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Editorial on the Research Topic

Tumor immune microenvironment topographies for prediction and
evaluation: unlock the mystery of the therapeutic effects and adverse
events of tumor immunotherapy

The tumor microenvironment (TME) constitutes a dynamic system comprising tumor
cells, stromal cells and inflammatory cells, among others. Within this milieu, tumor cells
adapt, exerting profound influence on antitumor immunity, drug resistance, metastasis,
and immune evasion. Immunotherapy harnesses the host’s immune system to prevent and
combat tumors. Although immunotherapy has achieved notable success, some patients
exhibit resistance to treatment, and the mechanisms are poorly elucidated. Confronting
these challenges represents a formidable undertaking that requires a deeper understanding
of the intricate interplay among these components. The potential for enhancing
immunotherapy and reshaping clinical outcomes in pan-tumor therapies lies in the
remodeling and recognition of individual TME characteristics (Figure 1).

The compilation of ten manuscripts delves into the Research Topic of “Prediction and
Evaluation of Tumor Immune Microenvironment Topographies.” The main objective of this
research is to enhance our comprehension of how to create a topographic map for the immune
TME. The investigators discussed the pending issues associated with this ground-breaking field
including basic research findings to novel computational approaches, clinic case reports, and
research summaries. We aim to open potential translational venues and novel platforms for
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FIGURE 1

Within the tumor microenvironment (TME), the biological, chemical, and mechanical factors influence tumor promotion, metastasis, drug resistance,

and immune evasion. Tumor-infiltrating immune cells (TIICs) play the cruci

TIICs, the topic offers the potential to unveil novel approaches and cutting-

Indeed, understanding the multifaceted landscape of the immune TME is e
(By Xueyan Mao and Xiaoran Yin).

al role in regulating these processes. By exploring the distinct attributes of
edge technologies, driving the advancement of tumor immunotherapies.
ssential to develop breakthrough strategies for fighting malignant tumors.

exploring the mystery of the therapeutic effects and adverse events
(AEs) of tumor immunotherapy. This Research Topic includes (i)
comprehensive reviews on biomarkers utilized for predicting patient
response and prognosis when undergoing immunotherapies; (ii)
illuminating viewpoints on examining the mechanism of the immune
landscape associated with tumors in the TME; (iii) clinical case
summaries and reports detailing the therapeutic outcomes and AEs
of various forms of tumor immunotherapies; and (iv) original research
on creating prognostic models with cutting-edge computational
technologies based on clinical characteristics and big data of patients
for predicting the responses and side effects of immunotherapies.

Notably, immunotherapy has achieved remarkable advancements
through various treatment modalities, including immune checkpoint
inhibitors (ICIs), cytokines, tumor vaccines, and cellular therapies,
among others. Among all these approaches ICIs have demonstrated
remarkable success in the treatment of different types of malignant
tumors. Recent studies have unveiled the promising clinical efficacy of
perioperative immunotherapy involving ICIs. Precise classification of
perioperative treatment strategies based on their specific implementation
methods is of paramount importance. Peng et al. conducted an extensive
investigation into neoadjuvant therapies and biomarkers to identify the
optimal approach to perioperative immunotherapy for non-small cell
lung cancer (NSCLC). Their findings highlight that patients receiving a
combination of immunotherapy and chemotherapy during the
perioperative phase achieved enhanced outcomes with the favorable
safety profile. Furthermore, for the optimization of patient outcomes,
clinicians should meticulously consider the ideal time interval between
neoadjuvant immunotherapy and surgical intervention. Despite
significant progress in biomarker research, further in-depth
exploration is imperative to refine personalized selection criteria for
perioperative immunotherapy.

The effectiveness of immunotherapy is intricately linked to various
factors pertaining to both tumor cells and the TME. However, our

Frontiers in Oncology

understanding of the interactions between tumor-infiltrating immune
cells (TIICs) and tumors, as well as tumor cells’ influence on shaping
the TME, remains elusive. The primary challenge lies in eliciting a
robust anti-tumor immune response within a conducive TME, while
overcoming the barriers of immunosuppression and immune
exclusion. Consequently, the reconfiguration of the immune TME
emerges as a viable strategy. Martinez et al. conducted an investigation
into TME treatment, focusing on rectal cancer patients who
underwent various neoadjuvant therapies, including chemotherapy,
chemoradiotherapy (RCT), long-interval radiotherapy (LRT), and
short-interval radiotherapy (SRT). Their research unveiled that
patients with PIK3CA-mutated tumors exhibited elevated
infiltration rates of tumor dendritic cells (DCs). Moreover, in
comparison to conventional radiotherapy, LRT engendered a higher
presence of interstitial helper T cells within the TME. Furthermore,
the study observed that, relative to LRT, RCT resulted in diminished
numbers of interstitial B cells and stromal T helper cells (Ths),
regulatory T cells (Tregs), and cytotoxic T cells (CTLs), alongside an
increased presence of swollen DCs in TME. Additionally, it was noted
that local therapies such as radiotherapy elicited a more consistent
overall immune response in comparison to no treatment or
chemotherapy alone. These findings underscore the importance of
discerning the divergent immune landscape induced by specific
treatments, facilitating more individualized treatment decisions for
rectal cancer patients in the future.

Metabolism research have provided invaluable insights into the
intricate biological intricacies and the challenges associated with
tumor immunotherapy. Several chemical compounds have been
identified as potential targets for immunotherapy due to their
influence on the progression of tumors within the immune system.
One particular promising avenue of investigation is the dysregulated
polyamine metabolism. Polyamines have emerged as key players in
modulating the behavior of immune cells to mount an effective anti-
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tumor response, positioning them as compelling candidate for anti-
tumor treatment. However, it is worth noting that polyamines may
also exert immunosuppressive effects, promoting the development and
progression of tumor cells by aiding them in evading immune
surveillance. In a comprehensive study conducted by Lian et al, the
effects of polyamines on the immune TME were meticulously
examined, revealing a two-fold regulatory impact on both tumor
cells and immune cells. This research unveiled that inhibiting
polyamines can effectively reshape the immune landscape of TME.
Furthermore, the findings from this study suggest that polyamines
play a pivotal role in immunomodulation, contributing to tumor
evasion. Consequently, polyamines are emerging as a promising
avenue for advancing tumor immunotherapy. In a study by Liu
et al,, it was demonstrated that polyamines have a detrimental effect
on the activity of DCs, NKTs, CD8" TILs, and Thl cells, while
concurrently enhancing the function of Treg cells. Notably,
polyamines exhibit a dual role in the context of NKs. Despite a
range of preclinical trials involving inhibitors of polyamine
metabolism, the clinical applications remain somewhat restricted
and require further investigation to unlock their full potential in
anti-tumor therapy.

Precision immunotherapy for tumors relies on the analysis of each
patient’s genetic biomarkers to select the most appropriate
individualized therapeutic regimen. Advancements in data mining
and digital modeling have enabled researchers to leverage big data
platforms and integrate various genome, proteome, and metabolic
data to construct visual models. These models are increasingly finding
application in clinical settings, aiding in the evaluation of treatment
effectiveness, potential side effects, and overall prognosis, thereby
ensuring accurate and reliable treatment for malignant tumor
patients. In the realm of anti-tumor therapy, prognostic models
provide a critical role in guiding clinical decisions for patients
undergoing different combined strategies. Liang et al. developed an
immune-related gene (IRGPI), to assess the effectiveness of
immunotherapy in colorectal carcinoma (CRC). The index consists
of 11 genes derived from transcriptome datasets and clinical data,
accurately predicting survival rates, characterizing the immune TME,
and gauging sensitivity to immunotherapy in CRC patients.
Validation of the IRGPT’s utility was further confirmed through the
CRC mouse model. Additionally, accumulating evidence underscores
the intricate interplay between various factors that profoundly
orchestrate tumor fate. Methylthioadenosine (MTA) phosphorylase
(MTAP), a key enzyme in the methionine synthesis pathway, plays a
pivotal role. The accumulation of MTA selectively inhibits the activity
of protein arginine methyltransferase 5 (PRMT5) enzyme, resulting in
increased sensitivity to PRMTS5 inhibition in MTAP-deficient tumors.
Notably, MTAP is closely located to the tumor suppressor CDKN2A
on chromosome 9p21, leading to frequent genomic alterations
involving MTAP/CDKN2A co-occurrence. Xu et al. discovered a
connection between MTAP/CDKN2A deficiency and sarcomatous
dedifferentiation in renal cell carcinoma (RCC), a finding that can
predict aggressive disease progression, poor prognosis, primary
resistance to targeted therapy, and potential favorable responses to
immune checkpoint blockade. In the future, novel therapeutic options,
such as immunotherapies or synthetic PRMTS5 inhibitors, may offer
new hope to RCC patients with MTAP/CDKN2AMY™,
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In addition, cuproptosis refers to copper-induced cell death, often
accompanied by heightened mitochondrial-dependent energy
metabolism and an increase in reactive oxygen species (ROS).
Research suggested that an excess of copper is associated with
various types of malignant tumors. Genes associated with
cuproptosis could impact the development, progression, and
metastasis of cancerous cells. Cai et al. developed a signature based
on 43 cuproptosis-related genes to predict immune cell infiltration
and evaluate the efficacy of immune checkpoint blockade (ICB) for
individual patients. The cuproptosis risk score derived from this
signature indicated that patients with kidney renal clear cell
carcinoma (KIRC) who had higher risk scores experienced worse
survival outcomes. This finding holds significant value in predicting
the prognosis and facilitating precision therapy. Similarly, Wang et al.
identified two distinct cuproptosis regulatory subtypes in
hepatocellular carcinoma (HCC), each exhibiting unique immune
cell infiltration characteristics. Differential gene expression between
the two cuproptosis clusters was used to develop a risk signature
model. This model revealed that patients in the high-risk group
exhibited increased levels of immune and stromal cell infiltration
and had a poorer prognosis. The regulatory patterns of cuproptosis
may significantly contribute to the diversity of immune cell
infiltration, enabling the quantification of individual patient risk and
offering novel avenues for personalized anti-tumor immunotherapy in
HCC patients.

There are still lots of puzzles in managing AEs in immunotherapy
of pan-tumors. Thus, the management of those AEs, such as
treatment-related adverse events (trAEs) and immune-related
adverse reactions (irAEs), can pose a significant challenge. In a
recent meta-analysis led by Kou et al, 21 randomized controlled
trials were scrutinized to evaluate the trAEs associated with ICIs. Their
findings indicated promising results for various perioperative
immunotherapy strategies, notably in patients with operable
NSCLC. Nevertheless, the quest for optimal dosing regimens and
biomarkers persists, with the aim of tailoring treatments to individual
needs and enhancing clinical practice. Fortunately, most AEs can be
reversed with appropriate interventions. However, some trAEs can be
serious, underscoring the importance of monitoring and
comprehending AEs of ICIs therapy for safety outcomes. Among
the most prevalent AEs for ICIs are skin-related reactions, with
Stevens-Johnson syndrome being a potentially life-threatening
cutaneous reaction. A case study by Li et al. documented the
experience of a 76-year-old male patient with poorly differentiated
metastatic lung adenocarcinoma. Following 9 weeks of sintilimab
exposure (3 doses) combined with paclitaxel liposome subsequent to
CRT, the patient developed Stevens-Johnson syndrome, affecting the
limbs, trunk, lips, and oral mucosa. Skin tissue biopsy revealed
infiltration of CD4" and CD8" T lymphocytes. However, studies
evaluating discontinuation and restart strategies based on efficacy
and AEs have not yielded definitive answers. Additionally,
determining the optimal duration of ICIs treatment remains an
ongoing challenge. The most recent research on customizing the
length of immune checkpoint inhibitors (ICIs), as outlined by Yin
et al., suggests ICIs tailoring treatment duration of according to an
individual’s response patterns, tumor stage, and irAEs. This approach
incorporates key assessments such as PET-CT, liquid biopsy (e.g.
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ctDNA), or tissue biopsy to guide discontinuation decisions.
Moreover, ongoing prospective studies are expected to offer
additional insights into the ideal duration of ICIs in the coming years.
Immunotherapy, an epoch-defining treatment, has revolutionized
the way for the treatment of malignant tumors. It has significantly
enhanced treatment efficacy, prognosis, and tolerability when
compared to traditional therapies, providing new hope for patients.
A crucial aspect of this approach involves analyzing the TME. The
scientific insights gained from this field have yielded a wealth of
knowledge on how to predict treatment responses and minimize AEs,
thereby providing invaluable guidance for individualized therapy. This
dynamic has prompted the establishment of a dedicated platform,
fostering the identification and evaluation of the most efficacious
immunotherapies while prioritizing patient safety. Although there
remains a considerable learning curve concerning optimal dosing and
the identification of biomarkers, the potential benefits of personalized
treatment approaches are genuinely exhilarating, offering renewed
hope to those in need of effective anti-tumor therapeutic strategies.
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Genomic alteration of MTAP/
CDKNZ2A predicts sarcomatoid
differentiation and poor
prognosis and modulates
response to immune checkpoint
blockade in renal cell carcinoma

Wenhao Xu, Aihetaimujiang Anwaier®, Wangrui Liu®*,
Gaomeng Wei*', Jiagi Su®, Xi Tian*, Jing Xia®, Yuanyuan Qu™,
Jianyuan Zhao**, Hailiang Zhang™ and Dingwei Ye™

Department of Urology, Fudan University Shanghai Cancer Center, Shanghai, China,
2Department of Interventional Oncology, Renji Hospital, Shanghai Jiao Tong University School of
Medicine, Shanghai, China, SAffiliated Hospital of Youjiang Medical University for Nationalities,
Baise, China, “The Medical Department, 3D Medicines Inc., Shanghai, China, °Institute for
Developmental and Regenerative Cardiovascular Medicine, MOE-Shanghai Key Laboratory of
Children’s Environmental Health, Xinhua Hospital, Shanghai Jiao Tong University School of
Medicine, Shanghai, China

Sarcomatoid differentiation is a highly aggressive pathological characteristic of
renal cell carcinoma (RCC) and is characterized by susceptibility to progression
and extremely poor prognosis. In this study, we included all genomic alteration
events that led to a loss of protein function of MTAP and CDKN2A, and enrolled
5,307 RCC patients with genomic sequencing data from Western and Chinese
cohorts. Notably, MTAP/CDKN2AMYT occurred in the Chinese population ~2
times more frequently than in the Western cohort and showed significant co-
mutation trends. We found significantly higher proportions of sarcomatoid-
positive patients with MTAPMYT or CDKN2AMYT compared with MTAP/CDKN2A
wild-type (WT) patients (P < 0.001). Of the 574 RCC samples from the FUSCC
cohort and 3,563 RCC samples from 17 independent cohorts, the MTAP/
CDKN2AMYT significantly predicted extremely poor outcomes (P < 0.0001).
The Western cohort suggested a concordant relationship between MTAP/
CDKN2AMYT and sarcomatoid differentiation in RCC. Moreover, although
MTAP/CDKN2AMYT RCC may be insensitive to targeted therapy, the high
degree of tumor heterogeneity and higher PD-L1 and CXCL13 expression
characterizations reflected that MTAP/CDKN2A-deficient features could
benefit from immunotherapy for patients with RCC. This study utilized RCC
samples from large-scale, global, multicenter sequencing cohorts and first
proved that MTAP/CDKN2A deficiency significantly correlates with
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sarcomatoid differentiation in RCC and predicts aggressive progression, poor
prognosis, and primary resistance to targeted therapy and potential favorable
responses to immune checkpoint blockade. Unlike conventional targeted
therapies, emerging drugs such as immunotherapies or synthetic lethal
PRMTS inhibitors may become novel therapeutic options for patients with
MTAP/CDKN2A™"T RCC.

KEYWORDS

renal cell carcinoma, sarcomatoid differentiation, immunotherapy, genomic
alteration, MTAP, CDKN2A, tumor microenvironment

Introduction

Renal cell carcinoma (RCC) is one of the most common
genitourinary malignancies (1), accounting for 3% of all
malignant tumors, and its incidence is increasing at a rate
of 3% every year (2). The incidence rate in major domestic
cities of China, such as Beijing, Shanghai, and Hangzhou, has
reached more than 8/100,000, which is more than double that
of 10 years ago (3, 4). Clear cell renal cell carcinoma (ccRCC)
is the predominant pathological type of kidney cancer, which
accounts for about 78% of all RCC in adults. Nearly one-third
of ccRCC patients encountered lymphatic, bone, or organ
metastases at initial diagnosis, and the 5-year survival rate of
patients with advanced ccRCC is less than 20% (5, 6).
Although classic histological heterogeneity has been widely
explored in the research of ccRCC, the latest advances in
genomic technologies have demonstrated prominent
molecular subtypes, which have assisted in elucidating the
precise typing and treatment of ccRCC as well as mechanisms
underlying the inevitable occurrence and development
essence (7, 8). Therefore, the multi-omics approach from
molecular and genomic levels have become important
research techniques in the systematic study of tumor
occurrence and treatment efficacy improvement for patients
with ccRCC.

Sarcomatoid differentiation is a highly aggressive
pathological and extremely uncommon characteristic of
RCC and is characterized by susceptibility to metastasis and
recurrence and extremely poor prognosis. Renal cell

Abbreviations: ccRCC, clear cell renal cell carcinoma; DEGs, differentially
expressed genes; DFS, disease-free survival; DSS, disease-specific survival;
FUSCC, Fudan University Shanghai Cancer Center; GEO, Gene Expression
Omnibus; MTAP, methylthioadenosine phosphorylase; PRMTS5, protein
arginine methyltransferase; OS, overall survival; TIME, tumor immune
microenvironment; TME, tumor microenvironment; PFS, progression-free
survival; RCC, renal cell carcinoma; sRCC, renal cell carcinoma with

sarcomatoid dedifferentiation; TCGA, The Cancer Genome Atlas.
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carcinoma with sarcomatoid dedifferentiation (sRCC) is
insensitive to chemoradiotherapy and targeted therapy, and
radical resection is the preferred treatment. Patients who have
clear cell histology and a higher percentage of sarcomatoid
differentiation may have worse outcomes with VEGF-targeted
therapy (9). In addition, the more sarcoma components, the
worse the prognosis of the patient. Even with active treatment,
the median postoperative survival for patients with sSRCC was
still not optimistic (10). For example, with over 42 months of
median follow-up, RCC patients with sarcomatoid histology
who received nivolumab plus ipilimumab still had median
overall survival that was not yet reached [(25.2-not estimable);
n = 74] versus those who received sunitinib [14.2 months (9.3-
22.9); n=65; P=0.0004] (11). Meanwhile, the JAVELIN Renal
101 trial enrolled 108 RCC patients with sarcomatoid
histology (47 patients in the avelumab plus axitinib arm and
61 in the sunitinib arm), and patients with sRCC in the
combination arm had improved efficacy outcomes versus
those in the sunitinib arm (12). The median progression-free
survival (PFS) was 7.0 months (95% CI, 5.3-13.8 months)
versus 4.0 months (95% CI, 2.7-5.7 months), respectively.
Although researchers keep on exploring the unique molecular
pathogenesis and driver mutation spectrum of sRCC, the need
for individual diagnostic or effective treatment options is
urgent (13).

Methylthioadenosine (MTA) phosphorylase (MTAP) is a
key enzyme of the methionine remediation synthesis
pathway. In MTAP-deficient cancers, MTA accumulation
selectively inhibits protein arginine methyltransferase 5
(PRMT5) enzyme activity and increases PRMTS5 inhibition
sensitivity (14). Precisely because of this synthetic lethal
mechanism, the development and application of drugs
targeting PRMT5 have led to new treatment options for
patients with MTAP deletion tumors (15). Since MTAP is
located on chromosome 9p21, close to the tumor suppressor
CDKN2A, genomic alteration of MTAP/CDKN2A co-
occurrence is frequent. At the EAU2021 conference, Necchi
et al. compared genomic differences between sRCC and clear
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cell RCC (ccRCC). The authors found a significant increase in
MTAP/CDKN2A loss in sRCC and proposed a potential role
of anti-PRMT5 drugs in MTAP-deficient advanced sRCC
(16). However, the lack of clinical data and the small
sample size were major limitations.

In this study, we included all genomic alteration (GA) events
that led to a loss of protein function in the statistical analysis.
The study included 574 Chinese patients with RCC from the
Fudan University Shanghai Cancer Center (FUSCC); 3,563 RCC
samples from 17 independent cohorts were integrated
(Western). MTAP/CDKN2A alteration frequency,
clinicopathological features, and prognosis were depicted in
the FUSCC and Western cohorts. Finally, we included 1,170
Chinese RCC patients from the 3D cohort with panel sequencing
data. The relationship of CDKN2A mutations with therapeutic
markers was further explored. We hypothesized that MTAP/
CDKN2A-deficient features significantly correlate with
sarcomatoid differentiation in RCC and predict poor
outcomes, inactive targeted treatment responsiveness, and
favorable responses to immune checkpoint blockade in
patients with RCC.

Methods

Data collection and preprocessing from
the discovery, testing, and validation sets

In the Chinese training cohort, 574 patients with available
whole-exome sequencing (WES) data from the FUSCC
(Shanghai, China) were included. In the Western testing
cohort, the WES sequencing data of 3,563 ccRCC Caucasian
patients were obtained from the cBioPortal for Cancer Genomics
database (http://www.cbioportal.org/) with gene IDs converted
from Ensembl ID to gene symbol matrix. The combined 3D
medicine cohort included WES data of DNA extracted from
clinically annotated tumor specimens and from whole blood (as
the matched germline source) from a total of 1,170 Chinese
RCC patients.

Genetic variation analysis

The somatic mutation data were processed using the “maftools”
R package to screen and present the genes with the top 20 mutation
frequencies. The chi-square test was implemented to analyze the
differences in the mutation frequencies of the high-frequency
mutant genes among the three cohorts. We counted all genomic
alterations (specifically the focal loss of 9p21) to the MTAP and
CDKN2A genes that sit next to each other on chromosome 9p21
and referred to the altered status as “MUT.”
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Clinicopathological subgroup analysis

We divided patients into different subgroups based on
different clinicopathological features, including neoplasm
histological grade, cancer metastasis, cancer lymph node
stage, neoplasm clinical stage, and race category; different
hemogram features, including the levels of hemoglobin,
platelet, WBC, and serum calcium; and different clinical
therapy data, including individual neoplasm status,
sunitinib treatment after operation, new neoplasm event
after initial therapy indicator, and response to systematic
first-line targeted therapy. The Fisher test was used to
compare the differences in different clinical subgroups
between the MTAP/CDKN2A-altered and MTAP/CDKN2A-
unaltered groups.

Differential gene expression analysis and
functional enrichment analysis

To explore the potential biological differences between the
MTAP/CDKN2A-altered and MTAP/CDKN2A-unaltered
patterns, the “limma” R package was used to identify
differentially expressed genes (DEGs), and the threshold
value was set as P <0.05, |logFC| 23.37. Functional
enrichment analyses were carried out to explore the
potential functions of the genomic alteration of MTAP/
CDKN2A in patients with RCC using the Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG),
and Reactome databases (17).

Hematoxylin and eosin and
immunohistochemistry staining analysis

Hematoxylin and eosin staining was conducted according
to routine protocols. Briefly, after deparaffinization and
rehydration, tissue sections were stained with hematoxylin
solution and eosin solution (ZSGB-BIO, China), followed by
dehydration with graded alcohol and clearing in xylene. The
mounted slides were then examined and photographed using
a LEICA DM3000 LED (Leica DMshare (v3), Germany)
following the manufacturer’s protocols and previously
described procedure (8). IHC was performed to evaluate the
expression level of CXCL13 (1:1,000 dilution; ab246518;
Abcam, USA) and PD-L1 (1:300 dilution; No. 19313684,
CST, China) in ccRCC samples from the FUSCC according
to standard procedures as previously described (8).
Staining score and sarcomatoid differentiation features
were independently measured by two experienced
clinical pathologists.
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Statistical analysis

In the statistical analyses, the Wilcoxon test was used to
compare the differences between the two groups of samples. The
survival curve was analyzed using Kaplan-Meier, and the log-
rank test was used to assess the significance for disease-specific
survival (DSS), disease-free survival (DFS), overall survival (OS),
and PFS. The “survminer” R package was utilized to take the best
cutoff value for all survival analyses. A P-value less than 0.05 was
considered statistically significant.

Results

Clinical value of MTAP/CDKN2AMYT in
sarcomatoid and prognosis of 574
patients with RCC from the

FUSCC cohort

First, we summarized the mutation frequencies of MTAP/
CDKNZ2A in the three cohorts, namely, the discovery set (FUSCC
cohort, n = 574), the testing set (Western cohort, n = 3,563), and

10.3389/fimmu.2022.953721

the validation cohort (3D medicine cohort, n = 1,170)
(Figure 1A). The results showed the highest frequency of
MTAPMYT and CDKN2AMYT (2.96% and 5.75%, respectively)
in the FUSCC cohort, and the MTAPMYT frequency was
approximately half of CDKN2AMY" frequency. Notably,
MTAP/CDKN2AMYT occurred in the Chinese population ~2
times more frequently than in the Western cohort and showed
significant co-mutation trends.

To verify the relationship between MTAP/CDKN2A
mutations and sarcomatoid differentiation, we evaluated the
pathological features of 574 samples from the FUSCC cohort
and found significantly higher proportions of sarcomatoid-
positive patients with MTAPMY" or CDKN2AMY" compared
with MTAP/CDKNZ2A wild-type (WT) patients (P < 0.001;
Figure 1B). The majority of MTAP/CDKN2AMY" samples
showed sarcomatoid pathological features (Figure 1C). Of the
574 RCC samples, the MTAP/CDKN2AMY" significantly
predicted extremely poor PFS [hazard ratio (HR)=7.705,
P < 0.0001] and OS (HR = 6.369, P < 0.0001; Figure 1D).
Taken together, we found that MTAP/CDKN2AMYT could
significantly predict sarcomatoid differentiation and prognosis
in RCC.
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Clinical value of MTAP/CDKN2AMYT in sarcomatoid and the prognosis of 574 patients with renal cell carcinoma (RCC) from the discovery set of
the Fudan University Shanghai Cancer Center (FUSCC) cohort. (A) Genomic alteration frequency of MTAP and CDKNZ2A in 574 Chinese patients
with RCC from the FUSCC cohort; 3,563 RCC samples from 17 independent cohorts were integrated (Western cohort), and 1,170 Chinese
patients with RCC were included from the 3D medicine cohort with panel sequencing data. (B) The proportion of sarcomatoid pathological
features in 574 patients with RCC from the FUSCC cohort in different mutation groups. (C) The representative images of sarcomatoid
pathological features in MTAP/CDKN2AMYT samples. (D) Classified by the MTAP/CDKN2AMYT, progression-free survival (PFS) and overall survival
(OS) of 574 RCC patients from the FUSCC cohort using Kaplan—Meier curve analysis. ****, P<0.0001.
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MTAP/CDKN2AMYT in histopathological
subtypes and sarcomatoid differentiation
of 3,563 patients with RCC from the
Western cohort

To further test our hypothesis, we then explored MTAP/
CDKN2AMYT frequencies in 3,563 RCC samples from the
Western cohort. As shown in Figure 2A, MTAP/CDKN2AMYT
is more common in non-ccRCC, and the frequency of
progression and mortality events was significantly increased in
the GA group. The frequency of MTAP/CDKN2AMYT in
different RCC datasets is shown in Figure 2B. The results
revealed that MTAP/CDKN2AMYT is more common in non-
ccRCC histopathological subtypes, which is consistent with the
consensus that sarcomatoid differentiation occurs more
frequently in non-ccRCC. Interestingly, we found remarkable
sarcomatoid differentiation in patients with both MTAPMY" and
CDKN2AMYT (Figure 2C). Overall, the results from the Western
cohort suggest a concordant relationship between MTAP/
CDKN2AMY" and sarcomatoid differentiation in RCC.

Mutation spectrum

Oncotree Code

BEEa-

10.3389/fimmu.2022.953721

Implications of MTAP/CDKN2AMYT in
prognosis, clinicopathological features,
and sensitivity to therapy of 3,563
patients with RCC from the

Western cohort

Next, we collected RCC samples with available survival and
mutation information from the Western cohort. Significantly,
the genomic alteration of MTAP prominently predicted shorter
DSS (P < 0.0001, HR=5.675), PES (P < 0.0001, HR = 6.000), DFS
(P < 0.0001, HR = 6.008), and OS (P < 0.0001, HR = 3.669) in
patients with RCC from the Western testing cohort (Figure 3A).
Moreover, the genomic alteration of CDKN2A was also
significantly associated with shorter DSS (P < 0.0001,
HR = 7.415), PFS (P < 0.0001, HR = 6.441), DES (P < 0.0001,
HR =5.902), and OS (P < 0.0001, HR = 4.837) in 3,563 patients
with RCC from the Western cohort (Figure 3B).

Additionally, the results revealed that MTAP/ CDKN2AMYT
significantly predicted poor DSS (P < 0.0001, HR = 6.921), PFS
(P <0.0001, HR = 6.295), DES (P < 0.0001, HR = 5.919), and OS
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MTAP/CDKN2AMYT in histopathological subtypes and sarcomatoid differentiation of 3,563 patients with RCC from the Western cohort. (A)
Relationship between MTAP/CDKN2AMYT and histopathological subtypes of RCC, disease-free status, and OS status in 3,563 RCC samples from

the Western cohort. (B) The frequency of MTAP/CDKNZ2A genomic alterations in different RCC datasets. (C) Remarkable sarcomatoid

differentiation in patients with both MTAPMYT and CDKN2AMYT from The Cancer Genome Atlas. * Ratio is calculated as altered/profiled.
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(P <0.0001, HR = 4.564) in patients with RCC from the testing
set (Figure 4A). Moreover, RCC patients with MTAP/
CDKN2AMYT showed significantly higher pathology grades
(95.8% were G3-G4) and clinical stages (92.5% were III-IV;
Figure 4B). Consistently, we found a significantly higher
frequency of Asian subjects in the GA group than in the
unaltered group. Additionally, patients in the GA group
exhibited lower hemoglobin and leukocyte levels and higher
platelet and blood calcium levels, reflecting a higher IMDC stage
and a higher treatment primary tolerance. Additionally, in the
GA group, the proportion of patients with unresectable tumors
was 63.5%; 50% of the patients received postoperative sunitinib
therapy, and approximately 40% of patients carried new
neoplasm events after initial therapy. These findings suggested
that patients in the GA group are primarily resistant to
conventional targeted therapy (Figures S1A, B). Overall, to our
knowledge, this is the first verification of the prominent
relationship between MTAP/CDKN2AMYT and sRCC. MTAP/
CDKN2AMYT could significantly predict progression, long-term
survival, and treatment efficacy in RCC patients.

MTAP/CDKN2AMYT predicts higher tumor
heterogeneity, tumor microenvironment
characterizations, and active responses
to immune checkpoint blockade of

RCC patients

The above findings aroused our interest regarding the
impact of MTAP/CDKN2A™Y" on RCC malignant biological
functions. Therefore, we analyzed genotype differences in the
Western cohort using the “limma” R package with a threshold of
Log'(g-value) >2. A total of 363 significantly upregulated genes
in the MTAP/CDKN2AMYT group were identified (Figure 5A).
Functional enrichment suggested that MTAP/CDKN2AMYT
response genes participate in the aggregation and activation of
immune cells in the tumor microenvironment (TME). Similarly,
pathway enrichment results revealed a marked involvement in
the JAK-STAT, interferon, and mTOR signaling pathways,
suggesting that MTAP/CDKN2AMY" may activate the anti-
tumor immune response in the TME of RCC (Figure 5B).
Notably, the 3D cohort showed significantly elevated tumor
mutation burden (TMB) and PD-L1 levels in the CDKN2AMYT
group (Figure 5C).

To further portray intratumoral immunophenotypes according
to genomic alterations of MTAP and CDKN2A, we evaluated the
expression levels of the immune checkpoint molecule, PD-L1, and
the key lymphokine that recruits tertiary lymphoid structures,
CXCL13, in ccRCC samples with available genomic data from the
discovery set of the FUSCC cohort. The relative expression of PD-
L1 and CXCL13 was defined as strong, moderate, and absent/weak
staining according to the staining density and intensity of each
section. Interestingly, significantly higher PD-L1 and CXCL13
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expression was found in 30 RCC samples with MTAP/
CDKN2AMYT compared with 88 patients in the MTAP/
CDKN2AYT group (P < 0.01; Figures 5D, E). In general, these
results demonstrated that although MTAP/CDKN2AMYT RCC may
be insensitive to targeted therapy, the high degree of tumor
heterogeneity and immune-excluded TME reflected that MTAP/
CDKN2AMYT patients could benefit from immunotherapies.

Discussion

The advancement of cancer genome analyses has revealed the
detailed genomic landscapes of cancer. Targeted therapies based on
the characteristics of the tumor genome are increasingly being
offered to patients with cancers (18-20). Our study has essential
implications for the design and analysis of molecular epidemiology
studies in patients with sarcomatoid differentiation of RCC as well
as the somatic characterization of genomes for the Chinese
population. Among the Chinese and Caucasian populations, we
assessed the mutation landscape and found the highest frequency of
MTAPMYT and CDKN2AMY" (2.96% and 5.75%, respectively) in
the FUSCC cohort, and the MTAPMY" frequency was
approximately half of CDKN2AMY" frequency. Notably, MTAP/
CDKN2AMYT occurred in the Chinese population ~2 times more
frequently than in the Western cohort and showed significant co-
mutation trends.

A previous study identified VHL mutations as the most
common gene mutation (72%), followed by PBRMI (45%),
SETD2 (34%), and BAPI mutations (17%) in 29 Caucasian
patients with advanced ccRCC (21). It is also suggested that
BAPI, SETD2, and PBRMI are prevalent co-drivers of tumor
grade and invasion of ccRCC and associated with aggressive
progression (21-23). However, PBRMI-mutant patients tended to
have a higher TMB and might evoke immunotherapy sensitivity
(24). Furthermore, Malouf et al. detected genomic profiling,
underpinning renal cell carcinoma with sarcomatoid
dedifferentiation, and identified TP53 (42.3%), VHL (34.6%),
CDKN2A (26.9%), and NF2 (19.2%) as the most frequently
altered genes for sRCC (12, 25). Approaches and strategies are
needed for other malignancies driven by the loss of CDKN2 and
NEF2, as revealed by genomic features in the course of clinical
management for patients with sSRCC. This study speculated that
although the initiating mutation in sRCC is similar to other types of
RCC, the acquisition of other driver alterations, such as TP53 or
NE2, may lead to the generation of the sarcomatoid phenotype.
Therefore, understanding the distinct genomic alteration
background of the Chinese population with sarcomatoid
differentiation of RCC will guide targeted therapies and
immunotherapies, paving the way for the clinical practice of
precision medicine in this highly lethal cancer.

Previous studies have revealed the unique molecular
classification of ccRCC predicting prognosis in Caucasian patients
treated with targeted therapies, specifically the TKIs (26). The
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Implications of MTAP/CDKN2AMVT in prognosis, clinicopathological features, and sensitivity to therapy of 3,563 patients with RCC from the
Western cohort. (A) Classified by the MTAPYYT, DSS, PFS, DFS, and OS of RCC patients from the Western cohort using Kaplan—Meier survival
analysis and log-rank test. (B) Classified by the CDKN2AMYT, DSS, PFS, DFS, and OS of RCC patients from the Western cohort using Kaplan—
Meier survival analysis and log-rank test. **** P<0.0001.
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molecular classification (ccRCC1-4) suggested a high predictive
value for favorable outcomes in patients with advanced ccRCC
treated with sunitinib (27). This study identified the clusters with
MTAP/CDKN2A-altered and MTAP/CDKN2A-unaltered groups
with distinct levels of genomic alteration, clinicopathological
features, and immune infiltration in patients with RCC.
Moreover, RCC patients with MTAP/CDKN2AMYT showed
significantly higher pathology grades (95.8% were G3-G4) and
clinical stages (92.5% were III-IV). Consistently, we found a
significantly higher frequency of Asian subjects in the GA group
than in the unaltered group. Additionally, patients in the GA group
exhibited lower hemoglobin and leukocyte levels and higher platelet
and blood calcium levels, reflecting a higher IMDC stage and a
higher treatment primary tolerance. Additionally, in the GA group,
the proportion of patients with unresectable tumors was 63.5%; 50%
of the patients received postoperative sunitinib therapy, and
approximately 40% of patients carried new neoplasm events after
initial therapy.

The loss of MTAP expression has been linked to a tumor-
promoting effect in multiple cancers, and MTAP may serve as a
tumor suppressor (28-30). For example, in 2021, Han et al. found
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that 9p21 loss, normally CDKN2A (13.5%) and MTAP (9.3%),
confers a cold tumor immune microenvironment, poor clinical
outcomes, and primary resistance to immune checkpoint therapy
for cancers (31). However, this study did not explore the
clinicopathological significance of 9p21 deletion in RCC, let alone
its impact on the dysregulation of TME. Despite the frequent loss of
MTARP expression in high-grade gliomas, MTAP did not appear to
be associated with a deteriorating outcome, and in-vitro models
demonstrated that MTAP did not affect proliferation, invasion, and
migration (32). Unlike in other tumors, non-synonymous
mutations, neoantigens, insertions, or deletions caused by
chromosomal structural changes and somatic copy number
variations were not in significant consistency with the response to
immune checkpoint therapies (ICTs) in ccRCC (33). Moreover, the
elevated expression of PD-L1 correlated with poor OS, which was
also observed in the pro-tumorigenic MTAP/CDKN2AMY" cluster
(34, 35).

A previous study pointed out that genetic alteration of
CDKN2A was correlated with reduced benefits from ICTs and
changes in the TME of urothelial carcinoma (36). Furthermore,
CDKN2A deletion and BAP1 mutations, as well as increased
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expression of MYC transcriptional programs, have been
identified as genomic features of aggressive behavior for
sarcomatoid and rhabdoid RCC (37). In this study, the
relatively immune-infiltrated MTAP/CDKN2AMYT cluster
showed a transcriptional signature indicative of pro-
tumorigenic immune infiltration in tumors and prominently
higher TMB values based on 1,170 Chinese patients with RCC.
Interestingly, we identified the mutually exclusive aggressive
tumor phenotypes in ccRCC. Through phenotypic analysis,
favorable clinical response to ICTs, elevated expression of
immune checkpoints, increased abundance of tumor-infiltrated
lymphocyte infiltration, and elevated TMB and PD-L1
expression were observed in the MTAP/CDKN2AMYT cluster.
However, just as not all solid tumors with high TMB are
sensitive to ICTs, patients with high neoantigens are not
necessarily accompanied by an elevated level of CD8" T-cell
infiltration in the TME of c¢cRCC (38). Therefore, under a
paradigm of targeted therapies, such as TKIs, two of the
clusters that are “immune-infiltrated TME” exerted poorer
prognosis but might be uniquely responsive to immune
checkpoint blockade, thereby improving treatment outcomes
for ccRCC patients. Further tumor type-specific studies are
warranted in investigating biomarkers for ICTs.

Conclusion

This study utilized RCC samples from large-scale, global,
multicenter sequencing cohorts and first proved that genomic
alteration of MTAP/CDKN2A significantly correlates with
sarcomatoid differentiation in RCC and predicts aggressive
progression, poor prognosis, primary resistance to targeted
therapy, and potential favorable responses to immune
checkpoint blockade. Unlike conventional targeted therapies,
emerging drugs such as immunotherapies or synthetic lethal
PRMTS5 inhibitors may become novel therapeutic options for
patients with MTAP/CDKN2AMY" RCC.
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The study of metabolism provides important information for understanding the
biological basis of cancer cells and the defects of cancer treatment. Disorders
of polyamine metabolism is a common metabolic change in cancer. With the
deepening of understanding of polyamine metabolism, including molecular
functions and changes in cancer, polyamine metabolism as a new anti-cancer
strategy has become the focus of attention. There are many kinds of polyamine
biosynthesis inhibitors and transport inhibitors, but not many drugs have been
put into clinical application. Recent evidence shows that polyamine
metabolism plays essential roles in remodeling the tumor immune
microenvironment (TIME), particularly treatment of DFMO, an inhibitor of
ODC, alters the immune cell population in the tumor microenvironment.
Tumor immunosuppression is a major problem in cancer treatment. More
and more studies have shown that the immunosuppressive effect of
polyamines can help cancer cells to evade immune surveillance and promote
tumor development and progression. Therefore, targeting polyamine
metabolic pathways is expected to become a new avenue for
immunotherapy for cancer.
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1 Introduction

Polyamines, including putrescine, spermidine and spermine,
are polycationic alkylamine that present in mammalian cells in
millimolar concentrations (1). They can interact with negatively
charged biological macromolecules such as nucleic acids and
neurotransmitter under physiological pH conditions (1)
(Figure 1). Polyamines are reported to be involved in
regulation of DNA synthesis and stability, transcription, ion
channel transport, and protein phosphorylation (2-5). In
mammals, polyamines play important roles in diverse
physiological processes, including immunity, aging, hair
growth, and wound healing (1). The intracellular
concentration of polyamines varies greatly depending on cell
types, cellular context and the surrounding microenvironment
(6,7). Polyamines are necessary for normal cell growth, and their
consumption results in cell stasis. In the early stages of tumor
transformation and progression, multiple carcinogenic pathways
lead to the dysregulation of polyamine demand and metabolism,
indicating that elevated levels of polyamines are necessary for
transformation and tumor progression (8, 9).

Human diet and gut microbiota are also important sources
of polyamines (10-12). Polyamines are present in all types of
foods in a wide range of concentrations (13). The predominant
polyamine in plant-derived foods is spermidine, whereas
animal-derived foods have higher levels of spermine (13).
Studies have shown that dietary polyamines intake is
associated with cardiovascular, intestinal development, cancer
progression, and anticancer immunity (14, 15). Oral
supplementation of spermidine in mice can prolong life span,
enhance cardiac autophagy, and improves the mechanical elastic
properties of cardiomyocytes (16). Exogenous spermidine
supplementation also reduces transplantable tumor growth,
stimulates anticancer immune surveillance in combination
with chemotherapy, and inhibits tumorigenesis in mice caused
by chemical injury (17). Furthermore, Carlos Gomez-Gallego
et al. reported that formula-fed mice supplemented with
polyamines were similar to normal breast-fed mice in terms of
microbial communities, lymphocyte numbers, and immune-
related gene expression throughout the gastrointestinal tract
(18). Gut microbial-derived polyamines are another important
source of host polyamine reservoirs. Gut microbes can
synthesize putrescine, spermine, and spermidine in milligram
concentrations and use polyamines for cell-to-cell
communication, cell signaling, and cell differentiation (19).
Bacteria colonizing the gut produce polyamines, primarily
through the transamination of ingested amino acids by
catalytic enzymes, especially arginine (20, 21). Studies have
shown that supplementation with arginine and/or
Bifidobacterium animalis subsp. lactis LKM512 increases the
content of polyamines in the intestine of mice and
significantly prolongs lifespan, which is related to the down-
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regulation of inflammation-related genes and the improvement
of intestinal barrier function (22, 23). With the in-depth study of
polyamines derived from gut microbes, the presence of
probiotics was found to increase the concentration of
polyamines in the gut (24). Studies have shown that
consuming yogurt containing the probiotic strain B. animalis
subsp. Lactis LKM512 can increase the concentration of
polyamines in human intestine, which is beneficial to improve
intestinal health, prolong life and quality of life (25-27).
Moreover, consumption of LKM512 yogurt can improve the
intestinal environment and induce T-helper type 1 cytokine
(IFN-gamma) in atopic dermatitis (AD) patients (25), which
also suggests the potential role of probiotic-derived polyamines
in immune regulation.

Tumors are complicated multicellular systems characterized
by the sophisticated interaction between cancer cells and the
tumor microenvironment (TME) (28). TME consists of
extracellular matrix (ECM) and various noncancerous cell
types, including immune cells, endothelial cells, pericytes, and
fibroblasts (29). In tumor immune microenvironment (TIME),
including various T helper cells, monocytes/macrophages,
natural killer (NK) cells, neutrophils, and dendritic cells, have
multifaceted roles during carcinogenesis and progression (30).
TME, characterized by either elevated and chronic inflammation
or immunosuppression, is considered as one of the hallmarks of
cancer (31). In order to survive and proliferate in TIME, tumor
cells need to evade immune surveillance and avoid being killed
by cytotoxic lymphocytes. This is achieved by shaping the TIME
into a tolerable and immunosuppressive environment, which is
characterized by impaired production of tumoricidal cytokines
and chemokines, decreased infiltration of activated T
lymphocytes, cytotoxic CD8'T cells, and NK cells, and
increased infiltration of immature myeloid derived suppressor
cells (MDSC), regulatory T cells (Tregs), and other
immunosuppressive cells (32-36).

Increased polyamine metabolism is commonly observed in
various types of cancer. Elevated levels of polyamines stimulate
cell proliferation and angiogenesis in tumors, thereby promoting
tumorigenesis and development (37-40). Multiple oncogenes and
tumor suppressors regulate tumor polyamine metabolism, which
not only increased polyamine biosynthesis but also increased
cellular uptake of polyamines via an upregulated polyamine
transport system (41, 42). To date, many reports have suggested
that polyamines play a functional role in immune-modulation,
and participate in anti-tumor immune response by regulating the
proliferation, differentiation and function of immune cells.
Polyamines are essential for the activation and proliferation of
mouse CD4" and CD8" T lymphocytes (43). In mouse bone
marrow derived macrophages, spermidine-dependent OXPHOS
metabolism may be beneficial to the alternative activation of
ARGL expression and inhibition of pro-inflammatory cytokine
expression, which reduces the infiltration of autoimmune CD4"
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The biological function of polyamines. Polyamines have multiple roles in cells, including regulation of gene expression, RNA structure, protein
synthesis, ion channel flux, and autophagy. Polyamines are required for growth and play important roles in a variety of physiological processes,

including immunity, aging, hair growth, and wound healing.

and CD8" T lymphocytes into the central nervous system and the
clinical score of experimental autoimmune encephalomyelitis (44,
45). Polyamines can also improve anti-cancer immunity through
autophagy, a cellular metabolic process necessary for T cell
activation, function and survival (46-50). However, polyamines
have also been reported to exert immunosuppressive effects, which
may contribute to the multiple complex mechanisms by which
cancer cells escape from immune responses. Myeloid-derived
suppressor cells (MDSC) in the tumor microenvironment utilize
polyamines to invoke their suppressive activations and support
their metabolism (51-56). Polyamines also inhibit lymphocyte
proliferation, reduce neutrophil locomotion and NK cell activity,
and suppress macrophage-mediated tumoricidal activity through
reprogramming proinflammatory M1 to anti-inflammatory M2
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phenotypes (57-61). Taken together, polyamine metabolism and
its metabolic molecules, play a complex role in the differentiation
and function of various immune cells under both physiological
and pathological conditions.

Metabolic regulation is a key component of coordinating the
immune response (62). Targeting polyamine metabolism has
long been an attractive approach for cancer chemotherapy. In
animal experiments, polyamine deprivation enhances the
production of chemokines, reverses the inhibitory activity of
cytotoxic cells induced by tumor inoculation, and prevent
tumor-induced immunosuppression (59, 63). Some studies
have shown that inhibition of ornithine decarboxylase (ODC),
and/or treatment of polyamine transport inhibitors (PTIs),
significantly reduces the tumor growth rate due to the
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enhanced anti-tumor immunity (64-66). Moreover, polyamine
blocking therapy (PBT) reduces polyamine-mediated
immunosuppression in the tumor microenvironment and
activates tumor-killing T cells (67). Since accumulating
evidence supports that polyamines contribute important roles
to immune evasion of tumor cells, polyamines might be added to
the list of immunosuppressive metabolites (68). In this review,
we outline the relationship between polyamines and immune cell
function. We also discuss the impact of polyamines on the tumor
immune microenvironment, and the dual regulatory functions
of polyamines in cancer and immune cells. Finally, we provide
insights on targeting polyamine metabolism as a novel avenue
for cancer immunotherapy.

2 Polyamine metabolism

Under normal physiological conditions, the intracellular
concentration of polyamines is strictly regulated by
biosynthesis, catabolism and transport mechanisms (7, 69, 70).
While polyamine pathways, which are modulated by several
important oncogenic pathways, are often dysregulated in cancer.
As such, polyamine metabolism may serve as a promising target
for anticancer therapies (9).
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2.1 Polyamine biosynthesis

Polyamines are produced from arginine and ornithine,
which are controlled by de novo synthesis and diet (71, 72)
(Figure 2). Ornithine is produced from arginine by arginase 1
(ARG1) and metabolized by ornithine decarboxylase (ODC) to
produce putrescine, which is the first mammalian polyamine
(73).
adenosyltransferase (MAT2) to produce s-adenosylmethionine

Methionine is metabolized by methionine

(SAM), which is the main methyl donor for cell methylation
(74). SAM is decarboxylated by adenosylmethionine
decarboxylase 1 (AMDI) to produce decarboxylated SAM
(dcSAM), which is a substrate for polyamine synthesis (72). In
inflammatory and autoimmune diseases, intracellular
methylation modification affects immune dysfunction in the
body, including CD4™T lymphocytes, CD8"T lymphocytes, B
lymphocytes, macrophages, and regulatory T cells (75).
Therefore, in addition to playing an important role in the
synthesis of polyamines, AMD1 may also affect the
methylation reaction by affecting the availability of SAM, and
even play a role in immune function (75). Decarboxylated SAM
(dcSAM) is the aminopropyl donor, which is added to the
reactions catalyzed by spermidine synthase (SPDSY, coded by
SRM) and spermine synthase (SPMSY, coded by SMS) to

Plasma membrane transporter SLC3A2

The polyamine metabolic pathway and transport way. Polyamine biosynthesis involves the conversion of ornithine to putrescine by ornithine
decarboxylase (ODC), followed by the formation of spermidine via spermidine synthase (SRM) and decarboxylated s-adenosylmethionine
(dcSAM, formed by AMD1). The aminopropyl fragment required for putrescine to produce spermidine was provided by dcSAM. In a similar
manner, spermine is produced from the conversion of spermidine by spermine synthase (SMS) and AMD1. The polyamine catabolism
process occurs through the action of amine oxidase, mainly polyamine oxidase (PAOX) and spermine oxidase (SMOX). PAOX and SMOX can
generate a large amount of reactive oxygen species (ROS) during the process of decomposing polyamines, causing oxidative damage.
Currently, three models of polyamine transport systems have been proposed. Although the molecules involved in the polyamine transport
system have not been fully recognized, it is known that the polyamine transport system is energy dependent and substrate selective. ODC
antienzymes (AZs) and antizyme inhibitors (AZINs) also play important roles in polyamine transport. ODC monomers have a higher affinity for
AZs. When the intracellular polyamine concentration is high, AZs binds to ODC monomers, preventing ODC activity and promoting the
binding of ODC monomers to the 26S proteasome for degradation in a ubiquitin (Ub)-independent manner (only AZ1 induces ODC
degradation). However, the binding of AZs to ODC can be blocked by AZINs.
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convert putrescine into polyamine metabolites (73, 76).
Spermidine synthase (SRM) catalyzes putrescine and dcSAM
to produce spermine and methylthioadenosine (MTA).
Spermidine can react with the second dcSAM molecule
through the action of spermine synthase (SMS) to produce
spermine and another MTA molecule (69).

