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Editorial on the Research Topic
Molecular targets for the treatment of metastatic colorectal cancer

Colorectal cancer (CRC) accounts for approximately 10% of all cancer cases and
represents the third most common cancer worldwide. Most importantly, it is the second
leading cause of cancer-related deaths worldwide. The disease is often diagnosed at an
advanced stage, when treatment options are limited (1, 2).

From the 1990s on, fluorouracil-based chemotherapy was used to treat metastatic CRC
(mCRC), improving overall survival (OS) to 14 months. Later, the combination regimens
with oxaliplatin (FOLFOX) or irinotecan (FOLFIRI) prolonged the OS to about 20 months
(3). From the early 2000s targeted drugs, like anti-epidermal growth factor receptor
[EGFR] or anti-vascular endothelial growth factor [VEGF] antibodies, have entered clinical
practice, significantly increasing patients’ OS to approximately 36 months (4).

Antiangiogenic agents, such as Bevacizumab and Aflibercept, are widely used in
combination with first and second line chemotherapy for mCRC (4). Despite several
years of translational research in this field, no validated predictive markers have been found
to select patients more likely to benefit from these agents. A multidisciplinary group from
University Hospital of Parma, Italy, performed an interesting trial to investigate the role of
the Notch intracellular domain (NICD) and its ligand Jagged-1 expression, as well as
radiomics in the prediction of the efficacy of bevacizumab in treatment-naive metastatic
CRC patients. Study results, presented in this Research Topic, suggested that high NICD
and Jaged-1 expression levels were associated with early disease progression (Negri et al.).
Moreover, the integration of quantitative information combined with clinical and
histologic characteristics helped predict patient outcomes. This seems to be a promising
field of research, which needs validation in larger cohorts of patients. Vanucizumab
(RO5520985), a humanised immunoglobulin G-1-like bispecific monoclonal antibody
targeting both VEGF-A and Angiopoietin-2, has been recently evaluated In the phase II
McCAVE trial in combination with FOLFOX first line chemotherapy, showing similar
efficacy in terms of PFS and OS compared to bevacizumab. In the attempt to find new
predictors for outcome related to the anti-angiogenic treatment, Ferreira et al. explored the
potential predictive and prognostic role of baseline tissue and plasma levels of
Angiopoietin-2 in a subgroup of patients enrolled into the Mc Cave trial. Overall, low
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tissue baseline levels of Angiopoietin-2 were associated with longer
PES. Moreover, patients with KRAS wild-type mCRC and high
levels of Angiopoietin-2 had higher PFS when treated with
vanucizumab with respect to bevacizumab.

EGER plays a key role in colorectal tumorigenesis, and acts to
activate several intracellular signalling pathways, such as the RAS-
RAF-MAP kinase and the PI3K-PTEN-Akt pathway, thus
favouring cell proliferation, migration and differentiation. Anti-
EGEFR antibodies, cetuximab and panitumumab, are widely used for
mCRC patients, in particular in combination with first line
chemotherapy in patients with left sidled RAS/BRAF WT tumors
(4). In this subgroup of patients, in addition to significantly
increasing OS, these combination therapies may allow conversion
of unresectable to resectable liver metastases, thus expanding the
possibilities of cure in mCRC. The LMO2 trial, presented in this
Research Topic, evaluated FOLFIRI plus panitumumab regimen as
perioperative therapy in untreated RAS WT mCRC patients with
liver limited disease [Piringer et al.]. Among the 36 patients
included, 91.4% completed the preoperative therapy. The
objective response rate and RO resection rate were 65.7% and
82.7%, respectively. Noteworthy, The OS rates at 12 and 24
months were 85.6% and 73.3%, respectively. Unfortunately,
despite great efforts to select patients addicted to anti-EGFR
blockade, treatment efficacy suffers from either innate or acquired
mechanisms of resistance, largely driven by RAS or BRAF
mutations. Liquid biopsy analysis with the detection of such and
other mutations might help monitor tumour spatial and temporal
heterogeneity and predict resistance to anti EGFR agents. It has
recently been recommended to select patients for the use of anti-
EGFR drugs beyond progression or as rechallenge strategy. The
phase I CAPRI 2 GOIM trial, a proposal, presented in this Research
Topic by Martini et al, is a clinical trial designed to follow RAS/
BRAF wild type mCRC cases, as determined on initial FFPE
diagnostic tissue, through three lines of therapy to include
FOLFIRI, Cetuximab, Folfox and bevacizumab in various
combinations, depending on dynamic mutation changes with
time, as measured by Liquid Biopsy analyses, after each line of
treatment. Endpoints will include Response rate (RR), PES and OS.

More recent acquisitions include the use of immunocheckpoint
inhibitors (ICIs), i.e. Pembrolizumab or Nivolumab/Ipilimumab
combination, in mCRC patients with Microsatellite instability or
deficient Mismatch Repair. However, approximately 95% of mCRC
are microsatellite-stable/mismatch-repair-proficient, and this
condition involves resistance to ICIs (5). The molecular
mechanism of ICI resistance is largely unknown and clinical
research is addressing the complex issue of transforming tumors
from the immune “cold” state to the immune “hot” state. Insufficient
CD8+ T cell infiltration or loss of CD8+ T cell function might
restrict the efficiency of immunotherapy in CRC. In this context, Tan
et al. found that matrix remodelling associated protein 8 (MXRAS)
was over expressed in CRC, significantly affecting tumor
malignancy, metastasis and recurrence. Moreover, MXRA8 seemed
to correlate with CRC immunity, reflecting an abnormal immune
status, characterized by less infiltration or dysfunction of CD8+ T
cells. Therefore, MXRA8 might be implemented as a potential
immunotherapeutic and prognostic biomarker for CRC.
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An increasing number of patients with mCRC are able to receive
3 or more lines of therapy and in recent years the therapeutic
armamentarium in this setting has significantly expanded. In
particular, regorafenib, an oral multikinase inhibitor, and
trifluridine/tipiracil, an oral fluoropyrimidine, represent the
standard treatment options for chemorefractory mCRC patients. In
the Correct and Recourse trials, Regorafenib and trifluridine/tipiracil
showed a significant OS improvement in comparison to best
supportive care [HR 0.77 (IC 95% 0.64-0.94), p 0.0052; HR 0.66
(IC 95% 0.56-0.78), p<0.001, respectively] (6, 7). Another option in
this setting includes (even if with evidence from only phase 2 trials),
the rechallenge with EGFR inhibitors in RAS/BRAF WT tumors.
Salvatore et al. present here a retrospective trial to assess the efficacy,
according to tumor site, of the different treatment regimens (anti-
EGFR-based therapy versus regorafenib or trifluridine/tipiracil) in
refractory RAS/BRAF wt mCRC patients. They found a significant
benefit in terms of OS in favour of anti-EGFR therapy in the left sided
tumor group, whereas no differences were observed in the right sided
tumor group. These results suggest an opportunity, to be confirmed
in randomized trials, to select left side tumors for antiEGFR treatment
in later lines. Therapeutic options in refractory disease will further
increase in the coming years, thanks to the introduction of
Fruquintinib and the combination of trifluridine/tipiracil with
bevacizumab, the efficacy of which has recently been demonstrated
in phase III studies. Furthermore, combination therapies of these
drugs are underway, especially with ICIs, which could take a further
step forward in the fight against CRC. Xue et al. carried out a meta-
analysis of 22 studies including 1,866 patients with refractory mCRC
treated with targeted therapies as third or later line of treatment. The
pooled ORRs for VEGF and EGFR inhibitors were 4% and 19%,
respectively. More favourable objective response and disease control
rates were reported for patients treated with combined treatments
with respect to monotherapy. Larger well-designed clinical trials are
expected to better analyze efficacy and safety of VEGF and EGFR
inhibitors, as well as combined strategies (in particular with ICIs), in
the treatment of refractory mCRC.

Another key molecular target in CRC is BRAF. In particular,
BRAFY*F mutations are present in about 12% of mCRC and are
associated with right sidedness, poor differentiation, and mucinous-type
tumors, but above all with a poor disease prognosis and a poor response
to standard therapies. The European Medicines Agency (EMA) has
recently approved doublet therapy with encorafenib, a kinase inhibitor
of BRAF, and cetuximab as second or third line treatment for
BRAFY*® mCRGC, according to the results of the phase III Beacon
trial. This targeted treatment is under investigation in combination with
both first line chemotherapy and ICIs in MSI mCRC patients.
Moreover, other BRAF inhibitors, such as vemurafenib and
dabrafenib are being evaluated in clinical trials. Piringer et al. report,
in this Research Topic a patient case with an impressive therapeutic
result (ie. a complete remission still persisting after several years) in a
52-year-old woman with advanced BRAFY*™E mutated, MSS mCRC,
treated with dabrafenib, trametinib, and cetuximab as later-line therapy.

