitumor activity
Encelimab (TSR-033) + Tesaro NCT03250832 Advanced solid tumors,
Dostarlimab (TSR-042, anti-PD- No results.
1)
BI-754111 + BI-754091 (anti- Boehringer NCT03156114 NCT03433898 Advanced solid tumors, NSCLC,
PD-1) Ingelheim NCT03697304 NCT03780725 Results: manageable safety profile but no improved
antitumor activity
Sym-022 + Sym-021 (anti-PD-1) | Symphogen NCT03311412 Advanced solid tumors, lymphomas,
NCT03489369 NCT03489343 Results: preliminary antitumor activity
LAG3 + TIM3 INCAGNO02385 (anti-LAG3) + Incyte NCT04370704 Advanced solid tumors
+PD-1 INCAGN2390 (anti-TIM3) + Results: recruiting

Retifanlimab (INCMGA00012,
Anti-PD-1)

conclusion, we emphasize that antitumor immunity is controlled by
multiple nonredundant ICRs that together maintain immune
dysfunction. Recent preclinical and early clinical data strongly
support the rational design of novel ICI combinations to achieve
synergistic therapeutic efficacies with manageable toxicities.
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Background: QL1604 is a humanized immunoglobulin G4 monoclonal antibody
against programmed cell death protein 1. This first-in-human, open-label phase |
study aimed to investigate the safety and tolerability and to identify the
recommended doses of QL1604 for future studies. Pharmacokinetics/
pharmacodynamics (PK/PD) and preliminary antitumor activity were also assessed.

Methods: Patients with advanced or metastatic solid tumors who failed or had no
standard therapies available were recruited. In the dose-escalation phase,
patients were treated with QL1604 at 0.3 mg/kg, 1 mg/kg, 3 mg/kg, and 10
mg/kg intravenously once every 2 weeks (Q2W) in an accelerated titration with a
traditional 3 + 3 design, followed by a dose-expansion phase at 3 mg/kg Q2W, 3
mg/kg once every 3 weeks (Q3W), 10 mg/kg Q2W and a fixed dose of 200 mg
Q3W. Dose-limiting toxicities (DLTs) were assessed during the first 28 days after
the first dose of study drug. Adverse events (AEs) were graded per National
Cancer Institute Common Terminology Criteria for Adverse Events version 5.0,
and antitumor activity of QL1604 was evaluated by investigators on the basis of
Response Evaluation Criteria in Solid Tumors version 1.1.
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Results: A total of 35 patients with advanced or metastatic solid tumors were
enrolled. DLTs were reported in one patient at the dose level of 3 mg/kg Q2W (grade
3 immune-mediated myositis and myasthenia gravis), and maximum tolerated dose
was not reached. The most frequent treatment-related AEs (>10%) were fatigue
(37.1%), anemia (22.9%), increased blood thyroid-stimulating hormone (17.1%),
increased aspartate aminotransferase (AST) (17.1%), increased alanine
aminotransferase (ALT) (14.3%), decreased white blood cell (WBC) count (11.4%),
rash (14.3%), and pruritus (14.3%). AEs leading to discontinuation of QL1604 occurred
in three of the 35 patients (8.6%). Partial responses (PRs) occurred in seven patients,
resulting in an objective response rate of 20.0% (7/35). Single dose of QL1604
exhibited a dose-dependent increase in the exposure ranging from 0.3 mg/kg to 10
mg/kg. Mean receptor occupancy (RO) for QL1604 at the dose of 3 mg/kg (Q2W
and Q3W) and 200 mg (Q3W) was greater than 80% during cycle 1 after one infusion.

Conclusion: QL1604 monotherapy exhibited favorable safety, PK, and signal of
antitumor activity in patients with advanced or metastatic solid tumors, and the
results supported further clinical studies of QL1604. On the basis of the safety,
PK, and RO data, the recommended dosage for further clinical trials is 3 mg/kg or
a fixed dose of 200 mg given every 3 weeks.

Clinical Trial Registration: https://classic.clinicaltrials.gov/ct2/show/

NCT05649761?term=QL1604&draw=2&rank=1, identifier NCT05649761.

KEYWORDS

QL1604, anti-PD-1 mAb, advanced solid tumors, tolerability, first-in-human

Introduction

According to the latest statistics from The Global Cancer
Observatory (GLOBOCAN), there were an estimated 19.3 million
new cases of cancer and nearly 10 million deaths worldwide in 2020,
and 90% of cancer is solid tumors (1). Cancer is one of the leading
causes of death worldwide and the disease burden has increased over
time. The therapeutic approach to solid tumors has changed profoundly
over the past 30 years (2). With the breakthrough success of antibodies
targeting immune checkpoints cytotoxic T-lymphocyte-associated
antigen-4 and programmed death receptor 1/ligand 1 (PD-1/PD-L1)
in clinical practice, immunotherapy has brought about a shift in tumor
treatment paradigm, activating pathways or combined with other
strategies to improve immune response to tumor (3, 4).

The PD-1/PD-L1-based pathway is of great value in tumor
immunotherapy. It is a critical immune checkpoint that controls the
induction and maintenance of immune tolerance in the tumor
microenvironment. Blocking the binding of PD-1/PD-L1 with an
immune checkpoint inhibitor allows the T-lymphocytes to kill tumor
cells (5, 6). In the past decade, various PD-1/PD-L1 inhibitors have
been approved worldwide for the treatment of various tumor types (7).
PD-1/PD-L1 inhibitors, alone or in combination with conventional
chemotherapy, radiotherapy, or targeted therapy, exhibit a manageable
safety profile and durable antitumor activity, improving survival in
patients with advanced or metastatic solid tumors (8-10). As PD-1/
PD-L1 inhibitors have been widely used in cancer therapy and
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population of cancer patients is still large, new treatment option
targeting PD-1/PD-L1 is still necessary.

QL1604 is a highly selective, humanized immunoglobulin G4
monoclonal antibody (mAb) against PD-1 immune checkpoint
signaling. QL1604 remains an investigational drug with at least
three clinical trials in solid tumors, including QL1604 monotherapy
for unresectable or metastatic mismatch repair-deficient or high-
microsatellite instability solid tumors (NCT04326829), and QL1604
plus chemotherapy versus chemotherapy in patients with stage IVB,
recurrent, or metastatic cervical cancer (NCT04864782) (11).

Here, we report the results of a first-in-human, open-label,
phase I study of QL1604 in patients with advanced or metastatic
solid tumors. The primary objective of this study was to observe the
safety and tolerability of single and multiple dosing of QL1604 and
to determine the recommended doses for future clinical studies. The
secondary objectives were to characterize the pharmacokinetics
(PK)/pharmacodynamics (PD) and immunogenicity and to
evaluate the preliminary antitumor activity of QL1604.

Methods
Study design
This study was an open-label, phase I study (Clinicaltrials.gov

identifier: NCT05649761) designed to evaluate the safety,
tolerability, PK/PD, and antitumor activity of QL1604 in patients
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with advanced or metastatic solid tumors. The study conducted at
the two centers in China was initiated on 29 May 2019. This study
included dose-escalation and dose-expansion phases. For dose
escalation, an accelerated titration combined with a 3 + 3 dose-
escalation design was used. The planned doses were 0.3 mg/kg, 1
mg/kg, 3 mg/kg, and 10 mg/kg once every 2 weeks (Q2W). The 0.3
mg/kg cohort planned to enroll one patient, and 3 + 3 dose-
escalation method was used for other cohorts. For expansion
phase, 3 mg/kg Q2W, 3 mg/kg once every 3 weeks (Q3W), 10
mg/kg Q2W and 200 mg of fixed dose Q3W were planned doses.

The study protocol and all amendments were approved by the
Ethics Committee of each center and conducted in compliance with
the Declaration of Helsinki and the international standards of Good
Clinical Practice. Written informed consent was obtained from all
patients before start of any study procedure.

Patients

The study enrolled patients aged 18-70 years with a
histologically or cytologically confirmed advanced or metastatic
solid tumors that failed standard treatment or had no standard
therapies available. Additional key eligibility criteria included at
least one measurable lesion as assessed by the Response Evaluation
Criteria in Advanced Solid Tumors (RECIST) version 1.1; an
Eastern Cooperative Oncology Group (ECOG) performance
status of 0 or 1; a life expectancy of at least 12 weeks (3 months);
and adequate hematologic, renal, and liver functions. Patients were
excluded if they had an active autoimmune disease requiring
systemic treatment; prior use of corticosteroids (>10 mg/daily of
prednisone or equivalent) or immunosuppressive medication
within 14 days before the start of study treatment; had clinically
significant cardiovascular or cerebrovascular disease within 3
months; had grade >2 [National Cancer Institute Common
Terminology Criteria for Adverse Events (CTCAE), version 5.0]
arrhythmia or heart failure, atrial fibrillation, or clinically significant
supraventricular or ventricular arrhythmia requiring treatment or
intervention; had received radiotherapy, chemotherapy, hormonal
therapy, surgery, or molecular targeted therapy within 4 weeks prior
to first dose of study treatment; known hypersensitivity to any mAb,
QL1604 and/or any of its excipients; had received a live antitumor
vaccine; and a known additional malignancy within 5 years before
study start.

Procedures

In the dose-escalation part, patients received QL1604 via
intravenous infusion at a dose level assigned according to the
sequence of enrollment. Each treatment cycle lasted for 28 days.
Treatment was continued until progression of the disease (PD),
unacceptable toxicity, confirmed complete response (CR), loss to
follow-up, or patient or investigator decision, whichever occurred
first. Dose-limiting toxicities (DLTs) were observed during the 28-
day period after the first dose of study drug at each dose level and
included: grade >2 uveitis; grade >2 interstitial pneumonitis (grade
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2 interstitial pneumonitis lasting for >7 days after glucocorticoid
treatment); grade >3 non-hematologic adverse reactions (except for
transient electrolyte abnormalities, diarrhea, nausea, and vomiting
recovered to <grade 2 within 3 days after best support care, and
asthenia recovered to <grade 2 within 7 days after best support
care); grade >2 cardiac insufficiency; grade 4 thrombocytopenia or
grade 3 thrombocytopenia with obvious bleeding tendency; grade 4
neutropenia lasting for >3 days or grade 3 neutropenia with >38.3°C
fever; and other grade 4 hematologic toxicities. Decisions on dose
escalation in this phase were made on the basis of the incidence of
DLTs seen during the DLT observation period. The expansion
phase for 3 mg/kg Q2W and 3 mg/kg Q3W cohorts started after the
DLT observation period was finished for the last patient in 3 mg/kg
cohort in dose-escalation phase. The expansion phase for 200 mg of
fixed dose Q3W started after the DLT observation period was
finished for the last patient in 10 mg/kg cohort in dose-
escalation phase.

Safety and efficacy assessments

Adverse events (AEs) were assessed and graded according to the
CTCAE (version 5.0) throughout the study and up to 90 days after
the last dose, including incidence and severity of treatment-
emergent AEs (TEAEs). Antitumor activity of QL1604 was
evaluated by investigators on the basis of Response Evaluation
Criteria in Solid Tumors (RECIST 1.1). Tumor responses were
performed by computed tomography or magnetic resonance
imaging at screening and every 6 weeks during the first 6 months
and every 12 weeks thereafter.

Pharmacokinetics, pharmacodynamics and
immunogenicity assessments

For PK studies, blood samples were collected at the following
time points during single-dose phase (cycle 1): —0.5 h (pre-dose),
5 min (min), 2 h, 6 h, 24 h, 48 h, day 8 (D8), D15, and D22 after end
of infusion. After entering multiple-dose phase, for Q2W cohort,
blood samples were collected on D1 and D15 at 0.5 h prior to infusion
and within 5 min after end of infusion each treatment cycle from
cycle 2 (except for cycle 5). In cycle 5, blood samples were collected
at —0.5 h (pre-dose), 5 min, 2 h, 6 h, 24 h, 48 h, and D8. For the Q3W
cohorts, blood samples were collected on D1 at 0.5 h prior to infusion
and within 5 min after end of infusion each treatment cycle from
cycle 2 (except for cycle 6). In cycle 6, blood samples were collected
at —0.5 h (pre-dose), 5 min, 2 h, 6 h, 24 h, 48 h, D8, and D15 after end
of infusion. The single-dose plasma PK parameters included area
under the concentration-time curve (AUC), maximum observed
plasma concentration (C,.y), time to peak plasma concentration
(Tmax)> terminal elimination half-life (t;,,), AUC from time zero (pre-
dose) to the time of the last measurable concentration (AUC,_,), and
AUC from time zero (pre-dose) to infinity (AUC,_..). In multiple
ascending-dose study, degree of fluctuation, minimum plasma
steady-state concentration (Css, min), and maximum plasma
steady-state concentration (Css, max) were also analyzed.
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For PD-1 receptor occupancy (RO), QL1604 binding to PD-1
molecules was detected by flow cytometry. Blood samples were
collected at the at the following time points during single-dose
phase (cycle 1): 0.5 h (pre-dose), 5 min, D2, D3, D8, D15, and D22
(for patients in the Q3W dose group, blood samples were not
collected on D22) after end of infusion. After entering multiple-
dose phase, for Q2W cohort, blood samples were collected on D1
and D15 at 0.5 h prior to infusion each treatment cycle from cycle 2
(except for cycle 5). Blood samples were collected at —0.5 h (pre-
dose), 5 min, D2, D3, D8, D15, and D22 after end of infusion in
cycle 5. For Q3W cohorts, blood samples were collected on D1 at
0.5 h prior to infusion each treatment cycle from cycle 2 (except for
cycle 6). Blood samples were collected at —0.5 h (pre-dose), 5 min,
D2, D3, D8, and D15 after end of infusion in cycle 6.

The formation of antidrug antibodies (ADA) was analyzed for
determining immunogenicity. Blood samples for immunogenicity
were collected at —0.5 h (pre-dose), D8, D15, and D22 after end of
infusion in during single-dose phase (cycle 1) (for patients in the
Q3W dose group, blood samples were not collected on D22). After
entering multiple-dose phase, for Q2W cohort, blood samples were
collected on D1 and D15 at 0.5h prior to infusion each treatment
cycle from cycle 2 (except for cycle 5). Blood samples were collected
at —0.5 h (pre-dose), D8, D15, and D22 after end of infusion in cycle
5. For Q3W cohorts, blood samples were collected on D1 at 0.5 h
prior to infusion each treatment cycle from cycle 2 (except for cycle
6). Blood samples were collected at —0.5 h (pre-dose), D8, and D15
after end of infusion in cycle 6.

Statistical analysis

No statistical hypothesis was specified for this study. For the
dose-escalation phase, an accelerated titration combined with a
3 + 3 dose-escalation design was used. The 0.3 mg/kg cohort
planned to enroll one patient (accelerated titration). On the basis
of the 3 + 3 design, three to six patients were planned to be enrolled
to other dose cohorts. For the expansion phase, additional patients
were enrolled to selected dose cohorts to ensure at least eight
patients PK evaluable patients in each dose cohort. A total of 21
to 42 patients were to be enrolled in the expansion phase.

The efficacy analysis based on the full analysis set included all
patients who received at least one dose of QL1604. Objective
response rate (ORR) was defined as the proportion of patients
with CR or partial response (PR), assessed by the investigator per
RECIST vl1.1. Disease control rate (DCR) was defined as the
proportion of patients with CR, PR, or stable disease (SD),
assessed by the investigator per RECIST v1.1. The safety analysis
population included all patients who received at least one dose of
QL1604 and had a safety record after treatment.