2.2 Polyamine catabolism

Polyamine catabolism is another key factor in maintaining
polyamine homeostasis (Figure 2). The aminopropyltransferase
reaction to form spermidine and spermine is irreversible, but the
interconversion of polyamines in cells can occur through the
action of amine oxidase, which are mainly polyamine oxidase
(PAOX) and spermine oxidase (SMOX) (77). The activity of
PAOX is limited by the availability of acetylation products
produced by spermidine/spermine N1-acetyltransferase 1
(SSAT, which is encoded by SAT1). SSAT is a highly inducible
enzyme, which is regulated in response to the free polyamine
concentration to maintain polyamine homeostasis (78). SSAT
forms Nl-acetylspermine and Nl-acetylspermidine by adding
acetyl group to the N1 position of spermine or spermidine from
acetyl-coenzyme A. Depending on the initial substrate, these
acetylated polyamines can be excreted from the cell or converted
to 3-acetylaminopropanal, H,O, and spermidine or putrescine
by PAOX (78). SMOX is an FAD-dependent enzyme with high
homology to PAOX and exists in the cytoplasm and nucleus.
Unlike PAOX, SMOX directly oxidizes spermine to generate 3-
aminopropanal, H,O, and spermidine (77). These catabolic
pathways can prevent excessive concentrations of polyamines
in cells. PAOX and SMOX can generate a large amount of
reactive oxygen species (ROS) during the process of
decomposing polyamines, causing oxidative damage (77, 79).

2.3 Polyamine transport

In addition to polyamine synthesis and catabolism,
polyamine transport also plays an important role in
maintaining an appropriate level of intracellular polyamines.
Completely protonated at physiological pH, polyamines do not
passively diffuse across cell membranes. Currently, three models
of polyamine transport systems have been proposed (80)
(Figure 2). One proposed model relies on a highly selective
membrane permease to allow polyamines to be rapidly
internalized into endosomes, where they can be dispersed
throughout the cell as needed (81). In a second model,
polyamines are internalized by endocytosis which bound to
heparin sulfate moieties in glypican-1 at the cell surface.
Polyamines are internalized into the endosomes and then
released through an oxidation mechanism mediated by nitric
oxide (82). The third model proposes that polyamine transport is
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mediated by endocytosis and solute carrier transport
mechanisms in the gastrointestinal tract, especially SLC3A2 (82).

Ornithine decarboxylase (ODC) and ODC antizymes (AZs)
also play an important role in polyamine transport (83, 84).
ODC is active as a homodimer, but the ODC monomer has a
higher affinity for AZ. There are three main members of the
antizyme family: AZ1, AZ2 and AZ3 (85). Studies have shown
that AZ2 is expressed at much lower levels compared to AZ1.
However, AZ2 shows higher evolutionary conservation, which
may indicate increased functional value (86, 87). AZ3 is tissue-
specific and is mainly expressed in the testis during certain stages
of spermatogenesis (88, 89). Moreover, AZ1, AZ2, AZ3 are able
to inhibit ODC activity and polyamine uptake, only AZ1 induces
ODC degradation (90). AZs negatively regulate the uptake
activity of polyamines. When the intracellular polyamine
concentrations are high, polyamines transport will be blocked
because AZs can bind to ODC monomers to inhibit ODC
activity and chaperon the ODC monomers to the 26S
proteasome for degradation in a non-ubiquitin (Ub) manner.
When the intracellular polyamine concentrations are low, the
full-length AZ cannot be translated, so it cannot inhibit ODC
activity or block the transport of polyamines (83, 84). AZ can
also bind to and inhibit polyamine-specific transporters on the
plasma membrane to affect the transport of polyamines (91).
AZs and polyamine synthesis were also affected by the antizyme
inhibitors (AZINs), which are proteins highly homologous to
ODC (90), and retain no ornithine-decarboxylating activity (92,
93). In contrast to ODC, AZINs are degraded by the proteasome
through a ubiquitin-dependent mechanism (94). Two subtypes
of antizyme inhibitors, AZIN1 and AZIN2, have been reported.
AZINI is required for normal embryonic development and is
associated with cell proliferation, but AZIN2 is predominantly
expressed in the human brain and testis, and AZIN2 may play a
role in terminal differentiation rather than cell proliferation (95).
Since only transfection experiments have shown that AZIN2
affects ODC activity and polyamine uptake, and little is known
about the effect of AZIN2 on polyamine levels in vivo (96, 97),
the AZIN described in this article refers to AZIN1. AZIN1
interacts with AZ more efficiently than ODC, counteracting
the negative effects of AZ on intracellular polyamine
biosynthesis (98, 99). And when AZIN1 is tightly bound to
AZ, AZINI does not degrade as fast as ODC. Conversely, AZ
binding stabilizes AZIN1 by preventing AZIN1 ubiquitination
(94, 100). Notably, AZIN1 can also increase extracellular
polyamine uptake, presumably by binding to and sequestering
AZ, thereby preventing negative regulation of polyamine
transport by AZ (96). Studies have shown that AZIN is
overexpressed in a variety of malignancies (gastric cancer, lung
cancer, prostate cancer, liver cancer and ovarian cancer) and has
carcinogenic effects (101-104). Increased AZINI expression
correlates with elevated polyamine levels, which promote
tumor cell proliferation (100, 105). Although AZ is a tumor
suppressor and its expression can prevent cell growth and
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tumorigenesis, AZIN1 competes with ODC to release ODC from
the ODC-AZ complex based on the stronger binding ability of
AZINI and AZ, which is conducive to the polyamine synthesis
pathway and promotes cancer progression (100, 106). With the
deepening of research, it is found that the cancer-promoting
effect of AZIN1 can also affect the secretion of cytokines in the
tumor microenvironment, such as IL-8 and TGF-f3 (107, 108).
Studies have shown that AZIN1 can up-regulate IL-8 and
promote tumor angiogenesis. IL-8 has been reported to
contribute to cancer progression and metastasis through
different mechanisms, including preangiogenic and cancer
stem cell maintenance, but its ability to attract and regulate
neutrophils and macrophages is arguably one of the most
important factors (107, 109). Although there is no direct
evidence that AZIN can play a role in the tumor immune
microenvironment, AZIN may affect the tumor immune
microenvironment by regulating the secretion of cytokines.

2.4 Polyamine metabolites

2.4.1 Putrescine

Putrescine is the precursor of spermidine and spermine,
produced from ornithine by ornithine decarboxylase (ODC)
(73). Putrescine regulates DNA structure, mRNA translation
and protein activity, and plays an important role in promoting
cell proliferation and migration (2-5). Putrescine has been
shown to promote the proliferation of colon cancer cells, even
be used as a biochemical marker for malignant brain tumors
(110, 111). It is worthy to note that putrescine exerts anti-
inflammatory function by inhibiting IL-8 and TNF-c. in a LPS-
stimulated inflammation model, which may provide a survival
mechanism for tumor cells to evade immune response (112).
Meanwhile, putrescine derived from macrophages induces 5-FU
resistance in colorectal cancer (113). In addition, putrescine can
also inhibit the maturation of cytolytic T lymphocyte (CTL),
which may impair anti-tumor immunity (114).

2.4.2 Spermidine

Spermidine is a metabolite of putrescine converted by
spermidine synthase (SRM), or an oxidized product of
spermine catalyzed by SMOX. Spermidine can interact with
polyanions such as nucleic acid and protein to maintain
DNA genome homeostasis and regulate cellular autophagy,
apoptosis, oxidative stress and so on (115). There have been
many reports suggest that spermidine prolongs the life span
across species in an autophagy-dependent manner, and fights
cancer and age-related diseases (such as cardiovascular
disease, neurodegeneration) (16, 17, 45, 116). In the tumor
microenvironment, spermidine can exert multiple functions, e.
g. the cell-autonomous inhibitory effect on proliferation or
induction of apoptosis of cancer cells by releasing H,O, and
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reactive aldehydes, impeding communication between cancer
cells and immune monitoring effector cells, suppressing the
function of immunosuppressive cells and promoting the
polarization of M2-like tumor associated macrophages
(TAMs) (117). In addition, spermidine can also increase the
autophagy-dependent release of ATP to facilitate immune
monitoring (117).

2.4.3 Spermine

Spermine is converted from spermidine by spermine
synthase. Spermine also regulates cell proliferation,
differentiation, and apoptosis (7, 118). Spermine is more
effective against reactive oxygen species and other stresses than
spermidine and has been shown to be involved in the maturation
of the body’s immune system and induction of autophagy to
delay brain aging (119-121). In addition, spermine has been
reported to regulate T cell function (122), and dietary
supplementation of spermine reduces inflammatory response,
enhances immune function, and regulates gene expression of
inflammation-related signal molecules (123).

3 Roles of polyamines in the innate
immune cell responses in TIME

3.1 Regulation of macrophage
polarization by targeting polyamine-
elF5A-hypusine axis

Macrophage are professional phagocytic cells that
internalize large particles such as debris, apoptotic cells,
pathogens, and maintain a stable environment in the body
(124). According to their functions, macrophages can be
classified into two categories: classically activated or
inflammatory M1 macrophages and alternately activated or
anti-inflammatory M2 macrophages (125, 126). The cytokines
released by cancer cells in the tumor immune microenvironment
(TIME) affect the polarization of macrophages. In the early
stages of tumor formation, M1 macrophages in TIME initiate
inflammation and exert anti-tumor immunity (126). However,
in established tumors, M1 macrophages can be reprogrammed
into M2-like TAMs by cytokines enriched in TIME, such as IL-
10, IL-4, and IL-13, etc. (125). M2 macrophages have anti-
inflammatory effects and can promote angiogenesis and fibrosis,
so they have immunosuppressive activity (124). The
macrophages located around the TIME are often called TAMs.
However, TAMs are mostly M2 macrophages, which play an
important role in the establishment of immunosuppressive
tumor microenvironment, metastasis, therapy-resistance, and
recurrence of cancer (127-131). Therefore, macrophages
represent a group of cells with high plasticity, which can
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constantly shift their functional states in response to subtle
changes in tissue physiology or environmental challenges
(132-137).

Numerous studies have implicated the involvement of
polyamines in regulating polarization and functions of
macrophages, particularly, in regulating tumor immunity
(138). For instance, putrescine has been shown to inhibit M1
macrophage activation (112, 138) through downregulating IL-8
and TNF-o expression in a LPS-stimulated inflammation model,
thus implying the contribution of M1 macrophage inhibition to
immune evasion of tumor cells (138). Spermidine inhibits M1
macrophages by reducing the expression of co-stimulatory
molecules (CD80 and CD86) in macrophages and the
production of pro-inflammatory cytokines (45). Moreover,
spermidine induces the expression of ARG1 in macrophages
and promotes the polarization of macrophages to M2 phenotype
through inducing mitochondrial superoxide-dependent AMPK
activation, Hif-1o. up-regulation and autophagy (45, 139). In
addition, spermine inhibits iNOS in macrophages activated by
Helicobacter pylori to prevent the antibacterial effect of NO,
leading to the persistence of cellular bacteria and an increased
risk of gastric cancer (140). Spermine also induces the autophagy
of liver-resident macrophages (Kupffer cells) by upregulating
ATGS expression, thereby inhibiting the pro-inflammatory M1
polarization and promoting the anti-inflammatory M2
polarization of macrophages (141).

The role of key enzymes in polyamine metabolism on the
polarization and the immune functions of macrophages should
not be underestimated. In tuberculosis, highly expression of
ARG1 in macrophages leads to collagen deposition and lung
damage, which drives to inflammation by inhibiting Th1 cells
(142). In colitis, ODC in macrophages exacerbates colitis and
promotes the occurrence of colitis-related colon cancer by
impairing the immune response of M1 macrophages (143).
During the occurrence and development of human esophageal
squamous cell carcinoma (ESCC), the activation of ODC can
increase the secretion of IL-33 in the tumor site, thereby
promoting the polarization of macrophages to the anti-
inflammatory M2 phenotype (144). Moreover, MTA
accumulates in MTAP-deficient tumor cells, blocks the
activation of macrophages and inhibits the production of
TNF-o through adenosine A2 receptor and TLR receptor after
LPS stimulation, which promotes the differentiation of M2
macrophages with immunosuppressive effect (145).

According to the recent research reports, polyamines can
regulate the activation and function of macrophages largely
depends on the arginase-eIF5A-hypusine axis. The researchers
activated mouse bone marrow-derived macrophages with IL-4
[referred to M(IL-4)], and found that eIF5A™ (eIF5A
Hypusination) was induced upon activation with IL-4.
Significantly increased eIF5A™ in M(IL-4) correlated with
enrichment of hypusinating enzymes (ODC, DHPS, DOHH)
expression in these cells. It was also observed that increased
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arginine in M(IL-4) promoted putrescine production by ODC
and increased flux of putrescine to spermidine, which could be
used to synthesize hypusine. These data may imply that even if
the expression of polyamine-hypusine enzymes is not altered,
hypusine synthesis might increase due to the increased
availability of ornithine, putrescine and spermidine, followed
by changes in eIF5A™ levels in immune cells (44). In conclusion,
various links in the polyamine pathway play important roles in
the immunomodulatory function of macrophages, especially the
activation of macrophages, thereby promoting the establishment
of an immunosuppressive tumor microenvironment.

3.2 Excessive polyamines in cancer cells
confer immunosuppressive properties
on DCs

Dendritic cells(DCs) are bone marrow-derived cells that
present in all tissues (146-148), and are sentinels of the
immune system, which play a central role in linking innate
and adaptive immune responses (146). The function of DCs is
determined by the integration of environmental signals, which
are sensed via the surface expression and intracellular receptors
of cytokines, pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs) (149).
Dendritic cells can capture tumor antigens released from live
or dead tumor cells, and cross-present these antigens to T cells in
the tumor draining lymph nodes, thus leading to the generation
of tumor-specific CTLs (150, 151). However, signals from the
TIME can prevent antigen presentation and the establishment of
tumor-specific immune responses via a variety of mechanisms.
For example, the anti-inflammatory cytokine IL-10 secreted by
immunosuppressive cells can inhibit the maturation of DCs,
leading to antigen-specific anergy (152, 153). In addition, the
tumor antigens, e. g. glycoproteins carcinoembryonic antigen
(CEA) and mucin 1(MUCL1), can be endocytosed by DCs and
confined to the early endosomes, thus preventing their effective
processing and presentation to T cells (154). Polyamines also
play an important role in the maturation and functional
regulation of DCs. ARGI, a key enzyme of polyamine
biosynthesis, is highly expressed in DCs, and is one of the
most important immune checkpoints that allow tumor
immune escape (155-158). It has been reported that DCs
metabolize local arginine to produce local arginine starvation
and prevent the progression of T cell cycle in the GO-G1 phase
by impairing the expression of the T cell receptor (TCR) CD3-§
chain in human and mouse cells (159, 160). In the psoriatic
inflammatory circuit, lack of Pp6 in keratinocytes causes ARG1
accumulation and drives polyamine production, which
promotes self-RNA sensing by dendritic cells, leading to
increased inflammation (161). Adding putrescine to the
microenvironment of DCs will hinder their ability to
effectively cross-prime exogenous antigens, indicating that
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their immunogenic functions are reduced (162). Spermidine
activates the Src kinase and confers IDO1-dependent
immunosuppressive properties in DCs (163). Moreover,
spermine and spermidine may convert immunogenic DCs into
tolerant DCs by promoting the production of IL-10, thereby
inducing anergic cytotoxic CD8'T cells (164-166). Spermidine
may also inhibit the differentiation and maturation of DCs by
promoting the production of VEGF (167-169). In addition, ROS
is released during polyamine catabolism (77, 79). High levels of
ROS in the tumor microenvironment may inhibit the function of
DCs. ROS can enter DCs through diffusion across the plasma
membrane or extracellular vesicles released by tumor cells,
which gives the tumor microenvironment more opportunities
to inhibit DC function (170). Therefore, the ROS generated
during the catabolism of polyamines may not only inhibit the
cross-presentation of DCs, but also inhibit the maturation of
DCs through endoplasmic reticulum stress (171, 172).

3.3 Polyamines for NK cells: A double-
edged sword

NK cells are the first subtype of innate lymphoid cells (ILCs)
characterized by a surface marker profile CD3 " CD56 " NKp46™*
in humans, exerting natural cytotoxicity against primary tumor
cells and metastasis by inhibiting proliferation, migration and
colonization to distant tissues (173). The detection of abnormal
cells by NK cells is determined by the integration of complex
signals such as IL-12, IL-15, and IL-18, as well as the balance
between activation and inhibition signals and the interaction of
MHC-TI on the surface of target cells (174-176). During infection
and inflammation, NK cells are recruited and activated within a
short period of time, proliferate rapidly and largely contribute to
the innate and adaptive immune response (177, 178). NK cell
activation is inhibited by the binding of inhibitory receptors to
class I HLA (MHC I) molecules. However, many cancer cells
downregulate the expression of the MHC I molecules to evade
the detection of cytotoxic CD8T cells. Therefore, due to the lack
of MHC I-induced signaling via inhibitory receptors and the
subsequent increase in activation signaling, NK cells can
recognize and respond to cells of this missing-self phenotype,
and ultimately lead to target cell lysis (179).

Despite their activity in controlling tumor growth, NK cells
are susceptible to multiple immunosuppressive mechanisms in
TIME. Many cancer-related soluble immunosuppressive
molecules have negative effects on NK cell function, including
TGF-B, IL-10, indoleamine 2,3-dioxygenase, prostaglandin E2
(PGE2) and macrophage migration inhibitory factor (MIF)
(180). In addition to immunosuppressive cytokines,
accumulation of tumor-derived metabolites in TIME,
including polyamines, also exerts immunosuppressive effects
on NK cells (37-40, 68, 181). Polyamines act as a double-
edged sword in regulating NK cell functions. According to
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reports, polyamines act as natural immunosuppressive agents
by reducing the cytolytic properties of NK cells, which protect
tumors from the host’s immune response (182), while polyamine
deprivation stimulates NK cell activity (59). Polyamines can also
inhibit the expression of NK1.1 receptors of NK cells and the
production of perforin and IFN-y, thus attenuating NK cell-
mediated tumor cell recognition and cytolysis, and such effects
could be reversed by treatment with DFMO, rosuvastatin, and
their combination (182). Adhesion molecules have been shown
to promote NK cell activation (183). Lymphocyte function-
associated antigen 1 (LFA-1) is expressed on NK cells and
interacts with intercellular adhesion molecules (ICAM) on
target cells. The combination of LFA-1 and ICAM-1 can
enhance NK cell-mediated cytotoxicity by enhancing the
polarization of the cytoskeleton mechanism, which is
necessary for effective delivery of cytotoxic particles (183).
However, spermine, a natural polyamine, can negatively affect
the expression of LFA-1 and attenuate the binding of LFA-1 and
ICAM-1, thus resulting in a decrease in NK cell-mediated
cytotoxicity and ineffective delivery of cytotoxic particles (183,
184). On the other hand, polyamines may participate in the
differentiation of NK cells, contribute to their maturation and
protect their viability. It is well known that IL-2 can induce the
proliferation of NK cells and improve their cytolytic activity
(185). Polyamine biosynthesis can increase IL-2 production,
thus enhancing the cytotoxicity of NK cells (186). In addition,
polyamines, particularly spermidine and spermine, reverse
immune senescence through translational control of autophagy
(121, 187). Autophagy is necessary for the differentiation of
mature NK cells from bone marrow-derived HSC (188, 189),
and is essential for NK cells to clear the virus and enhance the
memory formation of NK cells (188-190). Therefore,
polyamines are involved in regulating the differentiation
process of NK cells, even play an important role in
tumor immunity.

3.4 Polyamines, activators of type |
NKT cells

NKT cells, subtypes of innate-like T lymphocytes, can
quickly respond to antigen stimulation and produce a large
amount of various cytokines and chemokines, thus serving as a
key player in connecting the innate immune system and the
adaptive immune system (191-194). Unlike the TCR of
traditional T cells, which only recognizes one (or at most a
few) epitopes, a single TCR of NKT cells can react with a large
number of antigens, including self and foreign antigens.
Therefore, in a T cell environment specific to an antigen, their
numbers are high enough to initiate a significant immune
response, although the absolute frequency of NKT cells is low
(e.g., about 1% in mouse spleen) (195-197). According to the
heterogeneity of TCR rearrangement, NKT cells are divided into
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two types, type I or type II NKT cells with different roles in
tumor immunity (198). Usually, type I NKT cells promote tumor
immunity, while type II NKT cells inhibit tumor immunity.
Under normal conditions, an immunomodulatory axis exists
between type I and type II NKT cells, wherein they have opposite
polar functions and counteract each other (198).

In tumor immune surveillance, NKT cells can directly kill
malignant cells. For example, both mouse and human NKT cells
can directly lyse tumor cells through a perforin-dependent
mechanism, and the expression of granzyme B also enhances
the killing effect of NK cells (199, 200). However, polyamines can
inhibit the production of perforin, making it unable to effectively
lyse tumor cells (182). Polyamine blocking therapy (PBT) has
been shown to increase the production of granzyme B in
immune cells, thus enhancing the killing effect of NKT cells
(67). It is reported that IL-12 is an effective inducer of IFN-y
(201), the main mechanism by which NKT cells act against
cancer cells and induce other downstream effector cell functions
(especially NK cells and CD8" T cells) to produce more [FN-y to
mediate tumor lysis (202, 203). Polyamines have been shown to
reduce the production of IL-12 and IFN-y in immune cells (164,
182), thus contributing to the inhibition of the killing function of
NKT cells and NKT-mediated induction and activation of NK
cells, DCs cells, and other immune cells. A main factor of type II
NKT cells-mediated tumor immunosuppression is the increased
production of IL-13 and IL-4 cytokines, which tilt immune
response mainly toward the Th2 type with pro-tumor
functions (204). In immune cells, IL-4 and IL-13 can increase
polyamine levels (68, 205) that may also contribute to type II
NKT cell-mediated tumor immunosuppression. In addition to
lipid antigens, type I NKT cells can also be activated through
toll-like receptor (TLR)-mediated signaling (206). Polyamines
have been reported to affect immune system function by
participating in the expression of Toll like Receptors (TLRs).
Therefore, polyamines may play an important role in regulating
the recruitment and activation of type I NKT cells through
TLRs (207).

3.5 Polyamine-PD-L1-y3 T cells: A novel
immune checkpoint pathway

Gamma delta (y8) T cells are a unique lymphocyte
population that mediate natural immunity against various
infections and play a unique role in immune monitoring and
tissue homeostasis (208). Since Y0 T cells can quickly identify
infected and transformed cells, they are considered as the first
line of defense against infection and malignancy (209). The main
pathway of ¥ T cell activation involves Y0 TCR. ¥d TCR can
bind to soluble or membrane proteins, such as tetanus toxoid,
bacterial protein, viral protein and heat shock protein (210-212).
According to the TCRS chain usage, human Y5 T cells are
generally divided into 2 main subgroups. One subgroup is V&1
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T cells, which are abundant in thymus and mucosal epithelial
tissues, produce a variety of cytokines such as TNF-o and IFN-y
and lyse infected or transformed target cells through cytotoxicity
(213,214). The other is V82 T cells that are mainly distributed in
peripheral blood and play a cytotoxic role in tumor immune
regulation and virus infection (215).

YO T cells regulate the immune function of body through the
cell-to-cell contact or soluble factors such as cytokines (216).
Numerous factors, such as IL-2, IL-15, IL-17, IL-21, TGF-f, and
vitamin C, can regulate the differentiation of Y0 T cells and their
anti-tumor response (217-221). Besides, polyamines, as negative
immune regulators, directly or indirectly affect the function of Y&
T cells by regulating their secretion of cytokines and other
mediators. eIF5A is a translation elongation factor that assists
in the translation of specific transcripts, and spermidine is
required for hypusination of eIF5A (44, 222). eIF5A is directly
involved in the translation of IL-17, an inflammatory cytokine
produced mainly by activated Th17 cells, while IL-17 produced
by 0 T cells drives tumorigenesis and progression through
several downstream effects on tumor cells, endothelial cells,
and other immune cells (223-225). Therefore, spermidine may
regulate the production of IL-17 in yd T cells through eIF5A and
participate in the immune regulation of a variety of cancers.
Blocking intracellular polyamines with DFMO can significantly
induce TGF-3 mRNA expression and increase TGF-f3 content
(226). TGF-P changes the adhesion characteristics of yd T cells
and plays an important role in promoting the migration ability
and tissue homing of Y0 T cells (227). Therefore, the occurrence
and development of cancer is usually accompanied by an
increase of polyamines, which may inhibit the toxic activity of
YO T cells. In recent years, researchers have discovered that ¥ T
cells can promote tumor promotion by regulating PD-1/PDL-1
(228). The immune checkpoint molecule PD-1 and its ligand
PDL-1/2 are one of the main regulatory mechanisms that temper
tumor immunity (229, 230). In vitro studies have shown that
tumor-infiltrating ¥ T cells inhibit o T cell activation via cell-
to-cell contact by PD-1/PD-L1 (228), and polyamine blockade
therapy has been reported to enhances the antitumor efficacy of
PD-1 blockade (231), which indicates that polyamines may affect
the immune function of y3T cells through PD-1/PD-L1, thereby
inhibiting the activation of oy T cells, and ultimately promote
tumor progression.

4 Role of polyamines in the adaptive
immune responses in TIME

Tumor infiltrated lymphocytes (TILs) play an important role
in the establishment of a pro- or anti-tumorigenic TME (232). T
lymphocytes are usually the major components of TILs, among
which CD4" T helper cells (e.g., Th1), CD4"CD25" regulatory T
cells (Tregs), CD8" cytotoxic T cells are frequently observed in
various cancers (233-235). Clinically, TILs can be separated,
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screened and amplified in vitro, and then implanted into the
patient’s body to exert a specific killing effect on the tumor (236).

4.1 Polyamine for CD8+ tumor-
infiltrating lymphocytes: TIME's “enemy”

CD8" tumor-infiltrating lymphocytes play a key role in the
host’s anti-tumor immune response by acting as cytotoxic cells
through the release of granzyme B, perforin, and pro-
inflammatory cytokines such as TNF-a, IFN-y, and IL-12
(237, 238). However, many factors, such as indoleamine-2, 3-
dioxygenase (IDO), PD-LI, cytokine milieu, and the state of
protein kinases in TIME, can suppress the infiltration and
cytotoxic activities of CD8" T cells and eventually lead to
immune evasion by tumor cells (239-241).

T lymphocytes obtain energy for their survival, proliferation,
and biological functions through various metabolic pathways,
while dysregulated metabolism in TME contributes to aberrant
functions of TILs, including CD8" cytotoxic T cells (242, 243).
Alterations in different metabolic pathways in TME can lead to
exhaustion, impaired effector functions and survival of CD8"
cytotoxic T cells in various types of cancer (244-246). Previous
studies have indicated that increased polyamine metabolism is
also involved in regulation of the survival and effector function
of CD8" TILs (68, 247). For example, polyamines and polyamine
oxidation products may inhibit the activation and proliferation
of CD8" TILs by down-regulating the production of IL-2 (248,
249). Increased polyamine production was associated not only
with increased IL-10 levels, but also with decreased IL-12 levels,
suggesting that polyamines may inhibit the cytotoxic function
and cause deficiency of CD8" TILs (250-252). In addition,
polyamines can also reduce the expression of chemokines, thus
inhibiting the migration and recruitment of CD8" TILs, a key
step for anti-tumor response (45, 253, 254). It has been reported
that the expression of T cell co-inhibitory molecules (PD1, PD-
L1 and CTLA-4) can induce exhaustion of effector T cells, while
blockade of PD-1/PD-L1 T cell co-inhibitory axis can efficiently
enhance the infiltration of CD8" T cells into TIME and restore
the anti-tumor immune response (255, 256). Most recently,
several lines of evidence have shown that polyamine blocking
therapy (PBT) can improve the anti-tumor efficacy of PD-1
blockade along with an increase in tumor infiltration of
granzyme B”, IFN-y" CD8" T-cells and a decrease in
immunosuppressive tumor infiltrating cells including Gr-
1"CD11b" myeloid derived suppressor cells (MDSCs),
CD4"CD25" Tregs, and CD206F4/80" M2 macrophages (231,
257, 258). These findings suggest that polyamines are directly or
indirectly involved in regulating the function of CD8" TILs.
Adenosine is a mediator of TME immunosuppression, and its
physiological activity is mediated by adenosine receptors (ARs).
It may limit the success of immunotherapy, especially the
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adoptive cell transfer of TILs (259-261). Activation of
adenylate cyclase by inhibiting ARs can induce the increase of
cellular cAMP levels (262). Studies have shown that cAMP-
elevating agents have excellent anti-tumor activity, and when
used in combination with other anti-tumor agents, cAMP-
elevating agents show enhanced anti-tumor activity (263, 264).
Furthermore, ARs inhibitors have been shown to prevent Ado-
mediated inhibition of CD8" TILs, probably by inhibiting ODC
and even disrupting spermine synthesis, leading to a significant
reduction in total polyamines (265, 266).

4.2 Polyamines are central determinants
for the fidelity of Thl cell subsets

T lymphocyte response is necessary for the host to defend
against pathogens. According to the difference of antigen and
cytokine microenvironment during activation, human CD4"
effector T cells can differentiate into at least four main
subtypes, including Thl, Th2, Th9, and Th17 (267-269). The
main inducers of Thl cells are IL-12 and IFN-y. IL-12 is
produced by antigen-presenting cells and interacts with its
receptors to induce the expression STAT4 and T-bet, the main
transcription factor of Thl cells. T-bet directly binds to the
promotor of various Thl specific genes and promotes their
expression (270). T-bet can also negatively regulate the
expression of Th2 and Thl7 specific genes to inhibit the
differentiation of Th2 and Th17 cells. STAT4 can directly bind
to the Ifng locus and stimulate IFN-y production. The
cooperation of STAT4 and T-bet will induce the greatest
amount of IFN-y. Therefore, in the absence of STAT4, T-bet
alone cannot induce an optimal expression of IFN-y (270-272).

Metabolic reprogramming is an important factor in the
activation and differentiation of T cells (242). Recent studies
have shown that polyamine metabolism is a major determinant
of fidelity of helper T cell lineages (223). Ornithine decarboxylase
is a key enzyme in polyamine synthesis. Lack of ornithine
decarboxylase leads to the serious failure of CD4" T cells to
adopt the correct subgroup specification, which is highlighted by
the ectopic expression of a variety of cytokines and lineage-
defining transcription factors across Th cell subsets (223). Even
though spermidine does not inhibit the cell proliferation or
cytokine production of Thl cells, T-bet" T cells were slightly
reduced when stimulated with higher doses of spermidine,
indicating that spermidine may interfere with the Thl cell
differentiation process (273). The expression of inducible co-
stimulator (ICOS) is an important indicator of the anti-tumor
response of Thl cells (274, 275), and serves as a new potential
biomarker for T cell-mediated immunotherapy response (276-
278). However, PD-1 down-regulates ICOS on CD4" T cells,
which inhibits the differentiation of CD4" T cells into Th1 cells
and affects the anti-tumor response of Thl cells (256, 279).
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Polyamines may affect the expression of ICOS in Thl cells
through PD-1 and then regulate the immune function of Thl
cells, while PBT (polyamine Blocking Therapy) has been shown
to enhance the anti-tumor effect of PD-1 blockade. These data
imply that polyamine and PD-1/PD-L1 may synergistically
contribute to impaired functions of effector T cells and then
tumor growth (231, 256, 279). Meanwhile, polyamines can also
regulate the function of Th1 cells by regulating the production of
cytokines. For instance, polyamines, especially spermidine, have
been reported to inhibit the production of IL-12 in immune cells,
thus resulting in a reduced expression of STAT4 and T-bet, and
ultimately, a significant reduction in IFN-y production (45, 123,
250, 270-272). Taken together, polyamines may play important
roles in regulating the antitumor immunity of Thl cells.

4.3 Polyamine-Treg cells: Inhibitory fuel
for TIME

Tregs cells are a small subset of CD4" T lymphocytes (about
5%), which are composed of several cell subgroups with similar
phenotypes and can inhibit the function of autologous
conventional T cells (Tconv) (280, 281). There are two main
subgroups of Treg cells: natural Treg cells and adaptive Treg
cells. Natural Treg cells originate from the thymus and mediate
inhibition through cells contact-dependent mechanism.
Adaptive Treg cells, also called type 1 regulatory T cells (Tr1),
are induced in the periphery in response to environmental
signals, including antigens, IL-2, TGF-$, IL -10 and cAMP
(282, 283). The homing of Treg cells is a key step in the
initiation and spread of immunosuppressive TME (284). In
TIME, Tregs cross-talk with other types of cells, including
infiltrating effector T cells, stromal cells, and tumor cells. Treg
cells contribute to the immunosuppressive TME through
multiple mechanisms, such as inhibiting the maturation of
antigen presenting cells (APC), the secretion of pro-
inflammatory cytokines and the production of cytotoxic
granzymes and perforin by Thl and CD8" T cells (285).
Studies also indicate that Tregs can also support tumor
progression through some non-immune mechanisms, such as
promoting angiogenesis, proliferation, and metastasis of tumor
cells (286-288).

Several lines of evidence have implicated the important role
of polyamines in regulating Tregs (289). A recent study has
demonstrated that polyamine-related enzyme expression was
significantly enhanced in pathogenic Th17 cell but suppressed in
Treg cells, while pharmacological and genetic ablation of
polyamine metabolism inhibited Th17 cytokine production
and reprogrammed the transcriptome and epigenome of Th17
cells toward a Treg-like state as evidenced by enhanced Foxp3
expression (290). Spermidine can also regulate T cell
development and enhance the differentiation of mouse and
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human naive T cells into Treg cells in an autophagy-related
manner. The increased synthesis of polyamines in tumor cells
may lead to increased secretion of spermidine, which in turn
may damage anti-tumor immunity by promoting Treg cells
(273). In the process of polyamine catabolism, a large amount
of reactive oxygen species (ROS) is produced (77, 79). In TME,
ROS can affect the function of immune cells, e. g. the inhibition
or activation of Treg functions depending on its concentration
(291, 292). In general, ROS at a low level suppresses the function
of Treg cells. In vitro, neutrophil cytoplasmic factor 1-deficient
mice have lower ROS levels than wild-type mice, and the Treg
cells isolated from neutrophil cytoplasmic factor 1-deficient
mice have weakened functions. In addition, thiol-bearing
antioxidants or NADPH oxidase inhibitors reduce ROS levels
and then can block or attenuate Treg-mediated inhibition of
CD4" effector T cells (293). However, in psoriatic dermatitis,
elevated ROS levels can induce hyperfunction of Treg cells (294).
Moreover, Treg cells are hyperactive in the culture of 3-
dimethoxy-1,4-naphthoquinone (DMNQ), which can induce
an increase in ROS levels in a dose-dependent manner (295).
It was reported that spermidine ameliorated Dextran Sulfate
Sodium -induced inflammatory bowel disease (IBD) in mice by
promoting M2 macrophage polarization by inducing
mitochondrial reactive oxygen species (mtROS). ROS are key
signaling molecules that play a critical role in tumor immunity.
Whereas, how ROS production during polyamine catabolism
could affect the immune function of Tregs cells, and to what
extend would ROS contribute to polyamines’s function in Treg
cells regulation, remain to be further investigated.

5 Clinical studies of polyamine
blockade therapy for cancer

Due to the general elevated level of polyamines in TIME and
their wide spectrum effects on tumor and immune cells,
polyamine blockade therapy (PBT) is emerging as a novel
adjuvant therapy of both chemo- and immune-therapies for a
variety of cancers (9, 67, 296). DFMO is a potent, highly specific
enzyme-activated, irreversible inhibitor of ODC activity (297-
299). DFMO has shown excellent promise in chemoprevention
and/or treatment of cancer (9). However, a major disadvantage
of DFMO as monotherapy is the compensatory increase in
polyamine transport when polyamines are depleted. Therefore,
the use of nontoxic polyamine transport inhibitors in
combination with DFMO to deplete polyamine levels is a
more promising area, which is PBT therapy (300). The most
exciting finding is that PBT therapy not only depletes
polyamines in tumor cells, but also promotes anti-tumor
immune responses, resulting in greater anti-tumor effects than
expected. In immunocompetent mouse models of lymphoma,
melanoma, and colon cancer, treatment with DFMO in
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combination with AMXT 1501 inhibited tumor growth by
reducing tumor-infiltrating myelosuppressor cells and
increasing CD3" T cells (68). In addition to AMXT1501,
DFMO can also be used in combination with different
polyamine transport inhibitors (Trimer PTIs) to increase
granzase B and IFN-y and activate effector T cells, ultimately
inhibiting tumor-promoting microenvironment and increasing
antitumor immune responses (67). To date, numerous inhibitors
of polyamine metabolism-related enzymes or polyamine
transport have been shown to possess potent antitumor effects
both in vitro and in preclinical cancer models, and several of
them have been moved into clinical trials for treating a variety of
cancer (Table 1).

In addition to clinically tested inhibitors of enzymes
involved in polyamine metabolism or polyamine transport,
there are a number of newly discovered inhibitors that were
not initially used to inhibit polyamine levels. Clofazimine (CLF)
is a riminophenazine-based drug approved by the US FDA for

TABLE 1 Polyamine metabolism interventions in cancers: Clinical trials*.

Inhibitor Target Cancer Status

DFMO OoDC Prostate Cancer Completed
Prostate Cancer Completed
Non-melanoma Skin Cancer  Recruiting
Non-melanomatous Skin Completed
Cancer
Non-melanomatous Skin Completed
Cancer (Precancerous/
nonmalignant condition)
Bladder Cancer Completed
Cervical Cancer Completed
(Precancerous condition)
Esophageal Cancer Completed
Colorectal Cancer (with Completed
familial adenomatous
polyposis)
Colorectal Cancer Completed
(Precancerous condition)
Colorectal Neoplasms Recruiting
Adenomatous Polyp Completed
Gastric Cancer Recruiting
Anaplastic Astrocytoma Recruiting
Medulloblastoma Recruiting
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the treatment of leprosy and tuberculosis (301, 302). CLF plays A
role in tumor xenografts by inhibiting Kv1.3 potassium
channels, interfering with Wnt signaling, or enhancing
phospholipase A2 activity (303-307). Some of these effects of
CLF can be explained by CLF-dependent inhibition of
polyamines, as polyamines have previously been shown to
inhibit phospholipase A2 and C activities (308). In addition,
CLF was found to inhibit multiple myeloma through the Aryl
hydrocarbon receptor/polyamine biosynthesis axis (309). The
Aryl hydrocarbon receptor (AHR) is a direct transcriptional
activator of ODC1 and AZIN1. CLF treatment reduced the
binding of AHR to the promoters of AZIN1 and ODCI in a
dose-dependent manner, accompanied by a decrease in the
levels of putrescine, spermidine and spermine. Not only this,
but CLF can also induce secretion of acetylated polyamines
(catalyzed by SSAT) as well as increased protein levels of SMOX,
suggesting that CLF promotes polyamine catabolism (309).
Therefore, it is not necessary to only use traditional polyamine

Phase Interventions Plus drugs Immune cells that
may be involved

2 DFMO in high-risk - -
therapy

2 DFMO to prevent Bicalutamide -
recurrence

2 DEMO for Solaraze -
chemoprophylaxis

3 DFMO to prevent - -
recurrence

2 DFMO to prevent Triamcinolone -
recurrence

3 DFMO to prevent - -
recurrence

2 DFMO to prevent - -
recurrence

2 DFMO to prevent - -
recurrence

2 DFMO in high-risk  Celecoxib -
therapy

3 DFMO to prevent Sulindac -
recurrence

3 DFMO to prevent Sulindac -
recurrence

2 DFMO in high-risk  Aspirin -
therapy

2 DFMO in high-risk - -
therapy

3 DFMO to prevent Lomustine -

recurrence
2 DFMO in high-risk - -
therapy

(Continued)
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TABLE 1 Continued

10.3389/fimmu.2022.912279

Inhibitor Target Cancer Status Phase Interventions Plus drugs Immune cells that
may be involved
Neuroblastoma Recruiting 2 DFMO to prevent Etoposide -
recurrence
Neuroblastoma Active, not recruiting 2 DFMO to prevent - -
recurrence
Neuroblastoma Active, not recruiting 2 DEMO to prevent - -
recurrence
Neuroblastoma Active, not recruiting 1 DFMO to prevent Celecoxib, -
recurrence Topotecan,
Cyclophosphamide
Neuroblastoma Active, not recruiting 1/2 DEMO to prevent Bortezomib -
recurrence
Neuroblastoma Recruiting 2 DFMO to prevent - -
recurrence
Neuroblastoma Completed 1 DFMO to prevent Etoposide -
recurrence
Neuroblastoma Recruiting 2 DFMO in high-risk Ceritinib, Dasatinib, -
therapy Sorafenib, Vorinostat
Neuroblastoma Suspended (Scheduled 2 DFMO to prevent Dinutuximab, -
Interim Monitoring) recurrence Sargramostim,
Temozolomide,
Irinotecan
Hydrochloride
BENSpm SSAT, Hepatocellular Carcinoma Terminated 1/2 BENSpm in high-risk - -
SMOX therapy
PG-11047 ODC, Solid Tumors Completed 1 PG-11047 in - -
AMD1, advanced refractory
SRM, SMS, therapy
SSAT, Solid tumors and lymphoma  Completed 1 PG-11047 in Gemcitabine, Lymphocytes,
SMOX advanced therapy Docetaxel, Macrophages,
Bevacizumab, NK cells
Erlotinib,
Cisplatin, Sunitinib
5-flurouracil/
leucovorin
Lymphoma Completed 1 PG-11047 to prevent - Macrophages,
recurrence Lymphocytes, NK cells
AMXT Polyamine Solid Tumors Recruiting 1 AMXT 1501 in DFMO -
1501 transport advanced therapy

*All clinical trials on cancers intervention are based on polyamine level inhibition, as listed in the https://clinicaltrials.gov/, query date Mar. 4, 2022.

inhibitors to intervene polyamine metabolism, but also can be
combined with other drugs to intervene polyamine metabolism,
or combined with other immunotherapy modalities. However,
these require further investigation to realize the full potential of
this strategy.

6 Conclusions

Despite extensive research in the field of polyamines and
cancer, the role of polyamines in immunomodulatory function

in the complex TIME environment remains uncertain,
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especially the mechanism by which they promote tumor
immune evasion. Various inhibitors utilizing polyamine
depletion strategies are currently being tested in clinical
trials. DFMO, a specific inhibitor of ODC, shows excellent
promise in chemoprevention and/or treatment of cancer.
Moreover, recent evidence suggests that PBT therapy can
mediate the remodeling of the immune landscape of
the tumor microenvironment, particularly to promote
antitumor immune responses. Emerging evidence in
preclinical models of inflammation demonstrates the critical
regulatory role of polyamines in immune cell lineage
specification, proliferation, and function (Figure 3).
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The role of polyamines in both innate and adaptive immune responses in cancer Polyamines and their key enzymes can reshape the
tumor immune microenvironment through a variety of transcription factors or cytokines, even have dual roles. The polyamine-elF5A-
hypusine axis regulates macrophage polarization, especially polyamines tend to promote the polarization of M2-type macrophages.
Polyamines also negatively regulated the functions of DC cells, NKT cells, CD8+ TlILs and Th1l cells, and positively regulated the functions
of Treg cells. For NK cells, polyamines are a double-edged sword. In fact, the tumor immune microenvironment is mutually influenced
and restricted by a variety of factors. The regulation of polyamines in regulating the function of immune cells is not absolute, which will

change according to the changes of tumor immune microenvironment.

Furthermore, the combination of polyamine blockade and
checkpoint immunotherapy (anti-PD1 or anti-PDLI1
immunotherapy) has yielded exciting results in multiple
cancer models in mice. All these reports may provide a
rationale for utilizing polyamine depletion strategies to
promote antitumor immune responses. In fact, the effect of
polyamines on immune function was discovered in 1977,
and in this pioneering work, exogenous polyamine
administration suppressed innate and adaptive immune
responses in mouse splenocytes. After decades of intensive
research and thousands of studies published, the effects
of polyamines on immunity and cancer are surprising.
However, the studies on these immune functions are not
comprehensive, mainly focusing on macrophages and T
lymphocytes, and there are significant differences between
different cell types and different diseases. Therefore, it is
necessary to further explore the role of polyamines in
different tumor immune microenvironments.
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modification patterns depict the
tumor microenvironment,
precision immunotherapy, and
prognosis of kidney renal

clear cell carcinoma
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General Surgery, The Second Xiangya Hospital, Central South University, Changsha, China

Background: Due to the different infiltration abundance of immune cells in
tumor, the efficacy of immunotherapy varies widely among individuals.
Recently, growing evidence suggested that cuproptosis has impact on
cancer immunity profoundly. However, the comprehensive roles of
cuproptosis-related genes in tumor microenvironment (TME) and in
response to immunotherapy are still unclear.

Methods: Based on 43 cuproptosis-related genes, we employed unsupervised
clustering to identify cuproptosis-related patterns and single-sample gene set
enrichment analysis algorithm to build a cuproptosis signature for individual
patient’'s immune cell infiltration and efficacy of immune checkpoint blockade
(ICB) evaluation. Then, the cuproptosis-related genes were narrowed down
using univariate Cox regression model and least absolute shrinkage and
selection operator algorithm. Finally, a cuproptosis risk score was built by
random survival forest based on these narrowed-down genes.

Results: Two distinct cuproptosis-related patterns were developed, with
cuproptosis cluster 1 showing better prognosis and higher enrichment of
immune-related pathways and infiltration of immune cells. For individual
evaluation, the cuproptosis signature that we built could be used not only for
predicting immune cell infiltration in TME but also for evaluating an individual's
sensitivity to ICBs. Patients with higher cuproptosis signature scores exhibited
more activated cancer immune processes, higher immune cell infiltration, and
better curative efficacy of ICBs. Furthermore, a robust cuproptosis risk score
indicated that patients with higher risk scores showed worse survival
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outcomes, which could be validated in internal and external validation cohorts.
Ultimately, a nomogram which combined the risk score with the prognostic
clinical factors was developed, and it showed excellent prediction accuracy for
survival outcomes.

Conclusion: Distinct cuproptosis-related patterns have significant differences
on prognosis and immune cell infiltration in kidney renal clear cell carcinoma
(KIRC). Cuproptosis signature and risk score are able to provide guidance for
precision therapy and accurate prognosis prediction for patients with KIRC.

KEYWORDS

cuproptosis, KIRC, tumor microenvironment, immunotherapy, prognosis

Introduction

Kidney renal clear cell carcinoma (KIRC) is the most common
malignant tumor in renal cell carcinoma (RCC) (1). It is estimated
that over 75,000 cases occur and that 13,000 patients die each year
(2). Although the prognosis of localized KIRC is favorable, the 5-
year overall survival (OS) rate is lower than 10% in metastatic
KIRC (mKIRC) (3). Recently, immunotherapy, especially
immune checkpoint inhibitors (ICB), has achieved brilliant
efficacy in mKIRC individuals (4). The CheckMate 214 clinical
trial has reported that intermediate-risk and poor-risk patients can
benefit more from ICB treatment than targeted therapy (5).
However, only a proportion of patients can produce an anti-
tumor response (6). Hence, it is urgent to find a predictor which
can guide clinicians for ICB application.

The tumor microenvironment (TME) is a complicated tissue
environment, which consists of various immune cells, stromal
cells, and noncellular components (7). Hence, there is a large
heterogeneity in the TME. According to the infiltration levels of
tumor-fighting effector cells and inflammatory cytokines, the
TME can be sorted into inflamed type and non-inflamed type in
brief (8).
demonstrated that the abundance of pre-existing infiltrated

Meanwhile, several large-scale studies have

immune cells determines the efficacy of ICB therapy (9-12).
Cuproptosis, a brand-new concept which is defined as
copper-dependent cell death, is accompanied with elevated
mitochondrial-dependent energy metabolism and accumulation
of reactive oxygen species (ROS) (13). Intriguingly, several
studies reported that cuproptosis-related genes, such as ATOX1
and CP, can affect the progression of cancer (14, 15). More
importantly, Voli et al. found that the variation of copper
transporter 1 has influence on the expression of programmed
cell death 1 ligand 1 (PD-L1) and the infiltration quantity of
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CDS8'T cells and NK cells in the TME (16). However, all these
studies merely focused on one or two cuproptosis-related genes
and their roles in the TME. A comprehensive analysis of multiple
cuproptosis-related genes and their roles in assessing the TME,
efficacy of ICB, and prognosis in KIRC is lacking. So, we
systematically correlated cuproptosis-related genes with the
TME as well as their sensitivity to immunotherapy in KIRC for
the first time.