There is a growing need for clinical and preclinical research aimed
at identifying new targets for the selective treatment of mCRC. Among
the new tumor targets under development, abnormal gene splicing is
emerging as a process able to promote tumor cell proliferation and
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invasion, resistance to apoptosis and probably resistance or sensitivity
to chemotherapy. Numerous splicing isoforms have been identified,
that are appropriate candidates for targeted treatment, even in mCRC
(Zheng et al.). Zhou et al. deeply investigated the role of Anoikis and
epithelial-mesenchymal transition (EMT) in the occurrence of distant
metastasis of CRC. In particular, they focused on the understanding of
their crosstalk and the identification of key genes. Besides the
prognostic role, these findings could help in developing novel
therapeutic targets for patients with mCRC. A further new frontier
in the selective treatment of solid tumors, including mCRC, is
nanomedicine. Nanoparticles are able to maximize treatment
efficacy, by directly targeting cancer cells and regulating drug release
[Jain and Bhattacharya]. The review by Jain and Bhattacharya
carefully describes the nanomaterials that can be employed, as well
as the preparation techniques and targeting mechanisms. Even though
this field of research seems promising, more data from preclinical and
clinical studies are eagerly awaited to bring this technology to
the market.
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Background: Colorectal cancer (CRC) is the second most common cause of
cancer-related deaths worldwide. Tumor metastasis and CD8* T cell infiltration
play a crucial role in CRC patient survival. It is important to determine the
etiology and mechanism of the malignant progression of CRC to develop more
effective treatment strategies.

Methods: We conducted weighted gene co-expression network analysis
(WGCNA) to explore vital modules of tumor metastasis and CD8" T cell
infiltration, then with hub gene selection and survival analysis. Multi-omics
analysis is used to explore the expression pattern, immunity, and prognostic
effect of MXRA8. The molecular and immune characteristics of MXRA8 are
analyzed in independent cohorts, clinical specimens, and in vitro.

Results: MXRA8 expression was strongly correlated with tumor malignancy,
metastasis, recurrence, and immunosuppressive microenvironment.
Furthermore, MXRA8 expression predicts poor prognosis and is an
independent prognostic factor for OS in CRC.

Conclusion: MXRA8 may be a potential immunotherapeutic and prognostic
biomarker for CRC.
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Introduction

Colorectal cancer (CRC) is the third most common cancer
and the second most common cause of cancer-related deaths
worldwide (1). Approximately 20% of CRC patients have been
reported to have progressed to a metastatic state at presentation,
and up to 50% of localized CRC patients eventually present with
metastatic disease (2, 3). The prognosis of metastatic CRC
(mCRC) patients remains poor, with a three-year survival rate
of less than 30% (4). Therefore, it is important to determine the
etiology and mechanism of the malignant progression of CRC to
develop more effective treatment strategies.

Immunotherapy, especially immune checkpoint inhibitors
(ICIs), has become one of the effective therapeutic options for
mCRC (5). ICIs have shown promising success in non-small cell
lung cancer, metastatic melanoma, metastatic bladder cancer
and prostate cancer (6, 7). However, ICIs demonstrated very
limited clinical activity in mCRC. An important molecular
mechanism of ICIs resistance is insufficient CD8" T cell
infiltration or loss of CD8" T cell function (8). Studies have
shown that the extent and activity of CD8" T cells can affect
tumor prognosis and immunotherapy response rates (9, 10).
Less infiltration of CD8" T cells in the center of tumor focus, has
restricted the efficiency of immunotherapy in CRC (11).
Therefore, identifying biomarkers and mechanisms of reduced
infiltration and dysfunction of CD8" T cells in CRC is critical for
mCRC immunotherapy.

This study explored potential prognostic biomarkers and their
biological functions in CRC, identifying matrix remodeling
associated protein 8 (MXRAS8) as a target gene. MXRAS is a
receptor for various articular viruses (12), but its role in cancer
development and progression remains unsolved. Studies have
demonstrated that MXRAS8 is highly expressed in most solid
tumor tissues compared to adjacent normal tumors (13), and it
can modulate iron death and promote glioma progression (14).
High MXRAS8 expression is associated with poorer overall survival
in clear cell renal cell carcinoma (15), but the potential function of
MXRAS in CRC has not been elucidated. In current study, highly
expressed of MXRAS8 was first determined in CRC tissues, and
verified to promote invasion and metastasis in CRC cell.
Furthermore, the expression level of MXRAS8 reflects abnormal
immune status in CRC, including infiltration and dysfunction of
CD8* T cells. Therefore, MXRA8 can be used a potential
immunotherapeutic and prognostic biomarker for CRC.

Materials and methods
Data preprocessing

The expression profile of CRC tissues in GSE87211,
GSE39582, GSE38832, GSE16158 and GSE16537 datasets were
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downloaded from GEO database (http://www.ncbi.nlm.nih.gov/
geo/). GSE87211 dataset was used for module and gene selection
significantly associated with CRC metastasis and weighted gene
co-expression networks analysis (WGCNA) establishment.
GSE39582 dataset was used as the training cohort to construct
the prognostic prediction model. TCGA-COAD normalized
data and clinical information were downloaded from UCSC
Xena website (https://xenabrowser.net). GSE38832, GSE16158
and GSE16537 dataset were used as validation cohort. All gene
expression profiles were normalized by R software.

Weighted gene co-expression
networks analysis

The top 25% of genes with the largest variance in GSE87211
were selected for further co-expression network construction. To
ensure the reliability of the results, an outlier was removed.
Module identification was accomplished with the dynamic tree
cut method. This study aims to set soft-thresholding power to 4
(scale-free R* = 0.93). Each module contains at least 30 genes,
and Pearson correlation analysis was conducted to identify the
module with the strongest association with metastasis CRC and
examine the relationship among gene modules.

Differentially expressed genes analysis
and enrichment analysis

DEGs in CRC and normal tissue in GSE87211 were screened
by the “limma” package in R, with an adjusted p-value < 0.05 and
[log,FC| > 1 considered statistically significant. Gene ontology
(GO) and Kyoto encyclopedia of genes and genomes (KEGG)
enrichment analyses were performed on the overlapping genes
of DEGs and metastasis-related modules.

Nomogram construction

Univariate Cox analysis was performed to determine the
association between the expression of metastasis-related DEGs
and patients’ recurrence-free survival (RES). Lasso penalized
Cox regression analysis was used to select metastasis-related
genes associated with prognosis. Based on prognostic
importance, MXRAS8 was identified as an important prognostic
molecule, so MXRAS8 expression and relevant clinical
parameters were used to construct a nomogram. Calibration
curves and a receiver operating characteristic (ROC) curve were
used to estimate the accuracy and efficiency of the nomogram in
a time-dependent manner.
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Gene set variation analysis and gene set
enrichment analysis

GSE39582 and TGA datasets were divided into high and low
groups according to the median MXRAS8 expression level.
Hallmark gene sets were used as a reference gene set. The
GSVA package in R was used for GSVA analysis of MXRA8
high and low groups to identify common activation/inhibition
pathways. All samples in GSE39582 were divided into two
groups according to their risk score. GSEA was conducted to
analyze the difference between groups using an adjusted p-value
< 0.05 and a false discovery rate < 0.25.

Immune cell infiltration

The enrichment levels of 64 immune signatures in tumor
tissues were evaluated by xCell algorithm in GSE87211 dataset.
The relative proportions of 22 immune cell types in tumor
tissues were evaluated by CIBERSORT algorithm in GSE87211
dataset (16). Correlation analysis of MXRA8 expression levels
and immune cells was performed using the Pearson
correlation coefficient.

Plasmid and siRNA

Plasmids overexpressing MXRAS8 and an empty vector were
purchased from Qinda (Wuhan, China). MXRAS8 siRNA and
negative siRNA controls were constructed by Qinda (Wuhan,
China). The target sequences for MXRA8 siRNAs were
AGGACATCCAGCTAGATTA (MXRAS8 sil) and
CGGGAAAGTCAAAGGGGAA (MXRAS8 si2). CRC cells
(SW48 and LoVo, purchased from ATCC) were transfected
with siRNA or plasmid using Lipofectamine 3000 reagent
(Invitrogen, MA, USA) according to manufacturer’s
instructions. The knockdown efficiency was validated by qRT-
PCR and western blot.