ORR and DCR point estimates were accompanied by 95% Cls
using the Clopper—-Pearson exact method. Summary statistics were
provided for AEs. PK parameters for QL1604 were calculated using
non-compartmental model by WinNonlin 6.4 (Certara, Inc.). All
statistical analyses were performed using SAS (version 9.4) (SAS
Institute Inc., Cary, NC).
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Results
Patient characteristics and disposition

Between 29 May 2019 and 24 July 2020, 40 patients were
screened and 35 eligible patients were enrolled and treated with
QL1604 (Figure 1) (one in 0.3 mg/kg Q2W, three in 1 mg/kg Q2W,
nine in 3 mg/kg Q2W, three in 10 mg/kg Q2W, nine in 3 mg/kg
Q3W, and 10 in 200 mg Q3W). Patient demographics and baseline
characteristics are listed in Table 1. Patients were predominantly
male (62.9%) with a median age of 57 years (range, 35-69 years),
and 32 (91.4%) had an ECOG performance status of 1. The majority
(n = 33, 94.3%) of patients had stage IV disease. The majority of
patients had non-small-cell lung carcinoma (NSCLC) (n = 18,
51.4%). Five patients (14.3%) had brain metastases. All patients
received prior anticancer therapy, and 51.4% (n = 18) had 23 prior
lines of treatment. Across the study, the median time from initial
diagnosis to study enrollment was 25.7 months (range, 3.0-155.6).

Safety and tolerability profile

In this study, 13 patients were included for the DLT analysis. DLT's
were observed in one (16.7%) of the six patients at the 3 mg/kg Q2W
dose level (grade 3 immune-mediated myositis and myasthenia gravis),
and maximum tolerated dose (MTD) was not reached.

The majority of patients (33/35, 94.3%) experienced AEs, of
which 29 patients (82.9%) had QL1604-related AEs (TRAEs)
(Table 2). The most common TRAEs (210% in total population)
were fatigue (37.1%), anemia (22.9%), increased blood thyroid-
stimulating hormone (TSH) (17.1%), increased AST (17.1%),
increased ALT (14.3%), decreased WBC count (11.4%), rash
(14.3%), and pruritus (14.3%) (Table 2). Grade =3 TRAEs
occurred in six of the 35 patients (17.1%) at 3 mg/kg (Q2W and
Q3W), 10 mg/kg Q2W, and 200 mg Q3W dose levels (Table 3). No
grade 5 TRAE occurred.

Serious TRAEs occurred in four (11.4%) patients. TEAEs
leading to discontinuation of study drug occurred in three (8.6%)
patients, including immune-mediated hepatitis (one patient),
myasthenia gravis and immune-mediated myositis (one patient),
and sinus bradycardia (one patient).

Immune-related AEs (irAEs) occurred in 17 (48.6%) patients.
The most common irAE was increased blood TSH (17.1%). Grade >3
irAEs occurred in four (11.4%) patients. Infusion-related reactions
occurred in three (8.6%) patients, and all were grade 1 or 2.

Antitumor activity

As of data cutoff (14 July 2022), a PR was observed in seven
patients (20.0%): five with NSCLC (one patient had a PR after PD)
and two with nasopharyngeal carcinoma (NPC). SD was achieved
in five patients (14.3%): two with NSCLC, one with esophageal
cancer (EC), one with small-cell lung cancer (SCLC), and one with
NPC (Supplementary Figures 2, 3). The ORR of was 20.0% (95% CI,
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FIGURE 1

Study design and patient disposition. (A) Study design. This open-label, phase | study (NCT05649761) consisted of dose escalation and expansion
phases in patients with advanced solid tumors. For dose escalation, an accelerated titration combined with a 3+3 dose-escalation design was used.
The 0.3 mg/kg cohort planned to enroll one patient, and 3+3 dose escalation method was used for other cohorts. (B) Patient disposition. 3 mg/kg
Q2W, 3 mg/kg Q3W, and 200 mg Q3W cohorts included patients enrolled in dose-escalation and dose-expansion phases.

8.4-36.9) and DCR was 34.3% (95% CI, 19.1-52.2) (Table 4). The
median duration of response (DoR) of all responders was 26.64
months (95% CI, 2.79-not evaluable). The median progression-free
survival (PFS) of all patients was 1.38 months (95% CI, 1.35-2.63).
A waterfall plot of maximum tumor shrinkage assessed by the
investigator showed that, of the 30 patients with at least one post-
baseline tumor assessment, nine had tumor shrinkage compared
with baseline (Supplementary Figure 1).

Pharmacokinetics/pharmacodynamics
and immunogenicity

The PK parameters of single-dose QL1604 are presented in
Table 5, and concentration-time profiles by dose levels are shown in
Figure 2. The mean C,,,x for QL1604 increased with increasing dose
of QL1604 from 4.907 pg/mL to 195.3847 ug/mL. The median time
to reach C,,,,, ranged from 1.08 h to 7.00 h. The mean half-life (T} ,,)
for QL1604 ranged from 80.93 h to 273.447 h. The mean of AUC, ,
ranged from 984 h*ug/mL to 50,300 h*ug/mL. PK of QL1604 at a
steady state is presented in Supplementary Table 3.
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The RO results indicated PD-1 target engagement on D15 and
D22 of cycle 1 after one infusion, which was dose-dependent and
with a mean RO >80% at 3 mg/kg Q2W, 3 mg/kg Q3W, 10 mg/kg
Q2W, and 200 mg of fixed dose Q3W (Figure 3). The RO for 3 mg/
kg Q3W and 200 mg of fixed dose Q3W dose levels was similar.

Three of the 35 patients (3/35, 8.6%) were positive for ADA, and
neutralizing antibody (Nab) were negative in all 35 patients (100%)
at baseline. After treating with QL1604, 15 (42.9%) patients were
ADA-positive, and two (5.7%) patients were Nab-positive
(Supplementary Tables 1, 2).

Discussion

This first-in-human phase I study of QL1604 showed that
QL1604 was safe and well tolerated at doses from 0.3 mg/kg
Q2W to 10 mg/kg Q2W, 3 mg/kg Q3W, and 200 mg Q3W. It is
well-known that immunotherapy has received extensive attention
and explosive development because of their good safety, durable
responses, and application in a broad spectrum of cancers.
However, immunotherapies are frequently constrained by their
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TABLE 1 Baseline demographics and disease characteristics (full analysis set).

0.3mg/ 1mg/kg 10 mg/kg 3 mg/kg 200 mg
kg Q2W Q2w Q2w Q3w Q3w
(n=1) (n=3) (n=3) (n=9) (n=10)
Age (years), median (range) 56.0 (56-56) | 57.0 (48-63) = 59.0 (49-69) | 53.0 (51-62) | 59.0 (54-69) 57'(;7()3 > 57‘29()3 >
‘ Sex, n (%)
Male 1 (100) 2 (66.7) 4 (44.4) 1(333) 8 (88.9) 6 (60.0) 22 (62.9)
Female 0 1(33.3) 5 (55.6) 2 (66.7) 1(11.1) 4 (40.0) 13 (37.1)
‘ Tumor diagnosis, n (%)
NSCLC 0 2 (66.7) 6 (66.7) 2 (66.7) 4 (44.4) 4 (40.0) 18 (51.4)
EC 1 (100) 0 1(11.1) 0 2(22.2) 1 (10.0) 5(14.3)
GC/GEJC 0 0 0 0 0 2 (20.0) 2(5.7)
Others* 0 1(33.3) 2(22.2) 1(333) 3(33.3) 3 (30.0) 10 (28.6)
Time from initial cancer diagnosis to study 32.36 (32.36- (22::;;_ 3197 (3.02- | 30.88 (24.64- | 1521 (6.60- = 2228 (5.09- | 25.69 (3.02-
enrollment, months, median (range) 32.36) 57.69) 133.59) 89.56) 69.65) 155.60) 155.60)
‘ Current clinical staging, n (%)
111 0 0 0 0 1(11.1) 1 (10.0) 2(5.7)
v 1 (100) 3 (100) 9 (100) 3 (100) 8 (88.9) 9 (90.0) 33 (94.3)
‘ Number of metastatic sites, n (%)
0 0 0 0 1(33.3) 0 0 1(29)
1 0 0 0 0 0 7 (70.0) 7 (20.0)
2 1 (100) 3 (100) 4 (44.4) 1(33.3) 1(11.1) 2 (20.0) 12 (34.3)
>2 0 0 5 (55.6) 1(333) 8 (88.9) 1 (10.0) 15 (42.9)
‘ ECOG performance status, n (%)
0 0 0 1(11.1) 0 0 2 (20.0) 3(8.6)
1 1 (100) 3 (100) 8 (88.9) 3 (100) 9 (100) 8 (80.0) 32 (91.4)
‘ Lines of previous anticancer therapies, n (%)
0 0 0 0 0 0 0 0
1 0 0 3(33.3) 0 1(11.1) 0 4 (11.4)
2 0 1(33.3) 2(222) 1(33.3) 5 (55.6) 4 (40.0) 13 (37.1)
>3 1 (100) 2 (66.7) 4 (44.4) 2 (66.7) 3(33.3) 6 (60.0) 18 (51.4)
Previous anticancer therapies, n (%)
Chemotherapy 1 (100) 3 (100) 9 (100) 3 (100) 9 (100) 10 (100) 35 (100)
Targeted therapy 0 3 (100) 5 (55.6) 3 (100) 2(22.2) 5 (50.0) 18 (51.4)
Radiotherapy 0 2 (66.7) 4 (44.4) 2 (66.7) 4 (44.4) 6 (60.0) 18 (51.4)
Surgery 1 (100) 2 (66.7) 6 (66.7) 2 (66.7) 4 (44.4) 5 (50.0) 20 (57.1)
Others 0 2 (66.7) 0 1(33.3) 0 0 3(8.6)

NSCLC, non-small-cell lung cancer; EC, esophageal cancer; GC, gastric carcinoma; GEJC, gastroesophageal junction carcinoma; ECOG, Eastern Cooperative Oncology Group.
*Including small-cell lung cancer (four patients), nasopharyngeal carcinoma (three patients), thymic carcinoma (one patient), prostate cancer (one patient), and rectal cancer (one patient).
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TRAEs (12). Most AEs related to QL1604 were grade 1 or 2. The
reported AEs were consistent with the overall safety profile of other
anti-PD-1 mAb agents (13, 14). Grade 3 or 4 TRAEs occurred in six
(17.1%) patients, and no grade 5 TRAE occurred. Three (8.6%)
patients discontinued QL1604 because of AEs. A meta-analysis
showed that 66% of patients treated with PD-1/PD-L1 inhibitors
experienced all grades of TRAEs, 14.0% experienced grade 3 or

TABLE 2 Summary of safety results (safety population).

0.3 mg/kg
Q2w

1 mg/kg
Q2w

(n = 3)

(n=1)

10.3389/fimmu.2023.1258573

higher TRAE, and 0.45% died from this factor (15). TRAEs result
from blockade of these immune checkpoints and involve lung, liver,
heart, skin, neurotoxicity, etc., and even some are occasionally fatal.
In our study, no DLT was observed at the highest dose level (10 mg/
kg), and, thus, the MTD was not determined. Compared with phase
I study of pembrolizumab (TRAE, 70%) (16), the incidence of
TRAEs and grade >3 TRAEs was higher in our study (TRAE, 82.9%;

10 mg/kg
Q2w

(n=3)

3 mg/kg
Q3w

(n=9)

3 mg/kg
Q2w

(n=9)

200 mg
Q3w

(n =10)

Total

(N = 35)

Treatment-related AEs, n (%) 0 3 (100) 6 (66.7) 3 (100) 8 (88.9) 9 (90.0) 29 (82.9)
Grade >3 treatment-related AEs, n (%) 0 0 2 (22.2) 1(33.3) 2(22.2) 1 (10.0) 6(17.1)
Immune-related AEs, n (%) 0 1(33.3) 4 (44.4) 2 (66.7) 3(33.3) 7 (70.0) 17 (48.6)
Grade >3 immune-related AEs, n (%) 0 0 1(11.1) 0 2 (22.2) 1 (10.0) 4(11.4)
Treated-related SAEs, n (%) 0 0 2(22.2) 0 0 2 (20.0) 4(11.4)
25:;:1:111:1%1 t((z%(;iscontinuation of study o 0 LaL o (L) 1 (100) 3(86)
:r(e;)t)ment-related AE:s leading to death, o 0 0 0 o o 0
TRAESs in >5% of total population, n (%)
Fatigue 0 1(33.3) 3(33.3) 2 (66.7) 5 (55.6) 2 (20.0) 13 (37.1)
Anemia 0 3 (100) 2(22.2) 1(33.3) 2(222) 0 8 (22.9)
Increased AST 0 1(33.3) 1(11.1) 0 4 (44.4) 0 6 (17.1)
Increased blood TSH 0 1(33.3) 1(11.1) 1(33.3) 1(11.1) 2 (20.0) 6 (17.1)
Increased ALT 0 0 1(11.1) 1(33.3) 2 (22.2) 1 (10.0) 5(14.3)
Rash 0 0 1(11.1) 1(33.3) 1(11.1) 2 (20.0) 5 (14.3)
Pruritus 0 0 1(11.1) 1(33.3) 1(11.1) 2 (20.0) 5 (14.3)
Decreased WBC count 0 0 1(11.1) 0 0 3 (30.0) 4(11.4)
Increased blood creatinine 0 1(33.3) 1(11.1) 0 0 1 (10.0) 3(8.6)
Increased blood creatinine
phosphokinase 0 0 0 1(33.3) 1(11.1) 1 (10.0) 3 (8.6)
Nausea 0 0 1(11.1) 1(33.3) 0 1 (10.0) 3(8.6)
Proteinuria 0 1(33.3) 1(11.1) 1(33.3) 0 0 3 (8.6)
Hypothyroidism 0 1(33.3) 0 1(33.3) 1(11.1) 0 3 (8.6)
Hyperthyroidism 0 0 1(11.1) 1(33.3) 0 1 (10.0) 3 (8.6)
Weight loss 0 0 0 2 (66.7) 0 0 2 (5.7)
Weight gain 0 0 1(11.1) 0 1(11.1) 0 2(5.7)
Decreased platelet count 0 0 0 0 0 2 (20.0) 2 (5.7)
Prolonged electrocardiogram QT 0 0 0 1(33.3) 0 1 (10.0) 2(5.7)
Decreased neutrophil count 0 0 0 0 0 2 (20.0) 2 (5.7)
Pyrexia 0 0 1(11.1) 0 0 1 (10.0) 2(5.7)
Decreased appetite 0 0 0 1(33.3) 0 1 (10.0) 2(5.7)
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2023.1258573

(n=9) (n=10) (N =35)
Hypokalemia 0 0 0 1(333) 0 1 (10.0) 2(5.7)
Renal impairment 0 1(333) 1(11.1) 0 0 0 2(5.7)
Arthralgia 0 0 0 1(333) 0 1 (10.0) 2(5.7)
¥-GT increased 0 0 0 0 2(22.2) 0 2(5.7)
irAEs in >1 patient in total population, n (%)
Blood TSH increased 0 1(333) 1(11.1) 1(333) 1(11.1) 2 (20.0) 6 (17.1)
Rash 0 0 1(11.1) 0 1(11.1) 2 (20.0) 4(11.4)
Hypothyroidism 0 1(333) 0 1(333) 1(11.1) 0 3(8.6)
Hyperthyroidism 0 0 1(11.1) 1(333) 0 1 (10.0) 3(8.6)
Pruritus 0 0 0 0 1(11.1) 1 (10.0) 2(5.7)

TRAE, treatment-related adverse event; AST, aspartate aminotransferase; ALT, alanine aminotransferase; TSH, thyroid-stimulating hormone; WBC, white blood cell; GT, glutamyl

transpeptidase; irAE, immune-related adverse event.

grade 23, 17.1%). One of the reasons may be that a higher
proportion of patients in our study had a bad performance status
(ECOG performance status of 1, 91.4%). In addition, the patients in
our study were heavily pre-treated, with 37.1% patients received two
lines of prior therapy and 51.4% patients received three or more
lines of prior therapy. The incidence of skin toxicity with QL1604
(rash, 14.3%; and pruritus, 14.3%) was similar to that reported for
pembrolizumab (pruritus, 17%). Compared with pembrolizumab,
elevation of liver enzymes was more frequently with QL1604
(increased AST, 17.1%; and increased ALT, 14.3%). but all was
grade 1 or 2. Overall, the safety profile of QL1604 is manageable,
and the proportion of patients who discontinued study treatment
because of AEs (8.6%) was comparable to that reported in the phase

TABLE 3 Grade >3 treatment-related adverse events (safety population).