Methods
Data collection and processing

The high-throughput sequencing data of mRNA, clinically
associated data, and survival data of The Cancer Genome Atlas
(TCGA)-KIRC (526 samples) were downloaded from UCSC
Xena (http://xena.ucsc.edu/) (17). The expression matrix of
mRNA was transformed from fragments per kilobase per
million mapped fragments to transcripts per kilobase million.
As an external validation set, the E-MTAB-1980 KIRC cohort
(101 samples) was downloaded from ArrayExpress (https://
www.ebi.ac.uk/arrayexpress/). Furthermore, as our previous
study has reported (18), 46 renal cell carcinoma samples were
collected from our hospital and named the Xiangya-RCC cohort.

Immunotherapy cohorts were downloaded from the study of
Gide et al. (PMID30753825 cohort, anti-PD-1 or combined anti-
PD-1 with anti-CTLA-4) (19), the study of Kim et al.
(PMID30013197, anti-PD-1/PD-L1) (20), the study of Allen et
al. (PMID26359337, anti-CTLA-4) (21), GSE35640 (MAGE-A3
immunotherapy), GSE111636 (anti-PD-1 immunotherapy),
GSE126044 (anti-PD-1 treatment), GSE173839 (anti-PD-L1
treatment), and GSE135222 (anti-PD-1/PD-L1 treatment).
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Unsupervised clustering for cuproptosis-
related patterns

Forty-three cuproptosis-related genes were selected from the
review of Chang et al. (13) (Supplementary Table S1). Consensus
clustering algorithm (maxK = 5, reps = 1,000, pltem = 0.8,
distance = “manhattan”, clusterAlg = “pam”) was employed to
judge the quantity and stability of clusters based on these genes
(ConsensuClusterPlus R package) (22).

Differentially expressed genes and
functional analysis

Limma R package was used to screen differentially expressed
genes (DEGs) between cuproptosis-related patterns, and the
screen criteria were set as |log fold change| >1 and adjusted p-
value <0.05.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis were conducted using Gene Set
Enrichment Analysis (GSEA) algorithm in GSVA R package.
The gmt files “c2.cp.kegg.v6.2.symbols.gmt” and
“h.all.v7.2.symbols.gmt” were downloaded from the molecular
signature database (http://www.gsea-msigdb.org/gsea/msigdb).
|Normalized enrichment score| >1 and adjusted p-value <0.05
were used as criteria for significant enrichment.

Description of the tumor immune
characteristics of KIRC and construction
of the cuproptosis signature

We described the TME of KIRC in five aspects: Firstly, seven
steps of cancer immunity cycle were analyzed by using the
Tracking Tumor Immunophenotype website (http://biocc.
hrbmu.edu.cn/TIP/) (23). Secondly, cell markers of tumor-
infiltrating leukocytes (TILs) were downloaded from the study
of Charoentong (24), and infiltration of TILs was calculated
using single-sample gene set enrichment analysis (ssGSEA)
algorithm. A cuproptosis signature was also generated using
ssGSEA based on 43 cuproptosis-related genes. In order to
eliminate the effects of different algorithms, another three
algorithms for immune cell calculation, including MCP,
Quantiseq, and TIMER, were also applied. Thirdly, the effector
genes of immune cells were gathered from our previous study
(25). Fourthly, 22 inhibitory immune checkpoints were
assembled from the study of Auslander et al. (26). Finally, T
cell inflamed score (TIS) was employed to evaluate the potential
response probability to ICB (25).
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Analysis of scRNA-seq cohort

Seven single-cell RNA sequencing (scRNA-seq) count
matrixes of KIRC were downloaded from the supplemental
material of GSE159115 (27). We then converted the seven
matrixes into Seurat objects using the CreateSeuratObject
function (Seurat R package, version 4.1.1). Single cells with less
than 1,000 UMIs or less than 200 genes or with a value of log;o
genes per UMI less than 0.70 or more than 20% mitochondrion-
derived UMI counts were regarded as low-quality cells and filtered
out for further analysis. Based on the top 3,000 variable genes, we
then integrated seven samples into one Seurat object using the
IntegrateData function in Seurat to eliminate batch effects. We
then identified the main cell clusters using the FindClusters
function in Seurat (resolution = 0.4) and visualized these cell
clusters using uniform manifold approximation and projection.
The cell clusters were first recognized using SingleR R package,
and then the cell types were confirmed based on the markers
obtained from previous studies (27, 28).

Construction and validation of the
cuproptosis risk score

A total of 43 cuproptosis-related genes were used to screen
genes possessing univariate prognostic values by univariate Cox
analysis. These prognostic genes were further narrowed down by
least absolute shrinkage and selection operator (LASSO)
regression with minimal lambda (0.05). Subsequently, a
cuproptosis risk score was constructed using the “rfsrc”
function in “randomForestSRC” R package based on the
expression of these genes.

Individuals in the TCGA-KIRC cohort were randomly divided
into training and internal validation cohorts in a 7:3 ratio, while
the E-MTAB-1980 KIRC cohort was set as the external validation
cohort. According to the median value of risk score, we classified
individuals into high-risk group and low-risk group. Kaplan-
Meier (K-M) survival curve and log-rank test were employed to
compare the prognosis difference between two groups by
survminer R package. In additional, tROC R package was used
to estimate the prediction reliability of risk score.

Establishment of a nomogram

Univariate Cox analyses, along with multivariate Cox
analyses, were employed to filter the independent impact
factor in cohorts. Then, rms R package was applied to
establish the nomogram. Subsequently, calibration curves and
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time-dependent receiver operating characteristic curves were
used to estimate the clinical relevance and prediction
accuracy, respectively.

Statistical analysis

T-test or Mann-Whitney U-test was employed to compare
the continuous variables between two groups. Chi-square test or
fisher exact test was used to compare differences between groups
with dichotomous variables. Pearson or Spearman correlation
analysis was conducted to assess the relation between different
factors. P <0.05 was set as criterion for judging a significant
difference. Two-side statistical tests were used. R software
(version 4.1.3) was applied throughout the analysis.

Results

Development of cuproptosis-
related patterns

On the basis of the 43 cuproptosis-related genes, their mRNA
expression levels were compared between tumor tissues and
adjacent normal tissues in the TCGA-KIRC cohort (Figure 1A).
We found that 32 genes showed significant differences on RNA
expression, containing ATOX1, ATP7B, CCS, CD274, CP,
LOXL2, MAP2K2, PDK1, SCO2, SLC31A2, TYR, UBE2D2,
ULK1, VEGFA, and so on. Next, a univariate Cox analysis was
employed to filter cuproptosis-related genes with prognostic value
and found 21 genes with a significant prognostic value (Figure 1B,
Supplementary Figure S1, Supplementary Table S2), including
SCO2, MT2A, DBH, CCL8, MT1G, MT1X, MT-CO2, MTIF and
so on. To explore the interaction probability among cuproptosis-
related genes, a comprehensive correlation analysis was
implemented and found intimate interactions among them
(Figure 1C). Therefore, an unsupervised clustering analysis was
conducted based on cuproptosis-related genes and found two
distinct clusters (Supplementary Figure S2), which were named as
cuproptosis-related patterns. Furthermore, 362 individuals and
164 individuals were divided into cluster 1 and cluster 2,
respectively. As shown in Figure 1D, cluster 1 has a better
survival outcome than cluster 2 (p = 0.019). The distribution of
clinical features (age, gender, tumor grade, and tumor stage) and
the distinct expression modes between two patterns were
displayed in a heat map (Figure 1E).

Expression patterns of cuproptosis-
related genes on the single-cell level

Seven samples from seven KIRC patients were involved in
this analysis. After quality control, a total of 20,900 single cells
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were included for further analysis. As shown in Figure 2A, these
cells could be classified into 15 main cell clusters. Then, these cell
clusters were recognized based on the cell markers reported in
previous studies: cancer cells (“NDUFA4L2”, “CA9”,
“SLC17A37, and “NNMT”) (Supplementary Figure S3A),
endothelial cells (“KDR”, “PECAM1”, “ESM1”, and “PLVAP”)
(Supplementary Figure S3B), vascular smooth muscle (VSM)
cells (“ACTA2”, “PDGFRB”, “CNN1”, and “MYHI11”)
(Supplementary Figure S3C), macrophage cells (“LYZ”,
“CD68”, “CD163”, and “HLA-DRA”) (Supplementary Figure
S3D), T cells (“CD3D”, “CD3E”, and “CD3G”) (Supplementary
Figure S3E), B cells (“CD79A”) (Supplementary Figure S3F), and
mast cells (“TPSAB1”, “CPA3”, and “MS4A2”) (Supplementary
Figure S3G) (27, 28). In addition to cancer cells, two kinds of
normal cell types, including endothelial and VSM cells, and four
kinds of immune cell types, including macrophage, T cells, B
cells, and mast cells, were identified (Figure 2B). We divided
these cell types into cancer cells and non-cancer cells and
compared the expression patterns of cuproptosis-related genes
(Supplementary Figure S4A, Supplementary Table S3). A
majority of cuproptosis-related genes like CP, MT1E, MT1F,
MT1X, VEGFA, and PDK1 were expressed significantly higher
on cancer cells (Figures 2C-H), indicating that cuproptosis
might occur mainly on cancer cells. However, the detailed
mechanism needs to be further explored in vivo and in vitro.

Functional enrichment analysis and
cancer immunity assessment of
cuproptosis-based patterns

On account of significant difference in prognosis between two
patterns, we intended to explore the underlying mechanism.
DEGs were displayed in a heat map and a volcano plot
(Supplementary Figures S4B, C, Supplementary Table S4).
Surprisingly, there were several immune-related genes, such as
ST8SIA6, CNTN1, KCNK2, F13A1, MTRNR2L12, PVALB, MT-
ATP8, and KLK3. Friedman et al. reported that the overexpression
of ST8SIA6 can change tumor growth by suppressing the immune
response (29). Lin et al. demonstrated that a varied expression of
KCNK2 can affect the infiltration of immune cells (30).
Consequently, these findings inferred that cuproptosis-related
patterns link with immune-related pathways.

According to the fold change value of all genes in TCGA-
KIRC between two patterns, GSEA algorithm was employed to
ascertain the detailed enrichment pathways. GO analysis
indicated that the pathways of chemokine activity, chemokine
production, response to chemokine, and positive regulation of
chemokine production were significantly activated in cluster 1
(Figure 3A, Supplementary Table S5). Furthermore, GO analysis
also revealed that the activity of pathways of T cell migration, T
cell activation, T cell differentiation, regulation of T cell
activation, and T cell differentiation in thymus were enhanced
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in cluster 1 (Figure 3B, Supplementary Table S5). KEGG analysis

exhibited that the activities of chemokine signaling pathways

and cytokine-cytokine receptor interaction signaling pathways

were significantly upregulated in cluster 1 (Figure 3C,

Supplementary Table S6). These findings indicated that
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individuals in cluster 1 had a more vibrant tumor-fighting

process than those in cluster 2.

The cancer immunity cycle, containing the initiation of

tumor immunity to killing cancer cells by infiltrated T cells (31,

32), acts a critical part in the TME. It was of great interest to us
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FIGURE 2

Expression patterns of cuproptosis-related genes on the single-cell level. (A) Fifteen main cell clusters in the scRNA KIRC cohort. (B) Six
recognized cell types based on previous cell markers: cancer cells, endothelial cells, vascular smooth muscle cells, T cells, B cells, and
macrophage cells. (C—H) Selected cuproptosis-related genes were expressed significantly higher in cancer cells: CP, MT1E, MT1F, MT1X, VEGFA,

and PDK1.

whether there are differences in cancer immunity steps
between two patterns. As expected, cluster 1 showed a more
active process than cluster 2, including recognition of cancer
antigen, initiating response of immune cells, T cell recruiting,
and killing cancer cell by TILs (Figure 3D). The outcome can
infer that cluster 1 probably represents an inflamed type of the
TME and produces a better response to immunotherapy (33,
34). Hence, the infiltration levels of various immune cells in the
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TME were compared between two patterns through four
independent algorithms (ssGSEA, MCP, Quantiseq, and
TIMER). Consistently, cluster 1 had a higher infiltration level
of TILs than cluster 2, containing CD4"T cells, CD8'T cells,
myeloid dendritic cells, macrophage cells, monocytes, B cells,
and neutrophils (Figure 3D). The result demonstrated that two
cuproptosis-related patterns represent two types of the TME:
inflamed TME and non-inflamed type.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.933241
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cai et al.

A D
005 p.adust=0.006 TN
3 padustvo 001 VI
804 NES=0.502, p.adust<0.001 HH‘
5 03 n NES=0.480, p.adust<0.001 ‘
£ \
502
=
] 01liF" GO: Chemokine Activity
o || =GO: Chemokine Production
€00 * GO: Response to Chemokine
é =GO: Posltlve Regulation of Chemokine Productiol \ I

!

L

TR

‘H
IR

Ranked List Metric
=

Q 5000 15000 o
H Rank in Ordered Dataset S
g g
e § N
NES=0.410, p.adjust=0.006
4 TUNI 328, p.adjust<0.001 IH ‘
.2

GO: T Cell Migration
= GO: T Cell Activation
= GO: T Cell Differentiation ”
= GO: Regulation of T Cell Activation

- GO T Cell Dlﬁerenhatlon in Thymus ‘
\ Rl

CLUTEIE

Running Enrichment Score @
o o o o o

Ranked List Metric
[~

o 5000 10000 15000 o
& Rank in Ordered Dataset &
@ @
c 1 ~
o
8 0.4 NES=2.116, p.adjust<0.001
[ NES=2.068, p.adjust<0.001 \ |
ot
503
£ \
=
So2
&
b0
=]
go0] AL
-1
5 I
e H (Il
T 1
=
k]
4 0
B
x -1
[
S
o
Qo 5000 10000 15000 =}
& Rank in Ordered Dataset G
@ @
2 N

FIGURE 3

R LA IR
I]111]

Al “!H«\ mMm”\ il H

1 mu }wm | H\“ il “ ‘\““"“

10.3389/fimmu.2022.933241

Release of cancer.cell.antigens

I Ca E tation

cluster1
t | | M cluster2
Al

mstep 1

\ \H
HI [11h 1) \ mstep 2

step 3

] step 4

Mstep 6
| Hstep 7
[T ] )

‘“l ‘ H‘ ‘ ‘ Recognition.of.cancer,cel]s by.T.cells
Killing.of.cancer.cells
Activated.B.cell
Jl Activated.CD4.T cell
UMM Activated.CD8.T cell
Activated.dendritic.cell
Ml CDS6bright.natural killer.cell
WIEACEAMINE CD56dim.natural.killer.cell
H| j (UMY Central.memory.CD4.T cell
Central.memory.CD8.T.cell

Effector. memeory.CD8.T.cell
Eosinophil

Il w ‘ | Effector.memeory.CD4.T.cell
i

H H‘ \ \| ‘ Gamma.delta.T.cell

Immature..B.cell Matrix

Immature.dendritic.cell

Mast.cell 1

i} Macrophage
\ \ ‘\ H

H \H‘

i

I
I
i

|| \ ‘“ }H\ \‘\

MDSC

Memory.B.cell 0

Monocyte

Natural.killer.cell
lll Natural killer. T.cell
| Neutrophil
Plasmacytoid.dendritic.cell
A Regulatory.T.cell

\ ‘ M \

|

-2

fji T follicular.helper.cell Methods

Type.1.T.helper.cell

] Tvpe.17.T helpercen M TIP
Type.2.T.helper.cell M ssGSEA
T.cells MCP
CD8.T.cells i
Cytotoxic.lymphocytes | quantiseq
B.lineage TIMER
NK.cells

Iil\ HI \ H Monocytic.lineage
I U\ \ L

Myeloid.dendritic.cells
Neutrophils
l m Endothelial.cells
Fibroblasts
B.cell
N L Macrophage.M1
IIH [ Macrophage.M2
Monocyte
II |\|H Neutrophil
H H NK_cell
\ T.cell.CD4 non.regulatory
HH\ T.cell.CD8
T.cell.regulatory. Tregs
Myeloid.dendritic.cell
uncharacterized.cell
B.cell
T.cel.CD4

T.cell.CD8
Neutrophil
Macrophage
Myeloid.dendritic.cell

Functional enrichment analysis and cancer immunity assessment of cuproptosis-based patterns. (A) Gene Ontology (GO) functional enrichment
analysis of chemokine-related pathways. (B) GO functional enrichment analysis of T cell-related pathways. (C) Kyoto Encyclopedia of Genes and
Genomes functional enrichment analysis of cytokine/chemokine-related signaling pathways. (D) Expression matrix of cancer immunity cycles

and tumor-infiltrating leukocytes between two patterns

Estimating the infiltration level of TILs
and the efficacy of ICB on individuals by
cuproptosis signature

Although cuproptosis-related patterns played an essential

role on distinguishing the infiltration level of TILs in the whole
cohort, the patterns lacked the ability to evaluate an individual
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patient’s TME status. Consequently, we constructed a
cuproptosis signature based on these 43 cuproptosis-related
genes by ssGSEA algorithm to estimate the abundance of TILs
and the efficacy of ICB for individual patients.

Interestingly, the cuproptosis signature was significantly
positively related to major steps of the cancer immunity cycle
both in the TCGA-KIRC cohort and the Xiangya-RCC cohort
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(Figure 4A, Supplementary Tables S7, S8), including release of In line with a previous outcome, the cuproptosis signature
tumor antigen, recognition of tumor cell by T cell, and showed a significantly positive connection to infiltration of
recruitment of diverse immune cells (T cell, macrophage, TILs (Figures 4B, C, Supplementary Tables S9, $10),
neutrophil, and Th17). To validate this finding, the containing gamma delta T cell, activated CD8" T cell,

cuproptosis signature was directly associated with infiltration activated dendritic cell, activated B cell, natural killer T cell,

of TILs in the TCGA-KIRC cohort and the Xiangya-RCC cohort. type 1 T helper cell (Th1 cell), type 2 T helper cell (Th2 cell), and
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FIGURE 4
Estimated infiltration level of tumor-infiltrating leukocytes (TILs) and efficacy of immune checkpoint blockade on individuals by cuproptosis

signature. (A) Correlation analysis on cuproptosis signature and cancer immunity steps in the TCGA-KIRC and Xiangya-RCC cohorts. *p < 0.05,
**p < 0.01, ***p < 0.001; ns, not statistically significant. (B, C) Correlation analysis on cuproptosis signature and TILs in the TCGA-KIRC and
Xiangya-RCC cohorts. (D) Expression matrix of TILs (CD8*T cell, dendritic cell, macrophage cell, NK cell, and Th1 cell in the high- and low-
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so on. Meanwhile, we compared the effector genes of main TILs
(CDS8'T cell, dendritic cell, macrophage cell, NK cell, and Th1
cell) between high- and low-cuproptosis-signature groups. As
anticipated, the effector genes of TILs were expressed higher in
the high-score signature group (Figure 4D). These findings
demonstrated that cuproptosis signature is capable of assessing
the level of infiltrated immune cells on individuals.

It is widely thought that inflamed TME is the foundation of
producing a response to immunotherapy (35, 36). Therefore,
TIS, which can predict the efficacy of immunotherapy (37, 38)
along with inhibitory immune checkpoints, was further studied.
A total of 18 TLS-related genes and 22 ICB-associated genes
were collected and were used to correlate with the cuproptosis
signature. Collectively, the signature showed significant positive
relations with TIS and inhibitory immune checkpoints
(Figure 4E, Supplementary Tables S11, S12), from which it can
be inferred that the cuproptosis signature has the capacity to
predict the efficacy of immunotherapy.

Direct comparison of ICBs’ efficacy in
multiple immunotherapy cohorts

Despite the fact that we evaluated an individual’s efficacy of
ICB by cuproptosis signature, it is necessary to directly compare
the curative effect of ICB cohorts in the high- and low-score-
signature group. Hence, eight immunotherapy cohorts were
included in our study. In the PMID30753825 cohort, a 93.75%
response rate occurred in the high-score group compared to
37.5% in the low-score group (p < 0.001) (Figure 5A). In the
GSE35640 cohort, the response rate ratio was 50 versus 12.5%
between two groups (p = 0.029) (Figure 5B). Although there
were no significant differences between the two groups in the
other six cohorts (GSE124044, GSE111636, GSE173839,
GSE135222, PMID30013197, and PMID26359337), patients
with a high score showed a better curative effect (Figures 5C-
H). These findings further demonstrated that cuproptosis
signature is qualified to forecast the efficacy of ICB and
provide guidance for the precise application of immunotherapy.

Assessing the prognosis of individuals
using cuproptosis risk score

Then, we developed and validated a robust cuproptosis risk
score for predicting the survival outcome of an individual.
LASSO algorithm was used to select the optimal candidate
genes. As a result, seven candidate genes (SLC31A2, SCO2,
MT2A, DBH, UBE2D3, CCL8, and MT1X) with minimal
lambda (0.05) were chosen from the 43 cuproptosis-associated
genes (Figures 6A, B). Subsequently, the cuproptosis risk score
was built using the “rfsr¢” function in “randomForestSRC” R

Frontiers in Immunology

50

10.3389/fimmu.2022.933241

package, and the risk score was significantly positively correlated
with cuproptosis signature (Supplementary Figure S5A).

On the basis of the median value of the risk score, individuals
were divided into a high-risk group and a low-risk group. In the
TCGA training cohort, the high-risk group comprised more death
cases and worse survival probability (p < 0.0001) than the low-risk
group (Figures 6C, D). Moreover, the prediction accuracy of the
survival outcomes at 12, 36, and 60 months were 0.84, 0.82, and
0.80, respectively (Figure 6E). In the TCGA internal validation
cohort, the survival status and the survival probability (p =
0.00027) between the two groups were in accordance with the
outcomes of the TCGA training cohort (Figures 6F, G). The area
under the curve (AUC) of the survival outcomes at 12, 36, and 60
months were 0.66, 0.60, and 0.67, respectively (Figure 6H).
Importantly, in the external validation cohort (E-MTAB-1980),
individuals in the low-risk group manifested better survival status
and survival probability (p = 0.0019) in comparison with the high-
risk group (Figures 61, J). The prediction accuracy of prognosis at
12, 36, and 60 months were 0.82, 0.75, and 0.74, respectively
(Figure 6K). In line with the outcome that patients with a high
cuproptosis risk score exhibited a worse OS, patients with higher
tumor grade and stage had a significantly higher risk score
(Supplementary Figures S5B, C). However, there were no
differences on risk score between different ages and genders
(Supplementary Figures S5D, E). All these results demonstrated
that cuproptosis risk score can precisely foretell the prognosis of a
KIRC individual.

Development of a nomogram for better
forecasting survival outcome in
clinical practice

In order to improve the prediction accuracy of OS in clinical
practice, we developed a nomogram incorporating the cuproptosis
risk score and the essential clinical characteristics. In the TCGA-
KIRC cohort, univariate Cox regression was used to select the
prognostic factors. Except for gender (p = 0.73), other indicators
had a significant prognostic value (p < 0.001) (Figure 7A). Then,
multivariate Cox regression was applied to identify the
independent prognostic factors. Cuproptosis risk score (p <
0.001), age (p = 0.002), and tumor stage (p < 0.001) were
eligible (Figure 7B) and incorporated into a nomogram
(Figure 7C). By means of calibration curves, the predicted
probability values of OS at 1 year (Figure 7D), 3 years
(Figure 7E), and 5 years (Figure 7F) were similar with the actual
probability OS, which demonstrated that the nomogram has a
crucial clinical value. Additionally, we compared the prediction
accuracy between nomogram, cuproptosis risk score, age, and
stage, respectively. The outcome indicated that the nomogram is
the most precise tool to predict OS at 1 year (AUC = 0.87), 3 years
(AUC = 0.84), and 5 years (AUC = 0.82) (Figures 7G-I).
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Direct comparison of immune checkpoint blockades’ efficacy in multiple immunotherapy cohorts. (A) Response rates between different
cuproptosis signature groups in the PMID30753825 cohort. (B) Response rates between different cuproptosis signature groups in the GSE35640
cohort. (C—H) Response rates between different cuproptosis signature groups in the GSE126044, GSE111636, GSE173839, GSE135222,
PMID30013197, and PMID26359337 cohorts, respectively.

Discussion

Copper is the essential element for cell proliferation and cell
death. Meanwhile, it is also the necessary cofactor for enzymes
and transporters (39). Dysfunction of copper metabolism will
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cause a cytotoxic effect and an oxidative stress response in
various types of cells (40, 41). Hence, we defined copper-
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dependent cell proliferation as cuproplasia. In contrast,
copper-dependent cell death is defined as cuproptosis, whose
mechanism probably is to increase the energy metabolism of the
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FIGURE 6

Assessing the prognosis of individuals using the cuproptosis risk score. (A) Coefficients of 21 cuproptosis-related genes with prognostic value.
(B) Cross-validation of parameter selection based on the minimum criteria of LASSO regression model. (C—E) Comparisons of survival events,
Kaplan—Meier (K—M) survival curves, and time-dependent receiver operating characteristic (ROC) curves between different risk score groups in
TCGA training cohort. (F-H) Comparisons of survival events, (K—M) survival curves, and time-dependent ROC curves between different risk
score groups in The Cancer Genome Atlas testing cohort. (I-K) Comparisons of survival events, (K—M) survival curves, and time-dependent
ROC curves between different risk score groups in the external validation cohort (E-MTAB-1980).

mitochondria and the accumulation of ROS (42). More
importantly, recently, cuproptosis was found to have a close
connection with tumorigenesis, progression, and metastasis. Li
et al. demonstrated that the activated cuproptosis-associated axis
(IL-17-STEAP4-XIAP) can turn colon inflammation into cancer
(43). Petris et al. revealed that silenced ATP7A can inhibit the
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progression and metastasis of lung cancer via altering the
activity of LOX family’s enzymes (44). Furthermore, a close
correlation between cuproptosis and infiltration of immune cells
has been found in several studies. Paredes et al. reported that the
mutation of MAP2K1 can change the abundance of macrophage,
mature dendritic cell, regulatory T cell, and cytotoxic
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FIGURE 7

Development of a nomogram for better forecasting survival outcome in clinical practice. (A) Prognostic factors selected by univariate Cox
regression. (B) Independent prognostic factors selected by multivariate Cox regression. (C) The nomogram-predicted overall survival at 1, 3, and
5 years by incorporating independent prognostic factors. (D—F) The calibration curves exhibited the clinical relevance of a nomogram at 1, 3,
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at 1, 3, and 5 years.

lymphocyte (45). Tan et al. revealed that ceruloplasmin plays an

important role in the immune infiltration of breast cancer (46).

Based on the abundance and location of cytotoxic

lymphocytes in tumor tissue and invasive margin, the TME can

be sorted into inflamed (hot) type and non-inflamed (cold) types
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(47). It is generally thought that the type of the TME has an
important influence on the efficacy of immunotherapy (48, 49)—

for example, van der Burg et al. found that a higher infiltration
level of CD4™T cells and CD8T cells shows longer overall survival
and recurrence-free survival in patients who accepted anti-PD-1/
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PD-L1 immunotherapy (50). Rabadan et al. found that converting
the non-inflamed TME of glioblastoma into inflamed TME can
significantly improve the response rate to anti-PD-1 therapy (51).
On the foundation of a set of vital genes and unsupervised
clustering, there are many studies that correlated gene patterns
with prognosis and the TME phenotypes. According to the
expression of 21 m6A regulators, Zhang et al. correlated the
m6A modification patterns with prognosis and the
characteristics of the TME cell infiltration in gastric cancer (52).
Chen et al. depicted the leukocyte infiltration level in pancreatic
ductal adenocarcinoma using hypoxia- and immune-related
patterns (53). Liu et al. made use of three m5C modified
patterns for assessing the TME and prognosis of patients with
lung adenocarcinoma (54). Based on 46 TNF-related genes, two
distinct clusters were identified and employed to evaluate the
immune characteristics of head and neck squamous cell
carcinoma (55). For KIRC, two m6A-related patterns were
found and used to predict the immune phenotypes and the
efficacy of immunotherapy in our previous study (56). However,
as far as we are concerned, this is the first study that systematically
correlates cuproptosis-related genes with the immune infiltration
level and prognosis in KIRC. We found that cuproptosis-related
patterns are able to distinguish the subtypes of TME and survival
outcome well. In addition, for evaluating the immune infiltration
characteristic on an individual, ssGSEA algorithm was used to
construct a cuproptosis signature, which is qualified to predict the
inflamed level of the TME on an individual. Furthermore,
multiple immunotherapy cohorts were employed to directly
compare the response rate between high- and low-cuproptosis-
signature groups. These findings are crucial indicators for
supplying the precise therapy in KIRC.

More importantly, to predict the survival performance on an
individual, cuproptosis risk score was built and showed accurate
prediction in testing and multiple validating cohorts. Han et al.
developed a cuproptosis-associated IncRNA risk score for
prognosis and TME phenotype prediction in soft tissue
sarcoma (57). However, their risk score was only validated in
the TCGA internal cohort. For KIRC, Xu et al. developed a
glycolysis-related risk score and correlated it with prognosis and
the TME characteristics. Although they found that their risk
score was an independent risk factor, its predictive accuracy in
the validation cohort was unclear (58). Similar to Xu’s study,
Chen et al. and Xing et al. developed and validated a necroptosis
and an autophagy-related risk score on the basis of the 11 related
genes (59, 60). Our risk score built based on seven cuproptosis-
related genes was more convenient for clinical application than
Xing’s 11 autophagy-related genes. While for Chen’s study,
though their risk score was successfully validated in the TCGA
internal validation cohort, the predictive accuracy still needs
further study. Different from most of the risk scores developed
using Cox proportional hazard regression analysis, random
survival forest (RSF) was used to construct a cuproptosis risk
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score, with satisfied reliability and extrapolation. In our previous
study, precision and robustness of cox proportional hazard
regression and RSF have been compared. The outcome
indicated that RSF shows a better performance (61). Similarly,
Yang et al. built prediction model by six different algorithms and
found that RSF was optimal solution with best accuracy (62). It is
considered that the excellent multi-process control property of
RSF is the key. To sum up, cuproptosis risk scores were
constructed by LASSO regression and RSF and validated in
multiple cohorts for the first time. It is valuable for predicting the
prognosis and conducting a precision treatment for a patient.

Inevitably, there are some limitations in the study. First of
all, the follow-up time of the Xiangya-RCC cohort was not
enough, which led to it being unqualified as an external
validation cohort for prognosis. Secondly, both the training
cohort and the validation cohort were retrospective cohorts; it
is necessary to further validate the risk score in prospective
cohorts. Thirdly, the underlying mechanism of cuproptosis in
the TME still needs to be explored in vitro and in vivo.

Conclusion

Distinct cuproptosis-related patterns have significant
differences on prognosis and immune cell infiltration in KIRC.
Cuproptosis signature and risk score are able to provide
guidance for precision therapy and accurate prognosis
prediction for patients with KIRC.
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Glossary

KIRC kidney renal clear cell carcinoma

TME tumor microenvironment

ICB immune checkpoint inhibitors

0os overall survival

RCC renal cell carcinoma

ROS reactive oxygen species

CTR-1 copper transporter 1

PD-1 programmed cell death 1

PD-L1 programmed cell death 1 ligand 1

CTLA-4  cytotoxic T lymphocyte-associated antigen-4

MAGE- Melanoma antigen family A-3

A3

TCGA The Cancer Genome Atlas

DEGs differentially expressed genes

FC fold change

GSEA gene set enrichment analysis

NES normalized enrichment score

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes

TIP Tracking Tumor Immunophenotype

ssGSEA  single-sample gene set enrichment analysis

TIS T cell inflamed score

LASSO least absolute shrinkage and selection operator

K-M Kaplan-Meier

ROC receiver operating characteristic

AUC area under curve

TILs tumor infiltrating leukocytes

MCP microenvironment cell populations

Quantiseq quantification of the tumor immune contexture from human RNA-
seq data

TIMER tumor immune estimation resource

NK cell nature killer

Thl cell  type 1 T helper cell

scRNA-  single-cell RNA sequencing

seq

VSM vascular smooth muscle

m6A N6-methyladenosine

TNF tumor necrosis factor

RSF random survival forest
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What is the optimal duration of
immune checkpoint inhibitors in
malignant tumors?

Jiaxin Yin', Yuxiao Song', Jiazhuo Tang and Bicheng Zhang*

Cancer Center, Renmin Hospital of Wuhan University, Wuhan, China

Immunotherapy, represented by immune checkpoint inhibitors (ICls), has
made a revolutionary difference in the treatment of malignant tumors, and
considerably extended patients’ overall survival (OS). In the world medical
profession, however, there still reaches no clear consensus on the optimal
duration of ICls therapy. As reported, immunotherapy response patterns,
immune-related adverse events (irAEs) and tumor stages are all related to the
diversity of ICls duration in previous researches. Besides, there lacks clear
clinical guidance on the intermittent or continuous use of ICls. This review aims
to discuss the optimal duration of ICls, hoping to help guide clinical work based
on the literature.

KEYWORDS

duration, immune checkpoint inhibitors, immunotherapy, malignant tumor, optimization

Introduction

In recent years, immune checkpoint inhibitors (ICIs), represented by programmed
cell death protein-1 (PD-1)/programmed cell death ligand 1 (PD-L1) and cytotoxic T
lymphocyte-associated protein 4 (CTLA-4) monoclonal antibodies, have revolutionized
the treatment of malignant tumors. Consequently, patients are accessible to more
treatment options and acquire longer overall survival (OS). Despite the significant
efficacy, ICIs simultaneously trigger off a growing number of issues, such as the
management of immune-related adverse events (irAEs), the mechanism and the
management strategies of immunotherapy resistance, valid predictive biomarkers of
ICIs treatment, the optimization of ICIs-based combination therapies and using ICIs in
special populations, all of which not only puzzle both oncologists and patients but remain
further exploration. Moreover, there exists no clear consensus on the optimal duration of
ICIs therapy (1-4), about which an up-to-date review of the current cognition is
presented here.
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Response patterns determine the
duration of ICls

With the widespread clinical application of ICIs, it has been
gradually found that only a fraction of patients treated with ICIs can
achieve durable responses, which means significant and long-lasting
curative effect. During ICIs treatment, a considerable percentage of
patients exhibits alternative response patterns including
pseudoprogression, hyperprogression and dissociated response (5,
6). The prognosis of patients significantly varies from different
response patterns, and the duration of ICIs treatment needs to be
adjusted accordingly (Figure 1).

Durable response

Currently, the definition of durable response remains
controversial. In a randomized phase III trial, the durable
response was defined as follows: Progression-free survival
(PFS) of a patient exceeded three times longer than the
median PES of the same group (7). Durable responses can
persist for months or years in patients treated with ICIs, some
of them even have improved responses to ICIs over time, usually
bringing a longer OS (8).

According to published clinical consensus, patients with
advanced malignant melanoma who have achieved both complete
response (CR) and ICIs treatment for at least six months can
consider ceasing ICIs. If the efficacy is assessed as partial response
(PR) or stable disease (SD) after two years of ICIs treatment,
cessation may be taken into account (1, 9, 10). PET-CT, liquid
biopsy (e.g., tDNA) or tissue biopsy are recommended options for

g‘;;?)l;l:e Pseudoprogression Hyperprogression
No severe irAEs L
Well-tolerated (DPrompt imaging
When (@Improvement of studies to assess
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FIGURE 1
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determining efficacy evaluation during ICIs treatment. This
consensus on ICIs duration is worth applying to the
immunotherapy of other malignant tumors. However, a small
number of trials have found that one year of nivolumab
treatment for advanced non-small cell lung cancer (NSCLC) may
be insufficient. More studies are exploring the feasibility of early
discontinuing ICIs treatment, which aims to achieve less treatment-
related toxicities and longer OS (11). Some researchers put forward
that limited ICIs rather than continuous ICIs might be adequate to
induce a durable response (12).

In addition, if there remains a durable response after ICIs
cessation (including programmed cessation and cessation for
reasons such as economic conditions), restarting ICIs treatment
may be considered in the situation of relapse or progressive
disease (PD). Clinical studies researching the efficacy of re-
challenging ICIs after early discontinuation exist as well. In
conclusion, the optimal duration of ICIs is still debatable for
patients with a durable response and needs to be further
explored with prospective studies.

Pseudoprogression

The tumors can present a transient increase in volume or
number of lesions (temporary progression) after ICIs treatment,
followed by PR or SD, which is defined as pseudoprogression
(13). Pseudoprogression was first identified in patients with
metastatic melanoma treated with ipilimumab (14). Up to 10%
of melanoma patients experience pseudoprogression after
starting ICIs treatment. Pseudoprogression is discovered with
no tumor progression and is often associated with better long-

Dissociated response

|
! ! !
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Response patterns determine the duration of ICls. If there remains a durable response after ICls cessation, restarting ICls treatment may be
considered in the situation of relapse or progression. Patients who match the exhibiting criteria can be considered for continuation of ICls after
being diagnosed with pseudoprogression. When hyperprogression is confirmed, ICls treatment should be stopped as soon as possible, followed
by radiologic examination to assess the patient’s condition and decide the treatment alternatives. As for patients with a dissociated response,
when the clinical condition remains stable and the number of progressive lesions is limited, maintenance ICls may be an option; when a
minority of metastatic lesions continue to progress while the rest of the metastatic lesions are in remission, local treatment can be chosen in
conjunction with ICls treatment; when metastatic lesions activate immune in rotation, ICls should be maintained without local treatment
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term survival (15). The increased tumor volume shown by
imaging examination probably owes to the recruitment of
activated T cells at the tumor site during ICIs treatment.
Before these cells exert their anti-tumor functions, they lead to
inflammation and developed tumor volume as well as immune
infiltration, edema, and necrosis. The incidence of
pseudoprogression varies among tumor types but is rarely
>10% (16-19). Pseudoprogression often occurs after initial
ICIs treatment. It is not specific to ICIs but is more common
in ICIs treatment (17).

Pseudoprogression, as an unusual but beneficial response
pattern of ICIs treatment, should be emphasized and carefully
recognized in clinical trials. To assist oncologists screen out
patients more likely to experience pseudoprogression rather
than real progression, auxiliary examinations including
radiological evidence, biomarker predictors and biopsies are
very useful. Only with correct diagnosis can we avoid incorrect
discontinuation of effective ICIs treatment (20). Patients
diagnosed as pseudoprogression can be considered for
continuation of ICIs when matching all the exhibiting criteria:
no severe irAEs, well-tolerated, improvement of tumor-related
symptoms and imaging progression but stable condition, etc.

Hyperprogression

Some patients can be discovered with accelerated disease
progression after the initiation of ICIs therapy, thus the concept
of hyperprogression was proposed (21). There is no standardized
definition of hyperprogression, and the definitions varies in
different studies. In the research of Champiat et al. (22),
hyperprogression was defined as a Response Evaluation Criteria
in Solid Tumors (RECIST) progression at the first evaluation and at
least a two-fold increase of the tumor growth rate (TGR) upon prior
anti-PD-1/PD-L1 therapy. A retrospective study indicated that
patients who developed hyperprogression upon ICIs treatment
within six weeks had worse median OS compared to patients
with typical progression (23).

In the perspective of hyperprogression, both the patient’s
survival and access to other alternative treatments are limited. A
case report revealed that a lung cancer patient’s rib metastasis
progressed rapidly after receiving ICIs-based combination
therapy, and the diagnosis of hyperprogression was then set
with early imaging and pathological examinations. Significant
shrinkage of the metastatic lesion occurred after one month
timely salvage treatment (24). For patients receiving ICIs-based
combination therapy, it is necessary to make a rigorous follow-
up regimen. To achieve symptom relief and longer OS in cancer
patients, early detection and intervention of hyperprogression
are crucial. More researches are indispensable to explore the
molecular and immunological mechanisms of hyperprogression,
favoring predicting and avoiding hyperprogression induced by
ICIs treatment (17).
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Given the perspective of clinical practice, it is necessary to
figure out whether a rapid progression is hyperprogression or
not. Once progression occurs, patients should be reassessed
immediately and prepared to transfer to the salvage
therapeutic strategy. When hyperprogression is confirmed,
ICIs treatment should be stopped as soon as possible, followed
by a radiologic examination to assess the patient’s condition and
decide the treatment alternatives. Chemotherapy could allow a
rapid tumoral response before the timepoint of the anti-tumor
immune response, or even counterbalance the deleterious effect
of ICIs treatment (25). As a result, combining ICIs with
chemotherapy may be a helpful strategy for preventing and
reversing hyperprogression.

Dissociated response

The dissociated response is characterized by some portion of
tumor lesions progressed while the other portion shrank after ICIs
treatment. This kind of response pattern is similar to mixed responses
seen with chemotherapy and targeted therapy (26). The dissociated
response is mainly due to the tumor cells in the individual undergoing
multiple divisions and proliferation during the growth process,
leading to molecular biological or genetic changes in daughter cells,
which consequently contributes to variances in drug sensitivity (27).
The standard definition of a dissociated response needs to be further
clarified. According to the RECIST version 1.1, a dissociated response
is defined as an increase of some tumor lesions >20% and a shrinkage
of other tumor lesions >30% (28).

The dissociated response is discovered a relatively common and
unique response pattern during ICIs treatment. It is regarded as a
preferable treatment response and a signal of better clinical
prognosis which brings longer OS than typical progression (29).
When dissociated response occurs during ICIs treatment,
continuous ICIs can often evolve into a durable response (30). A
specific classification for tumor lesions with the dissociated response
is necessary to guide the ICIs treatment (28): As for patients with a
dissociated response (1), When the clinical condition remains stable
and the number of progressive lesions is limited, maintenance IClIs is
recommended (2); When a minority of metastatic lesions continues
to progress on CT or PET/CT, suggesting persistent immunotherapy
resistance, but the rest of the metastatic lesions are in remission, local
treatment in conjunction with systemic ICIs treatment can be
considered (3); When different metastatic lesions activate immune
in rotation (similar to a pseudoprogression pattern), ICIs are
recommended maintained without local treatment.

IrAEs determine the duration of ICls

While achieving good efficacy, ICIs treatment may lead to
some irAEs. The longer patients are on ICIs treatment, the more
likely they are to develop irAEs. In most cases, irAEs emerge
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within 1-6 months after the initiation of ICIs treatment. Favara
et al. (31) put forward that 91 days is the median onset time of
irAEs at any grade. In a retrospective study, 75.8% of patients
with advanced melanoma treated with ICIs experienced irAEs of
any grade. The majority of irAEs appeared during the first
treatment cycle, but only a small percentage (11.2%) occurred
after ICIs treatment. Mild grade 1-2 irAEs tended to appear
within the first two months of ICIs treatment, while grade 3-4
irAEs appeared later. There is no significant correlation between
ICIs duration and irAEs severity (32). Late-onset irAEs are irAEs
that occur after ICIs have been stopped (33). Previous
oncological drug administration before ICIs treatment is a
significant risk factor for late-onset irAEs over two years after
beginning ICIs treatment (34). Therefore, it is reasonable to
discontinue ICIs to avoid irAEs after achieving CR.

IrAEs often result in the discontinuation of ICIs treatment and
the administration of immunosuppressant therapies. The best
strategy to manage irAEs is to identify them early and stop ICIs
as soon as possible, which helps to avoid or minimize the risk of rare
fatal outcomes (33). The 2021 Chinese Society of Clinical Oncology
(CSCO) immune checkpoint inhibitor-related toxicity management
guideline (35) clearly states that when different doses and dosage
forms of glucocorticoids and other immunosuppressive agents are
properly combined, irAEs can usually be well managed. However,
long-term use of drugs such as glucocorticoids has a risk of toxicity
and may be associated with poorer survival outcomes.

Management of irAEs and ICIs treatment are not completely
contradictory. When G1 irAEs appear, ICIs treatment can usually
be continued while treating the toxic side effects. When G2 irAEs
appear, ICIs treatment generally needs to be suspended while
managing toxic side effects. In addition to certain cases, when the
G2 irAEs reduce to < Gl1, the resumption of ICIs is worth
considering. After G3-G4 irAEs are properly treated, especially
for G3-G4 cardiotoxicity, pulmonary toxicity, and neurotoxicity, it
is generally recommended that ICIs should never be restarted.
According to retrospective research, 68 (14%) of NSCLC patients
treated with anti-PD-L1 therapy discontinued due to irAEs and 38

TABLE 1 Duration of ICls for different tumors and stages.

Tumor stages Treatment

Advanced NSCLC Two years ICIs treatment

Advanced hepatocellular carcinoma and renal
carcinoma

Advanced pleural mesothelioma, malignant melanoma,
and colorectal cancer

Locally advanced tumors
chemoradiotherapy

Early and middle stage tumors

10.3389/fimmu.2022.983581

(56%) of these patients restarted ICIs after treating irAEs (36). Since
the optimal duration of ICIs is unknown, the retreatment of ICIs
following irAEs remission remains controversial.

Tumor stage determines the
duration of ICls

Current clinical trials show that the duration of ICIs varies
depending on the tumor stage. A brief summary is as follows
(37) (Table 1).

First or second-line treatment for patients with advanced
tumors. Most clinical studies in advanced tumors are currently
set up for two years of ICIs treatment. Taking advanced NSCLC
as an example, based on available clinical studies, it is
recommended to use ICIs for two years among first-line
monotherapy, second-line monotherapy, first-line
immunotherapy combined with chemotherapy, and dual
immunotherapy (38). The National Comprehensive Cancer
Network (NCCN) guidelines recommend that patients with
NSCLC should receive maintenance ICIs therapy for 2 years if
they received first-line immunotherapy (39). For advanced liver
cancer and renal cancer, a two-year combination of ICIs and
anti-angiogenic therapy is the main first-line treatment option.
In addition, dual immunotherapy has been approved as a first-
line treatment for various cancers, including advanced renal
cancer, NSCLC, pleural mesothelioma, malignant melanoma
and colorectal cancer, with the same recommendation of two
years duration. After two years of ICIs treatment, drug
withdrawal can be considered; if the patient desires to
continue ICIs treatment, consent can be provided in principle.

Consolidation immunotherapy for patients with locally
advanced tumors. The duration is usually 1-2 years. The
PACIFIC study aims to evaluate the efficacy of consolidation
therapy with durvalumab in patients with locally advanced
NSCLC who have not experienced disease progression after
concurrent chemoradiotherapy with platinum-containing

Two-year ICIs in combination with anti-angiogenic therapy

Two years of dual immunotherapy

Two years of consolidation immunotherapy after concurrent chemoradiotherapy or sequential

Preoperative neoadjuvant therapy: 2-4 cycles of ICIs combined with chemotherapy followed by surgery, as well

as one year of adjuvant ICIs after surgery

Early and middle stage tumors

NSCLC, non-small cell lung cancer; ICIs, immune checkpoint inhibitors.
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regimens. In 2017, the study published the first results that PFS
was significantly longer in the one-year group on durvalumab
consolidation after concurrent chemoradiotherapy than in the
placebo group, which quickly changed the clinical practice.
Recently, the study reported a 42.9% five-year survival rate,
with 1/3 of patients still alive after five years of PES (40).
However, there is no sufficient evidence of other tumor types.
The newly published GEMSTONE-301 study recommended two
years of consolidation immunotherapy after concurrent
chemoradiotherapy or sequential chemoradiotherapy (41). For
NSCLC, the existing guidelines recommend 2 years of ICIs
therapy, with an overall fair safety profile and infrequent
occurrence of irAEs. Therefore, a 2-year duration of
consolidation immunotherapy is strongly recommended.

Preoperative neoadjuvant therapy for patients with early and
middle stage tumors. In recent years, neoadjuvant therapy with ICIs
alone or in combination with chemotherapy or dual immunotherapy
has been used to treat tumors like NSCLC, triple-negative breast
cancer, and esophageal cancer in several clinical studies. The major
pathological remission (MPR) of patients who underwent surgery
was twice that of neoadjuvant chemotherapy, and the safety was
good. In 2021, a Phase III clinical trial CheckMate 816 reported that
nivolumab combined with chemotherapy neoadjuvant therapy
showed a significant improvement in pathological CR rates (42).
The FDA approved nivolumab in combination with platinum-
containing dual chemotherapy for the neoadjuvant treatment of
adult patients with resectable NSCLC on March 4, 2022, based on the
Phase II clinical trial NADIM. Surgery is currently recommended
after 2-4 cycles of ICIs combined with chemotherapy for NSCLC,
triple-negative breast cancer and esophageal cancer. One year of
adjuvant ICIs treatment is recommended following surgery. In
addition, there are also other alternative options.

Postoperative adjuvant therapy for patients with early and
middle stage tumors. The duration is usually one year. The
therapy is applied in various tumors such as esophageal cancer,
breast cancer, malignant melanoma, uroepithelial cancer, renal
cancer, etc. Taking NSCLC as an example, based on the IMpower
010 study, on March 16, 2022, the National Medical Products
Administration (NMPA) approved atezolizumab as adjuvant
therapy for patients with stage II-TITA NSCLC with > 1% tumor
cell PD-L1 expression, surgically removed and platinum-based
chemotherapy (43). Recently, the KEYNOTE-091 study also
demonstrated that pembrolizumab in combination with or
without adjuvant chemotherapy significantly improved disease-
free survival in patients with stage IB-IIIA NSCLC after surgical
resection, regardless of PD-L1 expression level.

Debate for limited or continuous
ICls

In the medical community, there exists a pair of opposite
perspectives on the optimal duration of ICIs. On the one hand,
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ICIs treatment induces a durable response in the body, allowing
the previously activated immune system to regress tumor
growth. In addition, short-term ICIs treatment can also avoid
the toxic side effects attributed to long-term use. Therefore, some
experts advocated discontinuing ICIs after a period of treatment.
On the other hand, insufficient ICIs treatment duration may
result in disease progression or relapse following remission.
Therefore, other experts advocated continuing ICIs treatment
to improve patients” long-term PFS and OS. Numerous clinical
trials and other studies have set the duration of ICIs, thus we can
determine the optimal duration of ICIs more properly based on
the results of these trials. The results of these clinical trials are
shown in Table 2. During the European Lung Cancer Congress
2022, a session was allocated to this topic for debate and voting
by the conference committee.