Cell migration assay

Cell migration was measured using transwell chambers
(Beaverbio, Jiangsu, China). Suspensions of 10 x 10* cells in
200 uL of serum-free medium were added to the upper
chamber, and a medium containing 10% FBS was added to the
lower chamber. After culturing for 12 h, the migrating cells were
fixed with 4% paraformaldehyde and stained with crystal violet.
The cells were counted in four random fields under a light
microscope. The control group was used as the standard and the
statistical results of the treatment group were standardized.
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Wound-healing assay

The cells were seeded in 6-well plates and grown to 90%
confluence in a complete medium. The artificial wound was
made by scraping the confluent cell monolayer with a 200-pL
pipette tip, then washed with PBS to remove the detached cells.
The remaining cells were grown in a serum-free medium, and
cell migration was observed by microscopy and analyzed
objectively using Image J. Wound closure (%) was calculated
using the following formula: (1-[72-hour area/0-hour area])
x 100.

Quantitative real-time PCR

Total RNA from cultured cells was extracted using a Trizol
reagent kit (Takara, Dalian, China), and qRT-PCR was
performed as described previously (17). GAPDH was used as
an internal control. The primer sequences were as follows: 5-
GCGGAGGCTACGAATACTCG-3’ (forward), 5’-
TCTAGGTCGATGTACTTGGCAG-3’ (reverse), GAPDH: 5-
GGAGCGAGATCCCTCCAAAAT-3" (forward), 5°-
GGCTGTTGTCATACTTCTCATGG-3’ (reverse).

Western blot

CRC cells transfected with siRNA were collected for protein
extraction by using a RIPA buffer (Sigma-Aldrich, Darmstadt,
Germany) containing proteinase and phosphatase inhibitors on
ice. With the protein concentration being determined, the
collected proteins were separated by SDS-PAGE and
transferred onto a nitrocellulose membrane (Bio-Rad,
Richmond, CA, USA). Post milk blocking, the membranes
were incubated with specific primary antibodies (Abcam,
ab185444), secondary antibodies and ECL detection reagents
(Millipore, USA), for the visualization by chemiluminescence
system (UVP, San Gabriel, CA). Image J software was used for
protein band quantification.

Immunohistochemistry

Paraffin-embedded specimens were prepared from tissue
samples (35 CRC tissues and 35 paired adjacent normal
tissues) collected from 35 patients who had been diagnosed
with CRC at the Union Hospital (Wuhan, China) according to
the original histopathological reports (Supplementary Table 1).
All samples were collected with the informed consent of patients.
All tissue specimens were collected immediately after surgical
excision and quickly fixed in 4% paraformaldehyde solution for
24h. The tissues removed from the fixative were then
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dehydrated, transparent, waxed, and embedded. The paraffin
section was 3um thick. IHC analysis of tissue was performed
using anti-MXRA8 (Abcam, ab185444, 1: 100) and anti-CD8
(Abcam, ab209775, 1:2000 dilution) antibodies and overnight
incubation at 4°C. After epitope retrieval, H,O, treatment and
non-specific antigens blocking, chips were next incubated with
secondary antibody as described previously (18). The THC
results were scored by two independent observers.

Statistical analysis

All statistical analyses were performed using R software
4.0.3. The Student’s t-test was used to determine the
significance of DEGs, the cell migration assay, and the wound-
healing assay. The Wilcoxon test was applied to determine the
significance of the difference between the risk score and
clinicopathological characteristics. GraphPad Prism 8.00
software was used to calculate the area under the curve.
4p<0.0001; ¥**p<0.001; **p<0.01; *p<0.05; ns, not significant.

Results

The turquoise/yellow module was
identified as the pivotal module
associated with metastasis and
CD8" by WGCNA

Considering the significance of metastasis in determining
the prognosis of CRC patients, WGCNA was used to analyze the
co-expression patterns between metastasis and whole-
transcriptome profiling data (Figure S1A). The optimal soft
threshold was set to 4 to construct a scale-free network (Figure
S1B) to identify 12 modules (Figures 1A, S1C). The turquoise
and yellow module highly correlated with metastasis were
chosen for further analysis (Figure 1B). Gene expression
profiles from GSE87211 identified 2901 upregulated DEGs in
CRC samples compared to normal control tissues (Figure 1C). In
current study, 699 genes with the highest connectivity in the
turquoise/yellow module were intersected with the 2901 DEGs,
outputting 306 candidate genes (Figure 1D). GO functions and
KEGG pathways enriched analysis indicated that the genes were
related to metastasis functions (Figures 1E, F).

MXRAS8 was selected as a hub gene
associated with metastasis

The metastasis-related gene signature (MGS) was
constructed by using LASSO Cox regression analysis to screen
the most significant prognostic markers within the module
(Figures 2A-C), consisting of six genes (SIX4, PRRX2,
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MXRAS, SLC11A1, ADAMTS6, and FLT1). The MGS score of
each patient was calculated based on the expression levels of the
six genes. The median MGS score was regarded as the cutoff,
with all patients being classified as MGS-high or MGS-low, and
dead CRC patients having a higher risk score than live patients
(Figure 2D). A shorter survival time was found in CRC patients
with MGS-high by survival analysis (Figure 2E), which was
consistent with the Kaplan-Meier analysis results
(p<0.0001) (Figure 2F).

TNM stage and risk score were independent risk factors for
RFS by Multivariate Cox regression analysis (Figures S2A, B).
The expression of risk score-high group genes was related with
metastasis pathways (EMT, angiogenesis, hedgehog signaling,
and notch signaling pathway) (p< 0.0001) by GSEA (Figure
$2C). A nomogram for forecasting the CRC patients’ survival
probability was established by combining the risk score and
clinicopathological characteristics (age, sex, and stage) of the
patients (Figure S3A). The probabilities for 3-, 5-, and 10-year
survival predicted by the nomogram highly accorded with the
observed values (Figure S3B). The area under the ROC curves for
3-, 5-, and 10-year OS were 0.700, 0.692, and 0.763, respectively
(Figure S3C). Moreover, the AUC values presented that the risk
score combined with tumor stage showed the best ability to
predict OS among the factors analyzed (Figure S3D).

MXRAS has been scarcely any report in most cancers, but
being of great importance for CRC prognostic (Figure 2C).
Higher expression of MXRA8 was found in tumors (compared
to normal), in CRC patients with positive lymphatic metastasis
(compared to negative lymphatic metastasis), in CRC patients
with more advanced stage (Figures 2G; S3E, F), and patients with
recurrence and metastasis (compared to no recurrence and

metastasis) (Figure 2H).

Construction of an MXRA8-based
prognostic prediction model

MXRAS expression was statistically significant by univariate
Cox regression analysis (Figure 3A) and identified as an
independent prognostic biomarker in the multivariate Cox
proportional hazards regression model using GSE39582 data
(HR = 1.25, 95% confidence interval (CI) = 1.03-1.50, p= 0.02,
Figure 3B). A nomogram for forecasting the CRC patients’
survival probability was established by combining MXRA8 and
clinicopathological characteristics (age, sex, and stage)
(Figure 3C). The probabilities for 1-, 3-, and 5-year survival
predicted by the nomogram highly accorded with the observed
values (Figure 3D). The area under the ROC curves for 3-, 5-,
and 10-year OS were 0.843, 0.779, and 0.754, respectively
(Figure 3E). Moreover, the AUC values presented that
MXRAS8 combined with tumor stage showed the best ability to
predict OS among the factors analyzed (Figure 3F).
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FIGURE 1
Biological function and pathway annotation. (A) Heatmap of the correlation between modules and cancer hallmarks. (B) Correlation between
turquoise/yellow module and metastasis. (C) The volcano plot of differentially expressed genes (DEGs) between colorectal carcinoma samples
and normal colorectal tissue samples (logFC > 2 and adjusted p-value <0.05). The horizontal axis represents the adjusted p-value, and the
vertical axis represents the fold change. Red and green circles indicate up- and down-regulated genes, respectively. (D) Venn plot of the
intersection of upregulated differentially expressed genes and selected genes from WGCNA. (E) The top 15 GO functions enriched for the
upregulated 306 genes. (F) The top of 21 KEGG pathways enriched for the up-related 306 genes.

MXRAS is involved in cancer-related
signaling pathways in CRC

KEGG pathway gene sets and GSVA analysis of hallmark in
MXRAS8 high and low expression samples from GSE39582 and
TCGA datasets revealed that tumor metastasis-related pathways
enrichment in the MXRAS high group (Figure 4A). MXRAS was
highly negatively associated with microsatellite instability but
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positively associated with immune checkpoint molecule
expression, chemokines, and chemokine receptor expression
(Figure 4B). In IHC staining, MXRAS8 protein expression
increased in tumor tissue (Figures 4C, D and S4A).
Furthermore, MXRA8 and CD8 negatively correlated with
CRC expression (Figure 4E). MXRAS8 expression is positively
associated with Tumor Immune Dysfunction and Exclusion
(TIDE) and negatively associated with microsatellite instability
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(middle), normal/metastasis before resection (right) from TCGA database.