I study of pembrolizumab (10%) (16). No QL1604-related death
occurred in our study.

QL1604 demonstrated signal of antitumor activity in NSCLC
and NPC. In patients who had metastatic NSCLC and had
progressed on or after standard therapy, five of the 18 patients
had a PR (ORR, 27.8%). In KEYNOTE-001, pembrolizumab
resulted in an ORR of 19.4% (96/495) in patients with locally
advanced or metastatic NSCLC (17). PR was also observed in two of
the three patients with NPC. In KEYNOTE-122, pembrolizumab
resulted in an ORR of 21.4% (25/117) in patients with platinum-
pretreated, recurrent, or metastatic NPC (18). SD was observed in
NSCLC, EC, SCLC, and NPC. One patient with NSCLC had a PR as
best response, and response was still ongoing as of data cutoff (120

0.3 mg/kg 1 mg/kg 3 mg/kg 10 mg/kg 3 mg/kg 200 mg Total
Variable, n (%) Q2w Q2w Q2w Q2w Q3w Q3W
(n=1) (n=3) (n=9) (n=3) (n=9) (n=10) (N =35)
Grade >3 TRAEs 0 0 2(222) 1(333) 2(222) 1(10.0) 6 (17.1)
Hypokalemia 0 0 0 1(33.3) 0 0 1(29)
Hyperglycemia 0 0 0 0 0 1(10.0) 1(29)
Weight gain 0 0 1(11.1) 0 0 0 1(29)
Hypertriglyceridemia 0 0 0 1(33.3) 0 0 1(29)
Immune-mediated hepatitis 0 0 0 0 1(111) 0 1(29)
Immune-mediated myopathy 0 0 1(111) 0 0 0 1(29)
Increased blood creatinine 0 0 0 0 1Ly 0 L 29)
phosphokinase
Myasthenia gravis 0 0 1(111) 0 0 0 1(29)
Increased y-GT 0 0 0 0 1(111) 0 1(29)

TRAE, treatment-related adverse event; GT, glutamyl transpeptidase.
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TABLE 4 Efficacy of QL1604 in patients with advanced solid tumors (full analysis set).

Variable
Best overall response, n (%)
CR 0 0 0 0 0 0 0
PR 0 1(333) 1(11.1) 1(33.3) 2(22.2) 2 (20.0) 7 (20.0)
SD 0 0 3(333) 1(333) 1(1L.1) 0 5 (14.3)
PD 1 (100) 2 (66.7) 4 (44.4) 1(333) 5 (55.6) 6 (60.0) 19 (54.3)
NE 0 0 1(1L.1) 0 1(1L.1) 2 (20.0) 4 (11.4)
33.3% (0.8%- 11.1% (0.3%- 33.3 % (0.8%- 22.2% (2.8%- 20.0% (2.5%- 20.0% (8.4%-
ORR (95% CI)* © 0 (0-97.5) % (0.8% % (03% % (0.8% % (2.8% % (25% 0 (8:4%
90.6%) 48.2%) 90.6%) 60.0%) 55.6%) 36.9%)
33.3% (0.8%- 44.4% (13.7%- 66.7% (9.4%- 33.3% (7.5%- 20.0% (2.5%- 34.3% (19.1%-
DCR (95% CI)” 0 (0-97.5
(95% CI) ¢ ) 90.6%) 78.8%) 99.2%) 70.1%) 55.6%) 52.2%)

CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; NE, not evaluable; ORR, objective response rate; CI, confidence interval; DCR, disease control rate.
a. ORR was defined as the proportion of patients who had a CR or PR as best response per RECIST version 1.1 by investigator.

b. DCR was defined as the proportion of patients who had a CR, PR, or SD as best response per RECIST version 1.1 by investigator.

c. The 95% CI was calculated by using the Clopper—Pearson method.

TABLE 5 Pharmacokinetics of single dose of QL1604 (pharmacokinetics population).

0.3 mg/kg 1 mg/kg 3mg/kg Q2W = 10 mg/kg 3 mg/kg Q3W

Variable
(n=1) (n = 3) (n=9) (n = 3) (nh=9)
AUC,._, (h*ig/mL), geometric mean (CV%) 984 (NE) 4460 (19.2) 14900 (27.9) 50,300 (5.4) 11,400 (32.2) 12,800 (26.0)
. .

s;jc"’” (h*kg/mL), geometric mean (CV 1010 (NE) 3620 (NE)* 14000 (23.4)° 11,200 (74.7)°

0

Cinax (1g/mL), geometric mean (CV%) 4.907 (NE) 19.865 (4.9) 68.1874 (24.6) 195.3847 (11.6) 55.6076 (22.7) 64.6668 (16.8)

_ 1.08 (1.08- 125 (1.08- 1.08 (0.83-

Ty (h), med 7.0 (NE 1.08 (1.08-3.03 3.00 (1.08-7.00

e (), median (range) NE) o0 (108309 o0 (108-7.00) o
T2 (h), geometric mean (CV%) 1363 (NE) 80.93 (NE)* 98591 (65.3)° 273.447 (36.9)°

AUC,_, area under the curve from zero up to a definite time t; AUC,_.., area under the curve from 0 extrapolated to infinite time; C,,,x, maximum concentration; Ty, time to Cyax Ty/2, half-
life; CV, coefficient of variation.

Drug concentration data below the limit of quantification (BLQ) between two measurable drug concentration data were analyzed as missing values. Other BLQ drug concentration data were
imputed with “0” if before T, or analyzed as missing values if after T,y
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weeks after first dose of QL1604). Together, preliminary efficacy
results from this study support further clinical studies of QL1604 in
multiple tumor types.

Compared with pembrolizumab (t;/,, 14 to 22 days), the half-
life of QL1604 was shorter (t;, of QL1604, 3 to 11 days). Serum
exposure to QL1604 increased in a dose-proportional manner in the
dose range of 0.3 mg/kg to 10 mg/kg in single-dose phase. At a
steady state, serum exposure to QL1604 increased approximately in
a dose-dependent manner, but the dose proportionality was not
observed. Analyses of the PK parameters at a steady state showed
accumulation of QL1604 after Q2W or Q3W administration.
Similar to pembrolizumab, the PD-1 target engagement by
QL1604 was durable for at least one treatment cycle (mean
change from baseline in RO on cycle 1 day 22, 81.294%). No
difference was observed for 3 mg/kg Q3W and 200 mg Q3W.

The efficacy, safety, and PK/PD data supported dosing of
QL1604 every 2 or 3 weeks at doses of 3 mg/kg or 200 mg. No
DLT was observed at the planned highest dose level 10 mg/kg. Thus,
MTD was not determined yet. In addition, PRs were observed at all
dose levels except 0.3 mg/kg Q2W. All doses were well tolerated.
Tumor response and incidence of AEs were not dose dependent.
Single dose of QL1604 exhibited a PK profile that is typical of mAbs
with a dose-dependent increase in the PK exposure ranging from
0.3 mg/kg to 10 mg/kg. RO assessment by flow cytometry is a key
PD biomarker, which reflects the relative binding of a therapeutic
mAb to its cell-surface target (19). Mean RO for QL1604 at the dose
of 3 mg/kg Q2W, 3 mg/kg Q3W, 10 mg/kg Q2W, and 200 mg of
fixed dose Q3W was greater than 80% during cycle 1 after one
infusion, and no difference was observed for 3 mg/kg Q3W and 200
mg Q3W. The RO results were also comparable to that reported in
the phase I study of nivolumab, in which PD-1 occupancy also
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appeared to be dose-independent, with a mean peak occupancy of
85% (range, 70% to 97%) at 4 h to 24 h after one infusion (20).

Conclusions

In summary, QL1604 monotherapy showed favorable safety,
PK, and signal of antitumor activity in patients with advanced or
metastatic solid tumors, and the results supported further clinical
studies of QL1604. On the basis of the safety, PK, and RO data, the
recommended dosage for further clinical trials is 3 mg/kg or a fixed
dose of 200 mg given every 3 weeks.
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Medical College, Shantou, Guangdong, China

Camrelizumab, a monoclonal antibody, blocks programmed cell death protein-1
from binding to T cells and programmed cell death ligand 1 on tumor cells, thereby
ensuring sustained T cell activation and blocking immune escape of various types of
cancer, including nasopharyngeal carcinoma. Reactive cutaneous capillary
endothelial hyperplasia (RCCEP) is the most common immune-related adverse
event in patients treated with camrelizumab. We report a case nasopharyngeal
carcinoma in a patient with camrelizumab-induced RCCEP. A 68-year-old man
diagnosed with nasopharyngeal carcinoma developed RCCEP at multiple locations
after 3 months of camrelizumab treatment. RCCEP of the right lower eyelid affected
closure of the right eye. In this report, we also reviewed previous literature on
camrelizumab-induced RCCEP. In summary, the mechanism underlying
camrelizumab-induced RCCEP remains unclear. RCCEP typically gradually
subsides after discontinuing camrelizumab treatment. Larger nodules can be
treated with lasers, ligation, or surgery. Although surgical excision is effective,
RCCEP may recur in patients undergoing camrelizumab treatment. RCCEP
management may not be required in the absence of adverse effects on the
patient’s daily life.

KEYWORDS

reactive cutaneous capillary endothelial proliferation, camrelizumab, nasopharyngeal
carcinoma, case report, literature review

Introduction

In recent years, immune checkpoint blockade therapy has demonstrated remarkable
efficacy in the treatment of various malignant tumors (1, 2). Previous studies have shown
that programmed cell death ligand 1 is highly expressed in patients with nasopharyngeal
carcinoma (NPC) (3-5). Therefore, the combination of programmed cell death protein 1
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and programmed cell death ligand 1, which are expressed by T cells
and tumor cells, respectively, can block signal transduction and
enhance immune system activity, thereby destroying cancer cells (6,
7). Camrelizumab is a monoclonal antibody against programmed
cell death protein 1 that was developed by Jiangsu Hengrui
Medicine Co (8).

Immune checkpoint inhibitors are associated with a range of
immune-related adverse events (irAEs) (9, 10), which are often
associated with immune system overactivation. Reactive cutaneous
capillary endothelial hyperplasia (RCCEP) is the most common
adverse event associated with camrelizumab use and usually occurs
in the skin of the head, face, and trunk (11). However, the
mechanism underlying camrelizumab-induced RCCEP remains
unclear. We herein present a case in which a patient with NPC
developed RCCEP, a “tumor-like” nodule, on the right lower eyelid
after undergoing camrelizumab and chemotherapy. RCCEP
uncommonly occurs in this location, and the nodule interfered
with the patient’s ability to close the right eye owing to the thinness
of the skin in this area. The nodule was surgically removed, and the
patient’s prognosis was good.

Case report

In October 12, 2021, a 68-year-old man was diagnosed with
T3N2M1 NPC, based on the American Joint Committee on
Cancer’s Cancer Staging Manual, Eight Edition (12). The patient
received chemotherapy (capecitabine, 625 mg/m2 twice daily,
orally) and immunotherapy (camrelizumab injection, 200 mg
every 21 days). On February 17, 2022, the patient underwent the
seventh cycle of camrelizumab injection therapy. The timeline of
the patient’s entire treatment progress is shown in Figure 1.
Approximately 6 days later, the patient developed scattered bright
red spots on the head, face, and trunk. Some spots gradually
developed into pea-sized nodules (Figure 2). Two months later,
the nodule on the right lower eyelid had grown to the size of a
peanut (Figure 2). Head computed tomography revealed a nodule
that protruded outward and squeezed the normal eye tissue inward
(Figure 3). In addition, the nodule pulled the lower eyelid
downwards, which affected eyelid closure owing to the thin skin
and soft tissue of the lower eyelid (Figures 2A, C). After considering

Camrelizumab 200 mg once
. Capecitabine 625 mg/m2 twice daily
Camrelizumab 200 mg once
Capecitabine 625 mg/m2 twice daily

10/12/2021 10/14/2021
Diagnosed as
nasopharyngeal
carcinoma

11/04/2021 11/25/2021 12/16/2021

Camrelizumab 200 mg once
Capecitabine 625 mg/m2 twice daily

FIGURE 1
The timeline of patient progress throughout treatment.
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the patient’s condition and preferences, we resected the right lower
eyelid nodule. The patient recovered well postoperatively and was
able to close the right eye without difficulty (Figures 2B, D).

The removed nodule is shown in (Figure 4A). Histopathological
examination revealed that the lesions comprised proliferated
capillaries, which were distributed in nodular and lobulated
forms. Large vessels were surrounded by small vessels; lumens
varied in size and contained red blood cells (Figure 4B). Vascular
endothelial cells were densely arranged. The nuclei were oval or
short and spindle-shaped; mitotic figures were easily observed
(Figure 4C). These pathological results supported a diagnosis of
RCCEP. During the 6-month follow-up period, the surgical area of
the right lower eyelid had recovered well, without RCCEP
recurrence (Figure 2E). Because the patient continued to receive
camrelizumab postoperatively, dark red nodules remained on other
parts of the body (Figure 2E); however, these lesions resolved
spontaneously after the patient completed 1 year of
immunotherapy. According to Naranjo’s adverse drug reaction
probability scale (Table 1), RCCEP was most likely caused
by camrelzumab.

Discussion

RCCEP occurrence after
camrelizumab administration

Skin reactions in various organs are the most frequent irAEs,
which are triggered by immune checkpoint inhibitors (13). The
most frequent side effect of camrelizumab is RCCEP (8, 11). RCCEP
appears primarily in the skin of the head, face, and torso (11).
RCCEP in these regions is not typically fatal, although may affect
function and coordination in the affected regions. The present case
involved a patient who received camrelizumab therapy and
subsequently developed right lower eyelid RCCEP that affected
the patient’s ability to close the eye. According to current RCCEP
grading criteria, this patient was classified as having a grade 2 lesion
(single or multiple nodules, with the greatest nodule diameter
being >10 mm, with or without rupture and bleeding) (14).
Surgery was performed to restore the patient’s ability to close the
right eye. Postoperative histopathological examination confirmed

These lesions resolved
spontaneously after the
patient completed 1 year
Camrelizumab 200 mg once of immunotherapy
Capecitabine 625 mg/m2 twice daily

Capecitabine 625 mg/m2 twice daily

Camrelizumab 200 mg once
Capecitabine 625 mg/m2 twice daily
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- E—— — ——

01/06/2022

01/27/2022 02/17/2022 02/23/2022

Scattered bright red spots
appeared on the body surface,
gradually increasing in
Camrelizumab 200 mg once number and size

Capecitabine 625 mg/m2 twice daily
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FIGURE 2

Dark red nodules were distributed over the patient's head, face, and trunk. (A, C) Before surgery. (B, D) After surgery. (C) Before surgery, the nodule
pulled on the right lower eyelid, resulting in incomplete closure of the right eye. (D) After surgery, the patient could close the right eye normally.
(E) Six months after the operation, no recurrence of the right lower eyelid nodule was observed, although new nodules were noted in other parts
of the face. (F) Dark red nodules distributed over the patient’s trunk before surgery.

the RCCEP diagnosis. Since treatment with camrelizumab and
capecitabine was effective, this regimen was continued
postoperatively. Although the unresected nodules persisted and
new nodules appeared, the patient’s daily life was unaffected. The
RCCEP spontaneously resolved after the patient completed 1 year
of treatment.