Limited ICls treatment

At present, more studies are standing for this view. Jansen
et al. (44) found that in 185 patients with advanced melanoma
who had accepted one year of pembrolizumab treatment, the
risk of disease recurrence was low when treatment is stopped
after achieving CR, and the risk of progression was reduced in
patients who had CR for more than six months. But patients who
achieved PR or SD were more likely to relapse after
discontinuation. Patients who discontinued pembrolizumab
after achieving SD had a high risk of disease progression, thus
effective ICIs treatment should not be discontinued unless there
occurred fatal irAEs (45). Similarly in NSCLC, a real-world study
noted that duration of disease control after ICIs discontinuation
was correlated with tumor response situation when treatment
discontinued, and these results called for caution in
discontinuing treatment in patients with SD as the best
response (46). In the KEYNOTE-001 study, patients who
stopped taking pembrolizumab after achieving CR had an
89.9% disease-free survival rate after 24 months (9). A real-
world study showed that patients who responded early to ICIs
had a longer OS and a lower risk of disease progression when
they discontinued ICIs after achieving CR (47). A multicenter
retrospective study (KCSG LU20-11) reported the long-term
follow-up results in patients with advanced and/or metastatic
NSCLC. It was found that a significantly high proportion of
patients who completed 2 years of ICIs therapy continued to
experience long-term PFS. Even if ICIs were discontinued in
patients without disease progression after 6 months
administration, they might achieve a durable response and
facilitate long-term survival (48). In an observational cohort
study, 52 patients with metastatic melanoma who discontinued
anti-PD-1 therapy after one year remained free of disease
progression in the long-term follow-up, and the risk of disease
progression was low even in patients with remnant lesions by
imaging (49). It has been shown that when the active disease is
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TABLE 2 Clinical trials investigating the duration of ICls.

Trials

The Safe Stop trial (NL7293) (3)

CheckMatel53 (NCT02066636) (11)

CheckMate067 (NCT01844505) (12)

KEYNOTE-024 (NCT02142738) (38)

KEYNOTE-042 (NCT03850444) (38)

KEYNOTE-189 (NCT03950674) (38)

KEYNOTE-407 (NCT03875092) (38)
IMpower110 (NCT02409342) (38)
IMpower130 (NCT02367781) (38)
IMpower150 (NCT02366143) (38)
CheckMate227 (NCT02477826) (38)
CheckMate9LA (NCT03215706) (38)
PACIFIC

(NCT04230408) (40)
GEMSTONE-301 (41)
CheckMate816 (NCT02998528) (42)
IMpower010 (NCT02486718) (43)
NCT0267397 (44)

The DANTE trial (ISRCTN15837212)
(45)

KEYNOTE-001 (NCT01295827) (46)
CA209-003 (NCT00730639) (47)

Mikeli et al. (48)

KEYNOTE-006 (NCT01866319) (49)

KEYNOTE-010
(NCT01905657) (50)

NCT01693562 (51)

Cancer Phase/Size
Melanoma N=200
NSCLC 11T (N=1434)

Melanoma III (N=1296)

NSCLC ~ III (N=305)
NSCLC  III (N=262)
NSCLC  III (N=40)
NSCLC  III (N=125)
NSCLC  III (N=572)
NSCLC  III (N=723)
NSCLC  III (N=1202)
NSCLC  III (N=2748)
NSCLC  III (N=719)
NSCLC ~ III (N=48)
NSCLC I (N=381)
NSCLC  III (N=505)
NSCLC  III (N=1280)

Melanoma N=200

Melanoma III (N=1208)
NSCLC 1 (N=550)
NSCLC I (N=395)

Melanoma N=40

Melanoma III (N=834)

NSCLC II/III
(N=1034)

Various I/II (N=1022)

ICIs

Anti-PD-1

Nivolumab

Nivolumab and
Ipilimumab
Nivolumab
Ipilimumab

Pembrolizumab

Pembrolizumab

Pembrolizumab

Pembrolizumab
Atezolizumab
Atezolizumab
Atezolizumab
Nivolumab and

Ipilimumab
Nivolumab and
Ipilimumab

Durvalumab

Sugemalimab
Neoadjuvant Nivolumab

Atezolizumab

Pembrolizumab or
Nivolumab
Anti-PD-1
Pembrolizumab
Nivolumab

Anti-PD-1

Pembrolizumab
Ipilimumab

Pembrolizumab

Durvalumab

10.3389/fimmu.2022.983581

Duration
1 year

Until CR or PR

Until progression, unacceptable toxicity,
or withdrawal of informed consent
1-year-fixed duration

Until progression, unacceptable toxicity,
or withdrawal of informed consent

2 years

2 years

2 years

2 years

Until progression, unacceptable toxicity, or death
(maximum up to approximately 58 months)

Until progression

Until progression

Until progression, unacceptable toxicity,
or for 2 years

Until progression, unacceptable toxicity, or for 2

years

1 year

2 years
Until surgery

1 year

1 year

Until progression, unacceptable toxicity,
or for 2 years

Until progression, unacceptable toxicity,
or for 2 years

Until progression, unacceptable toxicity,
confirmed CR, or for 2 years

6 months

2 years

2 years

Retreatment after 1 year

Results

NR
NR

PFS: 24.7m
OS: NR
PFS: 9.4m
0OS: 32.5m

OS: NR

3-year OS: 58%
OS: 37.6m
3-year OS: 52%
08:19.9m

3-year OS: 34%
PFS:10.3m
08:26.3m

5-year OS: 31.9%

PES: 5.4m
OS: 16.7m

PFS: 9.0m
OS: 22m
ORR: 85.7%

PFES: 6.4m
0OS: 15.9m

PFS: 5.7m
0OS: 20.2m

PFS: 7.0m
0OS: 18.6m

PES: 8.3m
OS: 19.8m

PFS: 5.1m
0OS: 17.1m

OS: 15.6m

PES: 16.9m
OS: 47.5m

PES: 9.0m
EFS: 31.6m

HR for DFS: 0.81
(0-67-0-99;
p=0-040)

ORR: 96%

NR

0S:22.3m
5-year OS: 29.6%

5-year OS: 16%

PFS: 12m
OS: NR

PES: 8.4m
OS: 32.7m
PES: 3.4m
OS: 15.9m

3-year OS: 83.0%
5-year OS: 25.0%

PES: 5.9m
OS: 23.8m

ICIs, immune checkpoint inhibitors; m, months; NSCLC, non-small cell lung cancer; NR, not reached; N, number; PFS, progression-free survival; OS, overall survival; ORR, overall response

rate; EFS, event-free survival; DFS, disease-free survival; HR, hazard ratio.
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not detected on CT or PET/CT scans or biopsies, discontinuing
anti-PD-1 therapy after 12 months may result in a lower rate of
disease recurrence in patients with advanced melanoma (50). In
a retrospective study by Valentin et al., patients with advanced
melanoma who discontinued anti-PD-1 therapy for reasons
other than disease progression were shown to have durable
responses with a disease recurrence rate of only 18.5% (51). A
real-world multicentric observational study including 1011
patients in India showed that short-course ICIs therapy had
comparable efficacy/safety to standard ICIs therapy (52). Oulu
University Hospital retrospectively collected all patients who
had been treated with anti-PD-1 therapy for metastatic disease
in lung and genitourinary (renal and bladder) cancers as well as
melanoma, with maximal anti-PD-1 therapy length restricted to
6 months, turning out 11 of 17 responders who discontinued
anti-PD-1 therapy after 6 months therapy remained SD after 1
year (53). The above studies all suggest that discontinuation of
anti-PD-1 therapy may be attempted in specific populations.

To verify the above, there are at least two prospective
investigations currently in progress. The DANTE trial was
designed to determine whether time-limited therapy could
improve clinical outcomes by reducing toxicities while
maintaining treatment benefits. The results supported time-
limited therapy for patients with metastatic melanoma
continuously remaining progression-free after two years of ICIs
(54). The Dutch Safe Stop trial will confirm the feasibility of early
discontinuation of ICIs by assessing sustaining response rates after
discontinuing first-line nivolumab or pembrolizumab monotherapy
in patients with advanced melanoma who achieve CR or PR (3).

Therefore, there is a premature suggestion for melanoma-
early discontinuation of ICIs can be considered in CR patients
ready to receive additional treatment for 6 months after
achieving CR (55). However, unlike melanoma, CR as a sign
for treatment cessation has not been widely adopted in advanced
NSCLC due to the low CR rates (< 5%) (56). In the CA209-003
study, more than 75% of NSCLC patients treated with 96 weeks
of time-limited nivolumab showed a five-year PFS (57). For
patients with advanced NSCLC, a treatment regimen of up to
two years of ICIs is still widely recommended.

Continuous ICls treatment

Despite the perspective of limited ICIs treatment, other
studies have suggested that stopping ICIs after two years of
treatment may result in disease progression. In the KEYNOTE-
189 study, half of the 56 patients who completed 35 cycles
(approximately two years) of pembrolizumab progressed after
stopping ICIs treatment (58). In the KEYNOTE-010 study, 25
patients (32%) experienced disease progression after stopping
treatment with 35 cycles of pembrolizumab (59). Similarly, 54%
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of 39 patients treated with 35 cycles of pembrolizumab had
disease progression two years after stopping ICIs treatment (60).

Arbitrary discontinuation may result in disease relapse in the
absence of reliable response markers and predictors of long-term
benefit. In a prospective trial, 17 patients dropped out after six
months of anti-PD-1 treatment, and 14 (82%) of those
experienced relapse (61). In the phase I clinical trial, patients
with solid tumors who were treated with ICIs for < 12 months
had a higher rate of disease recurrence than those who were
treated for > 12 months, and disease recurrence often occurred
during the early post-treatment discontinuation period (62).
According to a study on advanced melanoma, patients with
advanced tumors and those whose best response is not CR
should receive ICIs for a longer duration and should not
discontinue ICIs before 18 months (63).

So, is two years of ICIs really the best option for patients with
advanced tumors? Data from patients in the CheckMate 153
trial, in which patients with NSCLC responding to anti-PD-1
therapy were randomly assigned to one year versus continuous
nivolumab, suggested that the median PFS and OS were longer
for continuous ICIs treatment group (11). This study also
supported the administration of nivolumab for more than one
year in previously treated patients with advanced NSCLC.
According to a long-term analysis of KEYNOTE-010, 91.0%
(72/79) of the 79 patients who completed two years of
pembrolizumab therapy survived, with an estimated 24-month
OS rate of 86.3% (59). In existing clinical protocols, anti-PD-1
monoclonal antibodies are generally administered for two years
or longer (64). A study showed that continuous ICIs treatment
for more than two years resulted in higher 3-year OS rates
(85.7% vs. 100%, 2-year group vs. > 2-year group) and the lower
3-year OS rate in the < 2-year group (49%), suggesting that the
clinical benefit is likely to be seen in patients who had been on
continuous treatment for more than two years (65). However,
longer ICIs treatment also contributes to more severe irAEs.
Clinical practitioners must weigh the benefits of therapy
duration against the risks of toxicities.

Dual immunotherapy causes more severe irAEs than
immune monotherapy or immunotherapy combined with
chemotherapy. Hence, the optimal duration of dual
immunotherapy also needs to be clarified. Prospective studies
are currently being conducted to determine the appropriate
duration of combination immunotherapy. In the phase III
DISCIPLE (NCT03469960) study to determine the optimal
duration of dual immunotherapy of ipilimumab and
nivolumab in patients with advanced NSCLC, patients who do
not progress after six months of dual immunotherapy will be
randomly assigned to a group to continue ICIs treatment until
disease progression, or to the other group to stop ICIs treatment
(1). A figure displaying the optimal duration of ICIs based on
tumor types was composed for consultation (Figure 2).
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ICIs re-challenge

The problems associated with long-term continuous ICIs
treatment include the potential risk of late toxicity, the financial
burden of the high cost and the poor life quality of patients due
to irAEs, etc. There emerge growing interests in two aspects:
predicting the long-term prognosis of discontinuing ICIs, and
re-challenging anti-PD-1 therapy when the disease progresses.

Restarting ICIs when disease progresses in patients who initially
benefited from ICIs treatment is considered safe and effective and
can achieve disease control during ICIs treatment. In the phase III
KEYNOTE-006 study, 12 of 27 patients who progressed after
completing two years of pembrolizumab treatment were re-treated
with pembrolizumab, and the best overall response was 3 CR, 3 PR, 3
SD, 1 PD, and 2 with evaluation pending (66). In the KEYNOTE-
010 trial, 21 patients who progressed after completing two years of
pembrolizumab restarted ICIs treatment, reporting that 11 (52.4%)
had objective responses and 15 (71.4%) were alive at the time of data
cutoff (67). In a trial of patients treated with durvalumab for one year
and then discontinued, 71 patients experienced disease progression
during that time and restarted durvalumab treatment, with more
than 70% of patients experiencing clinical benefit (68). In the study
by Warner et al, 15% of patients responded to re-treatment with
anti-PD-1 therapy and 25% responded to re-treatment with the
combination of ipilimumab and nivolumab (69). In addition,
patients who have suspended ICIs because of irAEs need to be

10.3389/fimmu.2022.983581

aware of the following four points before restarting ICIs treatment
(70-72) (1): Population selection. If patients have responded to ICIs
(CR or PR) before the appearance of irAEs, there is no need to restart
once the irAEs have been resolved. Conversely, ICIs treatment
should be restarted if there is no tumor response. It is conceivable
that patients who develop irAEs while receiving ICIs treatment have
a high immune response (2). Informed consent. Restarting ICIs
treatment increases the likelihood of irAE recurrence by roughly
50%. Recurring irAEs can manifest as either familiar or unexpected
symptoms. If hospitalization is required when irAEs occur for the
first time, irAEs are more likely to occur when ICIs are used again.
As a result, obtaining informed consent from the patient is critical
before cautiously beginning. If irAEs recur after a restart, the
treatment protocol is the same as before, but this type of ICIs
should be stopped permanently (3). Treatment principles for
restarting ICIs varies when previous irAEs organs are diverse.
Taking into account irAEs in different organs, restarting ICIs
requires distinct considerations, including the indication for
restart. Therefore, a specialist consultation should be invited before
restarting ICIs treatment. For further information, see the 2021
CSCO immune checkpoint inhibitor-related toxicity management
guideline (35) (4). When restarting, try to choose ICIs distinct from
previous treatment. For example, if a patient has developed grade 3
or 4 toxicity with an ipilimumab-containing regimen, further
treatment may include PD-1 or PD-L1 inhibitor monotherapy
after the early toxicity is eliminated.

FIGURE 2

The optimal duration of ICls in different tumor types. For NSCLC, we recommend that discontinuation be considered when 2 years of ICls-
based therapy are completed. For advanced malignant melanoma, early discontinuation of ICls can be considered in CR patients ready to
receive additional treatment for 6 months after achieving CR. If the efficacy is assessed as PR or SD after two years of ICls treatment, cessation
may be taken into account. A two-year combination of ICls and anti-angiogenic therapy is the main first-line treatment option for advanced
liver cancer and renal cancer. In addition, dual immunotherapy has been approved as a first-line treatment for various cancers, including
NSCLC, advanced renal cancer, colorectal cancer and pleural mesothelioma, with the same recommendation of two years duration. After two
years of ICls treatment, drug withdrawal can be considered.
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Conclusion and perspectives

According to existing studies, there is no conclusive evidence
regarding the optimal duration of ICIs. A growing number of
studies have explored the timing of discontinuing and restarting
ICIs in malignant melanoma and NSCLC based on efficacy and
irAEs, but there is not yet sufficient evidence to answer this
question. For melanoma, the recommended optimal duration of
ICIs is an additional 6 months of ICIs treatment after the patient
achieving CR. The existing consensus suggests that the optimal
duration of ICIs should be considered based on the response
pattern, irAEs, and tumor stages. Meanwhile, combining some
necessary examinations such as PET-CT, liquid biopsy (e.g.,
ctDNA) or tissue biopsy can help determine when to discontinue
ICIs. As more and more prospective studies are completed and
published, the optimal duration of ICIs will be found.
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The immune microenvironment
landscape shows treatment-
specific differences in rectal
cancer patients
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Marleen Ansems?, Mark A.J Gorris**, Shannon van Vliet?,
Corrie A.M Marijnen>® and Iris D Nagtegaal*

!Department of Pathology, Radboud University Medical Centre, Nijmegen, Netherlands,
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SDepartment of Radiotherapy, Netherlands Cancer Institute, Amsterdam, Netherlands, ®Department
of Medical Oncology, Leiden University Medical Centre, Leiden, Netherlands

Neoadjuvant therapy is the cornerstone of modern rectal cancer treatment.
Insights into the biology of tumor responses are essential for the successful
implementation of organ-preserving strategies, as different treatments may
lead to specific tumor responses. In this study, we aim to explore treatment-
specific responses of the tumor microenvironment. Patients with locally
advanced adenocarcinoma of the rectum who had received neo-adjuvant
chemotherapy (CT), neo-adjuvant radiochemotherapy (RCT), neo-adjuvant
radiotherapy with a long-interval (LRT) or short-interval (SRT) or no
neoadjuvant therapy (NT) as control were included. Multiplex-
immunofluorescence was performed to determine the presence of cytotoxic
T-cells (T-cyt; CD3+CD8+), regulatory T-cells (T-reg; CD3+FOXP3+), T-
helper cells (T-helper; CD3+CD8-FOXP3-), B cells (CD20+), dendritic cells
(CD11c+) and tumor cells (panCK+). A total of 80 rectal cancer patients were
included. Treatment groups were matched for gender, tumor location,
response to therapy, and TNM stage. The pattern of response (shrinkage vs.
fragmentation) was, however, different between treatment groups. Our
analyses reveal that RCT-treated patients exhibited lower stromal T-helper,
T-reg, and T-cyt cells compared to other treatment regimens. In conclusion,
we demonstrated treatment-specific differences in the immune
microenvironment landscape of rectal cancer patients. Understanding the
underlying mechanisms of this landscape after a specific therapy will benefit
future treatment decisions.

KEYWORDS

immune microenvironment, response, rectal cancer, neoadjuvant treatment,
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1 Introduction

In recent times, the prognosis of patients with rectal cancer
(RC) has improved immensely (1). Neoadjuvant therapy is the
cornerstone of RC treatment, allowing for easier resections and
better clinical outcomes (2, 3). The presence of various degrees of
tumor response demonstrates organ-preserving treatments are
possible in selected patients (4, 5). To fully exploit the organ-
preserving potential, we need to fully understand this response
and the role of the tumor microenvironment in this process.

Different types of treatments have different clinical effects. A
simple comparison of pathological complete response (pCR)
rates already illustrates this. Neoadjuvant radiochemotherapy
(RCT) has increased pCR rates, with an incidence of
approximately 14% of patients (6). Lower pCR rates are
present in patients treated with 5x5Gy radiotherapy (RT),
depending on the treatment interval; either short (SRT)
(reported pCR of 0.3% but increasing after 4 week waiting
period) or long wait (LRT) (pCR range 9.3%-10.4%) (7, 8).
New clinical trials with different combinations of chemotherapy
and, especially, wait intervals provide promising results, in some
cases reaching 28% pCR rates (6). In general, longer waiting time
after initial treatment and more intense local therapy are
considered to improve pCR and several oncological
outcomes (9).

Previous studies have shown the potential role of immune
infiltrates in the prediction of radio-responsiveness to
neoadjuvant RCT in rectal cancer (10). These improved
outcomes might also be induced by changes in the immune
cell and cytokine composition as a response to therapy, and may,
therefore, be therapy-specific. The immune microenvironment
of RC is complex, different from colon cancer, with variable
prognostic impact of individual types of immune cells, such as
tumor-infiltrating T-regs (11-17). The well-established role of
CD3+ and CD8+ cells in colorectal cancer (i.e., the
immunoscore (18)) has paved the road to investigate the
impact of other immune cell subsets. CD11c+ (dendritic cells
(DCs)) (19, 20), CD20+ (B cells) (21, 22), CD3+CD8-FOXP3-
(T-helper cells) (10), CD3+FOXP3+[T-regulatory cells (T-
regs)]] (23, 24) and CD3+CD8+[cytotoxic T cells (T-cyt)] cells
(25, 26) have been some of the major targets of immune-
profiling in recent years. In newly diagnosed rectal cancers,
several studies have elegantly shown an increased presence of T-
helper and cytotoxic T cells prior to RCT correlates with better
response (27, 28) and better recurrence-free survival (29).

Since local treatment interferes with this microenvironment,
investigating the repopulation of the immune infiltrate after each
type of therapy is crucial to understanding the biology of the
tumor response. Some studies have shown differences in the
circulating subpopulations of immune cells throughout therapy
or after it (30, 31), but, to the best of our knowledge, little is
known about specific changes in the tumor and tumor
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microenvironment locally, in relation to tumor response. We
have recently described a biology-based classification of tumor
response (32) that allows us to integrate the tumor response and
the microenvironment. According to this, a partial response can
be classified into a fragmented (disintegration of the tumor mass
in different sized and shaped fragments) or shrinkage
(downsizing of tumor mass) pattern of response which has
prognostic implications for the patient. Our integrative
approach allows us to compare the effects of specific
therapeutic strategies in order to elucidate relevant differences
in the microenvironment.

Here, we explore the effects and interactions of the different
types of treatment on tumor cells and microenvironment and
correlate this with a biologically meaningful and clinically
relevant response scoring method.

2 Methods
2.1 Patient cohort and material used

From an original in-house cohort of 728 rectal cancer (RC)
patients from the Radboud University Medical Center
Nijmegen, a total of 80 patients with adenocarcinoma NOS
(not otherwise specified) of the rectum were selected to be
included in this study. Patients with known hereditary
colorectal cancer were excluded. An opt-out system for ethical
approval was in place. Patient material was obtained from the
pathology archives of the Radboud University Medical Centre,
Nijmegen, The Netherlands. Selected patients received one of
four different treatment regimens between 2015 and 2019; neo-
adjuvant chemotherapy (CT), neo-adjuvant radiochemotherapy
(RCT), neo-adjuvant radiotherapy with a long interval (LRT), or
neo-adjuvant radiotherapy with a short interval (SRT), with no
neo-adjuvant therapy (NT) serving as control. Per group, 16
patients matched (as much as possible) for gender, tumor
location, and cTNM stage were included (details are shown
in Table 1).

For each patient, two consecutive slides were cut from the
most representative block of the primary tumor and were stained
for H&E and an immunofluorescence (IF)-multiplex panel
(33) (Figure 1).

2.2 Mutation analysis and MSI status

Sufficient material was present for 64 out of the 80 patients
for molecular analysis. A targeted mutational panel (PATHv3)
used in routine diagnostics was used to determine any mutations
that could clearly influence the immune phenotype of patients
(exact panel targets can be found in Supplementary Table 2).
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TABLE 1 Relevant patient information.

Variable NT n(%) CT n(%)
Age, median (IQR) 65 (39-84) 60 (29-78)
Gender
Male 9 (56%) 9 (56%)
Female 7 (44%) 7 (44%)
Tumor location
Rectum 7 (47%) 12 (75%)
Rectosigmoid 7 (47%) 4 (25%)
LAR (low anterior res) 1 (6%) 0 (0%)

Differentiation grade

Good 16 (100%) 16 (100%)
Poor 0 (0%) 0 (0%)
(c)LN involvement 10 (100%) 14 (100%)

Yes 2 (20%) 13 (93%)

No 8 (80%) 1 (7%)
Angioinvasion

Yes 10 (62%) 6 (38%)

No 6 (38%) 10 (62%)
(y")pT category

1 0 (0%) 0 (0%)

2 8 (50%) 3 (18%)

3 7 (44%) 7 (44%)

4 1 (6%) 6 (38%)
(y*)PN category

0 14 (88%) 4 (25%)

1 1 (6%) 7 (44%)

2 1 (6%) 5(31%)
(y*)pM category

0 15 (94%) 12 (75%)

1 1 (6%) 4 (25%)
Downstaging

Progression * 1 (6%)

No change * 6 (38%)

Downstage * 7 (44%)

Unknown * 2 (12%)
Regression

Partial * 13 (81%)

No * 3 (19%)
Pattern of response

Shrinkage 8 (62%)* 0 (0%)

Fragmentation** 5 (38%)* 12 (100%)

10.3389/fimmu.2022.1011498

RCT n(%) LRT n(%) SRT n(%) P
64 (46-80) 67 (49-79) 74 (40-87) 0.02
0.44
8 (50%) 12 (75%) 12 (75%)
8 (50%) 4 (25%) 4 (25%)
0.02
14 (88%) 15 (94%) 14 (88%)
0 (0%) 0 (0%) 2 (12%)
2 (12%) 1 (6%) 0 (0%)
0.17
15 (94%) 15 (94%) 13 (81%)
1(6%) 1(6%) 3 (19%)
14 (100%) 13 (100%) 13 (100%) <0.001
13 (93%) 11 (85%) 10 (77%)
1 (7%) 2 (15%) 3 (23%)
0.13
6 (38%) 7 (44%) 12 (75%)
10 (62%) 9 (56%) 4 (25%)
<0.001
0 (0%) 0 (0%) 2 (13%)
7 (44%) 5 (31%) 1 (6%)
9 (56%) 10 (63%) 13 (81%)
0 (0%) 1 (6%) 0 (0%)
0.07
10 (63%) 7 (44%) 9 (57%)
4 (25%) 6 (38%) 5 (31%)
2 (12%) 3 (18%) 2 (12%)
0.11

16 (100%) 16 (100%) 16 (100%)

0 (0%) 0 (0%) 0 (0%)
097
0 (0%) 1 (6%) 1 (6%)
6 (38%) 7 (44%) 6 (38%)
9 (56%) 6 (38%) 6 (38%)
1 (6%) 2 (12%) 3 (18%)
0.04
16 (100%) 12 (75%) 16 (100%)
0 (0%) 4 (25%) 0 (0%)
0.02
6 (37%) 7 (64%) 7 (50%)
10 (63%) 4 (36%) 7 (50%)

This table shows the clinical variables of our cohort. Distribution of patients per treatment group with data as n/(%).

*Cannot be assessed because no therapy was given. **14 cases with No response were excluded.

2.3 Immunoflourescence stains

The multiplex IF staining protocol OpalTM 7 Tumor
Infiltrating Lymphocyte (TIL) Kit (OP7TL3001KT, Akoya
Biosciences, MA, USA), was modified and optimized for rectal
4um thick FFPE tissue sections (34). In short, slides were
sequentially stained using antibodies against CD8, CD20, CD3,
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Foxp3, CD1l1c, and pan-Cytokeratin AE 1/3 using the BOND
RX automated research stainer (Leica Biosystems, Wetzlar,
Germany). The anti-CD45RO used in a previous study (35)
was exchanged for CD11c (ab52632, Abcam, Cambridge, UK,
RRID: AB_2129793). Concentrations of antibodies, retrieval
steps, and corresponding Opal dyes were adjusted (details
available in Supplementary Table 1) to ensure the best signal
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Flow diagram of the study. (A) Treatment schedule for included patients. Patients received one in 4 neoadjuvant therapy regimens. Treatment
window, waiting period between therapy and surgery, and dose fractions are indicated. (B) Workflow followed for the immunophenotype
quantification. In 1, the whole slide image is selected and regions of interest (ROIs) are drawn to scan at 20x. In blue we see an example of
included ROIs, as the white ROIls on the left of the image are excluded as they contain normal rectal epithelium. 2, An example of a ROl output.
3, Tissue segmentation training leads to a quite accurate region classification. Red=tumor, green=stroma, blue=background. 4, Example of the
cell phenotyping output from the in-house Al pipeline used. 5, Example of the gating used to discern immune cell populations. NT, No therapy;
CT, Chemotherapy; RCT, Radiochemotherapy; LRT, Radiotherapy long course; SRT, Radiotherapy short course; BT, brachytherapy

intensity for each marker that would allow exposure times of 15-
100 ms on multispectral regions. Slides were manually stained
with DAPI and mounted using Fluoromount-G® (0100-01,
Southern Biotech, ALA, USA, RRID: SCR_015961).

2.4 Immunofluorescence imaging and
data processing

Imaging was performed using the VECTRA 3 Quantitative
Pathology Imaging System (PerkinElmer) and Vectra V3.0.4
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software (PerkinElmer®, Hopkinton, MA, USA). All standard
epi-fluorescent filters were used; DAPI, FITC, CY3, Texas Red,
and CY5. Whole slide scans were acquired using x4
magnification and subsequently scanned at x20 magnification
for the multispectral regions of interest (Figure 1B). Images were
first processed using the inForm software (V.2.4.8, Akoya
Biosciences, MA, USA, RRID: SCR_019155) for cell and tissue
segmentation and then processed through an in-house Al
pipeline to phenotype immune cells, which were thereafter
analyzed in FloonTM (Ashland, OR, USA, RRID:
SCR_008520) as previously described (35, 36).
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2.5 Patterns of regression

Slides were visualized and annotated by two independent
researchers (C.G.M & S.K.O.) and unclear slides were resolved
by consensus with an expert gastrointestinal pathologist
(I.D.N.). Each sample was scored blindly following an
externally validated classification diagram that we developed
for patterns of tumor response in esophageal cancer (32) and
rectal cancer (unpublished data). Tumor patterns of regression
were divided into fragmentation (disintegration of the tumor
mass in different sized and shaped fragments) or shrinkage (the
tumor mass downsizes) (Supplementary Figure 1A). The pattern
of response was assessed blindly for all patients, regardless if they
had had neoadjuvant therapy or not.

2.6 Statistical analysis

Statistical analysis was carried out using RStudio version
3.6.2 (Boston, MA, USA, RRID: SCR_000432). One-way
ANOVA was done for comparisons between more than two
groups in a parametric setting, while Kruskal Wallis one-way
ANOVA was used in the non-parametric setting. Student’s T-
test was done for comparisons between two groups. Correlations
between non-parametric variables were analyzed using
Spearman’s rank order correlation test. When comparing
categorical variables, a chi-square test was used. A principal
component analysis was conducted using singular value
decomposition. A P-value lower than 0.05 was considered
statistically significant.

3 Results

3.1 Patient characteristics and
treatment schedules

A total of 80 RC patients were included; despite matching,
selection bias based on treatment indications remained between
the groups (Table 1). Gender, differentiation grade,
angioinvasion, pN, and pM stage were similar across therapy
groups. However, median patient age, tumor location, regression
to therapy, lymph node involvement, and pathological T stage
were significantly different. Treatment schedule specifics can be
found in Figure 1A.

3.2 Tumor response

An excellent interobserver agreement was reached (k=0.84).
Upon histological evaluation, 14 patients were categorized as
« » .

non-responders”, as there was extensive tumor present and no
evidence of regression such as fibrosis or mucin. Prevalence of
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shrinkage and fragmentation was significantly different across
therapy groups (Table 1, p=0.02, Supplementary Figure 1B).
Shrinkage was not present in any of the 16 patients treated with
CT while being present in 6/16 patients, treated with RCT
(Supplementary Figure 1B). When analyzing the immune
spatial contexture of these patterns of response we did not
observe any single or combinations of immune cells that could
explain these patterns. However, we observed a tendency
towards higher stromal T-cyt, T-reg, and T-helper cells in
patients exhibiting a shrinkage pattern of response compared
to those with a fragmented pattern (Supplementary Figure 2).

3.3 Tumor characteristics

Targeted sequencing for microsatellite instable (MSI)
markers and 47 cancer-related genes identified pathogenic
mutations in 61 of the 64 patients (88%) and MSI in 3 of the
69 patients (4%). The percentages of TP53, KRAS, PIK3CA,
and NRAS mutated cases were respectively 74%, 56%, 11%, and
7%. These percentages are in the range of other cohorts (37).
The samples with mutations were equally distributed over the
different therapies. We then analyzed the relation between the
molecular and the immune phenotype, we observed that MSI
patients have higher immune cell densities compared to MSS,
especially significant are T-cytotoxic cells (p<0.0005), and B
cells (p<0.0005)(Supplementary Figures 3A, 3B). TP53-
mutated tumors have lower immune cell densities compared
to TP53-wild type tumors. The most affected immune cells
seem to be T-helper cells (p<0.005) and dendritic cells
(p<0.005) (Supplementary Figures 3C, 3D, respectively).
Patients with PIK3CA-mutated tumors had higher tumoral
dendritic cell infiltration compared to wild-type tumors
(p<0.05, Supplementary Figure 3E).

3.4 Treatment analysis

The relative distribution of stromal immune cells showed T-
helper cells as the predominant immune cell populations across
therapies (Figure 2A). Moreover, a significantly higher density of
absolute distribution of immune cells was observed in the stroma
compared to the tumor infiltration (Supplementary Figure 4A).
Immune infiltration in the tumor region did not show significant
differences among therapies (Supplementary Figures 4B-F).

Differences in the immunophenotype per treatment could be
observed (Figure 2B, Supplementary Figure 4A). T-helper cells
were the most predominant population in the stroma of CT, NT,
RTL, and RTS treated patients. RCT-treated patients had lower
stromal T-helper cells and, had a higher population of T-cyt cells
compared to all other treatments. Furthermore, differences could
be observed between the stroma and the tumor region, as DCs
were one of the predominant types in the tumor region after T-
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helper cells, something that was not observed in the
stromal region.

The stromal T-reg population was less present after any
form of neoadjuvant therapy compared to NT, regardless of the
waiting time (LRT vs. SRT) (Figure 3A, p<0.001). Acute
radiotherapy effects were evaluated by comparing the SRT-
treated group with the LRT-treated group. The presence of
stromal T-cyt cells was significantly lower in SRT-treated
patients (Figure 3B, p<0.01), especially compared to LRT-
treated patients (p=0.001). A tendency toward lower T-helper
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cell density in SRT-treated patients compared to non-treated
patients was also found (Figure 3C, p=0.05).

The impact of CT was evaluated in two ways, first by
comparison with the NT group and secondly, by comparison
of the RCT group with the LRT-treated group. The CT-treated
group was then compared with the RCT-treated group to
determine a potential synergistic effect of CT. Compared to
NT, CT showed a decrease in T-regs in the tumor and the
stroma, (p=0.05 and p<0.01, respectively Supplementary
Figure 4D and Figure 3A). Differences in the presence of T-
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regs were observed when comparing LRT with RCT.
Additionally, the tumor microenvironment showed higher
stromal T-helper cells in LRT compared to RCT treated
patients (p=0.045, Figure 3C). There was also a trend towards
lower stromal B cells (p=0.1, Figure 3D) and T-regs (p=0.1,
Figure 3A) in RCT-treated patients, as well as higher tumoral
DCs (p=0.1, Supplementary Figure 4F) compared to LRT-
treated patients. Moreover, when comparing RCT and CT-
treated patients significantly higher stromal T-cyt cells
(p=0.05) and significantly lower stromal T-helper cells
(p=0.03) were found in RCT-treated patients.

3.5 Heterogeneity of the immune
response according to therapy

When conducting a principal component analysis (PCA) to
reduce the dimensions of the high-plex data, different-sized
ellipses of the different treatment groups could be observed
(Figures 4A, B). Local treatment including RT led to a more
homogeneous overall immune response (smaller ellipse)
compared to that of patients receiving no treatment or CT
(large ellipse) only. Combining dimensions one and two we
can explain around 56% of the variance. By analyzing the
contribution of each variable to this overall variance we
observed that the key players were T-helper cells.

3.6 Interaction between the network of
immune cells

By grouping all treatment groups together we were able to
analyze the overall immune spatial contexture and interplay
between immune populations. There was a consistent
correlation between the presence of immune cell subsets in
different regions, where immune cell populations were

>

Individuals - PCA according to therapy given

Dim2 (Percentage of explained variances:16.2%)

Dim1 (Percentage of explained variances: 39.5%)

FIGURE 4
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positively correlated in stroma and tumor (Figure 5).
Moderate correlations were present between the stromal
populations of DCs, T-helper, T-reg cells, and T-cyt cells, with
the strongest correlation being between stromal T-helper cells
and T-regs (rs=0.65). Weaker correlations were observed in the
tumor infiltrate, where the main correlations were found
between T-regs, T-helper, and T-cyt cells. For more complex
interactions, we demonstrated that the presence of T-helper cells
positively correlated with all other immune cell populations in
all compartments except for tumor-infiltrating DCs, suggesting
that these cells behave differently from the rest of immune cell
types, with, in many cases, weak negative correlations (Figure 5).

3.7 Exploratory analysis

3.7.1 Sub-analysis including
brachytherapy treatment

A small exploratory cohort of five patients treated with
brachytherapy (endoluminal radiotherapy) was also studied to
investigate the immunophenotype as a result of this intense local
form of therapy. Since three out of the five patients achieved a
complete pathological response, we were only able to compare
the tumor microenvironment in these five patients to those of
the differently-treated patients, as a sample size of two for the
tumor region would be biased and, therefore, not a reliable
comparison. Strikingly, stromal T-helper, T-cyt, and T-regs
showed very low immune densities compared to patients with
other treatment regimens (Supplementary Figures 5A-C).

4 Discussion

Many studies have attempted to study the tumor
microenvironment in RC (4, 10, 21, 24, 30, 38-41). One study
(17) even compared the tumor immune microenvironment

Individuals - PCA according to if RT treated or not

00

4 i
Dim (Percentage of explained variances: 39.5%)

Principal component analysis (PCA) carried out according to therapy given. (A), diagram obtained according to five treatment regimens. (B),
diagram obtained when stratified according to treated with RT or no RT. NT, No therapy; CT, Chemotherapy; RCT, Radiochemotherapy; LRT,
Radiotherapy long course; SRT, Radiotherapy short course; RT, radiotherapy; noRT, no radiotherapy.
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Correlation matrix explains the interaction between the network of immune cells.

between RC and CRC, where RC patients seem to have lower
levels of immune activation. To the best of our knowledge, this is
the first attempt to discover the particularities of the immune
contexture in relation to treatment strategy and subsequent
tumor response. By comparing different treatment groups, we
are able to contribute specific effects to treatment modalities and
timing. We have shown that T-regs are less present after
any form of therapy, regardless of the treatment interval,
suggesting a long and maybe permanent effect on the
tumor microenvironment.

Furthermore, we have shown that acute RT (SRT) affects the
presence of T-cyt and T-helper cell populations the most.
Strikingly, this is less evident with LRT, suggesting
repopulation takes place in the interval that distinguishes SRT
and LRT, which is in line with previous models (4, 24, 30).
Previously, Mezheyeuski (17) has shown that memory T-helper,
memory T-cyt cells, and macrophage counts decreased
immediately after radiotherapy and were increased after longer
treatment intervals. Following this idea, the sub-analysis
including BT-treated patients evidenced that a higher dose of
radiation depletes the T-cyt and T-helper cell populations
further than other therapies. This is especially striking given
that the waiting period from end of therapy to surgery is equal to
that of LRT, so either this interval is not enough to repopulate
the tumor microenvironment after such an intense dose, or the
mechanisms that control the repopulation process have
been damaged.

Moreover, considerably fewer T-helper and T-regs were
found in the RT-treated group when it was compared to non-
RT-treated (Supplementary Figures 5D, E). This occurrence had
been previously reported (42) and stated that T cell levels begin
to decrease after RT is given and do not reach unirradiated levels
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until approximately two weeks after completion of treatment.
Perhaps due to this somewhat coordinated response after the
refractory period following RT, the immune response in RT-
treated patients seems to be more homogeneous compared to
that of non-RT-treated patients (as can be observed in Figure 4).
Thus, taking into account these results and given that RT is a
more localized treatment compared to CT, we hypothesize that
the local microenvironment is more affected by RT and less
affected by CT.

Finally, the synergistic effect of radiotherapy in combination
with chemotherapy seems to increase the presence of T-cyt cells
in the stroma and to decrease the presence of T-helper cells
when compared to CT-only treated patients. Furthermore,
differences in several immune cell populations were found
when comparing LRT and RCT, despite the similar interval
and RT regimen. Tumor-infiltrating DCs were found to be
higher in RCT-treated patients compared to LRT-treated
patients. RCT-treated patients also showed lower stromal T-
helper, B cells, and T-regs compared to LRT-treated patients.
This suggests that the synergistic effect of combination therapy
induces proliferation of T-cyt cells but depletion of other
immune cells in the stroma and induces DC tumor infiltration
compared to LRT-treated patients.

To study spatial neighborhood relationships, we used
multiplex immunohistochemistry, which allowed us to look at
cell population interactions. High stromal densities result in
more immune cells in the vicinity of the primary tumor, allowing
infiltration. In addition, the study of multiple types of cells allows
for the analysis of complex interactions. Indeed, as expected (43,
44), the presence of T-helper cells was associated with all other
immune cell populations (Figure 5). Recent studies have found
many correlations between specific immune cell types in
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different regions (tumor and/or stroma) and prognosis in RC
patients (21, 22). When we examined the interregional
interactions, we confirmed the general premise that higher
stromal cells correlate with higher immune infiltrate and we
also found correlations between stromal DCs and T-cyt cells
(Figure 5). It seems plausible that the reason for this correlation
could be cross-priming, where DCs present in the tumor
microenvironment activate T-cyt cells by cross-presenting
antigens, generating anti-tumor immunity. Further research to
confirm this is needed.

Further, we analyzed the spatial contexture of response in a
broader sense, linking the histological classification of response
with the immune microenvironment. We found that patterns of
response could not be explained by a single or combination of
multiple immune cell populations across different therapies.
Nevertheless, a tendency towards higher stromal T-cyt, T-reg,
and T-helper cells in patients exhibiting a shrinkage pattern of
response compared to those with a fragmented pattern
(Supplementary Figure 2) was observed. A plausible
explanation could be that the coordinated presence of several
types of immune cell lineages is necessary for a more effective
cancer cell elimination, which seems to be the shrinkage pattern
of response compared to the fragmented pattern.

Since our study included a heterogeneous group of patients
(due to the different therapies given), outcome was not the main
aim of our study and therefore we could not analyze immune
populations for prognostic value. Nevertheless, a few studies had
described a correlation between T-regs and improved survival
(23, 24), which we could also observe in our cohort, regardless of
treatment (data not shown).

There were several limitations to this study. Firstly, it was a
retrospective study with relatively small patient groups from one
single institution. Since RCT is the standard therapy for locally
advanced RC, we could not expand the other treatment groups
without introducing significant selection bias for patient and
tumor characteristics. No outcome data could be reported since
there was no randomization between the different treatment
arms. Similarly, outcomes such as downstaging could not be
compared since the different treatment groups did not have the
same interval between therapy and surgery. The objective of this
study was to explore the spatial and immune contexture after
neoadjuvant therapy in rectal cancer to provide insight into their
interplay as we move towards local and tailored treatments. Our
goal was to unveil the unique immune infiltrate of the tumor and
tumor microenvironment of differentially treated rectal
cancer patients.

Further research should focus on unraveling the link
between different patterns of response and the immune cell
infiltrate. Potential therapeutic applications may arise as
stimulating certain immune cell lineages could influence the
pattern of response to treatment, which can be used to favor a
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shrinkage pattern environment instead of a fragmented or no
response pattern. Moreover, the prognostic relevance of T-regs
needs to be investigated in different regions of the primary
tumor as its role in the stromal and tumor regions could
be different.

In conclusion, we believe that this study is the first to
report the differential effects of specific neoadjuvant therapies
on the immune contexture of advanced rectal cancer. We have
shown that many immune populations (including T-helper,
T-cyt, and T-reg cells) are affected mainly by radiotherapy
treatment. The re-emergence (or lack) of specific immune
cell populations after treatment over time might be linked
to tumor regression. Therefore, a better understanding of the
reorganization of the immune contexture after therapy is
important for the appropriate management of locally
advanced RC patients.
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Background: Liver hepatocellular carcinoma (HCC) is a prevalent cancer that
lacks a sufficiently efficient approach to guide immunotherapy. Additionally,
cuproptosis is a recently identified regulated cell death program that is
triggered by copper ionophores. However, its possible significance in tumor
immune cell infiltration is still unclear.

Methods: Cuproptosis subtypes in HCC were identified using unsupervised
consensus cluster analysis based on 10 cuproptosis regulators expressions, and
a cuproptosis-related risk signature was generated using univariate and LASSO
Cox regression and validated using the ICGC data. Moreover, the relationship
between signature and tumor immune microenvironment (TME) was studied
through tumor immunotherapy responsiveness, immune cell infiltration, and
tumor stem cell analysis. Finally, clinical specimens were analyzed using
immunohistochemistry to verify the expression of the three genes in
the signature.

Results: Two subtypes of cuproptosis regulation were observed in HCC, with
differentimmune cellinfiltration features. Genes expressed differentially between
the two cuproptosis clusters in the TCGA were determined and used to
construct a risk signature that was validated using the ICGC cohort. Greater
immune and stromal cell infiltration were observed in the high-risk group and
were associated with unfavorable prognosis. Elevated risk scores were linked
with higher RNA stemness scores (RNAss) and tumor mutational burden (TMB),
together with a greater likelihood of benefitting from immunotherapy.

Conclusion: It was found that cuproptosis regulatory patterns may play
important roles in the heterogeneity of immune cell infiltration. The risk
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signature associated with cuproptosis can assess each patient’s risk score,
leading to more individualized and effective immunotherapy.

KEYWORDS

liver hepatocellular carcinoma, cuproptosis, risk signature, immunotherapy, prognosis

Introduction

Liver cancer is an aggressive tumor with poor outcomes (1).
Liver hepatocellular carcinoma (HCC) accounts for more than
80% of all primary liver malignancies for which surgical resection
is currently the most effective treatment (2). Unfortunately,
diagnosis of HCC is frequently delayed leading to unfavorable
outcomes (3). Despite recent significant progress in
immunotherapy and targeted therapy, the five-year survival
rate remains low, at approximately 15% (4). An important
reason for this is that patients with HCC vary in their response
to immunotherapy, and the factors that influence and predict the
response to immunotherapy in HCC remain unclear (5).

Recent research has shown that copper toxicity-mediated
cell death differs from other forms of regulated cell death; this
novel mechanism is termed cuproptosis (6). Copper is both
necessary and potentially toxic for cells. It is an essential cofactor
required by all living organisms to function properly (7-9);
however, high levels of copper accumulation or improper
distribution in the cell can lead to cell death. Imbalances in
copper homeostasis in cells can lead to severe disease in humans,
including tumor development (10, 11). Excess copper has been
linked with various types of cancer, including breast (12-14),
prostate (15-17), colon (18), lung (19), brain (20), and liver (21)
cancer. However, the reasons underlying elevated copper levels
in tumors are unclear. Recent studies revealed the mechanism
associated with copper-mediated cell death. A study by Tsvetkov
et al. showed that cuproptosis is associated with copper binding
to fatty acylated moieties of tricarboxylic acid, resulting in the
abnormal aggregation of fatty acylated proteins and the loss of
iron-sulfur cluster proteins, leading to proteotoxic stress and cell
death (6). These findings suggest a starting point for
investigating the application of cuproptosis in disease
treatment, especially, for tumor therapy.

Copper, as a key trace element, is necessary for the
functioning of the immune system. Copper deficiency
adversely affects immune function and exposes the organism
to microbial infection (22). The immune system requires copper
for a variety of functions. The metal can modulate the activation
of cells associated with innate immunity such as macrophages
and neutrophils during bacterial infection and leukocyte
differentiation, maturation, and migration (23, 24). Copper
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deficiency may also affect immune cell distribution in tissues
or the maturation pattern of leukocyte populations (25). In
addition, intratumoral copper can regulate PD-L1 expression
and affect tumor immune escape (26). These reports suggest an
association between copper and the modulation of the
immune response.

Here, we used data from the TCGA to investigate
cuproptosis subtypes and correlate these subtypes with
immune-infiltration features. Signature genes associated with
cuproptosis were identified by differential and prognostic
analysis, and a risk signature using these genes was generated.
This cuproptosis-related risk signature identifies specific features
of immune infiltration, permitting the development of
individualized immunotherapy.

Methods
Collection of data

Data on gene expression (fragments per kilobase, FPKM),
mutations, and clinical data were obtained from the Cancer
Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/
). Patients lacking survival information were not enrolled. Xena
(http://xena.ucsc.edu/) was utilized to obtain copy number
variation (CNV) data and RNA stemness scores (RNAss) for
TCGA samples. Validation was performed using data available
from the International Cancer Genome Consortium (ICGC)
(https://dcc.ICGC.org/projects/LIRI-JP) for 229 HCC patients
with complete information. The 10 cuproptosis regulators
identified by Tsvetkov et al. (6) were used (Table SI). Since
TCGA and ICGC data are publicly available, permission from an
ethics committee was not necessary for this work. Despite this,
the investigation was performed in conformity with the
procedure specifications established by the TCGA and
the ICGC.

Profiling of cuproptosis regulators

Principal component analysis (PCA) using the expression of
cuproptosis regulators was performed on both HCC and normal
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samples with the package “scatterplot3d” in R, with relationships
between the regulators examined using “corrplot”, and the
CNVs of 10 regulators on human chromosomes using “Rcircos”.

Consensus cluster analysis of
cuproptosis regulators

The “ConsensusClusterPlus” package in R was employed for
unsupervised consensus cluster analysis (27). The criteria for
clustering were an initial gradual increase in the cumulative
distribution function (CDF) curve, strong intraclass
relationships and weak interclass relationships, and no
unacceptably small sample sizes in any of the groups. The R
packages “ggplot2” and “Rtsne” were used for PCA and t-
distributed random neighbor embedding (t-SNE) analysis,
respectively. Overall survival (OS) in the different clusters was
analyzed with Kaplan-Meier (K-M) curves. Enrichment analysis
of genes was conducted with gene set enrichment analysis
(GSEA, v4.2.1; https://www.gsea-msigdb.org/gsea/downloads.
jsp) (28) and Gene Ontology (GO) using the R package
“clusterProfiler” (29).