(MSI), the immunophenoscore (IPS), and checkpoint (CP)
(Figures 4F, G and S4B).

MXRA8 promotes CRC cell invasion and
migration in vitro

In vitro, the ability of invasion and migration was assessed by
MXRAS8 knockdown in SW48 or plasmid transfection in LoVo
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(Figures 5A, E). The protein expression of MXRAS in SW48 cells
was decreased followed by MXRAS8 knockdown (Figure 5B). The
migratory and invasive abilities were reduced with MXRAS
knockdown by transwell assays in SW48 (Figure 5C). Cell
migratory ability was repressed with MXRA8 knockdown by
wound-healing assays in SW48 (Figure 5D). Furthermore,
transwell assays showed that the invasive and migratory
abilities were enhanced with MXRAS8 plasmid transfection in
LoVo (Figure 5F). A wound-healing assay illustrated that the cell
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FIGURE 3

Constructing an MXRA8-based prognostic prediction model. (A) Univariate Cox regression analysis of MXRA8 and clinicopathological characteristics
(B) Multivariate Cox regression analysis of MXRA8 and clinicopathological characteristics. (C) Nomogram developed based on MXRA8 and
clinicopathological characteristics. (D) Plots depict the calibration of the model regarding the agreement between predicted and observed OS.
Model performance is shown by the plot relative to the 45-degree line, representing perfect prediction. Calibration analysis of the agreement
between nomogram predicted 1-, 3-, and 5-year survival and observed outcomes. (E) Time-dependent ROC curves at 1, 3, and 5 years of the
nomogram. (F) AUC plotted for different durations of OS for nomogram-based signature, tumor stage, and MXRA8 in TCGA datasets.

migratory ability was upregulated when MXRAS8 was
overexpressed in LoVo (Figure 5G). These results corroborated
that MXRAS8 played a pivotal role in CRC migration and
invasion in vitro.

High expression of MXRAS8 correlates
with low CD8™" T cell infiltration

Several algorithms were used to conduct the following study
in CRC, and the expression of MXRAS8 was negatively correlated
with CD8" T cell levels in GSE87211 and TCGA datasets
(Figures 6A, B). The protein expression of MXRAS is
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negatively correlated with the stromal and immune scores but
positively with tumor purity (Figure 6C). A correlation matrix
between MXRA8 and immune cells/stromal cells revealed that
MXRAS is negatively correlated with CD8" T cells but positively
with multiple types of stromal cells (skeletal muscle, pericytes,
mv endothelial cells, ly endothelial cells, fibroblasts, endothelial
cells, chondrocytes, and adipocytes), suggesting its potential role
meditated by CD8" and the stromal cells in tumor progression
(Figures 6D, E). The prognostic value of MXRAS8 was validated
using TCGA cohorts. In the univariate Cox regression analysis,
MXRAS8 expression was statistically significant (left of Figure
S5A). Furthermore, multivariate Cox regression analysis
indicated that MXRA8 was an independent risk factor for
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MXRA8 promotes CRC migration and immunosuppression. (A) GSVA analysis of hallmark and KEGG pathway gene sets in MXRA8 high and low
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overall survival in CRC (HR = 1.61, 95% CI = 1.01-2.67, right of
Figure S5A). Furthermore, higher expression of MXRA8 was

associated with a poorer survival rate (Figures S5B-D),
indicating that high MXRAS8 expression is an unfavorable

prognostic biomarker for CRC (Figure S5).

Frontiers in Oncology

15

Discussion

Tumor metastasis and CD8" T cell infiltration play a crucial
role in CRC patient survival. In this study, we conducted
WGCNA to explore vital modules of tumor metastasis and
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CD8" T cell infiltration, then with hub gene selection and lymphatic metastasis), advanced stage, recurrence, and
survival analysis. A CRC prognosis prediction model based on metastasis. The nomogram, including MXRAS8 and tumor
six related genes was constructed, of which one gene, MXRAS, stage, also showed good prognostic, predictive performance.
shows potential as a biomarker for survival and CD8" T cell To further clarify the role of MXRAS in cancer, we conducted
infiltration in CRC. GSVA analysis of hallmark and KEGG pathways, showing that
The comprehensive evaluation of MXRAS8 in four high expression of MXRAS8 was positively associated with
independent CRC cohorts demonstrated high expression of migration and immunosuppression.
MXRAS8 in tumors (compared to normal), in CRC patients MXRAS is highly expressed in CRC and associated with
with positive lymphatic metastasis (compared to negative CRC metastasis. MXRAS is a transmembrane protein that can
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High MXRA8 expression correlates with low CD8" T cell infiltration level. (A) The protein expression of MXRAS is negatively correlated with
CD8* T cell infiltration level in GSE87211 with CIBERSORT and XCELL algorism. (B) The mRNA expression of MXRA8 is negatively correlated with
CD8* T cell infiltration level in TCGA with EPIC and CIBERSORT algorism. (C) The protein expression of MXRAS8 is positively correlated with a
stromal score and immune score but negatively associated with tumor purity. (D) Correlation analysis between MXRA8 expression levels and
immune cells (E) Correlation analysis between MXRA8 expression levels and stromal cells infiltration

influence integrin signaling and regulate cell-cell interactions
(19, 20). MXRAS8 also serves as a receptor for multiple
arthritogenic alphaviruses (21). The function of MXRAS in
cancer development and progression has not been addressed,
but it has been reported to be highly expressed in thyroid cancer
(22), kidney cancer (15), esophageal cancer (23), and pancreatic
cancer (24), Therefore, this study is the first report on the high
expression of MXRAS8 in CRC. Additionally, MXRAS8 is
associated with CRC metastasis, and increased MXRA8
promotes CRC invasion and metastasis in vitro. This is similar
to the results of a recent study by Roger et al., which found that
MZXRAS is highly expressed in lung metastasis of breast cancer,
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and miR-200s can down-regulate MXRA8 expression to inhibit
the growth and metastasis of breast tumor cells in vivo (25).
MXRAS8 promotes CRC invasion and metastasis through
multiple mechanisms and is involved in tumor invasion and
metastasis. EMT-like changes in tumor cells not only loosen cell-
cell adhesion complexes, enhancing cell migration and invasive
properties but are also associated with enhanced stem cell
properties and drug resistance (26, 27). The present study
depicted that the MXRA8 high expression group revealed
significant enrichment of EMT and angiogenesis. MXRA8 was
confirmed to be an adhesion molecular protein expressed in
epithelial and mesenchymal cells (28). These results suggest that
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MXRAS8 may be involved in cell adhesion and migration.
Hypoxia and TGF-f signaling can promote tumor EMT and
angiogenesis in multiple ways and are thought to contribute to
tumor invasion and metastasis (29, 30). In our study, the high
MXRAS group showed significant enrichment of hypoxia and
TGF-f signaling pathways. In addition, our study revealed that
MXRAS expression correlated with the expression of multiple
metastasis-associated chemokines (CXCL12, CXCL13, CCL9,
CCL21, CXCR4, CXCR5, and CCR7) (31-37), suggesting that
MXRAS8 may be involved in tumor invasion and metastasis by
regulating the secretion of chemokines. Numerous studies have
reported that chemokines can regulate tumor invasiveness and
metastasis and play a crucial role in establishing the composition
of the “pre-metastatic niche” (38). For example, the CXCL12/
CXCR4 axis is involved in tumor growth, invasion, angiogenesis,
and metastasis in CRC, breast and pancreatic cancers (39-42).
Nonetheless, the role of MXRA8 in tumor metastasis still
requires further study.

MXRAS levels are associated with cancer immunity, and ICI
is changing the treatment paradigm for many cancers (43), with
adequate infiltration of tumor-reactive CD8" T cells a
prerequisite for the ICI response (44). In colorectal cancer, IL-
2 activates TPH1-5-HTP-AhR signaling in the tumor
microenvironment to induce CD8" T cell exhaustion in tumor
tissues (45). In addition, significant enrichment of
immunosuppressive cytokines TGFB1 and IL10 have been
found in the Epithelial-mesenchymal transition-high group of
almost all cancer types, forming an immunosuppressive
microenvironment and leading to decreased infiltration of
CD8" T cells (46). Inefficient antigen presentation due to
immune escape is also an important factor leading to poor
infiltration of CD8" T cells. T cell suppressor receptors such as
CTLA-4, PD-1, and TIGIT are essential for T cell activation,
antigen recognition, and recruitment, and can inhibit effective
anti-tumor immune responses (47). These signaling pathways
(TGF-B, EMT, Hypoxia), participating in limiting CDS8* T cell
infiltration, have been preliminary demonstrated to be
associated with high expression of MXRAS8 in this work.
Furthermore, MXRAS8 was linked to the expression of several
immune checkpoints in our work, including PD-1, PD-L1, PD-
L2, CTLA-4, TIM-3, and LAG-3; thus, MXRAS8 may be involved
in tumor immune escape. While more in-depth studies between
MXRAS8 and CD8" T cell infiltration are needed, we propose
some ideas about it.