Potential mechanism of camrelizumab-
induced RCCEP and comparison with
other capillary hemangiomas

The mechanism by which camrelizumab triggers RCCEP is
currently unclear. The predominant theory is that skin capillary
endothelial cells exhibit overly active immune responses. RCCEP is
histopathologically characterized by enhanced capillary endothelial cell
proliferation and numerous mitotic figures. The molecular mechanism
of camrelizumab may be that it activates CD4+ T lymphocytes, thereby
increasing interleukin-4 levels in T helper 2 cytokines. This
subsequently stimulates CD163+ M2 macrophage differentiation and

promotes capillary endothelial cell proliferation by releasing vascular
endothelial growth factor (VEGF) A (11, 15). Camrelizumab may also
induce RCCEP by causing VEGF receptor-2-induced activation of
vascular endothelial cell proliferation (16). These proposed
mechanisms offer several potential targets for RCCEP prevention.
RCCEP can be classified as a cherry hemangioma (CH), both
grossly and histopathologically (17, 18). CHs are the most prevalent
form of acquired cutaneous vascular hyperplasia and are more
common in older adults; the most frequently affected sites are the
trunk and upper extremities (19, 20). CH etiology is attributed to gene
mutations, chemical exposure, and viral infection (19). Gene mutation
studies have focused on GNAQ, GNAI1I, and GNAI14 (21, 22).
Moreover, evidence suggests that VEGFR2 mutations can cause CHs,
although the specific mechanism has not been elucidated (23, 24). CH
has distinct clinical and histopathological features, although it is not
included in the most recent edition of the International Society for the
Study of Vascular Anomalies classification of vascular anomalies (25).
The early stage of a CH is usually characterized by a flat red spot that
gradually enlarges and becomes a red, blue, or purple papule.
Histopathological investigations have revealed that CHs consist of

FIGURE 3

Head computed tomography (A: transverse plane, B: sagittal plane) shows the relationship between the nodule and surrounding soft tissues (arrows).
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FIGURE 4

10.3389/fonc.2023.1280208

8 e W

A ot

Pathological characteristics of the right lower eyelid nodule. (A) The size of the surgically resected nodule was about 1.5 cm x 1.0 cm x 0.9 cm.
(B, (C) Hematoxylin and eosin staining showed extensive capillary proliferation. (B) X 200; (C) X 400.

lobulated, small-to-mildly dilated, thin-walled vessels with various sized
lumens lined with a single layer of endothelial cells (21). These lesions
are typically asymptomatic and do not require specific management.
Effective treatment methods for CHs can also be used to treat RCCEP.

Infantile hemangioma (IH), also known as infantile capillary
hemangioma or strawberry hemangioma, is a benign lesion
commonly found on the head, neck, trunk, and extremities. Most
of these lesions resolve spontaneously (26). IH growth can be divided
into three stages: rapid vascular endothelial cell proliferation,
decreased vascular endothelial cell proliferation, and replacement of
vascular tissue with fibrofatty tissue (27). Oral propranolol
administration, laser therapy, and surgery are the most common
clinical treatment options for IH (28). However, the pathogenesis of
IH is unclear. The current mainstream view is that pluripotent stem
cells respond abnormally to stimuli, such as hypoxia and the renin-
angiotensin system (27). As with CH, GNAQ, GNA11, and GNA14
mutations may also cause IH (29-31). Furthermore, gene mutations
may interfere with the VEGF A signaling pathway (32, 33). VEGF
receptor-2 is the receptor for VEGF A, and some patients with IH
have VEGFR2 mutations (34, 35).

Pyogenic granuloma (PG), which is more accurately termed
lobular capillary hemangioma, is an acquired benign lesion that
occurs in tissues such as the skin and mucous membranes (36, 37).
Chronic mild irritation, hormonal imbalances, and drug influences
are considered the main PG etiologies (38-40). Cutaneous PG
manifests as painless, red, and fleshy nodules that closely
resemble RCCEP. Histologically, PG consists of clusters of
proliferating capillaries arranged in a lobular structure (41, 42).
Current evidence attributes its pathogenesis to effects on the
upstream mediator gene, BRAF, on the mitogen-activated protein
kinase pathway (43, 44). Although some PGs resolve spontaneously,
most require treatment. Treatments include surgical resection,
cryotherapy, laser therapy, and imiquimod cream. Among these
treatments, surgical resection is the most effective and results in the
lowest recurrence rate (37, 45).

Prevention and treatment of RCCEP
caused by camrelizumab

Apatinib has successfully lowered the incidence of RCCEP (46—

49). Apatinib is a tyrosine kinase inhibitor that selectively inhibits
VEGF receptor-2 (50, 51) and inhibits VEGF-induced endothelial
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cell migration and proliferation, thereby preventing new blood
vessel formation in the tumor tissue. Therefore, the combination
of apatinib and camrelizumab may prevent RCCEP development by
inhibiting capillary endothelial cell proliferation.

Many studies have shown that patients receiving camrelizumab
combined with chemotherapy have better progression-free and
overall survival rates than those of patients receiving
chemotherapy alone (52-57). Camrelizumab and chemotherapy
combined can achieve greater clinical benefits in patients with
advanced NPC (58, 59). Camrelizumab combined with
chemotherapy can also reduce the risk of RCCEP. Fang et al.
reported that camrelizumab administration alone in patients with
NPC resulted in a RCCEP incidence of 88% (82/93), compared with
only 22% (5/23) when camrelizumab was administered in
combination with gemcitabine and cisplatin (58).

TABLE 1 Naranjo's adverse drug reaction probability scale.

Related issues results score

1. Are there previous conclusive reports of this yes +1

reaction?

2. Did adverse event appear after the suspected drug yes +2

was given?

3. Did the adverse reaction improve when the drug was yes +1

discontinued or a specific antagonist was given?

4. Is the ADR repeated after the use of the suspected not 0

drug again? known

5. Are there alternative causes that could have caused no +2

the reaction?

6. Did the reaction reappear when a placebo was given? not 0
known

7. Was the drug detected in any body fluid in toxic not 0

concentrations? known

8. Was the reaction more severe when the dose was not 0

increased, or less severe when the dose was decreased? known

9. Did the patient have a similar reaction to the same no 0

or similar drugs in any previous exposure?

10. Was the adverse event confirmed by any objective no 0

evidence?

Total score 6

Naranjo’s score > 9 points: definite, 5-8 points: probable, 1-4 points: possible, < 0
points: doubtful.

frontiersin.org


https://doi.org/10.3389/fonc.2023.1280208
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Lin et al.

By preserving immune activity, anti-programmed cell death
protein 1 therapy suppresses tumors over the long term. An
overactivated immune system may cause irAEs. Improvements in
illness prognosis and the emergence of irAEs represent two sides of
the same coin. The clinician is responsible for adjusting the
medication regimen according to the clinical situation and
intervening if adverse reactions occur. As previously stated, most
patients with RCCEP do not require special treatment. RCCEP may
gradually resolve if camrelizumab is ineffective and subsequently
discontinued. If rupture and bleeding occur, the wound surface
should be promptly disinfected, and antibacterial drugs should be
administered externally if necessary. Therapeutic measures can be
taken when RCCEP adversely affects the patients’ daily life.
Traditional treatment methods include cryotherapy,
electrosurgery, ligation, and surgical resection (19, 60). With the
recent development of light therapy, safer and more effective
options have become available for the treatment of capillary
hemangiomas; nevertheless, these treatments are expensive (61-
63). Several types of lasers can be used to treat capillary
hemangiomas, including pulsed dye, alexandrite, neodymium-
doped yttrium aluminum garnet, copper bromide, krypton, 532-
nm diode, and potassium-titanyl-phosphate lasers (63-67). Intense
pulsed light therapy can also be used to treat capillary hemangiomas
(68). In cases of grade 3 or higher RCCEP, drug therapy should be
immediately discontinued to reduce the mortality risk.

Conclusion

The development of immunotherapeutic drugs has increased
the possibilities for cancer treatment. Meanwhile, cancer diagnosis
and treatment require ever-increasing levels of cooperation among
multiple disciplines, and increased focus on safe and rational drug
administration is required by clinicians. Herein, we described a
patient with camrelizumab-induced RCCEP in the right lower
eyelid. Although this lesion affected the patient’s ability to close
the right eye, their prognosis was good after surgery. This case
illustrates the importance of considering the therapeutic efficacy
versus the risk to maximize the benefit during cancer treatment. In
addition, the data obtained in our clinical practice and provided
herein can be used as a reference for improved medication
regimen guidance.
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Recent progressions in immunotherapy have transformed cancer treatment,
providing a promising strategy that activates the immune system of the patient to
find and eliminate cancerous cells. Bispecific antibodies, which engage two
separate antigens or one antigen with two distinct epitopes, are of tremendous
concern in immunotherapy. The bi-targeting idea enabled by bispecific
antibodies (BsAbs) is especially attractive from a medical standpoint since most
diseases are complex, involving several receptors, ligands, and signaling
pathways. Several research look into the processes in which BsAbs identify
different cancer targets such angiogenesis, reproduction, metastasis, and
immune regulation. By rerouting cells or altering other pathways, the bispecific
proteins perform effector activities in addition to those of natural antibodies. This
opens up a wide range of clinical applications and helps patients with resistant
tumors respond better to medication. Yet, further study is necessary to identify
the best conditions where to use these medications for treating tumor, their
appropriate combination partners, and methods to reduce toxicity. In this review,
we provide insights into the BsAb format classification based on their
composition and symmetry, as well as the delivery mode, focus on the action
mechanism of the molecule, and discuss the challenges and future perspectives
in BsAb development.

KEYWORDS

bispecific antibodies, immunotherapy, targeted therapy, tumor microenvironment, cancer

1 Introduction

Currently emerging cancer immunotherapies include cancer vaccines, T cell receptor T
cells (TCR-T) or chimeric antigen receptor T cells (CAR-T), cytokine therapies, immune
checkpoint blockades (ICBs), and tumor-targeted antibodies (1). Monoclonal antibodies
(mAbs), in particular, are powerful tumor-targeted antibodies that have been licensed for
use in cancer in the US and Europe for the first time in 2022 (2). However, the complicated
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pathophysiology of tumors limits the therapeutic efficacy of mAbs
(3, 4), while the combination of two or more mAbs may be subject
to safety and efficacy issues (5). Bispecific antibodies (BsAbs) have
been developed to bind two specific epitopes or target proteins at
the same time. These antibodies have improved specificity,
increased targeting ability, and reduced off-target toxicity.
Moreover, BsAbs have the potential to effectively lower the cost
of treatment, revitalizing the field of cancer immunotherapy (6).

The first BsAb was created in the early 1960s and was based on
mild reoxidation of binding fragments from two different
polyclonal sera (7). Later, based on enzymatic digestion of
hybridoma peptides, hybridoma technology allowed the chemical
coupling of mAbs or fragment antigen-binding (Fab) fragments (8).
With the rapid development of genetic engineering technology, the
multifunctional BsAb formats received great attention in clinical
application. Mechanically, BsAbs inhibit tumor progression directly
or indirectly mainly by redirecting immune effector cells into
tumors, delivering radioactive or drug payloads to cancer cells,
targeting multiple signaling pathways, and so on. For example,
BsAb drug catumaxomab, which contains anti-epithelial cell
adhesion molecule (EpCAM) and anti-cluster of differentiation 3
(CD3) molecule, destroys tumors via T cell-driven lysis, cytotoxicity
triggered by antibodies, and phagocytosis via helper cells with Fcy
receptors (FcyRs) (9, 10). Four BsAb medications, including
tebentafusp, faricimab, mosunetuzumab, and teclistamab, were
approved for marketing in 2022 alone, suggesting that BsAbs are
promising approaches to develop antitumor therapies (Figure 1).

In the review, we will systematically cover the antitumor
principle and clinical applications of BsAbs in multiple formats.
We will also introduce the preparation technology and delivery
method of BsAb, and discuss their challenges and prospects in the
treatment of solid tumors.

2 Format of BsAbs

The power of BsAbs lies in their capacity to create new activities
that demand the union of two binding specificities in a single
molecule (28). Their functionality can be greatly impacted by
domain composition or “shifting” linker length and unique
arrangements of (non-)chemical bonds. The design of BsAbs’
forms can also affect other factors including diffusion and
pharmacokinetic activity (29, 30). In addition to expression
platform’s stability and output, the presence or absence of
undesirable side products is another factor that must be taken
into account. The wide range of BsAb formats produced by the
numerous designing methods can be categorized by their design
elements or functional characteristics (28).

2.1 Classification of BsAbs based on
composition

Based on structural components, BsAbs could be roughly

classified into BsAbs with Fragment crystallizable (Fc) regions
and BsAbs without Fc regions. BsAbs with Fc regions can help
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activate the immune system via Fc domain’s interaction with cell
surface receptors, as well as endow the BsAb molecules with longer
half-lives on account of their larger sizes and the neonatal Fc
receptors (FcRn)-mediated recycling pathway (31). However, Fc
region’s engagement with FcyRs can lead to serious cytotoxicity
events, which may be a merit of BsAbs without Fc region (32). The
Fragment variable (Fv)-only molecules are also easier to produce.
While BsAbs without Fc domains lack interactions with CH
(constant heavy chain)1/CL (constant light chain) regions, more
techniques must be applied to stabilize the Fab regions.

2.1.1 BsAbs with Fc regions

BsAbs that contain the Fc region include Immunoglobulin G
(IgG) constructs such as Duobody (controlled Fab-arm exchange
technology) (33, 34), Fabs-In-Tandem Immunoglobulin (FIT-Ig)
(35), Cross-Mab (36), scFv-Fc constructs (single chain variable
fragment), VHH-Fc constructs, and dual-affinity retargeting
(DART)-Fc constructs (37).

Fc region offers BsAbs a number of advantages. The
engagement of Fc region with membrane Fc receptors (FcRs) and
certain complement system proteins help to activate the immune
response. The Fc-directed receptor downregulation and malignant
cells apoptosis through monocyte/macrophage trogocytosis is
required for the antitumor efficacy of amivantamab (38, 39).
These BsAbs have longer half-lives because of their big size and
recycling pathways controlled by FcRn (37). An entire IgG antibody
has a molecular mass of 150 kDa and is removed by the liver,
whereas molecules with a molecular weight less than 60 kDa are
filtered by the renal system (40). The combination of homologous
variable heavy chain (VH) and variable light chain (VL) domains is
further driven by the fusion of a heterodimerizing Fc region,
making purification with affinity resins like protein G feasible (41).

However, off-target cytotoxicity and reduced treatment
efficiency are associated with Fc-mediated downstream actions.
When Fc region of medicinal antibodies interact with FcyRs,
serious adverse effects may occur (42). Except for safety concerns,
CD3-directing BsAbs with an active core demonstrated less effective
in vivo (28, 43). To reduce the aforementioned negative effects,
presently available BsAbs targeting CD3 either omit the Fc region or
have modified Fc domains to minimize FcyR interaction (28).

2.1.2 BsAbs without Fc regions

BsAbs without Fc region lack the Fc-mediated effector actions
mentioned above, but they aid in eliminating the chain-association
problem. Moreover, the formats can be produced economically and
high-yieldingly by expressing 1-2 peptides strands in simple
eukaryotic and prokaryotic protein synthesis platforms (28, 44, 45).