Immune infiltration profiles in the
different groups

The relative abundance levels of immune cell types in the
HCC microenvironment were examined by single-sample GSEA
(ssGSEA) (30, 31). Immune cell genomes obtained from
Charoentong et al. (32) were used as markers for the various
cell types. Tumor immune dysfunction and rejection (TIDE;
http://tide.dfci.harvard.edu/) was also used as a marker for
examining immune escape mechanisms and predicting the
response to immunotherapy (33). Higher TIDE scores indicate
a greater likelihood of immune escape, leading to the probability
of reduced treatment efficacy. The degree of infiltration of six
immune cell types associated with the expression of three
differentially expressed genes (DEGs) was determined with the
Tumor Immune Estimation Resource (TIMER) database
(https://cistrome.shinyapps.io/timer/) (34, 35). The “SCNA”
module was utilized to compare infiltration levels between
tumors with different CNVs for specific genes.

Comparison of responsiveness
to immunotherapy
The IMvigor 210 cohort comprising cancer patients treated

with programmed death ligand 1 (PD-L1) inhibitors was used
for the prediction of immunotherapy response (36). These
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samples were categorized based on the patient’s response,
namely partial response (PR), complete response (CR),
progressive disease (PD), and stable disease (SD), with PR and
CR representing immunotherapy response and PD and SD
representing a lack of response. The R package “pRRophetic”
was utilized to compute the half-maximal inhibitory
concentration (IC50) of the drugs with low IC50 values
indicating greater drug sensitivity.

Construction and validation of the HCC
risk signature

Two patient clusters were formed based on the expression of
the 10 cuproptosis-related regulatory genes. Genes expressed
differentially between the clusters were determined with the
empirical Bayesian method in the “limma” package with
significance set as an adjusted P-value < 0.0001. Further DEGs
between HCC samples and adjacent normal tissue were analyzed
to narrow down candidate signature genes (P<0.0001). Finally,
univariate Cox regression as well as least absolute shrinkage and
selection operator (LASSO) analysis (37) were employed to
detect DEGs in the final signature. Risk scores were calculated
for all HCC samples and groups with low-risk and high-risk
were identified in the TCGA cohort based on median risk scores.
The risk score was calculated as:

Risk Score = iﬁz * Gi
i=0

where f3i denotes the gene coefficient; i and n are the number of
genes in the signature; Gi denotes the gene expression value.

The risk scores for samples in the ICGC set were then
determined using the risk coefficients of the signature DEGs in
the TCGA, and the ICGC samples were allocated two groups
(low risk and high risk) using the risk thresholds observed in the
TCGA. K-M survival curves were utilized to evaluate OS
between the groups. Risk signature sensitivity and specificity
were calculated using receiver operating characteristic
(ROC) curves.

Nomogram construction and verification

In both the TCGA and ICGC cohorts, hazard ratio models were
developed using univariate and multivariate Cox regression to
detect independent prognostic variables. A nomogram including
risk scores and other clinicopathological features was then
constructed in the TCGA cohort and one-, three-, and five-year
calibration curves for constructed for accuracy validation. The area
under the ROC curve (AUC) and decision curve analysis (DCA)
were used to evaluate the nomogram’s discriminative power.
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Determination of the relationships
between tumor mutation and
risk signature

The R package “maftools” was used to generate the waterfall
charts for the low- and high-risk groups respectively. Somatic
mutation analysis was used to determine the tumor mutational
burden (TMB) score of each TCGA-HCC patient. Subsequently,
the Pearson correlation analysis was studied to determine the
link between risk score and TMB. The data was further
expressed in scatterplots and boxplots. In addition, boxplots
were generated to demonstrate the differences in immune cell
infiltration between the low- and high-TMB groups,
respectively. The overall survival (OS) rate among these
groups were determined through K-M survival curves.

Comparison of immunohistochemistry in
normal and HCC samples

Immunohistochemical staining was performed with
antibodies against human G6PD (25413-1-AP; proteintech),
CDCAS8 (bs-7834R; Boaosen), and Cyclin Bl (bs-0572R;
Boaosen), followed by a pathologist based on the percentage of
positive cells and staining intensity to score sections. Staining
intensity was scored as 0 (negative), 1 (weak), 2 (moderate), or 3
(strong), and the proportion of positive cells expressed was
scored as 1 (0-25%), 2 (26-50%), 3 (51— 75%) or 4 (76-100%).
The final score was obtained by multiplying the expression ratio
and the signal intensity.

Expression and prognostic analysis of
three DEGs

The expression of three genes differentially expressed
between normal tissues and HCC was analyzed using the
“limma” R package, and the “surv cutpoint” function in
“survminer” was employed to examine the optimal cut-off
expression values for survival. Groups with high and low
expression were established and OS was compared between
groups using K-M analysis.

Statistical analysis

All statistical analysis was conducted using R version 4.1.2
(http://www.R-project.org) and its accompanying packages. The
Kruskal-Wallis test and one-way ANOVA were used to examine
differences between three or more groups. OS comparisons were
conducted using K-M analysis and the log-rank test. Univariate
and multivariate Cox regression analyses were used to calculate
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hazard ratios and identify independent risk factors. The diagnostic
value of risk scores and nomogram models was assessed using ROC
curves. P<0.05 was considered to be the criterion for significant
statistical difference.

Results

The landscape of cuproptosis regulators
in HCC

Based on the study by Tsvetkov et al. (6),10 cuproptosis
regulators (7 positive regulators and 3 negative regulators) were
included in this study. The expression of these regulators differed
significantly between normal and HCC tissues. Apart from the
critical regulator FDX1, which was down-regulated in HCC, all
other regulators were up-regulated in tumor tissue in comparison
with controls (Figure 1A). PCA analysis indicated that the
expression of all 10 regulatory genes clearly distinguished
between HCC and normal tissue (Figure 1B). After the division
of the genes into high and low expression groups using
“survminer”, it was observed that low levels of FDX1 were linked
with poor HCC prognosis, while the remaining genes exhibited an
opposite trend (P>0.05 for DLD due to insufficient sample) (Figure
S1). Analysis of co-expression of the regulators indicated that all
had positive regulatory relationships apart from FDX1 where a
negative relationship was observed (Figure 1C). The highest
correlation (0.47) was seen between DLD and PHARI. The
regulatory network demonstrated both the interactions between
the genes and their potential prognostic significance for HCC
(Figure 1D). The inconsistent findings for FDXI suggest that it
may be more critical in the regulation of cuproptosis (6). Further
analysis of the genetic basis of cuproptosis using the TMBs and
CNVs of the 10 regulators showed alterations in 5.85% of the 364
samples (16 mutations). The highest number of mutations was seen
in CDKN2 followed by DLD and MTF1 (Figure 1E). CNVs were
common in the 10 genes, with LOSS occurring more frequently
than GAIN. LIAS and GLS showed higher CNV gains, while
CDKN2 exhibited higher loss (Figure 1F). Figure 1G shows the
chromosomal location of the regulators’ CNVs. These findings
marked different levels of these regulatory factors in tumor and
normal tissues, implicating disturbances in cuproptosis regulator
expression in HCC.

Correlations between cuproptosis
clusters and TME features

Patterns of cuproptosis were determined by unsupervised
consensus cluster analysis of cuproptosis regulator expression in
HCC and the results of the consensus clustering (k2-9) were
visualized with a CDF plot (Figures 2A; S2). Examination of the
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consensus matrix showed that k=2 was the best option, and that
each sample in the cluster exhibited a strong correlation
(Figure 2A). The HCC patients were, therefore, assigned to one
of two clusters (A or B). The clustering results are shown in Table
S2. PCA (Figure 2B) and t-SNE (Figure 2C) analysis showed that
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there were two discrete directions within the clusters. Furthermore,
we found that the prognosis of these patients was significantly
different, with patients in cluster A showing better OS (Figure 2D).
Multi-GSEA enrichment analysis indicated significant differences
in biological processes between the clusters, specifically, in
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metabolism, tumor signaling pathways, and immune- and matrix-
related pathways (Figure 2E). The enriched metabolic processes
included those associated with fatty acid, linoleic acid, retinol, and
drug metabolism cytochrome P450 showing greater enrichment in
cluster A. Cluster B showed greater enrichment in the tumor-
associated ERBB, MAPK, TGFf, VEGF, and Wnt signaling
pathways. Pathways related to immune activation were associated
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mostly with cluster B; these included leukocyte transendothelial
migration, Toll-like receptor signaling, and NOD-like receptor
signaling. We then investigated infiltrating immune cells in the
clusters (Figure 2F), finding that the majority of immune cells were
strongly associated with cluster B. At the same time, we also found
that matrix-activated pathways such as focal adhesions, gap
junctions, and tight junctions were enriched in cluster B
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(Figure 2E). It has been reported that tumor stromal cells are
involved in immune regulation (38). Stromal cells are able to block
immune cell entry into the tumor parenchyma and can also block
T-cell killing of tumor cells (39). Tumor cells and stromal cells can
induce angiogenesis, thereby promoting tumor metastasis (40).. In
addition, regulatory T cells and CD 56bright NK cells highly
expressed in cluster B can act as immunosuppressive cells to
promote tumorigenic immune escape (41, 42). The results of the
immune microenvironment analysis described above validate the
poor prognosis of cluster B patients. Taken together, we found that
the expression of cuproptosis regulatory proteins in HCC defines
two patient clusters with significantly different immune infiltration
features. Cluster A is an immune-desert phenotype with reduced
immune activity and immune cell numbers while cluster B is an
immune-exclusion phenotype with infiltration restricted to the
peripheral matrix of tumor cells.

Characterization of
cuproptosis-related phenotypes

We next identified 629 cuproptosis-associated DEGs using
the R package “limma”. GO analysis showed enrichment of the
DEGs in immune- and stromal-associated pathways (including
neutrophil mediated immunity, neutrophil activation involved in
immune response, focal adhesion, and cell-substrate junctions),
confirming that cuproptosis is closely associated with the
regulation of the immune microenvironment of the tumor
(Figure 3A). We then further narrowed the range by comparing
gene expression between the normal and HCC groups to obtain
30 DEGs. Univariate Cox regression yielded 27 prognosis-
associated DEGs with HCC patients again divided into two
clusters according to the unsupervised consensus cluster
analysis of the expression of these genes (Figures 3B; S3). The
gene clustering results are presented in Table S3. Differential
expression of most of the cuproptosis regulators was visible
between the clusters (Figure 3C). Additionally, RNAss values
were significantly increased in gene cluster B compared with gene
cluster A (Figure 3D), demonstrating the adverse effects of high
RNAss values on HCC prognosis (Figure 3E). Oncogenic and
immune- and matrix-activated pathways were enriched in cluster
B, while cluster A showed enrichment in metabolic pathways
(Figure 3F). These findings suggest the presence of two
cuproptosis-associated regulatory patterns in HCC.

Development of the cuproptosis-
associated risk signature

The above analysis was performed on a patient population. We
then investigated the precise quantification of cuproptosis patterns
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in individual patients. Using the 27 genes identified in the
univariate analysis (Figure 4A), we performed LASSO to prevent
signature overfitting (Figures 4B, C). The risk signature was finally
constructed using three signature genes (CDCA8, CCNBI1, and
G6PD). The risk score assigned to each sample was determined as:
Risk Score = (0.066092028117448) x the CDCAS8 expression +
(0.00250484775117196) x the CCNBI1 expression +
(0.00581254249797367) x the G6PD expression. This enabled the
HCC patients to be entirely separated into groups with low and
high risk according to the median risk score. The risk score results
are provided in Table S4. PCA showed the clear separation of the
343 HCC patients and 279 DEGs in two independent clusters,
trending in two different directions (Figures 4D, E). The scatter
plots of risk scores and patient survival statistics are presented in
Figures 4F, G. As depicted in the figure, a higher risk score was
related to both decreased survival and greater mortality. The
heatmap (Figure 4H) shows the expression of the three DEGs in
the signature in the TCGA cohort (Figure 4H). K-M curves
indicated higher OS rates in the low-risk group (Figure 4I). To
examine the performance of signature, ROC curves for one-, two-,
and three-year OS were generated, with AUCs of 0.783, 0.725, and
0.686, respectively (Figure 4]). The risk signature’s superiority was
further established by comparing the one-year ROC curves with
other clinicopathological features (Figure 4K). Univariate Cox
regression was employed to examine associations, finding that
stage (HR = 1.804, 95% CI = 1.456-2.234, p < 0.001) and risk
score (HR =3.935, 95% CI =2.740-5.649, p < 0.001) were related to
OS in the TCGA set (Figure 4L). Multivariate regression verified
that stage (HR = 1.609, 95% CI = 1.274-2.031, p < 0.001) and risk
score (HR = 3.236, 95% CI = 2.176-4.811, p < 0.001) were
independent prognostic factors for OS (Figure 4M).

Validation of the risk signature

The test group samples from the ICGC were divided into
low- (n = 104) and high- (n = 125) risk score groups using the
cutoff values determined in the TCGA cohort. Figures 5A, B
show the risk curves and scatterplots while the heatmap in
Figure 5C illustrates the expression patterns of the three
signature DEGs in the ICGC set. The high-risk group, as
determined in the TCGA cohort, had a worse overall
prognosis (Figure 5D). The AUCs of the ROC curves for one,
two, and three years were 0.757, 0.760, and 0.785, respectively
(Figure 5E), and the AUC of the risk score at one year was larger
than those for other clinical parameters (Figure 5F). Both
univariate and multivariate regression analyses found that the
P-values for both risk score and sex were below 0.05,
demonstrating that signature functioned as an independent
predictor of HCC prognosis in the ICGC set, and further
confirming its reliability in the TCGA set (Figures 5G, H).
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Gene cluster determination. (A) GO enrichment analysis of cuproptosis-related DEGs. (B) Consensus matrix based on cuproptosis-related gene
expression in the HCC cohort at k = 2. (C) Differential expression of cuproptosis regulators in the two clusters. (D) RNAss values of cuproptosis
regulators in the two clusters. (E) K-M survival analysis of cuproptosis regulators in the two clusters. (F) Multiple GSEA analysis between the two
clusters. **P < 0.01; ***P < 0.001. GO, Gene Ontology; DEGs, differentially expressed genes; HCC, liver hepatocellular carcinoma; RNAss, RNA

stemness scores; K-M, Kaplan-Meier; GSEA, gene set enrichment analysis.

Nomogram creation and validation

To further improve the clinical utility of risk signature, the
identified independent prognostic risk factors, namely, risk score
and stage, were utilized to develop a nomogram for predicting OS in
the TCGA cohort (Figure 5I). The calibration curves at one, three,
and five years showed that the nomogram accurately predicted the

Frontiers in Immunology
89

outcomes of HCC patients (Figure 5]). In addition, the DCA curve
showed that the nomogram had specific advantages over other
clinical parameters (Figure 5K). The AUCs for the ROC curves
suggested that the nomogram, with an AUC of 0.804, was superior
to age (AUC=0.493), sex (AUC=0.508), pathological grade
(AUC=0.490), TNM stage (AUC=0.713), and risk signature
(AUC=0.788) for predicting prognosis in HCC patients (Figure 5L).
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curve analysis.

Relationships between the risk
signature and immune characteristics,
clinical parameters

A GSEA analysis was next used to investigate physiology-
related differences between the groups (Figure 6A). The results
were consistent with those of the clustering analysis, showing
that many metabolism-related pathways, including those
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associated with fatty acid, cytochrome P450, and retinol
metabolism were enriched in the low-risk group. Tumor-
associated pathways (including the MAPK, NOTCH, and
VEGF pathways) and immune- and matrix-related pathways
(including the Toll-like receptor, B cell receptor, T cell receptor,
chemotaxis factor pathways, and attachment junctions) were
associated with high risk. To confirm the immune characteristics
of the signature, we examined associations between immune
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(E) Risk scores in anti-PD1/PD-L1-treated CR/PR samples and SD/PD samples in the IMvigor210 cohort. (F) Risk scores in relation to immune
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stable disease; RNAss, RNA stemness scores. The asterisks represented the statistical p value (*P < 0.05; **P < 0.01; ***P < 0.001)

cells and risk scores. This indicated a positive relationship
between risk scores and most immune cells (Figure 6B). Taken
together, it appears that high-risk scores are indeed associated
with increased stromal activity and immune infiltration.
Interestingly, the TIDE analysis indicated that immune escape
was likely to be reduced in the high-risk group after
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immunotherapy (Figure 6C). It was also found that immune
checkpoint levels, including those of PDCD1 and CTLA4, were
raised in the high-risk group, which thus had a greater chance of
benefitting from immunotherapy (Figure 6D). Calculation of the
risk scores of patients in the IMvigor210 set using the TCGA set
risk signature indicated that patients responding (CR/PR) to
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anti-PD1/PD-L1 therapy showed significantly raised risk scores
(Figure 6E). We then compared HCC samples for differences in
risk scores based on tumor immunophenotyping established by
Thorsson et al. (43). The immunophenotyping of the HCC
samples is presented in Table S5. The Wound Healing
(immune C1) risk score was found to be higher than others,
suggesting that high-risk scores were associated with matrix
activation (Figure 6F). In addition, analysis of tumor stemness
indicated that RNAss was raised in the high-risk group
(Figure 6G) with a positive association between the risk scores
and RNAss (Figure 6H). The RNAss values of the HCC samples
are presented in Table S6. Deceased HCC patients had higher
RNAss values than surviving patients (Figure 6I). The OS values
in the high- and low-RNAss groups were 61% and 73%,
respectively (Figure 6]), indicating both the prognostic
significance of RNAss and the reliability of the risk score
measure. Furthermore, the associations between clinical
features and risk scores are shown in Figures S4A-F. Risk
scores were found to increase significantly with TNM stage
from I to III, T stage from I to III, grade from G1 to G4, and
AFP expression from low to high. The risk scores did not change
significantly in response to age or sex. In addition, boxplots were
used to show the results for 12 drug sensitivities by estimating
IC50 values between the groups. Patient groups at low risk were
significantly more sensitive to Gefitinib, Sorafenib, Nilotinib,
Dasatinib, Erlotinib, and Metformin (Figure S5A-F), in contrast
to high-risk patients who responded to Bleomycin, Doxorubicin,
Gemcitabine, Tipifarnib, Imatinib, and Mitomycin.C (Figure
S5G-K). This has reference significance for guiding the clinical
medication of HCC treatment.

Crosstalk among cuproptosis clusters,
gene clusters, risk signature, and
clinicopathological features

The alluvial map shown in Figure 7A illustrated the crosstalk
among cuproptosis clusters, gene clusters, and risk scores.
Higher risk scores were associated with gene cluster B rather
than gene cluster A (Figure 7B) and the cuproptosis cluster B
also had higher risk scores than cluster A (Figure 7C). The
prognosis was significantly enhanced in both cluster A and gene
cluster A in comparison with their respective B clusters, again
confirming the reliability and consistency of the analysis.
Figure 7D shows a comprehensive heatmap of risk scores in
relation to clinical features (including age, sex, grade, and TNM,
T, N, and M stages), cuproptosis clustering, gene clustering, and
cuproptosis regulator expression. A strong association between
cuproptosis clusters, gene clusters, and risk signatures can
be observed.
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An examination of the correlation
between the risk signature and
genetic mutations

Differences in somatic mutation distribution between low-
and high-risk scores in the TCGA set were investigated with the
“maftools” package. As Figures 8A, B show, the TMB was greater
in the group with the high-risk scores, together with an 88.89%
mutation rate (altered in 144 of 162 samples) versus 80.72% for
the low-scoring group (altered in 134 of 166 samples).
Quantitative analysis confirmed that tumors with high scores
were correlated with higher TMB values (Figure 8C) and that
risk scores and TMB values were significantly positively
correlated (Figure 8D). It has been reported that high TMB is
related to long-term clinical sensitivity to anti-PD1/PD-L1
therapy (44), confirmed by the findings shown in Figures 6C-
E. This suggests that curoptosis-associated variations in tumors
may be critical for the anti-PD-1/PD-L1 therapeutic response.
High TMB values were also linked to reduced immune cell
infiltration in HCC (Figure 8E) while K-M survival curves
showed an association between elevated TMB and worse OS
(Figure 8F), indirectly confirming the effectiveness of the risk
score in the prediction of immunotherapy outcome.

Three DEGs in the risk signature

Finally, we analyzed the three DEGs in the risk signature. The
expression of these genes was found to significantly raised in TCGA-
HCC samples in comparison with normal tissue (Figures 9A-C).
These results were confirmed by IHC analysis (Figures 9D-F). On
the basis of gene expression, patients in the TCGA were classified
into one of two groups. Low levels of expression were linked to a
better prognosis, thus confirming the results in Figure 5, and all
three genes represented prognostic risk factors for HCC in the risk
signature (Figures 9G-I). Moreover, the DEGs expression was
revealed to be positively associated with immune cell infiltration
using TIMER (Figures S6A-C). Boxplots were used to compare the
immune cell subset distribution with CNVs, and it can be seen that
the greatest differences in arm-level gain in relation to immune
infiltration were with CCNB1 and G6PD, whereas the level of
immune infiltration with arm-level deletion was most significantly
different in CDCA8 (Figures S6D-F).

Discussion

Recent research has shown that the homeostasis of copper is
rigorously regulated and that any imbalance reduces the
organism’s fitness (45). Disruptions to copper homeostasis have
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expression in relation to risk groups.

also been linked with tumor growth and irreversible damage (46).
Thus, the role of copper in vivo has attracted much attention,
specifically in the field of tumor therapy. Cuproptosis is a form of
programmed cell death; the regulation of cuproptosis is complex,
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involving numerous regulatory factors. The role of cuproptosis in
tumor development and its relationship to immunity has not been
fully evaluated. Here, we systematically characterized immune cell
infiltration mediated by cuproptosis, as well as the corresponding
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Kaplan-Meier.

cuproptosis regulatory subtypes. In addition, a cuproptosis-related
risk signature was developed to correlate individual cuproptosis
subtypes with the patient’s sensitivity to immunotherapy,
suggesting the potential usefulness of the signature for
personalized therapy.

The study initially evaluated the expression levels, somatic
mutations, and CNVs of 10 cuproptosis regulators, observing that
all of the regulatory genes were shown to be expressed differently in
tumor and control tissues. The highest mutation frequency was seen
in CDKN2A. In addition, the copy numbers of most of the
cuproptosis regulators were altered. This suggests that
dysfunctional expression of these regulator genes may play an
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essential role in HCC. Unsupervised consensus cluster analysis of
the regulators identified two distinct subtypes in HCC, termed
cuproptosis clusters A and B. Surprisingly, GSEA enrichment
analysis found that cluster A was mainly related to metabolic
processes, while cluster B was enriched in various oncogenic and
immune- and stromal-related signaling pathways. Stromal cells are
documented to play immunomodulatory roles in tumors (47, 48),
are able to prevent the entry of immune cells into the tumor
parenchyma (49) and, even if T cells do enter the tumor
microenvironment, stromal cells can surround them and prevent
an effective immune response (50). Further analysis showed that
cuproptosis cluster B was correlated with significant infiltration of
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FIGURE 9

Expression of the three signature DEGs and their impact on prognosis. Expression of CCNB1 (A), CDCAS8 (B), and G6PD (C) in tumor and normal
samples (GEPIA). IHC analysis of CCNBL1 (D), CDCAS8 (E), and G6PD (F) expression in tumor and normal samples. K-M survival analysis between
high- and low-expression groups of CCNB1 (G), CDCA8 (H), and G6PD (I).*P < 0.05;****P < 0.0001. DEGs, differentially expressed genes.

immune cells, including regulatory cells such as regulatory T cells
and CD 56bright NK cells. These findings suggest that cuproptosis
cluster B contains a large number of immune cells, but activity may
be suppressed by stromal and immune regulatory cells. K-M survival
analysis showed that cluster B was linked with a poorer prognosis,
possibly due to tumor escape resulting from immunosuppression.
To quantify the cuproptosis regulatory subtypes in
individual tumors, a risk signature based on three DEGs was
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developed as a scoring system for individual HCC patients in the
TCGA cohort. Both K-M survival and ROC curve evaluations
verified the signature’s accuracy and reliability for predicting
patient prognosis. In addition, we independently verified the
signature using gene expression and clinical data from the ICGC
database. The signature served as an independent prognostic
variable in both the TCGA and ICGC cohorts, as demonstrated

by multivariate Cox regression. A nomogram using a
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combination of the risk signature and clinical features was found
to be more effective than other clinical features, greatly
improving the clinical utility of the signature.

In our study, three DEGs were identified as cuproptosis-related
signature genes. Glucose-6-phosphate dehydrogenase (G6PD) is a
rate-limiting enzyme in the pentose phosphate pathway and is
involved in energy generation through the maintenance of reduced
NADPH co-enzyme levels (51). Because of its key metabolic role,
G6PD is also involved in tumor pathogenesis where it has been
reported to modulate proliferation (52, 53), metastasis (54),
chemoresistance (55, 56), immune activation (57, 58), and tumor
ferroptosis (59). Cell division cycle-associated 8 (CDCAS8) forms
part of the chromosomal passenger complex (CPC) and is
necessary for the stabilization of the mitotic spindle. Disruption
of cell cycle regulation is a hallmark of tumor development (60).
CDCAS levels are elevated in a variety of tumor types where it has
been implicated in the growth and tumor progression (61-64).
Cyclin Bl (CCNBI1) belongs to the cyclin family and is the
regulatory component of cyclin-dependent kinase 1 (65, 66). It
has important functions in cell cycle regulation and dysfunctional
expression promotes the development of various cancer types,
including colon (67-69), cervical cancer (70), and kidney cancer
(71). CCNBI overexpression leads to unplanned entry into the cell
cycle, uncontrolled cell proliferation, and tumorigenesis (69, 72-
74). Studies have also shown that copper can affect the expression of
G6PD and CCNBI, confirming a possible link between DEGs and
cuproptosis (75, 76).

Although immunotherapy is effective for HCC (77), its
efficacy has not proved consistent due to an incomplete
understanding of the immune microenvironment and its
variations in individual patients. It is thus necessary to
determine which patients are most likely to react to
immunotherapy. Here, it was found that the two risk-score
subgroups had distinct immune infiltration characteristics with
greater infiltration and matrix activity seen in patients with higher
risk score. These patients also had lower TIDE scores, suggesting
that they were more likely to be sensitive to immunotherapy and
less likely to show immune escape (78). Another important result
was that there was higher expression of immune checkpoints in
this group. And these genes may be targeted by immunotherapy
to determine the clinical response of patients (79). The accuracy of
the cuproptosis-related risk signature for predicting the response
to immunotherapy was confirmed by analysis in the IMvigor210
cohort. In addition, we found differences in TMB values between
the groups and demonstrated an association between the risk and
TMB scores. It has been reported that higher non-synonymous
mutational burdens in tumors result in the formation of greater
numbers of neoantigens, leading to greater immunogenicity and
enhancing the immunotherapy response (80). This was an
additional confirmation of the likelihood that high-risk patients
will respond to immunotherapy. These findings indicate that the
risk score is both reliable and effective for evaluating cuproptosis-
modulating subtypes in individual patients and can also be applied
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effectively to determining the degree of immune cell infiltration
and providing guidance for immunotherapy.

Conclusion

In conclusion, our study identified two patterns of
cuproptosis regulation based on the expression of 10
cuproptosis regulators that are important contributors to the
heterogeneity of immune cell infiltration. The cuproptosis-
related risk signature, which is closely associated with the
prognosis, immune cell infiltration characteristics, and
sensitivity to immunotherapy in HCC patients, can quantify
the risk of individual patients, providing new directions for
individualized anti-tumor immunotherapy for HCC patients.
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Objective: To study the incidence and distribution of adverse events inimmune
checkpoint inhibitors (ICl) for digestive system cancers and to provide a
reference for the safe, rational, and effective use of immune detection site
inhibitors.

Methods: We searched for articles published in English between January 1,
2010, and May 18, 2022. All clinical trials of ICl-based therapies for digestive
system cancers were investigated, including only randomized controlled trials
that reported data on the overall incidence of treatment-related adverse events
(trAEs) or immune-related adverse reactions (irAEs) or tables.

Results: We searched 2048 records, of which 21 studies (7108 patients) were
eligible for inclusion. The incidence of ICI trAEs of any grade was 82.7% (95% Cl
73.9-90.0), and the incidence of grade 3 or higher trAEs was 27.5% (95% ClI
21.3-34.1). The pooled rate of ICl irAEs of any grade was 26.3% (95% Cl 11.8-
44.0), and the incidence of grade 3 or higher irAEs was 9.4% (95% Cl 1.1-24.6).
In multivariate analysis, the incidence, characteristics, and distribution of AEs
varied by cancer type, combination therapy modality (single/two-drug), and
different agent types.

Conclusion: Our meta-analysis summarizes AEs associated with ICl in digestive
system cancers. The incidence, characteristics, and distribution of AEs vary by
cancer type, combination therapy modality, and different agent types. These
findings can be considered for the early identification of AEs and provide
effective interventions to reduce the severity of these patients. It can provide a
clinical reference and may contribute to clinical practice.

KEYWORDS

immune checkpoint inhibitors, treatment-related adverse events, immune-related
adverse events, digestive system cancers, systematic evaluation, advance intervention
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Introduction

Immune checkpoint inhibitors (ICIs) works by blocking
tumor cells [programmed cell death 1 Ligand-1 (PD-L1)] or T
lymphocytes [programmed cell death protein-1 (PD-1) or
cytotoxic T lymphocyte-associated protein 4 (CTLA-4)],
resulting in an effective anti-tumor response in patients (1). In
2011, the CTLA-4 inhibitor Ipilimumab was approved for
marketing by the FDA, becoming the world’s first approved
immune checkpoint inhibitor drug (2). The discovery and
clinical implementation of ICIs have revolutionized cancer
treatment, bringing a new era of cancer therapy and
improving the prognosis of patients with a variety of advanced
cancers with this groundbreaking new approach (3). Currently,
the FDA-approved immune checkpoint inhibitors are anti-
CTLA-4 (Ipilimumab, tremelimumab, etc.), anti-PD-1
(pembrolizumab, toripalimab, nivolumab, etc.), and anti-PD-L
(atezolizumab, durvaluma, etc.) (4).

ICIs have shown exciting clinical results in many tumor
types (5, 6), but the practical application process is full of adverse
effects, mainly including irAEs and trAEs. The mechanism of
action of ICIs involves nonspecific activation of the immune
system, and therefore, disruption of the critical role of
checkpoint molecules in immune homeostasis may lead to
autoimmune complications (7). IrAEs affect almost every
organ in the body, most commonly the skin, gastrointestinal
tract, lungs, endocrine, musculoskeletal and other systems (8).
TrAEs are therapeutically relevant and appear mainly after
treatment of malignancies with immune checkpoint inhibitors
and encompass a larger spectrum than irAEs. TrAEs may cause
by immune checkpoint inhibitors or other concomitant
reactions (9). TrAEs may manifest in the hematological
system, the skin, the Respiratory system, the urinary system,
systemic reactions, etc (10). Some fatal toxicities can occur in
0.4%-1.2% of patients, such as myocarditis, meningitis,
myasthenia gravis, and various neuropathies. Although
relatively rare, they often exhibit significant diagnostic
complexity and may be underestimated (11, 12). Given the
potential for long-term survival, ICI-related adverse events
become a particularly relevant consideration (13). For patients
receiving ICI for cancer, most AEs are reversible if diagnosed
and treated promptly (14). Therefore, understanding AEs are
critical to ensure timely diagnosis and effective management of
these potentially severe adverse events (15).

With the increasing clinical use of ICIs, there have been
numerous reports of adverse events associated with ICIs (16—
18). As the indications for ICIs continue to expand, ICIs have
been widely used in gastric, hepatic, esophageal, and
gastroesophageal junction cancers (19-21). But the AEs
associated with ICIs for the treatment of digestive system
cancers have not been systematically evaluated. Given the
increasing use of ICI-based immunotherapies in patients with
digestive system cancers shortly, clinicians must have a
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comprehensive understanding of the toxicity associated with
these therapies. Here, we aim to provide clinicians and clinical
pharmacists with an evidence-based basis for immunosuppression
in the treatment of gastrointestinal tumors by conducting a
systematic evaluation and meta-analysis of published randomized
controlled trials in the field of the digestive system regarding the
trAEs of ICL.

Methods
Search strategy and selection criteria

We did a systematic review and meta-analysis to identify
published RCTs using ICI therapy for digestive system cancers
that reported treatment-related adverse events. Papers published
between January 1, 2010, and May 18, 2022, were searched in
PubMed, Embase, Web of Science, and Cochrane databases for the
subject terms “Immune Checkpoint Inhibitors”, “PD-17, “PD-L17,
“CTLA-4”,” Stomach Neoplasms”, “Esophageal Neoplasms”,

»

“Colorectal Neoplasms”,

» o«

Liver Neoplasms”, “Gastroesophageal
junction carcinoma”, “Appendiceal Neoplasms”, “Splenic
Neoplasms”, “Pancreatic Neoplasms”, and “Randomized
Controlled Trials” (Supplementary Table 1). Relevant references,
related reviews, and article references were also checked manually
to avoid missing relevant articles. Two researchers (Kou Ligiu, Xie
Xiaolu) conducted the literature search and data extraction
independently. All conflicts were resolved by discussion with a
third partner (Chen Xiu) to reach a consensus.

This study was done in accordance with the guidance of the
PRISMA statement.

We used the following selection criteria: (1) Studies of
randomized controlled trials which were published before May
18, 2022. (2) Participants diagnosed with digestive system
(colorectal, liver, stomach, esophagus, gastroesophageal
junction, pancreatic, spleen, appendix) cancers who were
treated with at least one PD-1, PD-L1, or CTLA-4 inhibitor
(e.g., Nivolumab, Pembrolizumab, Atezolizumab, Ipilimumab,
Camrelizumab, etc.). (3) Clinical trials that report overall
incidence or tabular data for trAE or irAE profiles, and (4)
Studies published in English. Exclusion criteria: (1) Received
treatment other than PD-1, PD-L1, or CTLA-4 inhibitors (e.g.,
chemotherapy, targeted therapy drugs); (2) Repeat publications
(only the most recent publications were retained); (3) Case
reports, letters, conference abstracts, animal studies, reviews,
expert opinions, etc.

Data extraction
Two investigators (Kou Ligiu, Wen Qinglian) independently

obtained the following basic information from each included
study: first author, year of publication, country, clinical trial
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number, cancer classification, median age, and enrollment,
outcomes (total number of patients participating in safety
analysis, number of patients discontinued and died due to
treatment or immune-related AEs). AE terms are coded
according to the Medical Dictionary of Regulatory Activities,
and severity is graded according to the National Cancer Institute
Common Terminology Criteria for Adverse Events. In this
study, those AEs described as being of special interest were
also extracted as irAE.

Risk of bias and quality assessments

The Cochrane Collaboration tool was used to assess the
risk of bias in the RCT's that were part of our study. Each trial
was judged to be at low, unclear, or high risk for random
sequence generation, allocation concealment, blinding of
participants, personnel, and outcome assessors, incomplete
outcome data, and selective outcome reporting. Two authors
(Kou Liqiu, Chen Xiu) independently performed this process,
and disagreements in ratings were resolved by a third
investigator (Xie Xiaolu).

Statistical analysis

We performed a meta-analysis of the overall incidence of ICI
for the treatment of digestive system cancers. The primary study
was the incidence of AEs, which was calculated by dividing the
number of AEs by the total number of patients, the summary
measure of the primary outcome was the incidence (95% CI).
Before the meta-analysis, the incidence was logit converted and
classic correction of 0.5 was added to zero events. Additionally,
Subgroup analyses of AE incidence were performed according to
type of cancer, type of combination of single ICI or dual ICI, and
type of different agent. Multivariate multilevel meta-analysis
models were performed to assess risk factors for AE, with the
primary outcome of interest being the overall AE incidence. The
putative predictors evaluated, including cancer type,
combination type, type of ICI agent, were chosen as
moderators. Effect sizes for all comparative analyses were
assessed using the odds ratio (95%). The x2 test and I? statistic
were applied to estimate between-study heterogeneity.
Significant heterogeneity was indicated for the x2 test p<0.10
or 1’>50%, and the random effects model was applied to the
combined analysis. Otherwise, we applied a fixed-effects model.
A random effects model was applied to the pooled analysis of the
odds ratio. Statistical significance was considered when p<0.05.
Publication bias detection was performed by Egger. If there was
significant publication bias, pruning and filling were used to
verify the robustness of the meta-analysis results. All analyses
were done using SPSS statistical software (version 26.0) and R
software (version 4.2.0).
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Results
Search results

Our systematic search of PubMed, Embase, Web of Sciences,
and Cochrane databases identified 2048 records (Figure 1), from
which we selected 21 eligible studies involving 7108 patients for
quantitative analysis. The main characteristics of the included
studies are shown in Table 1 and Main characteristics of ICI
arms included in the meta-analysis for AEs comparison
(Supplementary Table 2).

Risk of bias assessment

Two independent reviewers (Kou Liqiu, Xie Xiaolu) assessed
the quality of evidence from 21 studies of RCTs using the
Cochrane Collaboration’s tool. The overall risk of bias was low
in the included studies. 2 studies did not perform allocation
concealment and 8 studies did not provide relevant information.
1 study did not conceal it from patients and staff. 3 studies were
not blinding of outcome assessment. In addition, 13 studies
were open-label studies and therefore may have had some
publication bias. The risk of bias status is summarized in
(Supplementary Table 3).

Records identified through database search(n=2048)
PubMed(n=184)
Embase(n=345)
Cochrane(n=712)
‘Web of Science(n=807)

Duplicates removed(n=123)

Records screened after duplicates removed(n=1925)

Records excluded after screening titles and
abstracts(n=1336)

Meta analysis (n=45)

Retrospective analysis(n=49)

Animal study (n=33)

Other neoplasms(n=196)

Review/Report (n=522)

Others(n=491)

Full-text assessed for eligibilitv(n=589)

Records excluded(n=568)
Not randomized controlled(n=178)
Interventions do not comply(n=216)
Duplicate publication(n=35)
Original text not available(n=42)
Trial protocol (n=97)

Clinical trials incl in is(n=21)

FIGURE 1
Study selection
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TABLE 1

Study

Eng C
(22)

Andrée T
(23)
Chen EX
(24)

Hu H
(25)
Finn RS
(26)
Kelley
RK (27)
Yau T
(28)
Kaseb
AO (29)
Qin S
(30)

Lee MS
(31)

Yau T
(32)
Shah MA
(33)
Shitara K
(34)

Shitara K
(35)
Satoh T
(36)
Kelly RJ
(37)
Chung
HC (38)
Bang Y]
(39)
Kojima T
(40)

Park S
(41)

Kato K
(42)

Characteristics of studies included in the Meta-analysis.

Year

2019

2020

2020

2022

2020

2021

2022

2022

2020

2020

2020

2021

2020

2018

2019

2020

2022

2017

2020

2022

2019

Country

North,America,
Europe,
Asia,et al

Asia,Western Europe,
North America,et al

Canada
China

Argentina,Australia,
Canada,et al

Japan

United States,
Canada,Europe,et al

African-American,
Asian

China

Asian,Hawaiian,
African American,et
al

United States,
Italy,Spain,et al

America,Europe,
Australian

Europe,North,
America,
Australian,et al

Europe, Israel, North
America,et al

Japan,Korea,Taiwan.
China

Europe,United States,
Canada,et al

China,Malaysia,Korea
Asia,Row,et al
Argentina,Australia,
Brazil,et al

Korea

China,Denmark,
Germany,et al

BSC, best supportive care.

Studies evaluating the

and irAEs

A total of 21 (22-42) trials were included, all reporting the
incidence of trAEs and 6 (23, 26, 34-36, 39) trials reporting the
incidence of irAEs. The overall incidence of trAEs of any grade
was 82.7% (95% CI 73.9-90.0) in the 21 (22-27, 29, 30, 32, 34~
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Trials
identifier

Cancer type

NCT02788279 Colorectal Cancer

NCT02563002 Colorectal Cancer

NCT02870920 Colorectal Cancer

NCT03926338 Colorectal Cancer

NCT02702401 Liver cancer

NCT02519348 Liver cancer

NCT02576509 Liver cancer

NCT03222076 Liver cancer

NCT02989922 Liver cancer

NCT02715531 Liver cancer

NCT01658878 Liver cancer

NCT02864381 Gastric Cancer

NCT02494583 Gastric Cancer

NCT02370498 Gastroesophageal

junction cancer

NCT02267343 Gastroesophageal

junction cancer

NCT02743494 Gastroesophageal

junction cancer

NCT03019588 Gastroesophageal

junction cancer

NCT01585987 Gastroesophageal

junction cancer

NCT02564263 Esophageal cancer

NCT02520453 Esophageal cancer

NCT02569242 Esophageal cancer

incidence of trAEs

10.3389/fimmu.2022.1013186

Agents in arms No.of.arms Median Enrollment

age

Atezolizumab+Cobimetinib vs. 1 56 (51-64) 363

Atezolizumab vs. Regorafenib

Pembrolizumab vs. Chemotherapy 1 63 (24-93) 307

Tremelimumab+Durvaluma vs.BSC 1 65 (39-87) 180

Toripalimab vs. 1 53 (45-60) 34

Toripalimab+Celecoxib

Pembrolizumab vs.Placebo 1 67 (18-91) 413

Tremelimumab+Durvaluma 4 66 (26-86) 332

Nivolumab vs. Sorafenib 1 65 (19-89) 743

Nivolumab vs. Nivolumab 2 64 (56-68) 27

+Ipolimumab

Camrelizumab vs. Camrelizumab 2 48 (41-56) 303

Atezolizumab+Bevacizumab 1 63 (23-85) 104

vs.Atezolizumab

Nivolumab+Ipolimumab 3 60 (52.5- 148
66.5)

Nivolumab vs. Andecaliximab 1 62 (23-80) 144

Pembrolizumab vs. 1 62 (20-87) 763

Pembrolizumab+Chemotherapy

vs.Chemotherapy+Placebo

Pembrolizumab vs. Paclitaxel 1 62-5 (54~ 592
70)

Nivolumab vs. Placebo 1 62 (20-83) 493

Nivolumab vs. Placebo 1 62 (26-82) 792

Pembrolizumab vs. Paclitaxel 1 61 (32- 94
75)

Ipilimumab vs. BSC 1 65 (34-86) 143

Pembrolizumab vs. Chemotherapy 1 63 (23-84) 628

Durvaluma vs. Placebo 1 64 (39-76) 86

Nivolumab vs.Chemotherapy 1 64 (57-69) 419

40) study arms, and the incidence of trAEs of grade 3 or higher
was 27.5% (95% CI 21.3-34.1) in the 28 (22-42) study arms.
There were 6 (23, 26, 34-36, 39) arms of the study reported
irAEs of any grade, with an overall incidence of irAEs of any
grade was 26.3% (95% CI 11.8-44.0), respectively, and 6 (23, 26,
34-36, 39) arms of the study reported irAEs of grade 3 or higher,
and the incidence was 9.4% (95% CI 1.1-24.6) (Figure 2).
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Assessment of the occurrence profile of
AEs

We performed a pooled analysis of the incidence of AEs in ICI for
the treatment of digestive system cancers. The most common trAEs
of any grade were hypoalbuminemia (79.7% [95% CI 72.3-87.0]),
lactate dehydrogenase increase (77.1% [95% CI 69.4-84.8]),
lymphopenia (72.0% [95% CI 63.8-80.3]). (Supplementary
Figure 1). We only reported trAEs of any grade with an incidence
0f 10% or more. TrAEs with grade 3 or higher were most common for
lymphopenia (22.0% [95% CI 14.4-29.6]), lactate dehydrogenase
increase (16.9% [95% CI 10.1-23.8]), hyponatremia (16.5% [95% CI
11.1-21.8]). (Supplementary Figure 2).

Among the adverse events associated with irAEs, the most
common in any class were rash (26.4% [95% CI 19.2-33.5]),
hypothyroidism (9.5% [95% CI 7.6-11.4]), diarrhea (6.8% [95%
CI 3.3-10.3]). (Supplementary Figure 3). The incidence of irAEs
of grade 3 or higher was lower, with the most common being
diarrhea (5.4% [95% CI 2.3-5.1]), rash (5.1% [95% CI 0.7-9.4]),
hepatitis (4.1% [95% CI 2.6-5.7]). (Supplementary Figure 4).

TrAEs incidence by cancer type,
combination types(single- or two-drug),
and type of IC| agent

In the analysis of the incidence of trAEs in different cancer
types, we found that gastric cancer had the highest incidence of
trAEs of any grade (95.3% [95% CI 91.9-97.5]), followed by
colorectal cancer (90.4% [95% CI 64.5-100.0]), liver cancer
(81.0% [95% CI 71.5-89.0]), gastroesophageal junction cancer
(78.1% [95% CI 54.1-94.8]), and the lowest incidence was
esophageal cancer (63.7% [95% CI 58.1-69.0]). Among the
incidence rates of grade 3 or higher, colorectal cancer (40.9%
[95% CI 19.1-64.8]) had the highest incidence rate, followed by
gastric cancer (34.0% [95% CI 5.1-72.5]), liver cancer (29.6%
[95% CI 21.3-38.7]), gastroesophageal junction cancer (19.5%

10.3389/fimmu.2022.1013186

[95% CI 12.0-28.4]), and esophageal cancer (17.4% [95% CI
14.3-20.5]) had the lowest incidence (Figure 3).

In different combination types(single- or two-drug), trAEs
was higher with two ICIs combined than with ICIs alone. The
incidence of pooling of any grade was 81.0%, and the incidence
of grade 3 or higher was 24.5% when treated with a single ICI
drug. The incidence of any grade was 87.2%, and the incidence of
grade 3 or higher was 41.0% with the combination of two
ICIs (Figure 3).

Among the different types of ICI agents, the highest
incidence of trAEs for any grade of anti-PD-L1 (88.7% [95%
CI 79.6-95.3]), and the highest incidence of trAEs for grade 3 or
higher was for anti-PD-1 (27.6% [95% CI 17.6-36.9]). The lowest
incidence of trAEs of any grade (65.5% [95% CI 53.9-76.3]) was
anti-CTLA-4, and the lowest incidence of grade 3 or higher was
anti-PD-L1 (20.0% [95% CI 5.4-40.7]). Additionally, the
different types of ICI combined (PD-1/PD-L1+CTLA-4)
increased the risk of trAEs. The risk of the combination of
anti-PD-L1 and anti-CTLA-4 is most evident in trAEs of any
grade (89.3% [95% CI 61.2-100.0]) and trAEs of grade 3 or
higher(41.7%[95%CI120.3-64.9]) (Figure 3).

IrAEs incidence by cancer type, single-
or two-drug(PD-1/PD-L1+CTLA-4)
combinations, and type of IC| agent

There were no trials reporting irAEs for esophageal cancer in
the included studies. Colorectal cancer had the highest incidence
of irAEs at 30.7% for any grade, and 9.4% for grade 3 or higher.
The lowest incidence of irAEs at any grade was for liver cancer
(18.3%), and the lowest incidence of irAEs at grade 3 or higher
was for gastric cancer (5.9%) (Figure 4).

The incidence of irAEs with two ICI combine therapy was
not reported in the included studies. There were 6 studies
reporting irAEs of any grade and irAEs of grade 3 or higher.
The incidence of irAEs of any grade with single-agent ICI was

Heterogeneity
study No.of.arms Events/N Incidence(95%) I P Model
Overall treament-related AEs
Any grade 21 2341/2925 : r—e— | 827(73.9-90.0) 97.0% <0.01 random
Grade >3 28 1110/3892 — ] | 27.5(21.3-34.1) 94.0% <0.01 random
Overall immune-related AEs
Any grade 6 274/1308 —_— ! 26.3(11.8-44.0) 950% <0.01 random
Grade >3 6 91/1308  [—=—! | 94(1.1-246)  96.0% <001 random

T T T |
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FIGURE 2

Overall incidences of treatment-related and immune-related adverse events (AEs). Cl = confidence interval.
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26.3% and the incidence of grade 3 or higher irAEs was
9.4% (Figure 4).

The occurrence of irAEs was reported only in the anti-PD-1
and anti-CTLA-4 treatment groups among the different types of
ICI drugs. The incidence of irAEs was higher for anti-CTLA-4 of
any grade (70.2% [95% CI 57.9-82.4]), and for grade 3 or higher
(54.4% [95% CI 41.1-67.7]) than for anti-PD-1 (Figure 4).

Multivariable regression analysis

Colorectal cancer has a significantly higher risk of trAEs and
irAEs than most other cancers of the digestive system. However,
it is noteworthy that the incidence of trAEs at any grade was
higher in gastric cancer than in colorectal cancer (OR:2.59,95%
CI:1.34-5.01, P=0.0048). Two ICI drug therapy was associated
with an increased risk of trAEs compared with a single ICI drug
therapy. Combination therapy with two ICIs was associated with
an increased risk of trAEs of any grade (OR:1.46, 95% CI:1.11-
1.94, P=0.0075) and grade 3 or higher (OR:3.72, 95% CI:3.03-
4.56, P<0.0001).

In addition, different types of ICI drugs are associated with
trAEs and irAEs. We found that CTLA-4 had the lowest
incidence of trAEs (OR: 0.39, 95% CI: 0.28-0.56, P<0.0001 for
any grade and OR:1.55,95% CI:1.05-2.88, P=0.0257 for grade
23), but the highest incidence of irAEs (OR: 10.23, 95% CI: 5.70-

Any grade immune-related AEs

Heterogeneity
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Incidence of treatment-related adverse events (irAEs) by cancer type, single- or two-drug combinations, and type of ICl agent. Cl, confidence
interval; ICI, immune checkpoint inhibitor.
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18.36, P<0.0001 for any grade and OR: 23.19, 95% CI: 12.98-41.44,
P<0.0001 for grade =3). Furthermore, the combination of PD-1 and
CTLA-4 immune checkpoint inhibitors was associated with a
higher risk of trAEs (OR:4.60, 95% CI: 3.58-5.92, P<0.0001 for
grade>3). The evaluation results are shown in (Table 2).