MXRA8 mRNA levels were inversely related to the
abundance of most of the immune cell types, especially plasma
cells, M2 macrophages, and CD4 memory cells. Correlation
analysis showed that the expression of MXRAS8 correlated with
the expression of many stromal cells, including endothelial cells,
fibroblasts, and adipocytes. In many previous studies, fibroblasts
and endothelial cells play key roles in cancer progression by
promoting extracellular matrix deposition and remodeling,
EMT, invasion, metastasis, and therapy resistance (48, 49).
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These results demonstrate that MXRA8 may affect the
development and prognosis of cancers by shaping the
tumor microenvironment.

TIDE was recently evaluated as a potential biomarker to
predict the response to ICI therapy in prospective clinical trials
and many tumor types (50). TIDE prediction scores correlated
with T cell dysfunction in Cytotoxic T Lymphocyte (CTL)-high
tumors and T cell exclusion in CTL-low tumors (51). In our
study, patients with high MXRAS8 expression had less CTL
infiltration and higher TIDE and T cell exclusion scores so
that MXRA8 may be involved in tumor immune escape through
T cell exclusion. The IPS function was used to measure the
immune state of the samples (52), and the higher the composite
score of IPS, the stronger the immunogenicity of the sample. Our
study showed that patients with high MXRAS8 expression had
lower IPS scores and antigen immunogenicity, indicating poor
responsiveness to immunotherapy, which is consistent with the
TIDE predictions. Overall, these results suggest that patients
with low MXRAS8 expression may have a better response to
immunotherapy and that MXRAS8 may be a potential biomarker
for predicting the efficacy of CRC immunotherapy.

Conclusion

This study first found that MXRA8 was overexpressed in
CRC. Meanwhile, MXRA8 expression was strongly correlated
with tumor malignancy, metastasis, recurrence, and
immunosuppressive microenvironment. Furthermore, MXRAS8
expression predicts poor prognosis and is an independent
prognostic factor for OS in CRC. MXRAS8 can also serve as a
potential biomarker for immunotherapy. In the future, the role
of MXRAS8 in CRC prognosis and immunotherapy should be
validated in prospective, multicenter, and randomized clinical
trials that include follow-up data and receive immunotherapy.
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High-grade mucinous colorectal cancer (HGM CRC) is particularly aggressive, prone to
metastasis and treatment resistance, frequently accompanied by “signet ring” cancer
cells. A sizeable fraction of HGM CRCs (20-40%) arises in the context of the Lynch
Syndrome, an autosomal hereditary syndrome that predisposes to microsatellite instable
(MSI) CRC. Development of patient-derived preclinical models for this challenging
subtype of colorectal cancer represents an unmet need in oncology. We describe
here successful propagation of preclinical models from a case of early-onset, MSI-
positive metastatic colorectal cancer in a male Lynch syndrome patient, refractory to
standard care (FOLFOX6, FOLFIRI-Panitumumab) and, surprisingly, also to
immunotherapy. Surgical material from a debulking operation was implanted in NOD/
SCID mice, successfully yielding one patient-derived xenograft (PDX). PDX explants were
subsequently used to generate 2D and 3D cell cultures. Histologically, all models
resembled the tumor of origin, displaying a high-grade mucinous phenotype with
signet ring cells. For preclinical exploration of alternative treatments, in light of recent
findings, we considered inhibition of the proteasome by bortezomib and of the related
NEDDS8 pathway by pevonedistat. Indeed, sensitivity to bortezomib was observed in
mucinous adenocarcinoma of the lung, and we previously found that HGM CRC is
preferentially sensitive to pevonedistat in models with low or absent expression of
cadherin 17 (CDH17), a differentiation marker. We therefore performed IHC on the tumor
and models, and observed no CDH17 expression, suggesting sensitivity to pevonedistat.
Both bortezomib and pevonedistat showed strong activity on 2D cells at 72 hours and
on 3D organoids at 7 days, thus providing valid options for in vivo testing. Accordingly,
three PDX cohorts were treated for four weeks, respectively with vehicle, bortezomib
and pevonedistat. Both drugs significantly reduced tumor growth, as compared to the
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vehicle group. Interestingly, while bortezomib was more effective in vitro, pevonedistat
was more effective in vivo. Drug efficacy was further substantiated by a reduction of
cellularity and of Ki67-positive cells in the treated tumors. These results highlight
proteasome and NEDDS8 inhibition as potentially effective therapeutic approaches
against Lynch syndrome-associated HGM CRC, also when the disease is refractory to
all available treatment options.

KEYWORDS

Lynch syndrome, mucinous colorectal cancer, signet ring cells, NEDD8 pathway
inhibition, proteasome inhibition, preclinical study

Introduction

Colorectal cancer (CRC) is one of the most common causes of
cancer-related death in the world (1). High-grade mucinous (HGM)
CRC occurs in about 10-20% of cases (2) and is characterized by
abundant extracellular mucin that accounts for at least 50% of the
tumor volume. Although actively secreting mucins, HGM CRC cells
are poorly differentiated, and indicate worse prognosis (3). This
counterintuitive property is further exacerbated by the presence of
“signet ring” cells, that do not interact with each other and contain a
large vacuole filled with mucus (4). Signet ring CRC (SR-CRC) is
more frequent in young patients (5) (6), and is endowed with marked
metastatic propensity (7). HGM/SR-CRC is more frequently found in
the proximal colon (8) and typically diagnosed in advanced stage.

HGM/SR-CRC frequently displays microsatellite instability (MSI)
and the consequent propensity to accumulate mutations, leading to
genetic evolution. Interestingly, 20-40% of mucinous CRCs arise at
young age in the context of the Lynch Syndrome (9), an autosomal
hereditary syndrome that predisposes to MSI CRC (2). Additional
molecular features of HGM/SR-CRC include mutations in key genes
of the RAS/MAPK (10) and PI3K/AKT/mTOR pathways (11), and
overexpression of specific mucin genes, like MUC2 and MUC5AC (11).

Until now no specific clinical guidelines have been developed for
mucinous CRC patients, therefore they undergo standard CRC
treatments including FOLFOX (leucovorin, fluorouracil, oxaliplatin),
XELOX (capecitabine and oxaliplatin), and FOLFIRI (folic acid,
fluorouracil and irinotecan) (12). Checkpoint blockade immunotherapy
is an additional option for patients with MSI-positive disease (13).
Typically, SR-CRC patients are less responsive to treatment, with
shorter overall survival (3, 14). Consequently, new therapeutic options
represent a still unmet clinical need.

The most effective way to explore alternative antineoplastic
therapies relies on derivation and testing of patient-derived models,
such as cell lines, organoids (PDOs) and xenografts (PDXs) (15, 16).
However, an extensive internet and literature search for SR-CRC
patient-derived models was unsuccessful, reflecting the need to obtain
such models for preclinical explorations. We therefore propagated
and extensively characterized 2D and 3D cell cultures and patient-
derived xenografts (PDXs) from a case of early onset, MSI-positive
metastatic SR-CRC in a Lynch syndrome patient, unresponsive to
standard care (FOLFOX6, FOLFIRI-Panitumumab) and, surprisingly,
also to immunotherapy with nivolumab.

Frontiers in Oncology

We have previously found that inhibition of the NEDD8 pathway
by the small molecule pevonedistat, also known as MLN4924 (17) is
effective on mucinous CRC in vitro and in vivo, in cell lines and PDXs
(18). NEDD8 is an ubiquitin-like peptide that, when conjugated to
target proteins, modulates their activity. Major targets of neddylation
are the ubiquitin ligases of the cullin-ring family, that in turn
ubiquitinate and direct to the proteasome specific subsets of target
proteins (19). Interestingly, the proteasome inhibitor bortezomib
displayed efficacy in invasive lung adenocarcinoma patients only in
the case of mucinous tumors (20). We therefore considered
pevonedistat and bortezomib as promising candidate drugs to be
tested in the newly derived SR-CRC cells and PDXs.