BsAbs without Fc region mainly consist of tandem single-chain
variable fragments (scFv2, taFv), bispecific one-domain antibody
hybrid proteins, diabodies, and fragment antigen-binding (Fab
fusion protein) (30). The taFv, which stands for the minimum
BsAD, can be created by joining two scFvs together with a linker and
normally ranges 50-60 kDa in size (30). However, these Fv-only
moieties are short of the native-like connections with CH1/CL
regions which is required for the stability and solubility of Fab
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FIGURE 1

Timeline. The timeline showcases the technical innovations and clinical research in tumor of BsAb. In 1960, the concept of BsAb was proposed (11).
In 1964, researchers created molecules with two different binding sites (12). BsAb with asymmetric structure was produced using hybridoma
technology in 1983 (13). In 1985, the idea of BsAb that can redirect T cells was proposed (14). Diabody, a small molecule BsAb fragment, was
designed in 1993 (15). In 1988, researchers developed scFv fragments (16). From 1995 to 1996, the problem of protein subunit pairing was first
solved (17, 18). In 1997, BsAb with symmetric structure was manufactured (19). It was discovered in 1999 that natural human IlgG4 molecules were
bispecific (20). In 2007, the process of Fab fragment exchange in human IgG4 was explained (21). Catumaxomab was approved by the EU in 2009
but later withdrawn in 2007 (22). In 2011, the problem of light chain pairing was solved through domain swapping strategy (23). Bispecific IgG1 was
produced using Fab fragment exchange in 2013 (11). In 2014, the problem of light chain pairing was solved through orthogonal Fab fragments (24).
In 2015, Blinatumomab was approved (24). Amivantamab-vmjw was approved in the U.S. in 2021, and in 2022, Tebentafusp, Mosunetuzuma, and

Teclistamab were also approved in the U.S (25-27).

regions (46). By creating a disulfide connection between the VH and
VL domains, the stability of tandem scFv can be enhanced (30, 47).
Bispecific single-domain antibody hybrid molecules can be made by
one-domain antibodies, such as VH or VL domains, VHH, variable
new antigen receptor (VNAR) and nanobodies (Nbs) (30).
Compared to human programmed cell death-ligand 1 (PD-L1)-
targeting mAb or vascular endothelial growth factor receptor type 1
domain 2 (VEGFR1D2) fusion protein alone, the HB0025 that
combines the VEGFR1D2 and anti-PD-L1 mAb was more effective
at preventing the growth of tumor (48). Diabody is a noncovalent
heterodimer comprising the VH and VL portions of the scFv
fragment linked by a short peptide. Since only some of the
potential arrangements and orientations preserved binding
potential for both antigens, it is crucial to choose the ideal VH/
VL organization and alignment (30, 49, 50). In addition to domain
order, the diabody-Ig platform utilize the dimerization domains
CHI/CL, heterodimerizing EH Domain Containing 2 (hetEHD2),
EH Domain Containing 2 (EHD2), and IgM heavy chain domain 2
(MHD?2) to stabilize the diabody (51, 52). Furthermore, the domain
connection was modified to promote heterodimerization (30). Fabs
can serve as the foundation to which other binding elements are
attached (30). A scFv may be attached to the C-terminal of either
the light strand or the VH-CHI1 (Fd) chains (e.g., bibody Fab-L-
scFv, Fab-H-scFv), or to both strands (e.g., tribody, Fab(scFv)2)
when Fabs are connected by hinge-regions (30, 45, 53-59).

The antigen-combining abilities of heavy-chain antibodies are
entirely preserved in Nbs created from variable heavy-chain
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segments (VHH) in camelid heavy-chain antibodies (60). The
molecule weight of the Nbs is 12-15 kDa, which is considerably
less than the molecule weight of typical antibodies (150 kDa) (61,
62). Nbs with hydrophilic interfaces prevent the discrepancies in the
heavy and light chain pairing of traditional antibodies, are not
bound to light chains, which are vulnerable to polymerization, and
are distinguished by tiny molecular mass, excellent solubility, and
persistence (62). Nbs exhibit lower immunogenicity and simpler for
humanizing and application in the clinic than traditional antibodies
(62, 63). BsAbs can be created by modifying two Nbs which hit
separate tumour antigens in order to enhance the selectivity of
anticancer antibodies and render them optimal antibodies. In the
detection and management of infection, cancer, and immunity,
BsNbs are a scientific focus due to the improvement of BsNbs
binding capacity, lengthening of plasma half-life, decrease in drug
resistance, and severe side effects (62, 64). Liu et al. created the anti-
CD20/CD3 BsNb by merging the anti-CD20 VHH gene with a
thoroughly validated anti-human CD3 VHH built on the acquired
anti-CD20 Nbs. After being incubated with human sera at 37°C for
48 hours, the anti-CD20/CD3 BsNb was still able to retain 80% of its
binding efficacy. The findings demonstrated the potent anticancer
activity of the developed anti-CD20/CD3 BsNb (62). Employing a
BsNb which could concurrently target epidermal growth factor
receptor (EGFR) and human epidermal growth factor receptor 2
(HER2) on cancer cells, Hong et al. created a dual-directed non-1gG
form of BsAbs. The absence of Fc effector functional capabilities was
restored by site-selective alteration of the EGFR-HER2-targeted
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BsNb employing the rhamnose (Rha) hapten through sortase A-
regulated binding. The adjusted BsNb-Rha combination
demonstrated significantly better pharmacokinetics and effective
inhibiting actions against in vivo development of xenograft tumors
(65). With the application of in silico methods, an improved
bispecific design was created that can engage the therapeutically
important antigens TNF-o and TNF-0i-23 concurrently and, thanks
to its increased avidity, efficiently block the death of TNF-o-
sensitive 1929 cells (66).

2.2 Classification of BsAbs based on
symmetry

Through the lens of symmetry, BsAbs can be categorized into
the asymmetric ones and the symmetric ones (Figure 2).
Asymmetric BsAbs are initially created by combining two
antibody-producing cell lines; with the advancement of genetic
engineering, the technology is employed to produce BsAb, greatly
assisting with the “chain” problems (it will be clarified in the
following text) (Figure 3). Another approach to get around the
“chain” issues and make the construction simpler is to design
symmetric BsAbs, which could be generated by fusing or
modifying IgG proteins.

2.2.1 BsAbs of an asymmetric architecture

Every bispecific IgG molecule (antibody that is similar to
natural immunoglobulins in constitute) is bivalent and has an
asymmetric architecture because it contains at least distinct Fv
regions (30).

Asymmetric BsAbs can be generated by merging two antibody-
generating cell lines, e.g., producing a hybrid-hybridoma by fusing
YTHI12 and the MGICD19 cell lines (73). However, nine unwanted
products will be generated by simply fusing two cell lines together
(30). Genetic engineering is an alternative to remedy the issue.
Through genetic methods, it is possible to create cell lines that
produce two separate heavy and light chains and enable their proper
integration (30). The heavy chain issue can be handled by BsAbs
featuring an asymmetric Fc domain. Several methods created over
the past 20 years leverage specific interchain disulfides, as well as
steric or electrostatic steering effects to create a complimentary
interface, benefiting heterodimerization against homodimerization
(30). The knobs-into-holes (KIHs) strategy is a promising way to
create BsAbs by inducing heterodimerization with mutations in the
CH3 domain of each half antibody (74, 75). It was found that there
was no significant change in the conception kinetics of BsAb
produced by the KIHs technique, and the stability was similar to
that of the wild-type antibody structure (74). Epcoritamab which
recognises CD3 and CD20 and was created via cFAE of a
humanized CD3 mAb and the human CD20 mAb7DS8 (68). In
extremely resistant patients with large B-cell lymphoma, notably
those who had previously been exposed to CAR T cells,
subcutaneous Epcoritamab produced profound reactions as well
as reasonable safety (76). Flexible linker peptides may also be
employed to fuse Fabs at their C-termini to a highly
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hereodimerizing Fab-like molecule (30). For instance, TriFabs are
BsAbs with an IgG structure made of two conventional Fab
connected by elastic linker protein to a single asymmetrical third
Fab-sized interaction unit. The third module is S354C-Y349C
disulfides connect CH3 knob-hole heterodimers, which replaced
the original Fc region (70).

To maintain the related functions and favorable qualities, the
major methods to create the forms in the category aim to preserve
the structure of natural antibodies precisely. Nevertheless, in certain
formats, the complex architecture to address the chain-association
problem may negate these benefits (28). Compared to formats that
permit multivalent target binding, asymmetric forms’ lower avidity
may influence their strength (28, 77).

2.2.2 BsAbs of a symmetric architecture

Incorporating two particularities into single heavy & light
combination or peptide strand will result in symmetrical BsAbs,
and can solve the chain-association problem whilst preserving the
Fc domain (28). Also, the symmetric form is easier to
construct (58).

One strategy is to produce IgG fusion proteins, to be more
specific, by fusing scFv, domain antibodies and scaffold proteins,
Fab arms, or additional VH and VL domains. For instance, the T
cell-stimulating BsAb CLN-049, which binds to CD3 and FLT3, was
created as an IgG heavy chain/scFv hybrid (78). Another strategy is
to modify IgG molecules. Either the VH and VL domains’ original
antigen-binding sites was altered or an extra binding site was
transplanted to the Fc fragment’s bottom portion (30). With two
unique, regionally separated interaction sites inside the human
antibody CDR loops, dual targeting Fab (DutaFab) molecules was
developed (79).

While almost mimicking natural antibodies, symmetric forms
bear differences in size and organization. These variations may
adversely alternate antibodies’ features (eg, consistency and
solubility), which could disrupt their physicochemical and/or
pharmacokinetic qualities (28, 80, 81). Most clinical test formats
feature tetravalent 2+2 configurations due to the symmetric
character and thus anticipated to have enhanced affinity against
both malignant cells and T cells. However, this was just of
secondary significance in terms of therapeutic efficacy. Despite
sharing identical neoplasm binding and having improved T cell
interaction compared to 2+2, 2+2B (Bispecific T cell engager
(BiTE)-Fc) and 2+2HC (IgG-[H]-scFv) both failed to exhibit
anticancer efficacy in vivo (28, 58).

3 Preparation technology of BsAbs

Methods of preparation of BsAbs are classified as chemical
coupling, hybridoma binding and gene cloning methods (82, 83).
Chemical cross-linking is the process of forming disulfide bonds
between antibody molecules of different specificities or F(ab’) by
using a specific chemical cross-linking agent, thus creating a
heterodimer. This can be in the form of coupling between whole
antibody molecules, or between F(ab’) and F(ab’)2 (84). BsAbs
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A selection of some common BsAb formats. (A) Fc-modified IgG format, built with the KIH technology to heterodimerize two different heavy chains.
(B) DuetMab, improving the efficacy of homologous heavy and light chain coupling by designing a new disulfide bond to substitute the natural one
in one of the CH1-CL interfaces (67). (C) Duobody, its Fc region was suppressed by inserting mutations, which circumvents the Fc-mediated
cytotoxicity (68). (D) Appended IgG format, IgG- single-chain variable fragment (scFv) (light chain, LC). (E) Appended IgG format, IgG-heavy chain
(HC)-scFv. (F) scFv-Fc format, constructed with the KIH approach. (G) Fab-scFv-Fc format, built with the KIH method. (H) DART-Fc construct, a
DART protein unites two separate antigen-binding regions in a stable, diabody-like architecture (69). (I) TriFabs, IgG-based BsAbs made up of two
normal Fab arms connected by flexible linker peptides to a third Fab-sized interaction unit (70). (J) CrossMab, antibody domain crossover enables
the proper connection of generic light chains (71). (K) Tandem scFv (taFv), the minimum BsAb. (L) Triplebody, a construct similar to taFv. (M) Diabody
(db), a short protein linker joins the heavy chain variable (VH) and light chain variable (VL) domains of a scFv segment to form a noncovalent
heterodimer. (N) DART, made up of two Fv segments that heterodimerize to generate two distinct antigen-binding sites. (O) Tandem single-domain
antibody (dAb)/VHH, made up of the antigen-engaging portion of heavy chain-only antibodies (72). (P) Fab-scFv (bibody), a scFv segment is fused to

the C-terminus of the Fab framework to produce the bibody. (Q) Fab-scFv (tribody), a format similar to the bibody.

prepared by this method can directly utilise existing antibodies and
has a high yield, but its activity may be affected by damage to the
antigen-binding site (85). Hybridoma technology is based on
monoclonal antibody technology, in which hybridoma cells
secreting two antibodies are fused to produce hybridomas that
stably secrete BsAb. Co-expression of the respective
immunoglobulin (Ig) genes produces two types of H and L
chains, which combine to form a BsAbs with the characteristics
of the parental Ig (86). BsAb prepared using the hybridoma method
is more random and relatively inefficient, but it has better biological
activity and a more stable antibody structure (87). Genetic
engineering techniques have opened up new avenues for the
preparation of BsAbs, either by cloning the gene encoding the
parental antibody and transfecting it into host cells for direct
expression of BsAbs, or by gene shearing and constructing a scFv
for the preparation of modified BsAbs (30).

A quality technology platform is key to the success of BsAbs
development, and several technology platforms are in progress (88).
Among the BsAbs technology platforms with Fc are Crossmab/
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KIH, DVD-Ig (dual variable domain-Ig), IgG-scFv, FIT-Ig, mAb-
Trap, duobody ect (48, 89-92). Dual antibody technology platforms
without Fc include BiTE, DART, TandAb, ImmTAC, BriKE, etc
(93, 94). Developing BsAbs with the aforementioned functions
requires careful adjustment of a number of variables in order to
attain the ideal practical result. A blend of complementary binders
and other elements in formats which allow the required
functionality is necessary for the creation of BsAbs (95). Here, we
will introduce several promising preparation methods.

3.1 Knob-into-hole technology

BsAbs possess two distinct paratopes on their variable regions
that recognize two separate antigens, in contrast to normal mAbs
that contain two same antigen-binding or Fab components. Due to
this special characteristic, BsAbs can take on more intricate forms,
such as homodimers made of two distinct arms or light chain
mismatches, among others. The KIH configuration was employed
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Problems raised by the variety of pairings and the corresponding solutions. (A) The result of simply fusing two different cell lines. (B) Solve the heavy
chain problem by designing an asymmetric Fc region. (C) Address the issue with light chains by subsequent design of the identical light chain or

force light chain pairing.

to create BsAbs to foster heavy-chain heterodimer pairing of the
two hemi-antibodies (17, 96). Knob and hole mutations shouldn’t
affect antigen recognition or Fc activity since they are in the CH3
domain interaction surface. There are multiple ways to prevent light
chain mismatching over assembly (97). One method involves
expressing two half-antibodies in two separate host cells during
an in vitro production process. Following two distinct Protein A
specificity grab procedures, the two hemi-antibodies are combined
for in vitro synthesis by reduction and oxidation, which is
proceeded by subsequent BsAb purifying (98, 99). It was possible
to detect chemical alteration sites and evaluate the steadiness and
wholeness along with the operation of a BsAb by applying a variety
of stressful situations together with dimension isolation
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chromatography, ion switch chromatography, LC-MS/MS
peptides mapping, and practical examination by cell-based tests.
Grunert et al. observed that IgG1 KIH CrossMab-engineered BsAbs
were significantly more stable than commercially available
antibodies (100). Furthermore, Liu et al. discovered that the KIH
architecture did not significantly modify the organization or
conformation motion, and the structural security is comparable to
that of wild-type (WT) IgG4 (apart from a minor change in the
CH3 domain) generated in E. coli (74).