Assessment of the occurrence profile of
single and two-ICI AEs

In a multivariate analysis, we found that the incidence of AEs
was higher with two drug therapy than with monotherapy.
Therefore, we performed a comprehensive analysis of this
influencing factor, and the top three incidences of monotherapy
of any grade of AEs occurred were abdominal pain, alanine
aminotransferase increase, and fatigue, while two ICIs were
hypoalbuminemia, anaemia, and lactate dehydrogenase increase.
Among AEs of grade 3 or higher, the highest incidence of single
agents was hyponatremia, blood bilirubin increased, and
hypertension, and the two ICIs were lymphopenia,
hyponatremia, and lactate dehydrogenase increase (Figure 5).

Assessment of the occurrence profile of
different types of ICl agents AEs

Among adverse reactions of any grade, the most common
adverse reactions to anti-PD-1 were maculopapular rash (30.8%

10.3389/fimmu.2022.1013186

[95% CI 1.7-59.8]), fatigue (19.2% [95% CI 17.1-21.2]), the most
common adverse reactions to anti-PD-L1 were pruritus (10.8%
[95% CI 4.7-16. 9]), hypothyroidism (9.9% [95% CI 4.0-15.8]),
and the most common adverse reactions to anti-CTLA-4 were
constipation (37.9% [95% CI 29.5-46.3]), cough (34.7% [95% CI
26.0-43.5]), while the most common adverse reaction to different
types of ICI combination therapy with anti-PD-1 + anti-CTLA-4
was aspartate aminotransferase increased (50.0% [95% CI 20.0-
80.0]), alanine aminotransferase increased (50.0% [95% CI 20.0-
80.0]), and the most common adverse reactions of anti-PD-L1
+anti-CTLA-4 were anemia (83.9% [95% CI 77.2-90.6]),
hypoalbuminemia (79.7% [95% CI 72.3- 87.0]).

Of the trAEs of grade 3 or higher, the most common adverse
reactions to anti-PD-1 were blood bilirubin increase (7.5% [95% CI
4.4-10.6]), hypertension (7.2% [95% CI 5.3-11.3]), anti-PD-L1
most common adverse reactions were abdominal pain (4.4%
[95% CI 0.1-8.8]), aspartate aminotransferase increase (3.4%
[95% CI 1.4-8.3]), anti-CTLA-4 the most common adverse
reactions were diarrhea (8.7% [95% CI 3.7-13.7]), AST increase
(8.7% [95% CI 1.9-15.5]) and anti-PD-1+ anti-CTLA-4 the most
common adverse reactions were aspartate aminotransferase
increase (28.6% [95% CI 1.5-55.6]), and alanine aminotransferase
(28.6% [95% CI 1.5-55.6]), and the most common adverse reactions
to anti-PD-L1+anti-CTLA-4 were lymphopenia (22.0% [95% CI
14.4-29.6]) and hyponatremia (22.0% [95% CI 14.4-29.6]).

The most common adverse effects of anti-PD-1 in irAEs of
any grade were hypothyroidism (9.0% [95% CI 6.9-11.1]),
hyperthyroidism (4.1% [95% CI 2.7-4.6]), and anti-PD-1 + anti-

TABLE 2 Analysis of factors associated with the occurrence of treatment-related adverse events (trAEs) and immune-related adverse events

(irAEs).
Variables trAES
Any grade Grade>3

OR 95%CI Pvalue OR 95%CI
Cancer type
Colorectal cancer Referent Referent
Liver cancer 0.64  (0.44-0.93) 0.0177 0.46  (0.36-0.58)
Gastric cancer 2,59 (1.34-5.01) 0.0048 0.33  (0.24-0.45)
Esophageal cancer 0.23  (0.15-0.33) <0.0001 021  (0.15-0.28)
Gastroesophageal 038 (0.27-0.53)  <0.0001  0.31  (0.24-0.39)
junction cancer
Combination Type
Single ICI therapy Referent Referent
Two ICI combine therapy  1.46  (1.11-1.94) 0.0075 3.72  (3.03-4.56)
Type of ICI agent
Anti-PD-1 Referent Referent
Anti-PD-L1 1.69  (1.02-2.80) 0.0417 1.87 (1.39-2.5)
Anti-CTLA-4 0.39  (0.28-0.56) <0.0001 1.55  (1.05-2.88)
Anti-PD-1+CTLA-4 138 (0.96-1.99) 0.0837 4.60  (3.58-5.92)
Anti-PD-L1+CTLA-4 1.06  (0.69-1.63) 0.7827 348 (2.51-4.84)

Na, Not available.

Frontiers in Immunology

irAEs
Any grade Any grade
Pvalue OR 95%CI Pvalue OR 95%CI P value

Referent Referent
<0.0001 0.50 (0.32-0.8) 0.0034 0.74 (0.37-1.48) 0.40
<0.0001 0.61 (0.39-0.96) 0.0032 0.60 (0.29-1.26) 0.1777
<0.0001 0.55 (0.37-0.82) 0.0031 0.70 (0.38-1.27) 0.2403
<0.0001 Na Na Na Na Na Na

Referent Referent
<0.0001 Na Na Na Na Na Na

Referent Referent
<0.0001 Na Na Na Na Na Na
0.0257 1023 (5.70-18.36) <0.0001 23.19  (12.98-41.44) <0.0001
<0.0001 Na Na Na Na Na Na
<0.0001 Na Na Na Na Na Na

frontiersin.org

107


https://doi.org/10.3389/fimmu.2022.1013186
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kou et al.

CTLA-4 were rash (26.4% [95% CI 19.2-33.5]), hypothyroidism
(11.2% [95% CI 6.9-15.6]). Among irAEs of grade 3 or higher, the
most common adverse reactions to anti-PD-1 were hepatitis (1.8%
[95% CI 0.6-3.0]), adrenal insufficiency (1.3% [95% CI -0.5-3.1]),
while the most common adverse reactions to anti-PD-1+ anti-
CTLA-4 were fatigue (3.5% [95% CI -1.4-8.4]), diarrhea (5.4% [95%
CI 2.3-8.5]) (Supplementary Figures 5-18 summarizes the 20 most
common AEs reported for different ICI agent types).

Publication bias

We tested for publication bias in the occurrence profiles of
treatment-related and immune-related adverse events of any grade
and grade 3 or higher, and publication bias was present in all except
for trAEs published at grade 3 or above (p=0.056). We modified the
funnel plot by the pruning and filling method, and the results were
still biased. We analyzed the following reasons: (1) We included five
types of digestive system cancers, and there were differences in the
responsiveness of different cancers to ICI drugs. (2) Different types
of drug combinations may also make a difference in the occurrence
of adverse events (Supplementary Figure 19).

Discussion

This systematic evaluation and meta-analysis included 21
randomized controlled trials examining the incidence and
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Overview of single and two ICI AEs.
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profile of adverse events associated with immune checkpoint
inhibitor-based therapies for digestive system cancers. Overall,
our pooled analysis reported 82.7% and 27.5% incidence of
trAEs of any grade and grade 3 or higher. These results
showed a reduction in the incidence of trAEs compared with
the incidence reported in previous studies of risk across cancer
types(including cancer of the gastric or gastroesophageal
junction) (43). In previous meta-analysis, the trAEs of
different ICI in various cancer types were analyzed, with 86.8%
and 35.9% of trAEs of any grade and grade 3 or higher,
respectively, but the incidence of irAEs was not systematically
evaluated in that article (43). However, some of the irAEs may be
severe and lead to permanent disease (44). Hence, the incidence
of irAEs was pooled in our meta-analysis and there were 26.3%
and 9.4% of irAEs of any grade and grade 3 or higher. So it’s
necessary to focus on irAEs to reduce potential short- and long-
term complications and optimize quality of life and long-
term outcomes.

There were some interesting findings from multivariate
analysis. First, the incidence of AE subgroups based on cancer
type had the highest risk of trAEs and irAEs in colorectal cancer.
That may be due to the following reasons: while ICI therapy has
shown an unusually high depth and frequency of durable
response in clinical trials in patients with mismatch repair-
deficient(MMR-D) colorectal cancer with much fewer
treatment-related adverse events (45, 46), whereas MMR
occurs more frequently in early-stage tumors than in late-stage
tumors (47), two of the four colorectal cancer studies included in
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this study were in advanced MMR-D colorectal cancer and one
was metastatic colorectal cancer; In addition, Venderbosch et al.
found that the incidence of dMMR in metastatic colorectal
cancer was only 5%, which was lower than that of early-stage
colorectal cancer (19.72%) (48). Second, ICI combination
therapy(single or two drugs) was associated with an increased
risk of trAEs, more pronounced in trAEs of any grade. That’s
consistent with the findings of Janjigian YY (49), Gubens MA
(50), et al. Although the incidence of trAEs was higher with the
combination of two ICIs than with a single ICI, it was still lower
or similar to conventional treatment (chemotherapy and
targeted therapy) (51, 52), thus, they can be managed
appropriately through close monitoring and early recognition
of relevant signs and symptoms. The included ICI combination
therapy trials did not report the occurrence of irAEs, which may
be due to the fact that most of the pilot studies focused on
efficacy. Thirdly, Across the different types of ICI drugs, our
meta-analysis found that anti-CTLA-4 had the lowest incidence
of trAEs but the highest incidence of irAEs (53), and increased
the risk of trAEs when combined with PD-1, which was
consistent with the study by Osipov A et al (54). Therefore,
TRAE, especially TRAE of grade 3 or higher, becomes one of the
major issues that cannot be ignored in combination therapy.
Take special care of lymphopenia when using PD-1 and CTLA-
4. Lymphopenia is a predictive indicator and has a significant
impact on survival. It is usually used with the addition of
steroids (55).

Immune-related adverse reactions (irAEs) are immune
activations caused by regulatory T-cell activity that can cause
immune-related adverse reactions, resulting in symptoms
associated with the corresponding organs (56). The most
common irAEs include rash, colitis, hepatitis, endocrine
disorders, and pneumonia (57). In this study, the most
common incidence of irAEs at any level was found to be
rash, hypothyroidism, and diarrhea, which is generally
similar to the study by Wu, et al (17). However, Wu et al.
studied the incidence of adverse events in ICI for urologic
cancers, suggesting that irAEs are primarily drug-related and
do not differ significantly concerning the type of cancer. In
addition, grade 3 or higher irAEs are most commonly
associated with diarrhea, rash, and hepatitis. Hepatitis is
potentially fatal toxicity and immune-related hepatitis has a
good prognosis but often requires treatment discontinuation,
high-dose steroids, and second-line immunosuppression (58,
59). Most irAEs can be controlled and reversed by
discontinuing dosing or using corticosteroids (60), With
infliximab, for example, most of the adverse immune system
reactions are eliminated with proper management (57).

This study has several advantages: 1) This systematic
evaluation and meta-analysis included 21 randomized
controlled trials that examined the incidence and distribution
of adverse events associated with immune checkpoint inhibitor
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therapies for digestive system cancers. 2) The AEs associated
with ICI in digestive system cancers were summarized by meta-
analysis, which found that the incidence, characteristics, and
distribution of AEs varied by cancer type, combination therapy
modality, and different types of agents. 3) A comprehensive
analysis of adverse events in ICI combination therapy can be
used as an early identification to provide patients with effective
interventions to reduce their severity. It may provide a clinical
reference and may contribute to clinical practice. However there
are some limitations: (1) We included only clinical randomized
controlled trials, limiting the generalizability of our results to the
general population of patients in real-world settings. (2) We
found considerable heterogeneity when performing the test for
heterogeneity, and despite doing subgroup analyses, we were still
unable to find significant sources of heterogeneity, and some
unobserved confounding factors may hinder the interpretation
of the overall incidence in each subgroup, so the results need to
be treated with caution. (3) Adverse events were recorded in
clinical trials using MedDRA, but in some cases, the definitions
of MedDRA overlapped. For example, patients with liver
symptoms may be recorded as having hepatitis, autoimmune
hepatitis, or elevated liver enzymes in a different clinical trial,
thereby impeding knowledge of the actual incidence of adverse
events. (4) Subgroup analysis revealed relatively small sample
sizes for the Anti-PD-L1, Anti-CTLA-4, and Anti-PD-1 +
CTLA-4 groups, so the results will have to be considered with
caution and justified by a large sample of high-quality trials.

Conclusion

This meta-analysis summarizes the profile of ICI-based
treatment of common trAEs and irAEs in cancers of the
digestive system. Different cancer types, combined treatment
methods and different drug types are associated with incidence
and AE characteristics, such a comprehensive analysis of adverse
events in ICI combination therapy can be used as an early
identification to provide effective interventions to reduce the
severity of these patients. It may provide a clinical reference and
may contribute to clinical practice. Further large-scale studies
are needed to confirm our findings.
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Introduction: Colorectal cancer shows high incidence and mortality rates.
Immune checkpoint blockade can be used to treat colorectal carcinoma
(CRC); however, it shows limited effectiveness in most patients.

Methods: To identify patients who may benefit from immunotherapy using
immune checkpoint inhibitors, we constructed an immune-related gene
prognostic index (IRGPI) for predicting the efficacy of immunotherapy in
patients with CRC. Transcriptome datasets and clinical information of
patients with CRC were used to identify differential immune-related genes
between tumor and para-carcinoma tissue. Using weighted correlation
network analysis and Cox regression analysis, the IRGPI was constructed, and
Kaplan—Meier analysis was used to evaluate its predictive ability. We also
analyzed the molecular and immune characteristics between IRGPI high-and
low-risk subgroups, performed sensitivity analysis of ICI treatment, and
constructed overall survival-related receiver operating characteristic curves
to validate the IRGPI. Finally, IRGPI genes and tumor immune cell infiltration in
CRC model mice with orthotopic metastases were analyzed to verify
the results.

Results: The IRGPI was constructed based on the following 11 hub genes:
ADIPOQ, CD36, CCL24, INHBE, UCN, IL1RL2, TRIM58, RBCK1, MCIR,
PPARGCI1A, and LGALS2. Patients with CRC in the high-risk subgroup
showed longer overall survival than those in the low-risk subgroup, which
was confirmed by GEO database. Clinicopathological features associated with
cancer progression significantly differed between the high- and low-risk
subgroups. Furthermore, Kaplan—Meier analysis of immune infiltration
showed that the increased infiltration of naive B cells, macrophages M1, and
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regulatory T cells and reduced infiltration of resting dendritic cells and mast
cells led to a worse overall survival in patients with CRC. The ORC curves
revealed that IRGPI predicted patient survival more sensitive than the published
tumor immune dysfunction and rejection and tumor inflammatory signature

Discussion: Thus, the low-risk subgroup is more likely to benefit from ICls than
the high-risk subgroup. CRC model mice showed higher proportions of Tregs,
M1 macrophages, M2 macrophages and lower proportions of B cells, memory
B cell immune cell infiltration, which is consistent with the IRGPI results. The
IRGPI can predict the prognosis of patients with CRC, reflect the CRC immune
microenvironment, and distinguish patients who are likely to benefit from ICI

colorectal carcinoma, immune-related gene prognostic index (IRGPI), tumor immune
microenvironment (TIM), immune-related gene (IRG), immune checkpoint

Liang et al.
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KEYWORDS
inhibitor (ICl)
Introduction

According to the Global Statistical Report on Cancer in 2020
(1), colorectal carcinoma (CRC) is one of the most common
malignant tumors, ranking third in morbidity and second in
mortality. More than 1.9 million new CRC cases and 935,000
CRC-related deaths were estimated to occur in 2020. The 5-year
survival rate of patients with metastatic CRC is low at
approximately 14% (2), and approximately 50% of patients
who receive treatment develop metastases (3, 4).

Immunotherapy is a cutting-edge option for treating cancer
that involves stimulation of specific immune responses to utilize
the body’s own immune system to suppress and kill tumor cells,
thereby reducing tumor recurrence and metastasis. Immune
checkpoint inhibitors (ICIs) are promising agents for treating
a variety of solid tumor malignancies such as melanoma and
lung cancer. Pembrolizumab and nivolumab are ICIs targeting
programmed cell death protein 1 and have both been approved

Abbreviations: AUC, area under the receiver operating characteristic curve;
CRC, colorectal cancer; CTLA-4, cytotoxic T-lymphocyte-associated protein-
4; FC, fold change; GEO, Gene Expression Omnibus; GO, Gene Ontology;
ICI, immune checkpoint inhibitor; IC, immune checkpoint; IRG, immune-
related gene; IRGPI, immune-related gene prognostic index; KEGG, Kyoto
Encyclopedia of Genes and Genomes; K-M, Kaplan-Meier; PD-1,
programmed cell death protein-1; PD-L1/2, programmed death protein
ligand 1/2; OS, overall survival; ROC, receiver operating characteristic;
TCGA, The Cancer Genome Atlas; TIDE, tumor immune dysfunction and
rejection; TIME, tumor immune microenvironment; TIS, tumor

inflammatory signature.
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by the U.S. Food and Drug Administration for the treatment of
microsatellite instability-high/DNA mismatch repair-deficient
CRC (5, 6). However, this tumor type accounts for only 5% of
metastatic CRCs, and the remaining patients show poor
responses to ICI (7, 8). Various factors, including
immunoassay sites and the tumor immune microenvironment
(TIME), affect the effectiveness of ICIs, and the analysis of TIME
can lead to the development of methods for improving the
reactivity to immunotherapy (9).

Only few biomarkers have been identified for predicting patient
prognosis. Therefore, more biomarkers that can reflect the benefit
of immunotherapy as a clinical reference for predicting the survival
and prognosis of patients with CRC are needed. In this study, we
constructed a CRC-related prognostic marker using 11 genes that
could predict the prognosis of immunotherapy, as shown in
Figure 1. Based on the differential immune-related genes in the
transcriptome data of patients with CRC in TCGA (The Cancer
Genome Atlas), we identified immune-related hub genes and
weighting coefficients related to patient prognosis, constructed the
immune-related gene prognostic index (IRGPI), and verified its
power reliability using multiple datasets. We then characterized the
molecular and immune signatures between high- and low-risk
subgroups determined using the IRGPI, examined their
prognostic power in patients following immunotherapy, and
compared them with other biomarkers, tumor immune
dysfunction and rejection (TIDE), and tumor inflammatory
signature (TIS). To simulate the characteristic environment in
patients with CRC, we established an animal model of CRC to
verify the prediction ability of the IRGPL Our results suggest that
IRGPI is a promising prognostic biomarker in patients being
administered conventional immunotherapy and immunotherapy.
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FIGURE 1
CRC IRGPI experimental technical roadmap.
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Materials and methods
Collection of sample information

As the test group, transcript data and clinicopathological
information were downloaded from the TCGA database (https://
portal.Gdc.cancer.gov/), including 41 cases of para-tumors, 473
cases of CRC tumors, and 452 clinical cases. The TCGA data
matrix was used to establish IRGPI in the following series
of studies.

As the train group, survival and transcriptional data for 250
CRC cases were downloaded from the GEO database (https://
www.ncbi.nlm.nih.gov/geo/). The transcript dataset GSE161158
was uploaded in November 2020 by the Moffitt Cancer Research
Center, University of Miami (10). The GEO survival analysis was
used to validate the results of IRGPI.

Lists of immune-related genes were downloaded from
ImmPort (https://www.immport.org/home) and Innate DB
(https://www.innatedb.ca/). KEGG (http://www.gsea-msigdb.
org/gsea/index.jsp) gene sets and all Gene Ontology (GO) gene
sets were used as gene symbols. Gene mutation information was
downloaded from the cBioPortal (http://www.cbioportal.org/).

Identification of immune-related
differential genes

Limma package was used to analyze the differential
expression of immune-related genes in para-tumor and tumor
tissues. The ratio of expression between two samples (groups)
[Log2fold-change (FC) = log2(treat mean/control mean)] and
the p-value were calculated. A Log2FC >0 indicated that the gene
is upregulated in the tumor tissue, whereas a Log2FC<0
indicated that the gene is downregulated in the tumor tissue.
The false discovery rate was obtained by correcting the p-value (|
Log2FC| >1 and false discovery rate<0.05). Differential immune-
related genes (IRGs) identified using TCGA were analyzed for
GO terms and KEGG pathway enrichment. The filter was
adjusted to p< 0.05, and circles, bar plots, and bubble plots

were drawn.

Weighted gene co-expression network
analysis to identify immune-related
hub genes

The differential IRG dataset was selected to eliminate
samples with data fluctuation and free and missing data, and
the mean value of repeated data was determined. The Pearson
correlation coefficient between any two genes was calculated; if
the coefficient was higher than the threshold of 0.3, the two genes
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were considered as similar. The weighted value of the correlation
coefficient was used in the analysis, taking the IRG correlation
coefficient to the 20th power so that the connection between the
genes obeyed the scale-free network distribution (11). These data
were then converted into a topological matrix that described the
degree of association between genes using a topological overlap
metric. The genes were clustered using 1 — topological overlap
metric as the distance, and a dynamic pruning tree was
constructed to identify the modules (12). Finally, five modules
were identified by setting the merge clipping threshold to 0.25.
Univariate Cox regression analysis was performed on module
(blue, brown, and yellow) genes significantly associated with
CRC, and the correlation between the module genes and overall
survival (OS) was determined. Thirty-four immune-related hub
genes showing significant associations with survival were
selected for further analysis.

Establishment and verification of IRGPI

For the 34 immune-related hub genes, multivariate Cox
regression analysis was used to construct the IRGPI. The risk
score of each patient was obtained by the coefficient of
multiplying the expression data of IRGs, and the patients were
divided into high- and low-risk groups according to the median
value of the risk score. The prognosis of subgroup patients
defined using the IRGPI was assessed using the Kaplan-Meier
(K-M) survival curve and log-rank test of TCGA and GEO
cohorts. Prognostic univariate and multivariate Cox regression
analyses were performed for age, sex, stage, and risk score to
determine whether the risk score was affected by other factors.
To detect associated genetic alterations, somatic mutations in
patients between the high- and low-risk subgroups were
analyzed using the maftools package in R software (The R
Project for Statistical Computing, Vienna, Austria).

Assessment of immune cell infiltration
and immune characteristics

CIBERSORT was used to calculate the immune cell
infiltration of samples from the TCGA dataset (13). According
to the risk score, differences in immune cell infiltration between
the high- and low-risk subgroups were counted, a boxplot was
obtained, and the survival curves of the two groups were plotted.
The immune function scores of samples in the high- and low-
risk subgroups were calculated to obtain immune-related
function scores for each sample. Higher scores indicated
weaker immune function and vice versa. In addition, IC gene
expression and risk analyses were performed in the high- and
low-risk groups using the IRGPI.
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IRGPI and TIDE score

The TIDE score table, including the TIDE score, exclusion
immune rejection, and dysfunction, was obtained from the TIDE
database (http://tide.dfciharvard.edu/) according to TCGA
transcriptome files. Wilcoxon test was performed on the TIDE
scores in the high- and low-risk subgroups, and a violin plot was
drawn according to the results. The OS-related receiver
operating characteristic (ROC) curves of TIDE, TIS, and
IRGPI were plotted to compare the predictive powers of these
values. The ROC curve of IRGPI related to OS at 1, 2, and 3 years
was drawn; a larger area under the curve indicated that the
model had higher prediction sensitivity.

IRGPI gene expression in the CRC
murine model

Specific pathogen-free BALB/c male mice, 6-8 weeks old
with a body mass of 20 + 5 g, were purchased from the Huaxing
Experimental Animal Farm of Huiji District (Zhengzhou City,
China), under the experimental animal license No. SCXK (Yu)
2019-0002. All animal experiments were approved by the
Experimental Mouse Ethics Committee of the Nanjing
University of Traditional Chinese Medicine (No. 202010A026).

The mice were randomly divided into the control group and the
CRC model group, with 10 mice per group. Five BALB/c male mice
were used as tumor-bearing mice, into which 1 x 107 CT26 cells
were subcutaneously injected into the left axilla and sacrificed 1
week later. The subcutaneous tumor was removed under sterile
conditions, placed in sterile phosphate-buffered saline, and divided
into several 1-mm?> masses. Under sterile conditions, the two groups
of mice were dissected to expose the colon; the 1-mm? tumor mass
was fixed to the colon of the CRC model group with tissue glue,
whereas the control group was not fixed, and then the abdomen
from mice in the two groups was sutured. After 3 days of
postoperative recovery, the mice were weighed, and micro-
computed tomography scanning was performed on day 26
(under isoflurane respiratory anesthesia). On day 27, the mice
were sacrificed under anesthesia with 2% sodium pentobarbital.
Total RNA was extracted from the colon of the control group and
tumor tissue of the CRC model group using a FastPure Cell/Tissue
Total RNA Isolation Kit (Vazyme, Nanjing, China, Cat#RC101-01).
The RNA was reverse-transcribed into cDNA using HiScript® 111
RT SuperMix for quantitative PCR (Vazyme, Cat#R323-01), and
then real-time PCR was performed to detect the expression of
IRCPI genes in each group using BlastaqTM Green 2x qPCR
MasterMix (abm, Richmond, British Columbia, Canada,
Cat#G891). The primer sequences are listed in Table S4.
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Immune infiltration in the CRC
murine model

The liver, colon, tumor, and mesentery of paraffin-
embedded mice were sectioned, stained with hematoxylin-
eosin, and photographed using an upright white light
photographic microscope (Eclipse Ci-L, Nikon, Tokyo, Japan).

TIME immune cells were detected using flow cytometry.
Peripheral blood mononuclear cells were extracted using RBC
lysate (Cat#FMS-RBC500, FcMACS, Nanjing, China). At
least 5 x 10° cell suspensions (100 pul) were incubated with
FC blocker at 4°C for 10 min and then anti-human/mouse
CD11b FITC antibody (Cat#03221-50, PeproTech, Rocky
Hill, NJ, USA), PE-CyTM7 rat anti-mouse CD86 antibody
(Cat#560582, BD PharmingenTM, San Diego, CA, USA), and
Alexa Fluor® 488 anti-mouse CD206 antibody (Cat#141710,
BioLegend, San Diego, CA, USA) were used to detect
macrophages. Alexa Fluor® 488 anti-mouse CD19 antibody
(REF#11-0193-81, Invitrogen, Carlsbad, CA, USA) and PE/
Cy7 anti-mouse/rat/human CD27 antibody (Cat#124216,
BioLegend) were used to detect B cells. Anti-mouse CD4
APC-cyanine7 (Cat#06122-87, PeproTech), anti-mouse
CD8a FITC antibody (Cat#10122-50, PeproTech), anti-
mouse CD25 APC antibody (Cat#07312-80, PeproTech),
and anti-mouse/rat FOXP3 PE antibody (Cat#83422-60,
PeproTech) were used to detect T cells. The cells were
detected on an Amnis FlowSight flow cytometer (Merck
Millipore, Billerica, MA, USA), and immunocyte subsets
were analyzed using the IDEAS software (Merck Millipore).
Figure S7 shows the strategy used to analyze the IRGPI
immunocyte subsets using flow cytometry.

Statistical methods

Independent t-tests were performed to compare continuous
variables between the two groups. Data for various
clinicopathological factors were analyzed using chi-square test.
The TIDE scores between the groups were compared using
Wilcoxon test. Univariate survival analysis was performed
using K-M survival analysis and log-rank test. Univariate and
multivariate Cox regression analyses were performed using the R
package “survival” with hazard ratios and 95% confidence
intervals. p< 0.05 indicated a significant difference between the
two groups. The software Strawberry-perl-5.30.2.1, Rx64 4.1.0 (R
Project), and GraphPad Prism 8 (GraphPad, Inc., La Jolla, CA,
USA) were used in these analyses.
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Results

CRC differential immune-related genes

A total of 7,780 differentially expressed genes (473 tumors
versus 41 para-tumor samples) were identified in TCGA-
differential expression analysis, among which 5,502 and 2,278
genes were up- and downregulated, respectively, in tumor
samples compared to the genes in para-tumor samples
(Tables S1 and S2). By intercrossing these genes with
immune-related genes obtained from ImmPort and
InnateDB, 649 differential immune-related genes were
obtained, among which 256 and 393 genes were up- and
downregulated, respectively, in tumor samples compared to
those in para-tumor samples (Figure S1A).

Enrichment analysis of 649 immune-related differentially
expressed genes screened from the TCGA dataset revealed
significant correlations in 1,295 GO terms (p< 0.001) and 66
KEGG pathways (p< 0.05). The top 30 GO terms and KEGG
pathways are shown in Figure S1B. The top three pathways
enriched in GO analysis were humoral immune response,
complement activation, and classical pathway (Figure S2A).
The top three pathways enriched in KEGG analysis were
cytokine-cytokine receptor interaction, viral protein
interaction with cytokine and cytokine receptor, and
chemokine signaling pathway (Figure S2B).

Construction of IRCPI with 11 CRC
immune-related hub genes

Weighted gene co-expression network analysis was used to
analyze immune-related differential genes (n = 649), and
immune-related hub genes were identified (Figure S3A). The
logarithm log(k) of the node with connectivity k and logarithm
log of the node probability [P(k)] were negatively correlated,
with a correlation coefficient >0.9 and an optimal soft threshold
of 4. A total of 649 genes were assigned to the five modules.
According to the Pearson correlation coefficients between
modules and sample features, the blue, brown, and yellow
modules were closely associated with CRC and positively
correlated (Figure S3C). Genes in these modules were selected
for further analyses. Thirty-four hub genes were significantly
associated with OS according to univariate Cox regression
analysis (p< 0.05) (Figure 2A, Table S3). Next, multivariate
Cox regression analysis was performed, and 11 hub genes were
obtained to establish prognostic indicators. This result was
validated in the K-M analysis, as shown in Figure S3D (p<
0.05). Specifically, the IRGPI risk score was calculated using the
gene expression levels multiplied by the weights of the 11 genes,
as shown in Table 1.
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Molecular characteristics of CRC-related
high- and low-risk IRGPI subgroups

The IRGPI was established by multiplying the expression
data for the hub IRGs by the multivariate Cox regression coefficients,
as follows: risk score =" | (gene expression data x coef).
Based on the median risk score, the samples were divided into high-
and low-risk groups. There was a significant difference in the survival
period between high- and low-risk patients (p< 0.05), as shown in
Figure 2D. Univariate and multivariate Cox regression analyses were
performed on the risk scores and clinical traits of the two groups,
respectively. The risk scores showed significant differences (p< 0.001)
related to the stage, features/extent of the primary tumor (T), regional
lymph node involvement (N), and distant metastases (M) (p< 0.001),
but not sex or age (Figures 2B, C). We then explored the signatures of
34 immune-related hub genes. As shown in Figure S4A, in 28.32% of
the 399 samples, 34 immune-related hub genes showed amplifications,
deep deletions, and missense mutations. As we all know, targeted
somatic mutation (TSM) reflects the immunotherapy resistance, and a
higher TSM represents a worse immunotherapy outcome.

We selected the top 20 genes with mutation in the high- and
low-risk groups (Figure S4A), and we found that the low-risk
group had a higher altered rate. The mutation of APC, TP53,
TTN, and LRP2 was more common in the IRGPI-high subgroup,
whereas the mutation of SYNEI, PIK3CA, MUCI6, FAT4,
ZFHX4, RYR2, OBSCN, DNAHS5, PCLO, LRPIB, and DNAH11
was more common in the IRGPI-low subgroup (Figure S4B).
The result demonstrated the low-risk group with more
universality of germline and somatic mutations in DNA
mismatch repair (MMR) genes that have a chance to
overcome the genomic instability.

KEGG pathway enrichment analysis of 11 IRGPI hub genes
showed that the high-risk group was significantly enriched in cell
adhesion, extracellular matrix, focal adhesion, and PPAR
signaling pathways, which were associated with CRC
progression and metastasis and indicated a worse prognosis
(Figure S4C).

Prediction of immune cell infiltration in
the CRC microenvironment with IRGPI

CIBERSORT was used to analyze the infiltration of immune
cells in the IRGPI subgroups. We detected more follicular helper
T cells in the IRCPT high-risk subgroup, whereas CD4+ memory
resting T cells and activated mast cells were more abundant in
the low-risk subgroup (p< 0.05) (Figure 3A). Features associated
with the immune landscape, including the clinicopathological
features of different IRGPI subgroups, are shown in Figures 3B,
D. Dendritic cells, human leukocyte antigen, macrophages, T
helper cells, tumor-infiltrating lymphocytes (TIL), and type I
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interferon responses showed higher immune function scores (p<
0.05) in the high-risk IRCPI subgroup (Figure 3C). Immune
function scores are correlated with the prognosis of patients with
multiple tumors, and patients with high immune scores have a
poorer prognosis compared to patients with low scores.

To further investigate whether the prognostic value of IRGPI is
based on immune cell infiltration, we performed differential
immune cell-related and immune function-related K-M analyses.
As shown in Figure 3E, five types of immune cells were significantly
associated with OS. Patients with more naive B cells, macrophages
M1, and T-cell regulatory (Treg) infiltration had poor OS, whereas
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patients with more resting dendritic cells and activated mast
immune cell infiltration had a longer OS (p< 0.05).

IRGPI is significantly associated with
CRC progression

To explore the relationship between IRGPI and various
clinicopathological factors, 445 patients in the high- and low-
risk IRGPI subgroups were evaluated using chi-square test to
determine the distribution of different clinical features, as shown
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TABLE 1 The 11 immune-related hub genes used to compute the IRGPI risk score.

ID Coef HR

ADIPOQ -0.2869 1.21605
CD36 0.77205 1.41784
CCL24 -0.15359 0.85923
INHBE 1.041035 243576
UCN 0.584717 2.10328
ILIRL2 0.310954 1.51794
TRIM58 0.599037 1.66316
RBCKI1 0.322746 1.48107
MCIR 0.526967 230592
PPARGCIA -0.78226 0.53452
LGALS2 -0.2145 0.84689

in Figure 4A. Between the two subgroups, patients in the T, N,
and M stages showed more severe cancer progression (p< 0.01),
whereas age and sex were unrelated to progression. These results
indicate that the prognostic value of IRGPI is related to
CRC progression.

IRGPI risk scores correlate with
immunotherapy biomarkers

Some biomarkers are used in clinical immunotherapy,
including programmed cell death protein-1 (PD-1),
programmed death protein ligand 1/2 (PD-L1/2), cytotoxic T-
lymphocyte-associated protein-4 (CTLA-4), and lymphocyte-
activation gene 3 (LAG-3) (14). In addition to PD-L1/2 and
CTLA4, CD27 and FOXP3 are biomarkers of activated B cells
and Tregs, which can reflect the activity of immunocytes to some
extent. We next explored the relationship between the IRGPI
score and these biomarkers. As shown in Figure 4B and Figure
S6B, the IRGPI score was positively correlated with PD-1, PD-
L1/2, CTLA-4, and LAG-3. Pearson’s correlation coefficient (R
value) between the IRGPI risk score and PD1 was 0.14, with a p-
value of 2.3e-03 (PD-L1: R=0.079, p = 9.4e-02; PD-L2: R=0.11;
p =22e-02; CTLA-4: R = 0.1, p = 3.4e-02; LAG3: R = 0.15, p =
1.2e-03; CD27: R = 0.11, p = 1.7e-02; FOXP3: R = 0.12, p = 9.6e-
03). In addition, the expression of IC genes in the high-risk
subgroup was higher than that in the low-risk subgroup (p<
0.05), as shown in Table S6. Combined with the previous results
of mutation, these results suggest that there were more
immunosuppressive signals and tumor progression- and tumor
metastasis-related signals in the high-risk group; meanwhile,
there was more active immunity and damage repair in the low-
risk group, which was consistent with the results of immune cell
infiltration. In conclusion, the IRGPI low-risk group is more
likely to develop an efficiently immune response
from immunotherapy.
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HR.95L HR.95H p-value
1.02064 1.44886 0.02863
1.08580 1.85140 0.01033
0.74388 0.99247 0.03914
1.03974 5.70616 0.04039
1.39728 3.16602 0.00037
1.06197 216971 0.02203
1.06424 259914 0.02553
1.02588 213822 0.03605
1.53315 346820 0.00006
0.35002 0.81627 0.00373
0.71843 0.99832 0.04771

IRGPI predicts benefits from
immunotherapy

We used TIDE to assess the potential clinical efficacy of
immunotherapy in different IRGPI subgroups. The TIDE score
can evaluate the efficacy of immunotherapy for tumors, with a
higher score representing a higher risk of immune evasion,
suggesting that patients are less likely to benefit from ICI therapy
(15). Our results show that the IRGPI high-risk subgroup had a
higher TIDE score than the IRGPI low-risk subgroup (p< 0.05),
with a higher T-cell dysfunction and exclusion score (Figure 4C).
These results indicate that at-risk patients with a high IRGPI benefit
less from ICI therapy compared to patients with a low IRGPIL.

Analysis of the predictive power of IRGPI showed that its
sensitivity was significantly higher than those of the TIDE and
TIS scores (Figure 4D, area under the ROC curve: IRGPI = 0.744
> TIDE = 0.541 > TIS = 0.483). These results suggest that the
IRGPI score is a suitable biomarker for predicting the
immunotherapy response. In addition, the reliability of the IRGPI
was determined using the time-dependent ROC curve (Figure 4D);
we also tested the ROC curve using the TCGA dataset, as shown in
Figure 4D. The areas under the 1-, 2-, and 3-year ROC curves were
0.723, 0.724, and 0.744, respectively, indicating that the IRGPI is
useful for monitoring the survival rate.

The CRC murine model verified the
IRGPI predictive power

To support the predictive power of the IRGPI, we established a
CRC mouse model and tested IRGPI gene and immune cell
infiltration in the TME. The weight changes in the two groups
were recorded. Mice in the CRC model group showed weight loss at
later stages of CRC (p< 0.05) (Figure 5B). We scanned the
abdominal cavity using micro-computed tomography to
determine the morphology of the CRC tumors (Figure 5D). The
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Immune cell infiltration and immune function scores between IRGPI subgroups. (A) Comparison of tumor immune cell infiltration between two
IRGPI subgroups. Significant statistical differences between the two subgroups were assessed using the Wilcoxon test (*p< 0.05, **p< 0.01). (B)
The proportions of TIME immune cells in different IRGPI subgroups. (C) Comparison of immune function score between two IRGPI-related CRC
subgroups. Significant statistical differences between the two subgroups were assessed using the Wilcoxon test (*p< 0.05, **p< 0.01). (D)
Clinicopathological information of the IRGPI-related CRC subgroups in the TCGA cohort. Age, gender, tumor stage, and T, M, and N are shown
as patient annotations (*p< 0.05, **p< 0.01, ***p< 0.001). (E) Kaplan—Meier survival analysis of the TME cells and immune function IRGPI

subgroups in the TCGA cohort.

results confirmed sufficient maturity of the CRC murine model.
Pathological sections of the liver, colon, tumor with colon cancer,
and mesentery were obtained (Figure 5C). Compared to the normal
group, mesentery lymph nodes in CRC model mice were
degenerated and reduced, with focal infiltration of local
lymphocytes. Compared with the colon tissue arranged in a
compact and orderly manner, tumor cells in the colon from the
model group showed nuclei atypia, a high nuclear—cytoplasmic
ratio, inconspicuous nucleoli, more mitotic phase (black arrow), a
large area of tissue necrosis (green arrow), deep staining and
fragmentation of nucleus shrinkage, and enhanced eosinophilic
cytoplasm (yellow arrow). The liver is the first metastatic organ
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affected by CRC. As shown in Figure 5C, compared with normal
mice, the liver of CRC mice contained a large number of
hepatocytes with granular degeneration and loose cytoplasm
around the central vein, bile duct area, and liver parenchyma,
with loose and light-stained granular cytoplasm (black arrow),
along with a lymphocytic infiltrate around the local bile duct (blue
arrow). IRGPI gene expression was detected in both groups. We
observed higher expression levels of I11r]2, Rbckl, and Ppargcla in
tumor tissues of the CRC group and higher expression levels of
Adipoq and Ucn in the colon of the control group (Figure 4E). The
risk coefficient of IRGPI is the comprehensive score calculated by
the expression levels of 11 genes and their risk coefficients, through
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FIGURE 4

IRGPI signifcantly correlates with clinicopathological factors in CRC patients and the analysis of immunotherapy responses. (A) Heatmap and
table showing the distribution of multiple clinicopathological factors in CRC patients between two IRGPI subgroups. (B) Scatter plots
coordinated by IRGPI risk score with immune checkpoint PD-1, PD-L1, PD-L2, CTLA4, and LAG3, respectively. (C) TIDE, dysfunction, and T-cell
exclusion score in different IRGPI subgroups. The scores between the two IRGPI subgroups were compared through the Wilcoxon test (*p<
0.05, ***p< 0.001). (D) Performance comparison between IRGPI risk, TIDE, and TIS in predicting 1-year OS in the TCGA cohort. Time-

dependent ROC curve and AUC values in the TCGA cohort.

acomplex process. Itis worth noting that the IRGPI in the two kinds
of mice may still have significance due to the distinction in the
expression levels of the differential genes, in spite of the fact that
there were no difference in some genes.

Immune cell infiltration in the immune
microenvironment of the CRC murine
model has a negative impact on
prognosis

To investigate whether the IRGP1 could predict changes in
immune cell infiltration in CRC, we detected some immune cells in
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the peripheral blood of both groups of mice, as shown in Figure 6.
An independent t-test was used to analyze the proportion of
immune cells in the two groups. The proportions of Tregs CD4
+CD8+FOXP3+ (p = 0.0056), M1 macrophages CD11b+CD86+
(p=0.0017),and M2 macrophages CD11b+CD206+ (p=0.0393) in
CRC model mice were higher than those in the control group. The
proportions of B cells CD19+ (p = 0.0090) and memory B cells
CD19CD27+ (p = 0.0430) in the CRC group were significantly
lower, whereas helper T lymphocyte CD4+ and cytotoxic T
lymphocyte CD8+ cells in the CRC group tended to be lower
than those in the control group.

These results indicate that changes related to T cells, B cells,
and macrophages occur in the TIME of CRC, which is similar to
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IRGPI gene expression situation in the identified murine CRC model. (A) Experimental scheme to establish the murine conlon transplant CRC
metastasis model. (B) Curve of murine body mass change trends (n = 10, *p< 0.05, ***p< 0.001). (C) Inflammatory changes within liver, colon,
tumor, and mesentery were measured by H&E staining (scale bar = 100 um; the blue arrow points to the inflammatory cell infiltration; the

black arrow points to the cellular damage; the yellow arrow points to the tumor cells nuclear abnormalities and cytoplasm eosinophilic; the green
arrow points to the necrosis and hemorrhage). (D) Micro-CT scan images of abdominal cavity between control and model groups (the white
arrow points to the tumor in abdominal cavity). (E) Relative IRGPI gene expression detection by RT-PCR between control and model groups.
(Values are presented as 2T mean + SEM, n = 3 replicates per group, ns: not significant, *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001.

the prediction results of the IRGPIL. These results confirm the
accurate prediction ability of the IRGPI.

Discussion

In recent years, immunotherapy has been widely examined as a
treatment for CRC, including ICls, immunization, and adoptive T-
cell therapy (16). An increasing number of ICI monotherapy or
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combination strategies is being designed to treat CRC. ICI therapy
is an effective treatment for relapsed or refractory CRC (17). For
example, PD-1 combined with a CTLA-4 blocker is clinically
effective and well-tolerated in patients with advanced CRC having
a defective DNA mismatch repair (18). However, CRC, like breast
and ovarian cancers, is generally considered as a hypo-
immunoreactive cancer (19), with limited infiltration of immune
cells or extensive infiltration of immunosuppressive T cells;
therefore, not all patients with CRC may benefit from these
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IRGPI-related immune cell discrepancy between CRC model mice with control mice. Flow cytometry determined the proportion of a series of
immune-related cells that existed in murine peripheral blood. (A) T cells, (B) Macrophages, and (C) B cells. (D) Unpaired t-test analysis of the
proportion of the immune-related cells: Cytotoxic T lymphocytes (CD8+), Helper T lymphocytes (CD4+) and Tregs cells (CD4+CD25+FOXP3+),
B cells (CD27+), memory B cells (CD27+CD19+), Macrophages (CD11b+), M1 Macrophages (CD11b+CD86+), and M2 Macrophages (CD11b
+CD206+) between control and the CRC model group. (Values are presented as mean + SEM, n = 3 per group.).
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treatments (20). Therefore, it is crucial to establish a characteristic
classification for effectively targeting specific CRC subtypes and
screening patients who may benefit the most from ICI treatment.
Widely used biomarkers such as PD-LI levels, TMB (tumor
mutational burden), TIDE, and high microsatellite instability are
not always reliable (21), highlighting the need to identify prognostic
biomarkers for CRC immunotherapy.

In this study, 649 differential IRGs of CRC were selected
from patient information to construct the IRGPI. The most
relevant biological processes and signaling pathways were
“humoral immune response” and “cytokine-cytokine receptor
interaction,” respectively, which is consistent with the
pathological process of the CRC immune response reported in
the literature (22). IRGs were fitted into five modules, and 11
IRGs were screened out, confirmed the independent and
effective prognostic factors, and performed OS analysis to
verify this result. We also confirmed that IRGPI is closely
associated with clinicopathological factors. Specifically, patients
with CRC having a low IRGPI risk score showed a better
prognosis, whereas those with a high IRGPI risk score had a
worse prognosis.

After that, we found that the low-risk group had a higher
mutation rate, whereas the largest difference in mutations between
groups was in TP53 mutations, which were more common in
IRGPI-high samples than IRGPI-low samples (60% vs. 46%). As we
all know, the TP53 mutation was linked to more aggressive disease
and poorer patient outcomes in CRC through the p53/HRK/
XEDAR signaling pathway (23, 24). Therefore, IRGPI-high
patients with high TP53 mutations have a worse outcome than
IRGPI-low patients with low TP53 mutations, in agreement with
our survival results. Meanwhile, the more MMR in the low-risk
group means more likely benefits from ICIs. The ICs related with
the differential immune cells and immune function. Classically,
CTLA-4 interacting with the B7 molecules, including PD-1
(programmed death-1), PD-L1 (programmed death ligand-1)
(B7-H1), and PD-L2 (B7-DC), results in decreased T-lymphocyte
activity and regulates the immune response (23, 24). Similarly, PD-1
interactions with PD-L1 and PD-L2 downmodulate T-cell immune
responses (25). FOXP3 (Forkhead box protein 3), commonly used
as a marker in Treg (regulatory T cells) cells, is an important
transcription factor in the immunosuppressive function of CRC
(26). LAG-3 (lymphocyte-activation gene 3) is associated with the
immune resistance of CD4+ cells in patients with CRC (27). CD27
is a member of the TNF-receptor superfamily. This receptor plays a
key role in regulating B-cell activation and immunoglobulin
synthesis (28). According to the difference of the expression of
these IC genes between the two IRGPI subgroups, we can conclude
that ICs are closely related to the immune function of T cells and
B cells.

In the next study, we found that macrophages, T helper cells,
and type I IFN responses showed obvious higher immune function
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scores in the IRGPI-high group; meanwhile, there are significant
differences in T cells between the IRGPI-high group and the IRGPI-
low group. To further explore the key immune cell interactions that
produced differences between the high- and low-risk groups, we
performed differential immune cell-related and immune function-
related K-M analyses. As a result, patients with more naive B cells,
M1 macrophages, and T-cell regulatory (Treg) infiltration had poor
OS, whereas patients with more resting dendritic cells and activated
mast immune cell infiltration had a longer OS. From the above
results, we can draw a conclusion—the key immune cell
interactions that produced different prognoses between the high-
and low-IRGPI groups may be related to three immune cells:
macrophages, T cells, and B cells. Therefore, in the next
experiment, we selected these three immune cells for further
study in a murine CRC model.

Immune cell infiltration is important for tumor progression;
however, it is an underrated factor for evaluating the efficacy of ICI
treatment (29). Increasing evidence has shown that the interaction
between tumors and the microenvironment is critical for the
progression of CRC and effectiveness of immunotherapy (30).
Therefore, we assessed the relative proportions of 22 immune
cells in the high- and low-risk subgroups of CRC samples,
including immune cell infiltration and immune function scores
and the roles of various immune cells to explain the low response to
ICI in patients with CRC. In general, large numbers of activated
memory CD4+ T cells, cytotoxic T cells, and CD8+ T cells
contribute to the immune response and are associated with better
prognosis (31), whereas resting immune cells indicate a state of
immune failure (32). Interestingly, a recent study (33) described
that mast cells play important roles in ICI therapy. We found that
activated mast cells prolonged OS, suggesting a more active anti-
tumor immune response in low-risk patients. Follicular helper T
cells are a distinct subset of CD4+ helper T cells that activate B cells,
generate specific antibody responses, and play important roles in
the progression of autoimmune diseases (34). Follicular
helper T cells suppress the development of regulatory B cells,
indicating a poor prognosis for digestive system cancers (35).
Therefore, high infiltration in the high-risk subgroup suggests an
immunosuppressive tendency. High-risk patients with more naive
B cells, macrophages M1, and Tregs, which suppress the tumor
immune response, have a shorter OS.