Case description

The clinical history of this case is summarized in Figure 1A. A 26-
year-old male patient presented with abdominal pain and underwent
cholecystectomy. After one month, a CT scan highlighted a neoplastic
lesion in the right colon with multiple mesenteric lymphadenopathies
and nodules of peritoneal carcinosis. Histological analysis of a
colonoscopy biopsy revealed SR-CRC. The patient immediately
underwent right hemicolectomy, lymphadenectomy and exeresis of
carcinosis nodes. Histological evaluation of the surgical specimens
confirmed the diagnosis of SR-CRC in all samples. The molecular
pathology report described a positive MSI status with negativity of
tumor tissue for PMS2 and MLH1, no mutations in KRAS, NRAS and
BRAF and p.His1047Arg mutation in exon 20 of the PIK3CA gene.
Germline analysis revealed heterozygous frameshift mutation of MLHI,
consistent with a Lynch syndrome diagnosis. Four weeks after surgery,
new solid tissue formations and suspect lymph nodes were detected by
CT scan, while blood levels of CEA were still low (1.1 mg/ml). After 5
cycles of FOLOFOX6, a CT scan showed minimal dimensional increase
in different lesions, and CEA increased to 3.2 mg/ml. Considering the
KRAS wild type status, FOLFIRI plus panitumumab was chosen as
second line treatment. After 4 cycles, a CT showed new peritoneal lesions
and enlargement of old formations, with CEA = 3.9 mg/ml, which led to
further treatment change to nivolumab. After an initial disease
stabilization, by the 11" nivolumab cycle a drastic increment of CEA
(26.4 mg/ml) was observed, with PET and CT detecting substantial
increment of lesions size. An explorative laparotomy was performed
together with Pressurized Intraperitoneal Aerosol Chemotherapy
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FIGURE 1
Patient case history and tumor histology. (A) Case history, outlining clinical progression, therapy and surgery history, and blood marker profiles. (B) H&E
staining of patient tumor tissue (third surgery), PDX, organoid and 2D cells culture, as indicated. Signet ring cells are highlighted by black arrows (20X
magnification).

(PIPAC) with oxaliplatin. After this, a third cytoreductive surgery was
performed. Patient-derived models were obtained from this surgery.
Subsequently, the patient underwent adjuvant chemotherapy with
capecitabine. Due to further disease progression, a palliative
cytoreductive surgery was performed and eventually the patient passed
away. In summary, this case of SR-CRC did not display clinical response
to any line of treatment.

Results

Derivation and characterization of PDX and
in vitro models

To analyze tumor tissue morphology, hematoxylin/eosin staining
(H&E) was performed, highlighting a highly mucinous tumor with
abundant signet ring cells and conspicuous stromal infiltration
(Figure 1B). A PDX line was generated from a colon lesion

Frontiers in Oncology

23

obtained from the third surgery. Subsequently, a 3D organoid line
and a 2D adherent cell line were derived from the PDX (see Methods).
Both 2D and 3D cultures survived more than one freeze/thaw cycles,
and displayed massive mucus production in the culture medium.
H&E staining of cell and organoid cytoclots showed abundant signet
ring cells and mucus, similar to the tumor of origin (Figure 1B). All
patient derived models, together with the tumor of origin, stained
negative for cadherin 17 (CDH17, from Abnova), indicating a poorly
differentiated tumor and potential sensitivity to pevonedistat (18)
(Figure 2). To verify if the models maintained the molecular profile of
the tumor of origin, and to search for actionable molecular
alterations, deep sequencing of a 161-gene panel (ThermoFisher
Oncomine Comprehensive Assay v.3) was performed on germline
(DNA from white blood cells), tumor (from third surgery) and
models, setting the variant allele frequency (VAF) for somatic
mutation detection at 0.02. Germline analysis confirmed the MLH1
p Glu23Glyfs*8 frameshift mutation due to the insertion of an
additional G in a stretch of five Gs. We observed strong
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concordance between the tumor tissue and all derived models,
unfortunately with no targetable alteration. All samples (tumor
tissue, 2D cells, 3D organoids and PDX) carried KRAS p.Gly13Asp
mutation, most probably selected during the panitumumab treatment
(21), CTNNBI p.Ser45Phe and GNAS p.Arg201His. The PDX also
showed a subclonal ERBB2 variant (p.Arg896His) and a frameshift
deletion of ARIDIA gene (p.llel816fs). Interestingly, no PIK3CA
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FIGURE 2

CDH17 Immunohistochemistry. Immunohistochemical staining for
CDH17 in a positive control (xenograft SNU1746 cell line) and in
patient tumor tissue (third surgery), PDX, 3D organoids, and 2D cells,
as indicated.
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mutations were detected, highlighting heterogeneity or molecular
evolution of the disease after the first surgery. The observed beta-
catenin gain-of-function mutation, CTNNB1 Ser45Phe, is quite
common in CRC patients (22), and could possibly be exploited in
the future for combined treatments (data here described are reported
in Table 1 in Supplementary). To further search for possible targets,
whole exome sequencing was performed on tumor and germline
DNA. All previously found mutations, including the germline MLH1
variant, were confirmed, but again no targetable mutations were
found. A copy number gain was found in the long arm of
chromosome 1, frequently observed in CRC (23), but with no
current clinical implications.

Preclinical evaluation of drug response

Considering the observed clinical resistance to standard and
targeted treatments, and the absence of any therapeutic indication
emerging from deep sequencing, the newly derived SR-CRC models
were evaluated for sensitivity to the proteasome inhibitor
bortezomib and to the NEDDS8 inhibitor pevonedistat. Initial
assessments on the 2D cell line in vitro revealed marked
sensitivity to bortezomib, with an IC50 of 4.06 nM (Figure 3A)
and significant but lower sensitivity to pevonedistat (IC50 = 910
nM, Figure 3B). Efficacy of both drugs was confirmed on 3D
organoids at one week of treatment, again with higher sensitivity
to bortezomib (Figures 3C, D). Subsequently, both drugs were
tested for efficacy in vivo, in the PDX model. Three PDX cohorts
were treated for four weeks respectively with vehicle, bortezomib
and pevonedistat (see Methods). As showed in Figure 4A, both
drugs markedly reduced tumor growth compared to the vehicle
group, with better efficacy and higher statistical significance for
pevonedistat (Figure 4B). Kaplan-Meier analysis revealed
significantly longer survival of bortezomib and pevonedistat-
treated cohorts (log rank p-value of 0.009 and 0.002 respectively;
Figures 4C, D). Intriguingly, while bortezomib seemed more
effective in vitro, pevonedistat efficacy was slightly more
pronounced in vivo. Histological analysis of PDX explants at the
end of treatment revealed that vehicle-treated tumors not only were
larger, but also displayed higher cellularity, while the smaller,
bortezomib- and pevonedistat-treated tumors were richer in
mucus and necrosis, with lower absolute amounts of Ki67-
positive cells (Figure 4E). Mucus and necrosis could be at the
basis of the oscillations in tumor volume observed in the treated
cohorts (Figure 3A). Altogether, these results provide preclinical
evidence for both drugs as potentially viable therapeutic options for
SR-CRC.

Discussion

Over the last 25 years, the incidence of early onset CRC has
been steadily increasing (24). Indeed, substantial increment of CRC
incidence in 20-34 year old men and women is estimated to take
place by 2030 (25). Early onset CRC is typically diagnosed at an
advanced stage and characterized by rapid progression, mucinous
or signet ring histology (HGM/SR-CRC) and lower differentiation
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(26). About 20% of early-onset CRC is hereditary, mostly in the
context of the Lynch syndrome, i.e. germline mutations in
mismatch repair genes (27). HGM/SR-CRC is associated with
higher rate of MSI positivity, a positive predictor of response to
checkpoint inhibition-based immunotherapy (28). However, both
the mucinous phenotype and Lynch syndrome context are
negatively associated with PD-L1 expression by cancer cells in
MSI tumors (29). In line with these observations, the patient
described here displayed only transient disease stabilization by
checkpoint blockade.

Preclinical models like organoids and PDXs are widely recognized
as the best possible ways to recapitulate tumor biology and to discover
and test new therapeutic strategies (15, 30). This is particularly true
when actionable molecular alterations are found, leading to
hypothesis-based precision medicine approaches. Unfortunately, the
case described here displayed no such alterations, leading to an
alternative search for candidate treatments based on previous
literature. Accordingly, we tested for sensitivity to proteasome and
NEDDS inhibition in three patient-derived models of increasing
complexity: 2D cells, 3D organoids, and in vivo PDXs. In this way,
drug efficacy could be assessed in multiple experimental conditions, to
yield more reliable results. Indeed, the in vitro results were highly
concordant, with an extremely high efficacy of bortezomib, while the
PDX experiments highlighted a therapeutic advantage of
pevonedistat. This could be explained by the known limitations of
bortezomib efficacy in vivo due to high toxicity, poor
pharmacokinetics, and low tumor penetration (31, 32). Moreover,
the presence of residual mucin is known to form a barrier to drug
delivery (33), potentially affecting efficacy of both drugs.