The KIH structure and in vitro construction may effectively
promote the heterodimerization of the heavy chains; nevertheless,
throughout hemi-antibody isolation and BsAb installation, some
homodimers (such as knob-knob and hole-hole dimerization)
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remain detectable (96). In the Fc region of an IgGl BsAb, Elliott
et al. uncovered the molecular specifics for KIH and homodimer
engagements (101). The knob-knob and hole-hole Fc component
homodimers’ X-ray crystal structures have been resolved, revealing
a juxtaposed Fc configuration. Bispecific variations have been
identified and quantified via intact mass evaluation (99, 102-104).

3.2 CrossMab technology

Combined with techniques that allow for accurate heavy-chain
connection with already-existing pairs of antibodies, CrossMab
technology, in conjunction with KIH technology, permits an
appropriate antibody light-chain interaction with its
corresponding heavy chain in BsAbs (105). The BsAbs are made
up of two arms: one altered, and the other is not. Adjustments may
be restricted to the VL-VH domain, the whole Fab region, or the
CL-CHI1 area (23). Due to the modifications, the intended chain
interaction is enacted because the unaltered heavy chain could no
longer interact with the altered light chain. In terms of structure and
purity, the CL-CH1 CrossMAD displayed the best results among the
three potential changes (106). Clinical trials are now being
conducted to assess a number of BsAbs developed by CrossMADb
innovation (71). The BsAbs that have currently been produced
using CrossMAb include RO6958688 (CD3, CEA) for
carcinoembryonic antigen (CEA)" solid tumors, RG7221 (Ang2,
VEGF), RO7121661 (PD-1, TIM3), and RO5520985 (Ang2, VEGF)
(28, 107).

3.3 FORCE technology

Being a high-throughput method, Format Chain Exchange
(FORCE) provides effective combined production of BsAbs in
various arrangements for screening in ultimate form. The
technique is based on the formation of BsAb from monospecific
educts carrying various binders in various forms. Input agents for
the production of BsAbs are monospecific entities with matching
CH3-interface-regulated and imitation chains with affinity tags,
analogous to KIH hemi-antibodies. These comprise mutations
which result in minor interaction repulsions without affecting the
production or biological characteristics of educts. Instability at the
CH3-educt interfaces resolves to complete compatibility upon mild
reduction of pairings of educts, initiating unprompted chain
interchange events. This results in the formation of sizable BsAb
matrices including various binders in various forms. Processing
automation is made possible by benign biological characteristics,
excellent production outputs of educts, and ease of purification. The
monospecific input components comprise designed Fc-mimic
chains that induce heavy-chain interchange processes that lead to
formation. Production automation is made possible by efficiency,
sturdiness, and simplicity (including assembly and one-step output
purifying), allowing for thorough screens of BsAb binder-format
layout spaces (95).
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3.4 SEEDBodies technology

By creating strand-exchange engineered domain (SEED) CH3
heterodimers, Davis et al. built a heterodimeric Fc system which
facilitates the construction of bispecific and asymmetric hybrid
proteins. Human SEED CH3 heterodimers, which are made up of
alternate parts of human IgA and IgG CH3 patterns, are produced
by the variants of human IgG and IgA CH3 regions. When
produced in mammal cells, the resultant pair of SEED CH3
regions selectively interacts to generate heterodimers. SEEDbody
(Sb) fused proteins are made up of [IgG1 hinge]-CH2-[SEED CH3],
and one or more fused couples could be genetically related to them.
Mammal cells producing SEEDbody (Sb) fusing proteins result with
large outputs of Sb heterodimers which can be easily separated to
get rid of the modest byproducts. To simplify examination of
heterodimer production in the current study, fusion companions
are usually introduced to the N- or the C-terminal of one Sb chain.
The lengthy plasma half-life prolongation characteristic of
analogous fusion involving Fc segments and IgG1 standards were
visible in the Sb pharmacokinetics after being delivered
intravenously to rodents (108).

3.5 Duobody® technology

DuoBody® innovation was created by Engelberts et al. to
produce complete IgGl BsAb employing cFAE. Here, under
carefully monitored fabrication circumstances, two original IgGl
mAb with paired single spot mutations in the IgG Fc region
rearrange into full-length bispecific IgGls (33, 109). At both the
laboratorial and industrial scales, it was demonstrated that the cFAE
technique is a simple and reliable way to produce durable BsAb with
a greater output contrasted with other BsAb technologies (110).
Additionally, the approach offers the chance to create and screen
sizable and different arrays of BsAb, allowing for the identification
of BsAb with the best functionality (68). In patients with progressed
solid cancers, DuoBody-CD40-4-1BB has the potential to improve
anticancer immunity by altering DC and T-cell activities (111). A
transformed CD3 mAb and the human CD20 mAb 7D8 were
combined to create DuoBody-CD3xCD20 (GEN3013), a BsAb
recognizing CD3 and CD20 (76, 112). The subcutaneous injection
route might offer a way to lower patients’ peak cytokine levels, as
well as a way to ease their medical strain and make more efficient
use of the facility’s resources (68).

4 Delivery of BsAbs

Currently, there are two ways to deliver BsAbs to the tumor
sites. The first is to administer BsAbs after they have been produced
in vitro, a process that is generally costly, time-consuming, and
ineffective. The second is to enable the in vivo synthesis of BsAbs,
which can counteract the quick kidney elimination of Fc-free forms,
rendering a prolonged potent antibody level and can bypass issues
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with recombinant antibody assembly and long-term preservation
(113, 114) (Figure 4).

4.1 Delivery of in vitro-produced BsAbs

The majority of antibody-based treatments are administered
following in vitro synthesis. In terms of the scope of action, these
deliveries could be classified into circulatory delivery (e.g.,
intravenous (IV), intracutaneous (IC), subcutaneous (SC), or
intramuscular (IM) delivery) and local delivery. Delivery to
cancer is regulated by an intricate interaction of factors: the spot
of infusion (e.g., IV, IC, or intratumor), carry via the plasma and
lymphatics, permeation across the endothelium and basal lamina
into the interstitium, hydrodynamic tension in the blood vs. the
carcinoma tissues, and removal of biologics from the scheme (e.g.,
by renal filtration, hepatic evacuation (115)).

Although the IV method provides 100% bioavailability,
physiological obstacles and circulatory dispersion significantly
lower the real BsAb level in the target sites (116). Additionally, IV
infusion is inconvenient and takes time, as purified BsAbs that
require higher concentrations must be supplied by gradual IV in
order to prevent injection responses (114). Considering the
maximal amount of infusion is limited, accordingly, low BsAb
solubility at high densities is the most typical barrier for SC or
IM. Clinical-grade BsAbs are very costly and have production
difficulties, such as low durability over long-range preservation
and a propensity to congregate (117, 118). The BBB is a tough
hurdle that prevents drug transport to the brain. The employment
of intrinsic brain endothelial delivery channels is a viable strategy to
bypassing the biological hurdle via receptor-mediated transcytosis
(RMT). BsAbs are the perfect choice for the purpose since
treatments engineered demand at least two capabilities, one that
aids delivery and the other to give clinical effect (119). The most
typical RMT (TR, InsR, and LRP1 receptor) have been effectively
exploited to cross the BBB (120, 121). Since the BBB is disrupted in

In vitro-produced BsAbs
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brain malignancies, it is necessary to particularly look into the
production of novel candidate receptors facilitating RMT
particularly for the blood-brain tumor barrier (122). Besides
getting to the pathways, innovations to effectuate BsAb
distribution into the brain should also be taken into account (119).

Regional administration can improve potency and lessen overall
contact for various ailments. In certain malignant situations,
intratumoral or intraperitoneal injection of BiTEs may confine
effects to malignancies (123-125). An efficient and feasible
approach is to use solid implants, granules, or injected storage
made of biodegradable and biocompatible polymers to entangle
BsAbs and unleash them as the polymer breaks down. PEG-PLA
copolymers, a depot-injectable polymeric platform created in situ,
were utilized to transport BiJ591 (a BsAb targeting CD3" T cell and
prostate-specific membrane antigen (PSMA) on prostate cancer
cell) against prostate tumor. The transport method could regulate
BiJ591’s discharge while preserving its durability and activity, and
the treatment efficiency was higher than IV delivery (126, 127).

Transport techniques utilizing nanoparticles also showed
impressive performance. Contrasted to XA-1 protein alone, lipid
nanoparticle-encased mRNA-expressed XA-1 displayed greater
potential anti-cancer effectiveness (128). Administration platforms
like liposomes and cell-infiltrating peptides have also been
demonstrated to be more efficient than the use of a solitary
drug (127).

4.2 Delivery of in vivo-produced BsAbs

In vivo gene treatment was created, in an effort to strike a
balance between potency and security. The two major schemes are
the in vitro inoculation of genetically engineered cells and straight
gene transport via vectors, mRNA, and plasmid DNA (127).

Both viral and nonviral vectors could be employed to convey the
genetic material encoded for BsAb in vivo, while utilizing mRNA or
plasmid DNA, direct in vivo administration of synthesized nucleic
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Delivery of BsAbs. There are two ways to deliver BsAbs to tumors: administer pre-made BsAbs, which is expensive and inefficient, or allow for in vivo
synthesis of BsAbs, which can avoid elimination assembly, and preservation issues.
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acid-coded BsAbs suggests new methods (114, 117, 129, 130). A
CaPO-nanoneedle/minicircle DNA platform generated BsAb
(EpCAM/CD3-targeted) resulting in a considerable slowdown of
tumor development and a prolongation of animal life-span with
minimal toxicity in an intraperitoneal xenograft model with human
ovarian carcinoma cell line SKOV3 (131). A synthesized HER2
plasmid DNA-coded BiTE effectively recruited T cells to identify
and ruin HER2" melanoma cells, and it exhibited potent anti-cancer
effects in vivo (127, 132). Additionally, numerous oncolytic viruses
were equipped with expression cassettes generating BiTEs, proving
that when straight oncolysis and T cell-regulated destruction are
combined, anticancer potency is increased in contrast with the
original equivalent in syngenic and xenograft malignancy models
(114, 127, 129, 132). The strategy may speed up the clinical
progression of new BsAbs as it is quick to produce
pharmaceutical-grade mRNA and DNA. Moreover, the
temperature tolerance of DNA could make it simpler to carry and
administer to larger populations due to its long-term preservation
and temperature durability. Also, the in vivo synthesis could
maintain an efficacious protein level, allaying worries about a
quick kidney clearance (129, 130, 133, 134).

It is possible to in vitro transmit genetic information into cells
obtained from patients, after which the BsAb-releasing cells are
infused back to the patient. Compared to straight gene transfer
methods, tumor infiltration and general on-target/off-cancer
cytotoxicity problems may be addressed by the tumor anchoring
of injected cells and ensuing intratumoral release (114, 135). New
methods centered on modified cells secreting BiTEs (STAb cells)
natively are now being developed (135). Research detailed the
creation of anti-CEA and anti-CD3 dAb-releasing human T cells
and revealed that the intratumoral delivery of lentivirally
transfected STAD-T cells dramatically decreased in vivo cancer
progression in human HCT-116 colon malignancy
xenografts (135).

5 Anti-tumor mechanism of BsAbs

BsAbs could executive its antitumor effect in three major ways,
including redirecting immune effector cells to tumors, delivering
radioactive or drug payloads to carcinoma cells, targeting multiple
signaling pathways to suppress tumor progression directly or
indirectly. The classification of BsAb clinical applications based
on target antigens is presented in Table 1.

5.1 Reorientating immune effector cells

In the case of cancer treatment, one arm of the BsAb targets a
tumor-associated antigen (TAA), while the other arm targets a
molecule present on immune cells. Via targeting both the TAA on
tumor cells and immune cell molecules, the BsAb brings the
immune cell in close proximity to the tumor cell, resulting in the
immune cell’s stimulation and then destroying the tumor
cell (Figure 5).
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Under microhomeostatic circumstances, anticancer immunity
is one of the essential cancer therapy techniques. However, in order
to survive and propagate, tumor cells are able to escape the “cancer-
immunity cycle” which describes how the innate and adaptive
immune systems collaborate to prevent malignancy genesis
through sequential events (149). This is accomplished by
mechanisms that suppress anti-tumor immunity, such as
increased expression of molecules like PD-L1 that block T-cell
action or decreased production of human leucocyte antigen (HLA)
class I molecules that hinder antigen presentation (150-153).

Substantial therapy outcomes can be attained by reviving and
strengthening the latent immune cells, which has been
demonstrated by the development of several mAb immune
checkpoint inhibitors (ICIs) that bind PD1, PD-L1, CTLA-4, etc.
during the past ten years (154-157). Major improvements in total
and advancement-free survival have been obtained in melanoma,
lung carcinoma, and urothelial cancer (58, 130).

5.1.1 Reorientating the cells of the adaptative
immune system

As of October 2023, the majority of BsAbs bridge cells as their
primary action mode and have T cell reorientation as their shared
thread. Rerouting effector T cells with cytotoxic activity to destroy
malignant cells is a classic paradigm of these BsAbs (28).

BiTEs primarily stimulate T cells via interaction with CD3e in
the T-cell receptor (TCR) complex, thus are defined as pan-T-cell
engagers (158, 159). The high affinity between BiTEs and TAA/
CD3a renders a huge proportion of activation receptors (TCR/CD3
complexes) gather between cells, resulting in effectual T-cell
excitation with just one receptor-ligand interplay and the killing
of cancer cells through releasing perforin and granzymes (130, 160,
161). Most CD3-targeted pan-T-cell stimulators at the clinical
phase are designed to treat blood tumors, such as targeting CD19
and CD20 for non-Hodgkin lymphoma (NHL), targeting B cell
maturation antigen (BCMA), GPRC5D and CD38 for multiple
myeloma (MM), targeting CD33, CD123, and CLECI12A for acute
myeloid leukemia (AML) (162). Although these targets are widely
expressed on healthy blood cells as well, their depletion can be
handled without eliciting serious negative impacts (114). A
relatively small amount of TCRs target MHC-presented TAAs in
solid tumors (163). Phase I clinical studies are being conducted with
AMV564, a TandAb with two CD3 binding sites and two CD33
binding sites respectively (162).

The TAA selection is crucial for BiTEs to perform properly. The
performance of BiTEs is associated with expression ratios of targets,
as was the case with BiTEs targeting EpCAM, CD33, and HER2
(164). Three distinct cell lines exhibiting high (EOL-1), medium
(MOLM-13), and low (MV4-11) rates of FMS-like tyrosine kinase 3
(FLT3) expression were employed to analyze the influence of
receptor density on the potency of FLT3 BsAb in vivo. Compared
with the MOLM-13 model, the EOL-1 model demonstrated total
potency at a lower dose of 7370, which is aligned with EOL-1’s
higher membrane FLT3 expression (165). BiTEs’ activity is also
influenced by TAA’s characteristics, such as size and mobility on
cell membrane (166). Chinese hamster ovary (CHO) cells
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TABLE 1 Clinical-stage BsAbs for cancer indications.