To understand the constitutive mechanism of the IRGPI
coefficient, we explored the constitutive genes of IRGPI. RBCK1
not only reduces chemosensitivity (36) but also reduces lymphocyte
activity via MALT1 (37). CD36 regulates cytokine production,
antigen presentation, phagocytosis, and immune tolerance.
Because inflammation triggers the initiation, proliferation,
invasion, and metastasis of tumor cells, reducing CD36-mediated
sterile inflammation may become a new mode of anti-tumor
treatment (38). CD36 can also participate in tumor pathogenesis
by regulating the PPAR pathway and inhibiting the mitochondrial
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biogenesis regulator gene PPARGCIA (39). Aberrant methylation
of TRIM58 has become a biomarker in multiple cancer prognostic
models (40-42). ILIRL2 binding to IL-36 orchestrates an innate-
adaptive immune linkage to control enteropathogenic bacterial
infections (43) and promotes intestinal fibrosis in mice with
chronic intestinal inflammation (44). MCIR promotes UV-
induced DNA damage repair (45), and its frequent mutations are
associated with an increased risk of CRC (46). In contrast, CCL24 is
highly expressed in patients with CRC, is associated with a better
prognosis (47), and specifically induces M1 macrophage
chemotaxis (48). LGALS2 is an oxidative stress-responsive gene
that inhibits colon tumor growth (49). ADIPOQ is secreted by
adipocytes in the tumor microenvironment, is widely present in the
intestinal tract, and has been shown to activate cytotoxic autophagy
induced by cancer cells; thus, elevated ADIPOQ levels are associated
with decreased cancer growth (50). The results of these previous
studies are consistent with those of the current study, showing that
the correlation coefficients of immune-related oncogenes can be
used when calculating IRGPI risk scores.

In summary, the IRGPI constructed based on 11 genes can
accurately predict the survival rate of patients with CRC, reflect
their immune microenvironment, and predict the sensitivity of
immunotherapy. The mouse model of CRC constructed to observe
IRGPI-related genes and immune cells in the CRC tumor
microenvironment also showed differences in the expression of 11
IRGPI genes, supporting the validity of the IRGPL. Immune cells
with immunosuppressive functions, including Tregs, M1
macrophages, and M2 macrophages, showed higher proportions
in CRC mice than normal mice. Normal mice showed a higher
proportion of active anti-tumor immune effector cells, such as B
cells and memory B cells, and tended to have increased levels of
helper T lymphocytes and cytotoxic T lymphocytes. These results
confirm the expression changes of IRGPI genes in CRC tumor
tissue and showed that the IRGPI accurately reflects the level of
immune cell infiltration in CRC tumors.

Several biomarkers, such as TIDE and TIS, have been reported
to predict patient responses to immunotherapy (51, 52). TIDE
scores can predict prognosis more accurately compared to other
biomarkers, such as PD-LI levels and mutation burden, in patients
with melanoma treated with first-line ICIs (15). Higher TIDE scores
are associated with poorer outcomes (53). We observed higher
TIDE scores in the IRGPI high-risk subgroup than in the IRGPI
low-risk subgroup, suggesting that patients with low IRGPI
benefited more from ICI treatment than those with high IRGPIL.
However, TIDE and TIS only focus on the function and state of T
cells, which cannot fully reflect the complexity of immunocytes
involved in immunotherapy in the TIME (54). Therefore, the
IRGPI not only predicted differences in immune infiltration and
immune function in the TIME of patients with CRC, but also
showed a more accurate predictive ability than TIDE and TIS and
better prediction of OS during long-term follow-up.
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In conclusion, IRGPI is a promising immune-related
prognostic marker that can intuitively predict the prognosis
and immunotherapy effects in CRC (55, 56). In the era of
precision medicine, biomarkers based on IRGs are expected to
become effective tools for the clinical treatment of CRC.
However, animal experiments, such as in mice, are needed to
further evaluate the use of ICIs for treating CRC, observe and
analyze the relationship between survival status and IRGPI-
related genes and immune cell infiltration, and verify the
effectiveness of IRGPI. Moreover, larger numbers of patients
with CRC should be evaluated in prospective studies to validate
and improve our approach.
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Lung cancer is one of the leading causes of cancer-related death. Lung cancer
mortality has decreased over the past decade, which is partly attributed to
improved treatments. Curative surgery for patients with early-stage lung cancer
is the standard of care, but not all surgical treatments have a good prognosis.
Adjuvant and neoadjuvant chemotherapy are used to improve the prognosis of
patients with resectable lung cancer. Immunotherapy, an epoch-defining
treatment, has improved curative effects, prognosis, and tolerability compared
with traditional and ordinary cytotoxic chemotherapy, providing new hope for
patients with non-small cell lung cancer (NSCLC). Immunotherapy-related clinical
trials have reported encouraging clinical outcomes in their exploration of different
types of perioperative immunotherapy, from neoadjuvant immune checkpoint
inhibitor (ICI) monotherapy, neoadjuvant immune-combination therapy
(chemoimmunotherapy, immunotherapy plus antiangiogenic therapy,
immunotherapy plus radiotherapy, or concurrent chemoradiotherapy), adjuvant
immunotherapy, and neoadjuvant combined adjuvant immunotherapy. Phase 3
studies such as IMpower 010 and CheckMate 816 reported survival benefits of
perioperative immunotherapy for operable patients. This review summarizes up-
to-date clinical studies and analyzes the efficiency and feasibility of different
neoadjuvant therapies and biomarkers to identify optimal types of perioperative
immunotherapy for NSCLC.
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1 Introduction

Lung cancer is the leading cause of death in men and women among neoplastic diseases
globally. Nearly 85% of lung cancers are non-small cell lung cancer (NSCLC) (1). Surgical
resection is the standard of practice for patients with operable early-stage and locally
advanced NSCLC. However, 25%-70% of surgical patients (which varies by stage)
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eventually relapse despite complete resection, yielding a 5-year
survival rate of 35%-65% (2). Distant metastasis is the most
common form of lung cancer postoperative recurrence (3).

Perioperative treatments (adjuvant and neoadjuvant treatment)
for NSCLC have the potential to improve disease outcomes. Three
randomized controlled trials, namely, International Adjuvant Lung
Cancer Trial (IALT), JBR.10, and Adjuvant Navelbine International
Trialist Association (ANITA), and the pooled analysis in Lung
Adjuvant Cisplatin Evaluation (LACE), studied the efficacy of
adjuvant chemotherapy (4-6). Both adjuvant and neoadjuvant
chemotherapy had an approximate 5-year survival benefit of 5%
and did not significantly improve the time to local recurrence.
However, additional regimens must be evaluated, and there is no
phase IIT study of any perioperative targeted therapy.

Immune checkpoint inhibitors (ICIs) are mainstream of
immunotherapy, with good clinical results in patients with
advanced NSCLC (7-10). The PACIFIC study introduced
immunotherapy to stage III NSCLC (11), reporting that patients
with negative drive gene mutations can benefit from ICIs. The
estimated 5-year overall survival (OS) of early-stage lung cancer
was 23.2% for treatment-naive patients with pembrolizumab, and
15.5% vs. 16% for pembrolizumab versus nivolumab in previously
treated patients (12).

Following the profound application of immunotherapy in
NSCLC, there has been tremendous potential benefit to combining
immunotherapy with surgery, as has been applied to some recent phase
Ib/IT and III clinical trials. The CheckMatel59 trial was the first study
that evaluated neoadjuvant immunotherapy, showing that neoadjuvant
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therapy with a single-drug programmed cell death protein 1 (PD-1)
inhibitor (nivolumab) achieved a major pathological response (MPR)
and pathological complete response (pCR) in 45% and 15% of
participants, respectively (13). CheckMate-816 was the first phase III
clinical trial to demonstrate the benefit of neoadjuvant immunotherapy
(nivolumab) in resectable NSCLC patients, reporting a median event-
free survival of nivolumab plus chemotherapy that was 10.8 months
longer than with chemotherapy alone in addition to a pCR of 24.0% vs.
2.2%, respectively (14). This review incorporates the latest evidence to
assess efficacy and feasibility of neoadjuvant immune monotherapy,
immune-combination therapy, and biomarkers for neoadjuvant
immunotherapy to identify the optimal perioperative immunotherapy
for NSCLC (Figure 1).

2 Neoadjuvant immunotherapy

2.1 Neoadjuvant ICls monotherapy

The earliest study of immunotherapy as perioperative
neoadjuvant therapy for NSCLC was CheckMate 159, which
enrolled 21 patients treated with nivolumab for two cycles before
surgery. That trial opened a new era of perioperative immunotherapy,
reporting an MPR rate of nivolumab neoadjuvant therapy of 45%, a
24-month relapse-free survival (RFS) of 70%, and a pCR of 10%. It
also confirmed the clinical efficacy and safety of neoadjuvant ICI
monotherapy (15). Despite initially promising results, the MPR rates
reported by other studies that used single-agent neoadjuvant
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FIGURE 1
Biomarkers of perioperative immunotherapy. TME, Tumor microenvironment. IL-8, interleukin-8. TGF-B, Transforming growth factor. IL-6, interleukin-6.
ILT-2, Ig-like transcript 2. TLS, Tertiary lymphoid structures. TIL, tumor-infiltrating lymphocytes. EGFR, epidermal growth factor receptor. HLA, human
leukocyte antigen. PD-1, programmed cell death protein 1. PD-L1, Programmed cell death ligand 1. HRD, Homologous recombination deficiency. DDR,
DNA-damage response/HR, homologous recombination pathway, MMR, mismatch repair. MSI, microsatellite instability. TMB, tumor mutation burden
KMT2A/B/C, Lysine methyltransferase 2A/B/C. POLE, polymerase epsilon. DNMT3A, DNA methyltransferases 3A. BMI, body mass index. CEA,
carcinoembryonic antigen. NK, natural killer cells. AKK, Akkermansia muciniphila. NK, natural killer cells. CD4, cluster of differentiation 4. CD8+, cluster of
differentiation 8. Treg, regulatory T cells. DC, dendritic cells. CTL, cytotoxic T lymphocyte.
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immunotherapy were not as encouraging. For instance, the LCMC3
study of neoadjuvant atezolizumab in patients with resectable stage
IB-IIIB NSCLC with epidermal growth factor receptor (EGFR) or
anaplastic lymphoma kinase (ALK) genetic aberrations attained a
21% of MPR at the time of resection and a pCR of 7%, while the use of
atezolizumab in another neoadjuvant study yielded an MPR rate of
only 13% and a pCR of 7%. These data suggest that atezolizumab has
a survival advantage compared with historical outcomes, but more
convincing evidence is needed to validate its curative effect.

When Nivolumab single-agent treatment was evaluated in the
NEOSTAR study, the MPR rate was only 17% and the pCR was 9%
(16). Moreover, the use of sintilimab in 49 patients in ChiCTR-OIC-
17013726 and durvalumab in 46 patients in IONESCO as single-

10.3389/fonc.2023.1011810

agent treatment with an ICI in the neoadjuvant setting reported
MPR rates of 40% and 17% and pCRs of 16% and 7%, respectively
(17-19). The TOP1501 study showed that pembrolizumab was
efficacious and well tolerated as neoadjuvant therapy in 30
patients (20). These results indicate that different monotherapies
with anti-PD-L1 agents are being attempted, but more clinical
studies are required to establish the ability for neoadjuvant
immunotherapy to improve the survival of patients with early-
stage NSCLC (Table 1).

To summarize, the MPR ratio of perioperative ICI monotherapy
of 14%-45% is significantly higher than that of neoadjuvant
chemotherapy with cisplatin (MPR between 10% and 15%), but the
clinical benefit rate of these treatments was not as high.

TABLE 1 Preoperative phase | or Il neoadjuvant immunotherapy in operable NSCLC.

Estimated . Estimated
. . . Primary  Secondary .
Clinical trial ~ Phase Intervention used sample : . completion
: endpoints  endpoints
size date
ChiCTR-OIC- ORR,MPR,
! TA-IIIB Sintilimab 2C + § 40 Safety 05/2020
17013726 DFS
MK3475-223 . Toxicity,
(NCT02938624) I-1T Pembrolizumab 1C/2C+ S 28 MPR mOS, mTR 04/2021
CheckMate 159 .
(NCT02259621) I I-1ITA Nivolumab 2C + S 45 Safety PR, RdR 01/2023
IONESCO
11 IB-1I D I 1 R i RR, DES; 08/201
(NCT03030131) urvalumab 3C + S 8 0 resection S,08 8/2019
Neoadjuvant Columbia
ICIs University I IB-IITA  Atezolizumab 4C + S 30 MPR NA 12/2021
monotherapy (NCT02716038)
PRICNEPS
11 IB-IITA  Atezoli 1 Toxici NA 12/2022
(NCT02994576) tezolizumab 1C + S 60 oxicity /20!
NEOMUN
11 II-1ITA Pembroli 2 30 AE DES, 10/2023
(NCT03197467) embrolizumab 2C +S s S, OS /
LCMC3
II IB-IITIA  Atezolizumab 2C+ S 180 MPR ORR 05/2025
(NCT02927301)
TOP1501
I IB-IIIA  Pembrolizumab+ S 35 SFR ORR, DFS 03/2026
(NCT02818920)
NeoCOAST I L-I1IA Du;Avalu‘?ab . t()) l(elii:;;&()MEDI%M) 160 MPR CR 01/2021
- T nalizum: T
(NCT03794544) or onazama ¢ P
Danvatirsen+ S
CANOPY-N 1 IB-ITIA Canakinumab + Pembrolizumab/ g8 MPR ORR 08/2022
(NCT03968419) Canakinumab/Pembrolizumab
NADIM Chemotherapy + Nivolumab vs. .
Neoadiwvant | (NCTo3081689) | | A G otherapys § 46 PES 08, Toxicity 06/2023
ICIs
immune- SAKK 16/14 MIA Durvalumab 2C + Chemotherapy 3C+
combination | (NCT02572843) | 11 (N2) S o8 EES 05, OR, pCR 12/2024
therapy
NEOSTAR Nivolumab + Ipilimumab or
11 I-IITA MPR RE 7/2022
(NCT03158129) Chemotherapy 88 s 07120
TOP1201 Chemotherapy 1C + (Ipilimumab + Toxicity,
11 IB-IITA 24 CTC 04/2018
(NCT01820754) Chemotherapy) 2C + S s mDEFS /
EAST ENERGY ) IB-IIA  Pembrolizumab + Ramucirumab + $ 2 MPR Safety, pCR, 11/2025
- embrolizumal amucirumal
(NCT04040361) OS, ORR

NSCLC, non-small cell lung cancer; C: cycle; S: surgery; y: year; ORR, objective response rate; MPR, major pathological response; DFS, disease-free survival; mOS, median overall survival; mTR,
median time-to-recurrence; PR, pathological response; RdR, radiographic response; RR, response rate; R0 resection; OS, overall survival; NA, not mentioned; patient percentage of surgical resection RO
after a maximum of three cycles of immune therapy; AEs, adverse events; CTCs, circulating T cells; EFS, event-free survival; PFS: progression-free survival; pCR, pathological complete response; SFR,

surgical feasibility rate; RFS, recurrence-free survival; R0, resection.
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2.2 Neoadjuvant immune-combination
therapy

It is generally felt that neoadjuvant immune-combination
therapy is a great step forward in perioperative immunotherapy.
Versatile forms of combination therapy, such as neoadjuvant
chemoimmunotherapy, neoadjuvant immunotherapy plus
antiangiogenic therapy, neoadjuvant dual immunotherapy,
neoadjuvant immunotherapy plus radiotherapy or concurrent
chemoradiotherapy, and neoadjuvant immunotherapy
plus chemoradiotherapy, are currently being investigated
(Tables 1, 2).

10.3389/fonc.2023.1011810

2.2.1 Neoadjuvant chemoimmunotherapy

Neoadjuvant chemoimmunotherapy accounts for the majority of
neoadjuvant immunotherapy clinical trials and generally reports an
improved pathological response, with a higher pCR and MPR compared
with single-agent neoadjuvant immunotherapy, thereby prolonging OS.

There may be some synergy between neoadjuvant immunotherapy
and chemotherapy. Chemotherapy can induce tumor cell gene
mutations, thereby producing new epitopes that can in turn
enhance tumor immunogenicity and improve the efficacy of
immunotherapy (21).

In a phase II trial of 30 patients with stage IB-IIIA NSCLC,
neoadjuvant atezolizumab combined with chemotherapy achieved

TABLE 2 Ongoing clinical trials of neoadjuvant immunotherapy plus radiotherapy in operable NSCLC.

- Estimated . Estimated
Clinical : Primary end-  Secondary )
. Intervention used sample : . completion
trial . points endpoints
size date
Durvalumab 2C+
Chemotherapy + DES, OS,
NCT0428789%4 I TI-TIT D 1 b 34 Saf 01/2021
urvaiuma Radiotherapy + S + alety DCR !
Durvalumab
Durvalumab 2C +
fety, AEs, RR, EFS,
NCT05157542 I 11 Durvalumab Chemotherapy + Radiotherapy 9 Safety, AEs © s 06/2023
SAEs MPR
+S
Pembrolizumab +
h h
NCT02987998 1 A Pembrolizumab 1 emOterapy + 9 Safety PFS, ORR 01/2024
Radiotherapy + S +
Pembrolizumab
Durvalumab 3C
Durvalumab R::ll’i‘ft}lll::: + S+vs
or Py : Safety, SMM, PR
NCT03237377 I IITA . Durvalumab 3C + 32 . 09/2021
Tremelimumab X feasibility rate
Tremelimumab(CTLA-4)+
(CTLA-4) .
Radiotherapy + S
Pembrolizumab 2C + S vs. number of
NCT03217071 11 I-IIT1A Pembrolizumab =~ Pembrolizumab 2C + 40 infiltrating CD3+ AEs, OS, RFS 12/2021
Radiotherapy(SRT) + S T cells/um2
Durvalumab 2C + S +
Durvalumab 1y vs.
NCT02904954 1II IB-IIIA | Durvalumab Durvalumab 2C + 60 MPR DES, ORR 04/2022
Radiotherapy + S +
Durvalumab ly
Nivolumab 2C +
Chemoth OS, ORR,
NCT04085250 1 1 Nivolumab emotierapy 264 PES 11/2023
+Radiotherapy + S + AEs
Nivolumab 1y
ipilimumab Ipilimumab + Nivolumab +
NCT04933903 11 IB-III . 25 MPR, pCR AEs 01/2024
+Nivolumab SBRT+ S
Radiotherapy
: EFS, secondary
NCT03110978 11 rma | SBRD =+ SBRT vs. SBRT+ Nivolumab 140 malignancy, and | OS, AEs 06/2022
Nivolumab vs. 3C
K death
Radiotherapy
Durvalumab 1C +
T1-4>7 Chemotherapy 3C RFS, OS,
104245514 11 D 1 90 EFS 03/2025
NCT012455 N2 urvalumab +Radiotherapy+ S + pCR, MPR /
Durvalumab 13C

NSCLC, non-small cell lung cancer; C: cycle; S: surgery; y: year; DCR, 1-year disease control rate; CTLA-4, immunoglobulin-related receptors that are responsible for various aspects of T-cell immune
regulation; SRT, stereotactic radiation therapy; SBRT, stereotactic body radiation therapy; AEs, adverse events; SAEs, serious adverse events; ORR, objective response rate; RES, relapse-free survival;
EFS, event-free survival; DFS, disease-free survival; SMM, surgical morbidity and mortality; PR rate, pathological response; PFS, progression-free survival; MPR, major pathological response; pCR,
pathological complete response; EFS, event-free survival; OS, overall survival; T1-4>7 N2: i.e., T1-3 N2 or T4 N2 but T4 only allowed if due to size >7cm, not allowed if due to invasion or nodule in
different ipsilateral lobe.
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MPR and pCR rates of 57% (17/30) and 33% (10/30), respectively (22).
Of the 55 patients with stage ITIA NSCLC in the SAKK 16/14 study
who underwent surgical resection followed by the treatment of
cisplatin or docetaxel followed by durvalumab, the MPR rate was
62% (34/55), the pCR rate was 18% (10/55), and the 1-year event-free
survival (EFS) rate reached 73.3% (23). Toripalimab plus platinum-
based doublet chemotherapy for patients with stage III NSCLC yielded
a high MPR rate of 66.7% and a pCR rate of 50% (24). Although
neoadjuvant chemoimmunotherapy had good therapeutic efficacy,
treatment-related adverse events are worth mentioning. A single-
arm trial of 21 patients who underwent two cycles of neoadjuvant
nivolumab every 2 weeks before surgery was associated with few side
effects, no delay in surgery, and an MPR of 45% (9/20) (15).

The NADIM study with nivolumab plus paclitaxel and
carboplatin achieved strong clinical results, with an MPR of 83%
(34/41), a pCR of 63% (26/41), a 2-year progression-free survival
(PES) rate of 77.1%, and a 2-year OS of 89.9%. However, 93% (43/46)
of the patients had treatment-related adverse events, 30% (14/46) of
which were in grade > 3. However, none of the adverse events were
associated with surgery delays or treatment-related deaths (25). The
SAKK 16/14 study also reported grade > 3 adverse events in 59 (88%)
patients, including two fatal adverse events that were judged to not be
treatment related (23).

The first phase IIT study to evaluate neoadjuvant
chemoimmunotherapy, CheckMate-816, with neoadjuvant
nivolumab plus chemotherapy achieved an approximately 10-fold
meaningful increase, with a pCR of 24% (95% CI, 18.0-31.0)
compared with 2.2% (95% CI, 0.6-5.6) among patients treated with
chemotherapy alone. The EFS of the experimental group was 31.6
months compared with 20.8 months in the single-agent
chemotherapy group, representing a significant improvement. The
US Food and Drug Administration recently approved CheckMate-
816’s regimen, which could represent a new standard of care for
NSCLC patients with tumors >4 cm or who are node positive (14).
Several other relevant phase III clinical trials are currently underway,
such as the AEGEAN study, which focuses on durvalumab combined
with chemotherapy, and their results are highly anticipated (26).

The treatment intervals between cycles varied among all of the
above study designs. The interval between toripalimab, nivolumab,
tislelizumab, durvalumab, and camrelizumab cycles were generally 2
weeks before surgery, while for pembrolizumab and atezolizumab, it
was 3 weeks. As a result of comprehensive consideration of various
factors, most studies chose two to four immune treatment cycles to
ensure its efficacy and patient compliance, but more clinical evidence
is required to identify the optimal medication regimen (27-29).

2.2.2 Neoadjuvant immunotherapy plus
antiangiogenic therapy

Previous studies have demonstrated that antiangiogenic drugs
(Endostar) combined with chemotherapy in patients treated with
neoadjuvant therapy can increase therapeutic efficacy without
increasing adverse effects in stage IIIA-N2 NSCLC patients (30).
Several recent clinical studies evaluated neoadjuvant immunotherapy
combined with antiangiogenic therapy. The phase 2 study NCT04040361
administered two cycles of pembrolizumab and ramucirumab before
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surgery, with MPR defined as the primary outcome measure. Anlotinib
was combined with pembrolizumab in a neoadjuvant study
(NCT04762030). Additional future trials may evaluate other ICIs along
with various antiangiogenic drugs. The optimal combination of these
therapies, the ideal target population, and therapy choice in the setting of
disease progression require further study.

2.2.3 Neoadjuvant dual immunotherapy

Cascone et al. sought to examine the efficacy of neoadjuvant
immune-immune therapy through the NeoSTAR, which evaluated
anti-PD-1 plus anti-CTLA-4 in the treatment of early-stage
NSCLC. Compared with nivolumab, nivolumab plus ipilimumab
had higher MPR (22% vs. 38%) and pCR rates (10% vs. 38%),
suggesting that dual immunotherapy has significant potential
during the perioperative period in patients with operable NSCLC
(16). The recent NeoCOAST study paired neoadjuvant durvalumab
with three investigational drugs, namely, oleclumab, monalizumab,
and danvatirsen, reporting that combination strategies may boost
the programmed cell death ligand 1 (PD-L1) inhibitor
durvalumab’s neoadjuvant efficacy, resulting in MPR rates of
19%, 30%, and 31.3% with oleclumab, monalizumab, and
danvatirsen, respectively, compared with durvalumab
monotherapy (11.1%) (31). Ongoing clinical studies are
evaluating the efficacy and safety of two cycles of neoadjuvant
durvalumab immunotherapy plus ramucirumab (anti-angiogenic)
(NCT04040361), durvalumab combined with FL-101 (anti-IL-1f,
NCT04758949), oleclumab (anti-CD73) plus chemotherapy, and
monalizumab (anti-NKG2A) plus chemotherapy (NCT05061550).

2.2.4 Neoadjuvant immunotherapy plus
radiotherapy or concurrent chemoradiotherapy

Radiotherapy is a standard treatment for many tumors.
Radiotherapy cannot only kill the inhibitory stromal cells, indirectly
improving the body’s anti-tumor activity, but also induce
immunogenic cell death and expose the surface of calpain cells. The
release of immunostimulatory components such as High Mobility
Group Box 1 (HMGBI1) and adenosine triphosphate (ATP) activates
dendritic cells and effector T cells, which in turn increase the body’s
anti-tumor abilities. Radiotherapy can also induce the expression of
various proinflammatory cytokines, such as interleukin-13 (IL-1()
and tumor necrosis factor oo (TNF o), which can induce the tumor’s
inflammatory microenvironment and increase its immune tumor
necrosis factor (32, 33).

Neoadjuvant immunotherapy plus radiotherapy achieved positive
results in recent clinical trials. A study of neoadjuvant chemoradiation
and durvalumab in patients with potentially resectable phase III
NSCLC tumors reported a 77.8% MPR rate (14/18, 95% CI, 54.3%-
91.5%) and a 38.9% pCR rate (7/18, 95% CI, 20.2%-61.5%). Seventy-
five percent (18/24) of patients underwent surgery after neoadjuvant
therapy (34). Neoadjuvant durvalumab with or without stereotactic
body radiotherapy (SBRT) also achieved better outcomes, with MPR
observed in 16 of 30 patients (53.3%) in the durvalumab plus
radiotherapy group vs. 2 of 30 patients (6.7%) in the durvalumab
monotherapy group (35). These results suggest that neoadjuvant
immunotherapy plus radiotherapy or chemoradiotherapy are more
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effective than neoadjuvant ICI monotherapy. However, this concept is
being further evaluated (Table 2).

3 Adjuvant immunotherapy

Postoperative adjuvant therapy can eliminate undetectable
residual “micrometastatic” tumor cells that may exist in lymph
nodes, blood vessels, or lymphatic vessels, delaying or reducing
postoperative recurrence and metastasis, prolonging PFS and OS,
and improving patient quality of life. Adjuvant immunotherapy for
perioperative patients includes adjuvant immune monotherapy and
combination therapy (36).

With respect to adjuvant chemo-immunotherapy therapy,
atezolizumab after adjuvant chemotherapy is a promising treatment
option for patients with resectable early-stage NSCLC. The
Impower010 study, the first to incorporate immunity into early-
stage lung cancer treatment (atezolizumab), achieved a 34%
improvement in disease-free survival (DFS) in stage II-IITA patients
with PD-L1>1%, an improvement also supported by the OS interim
analysis of atezolizumab at the 2022 American Society of Clinical
Oncology Meeting (37). Based on the success of Impower010 study
and the approval of the Food and Drug Administration (FDA),
postoperative auxiliary immunotherapy became the standard
guidance (38).

Patients with stage II-IIIA PD-LI-positive tumors and PD-L1
tumor proportion scores (TPS) > 50% are considered the key targets
for immune adjuvant therapy. Keynote-091, a randomized, triple-
blinded, phase III trial, enrolled a total of 1,177 patients who were
randomized 1:1 to receive either pembrolizumab or placebo. The
study’s dual primary end points were DFS in all-comers and PD-L1
TPS 250% groups. It was announced at the 2022 European Society for
Medical Oncology virtual plenary meeting that the study had reached
one of the two primary endpoints (39). Pembrolizumab significantly
improved the cohort’s DFS regardless of the PD-L1 expression level
(53.6 vs. 42.0 months; HR, 0.76; 95% CI, 0.63-0.91; p = 0.0014). These
results suggest that immunotherapy is an effective adjuvant treatment
for NSCLC and could significantly prolong the postoperative DFS of
NSCLC patients. It also laid the foundation for further studies seeking
to evaluate adjuvant immunotherapy after surgery.

Other phase III clinical trials that are currently underway are
evaluating the efficacy of adjuvant immunotherapy in patients with
resected stage IB-IITA NSCLC (Table 3).

4 Neoadjuvant and adjuvant
immunotherapy

Prior to resection, the patient’s tumor is large and neoantigen
abundant and their immune system is relatively intact. Anti-PD-1
therapy at this stage can induce the expansion of mutation-associated
neoantigen-specific T-cell clones in the peripheral blood (13). It can
also fully enhance the activity of anti-tumor immune T cells in vivo.
However, the surgery can contribute to change in cytokines, growth
factors, and immune cells because of inflammation and
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neuroendocrine and postoperative complications, resulting in
immunosuppression (40).

Adjuvant therapy will be primarily used in patients with
resectable stage 1 and II NSCLC, but neoadjuvant therapy is more
preferred for patients with stage IIIA to IIIC disease (41).

Moreover, the interval between neoadjuvant therapy and surgery
is of great importance. A preclinical study in mouse models of
spontaneously metastatic mammary cancer reported that a short
duration (4-5 days) between the first administration of neoadjuvant
immunotherapy and resection of the primary tumor was necessary to
achieve optimal efficacy. The authors also found that changes in the
immune microenvironment, including differences in the proportion
of tumor-specific T cells and their ability to produce interferon
gamma (IFNY), influence operative timing (42).

NADIM, NADIM II, and CheckMate 816 all reported a consistent
and reproducible improvement in the rate of pathological response in
patients treated with neoadjuvant immunotherapy in combination
with chemotherapy (14, 25). NADIM II demonstrated superior pCR
in patients with resectable stage IIIA NSCLC treated with
chemotherapy combined with immunotherapy. Patients were only
included in the adjuvant immune treatment (nivolumab) cohort if
they were RO and received their first drug administration between the
third to eighth week after surgery and over a 6-month period. Results
showed that neoadjuvant nivolumab plus chemotherapy significantly
increased pCR compared with chemotherapy in the intent-to-treat
patients (ITT, 36.2% vs. 6.8%) and reported an improved MPR rate
(52% vs. 14%) and ORR (74% vs. 48%) versus chemotherapy
alone (43).

Neoadjuvant and adjuvant immunotherapy combined with
chemotherapy has been studied clinically. The majority of these
studies evaluated two to four cycles of neoadjuvant treatment and 1
year for effective adjuvant therapy. Tislelizumab was evaluated for 8
cycles and atezolizumab 16 cycles. Ongoing phase III trials are
exploring the safety and feasibility of neoadjuvant immunotherapy
combined with chemotherapy for NSCLC. Different drugs
(pembrolizumab, nivolumab, atezolizumab, tislelizumab,
toripalimab, and sintilimab) were evaluated in combination with
chemotherapy versus chemotherapy alone, mostly using EFS as the
primary endpoint (Table 3).

5 Biomarkers for perioperative
immunotherapy

Immunotherapy biomarkers for patients with resectable NSCLC
can be roughly divided into four groups: tumor-cell-associated
biomarkers, tumor-microenvironment (TME)-associated
biomarkers, host-associated biomarkers, and blood cell and liquid
biopsy-related biomarkers.

5.1 Tumor-cell-associated biomarkers

Tumor biomarkers for NSCLC are substances present in or
produced by the tumor itself or the host microenvironment in
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TABLE 3 Ongoing phase lll clinical trials of neoadjuvant and adjuvant immunotherapy in operable NSCLC.

Estimated . Estimated
Primary
Clinical trial Intervention used sample Phase . completion
. endpoints
size date
. 1B (tumors S+ Atezolizumab +
Adjuvant IMpower010 .
>4 cm) to Atezolizumab Chemotherapy/Chemotherapy 1280 I DFS 12/2027
Immunotherapy (NCT02486718)
IIA alone
PEARLS/ 1B (tumors .
Pembrolizumab
KEYNOTE-091 = >4 cm) to (MK-3475) S+ Pembrolizumab ly/placebo 1177 111 DFS 02/2024
(NCT02504372) = IIIA
IB (tumors
ANVIL
24 cm) to Nivolumab S+ Nivolumab 1y/placebo 903 111 DFS 07/2024
(NCT02595944)
IITA
1B (tumours
IFCT-1401
>4 cm) to MEDI4736 S+ MEDI4736 ly/placebo 1415 Jats DFS 01/2024
(NCT02273375)
IITA
MERMAID 1 Durvalumab + SoC
II-11T Durvalumab 86 111 DFS 12/2026/
(NCT04385368) Chemotherapy/placebo
MERMAID 2
1I-111 Durvalumab S+durvalumab(1y)/placebo 284 111 DFS 10/2027
(NCT04642469)
Neoadjuvant
AEGEAN
Immunotherapy IIA -IIIB Durvalumab Durvalumab+Chemotherapy + S 800 I MPR 01/2024
(NCT03800134)
+Chemotherapy
Nivolumab+Chemotherapy/
CheckMate 816
IB-IITA Nivolumab Nivolumab+Ipilimumab/ 350 I EFS, pCR 11/2028
(NCT02998528)
Chemotherapy + S
KEYNOTE-671 . Pembrolizumab+Chemotherapy
Neoadi Adi 1IB-IIIA Pembrolizumab . 786 jits EFS, OS 06/2026
eoadjuvant + Adjuvant (NCT03425643) S + Pembrolizumab
Immunotherapy
CheckMate 77T  II-IIIB Nivol b+Chemoth
+Chemotherapy e Nivolumab OmEDTEACMOTErpY 452 11 EFS 09/2024
(NCT04025879) | (T3N2) S + Nivolumab
IMpower 030 1I-11IB . Atezolizumab+Chemotherapy
Atezolizumab . 450 111 MPR, EEFS 11/2024
(NCTO03456063) = (T3N2) S + Atezolizumab
RATIONALE
Tislelizumab+Chemotherapy
315 II-1ITA Tislelizumab o 380 111 MPR, EEFS 02/2021
S + Tislelizumab
(NCT04379635)
JS001-029 Toripalimab+Chemotherapy
IIIA Toripalimab 406 11 MPR, EEFS 10/2024
(NCT04158440) S + Toripalimab
Lo Sintilimab+Chemotherapy
NCT05116462 1IB-1IIB Sintilimab Lo 800 111 EFS, pCR 06/2026
S + Sintilimab

NSCLC, non-small cell lung cancer; C, cycle; S, surgery; y, year; SoC, Standard of care DFS, disease-free survival; MPR, major pathologic response; EFS, event-free survival; pCR, pathologic complete
response; OS, overall survival.

response to tumorigenesis and progression. The tumor-cell-related  neo-antigens. All of the above may be related to the efficacy of
biomarkers of interest to perioperative immunotherapy include PD-
L1, TMB, the DNA-damage response (DDR) pathway, the

homology-dependent recombination (HR) pathway, homologous

perioperative immunotherapy (44).

5.1.1 Programmed cell death ligand 1

recombination deficiency (HRD), specific genetic mutations (e.g.,
the interferon gamma pathway, KRAS, and STK11 mutations), and
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PD-L1 antibody blocking immune checkpoints have
revolutionized the treatment of advanced NSCLC (15).
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CheckMatel59 study was the first to report a correlation between PD-
L1 expression and MPR/RFS in immune single-agent neoadjuvant
therapy. PD-L1 expression was associated with pathological
remission, and PD-L1-positive tumors trended towards improved
RFS. LCMC3 study reported on the pathological and imaging
response to different levels of PD-L1 expression as secondary
endpoints, finding that high levels of PD-L1 expression was
associated with MPR from neoadjuvant immunotherapy in patients
with early stage NSCLC (45). A meta-analysis that studied 10
neoadjuvant immunotherapy studies and included a total of 461
NSCLC patients associated high levels of PD-L1 expression with an
improved pathological response, noting 50% PD-L1 as a stronger
predictive cutoff than 1% expression. A report presented at the 2022
ASCO meeting reported that neoadjuvant nivolumab treatment of
tumors with high PD-L1 expression may predict long-term response.
However, larger prospective studies are required (46).

PD-LI expression was also found meaningful when considering
adjuvant immunotherapy. Impower010 showed that patients with
PD-L1 expression=xprhad a greater DFS benefit, especially in patients
high expression levels (38).

There is no consensus on the use of PD-L1 to estimate the efficacy
of neoadjuvant treatment. CheckMate-816 reported that patients with
>1% PD-L1 expression had a considerably higher treatment benefit
than those with <1% expression (14). Similarly, NADIM II reported
PCR rates of patients with PD-L1 expression 1%-49% or TPS = 50% of
41.7% and 61.1%, respectively, compared with 15% in patients with
PD-LI expression <1%. Moreover, patients with high levels of PD-L1
expression and TPS > 1% were more likely to achieve pCR after
nivolumab plus chemotherapy (43). ChiCTR-OIC-17013726’s 3 year
results found that patients with PD-L1 > 1% had more favorable
clinical outcomes than other subgroups (HR, 0.275; 95% CI, 0.078-
0.976) (19). Another study of neoadjuvant durvalumab alone or
combined with SBRT reported that MPR was achieved independent
of PD-L1 tumor status after adjusting for PD-L1 baseline expression
as assessed with immunohistochemistry (IHC). Furthermore, no
significant changes in PD-L1 expression were observed when
comparing pretreatment and surgical resection tumor specimens in
both trial groups and between patients with and without MPR (35). A
further study showed that there was no significant association
between PD-LI expression and PFS (47).

5.1.2 Tumor mutation burden

TMB is defined as the number of somatic mutations per million
bases in the coding region of the tumor genome. In patients with
advanced NSCLC being treated with immunotherapy, TMB is closely
related to the efficacy and prognosis of immune checkpoint inhibitors.
This is not as well shown in patients with early NSCLC who receive
perioperative immunotherapy, with current studies still in the
exploratory stage. However, it is generally accepted that TMB is
closely related to the efficacy and prognosis of ICIs (48).

A study of neoadjuvant nivolumab for patients with stage I-IITA
NSCLC reported an MPR rate of 45%, with 311 patients with MPR and
74 patients without, which was statistically significant (p = 0.01).
Furthermore, it showed that there was a significant correlation
between pathological response and the pretreatment tumor
mutational burden (15). A recent meta-analysis suggests that TMB
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may be associated with better pathological response to neoadjuvant
immunotherapy, and although there are different neoadjuvant and
adjuvant regimens and different TMB detection methods [next-
generation sequencing (NGS) and whole-exome sequencing (WES)],
high TMB is always associated with high MPR and pCR rates (49). In
LCMC3, patients with high TMB values tended to have a better
pathological response, and a high TMB immune response was
associated with better PFS. This indicates that TMB is a potential
predictive biomarker for MPR during neoadjuvant immunotherapy.
After it was found in KENOTE-158 that patients with a high TMB
performed significantly better than those with a low TMB,
pembrolizumab monotherapy was approved by the FDA for patients
with a high TMB, defined as 210 mutations/Mb, those with disease
progression after previous treatments, and for patients with solid
metastatic tumors. However, in another study on neoadjuvant
immunotherapies, the MPR of nivolumab combined with ipilimumab
was only 33%, indicating that the pathological response was not
associated with TMB (50). The predictive value of TMB for
neoadjuvant immunotherapy therefore requires further study.

5.1.3 Homologous recombination deficiency

HRD are biomarkers that may be highly predictive of the
therapeutic outcomes of neoadjuvant immunotherapy in NSCLC
patients. Mutations of tumor suppressor genes in the DNA damage
repair (DDR) and homology-dependent recombination (HR)
pathways were more common in MPR patients, suggesting that
better responders were likely to have HRD events. Moreover, HR
pathway mutations were associated with better responding
immunotherapy patients regardless of the treatment regimen and
clinicopathological characteristics. It has also been observed that
patients on immunotherapy with HR mutations have higher a TMB
and longer survival in addition to a substantial number HR pathway
alternations in multiracial treatment-free samples (51, 52).

Mismatch repair (MMR) is one of the multiple pathways that
compose the DDR system. The proteins of MMR are related to
apoptosis, indicating that the TME can indirectly promote the
survival of tumor cells by inhibiting some DDR pathways. Defects
in MMR genes that result in microsatellite instability-high (MSI-H)
status result in the accumulation of mutations and the production of
neoantigens, which can enhance the anti-cancer immune response
(53). DDR-related genes such as KMT2A, KMT2B, KMT2C, SETD2,
POLE, POLD1, and DNMT3A may also be predictive biomarkers for
immunotherapy outcomes in patients with resectable NSCLC (52).

5.1.4 Oncogenic driver mutations

NSCLC patients with mutations in major driver genes, such as
EGFR and ALK, are excluded or represent a very small proportion of
the cohorts used in most immunotherapy clinical studies. This
indicates that conventional immunotherapy is not recommended
for driver-gene-positive NSCLC patients, especially during
neoadjuvant period (27).

KEYNOTE-010, a phase III randomized clinical trial comparing
pembrolizumab to docetaxel, found in its subgroup analysis of EGFR-
mutated NSCLC patients that pembrolizumab did not improve OS
compared with docetaxel. Only a modest proportion of patients
benefited from targeted treatment, and while no additional benefits
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from ICI therapy were observed, drug toxicity and side effects were
report (54). Neoadjuvant single-agent immunotherapy in patients
with potentially negative factors, such as EGFR-sensitive mutations/
ALK fusions, should be used with caution. EGFR/ALK mutations are
promising predictive biomarkers.

In the NADIM study, patients with driver gene EGFR/STK11/
KEAP1/RB1 mutations had shorter PFS than wild-type patients,
suggesting that patients with these mutations are less likely to
benefit from neoadjuvant immune-chemotherapy (25).

With respect to STK11 mutation status, KEYNOTE-042 showed that
patients who received pembrolizumab monotherapy had better PES and
OS than those who received standard chemotherapy. It is unclear if a
STK11 mutation is a prognostic or predictive factor in patients with
NSCLC who are receiving PD-1/PD-L1 inhibitor therapy (10).

5.2 Tumor-microenvironment-
associated biomarkers

The overall immune microenvironment can be considered a
biomarker of immunotherapy efficacy. A growing body of evidence
suggests that microbiome is associated with ICIs and could certainly
influence the efficacy of neoadjuvant immunotherapy. Tumor-
microenvironment-associated biomarkers include tumor-infiltrating
immune cells and immune status scores (55). The former consists of
immune cells with specific phenotypes (e.g., cluster of differentiation
4+, CD4+ T cells, cluster of differentiation 8+, CD8+ T cells, and
FOXP3+ T cells) and the diversity of the immune repertoire (e.g., T-
cell receptor library).

Early studies have shown that massive infiltration of CD4+ and
CD8+ T cells is associated with better tumor survival and prognosis
(56). In the excised specimens of patients who achieved pCR from
immune-neoadjuvant therapy, a large number of infiltrated CD8+ T
cells, PD-1+ lymphocytes, CD68+ macrophages, FoxP3+ regulatory T
cells, and tertiary lymphocytes were observed in the visual field.
Higher levels of CD3+ tumor-infiltrating lymphocytes (TILs) and
tissue-resident memory T cells were also seen in surgical specimens
(50). Similarly, CD3+ and PD-1+ T cells were increased in patients
with MPR in LCMC3 (NCT02927301) (45). Findings from
CheckMatel59, which evaluated nivolumab single-agent
neoadjuvant therapy, suggested that T-cell enrichment could be a
potential biomarker, as patients who achieved MPR after receiving
neoadjuvant therapy with nivolumab had higher levels of CD8+ T-cell
infiltration after treatment compared with before treatment. This
suggests that PD-1 inhibitors may enhance anti-tumor T-cell
activation (13). In another study cohort, high CD8+ TILs IHC
expression was associated with better OS (9.4 vs. 5.6 months) (47).
It is important to note that in the resected specimens obtained for
PCR, the field was heavily infiltrated with CD8 + T cells, PD-1 +
lymphocytes, CD68 + macrophages, FoxP3 + regulatory T cells, and
tertiary lymphoid structures (TLS) (50).

Later research used RNA sequencing analysis of multiple immune
cell subtypes in the tumor microenvironment to predict the efficacy of
neoadjuvant immunotherapy. In the LCMC3 study (45), Ig-like
transcript 2 (ILT2) was positively correlated with MPR by single-
cell sequencing surgically resected specimens. ILT2 was mostly
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expressed in dendritic cells, monocytes, and macrophages, and was
correlated with PD-L1 expression. A linear correlation suggested that
LIT2 was co-expressed with PD-L1 on the same cells. The study also
reported that early decreases in serum interleukin-8 (IL-8) were
associated with longer overall survival (p = 0.015) (57). Low
systemic inflammation, including interleukin-6 (IL-6), IL-8, and
high levels of IFN-y, was observed in patients who had a long-term
response to ICI treatment (58). Transforming growth factor (TGF)-f3
signaling also functioned importantly in the regulation of TME. TGF-
[ promotes tumor invasion and metastasis by inducing the epithelial-
mesenchymal transition (EMT) of NSCLC and can predict the clinical
outcomes of patients with lung adenocarcinoma (LUAD) who are
treated with immunotherapy (59, 60).

5.3 Host-associated biomarkers

Host-related biomarkers include general characteristics (such as
gender, age, and body fat distribution.), gut symbionts, and host
germline genetic characteristics (such as human leukocyte antigen,
HLA, diversity, and other specific mutations). The immune
microenvironment is different after immunotherapy. By comparing
the gene expression profiles of surgically resected specimens with
normal lung samples, it is possible to use the NSCLC immune
microenvironment to predict surgical outcomes. Peripheral T-cell
receptor sequencing may also prove useful in predicting a patient’s
response to immunotherapy. An increased abundance of gut
Ruminococcus and Akkermansia spp. was associated with MPR to
dual therapy (16). Another study that performed a microbial analysis
found that Parabacteroides distasonis and Bacteroides vulgatus
abundance was higher in anti-PD-1 blockade responders than in
non-responders (61).

A high neutrophil-to-lymphocyte ratio (NLR) and platelet-to-
lymphocyte ratio (PLR) are indicators of host inflammation and
associated with worse overall survival (OS) in NSCLC. Elevated
pretreatment NLR and PLR are also associated with shorter OS and
PES and worse response rates in patients with metastatic NSCLC
treated with nivolumab independent of other prognostic factors (62).
Carcinoembryonic antigen (CEA) and cytokeratin-19 fragment
(CYFRA 21-1), which have been used for decades to monitor the
efficacy of antitumor therapy, may also be useful in predicting NSCLC
patient outcome (63, 64).

5.4 Blood cell and liquid biopsy-
related biomarkers

5.4.1 Circulating tumor DNA monitoring during
perioperative immunotherapy

Cell-free DNA in plasma is called circulating cell-free DNA (cfDNA).
cfDNA exists in various body fluids of the human body, and its
concentration changes with tissue damage, cancer, and inflammatory
reactions, where cells from tumor patients are released into the body (65).
Circulating cfDNA is ctDNA. Postoperative ctDNA is non-invasive mode
of minimal residual disease (MRD) detection via liquid biopsy and has
been widely used as a prognostic biomarker in patients with early NSCLC
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(66). A study that dynamically tracked 40 NSCLC patients with stage I-IIT
disease after radical treatment using CAPP-Seq technology showed that all
20 ctDNA-positive patients at any time point had disease recurrence, with
a median advance prediction time of 5.2 months (67, 68).

Comparing ctDNA levels before and after surgery may help
identify patients at a high risk for disease recurrence. A
retrospective study including 22 patients with stage IB-IITA NSCLC
who received neoadjuvant immunotherapy combined with
chemotherapy, double immunotherapy, or chemotherapy alone
used lung cancer-MRD sequencing panels for ctDNA detection
before and after neoadjuvant therapy postoperatively and during
follow-up. Patients who were ctDNA detection positive after
neoadjuvant therapy and before surgery had a poorer RFS
prognosis (HR, 7.41; 95% CI, 0.91-60.22, p=0.03). ctDNA was
detected in 31.8% of patients 3-8 days after surgery and was found
to be an independent risk factor for recurrence (HR, 5.37; 95% CI,
1.27-22.67, p=0.01). ctDNA detection 3 months after surgery suggests
that it could predict recurrence, with a sensitivity and specificity of
83% and 90%, respectively (69). Another study of patients with higher
stage (III/IV) disease found that those who were preoperative ctDNA
positive had a significantly lower RFS (HR = 3.812, p = 0.0005) and
OS (HR = 5.004, p = 0.0009), with ctDNA detection ahead of
radiographic findings by a median of 12.6 months (41).

Early findings from NADIM study suggest that ctDNA clearance
may be superior to radiological assessment at predicting survival and that
neoadjuvant nivolumab combined with chemotherapy for resectable
NSCLC could achieve a long-term survival benefit (70). CheckMate
816 also suggested that ctDNA may predict long-term DFS and OS and
that higher pCR and longer EFS can be seen in patients with ctDNA
clearance (14). A prospective, multicenter cohort enrolled 950 plasma
samples obtained at three perioperative time points (before surgery and 3
days and 1 month after surgery) of 330 stage I-III NSCLC patients.
Perioperative ctDNA analysis was found to be effective in the early
detection of MRD and relapse risk stratification and hence could benefit
NSCLC patient management (71).

A study reported at the 2022 ASCO Annual Meeting revealed that
ctDNA detection after surgery could indicate an increased risk of
recurrence risk when monitoring the effects of adjuvant therapy in
patients with resectable NSCLC. The recurrence ratio was 33.33% (4/
12) in patients with detectable ctDNA and 4.34% (1/23) in patients
with undetectable ctDNA before adjuvant therapy. After a median
follow-up of 9.47 months, 6 patients relapsed. All patients who were
ctDNA negative were disease-free after adjuvant therapy (11/11),
while those who were ctDNA positive had a 33.33% (1/3) recurrent
rate (72). The outcomes of IMpower010 showed that adjuvant
atezolizumab combined with chemotherapy had a DFS benefit in
patients who were ctDNA positive. Adding adjuvant atezolizumab
can reduce the risk of recurrence by 28% and in both ctDNA-positive
and ctDNA-negative patients. Adjuvant Atezo plus chemotherapy
was effective only in patients with positive PD-L1 expression (38).
Yilong Wu et al. recently explored the prognostic value of MRD
detection in patients with NSCLC after surgery, reporting a negative
predictive value of 96.8%. This might represent potentially cured
patients regardless of stage and adjuvant therapy (73).