Overall, the preclinical results provided here highlight
pevonedistat and bortezomib as potentially effective therapeutic
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approaches against HGM/SR-CRC. Although limited to a single
case, negativity for CDHI17 of the tumor and all models further
confirmed its potential value as a marker of poor differentiation and
pevonedistat sensitivity (18). However, for both drugs, more studies
are needed to further improve penetration and response in the
context of HGM/SR-CRC. Along this line, a number of studies
showed efficacy of combinations of bortezomib or pevonedistat
with other drugs. Examples include combination of bortezomib
with vorinostat and dexamethasone in relapsed multiple myeloma
[NCT01720875 (34)]. Pevonedistat was found to synergize with
EGFR pathway inhibition, leading to tumor regression, in CRC
xenograft models (35). Bortezomib and pevonedistat could also
increase the efficacy of immunotherapy, because both drugs have
been shown to induce immunogenic cell death, potentially enhancing
antitumor immunity and allowing more durable responses to
immunotherapy (36, 37). Additional possibilities for pevonedistat
combinations can be derived from its mechanism of action, that
ultimately drives stabilization of the replication initiation protein
CDT1 at the end of the S-phase. This leads to DNA re-replication,
aneuploidy and DNA damage, which in turn results in S and G2/M
arrest, causing apoptosis and senescence. For this reason pevonedistat
has successfully been tested as a radiosensitizer, in head and neck
squamous carcinoma (38), pancreatic and breast cancer (39, 40).
Moreover, pevonedistat combination with PARP inhibitors has been
described as a possible new strategy for non-small cell lung cancer
treatment (41). All the above considerations, together with the better
in vivo profile, highlight pevonedistat as the preferred candidate for
further explorations.

A limitation of this study is that it includes a single case:
validation of treatment efficacy and prediction in an adequate
cohort of preclinical models is required to move these therapeutic
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FIGURE 4

In vivo efficacy of pevonedistat and bortezomib. (A) In vivo growth of three PDX cohorts (n=5), treated for four weeks respectively with vehicle,

bortezomib (0.5mg/kg) and pevonedistat (90mg/kg). (B) T-test p-values comp
cohort, at different treatment times. (C, D) Kaplan-Meier survival plots compar|

P-values are from Longrank test analysis. (E) Representative pictures of IHC staining for Ki67 after PDX treatment with vehicle, bortezomib and

pevonedistat, at the end of the experiment.

strategies towards clinical assessment in patients. However, this case
proves the feasibility and informativeness of the preclinical research
strategy in the context of HGM/SR-CRC in early onset patients,
where standard therapy frequently fails.
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di Ricovero e Cura a Carattere Scientifico, Napoli, Italy, *Dipartimento di Oncologia, Universita di Torino,
Azienda Ospedaliera Mauriziana, Torino, Italy

Background: Monoclonal antibodies targeting EGFR such as cetuximab or
panitumumab represent a major step forward in the treatment of RAS wild type
(WT) metastatic colorectal cancer (MmCRC). Unfortunately, primary and acquired
resistance mechanisms occur, with a huge percentage of patients succumbing to
the disease. In the last years, RAS mutation has been identified as the main
molecular driver that determine resistance to anti-EGFR monoclonal antibodies.
Liquid biopsy analysis allows to a dynamic and longitudinal assessment of
mutational status during mCRC disease and has provided important information
on the use of anti-EGFR drugs beyond progression or as rechallenge strategy in
patients with RAS WT tumors.

Methods: The phase Il CAPRI 2 GOIM trial investigates the efficacy and safety of a
bio-marker-driven cetuximab-based treatment regimen over 3 treatment lines in
MCRC patients with RAS/BRAF WT tumors at start of first line.

Discussion: The aim of the study is to identify patients with RAS/BRAF WT tumors
defined as "addicted” to an-anti EGFR based treatment along three lines of therapy.
Moreover, the trial will evaluate the activity of cetuximab re-introduction in
combination with irinotecan as 3 line therapy as rechallenge for patients that
will be treated in second line with FOLFOX plus bevacizumab, having a RAS/BRAF
mutant disease at progression after FOLFIRI plus cetuximab first line. A novel
characteristic of this program is that the therapeutic algorithm will be defined at
each treatment decision (first line, second line and third line) in a prospective
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fashion in each patient by a liquid biopsy assessment of RAS/BRAF status by a
comprehensive 324 genes Foundation One Liquid assay (Foundation/Roche).

Trial registration: EudraCT Number: 2020-003008-15, ClinicalTrials.gov
identifier: NCT05312398.

KEYWORDS

colorectal cancer, EGFR, liquid biopsy, biomarker, cetuximab

Introduction
Metastatic colorectal cancer

Colorectal cancer (CRC) is one of the most diagnosed cancers
worldwide, with 1.8 million new cases per year (1). In the last years,
the use of standard chemotherapy and targeted agents has
considerably increased the prognosis of metastatic colorectal cancer
(mCRC) patients, with an improvement in median overall survival
(OS) to approximately 36 months (2). Several clinical trials have
explored the use of cetuximab or panitumumab monoclonal
antibodies (mAbs) to target the Epidermal Growth Factor Receptor
(EGFR) in the treatment of RAS wild type (WT) metastatic colorectal
cancer (mCRC) among different lines of treatment (3). However,
despite the huge improvement of patient responses, the response is
impaired due to the presence of innate or acquired mechanisms of
resistance to anti-EGFR blockade (4). In the past years, several
molecular biomarkers have been identified in retrospective
preclinical and clinical analyses to predict resistance to cetuximab
and panitumumab. Among these, RAS mutational status is today the
principal biomarker of poor response to an anti-EGFR drugs and
patients with RAS-mutated mCRC are excluded by their treatment
(5). In addition, other components of the EGFR signalling pathway
determine intrinsic or acquired resistance to EGFR inhibitor
including mutation of BRAF and PI3KCA; amplification of HER2,
MET and KRAS; and loss of PTEN expression (6, 7). All these
alterations seem converge to the MAPK-ERK intracellular driver,
which is over-activated and is responsible of tumor survival even
when EGFR inhibitors are used (8). The molecular scenario is
complicated by the presence of inter-tumor and intratumor
heterogeneity of resistance mechanisms, with different molecular
clones present at the same time in a patient and even in the same
organ (9). In recent years, we have assisted to a widespread use of
circulating tumor DNA (ctDNA) testing over the tissue biopsy for the
detection in blood of mutations that characterize resistance to target
therapy in mCRC (10, 11). Morelli et al. have previously
demonstrated how RAS and EGFR mutant alleles exponentially
decline when treatment with EGFR inhibitors is interrupted, with
an half-life of nearly 4 months (12, 13). These data provide strong
support for the so called rechallenge strategy with anti-EGFR
monoclonal antibodies, in a subset of patients treated in front line
with chemotherapy plus cetuximab or panitumumab followed by an
EGEFR free interval of at least 4 months after progression. Different
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trials are underway, to prospectively study rechallenge treatment with
cetuximab and panitumumab. Phase II clinical trials have been
published to date as the CAVE mCRC trial, in which rechallenge
strategy in refractory patients with RAS WT mCRC with cetuximab
plus avelumab, an anti-programmed death ligand 1 (PD-L1)
monoclonal antibody has demonstrated clinical evidence of
improved overall survival, with the highest benefit obtained in those
patients with baseline RAS/BRAF/EGFR WT circulating tumor DNA
(ctDNA) (14).

Rationale of the study

The rationale of anti-EGFR treatment beyond progression of
disease comes from our previous CAPRI GOIM Study, performed
in 25 Italian centres in which 340 patients with KRAS exon 2 WT
mCRC received a first line treatment with FOLFIRI plus cetuximab; of
these, 153 mCRC patients, at progression after responding to
FOLFIRI plus cetuximab, were treated with FOLFOX or with
FOLFOX plus cetuximab in a randomized phase II study (15). In
addition, the CAPRI GOIM clinical program has performed extensive
translational research with the establishment of a selected 22
multigene next generation sequencing (NGS) test for DNA
extracted from tumor tissue and of a selected RAS gene. Beaming
technology has been used for circulating free tumor DNA extracted
from plasma. The main findings of the CAPRI GOIM clinical research
project can be summarized as follows: FOLFIRI plus cetuximab is an
effective front line treatment in molecularly selected patients with
mCRC. Efficacy is similar in fit elderly patients. Efficacy is higher in
patients with KRAS/NRAS/BRAF/PIK3CA WT tumors. RAS testing
by liquid biopsy is feasible and predicts efficacy of FOLFIRI plus
cetuximab. Second line FOLFOX plus cetuximab is a promising
therapeutic approach in patients with KRAS/NRAS/BRAF/PIK3CA
WT tumors that benefited from first line FOLFIRI plus cetuximab
(16). Extended and comprehensive multigene assessment by NGS
allows the identification of potential rare gene alterations that could
be responsible for resistance to cetuximab in KRAS/NRAS/BRAF/
PIK3CA WT tumors.