Interventions

Target

Format

Conditions

Sponsors
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NCT Number Ref

Targeting immune effector cells: T cell
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TABLE 1 Continued
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-64 1gG4 *A Ph: 1 T03145181
TNJ-64007957 &G Malignancies ase Development, LLC NCTO314518
Cibisatamab (CEA- Phase 1 Hoffmann-La
F; Mab* i , NSCL NCT!
TCB) ab3CrossMab*] Carcinoma, NSCLC Phase 2 Roche CT03337698
CD3xCEA
EA-TCB Fab-scFv-F Hoffh -L
CEA-TC ayservhe Solid Tumors Phase 1 olmann-La NCT02324257 (139)
(RO6958688) (KIH) *G Roche
CD3xCLECI2A Tepoditamab IgG1 *A AML Phase 1 Merus N.V. NCT03038230
us N.V.
(MCLA-117) §
Fab-scFv
CD3xDDL3 TarlatamabAMG757 . SCLC Phase 1 Amgen NCT04885998
(bibody) *P
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CD3xEGFR AMG596 Tandem scfv - Glioblastoma, Malignant =, ) Amgen NCT03296696
*K Glioma
Rat-mouse Withdrawn
Catumaxomab . Solid malignancies from Neovii Biotech NCTO00836654
hybrid IgG
the market
Wuhan YZY
M701 Fab-sckv-Fe MPEs, Phase 1 Bio:haa::na Co NCT05543330
CD3xEpCAM (KIH) *G NSCLC Stage IV Phase 2 Ld.
Tandem scFv . Amgen Research
MT110 K Solid Tumors Phase 1 Munich GmbH NCT00635596
Fv2-Fab G Shanghai
A-337 v NSCLC Phase 1 cneron SHANEAAL | A\ CTRN12617001181392
TriFabs *I Corporation
Fab-scFv-Fc Relapsed/Refractory
CD3xFLT3 AMG427 (KIH) G AML Phase 1 Amgen NCT03541369
CD3xFcRH5 Tands F
CIX) 3;7 Cevostamab an ?I: seEv MM Phase 1 Genentech, Inc. NCT03275103
hugai
CD3xGPC3 ERY974 IgG4 *A Solid Tumors Phase 1 Chugai NCT02748837
Pharmaceutical
CD3xGD2 Nivatrotamab IgG-scFvLC *D SCLC Phase 1 YmAbs NCT04750239
(Hu3F8-BSAB) 8 Phase 2 Therapeutics
Talquetamab (JNJ- Hematological R h &
CD3xGPRC5D alquetamab (JNJ 1gG4 *A ematoogica Phase ] | Janssen Researc NCT03399799
64407564) Malignancies Development, LLC
CD3xGPA33 MGD007 DART-FC *H Colorectal Carcinoma Phase 1 MacroGenics NCT02248805
Tebentafu Phase 1
CD3xgp100 cbentatusp SCFV-TCR Uveal Melanoma ase Immunocore Ltd NCT02570308
(IMCgp100) Phase 2
Wuhan YZY
Fab-scFv-F HER2-Positi li
M802 ab-sckv-Fie R2-Positive Solid Phase 1 Biopharma Co., NCT04501770
(KIH) *G Tumors
Ltd.
Ichnos Sciences SA
CD3xHER2 ISB 1302 Fab-scFv-Fc Breast Cancer Phase 1 Glenmark NCT03983395
(GBR1302) (KIH) *G Phase 2 Pharmaceuticals
S.A.
Runimotamab . .
(BTRC40174) Undisclosed Solid Tumors Phase 1 Genentech, Inc. NCT03448042
R h
CD3xHLA-G JNJ-78306358 IgG4 *A Neoplasms Phase1 ~ anssen Research & NCT04991740
Development, LLC
EpimAb
Fab-scFv-F Ad d/Metastati
CD3xRORI EMBO07 avse Ve vanced/Metastatic Phase 1 Biotherapeutics NCT05607498
(KIH) *G Solid Tumors
SuzhouCo., Ltd.
Ono
Relapsed/Refractory T
CD3xPD-L1 ONO-4685 Undisclosed clapsed/Refractory Phase 1 | Pharmaceutical Co. NCT05079282
Cell Lymphoma
Ltd
Fab-scFv-Fc
AMGI160 (KIH) G NSCLC Phase 1 Amgen NCT04822298
AMG 340 Ta“df‘l’; sk mCRPC Phase 1 Amgen NCT04740034
CD3xPSMA
Lung Cancer Squamous Phase 1 German Cancer
-1 IgG4-SC *A NCT04496674
o ga4-SC Cell Phase 2 Research Center ¢ ’
A
ES414 IgG-HC-scFv *E Prostate Cancer Phase 1 ptevo NCT02262910
Therapeutics
(Continued)
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Pasotuxizumab Tandem scFv
P: i 1; Phase 1 B T017234
(BAY20101120) K rostatic Neoplasms ase ayer NCT01723475
Phase 1 Regeneron
REGN4336 IgG1 *A RP NCT05125016
G g6 mCRPC Phase 2 Pharmaceuticals ¢
NSCLC, AvenCell Europe
Fab-scFv-scFv Prostate Cancer, GmbH
CD3xPSCA GEM3PSCA P Renal Cancer, Phase 1 GCP-Service NCT03927573
Transitional Cell International Ltd. &
Carcinoma Co. KG
CD3xP-cadherin PF-06671008 DART-FC *H Neoplasms Phase 1 Interventional NCT02659631 (140)
Neuroendocrine Tumor,
Tidutamab Fab-scFv-F
CD3xSSTR2 (Xr;:bir;oaw) ?KI:) ZGC Gastrointestinal Phase 1 Xencor, Inc. NCT03411915
Neoplasm
NSCLE, Celldex
CD27xPD-L1 CDX-527 1gG-HC-scFv *E Breast Cancer, Phase 1 . NCT04440943
K Therapeutics
Gastric Cancer
X Phase 1 Regeneron
CD28xEGFR REGN7075 IgG1 *A Advanced Solid Tumors . NCT04626635 (141)
Phase 2 Pharmaceuticals
Elpisci
CD39xTGF-B ES014 IgG-HC-scFv *E Advanced Solid Tumor Phase 1 _pisclence NCT05381935
Biopharma, Ltd.
ipli i Phase 1
MUC2XCD4018 Cemiplimab 1gG4 *A Recurrent Ovarian ase Regenero'n NCT03564340
(REGN4018) Cancer Phase 2 Pharmaceuticals
Phase 1 M:
TCR VB STAR0602 Fab-scFv-Fc *G | Advanced Solid Tumor ase arengo NCT05592626
Phase 2 Therapeutics, Inc.
F-star Therapeutics
Advanced Cancer Limited
X40x4-1BB ES12 IgG1 *A Ph: 1 104648202 142
OX40x s120 &G Metastatic Cancer ase Merck Sharp & NCT0464820 (142)
Dohme LLC
Targeting immune effector cells: NK cells
Ahmed Sawas
T: L h , T-Cell, Phase 1
CD30xCD16A AEM13 Tandem ymphoma, 1-Ce ase Columbia NCT03192202
(diabodies) *M Cutaneous Phase 2 L.
University
HR-MDS
Tand F Phase 1
CD16xCD33 GTB-3550 RS AML Pl GT Biopharma, Inc. NCT03214666
Systemic Mastocytosis
Targeting immune effector cells: B cells
Dartmouth-
. Hitchcock Medical
Leukemia
CD19xCD64 4G7xH22 IgG-HC-scFv *E Phase 1 Center NCT00014560
Lymphoma .
National Cancer
Institute NCI
XS-1550 T F B-cell lymph: Phase 1
CD19xCD22 OXS andem sckv cett ymphoma ase GT Biopharma NCT02370160
(DT2219ARL) *K leukaemia Phase 2
TG Th tics,
CD19xCD47 TG-1801 IgG1 *A B-Cell Lymphoma Phase 1 G f:;p euties NCT03804996
Targeting multiple checkpoints
Rel. d, Refract Phase 1 Watersts
PD-1xCD47 HX009 IgG-HC-scFv *E €apsed, “efractory ase aterstone NCT05189093
Lymphoma Phase 2 Hanxbio Pty Ltd
Akeso
Cadonilimab Advanced Solid Tumors Phase 1
PD1xCTLA4 IgG-HC-scFv *E Ph: icals, T04172454
xC (AK104) gG-HC-scFv Melanoma Phase 2 armaceuticals. NCT0417245
Inc.
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XmAb20717 F?Ei;figc Solid malignancies Phase 1 Macrogenics NCT03517488
MEDI5752 1gG1 *A Solid malignancies Phase 1 AstraZeneca NCT03530397
PD-1xICOS XmAb23104 FZ‘;;?KGFC Solid malignancies Phase 1 Xencor NCT03752398
Shanghai EpimAb
Fabs-In- Phase 1
EMB-02 abs-In Advanced Solid Tumors ase Biotherapeutics Co., NCT04618393
Tandem Ig Phase 2
Ltd.
Advanced Solid Tumors
PD-1xLAG3 SCFV-Fc(KIH
* MGDO013 ﬂ:c( ) Hematologic Neoplasms Phase 1 MacroGenics NCT03219268
Ovarian Cancer
Ad Mali
AK129 1gG1 *A vanced Malignant Phase 1 Akeso NCT05645276
Tumors Stage IA-IB
. . Phase 1
AZD7789 undisclosed Carcinoma, NSCL Phase 2 AstraZeneca NCT04931654
Lomvastomig Hoffmann-La
IgG1 *A LC, SCLC, E! Phase 1 T 2
PD-1xTIM3 (RO7121661) gG NSCLC, SCLC, ESCC ase Roche NCT03708328
Solid Tumor L & L biopharma
LB1410 undisclosed Phase 1 Co., Ltd., Shanghai NCT05357651
Lymphoma .
China
I t Biologi
PD1xHER2 IBI315 1gG1 *A Advanced Solid Tumor Phase 1 fnovent BIoogies NCT04162327 (143)
Suzhou Co. Ltd.
Ivonescimab Phase 1
PD-1xVEGF IgG-HC-scFv *E lid T , Adul Al T04 41
xVEG (AK112) gG-HC-scFv Solid Tumor, Adult Phase 2 keso NCT045975
Phase 1 Pieris
PD-1x4-1BB PRS-344/5095012 1gG-HC-scFv *E Solid Tumor Phase 2 Pharmaceuticals, NCT05159388 (144)
€
Inc.
Eli Lilly and
LY3434172 1gG1 *A Advanced Cancer Phase 1 LSy an NCT03936959
Company
PD-1xPD-L1
Innovent Biologics
1BI318 IgG1 *A Ad d Mali Phase 1 NCT03875157
g vanced Malignancy ase Suzhou Co. Ltd.
A
('ivanced Cancer Merus N.V.
MCLA-145 IgG1 *A Solid Tumor, Adult Phase 1 X NCT03922204
Incyte Corporation
B-cell Lymphoma, Adult
SCFV-Fc¢ (KIH I it , solid
INBRX-105 Fe (KIH) ympRoms, Sor Phase 1 Inhibr NCT03809624
F tumours
hetero Fab
. Genmab
GEN1046 assembly IgG1 Non-SCLC Metastatic Phase 2 . NCT05117242
. BioNTech SE
A
. Phase 1 .
PM1003 IgG-HC-scFv *E Advanced Solid Tumors Phase 2 Biotheus Inc. NCT05862831
PDL1x4-1BB ase
Advanced Solid Tumor Antengene
ATG101 IgG-HC-scFv *E Metastatic Solid Tumor Phase 1 Hangzhou Biologics NCT05490043
B-NHLs Co., Ltd.
Melanoma Qilu
QLF31907 1gG-HC-scFv *E X K Phase 2 Pharmaceutical Co., NCT05823246
Urothelial Carcinoma
Ltd.
Ad dC \ F-star Th ti
F$222 IgG1 *A vanced tancer Phase 1 star *herapeutics NCT04740424 (145)
Metastatic Cancer Limited
ABL503 IgG-HC-scFv *E Advanced Solid Tumor Phase 1 ABL Bio, Inc. NCT04762641
(Continued)

Frontiers in Immunology

172

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1291836
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Guo et al.

TABLE 1 Continued

10.3389/fimmu.2023.1291836

Target Interventions Format Conditions Phase Sponsors NCT Number Ref
Bret Caner, Advanend Jangs Alphamab
KN046 1gG1 *A o Phase 2 Biopharmaceuticals NCT03925870
Solid Tumors
Co., Ltd
Lymphoma
PDLIxCTLA4
Sichuan Baili
Ph: tical Co.,
SI-B003 undisclosed Solid Tumor Phase 1 armaie; fcal Co NCT04606472
SystImmune Inc.
Advanced Cancer
Phase 1 F-star Th, i
FS118 IgG1 *A Metastatic Cancer Phase ) StarL, e{adpeuncs NCT03440437
HNSCC ase 1mites
PDL1xLAG3 ABL501 IgG-HC-scFv *E Advanced Solid Tumor Phase 1 ABL Bio, Inc. NCT05101109
Solid Tumors
Fc sil d IgG1 Hoffi -L
RO7247669 e Metastatic Melanoma Phase 1 e NCT04140500
NSCLC,ESCC
Wuhan YZY
M ic or Locall
Y101D IgG-scFvLC *D etastatic or Locally Phase 1 Biopharma Co., NCT05028556
Advanced Solid Tumors Ld
PD-LIXTGE-B
. Qilu
Ad d Mal t
QLS31901 IgG-HC-scFv *E vance alignan Phase 1 Pharmaceutical Co., NCT04954456
Tumor
Ltd.
Locally Ad d
¢ Y v'ance or Phase 1 Shanghai Henlius
PDLIXTIGI1 HLX301 IgG-LC-scFv *D Metastatic Solid Tumors . NCT05102214
Phase 2 Biotech
NSCLC
PD-LIXTIM-3 LY3415244 Undisclose Solid Tumor Phase 1 Eli Lilly and NCT03752177 (146)
Company
Tasly
PDL1xVEGF B1962 1gG1 *A Neoplasms Malignant Phase 1 Biopharmaceuticals NCT05650385
Co., Ltd.
PD-L1xOX-40 EMB-09 undisclosed Advanced Solid Tumor Phase 1 Shanghai EpimAb NCT05263180
University of
Bavunalimab Phase 1
TLA-4xLA -HC- * i i i
C xLAG3 (XmAb22841) 1gG-HC-scFv *E Metastatic Melanoma Phase 2 Callform'a, San NCT05695898
Francisco
I-Mab Bioph
CLDNI182x4-1BB | ABLI11TJ0033721  IgG-HC-scFv *E Solid Tumor Phase 1 alé ‘ifdarma NCT04900818
0. .
Targeting Growth factors and their recepters
Dartmouth-
Brain and Central Hitchcock Medical
EGFRxFcyRI MDX447 1gG-HC-scFv *E Phase 1 Center NCT00005813
Nervous System Tumors .
National Cancer
Institute NCI
JNJ-61186372 IgG1 *A NSCLC Phase 1 Janssen R&D NCT02609776
EGFRXMET -
Eli Lilly and
LY3164530 IgG4 *A Neoplasms Phase 1 L Ly an NCT02221882 (147)
Company
NSCLC Metastatic
Gastric Cancer Phase 1
- *
MCLA-129 IgG1 *A ESCC Phase 2 Merus N.V. NCT04868877
HNSCC
EGFRxc-M hanghai EpimA
GFRxe-Met Fabs-In- Neoplasms Phase 1 S anghat le b
EMB-01 X Biotherapeutics Co., NCT05176665
Tandem Ig Neoplasm Metastasis Phase 2 Ld
R h &
Amivantamab IgG1 *A NSCLC Phase ] | Janssen Researc NCT02609776
Development, LLC
(Continued)
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Solid Tumor Phase 1 Betta
MCLA-129 IgG1 *A NSCLC Phase 2 Pharmaceuticals NCT04930432
HNSCC Co., Ltd.
Solid Tumors Shanghai Henlius
EGFRx4-1BB HLX35 1gG-HC-scFv *E Phase 1 NCT05360381
x g Sk Squamous-cell NSCLC ase Biotech
Sichuan Baili
o Pharmaceutical Co.,
SI-B0O1 1gG-HC-scFv *E Epithelial Tumor Phase 1 Ld NCT04603287
EGFRXHER3 Systimmune Inc.
Duligott b
(I\I/IJI?I;-?Dl;Z;}n;:) IgG1 *A Neoplasms Phase 1 Genentech, Inc. NCT01986166
Solid Tumors
P Phase 1
EGFR-LGR5 &"’éi’ztj’;‘;b IgG1 *A NSCLC Phase ) Merus N.V. NCT03526835
HNSCC e
Jiangsu Alphamab
Alphamab (KN026) 1gG1 *A breast and gastric cancer Phase 1 Biopharmaceuticals NCT03619681
Co., Ltd
HER2xHER2 Beijing Mabwork:
X MBS301 1gG1 *A Solid malignancies Phase 1 eling Vabworks NCT03842085
Biotech Co., Ltd.
Fab-scFv-Fc HER2-expressing
ZW49 Phase 1 Z ks Inc. NCT03821233
(KIH) *G Cancers ase YMEWOTKs Ine
Fab-scFv-Fc HER2-Positive Advanced Jazz
ECD2xECD4HER2 ZW25 Availabl NCT04578444
x (KIH) *G BTC varable Pharmaceuticals
Her2 Amplified Solid Merrimack
MM-111 1gG-scFv * Tumors Phase 1 ¢ ac. NCT00911898
X Pharmaceuticals
Metastatic Breast Cancer
Zenocutuzumab Tumours Harboring
*
HER2xHER3 (MCLA-128) 1gG1 *A NRGI Fusion Phase 2 Merus N.V. NCT02912949 (148)
Zenocutuzumab
(MCLA-128, IgG1 *A breast cancer Phase 2 Merus NCT03321981
PB4188)
HER2-Positi lid Phase 1
HER2x4-1BB YH32367 (ABL105) | IgG-HC-scFy *E ositive Soli ase Yuhan Corporation NCT05523947
Tumor Phase 2
Colorectal Cancer
Istiratumab (MM- IgG1 *A -scF Merrimack
IGFIRXHER3 St “f:) ¢ R NSCLC Phase 1 Phar NCT02538627
HNSCC armaceuticals
Ablynx/
Tandem VHH
BI 836880 an efg NSCLC Phase 1 Boehringer NCT02689505
VEGFxAng2 Ingelheim
Vanucizumab, . . .
0l1d malignancies ase oche
(RO5520985) IgG1 *A Solid malig Phase 1 Roch NCT02715531
Dilpacimab (ABT- Tandem Fv-
pacimab ( andem = CRC Phase 1 AbbVie NCT03368859
165) IgG1 *A
L . ovarian, peritoneal
VEGFxDLLA Navicixizumab IgG2 *A fallopian tube cancers Phase 1 Celgene/Oncomed NCT03030287
NOV1501 ABL Bio, Inc.
(ABLOO1) 1gG-HC-scFv *E Advanced Solid Tumors Phase 1 National NCT03292783
OncoVenture
Targeting other points
Bruno Bockorny,
Dalutrafi 1f:
CD73xTGEp-Trap (aA‘gEaN“lez:) 4 1gG1 *A PDAC Phase 2 MD NCT05632328
Agenus Inc.
(Continued)
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Interventions Format Conditions NCT Number Ref