Several clinical studies are under way to assess the perioperative use
of ctDNA. NCT04966663 is attempting to use ctDNA detection to help
in predicting if giving adjuvant treatment after surgery can decrease the
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chance of lung cancer recurrence, while NCT04585477 explores if the
administration of durvalumab can reduce the number of circulating
cancer cells in the blood after testing positive for residual cancer after
standard treatment. Other studies have attempted to use ctDNA as a
biomarker with different immunological agents like nivolumab
(NCT03770299) and atezolizumab (NCT04267237) added to standard
of care therapy (SOC) after surgery to test their effectiveness compared
with SOC alone. The MEDAL study (NCT03634826) is trying to
prospectively confirm the value of circulating tumor DNA and its
aberrant methylation in their longitudinal monitoring of surgical lung
cancer patients.

Despite the prognostic advantages of ctDNA, it is not highly
sensitive (20%) and may not predict the MRD of patients with brain
metastases (73). Additional studies are needed to explore the
underlying mechanism behind this phenomenon.

5.4.2 Peripheral blood cells and other
molecular biomarkers

Additional biomarkers are related to peripheral blood cells (e.g.,
CD45RO+/CD8+T cells, circulating tumor cells, CTCs, and other
molecular markers such as exosomes) (74). Exploration of peripheral
blood immune phenotypes in the prediction of MPR and innate immune
cells such as natural killer (NK) cells and NK-like T cells expressing ILT2
and NKG2A in the peripheral blood may be able to quantify the efficacy
of neoadjuvant immunotherapy.

CheckMate 159 explored the relationship between the efficacy and
specific expansion of tumor-specific T cells in the peripheral blood and
found that tumor-specific T-cell subtypes continue to increase with
treatment and continued disease-free status in MPR patients but
decreased in patients with recurrent disease or who did not achieve
MPR (75). In LCMC3, a lower frequency of ILT2+NKG2A+ and ILT2
+NKG2A natural killer (NK) cells and ILT2+ NK-like T cells in
pretreatment peripheral blood was significantly associated with MPR,
suggesting that ILT2 has a negative effect on the HLA-G and/or NKG2A/
HLA-E axis. NKG2D expression on NK cells correlated with lymph node
involvement, whereas expression on NK-like T cells and T cells
correlated with no lymph node involvement, suggesting that the
NKG2D/NKG2D-L axis plays a role in tumor immune escape. These
immunophenotypic data identify new potential immune escape
mechanisms and new potential biomarkers and therapeutic targets (45).

6 Discussion

Current clinical research findings suggest that the use of a PD-1
inhibitor combined with chemotherapy (neoadjuvant chemotherapy
immunotherapy) is superior to neoadjuvant PD-1 monotherapy and
dual immunotherapy (76).

During the perioperative period, treatment strategies should be
classified according to their precise modality. Accurate TNM staging is
beneficial to identifying the appropriate treatment strategy. The
pathological classification of tumors can help guide the scope of
surgical resection. Qiu presented at the 2022 ASCO meeting that the
MPR rate of squamous cell carcinoma patients (51.6%, 16/31) was
significantly higher than those with non-squamous cell carcinoma
(12.5%, 3/24) (p = 0.002) (77). Furthermore, the tumor
microenvironment can predict tumor evolution and development,
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while molecular sub-types represent their heterogeneity. The endpoints
assessed for neoadjuvant and perioperative therapy were EFS, pCR, and
MPR, while those for adjuvant therapy were DFS and OS.

Lung cancer postoperative recurrence and metastasis is still a
major problem. The more advanced the stage, the higher the risk of
recurrence and metastasis (14).

The 5-year survival rate of stage I patients was 90% after surgical
treatment, with similar local and distant recurrence rates of
approximately 5% each. In contrast, the local recurrence rate of stage
IIB-IITA patients is 12%-15%, with a distant recurrence rate of 40%-60%
(15). Adjuvant therapy is therefore recommended for perioperative
patients with stage II-IITA disease and may also be recommended for
select stage IB patients as well. Although important clinical trials are still
ongoing, already completed trials have yielded exciting preliminary
results for immunotherapy, with an MPR of 22%-45% for immune
monotherapy and 50%-83% for immunotherapy combined with
chemotherapy (15-17, 31). The safety of immunotherapy is good,
indicating that neoadjuvant immunotherapy is a promising treatment
strategy for patients with resectable lung cancers. Compared with the
adjuvant approach, neoadjuvant therapy can help eliminate
micrometastases early on. However, despite effective treatment, the
study arm was terminated early due to toxicity (50).

Surgical safety after neoadjuvant immunotherapy is of interest to
surgeons, but there are no current indicators that immunotherapy
impact surgical outcomes. A prior work showed that neoadjuvant
immunotherapy alone or in combination with chemotherapy did not
result in many delayed surgical events, with an overall mean surgical
resection rate of 88.7%. There was also no increase in surgical
difficulty and perioperative risk. The mean incidence of surgical
complications was 20.6%, with most patients having good
prognosis. Deaths had almost nothing to do with drug treatment (30).

Immune single-agent neoadjuvant studies, such as CheckMate 159,
LCMC3, PRINCEPS, TOPIS01, IoNESCO, and ChicTR-OIC-
17013726, included patients with stage I-IIIb NSCLC. After one to
three cycles of treatment, MPR ranged from 14% to 45%. Neoadjuvant
immune combined chemotherapy (NADIM, NCT 02716038, SAKK 16/
14) studies enrolled patients with stage Ib-IITa disease for two to four
cycles. The MPR rate of the NADIM study was as high as 85.36%, and
pCR reached 71.4%. The MPR of both the other studies was
approximately 60%. The double immune neoadjuvant study
(NEOSTAR) enrolled patients with stage I-IITA lung cancer for three
cycles of treatment, yielding an MPR rate of 24% (16). CheckMate 816
is currently the first phase III study to reach its primary endpoint, and
we are eagerly awaiting the release of more detailed data (14).

In order to explore correlations between pathological endpoints
and long-term benefit and as more trials use MPR and pCR as
surrogates for the clinical benefit of neoadjuvant therapy, there is
an urgent need to clearly demonstrate to what extent these
pathological endpoints reflect survival benefit. A retrospective
analysis showed that patients who achieved MPR after neoadjuvant
chemotherapy had significantly prolonged DFS and OS compared
with those who did not. Thus, does this effect apply to immune
combination therapy? In NADIM (nivolumab plus chemotherapy),
the 24-month OS was 100% in patients who achieved MPR or pCR
and 85.7% in patients with an incomplete pathological response
(p=0.002). Another clinical trial of neoadjuvant immunotherapy
plus chemotherapy (atezolizumab combined with chemotherapy)
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reported that the median DFS of patients who achieved versus who
did not achieve MPR was 34.5 and 14.3 months, respectively (p=0.71)
(25). The relationship between pCR, MPR, and OS still requires a
large amount of clinical data to verify, and the definition of MPR
needs to be further explored and standardized.

Delayed surgery may lead to tumor progression. Reasons why
surgery may be delayed include differences in imaging judgment and
treatment-related adverse reactions. Premature surgery may cause
serious surgical complications in addition to the immune cell
infiltration stimulated by immunotherapy during the anti-tumor
response. It is therefore necessary to determine the optimal time
interval between neoadjuvant immunotherapy and surgery. Too long
or too short of an interval will reduce the efficacy of immunotherapy.
Meanwhile, preclinical research indicates that changes in the immune
microenvironment may assist with surgical timing, and the effects on
surgery caused by prolonging the interval may be related to the
proportion of tumor-specific T cells and IFNYy production (42).

It is still difficult to screen for immune responders using PD-L1,
TMB, or other kinds of tumor immune microenvironment markers.
Assessment of the pathological response using both the primary tumor
and lymph nodes (LNs) may be important ways to judge the efficacy of
neoadjuvant immunotherapy (78). Furthermore, is it important to
question if the supplementation of MPR and pCR with surrogate or
complementary indicators is the right way to monitor postoperative
outcomes over the long term? Moreover, what are common
microenvironmental changes that occur after immunotherapy?
Available data from CheckMate816 showed a tumor PD-L1
expression level more than 1% and stage III resectable NSCLC are
predictors of outcome (14). Furthermore, the sensitivity of single
postoperative ctDNA MRD detection is <50%. Although continuous
longitudinal ctDNA MRD detection can greatly improve its sensitivity,
its sensitivity among patients with brain metastases is not high (20%)
and MRD may not be detected (73). More clinical studies are needed to
validate the predictive merits of any of these factors.

Current perioperative immunotherapy research study designs are not
the same. Many issues such as the selection of neoadjuvant therapy, the
use of a postoperative immune adjuvant, the duration of adjuvant
therapy, the selection of the target population, and postoperative
recurrence and metastasis monitoring still require further study. New
long-term survival follow-up data are being released. The 5-year clinical
outcome of neoadjuvant therapy with nivolumab was better than that of
historical controls, with a 5-year OS of 80%, a 5-year RES of 60%, and a
median RES of 67 months (46). The “International Expert Consensus on
Neoadjuvant Immunotherapy for Non-Small Cell Lung Cancer” (27), the
“Expert Consensus on Perioperative Immunotherapy for Locally
Advanced Non-Small Cell Lung Cancer” (28), and the “Consensus on
Postoperative Recurrence Prediction of Non-small Cell Lung Cancer
Based on Molecular Markers” (29) have been published. We look
forward to more results of phase III studies on neoadjuvant/adjuvant
immunotherapy for NSCLC.

Compared with advanced tumors, perioperative treatment
research over a large time span encompasses many significant
changes during the treatment period. Many factors such as
treatment drugs, treatment strategies, and population distribution
may change dramatically, affecting research progress and results. A
larger volume of research is needed to combat these potential
biases (Figure 2).

frontiersin.org


https://doi.org/10.3389/fonc.2023.1011810
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Peng et al.

Stage

Adjuvant therapy

PEARLS/KeyNote-091 : Adjuvant Pembrolizumab + CT

ANVIL : Adj

IMpower010 : Adjuva umab + CT

IFCT-1401 : Adjuvant Durvalumab monotherapy

AAEGEAN : Adjuvant Durvalumab + CT

10.3389/fonc.2023.1011810

onotherapy

cr

KeyNote-671 : Neoadjuvant Pembrolizumab +CT+ adjuvant Pembrolizumab

IMpower030 : Neoadjuvant Atezolizumab +CT+ adjuvant Atezolizumab

CheckMate77T : Neoadjuvant Nivolumab +CT+ adjuvant Nivolumab

Neoadjuvant + adjuvant therapy

RATIONALE-315:  Neoadjuvant Tislelizumab+CT+ adjuvant Tislelizumab

NCTO5116462 : Neoadjuvant Sintilimab +CT+ ad| intilimab.

NCT04158440 : Neoadjuvant Toripalimab+CT+adjuvant Toripalimab

NCT04840290 : Neoadjuvant Sintilimab +CT+ adjuvant Sintilimab

FIGURE 2

The Phase Ill clinical trials of different modes of perioperative immunotherapy for Non-Small Cell Lung Cancer. CT, chemotherapy.

7 Conclusion

In conclusion, perioperative neoadjuvant and adjuvant ICI
monotherapy and immune-combination therapy have successfully
improved the survival and prognosis of patients with resectable
NSCLC. Recent clinical trial findings suggest that patients who
receive neoadjuvant and adjuvant immunotherapy combined with
chemotherapy had better outcomes and acceptable safety than other
modalities. Perioperative immune-related drugs and interval cycles
varied between studies, with most studies choosing two to four cycles
to ensure its efficacy and patient compliance. More clinical evidence is
required to identify the optimal regimen. Different tumor biomarkers
such as TME, host associated, blood cell, and liquid biopsy were also
evaluated. Additional studies and clinical research findings are needed
to identify the ideal perioperative regimen.
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Stevens-Johnson Syndrome

In a patient with advanced

lung adenocarcinoma
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Ru-peng Wang* and Yi Zhou™
Ynstitute of Cancer, Xingiao Hospital, Army Medical University, Chongging, China, 2Department of
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Immune checkpoint inhibitors (ICls) have been widely applicated in clinical
therapy in recent years. Skin-related adverse reaction is one of the most
common adverse events for ICls. Stevens-Johnson syndrome (SJS) is one of
the serious cutaneous reactions threatening the life. Here, we reported a case of
76-year-old male patient with poorly differentiated metastatic lung
adenocarcinoma, after 9 weeks exposure of sintilimab (3 doses) combined
with paclitaxel liposome after concurrent chemotherapy/radiotherapy,
experienced Stevens-Johnson syndrome involving limbs, trunk, lip and the oral
mucosa. Biopsy of the skin tissue showed infiltration of CD4 and CD8 positive T
lymphocytes. We also found PD-L1 expression in the glands and the basal layer of
the skin. This finding is distinct from the previously reported expression of PD-L1
on the surface of epidermal keratinocytes in patients with SJS due
to immunotherapy.

KEYWORDS

immunotherapy, adverse events, Stevens-Johnson Syndrome, sintilimab, case report

1 Introduction

Immune checkpoint inhibitors (ICIs) are effective in the treatment of tumors and have
been widely explored in recent years. ICIs kills tumors by activating autoimmune cells that
may damage tissue. Due to their uniqueness, the side effects of ICIs are different from those
of radiotherapy and chemotherapy. Skin toxicity is one of the most common adverse
reactions for ICIs. Here, we presented a case of Stevens-Johnson syndrome (SJS) with
poorly differentiated lung adenocarcinoma after being treated by sintilimab. Biopsy of the
skin tissue showed infiltration of CD4 and CD8 positive T lymphocytes and PD-L1
expression in the glands and the basal layer of the skin.

142 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.912168/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.912168/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.912168/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.912168/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.912168&domain=pdf&date_stamp=2023-09-14
mailto:wrp71@163.com
mailto:zhouy2011@163.com
https://doi.org/10.3389/fonc.2023.912168
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.912168
https://www.frontiersin.org/journals/oncology

Li et al.

2 Case description

On March 2020, a 76-year-old male with a long history of heavy
smoking (about 75 pack-years) started to develop irritating cough,
nausea, and paroxysmal chest tightness. These symptoms gradually
worsened in the following months. On June 2020, positron emission
tomography/computed tomography (PET/CT) scan was
performed, revealing a lesion in the apical segment of the upper
lobe of the right lung (5.1cmx 3.3 cm), encircling the superior vena
cava and right pulmonary artery, with possible mediastinal, and
right upper and lower clavicular lymph node metastases. Tumor
marker carcinoembryonic antigen (CEA) was 183.4ng/mL. An
electrocardiogram was also conducted, suggesting anterior
interstitial and anterior wall old myocardial infarction, but the
patient has no symptoms. Then, we performed a biopsy of the right
supraclavicular lymph nodes, and histopathologic analysis
suggested a poorly differentiated carcinoma, with
immunohistochemical staining showing CK (+), CK 7(-), CK20
(=), P63 (=), TTE-1 (=), NAPSINA (=), Ki-67 (60%+) (Figures 1A~
D). Next-generation sequencing (NGS) analysis was performed and
identified. The results were obtained: EGFR, ALK, RET, MET,
ROSI1 without positive driver genes, the tumor proportion score
(TPS) of PD-L1 protein expression was less than one percent,
microsatellite state was stable (MSS), and tumor mutation burden
(TMB) was 22.19 mutations/Mb. The clinical stage was cT4N3MO.
Concurrent chemotherapy/radiotherapy was administered from
July 24 to August 13, 2020. The radiotherapy target included the
lung mass, right hilar, mediastinal, supraclavicular and subclavian
lymph nodes and the dose of PGTV was 45Gy/15F. On July 20 and
August 12, 2020, two cycles of paclitaxel liposome and carboplatin
were performed. There were no obvious side effects during the
treatment. One month after chemoradiotherapy, chest CT scan was
performed to evaluate efficacy and the tumor regression degree was
31.4%. Then, the treatment was converted to paclitaxel liposome
combined with sintilimab immunotherapy on September 17. After
three cycles, the lesion was assessed as stable.

10.3389/fonc.2023.912168

On November 19, 2020, patient began to develop painful erosion
of the lips and the oral mucosa, dark red erythema localized to the
chest wall, back, hands and feet. Hands and feet started to be swollen
and blistered (Figure 2). On November 24, 2020, the patient was
admitted to our dermatology department. TOX IgM, FZ IgM, CMV
IgM, DP IgM were all negative. HCMV-DNA, EBV nucleic acid, BK
virus nucleic acid, and JC virus nucleic acid were also all negative.
After treated with antihistamines and compound glycyrrhizin anti-
inflammatory therapy, the symptoms were not relieved and the pain
of the lips and oral mucosa was getting worse. A pathological
examination of the right forearm was performed on November 26,
2020. It showed epidermal necrosis and subepidermal split
(Figures 3A, B), consistent with SJS. Immunofluorescence showed
granular IGM and linear deposits on the basement membrane zone.
Staphylococcus aureus was detected in the pustules. Severe drug rash
with infection was considered and intravenous shock treatment was
administered with methylprednisolone 50 mg/day (1 mg/kg/day) and
infusion of immunoglobulin (Supplementary Table S1). Mupirocin
ointment was applied to the infected area. 20 days later, the skin
erythema became lighter, and the erosion and desquamation
appeared on the chest, back and upper extremities. Some of the
toenails became yellow and thickened before falling off. The dose of
prednisone was reduced to 40 mg/day orally, until discontinuation on
January 11, 2021. However, the dorsum of the left foot and the left
external ankle were still erosional, the wound discharge was reviewed
without bacterial or fungal growth. A medical wound nursing
membrane was applied to promote healing, and the erosion had
improved but still persisted. The erosion was somewhat resistant to
local corticosteroids. Then we analyzed the patient’s right forearm
skin biopsy to assess for PD-1 and PD-L1. The results were positive
for both PD-1 (Figure 3C) and PD-L1 expression (22C3 pharmDx
assay, Agilent Technologies), particularly with PD-L1 expression in
the basal layer of the skin (Figure 3D) and in the glands (Figure 3E).
PD-L1 expression in tonsil tissue was used as a control to verify
antibody specificity (Supplementary Figure 1). We also performed
CD4 and CD8 positive T lymphocyte expression assay, and the

FIGURE 1

The biopsy of the right supraclavicular lymph node. (A—D) The first biopsy of the right supraclavicular lymph node. (A) Hematoxylin and eosin-
stained staining of the right supraclavicular lymph node. (B) Immunohistochemical staining of CK. (C) Immunohistochemical staining of p63. (D)
Immunohistochemical staining of TTF-1. (E-H) The second biopsy of the right supraclavicular lymph nodes. (E) Hematoxylin and eosin-stained
section of the right supraclavicular lymph node. (F) Immunohistochemical staining of CK. (G) Immunohistochemical staining of p63. (H)

Immunohistochemical staining of TTF-1.
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FIGURE 2

Skin and lips mucosa injury. The localized skin lesions presented with erosions on hands (A) and feet (B). (C) The erythema was on the back. (D) The

lips mucosa had painful erosions.

results showed positive CD4 (Figure 3F) and CD8 (Figure 3G)
positive T lymphocyte infiltration.

After two months, chest CT revealed that the right lung lesion
and right supraclavicular lymph nodes were significantly larger than
before. We performed a second biopsy of the right supraclavicular
lymph node and confirmed a poorly difterentiated adenocarcinoma
with immunohistochemical staining results showing CK 7(-), TTF-

1 (+), NAPSINA (-), P40 (-), P63(-), CK5/6(-), 35BH11(+), CK
(+), Ki-67 (70%+) (Figures 1E-H). Two cycles of chemotherapy
with pemetrexed were administered, however the tumors continued
to grow and the patient’s physical state was not adequate for further
chemotherapy. On July, 2021, chest CT revealed tumor progressed.
On August, 2021, the right lung lesion and right supraclavicular
lymph node were implanted with radioactive iodine-125 particles.

FIGURE 3

The biopsy of the skin lesion of right forearm. (A-B) Hematoxylin and eosin-stained staining of skin biopsy. The biopsy of the skin lesion showed
local keratinocytic necrosis (A) and subepidermal split (B). (C) PD-1 expression in skin lesion. (D) PD-L1 expression in the basal layer of the skin. (E)
PD-L1 expression in the glands of the skin. (F) CD4+ T lymphocyte infiltration in the skin. (G) CD8+ T lymphocyte infiltration in the skin.
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The patient was followed up by telephone in December 2021, and he
was in a good condition.

3 Timeline

On June 2020, the patient was diagnosed with poorly
differentiated lung cancer and the clinical stage was cT4N3MO.
From July to August 2020, concurrent chemotherapy/radiotherapy
was administered. Paclitaxel liposome and sintilimab were
administered for three cycles from September 2020.
Unfortunately, SJS-induced by sintilimab on November 2020.
Then, the treatments for SJS were performed. on March 2021, the
right lung lesion and supraclavicular lymph node were significantly
larger than before, two cycles of chemotherapy with pemetrexed
were administered. On July 2021, the tumor was progression again
and the radioactive iodine-125 particles were implanted (Figure 4).

4 Diagnostic assessment

On June 28, 2020, the mass in right lung approximately 5.1cm x
3.3 cm. On September 15, 2020, the tumor regression degree was
31.4% after chemoradiotherapy (approximately 3.5 cm x 2.2 cm).
On November 2, 2020, the tumor assessment was stability
(approximately 3.5 cm x 2.2 cm). On March 9, 2021, the tumor
mass of right lung (approximately 4.2 cm x2.8 cm) and right
supraclavicular lymph nodes were significantly larger than before.
On July 28, 2021, the tumor of right lung was significantly larger
than previous detection (approximately 7.2 cm x3.6 cm) (Figure 4).

5 Discussion

ICIs, including the PD-1, PD-L1, and CTLA-4 monoclonal
antibodies, can result in impressive response rates and durable
disease remission in patients with cancer and have thus
revolutionized the treatment of advanced cancer patients. There
are several biomarkers that can be used to predict the efficacy of
immunotherapy, including PD-L1, TMB, MSI, and dMMR.
Checkmate-227 study on non-small cell lung cancer (NSCLC)
showed that high TMB is a positive predictor for the efficacy of
PD-1 antibodies, especially with the use of combination therapy (1).

1

10.3389/fonc.2023.912168

In this case, tumor tissue NGS analysis before treatment suggested
high TMB, and we provided treatment with sintilimab, which is a
monoclonal antibody against PD-1 and had been performed to treat
non-small cell lung cancer (2).

Cutaneous adverse reactions have been the most common and
increase with continued use of ICIs. The common skin
manifestations are maculopapular rash, pruritus, and vitiligo-like
lesions. Other potentially severe cutaneous adverse events include
multiforme-like drug reaction, Stevens-Johnson syndrome (SJS), and
drug rash with eosinophilia and systemic symptoms (DRESS
syndrome) (3-5). SJS was severe adverse cutaneous drug reactions
that predominantly involve the skin and mucous membranes. The
damage is primarily to the body surfaces, with painful red spots and
blisters forming on the skin, eyes, mouth, and genitals. Ma et al.
reported ocular side effects of 8 cancer patients in whom SJS/TEN
developed during ICIs treatment. The ocular manifestations included
no involvement in 3 patients (37.5%), mild involvement in 2 patients
(25%), and most severe involvement in 3 patients (37.5%) (6). In our
study, the disease mainly affected the chest, back, limbs and lip, but
did not involve the patient’s eyes. According to the patient’s clinical
stage, we formulated a treatment plan of concurrent chemotherapy/
radiotherapy followed by immunotherapy maintenance (7). For PD-
L1 <1%, durvalumab has no or insignificant benefit from available
data (8), so we adopted the mode of chemotherapy combined with
immunotherapy. Due to the efficacy, cost - effective and accessibility
of drugs, we chose sintilimab (2). The patient developed painful
erosion of the lips and the oral mucosa, severe and extensive skin
lesions after 3 cycles of treatment with sintilimab, a pathological
examination of right forearm showed epidermal necrosis and
subepidermal split, which was consistent with SJS. Generally
speaking, IGM deposit was undetected in SJS. Autoimmune-related
indexes were tested and the result showed SSA antibody (3+), RO-52
(34), antinuclear antibody titer (1:100) and ANA-PH-S (coarse
particle type). These might lead to granular IGM and linear
deposits of Immunofluorescence on the basement membrane zone.

According to the literature, many different classes of drugs have
been found to cause SJS/TEN. Drugs that bear a high risk for SJS/
TEN including antileptics (carbamazepine, lamotrigine,
phenobarbital and phenytoin), anti-infective drugs (sulfonamides,
sulfasalazine and nevirapine), NSAIDs (piroxicam) and allopurinol.
Other drugs are moderate risk for SJS/TEN, such as antibiotics
(cephalosporins, macrolides, Quinolones, Tetracyclines) and
NSAIDs (diclofenac) (9). PD-1 inhibitors can also cause SJS (10),

2021-03 2021-07

2020-06 2020-09 2020-1
Simultaneous Paclitaxel liposome +
chemoradiotherapy | sintilimab

Treated Stevens-
Johnson Sy

FIGURE 4

Timeline of treatment and diagnostic assessment of lung lesions during treatment.
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and the most reported agents were nivolumab and pembrolizumab.
The most common drugs to cause chemotherapy-induced SJS
include lenalidomide, methotrexate, docetaxel, and thalidomide.
SJS happened concomitantly or within 8 weeks of the
chemotherapeutic agents exposed. The immune checkpoint
inhibitors latency period for inducing SJS/TEN ranged from 7
days to 140 days. A recent systematic review reported that SJS/
TEN-like reactions caused by nivolumab had median onset time of
3 weeks in seven cases, whereas pembrolizumab had median onset
time of 11 weeks in five cases, the average latency of SJS as 8.9 weeks
(11). The patient had no drug allergies before, he had been treated
with atorvastatin for several months, and he had no exposure to
new compounds other than sintilimab. During the checkpoint
inhibitor therapy, lichenoid drug eruption is one of common
skin-related adverse reaction. Some cases are associated with
severe erosive or bullous lesions. The lesions of bullous lichenoid
drug eruption were epidermolytic, mild mucosal involvement,
protracted disease course and relatively good overall health, but
histological findings were not consistent with SJS. The histology of
both lichenoid drug eruptions and SJS characterized by necrotic
keratinocytes and subepidermal cleft formation. However, the more
prominent lymphocytic infiltrate, along with jagged acanthosis
(often with parakeratosis), is suggestive of lichenoid drug
eruption. This histological findings in our case consistent with SJS
(12, 13). Paraneoplastic syndrome can also manifest as cutaneous
adverse reactions, but cutaneous manifestations usually occur
months or years before tumor diagnosis (although they can
appear simultaneously), and in this case the patient had no rash
at the time of disease onset. Given the temporal relationship
between initiation of immunotherapy and the onset of SJS,
paraneoplastic SJS is less likely. Skin reactions caused by
radiotherapy are usually localized radiation dermatitis in the
radiation field. Radiotherapy may lead to a hypersensitivity
reaction by preferentially impairing T suppressor cells. The
hypersensitivity reaction induced by radiotherapy may have had
synergistic and/or complementary contributions to the immune
dysregulation. Many studies have shown that genetic factors
contribute to differences in drug sensitivity. Chung et al. had
demonstrated a strong association between the HLA-B*1502 and
SJS induced by carbamazepine in Han Chinese (14). Furthermore,
the HLA-A*02:07 and HLA-B*46:01 alleles were significantly
associated with severe ocular complications among Han Chinese
patients with SJS resulted by ICIs (15). However, genomic test for
the patient did not detect these HLA subtypes. An MDT
(multidisciplinary team) meeting was conducted by
Dermatologists, pharmacologists, pathologists, oncologists and
immunologists. Given the patient’s symptoms and history, SJS-
induced by sintilimab was diagnosed, which is an uncommon and
harmful adverse effect of sintilimab therapy. SJS is characterized by
total epidermal necrosis due to extensive keratinocyte apoptosis.
Previously, sintilimab has been associated with myositis-
myasthenia overlap syndrome (16), autoimmune diabetes mellitus
(17), cytokine release syndrome, pulmonary fibrosis,
hypothyroidism, and encephalitis (18-21). Now we report SJS
caused by sintilimab. Knowing that the main cause of adverse
reactions by ICIs is overactivation of immunity, but the
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mechanism is incompletely understood. Moreover, TMB, MSI, and
dMMR were not present in the somatic cells; thus, we speculated
whether it was the high expression of PD-L1 or PD-1 in the skin cells
that led to SJS via the immune cells simultaneously attacking the
tumor and the skin cells. Therefore, we performed tissue PD-1 and
PD-L1 assays on the skin lesions, and the results showed that the
skin biopsies were positive for both PD-1 and PD-L1 expression. PD-
L1 is usually undetectable in skin cells, but anti-PD1 therapy could
increase the expression of PD-LI in keratinocytes and permit the
activated CD8+ cytotoxic T cells to target keratinocytes, leading to
keratinocyte apoptosis (22). Ziemer et al. also observed PD-L1
expression on the surface of deceased epidermal keratinocytes
from all SJS/TEN patients (23). In the current patient, we detected
PD-L1 expression in the glands and in the basal layer of the skin, and
it appeared to be specific in the glands. Additionally, CD4 and CD8
positive T lymphocytes were infiltrated, indicating active immune
response. CD8-positive T cells infiltration leaded to keratinocyte
apoptosis and SJS. Whether more infiltration of immune cells after
SJS is not clear and needs to be further studied in the future. Previous
studies have suggested that the surge of PD-L1 expression in the
epidermis may represent an antagonistic lymphocyte (22). The gene
expression profile between anti-PD-1 medicines treated patients and
SJS/TEN patients was similar, with upregulation of CXCL9,
CXCL10, CXCLI11, PRF1, GZMB, and FASLG. The relationship
between dose or time of exposure to ICIs and cutaneous adverse
reactions has not been fully elucidated (24). The onset of adverse
reactions may continue for months or even years after
discontinuation, and clinicians need to remain vigilant (25). The
patient’s rash gradually improved through hormone shock therapy
and infusion of immunoglobulin to achieve immunosuppressive and
immunomodulatory effects, alleviating the patient’s symptoms.

In conclusion, sintilimab-associated SJS in lung cancer
treatment is a very rare adverse event, but the consequences are
serious. During and after treatment with anti-PD-1 agents, it is
imperative to monitor the skin adverse reactions.

Patient perspective

The patient expressed his gratitude to the medical staff for all
their efforts during the treatment.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

Ethical review and approval was not required for the study on
human participants in accordance with the local legislation and
institutional requirements. The patients/participants provided their
written informed consent to participate in this study. Written

frontiersin.org


https://doi.org/10.3389/fonc.2023.912168
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Li et al.

informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data included
in this article.

Author contributions

YZ and RW designed the concept and investigation. XL
collected and analyzed data and wrote this paper, DC and GL
analyzed data, LS provided assistance. All authors contributed to
the article and approved the submitted version.

Funding

This study was supported by the Scientific Research Project of
Army Medical University (2021XQN21).

Acknowledgments

We would like to thank the patient in this case and all the
medical staff for their careful care during the treatment.

References

1. Hellmann MD, Ciuleanu TE, Pluzanski A, Lee JS, Otterson GA, Audigier-Valette
C, et al. Nivolumab plus ipilimumab in lung cancer with a high tumor mutational
burden. N Engl ] Med (2018) 378:2093-104. doi: 10.1056/NEJMoa1801946

2. Yang Y, Wang Z, Fang ], Yu Q, Han B, Cang S, et al. Efficacy and safety of sintilimab
plus pemetrexed and platinum as first-line treatment for locally advanced or metastatic
nonsquamous NSCLC: a randomized, double-blind, phase 3 study (Oncology pRogram by
InnovENT anti-PD-1-11). J Thorac Oncol (2020) 15:1636-46. doi: 10.1016/j.jtho.2020.07.014

3. Saw S, Lee HY, Ng QS. Pembrolizumab-induced Stevens—Johnson syndrome in non-
melanoma patients. Eur ] Cancer (2017) 81:237-9. doi: 10.1016/j.€jca.2017.03.026

4. Mirza S, Hill E, Ludlow SP, Nanjappa S. Checkpoint inhibitor-associated drug
reaction with eosinophilia and systemic symptom syndrome. Melanoma Res (2017)
27:271-3. doi: 10.1097/CMR.0000000000000326

5. Nomura H, Takahashi H, Suzuki S, Kurihara Y, Chubachi S, Kawada I, et al.
Unexpected recalcitrant course of drug-induced erythema multiforme-like eruption
and interstitial pneumonia sequentially occurring after nivolumab therapy. ] Dermatol
(2017) 44:818-21. doi: 10.1111/1346-8138.13810

6. Ma KS, Saeed HN, Chodosh J, Wang CW, Chung YC, Wei LC, et al. Ocular
manifestations of anti-neoplastic immune checkpoint inhibitor-associated Stevens-
Johnson syndrome/toxic epidermal necrolysis in cancer patients. Ocul Surf (2021)
22:47-50. doi: 10.1016/.jt0s.2021.06.010

7. Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al.
Durvalumab after chemoradiotherapy in stage III non-small-cell lung cancer. N Engl
J Med (2017) 377:1919-29. doi: 10.1056/NEJMoal709937

8. Spigel DR, Faivre-Finn C, Gray JE, Vicente D, Planchard D, Paz-Ares L, et al. Five-year
survival outcomes from the PACIFIC trial: durvalumab after chemoradiotherapy in stage III
non-small-cell lung cancer. J Clin Oncol (2022) 40:1301-11. doi: 10.1200/JC0O.21.01308

9. Paulmann M, Mockenhaupt M. Severe skin reactions: clinical picture,
epidemiology, etiology, pathogenesis, and treatment. Allergo J Int (2019) 28:311-26.
doi: 10.1007/s40629-019-00111-8

10. Creamer D, Walsh SA, Dziewulski P, Exton LS, Lee HY, Dart JK, et al. UK Guidelines
for the management of Stevens-Johnson syndrome/toxic epidermal necrolysis in adults
2016. Br ] Dermatol (2016) 174:1194-227. doi: 10.1111/bjd.14530

11. Maloney NJ, Ravi V, Cheng K, Worswick S. Stevens-Johnson syndrome and
toxic epidermal necrolysis-like reactions to checkpoint inhibitors: a systematic review.
Int ] Dermatol (2020) 59:183-8. doi: 10.1111/ijd.14811

12. Ziemer M, Fries V, Paulmann M, Mockenhaupt M. Epidermal necrolysis in the
context of immuno-oncologic medication as well as kinase inhibitors and biologics. J
Dtsch Dermatol Ges (2022) 20(6):777-86. doi: 10.1111/ddg.14711

Frontiers in Oncology

10.3389/fonc.2023.912168

Conflict of interest

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

Publisher’'s note

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

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2023.912168/
full#supplementary-material

13. Reschke R, Mockenhaupt M, Simon JC, Ziemer M. Severe bullous skin eruptions
on checkpoint inhibitor therapy - in most cases severe bullous lichenoid drug
eruptions. ] Dtsch Dermatol Ges (2019) 17(9):942-8. doi: 10.1111/ddg.13876

14. Chung WH, Hung SI, Hong HS, Hsih MS, Yang LC, Ho HC, et al. Medical genetics: a
marker for Stevens-Johnson syndrome. Nature (2004) 428:486. doi: 10.1038/428486a

15. Ma KS, Chung WH, Hsueh Y], Chen SY, Tokunaga K, Kinoshita S, et al. Human
leucocyte antigen association of patients with Stevens-Johnson syndrome/toxic
epidermal necrolysis with severe ocular complications in Han Chinese. Br J
Ophthalmol (2022) 106(5):610-5. doi: 10.1136/bjophthalmol-2020-317105

16. Xing Q, Zhang ZW, Lin QH, Shen LH, Wang PM, Zhang S, et al. Myositis-
myasthenia gravis overlap syndrome complicated with myasthenia crisis and
myocarditis associated with anti-programmed cell death-1 (sintilimab) therapy for
lung adenocarcinoma. Ann Transl Med (2020) 8:250. doi: 10.21037/atm.2020.01.79

17. Wen L, Zou X, Chen Y, Bai X, Liang T. Sintilimab-induced autoimmune diabetes
in a patient with the anti-tumor effect of partial regression. Front Immunol (2020)
11:2076. doi: 10.3389/fimmu.2020.02076

18. Gao C, Xu J, Han C, Wang L, Zhou W, Yu Q. An esophageal cancer case of
cytokine release syndrome with multiple-organ injury induced by an anti-PD-1 drug: a
case report. Ann Palliat Med (2020) 9:2393-9. doi: 10.21037/apm-20-1310

19. Ni J, Zhang L, Zhang X. Marked elevation of creatine phosphokinase alone
caused by sintilimab beware of hypothyroid myopathy. Eur J Cancer (2020) 128:57-9.
doi: 10.1016/j.ejca.2019.12.030

20. Kang K, Zheng K, Zhang Y. Paraneoplastic encephalitis and enteric neuropathy
associated with anti-Hu antibody in a patient following immune-checkpoint inhibitor
therapy. ] Immunother (2020) 43:165-8. doi: 10.1097/CJ1.0000000000000314

21. HuJ,LiY, Chen X, Luo C, Zuo X. Pulmonary fibrosis and cytokine release syndrome after
hyperactivation with sintilimab. J Clin Pharm Ther (2020) 45:1474-7. doi: 10.1111/jcpt.13217

22. Goldinger SM, Stieger P, Meier B, Micaletto S, Contassot E, French LE, et al.
Cytotoxic cutaneous adverse drug reactions during anti-PD-1 therapy. Clin Cancer Res
(2016) 22:4023-9. doi: 10.1158/1078-0432.CCR-15-2872

23. Ziemer CM, Miedema J, Smith CJ, Liu Z, Thomas NE, Googe PB.
Immunohistochemical expression of PD-L1 is increased in lesional epidermal
keratinocytes in Stevens-Johnson syndrome/toxic epidermal necrolysis. Am |
Dermatopathol (2021) 43:318-20. doi: 10.1097/DAD.0000000000001816

24. Ernstoff MS, Gandhi S, Pandey M, Puzanov I, Grivas P, Montero A, et al.
Challenges faced when identifying patients for combination immunotherapy. Future
Oncol (2017) 13:1607-18. doi: 10.2217/fon-2017-0218

25. Pennock GK, Chow LQ. The evolving role of immune checkpoint inhibitors
in cancer treatment. Oncologist (2015) 20:812-22. doi: 10.1634/theoncologist.2014-
0422

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.912168/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.912168/full#supplementary-material
https://doi.org/10.1056/NEJMoa1801946
https://doi.org/10.1016/j.jtho.2020.07.014
https://doi.org/10.1016/j.ejca.2017.03.026
https://doi.org/10.1097/CMR.0000000000000326
https://doi.org/10.1111/1346-8138.13810
https://doi.org/10.1016/j.jtos.2021.06.010
https://doi.org/10.1056/NEJMoa1709937
https://doi.org/10.1200/JCO.21.01308
https://doi.org/10.1007/s40629-019-00111-8
https://doi.org/10.1111/bjd.14530
https://doi.org/10.1111/ijd.14811
https://doi.org/10.1111/ddg.14711
https://doi.org/10.1111/ddg.13876
https://doi.org/10.1038/428486a
https://doi.org/10.1136/bjophthalmol-2020-317105
https://doi.org/10.21037/atm.2020.01.79
https://doi.org/10.3389/fimmu.2020.02076
https://doi.org/10.21037/apm-20-1310
https://doi.org/10.1016/j.ejca.2019.12.030
https://doi.org/10.1097/CJI.0000000000000314
https://doi.org/10.1111/jcpt.13217
https://doi.org/10.1158/1078-0432.CCR-15-2872
https://doi.org/10.1097/DAD.0000000000001816
https://doi.org/10.2217/fon-2017-0218
https://doi.org/10.1634/theoncologist.2014-0422
https://doi.org/10.1634/theoncologist.2014-0422
https://doi.org/10.3389/fonc.2023.912168
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Frontiers In
Immunology

Explores novel approaches and diagnoses to treat
immune disorders.

The official journal of the International Union of
Immunological Societies (IUIS) and the most cited
in its field, leading the way for research across
basic, translational and clinical immunology.

Discover the latest
Research Topics  trontiers

Frontiers in

Immunology

Frontiers

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersin.org

Contact us

+41(0)21 510 17 00
frontiersin.org/about/contact

& frontiers | Research Topics



https://www.frontiersin.org/journals/immunology/research-topics

	Cover

	FRONTIERS EBOOK COPYRIGHT STATEMENT

	Tumor immune microenvironment topographies for prediction and evaluation: Unlock the mystery of the therapeutic effects and adverse events of tumor immunotherapy

	Table of contents

	Editorial: Tumor immune microenvironment topographies for prediction and evaluation: unlock the mystery of the therapeutic effects and adverse events of tumor immunotherapy
	Author contributions
	Funding

	Genomic alteration of MTAP/CDKN2A predicts sarcomatoid differentiation and poor prognosis and modulates response to immune checkpoint blockade in renal cell carcinoma
	Introduction
	Methods
	Data collection and preprocessing from the discovery, testing, and validation sets
	Genetic variation analysis
	Clinicopathological subgroup analysis
	Differential gene expression analysis and functional enrichment analysis
	Hematoxylin and eosin and immunohistochemistry staining analysis
	Statistical analysis

	Results
	Clinical value of MTAP/CDKN2AMUT in sarcomatoid and prognosis of 574 patients with RCC from the FUSCC cohort
	MTAP/CDKN2AMUT in histopathological subtypes and sarcomatoid differentiation of 3,563 patients with RCC from the Western cohort
	Implications of MTAP/CDKN2AMUT in prognosis, clinicopathological features, and sensitivity to therapy of 3,563 patients with RCC from the Western cohort
	MTAP/CDKN2AMUT predicts higher tumor heterogeneity, tumor microenvironment characterizations, and active responses to immune checkpoint blockade of RCC patients

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	The role of polyamine metabolism in remodeling immune responses and blocking therapy within the tumor immune microenvironment
	1 Introduction
	2 Polyamine metabolism
	2.1 Polyamine biosynthesis
	2.2 Polyamine catabolism
	2.3 Polyamine transport
	2.4 Polyamine metabolites
	2.4.1 Putrescine
	2.4.2 Spermidine
	2.4.3 Spermine


	3 Roles of polyamines in the innate immune cell responses in TIME
	3.1 Regulation of macrophage polarization by targeting polyamine-eIF5A-hypusine axis
	3.2 Excessive polyamines in cancer cells confer immunosuppressive properties on DCs
	3.3 Polyamines for NK cells: A double-edged sword
	3.4 Polyamines, activators of type I NKT cells
	3.5 Polyamine-PD-L1-&gamma;&delta; T cells: A novel immune checkpoint pathway

	4 Role of polyamines in the adaptive immune responses in TIME
	4.1 Polyamine for CD8+ tumor-infiltrating lymphocytes: TIME’s “enemy”
	4.2 Polyamines are central determinants for the fidelity of Th1 cell subsets
	4.3 Polyamine-Treg cells: Inhibitory fuel for TIME

	5 Clinical studies of polyamine blockade therapy for cancer
	6 Conclusions
	Author contributions
	Funding
	References

	Cuproptosis-related modification patterns depict the tumor microenvironment, precision immunotherapy, and prognosis of kidney renal clear cell carcinoma
	Introduction
	Methods
	Data collection and processing
	Unsupervised clustering for cuproptosis-related patterns
	Differentially expressed genes and functional analysis
	Description of the tumor immune characteristics of KIRC and construction of the cuproptosis signature
	Analysis of scRNA-seq cohort
	Construction and validation of the cuproptosis risk score
	Establishment of a nomogram
	Statistical analysis

	Results
	Development of cuproptosis-related&#146;patterns
	Expression patterns of cuproptosis-related genes on the single-cell level
	Functional enrichment analysis and cancer immunity assessment of cuproptosis-based patterns
	Estimating the infiltration level of TILs and the efficacy of ICB on individuals by cuproptosis signature
	Direct comparison of ICBs’ efficacy in multiple immunotherapy cohorts
	Assessing the prognosis of individuals using cuproptosis risk score
	Development of a nomogram for better forecasting survival outcome in clinical practice

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References
	Glossary

	What is the optimal duration of immune checkpoint inhibitors in malignant tumors?
	Introduction
	Response patterns determine the duration of ICIs
	Durable response
	Pseudoprogression
	Hyperprogression
	Dissociated response

	IrAEs determine the duration of ICIs
	Tumor stage determines the duration of ICIs
	Debate for limited or continuous ICIs
	Limited ICIs treatment
	Continuous ICIs treatment
	ICIs re-challenge

	Conclusion and perspectives
	Author contributions
	Funding
	References

	The immune microenvironment landscape shows treatment-specific differences in rectal cancer patients
	1 Introduction
	2 Methods
	2.1 Patient cohort and material used
	2.2 Mutation analysis and MSI status
	2.3 Immunoflourescence stains
	2.4 Immunofluorescence imaging and data processing
	2.5 Patterns of regression
	2.6 Statistical analysis

	3 Results
	3.1 Patient characteristics and treatment schedules
	3.2 Tumor response
	3.3 Tumor characteristics
	3.4 Treatment analysis
	3.5 Heterogeneity of the immune response according to therapy
	3.6 Interaction between the network of immune cells
	3.7 Exploratory analysis
	3.7.1 Sub-analysis including brachytherapy treatment


	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	Cuproptosis regulator-mediated patterns associated with immune infiltration features and construction of cuproptosis-related signatures to guide immunotherapy

	Introduction
	Methods
	Collection of data
	Profiling of cuproptosis regulators
	Consensus cluster analysis of cuproptosis regulators
	Immune infiltration profiles in the different groups
	Comparison of responsiveness to immunotherapy
	Construction and validation of the HCC risk signature
	Nomogram construction and verification
	Determination of the relationships between tumor mutation and risk signature
	Comparison of immunohistochemistry in normal and HCC samples
	Expression and prognostic analysis of three DEGs
	Statistical analysis

	Results
	The landscape of cuproptosis regulators in HCC
	Correlations between cuproptosis clusters and TME features
	Characterization of cuproptosis-related phenotypes
	Development of the cuproptosis-associated risk signature
	Validation of the risk signature
	Nomogram creation and validation
	Relationships between the risk signature and immune characteristics, clinical parameters
	Crosstalk among cuproptosis clusters, gene clusters, risk signature, and clinicopathological features
	An examination of the correlation between the risk signature and genetic mutations
	Three DEGs in the risk signature

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	Adverse events of immune checkpoint inhibitors for patients with digestive system cancers: A systematic review and meta-analysis
	Introduction
	Methods
	Search strategy and selection criteria
	Data extraction
	Risk of bias and quality assessments
	Statistical analysis

	Results
	Search results
	Risk of bias assessment
	Studies evaluating the incidence of trAEs and irAEs
	Assessment of the occurrence profile of AEs
	TrAEs incidence by cancer type, combination types(single- or two-drug), and type of ICI agent
	IrAEs incidence by cancer type, single- or two-drug(PD-1/PD-L1+CTLA-4) combinations, and type of ICI agent
	Multivariable regression analysis
	Assessment of the occurrence profile of single and two-ICI AEs
	Assessment of the occurrence profile of different types of ICI agents AEs
	Publication bias

	Discussion
	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	Immune-related gene-based prognostic index for predicting survival and immunotherapy outcomes in colorectal carcinoma
	Introduction
	Materials and methods
	Collection of sample information
	Identification of immune-related differential genes
	Weighted gene co-expression network analysis to identify immune-related hub genes
	Establishment and verification of IRGPI
	Assessment of immune cell infiltration and immune characteristics
	IRGPI and TIDE score
	IRGPI gene expression in the CRC murine model
	Immune infiltration in the CRC murine model
	Statistical methods

	Results
	CRC differential immune-related genes
	Construction of IRCPI with 11 CRC immune-related hub genes
	Molecular characteristics of CRC-related high- and low-risk IRGPI subgroups
	Prediction of immune cell infiltration in the CRC microenvironment with IRGPI
	IRGPI is significantly associated with CRC progression
	IRGPI risk scores correlate with immunotherapy biomarkers
	IRGPI predicts benefits from immunotherapy
	The CRC murine model verified the IRGPI predictive power
	Immune cell infiltration in the immune microenvironment of the CRC murine model has a negative impact on prognosis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References

	Progress and perspectives of perioperative immunotherapy in non-small cell lung cancer
	1 Introduction
	2 Neoadjuvant immunotherapy
	2.1 Neoadjuvant ICIs monotherapy
	2.2 Neoadjuvant immune-combination therapy
	2.2.1 Neoadjuvant chemoimmunotherapy
	2.2.2 Neoadjuvant immunotherapy plus antiangiogenic therapy
	2.2.3 Neoadjuvant dual immunotherapy
	2.2.4 Neoadjuvant immunotherapy plus radiotherapy or concurrent chemoradiotherapy


	3 Adjuvant immunotherapy
	4 Neoadjuvant and adjuvant immunotherapy
	5 Biomarkers for perioperative immunotherapy
	5.1 Tumor-cell-associated biomarkers
	5.1.1 Programmed cell death ligand 1
	5.1.2 Tumor mutation burden
	5.1.3 Homologous recombination deficiency
	5.1.4 Oncogenic driver mutations

	5.2 Tumor-microenvironment-associated biomarkers
	5.3 Host-associated biomarkers
	5.4 Blood cell and liquid biopsy-related biomarkers
	5.4.1 Circulating tumor DNA monitoring during perioperative immunotherapy
	5.4.2 Peripheral blood cells and other molecular biomarkers


	6 Discussion
	7 Conclusion
	Author contributions
	Funding
	Acknowledgments
	References

	Case Report: sintilimab-induced Stevens-Johnson Syndrome in a patient with advanced lung adenocarcinoma
	1 Introduction
	2 Case description
	3 Timeline
	4 Diagnostic assessment
	5 Discussion
	Patient perspective
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	Back Cover


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

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



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

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



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

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



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

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



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

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



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

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



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

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



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

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



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

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



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

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



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

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