Sponsors

SCFV-Fc (KIH)

CD40xMSLN ABBV-428 5 Solid malignancies Phase 1 AbbVie NCT02955251
T F L Ph 1 é

CEAXHSG CrossMabTF2 andem scFy SCLC ase Centre Rene NCT01221675
*K CEA-expressing NSCLC Phase 2 Gauducheau

Data available as of 1 August 2023. Molecules are ordered on the basis of the antigens in the first column. The capital letters after * in the third column represent the type of BsAbs in Figure 2. Fab,
antigen-binding fragment; ScFv, single-chain variable fragment; DLBCL, diffuse large B-cell lymphoma; MCL, mantle cell lymphoma; B-ALL, B cell acute lymphoblastic leukaemia; IgG,
immunoglobulin G; Fc, fragment crystallizable region; VHH, variable heavy-chain only fragment antibodie; BCL, B-cell lymphoma; FL, follicular lymphoma; NHL, non-hodgkins lymphoma;
CLL, chronic lymphocytic leukemia; LBCL, large B-cell lymphoma; SCT, stem cell transplantation; AML, acute myeloid leukemia; LUSC, lung squamous cell carcinoma; MDS, myelodysplastic
syndromes; MM, multiple myeloma; 7-H3, B7 homologue 3; BCMA, B cell maturation antigen; CEA, carcinoembryonic antigen; CLEC12A, C-type lectin domain family 12 member A; DLL3,
delta-like ligand 3; EpCAM, epithelial cell adhesion molecule; FLT3, Fms-like tyrosine kinase 3; FCRHS5, Fc receptor homologue 5; GPC3, glypican 3; GPRC5D, G protein-coupled receptor family
C group 5 member D; GPA33, Glycoprotein A33; gp100, glycoprotein 100; HER2, human epidermal growth factor receptor 2; HLA-G, human leucocyte antigen-G; ROR1, receptor tyrosine
kinase-like orphan receptor 1; PD-1, programmed cell death 1; PD-L1, programmed cell death 1 ligand 1; SSTR2, somatostatin receptor 2; EGFR, epidermal growth factor receptor; TGF-B,
transforming growth factor-f; MUC2, recombinant mucin 2; TCR, VBT-Cell receptor; OX40, tumor necrosis factor receptor superfamily member 4; 4-1BB, tumor necrosis factor receptor
superfamily member 9; CTLA4, cytotoxic T lymphocyte antigen 4; PSMA, prostate-specific membrane antigen; ICOS, inducible T cell co-stimulator; LAG3, lymphocyte-activation gene 3; TIM3,
T cell immunoglobulin mucin 3; VEGF, vascular endothelial growth factor; CLDN18.2, Claudin18.2; FcyRI, receptor I for the Fc region of immunoglobulin G; MET, mesenchymalepithelial
transition factor; c-MET, cellular-mesenchymalepithelial transition factor; HER3, human epidermal growth factor receptor 3; LGR5, leucine-rich repeat-containing G protein-coupled receptor 5;
IGFI1R, insulin-like growth factor 1; Ang2, Angiopoietins2; DLL4, delta-like ligand 4; MSLN, mesothelin; HSG, hysterosalpingography; NSCLC, non-small cell lung cancer; SCLC, small cell lung
cancer; MPEs, malignant pleural effusions; mCRPC, metastatic castration-resistant prostate cancer; ESCC, esophageal squamous cell carcinoma; B-NHLs, mature B-cell non-hodgkin lymphoma;
HNSCC, head and neck squamous cell carcinoma; HR-MDS, high-risk myelodysplastic syndromes; BTC, biliary tract cancer; PDAC, pancreatic ductal adenocarcinoma; NK, natural killer.

presenting small surface target antigens were typically more
effectively lysed than those with bigger antigens (167). The
antigen’s affinity to candidates is also an important determinant
for the strength of BiTE. High affinity for HER2 was essential for the
HER2/CD3-targeted BiTEs’ ability to destroy cancer cells.
Nevertheless, a worse safety profile, such as cytokine release and
impairment to HER2-expressing tissues, was also linked to
increased HER2 affinity. Adopting a dose-fractionation method
could enhance the HER2/CD3-targeted tolerance (168).

Architecture of CD3-binding part impacts the biodistribution
of BiTEs. Despite BiTEs with high CD3 affinity demonstrated better
efficacy in co-culture tests in vitro, a reduced affinity of the CD3-
binding domain is preferred to enable effective tumor diffusion in
vivo without triggering rapid CD3-regulated plasma elimination or
antibody entrapment in organs which store T cells (169-173). Many
BiTEs only have one CD3-binding domain, whereas some clinical-
stage BsAbs possess two CD3-targeting sites. However, whether
such formats could functionally connect CD3 bivalently is unclear,
which is essential for antigenic regulation and tolerance evoked by
CD3-mAbs (28, 174). A monovalent CD3 interplay is favored
because bivalent CD3 binding may crosslink the TCR/CD3
complex even if it is not simultaneously bound to TAA-
expressing cells, resulting in systemic T-cell stimulation and
cytokine release syndrome (CRS) (114, 175).

There are several FDA-authorized BiTEs for tumor therapy. In
2009, catumaxomab was granted clinical approval as the first BiTE.
This antibody has two distinct antigen-targeting sites—one for the
CD3 antigen on T-cells and another for the EpCAM on tumor cells
—and also binds to accessory cell FcyR via its preserved Fc region
(9). However, the IV injection of catumaxomab was linked to
serious harmful effects that were ascribed to the active Fc site’s
off-target adhesion to other immune cells expressing FcyRs, causing
CRS and T cell-mediated hepatic damage (114, 176, 177). In 2014,
Blinatumomab, a BiTE created by Amgen Inc. for the treating blood
malignancies derived from B-cell lines (178), was authorized by the
FDA for the therapy of acute lymphoblastic leukemia (ALL).

Frontiers in Immunology

Blinatumomab is a tiny BsAb with a molecular weight of around
55 kDa and a brief plasma half-life of 1.25+0.63 hours in vivo (28,
179-181). In this regard, the switch from sporadic IV infusion to
constant IV infusion was a crucial choice in the clinical
development of blinatumomab, which not only elevated security
but also permitted more sustained T cell activity by preserving
effective drug serum rates for the duration of a treatment cycle
(182). Motivated by the promising clinical data of binatumomab, a
variety of BiTEs with multivalent TAA affinity and monovalent
CD3 binding, as well as the DART format have been developed to
improve tumor selectivity and reduce off-target side effects (28,
114). In 2021, zenocutuzumab, an innovative IgGl class HER2/
HER3 BsAb utilizing the “dock-and-block” strategy, was granted
the Fast Track Designation for NRG1" metastatic neoplasms.
Owing to its selectivity for HER2’s domain 1, zenocutuzumab can
suppress HER2/HER3 signals regardless of the presence of HER2.
Furthermore, it has no synergistic toxicity on cardiac myocytes
conducted by HER2/HER4, thanks to its selectivity in blocking
HER2/HER3 dimerization (183, 184).

Despite their potential, certain investigations revealed that T
cells activated by BiTEs become less potent over time since they
deplete more quickly (130, 185). As is the case with blinatumomab
and catumaxomab, the administration of BiTEs is linked to CRS,
which is indicated by abrupt elevations in the serum amounts of
inflammatory cytokines such interleukins-6 (IL-6), tumour necrosis
factor (TNF), and interferons (IFNs) (186-188). In an intriguing
study applying an anti-PSMA T-BsAb, the scFv-Fc-scFv T-BsAb
design allowed for the generation of powerful T-cell-dependent
cellular cytotoxicity (TDCC) in vitro while limiting cytokine release,
indicating that carcinoma cytotoxicity and cytokine storm might be
distinct events or that an ideal balance between efficacy and toxicity
can be realized by altering BiTE layout (189). Another significant
drawback of CD3-targeted BiTEs is a significant fraction of the T-
cell population is awakened. Therefore, compared to existing CD3-
targeted pan-T-cell activators, BiTEs specifically activating distinct
T-cell subtypes would be advantageous (114).
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FIGURE 5

Mechanism of action of BsAb: redirection of immune cells. BsAb can redirect pan T cells and T cell subsets from the adaptive immune system, as

well as natural killer (NK) cells and dendritic cells

(DCs) in the innate immune system. The figure also displays some of the immune cell surface

antigens and tumor cell surface antigens that are already under investigation.

Targeting particular T cell subgroups render BsAb more
effective in the destruction of tumor cells (28). Blinatumomab
could stimulate Tregs in vitro, which inhibited effector T cells’
cytotoxicity (190). Additionally, in 42 patients with B cell ALL, the
number of Tregs in the peripheral blood before blinatumomab
administration negatively predicted response (190). Therefore, one
of the objectives to construct a CD8" T cell and prostate stem cell
antigen binding tandem scFv was to avoid the induction of Tregs
(40, 191). VYOV2-T cells are a small and conserved T-cell fraction
with a powerful inherent immunotherapeutic prospective. VyoV2-
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T cell concentration and powerful CD1d-reliant tumor lysis are
made possible by a bispecific VY9V82-T cell engager (192).
Obstructing inhibitory checkpoints can revive weary neoplasm-
permeating T cells (114). Inhibitory receptors such as PDI,
mucindomain containing3 (TIM3), and lymphocyteactivation
gene 3 (LAG3) are abundantly expressed when T cells are in a
worn-out condition, which results in defective effector outcomes
(193-195). Immune checkpoint-targeting BsAbs are arising
following the therapeutic efficacy of anti-CTLA4 (cytotoxic T
lymphocyte antigen 4), anti-programmed cell death protein 1
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(PD-1), and anti-PD-L1 antibodies, while the enhanced therapeutic
effect seen in coupled research using mAbs that engage the
checkpoints serves as justification for concurrently engaging two
immune checkpoints (28, 196). The majority of the BsAbs inhibit
the PD-1/PD-L1 pathway with one arm while blocking CTLA-4,
LAG3, or TIM3 with the other (28, 114). Fc-silenced BsAbs were
developed to block the PD-1 cascade via high-affinity PD-1
interaction whilst obstructing CTLA4 with a low-affinity binding
domain in order to enhance the safety aspect of simultaneous
engagement of PD-1 and CTLA4 (28).

5.1.2 Reorientate cells of the innate immune
system

BsAbs are also evolving as a substitute therapy strategy geared at
the induction of intrinsic immune effector cell toxicity versus
cancers with prospects for therapeutic potency and reduced
therapeutic toxicity (197, 198). The bulk of BsAbs regarding the
innate immune system focuses on dendritic cell (DCs), natural killer
(NK) cells, and phagocytes (114, 199).

DCs are professional antigen-presenting cells (APCs). BsAbs
with intact Fc domain can be employed to boost the chances of DCs
and T cells coming into contact (130). In this regard, a BsAb which
concurrently and agonistically activated CD28 on naive T cells and
CD40 on AML-DC was developed. In addition to improving CD28-
mediated messaging, it was proposed that the ensuing cellular cross-
linking would strengthen and prolong T cel/ AML-DC contacts,
thus boosting T cells’ sensitivity to AML antigens (200).

NKs may identify and destroy stressed cells, triggering an
immune response much more quickly without antibodies or
MHC. Tandem scFv, also known as “bispecific killer cell engager”
(BiKE) or “trispecific killer cell engager” (TriKE), is a technique for
directing NK cells toward cancer cells (201, 202). The innate cell
engager (ICE®) AFM13 is a tetravalent BsAb that targets CD16A,
the main FcR on NK cells, and CD30, which is prevalent in blood
malignancies. In individuals with recurrent or resistant Hodgkin
lymphoma, it has exhibited early clinical efficacy without significant
therapeutical toxicity (197, 203-207). NK cells can also be recruited
to cancer cells based on a scFv-Fc-scFv format. RO7297089, a
bispecific BCMA/CD16A-targeted ICE® intended to cause
BCMA™ MM cell lysis via strong affinity interaction of CD16A
and redirection of NK cell toxicity and macrophage phagocytosis,
promotes antibody-dependent cell-mediated cytotoxicity (ADCC)
and ADCP against myeloma cells effectively, as well as
pharmacodynamic efficacy in cynomolgus monkeys (197).

The modification of in vitro activated or expanded immune cells
with BsAbs represents a new therapy for cancer treatment. The first
clinical report of this approach emerged in 1990. Nitta et al. applied
the method to malignant gliomas by using anti-CD3/glioma BsAb-
modified lymphokine-activated killer (LAK) cells, which exhibited a
favorable anti-tumour effect (208). Following the emergence of
cytokine-induced killer (CIK) technology, modified CIK cells with
BsAbs have been introduced into clinical studies (209). In nude
mice, the use of BsAb-CIK cells resulted in a significant (p<0.05)
reduction in CD133 (high) tumour growth (210). Golay et al.
utilized CIK cells from cryopreserved cord blood units along with
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blinatumomab for the treatment of CD19 malignancies, which
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