Based on the findings of the CAPRI GOIM trial, the CAPRI 2
GOIM trial has the purpose of investigate the efficacy and safety of a
biomarker-driven cetuximab-based treatment regimen over 3
treatment lines in mCRC patients with RAS/BRAF WT tumors at
start of first line.
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In the present paper we describe and discuss the scientific and
clinical rationale, the design and treatment lines of the CAPRI 2
GOIM clinical trial (Figure 1).

Materials and methods

Based on dynamic and longitudinal liquid biopsy assessment of
RAS/BRAF status, that will be prospectively performed before each
line of treatment, 200 mCRC patients will be treated with cetuximab
in combination with chemotherapy throughout three lines of therapy,
as follows: FOLFIRI plus cetuximab (first line); FOLFOX plus
cetuximab (second line); irinotecan plus cetuximab (third line) in
case of RAS/BRAF WT at each time point of progression. If after the
first line progression, the liquid biopsy assessment indicates RAS and
or BRAF mutant status, patients will receive FOLFOX plus
bevacizumab as the second line of therapy. If after the second line
progression, the liquid biopsy assessment indicates RAS and or BRAF
mutant status, patients will be treated with regorafenib or trifluridine-
tipiracil (investigator’s choice), as third line of therapy (Figure 1).
Each treatment will be administered using standard doses and
schedules until progression of disease or unacceptable
toxicity (Figure 2).

Technical procedures to manage diagnostic
samples from enrolled patients:

Liquid biopsy: Two blood samples will be obtained before each
line of treatment (total of 29 mL): one will be shipped to Foundation
Roche Germany for extended RAS/BRAF molecular analysis, the
second will be processed for additional translational analyses.
Liquid biopsy assessment will be performed with a comprehensive
324 genes Foundation One Liquid NGS assay (Foundation/Roche).
Briefly, blood samples will be collected before each line of treatment
and will be shipped to Foundation Roche Germany for extended RAS/
BRAF molecular analysis. Circulating cell-free DNA will be isolated
from plasma and analyzed with the Foundation One Liquid assay
(Foundation/Roche). This assay assesses SNVs, indels, CNVs and

10.3389/fonc.2023.1069370

fusions in 324 cancer related genes (https://www.foundationmedicine.
com/genomic-testing/foundation-one-liquid).

Tissue analysis: Baseline Formalin-fixed-paraffin-embedded
(FFPE) of primary tumor or metastasis will be analyzed by local
laboratory for the determination of RAS/BRAF mutational status.

Moreover, a baseline FFPE sample will be shipped to Foundation
Roche Germany for molecular analysis. FFPE samples will be
analyzed with the Foundation One CDx assay (Foundation/Roche),
which covers single nucleotide variants (SNVs), indels, copy number
variations (CNV) and fusions in 324 cancer- related genes (https://
www.foundationmedicine.com). An additional baseline FFPE sample
will be shipped to the Cell Biology and Biotherapy Unit, Istituto
Nazionale Tumori “Fondazione Giovanni Pascale” IRCCS, Napoli for
further translational analyses.

Translational analyses: additional 12 mL of whole blood will be
collected. Plasma and peripheral blood mononuclear cells (PBMC)
will be collected, stored at -70/-80 °C (preferred) until shipment on
dry ice to the Cell Biology and Biotherapy Unit, Istituto Nazionale
Tumori “Fondazione Giovanni Pascale” IRCCS, Napoli.

Patients

Patients eligible for inclusion in the CAPRI 2 GOIM trial have to
meet all of the following criteria at the start of first line treatment: -
Histologically proven diagnosis of colorectal adenocarcinoma -
Diagnosis of metastatic disease - RAS and BRAF WT status of
FFPE analysis of primary CRC and/or distant metastasis -
Measurable disease.

Other eligible criteria are described in Tables 1, 2.

Study endpoints
Primary endpoint
The primary endpoint of the study is the Response rate (RR) for

each line of treatment according to Response Evaluation Criteria in
Solid Tumors (RECIST) v1.1.

200 patients
RAS/BRAF WT mCRC

FOLFIRI + CETUXIMAB

Attrition rate: 50 patients

90 patients 60 patients
RAS/BRAF WT mCRC RAS/BRAF mutant mCRC
FOLFOX + CETUXIMAB FOLFOX + BEVACIZUMAB
Attrition rate: 30 patients Attrition rate: 20 patients
36 patients 24 patients 20 patients 20 patients
RAS/BRAF WT mCRC RAS/BRAF mutant RAS/BRAF WT mCRC RAS/BRAF mutant
mCRC mCRC
IRINOTECAN + Trifluridine/Tipiracil IRINOTECAN + Trifluridine/Tipiracil
CETUXIMAB or regorafenib CETUXIMAB or regorafenib

FIGURE 1
Capri 2 GOIM clinical trial consort diagram.
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FIRST LINE SECOND LINE THIRD LINE
RAS/BRAF WT tumors ctDNA RAS/BRAF WT tumors ctDNA RAS/BRAF WT tumors
FOLFIRI plus * FOLFOX plus ‘ Irinotecan plus
cetuximab ‘ cetuximab cetuximab
RAS/BRAF WT tumors ctDNA RAS/BRAF mutant tumors ctDNA RAS/BRAF mutant tumors
FOLFIRI plus
T - .
RAS/BRAF WT tumors ctDNA RAS/BRAF mutant tumors CtDNA RAS/BRAF WT tumors

FOLFIRI plus »

Irinotecan plus
cetuximab » .

cetuximab

H

RAS/BRAF WT tumors ctDNA RAS/BRAF WT tumors ctDNA RAS/BRAF mutant tumors
FOLFIRI plus FOLFOX plus
T -

FIGURE 2
Possible treatment sequences based on ctDNA plasma analysis.

Secondary endpoints Exploratory endpoints

An additional aliquot of the blood/plasma/fecal samples will be

« Progression Free Survival (PFS): measured from the start of ~ stored for further translational studies. The analysis on tissue and

therapy until the first observation of disease progression or  Pplasma samples will be performed by Foundation Roche laboratories

death due to any cause. in Germany using a comprehensive 324 genes Foundation One Liquid

e Opverall Survival (OS): calculated from the start of the study = assay (Foundation/Roche).
treatment until death. The analysis of fecal samples for gut microbioma study will be
«  Safety: Adverse events graded according to NCI CTCAEv5.0. ~ performed by the gastroenterology unit, Casa Sollievo della
+ Molecular profiles of tumor tissue and liquid biopsy: ~ Sofferenza, Via padre Pio 7d 70013, San Giovanni Rotondo (FG).
molecular analysis of formalin fixed paraffin embedded
(FFPE) tumor tissue, which is representative of the primary ~ Statistical an alySiS
tumor or of a metastatic site at the diagnosis of mCRC, will be
performed before the first line, whilst blood samples for liquid The primary analysis of response will be performed in a modified

biopsy will be collected before each line of treatment. intention-to-treat population (mITT), defined as all enrolled patients

TABLE 1 Patients eligible for inclusion in this study have to meet all of the following criteria at the start of first line treatment.

1. Histologically proven diagnosis of colorectal adenocarcinoma

2. Diagnosis of metastatic disease

3. RAS and BRAF wild-type status of FFPE analysis of primary colorectal cancer and/or related metastasis

4. Measurable disease according to Response Evaluation Criteria in Solid Tumors (RECIST criteria, vers.1.1)
5. Male or female patients > 18 years of age
6. ECOG Performance Status 0,1

7. Adequate bone marrow, liver and renal function assessed within 14 days before starting study treatment as defined by the following parameters:

Bone marrow:

Absolute Neutrophil Count (ANC) > 1.5 x 10°/L

Hemoglobin (Hgb) > 9 g/dL

Platelets > 100 x 10°/L

Liver function:

Serum total bilirubin < 1.5 x upper limit of normal (ULN) Aspartate aminotransferase (AST) (serum glutamic oxaloacetic transaminase [SGOT]) and ALT (SGPT) < 2.5 x
ULN, except in patients with tumor involvement of the liver who must have AST and ALT < 5 x ULN

Renal function:

Serum creatinine < 1.5 x ULN or 24-hour clearance > 50 mL/min

8. If female and of childbearing potential, have a negative result on a pregnancy test performed a maximum of 7 days before initiation of study treatment

9. If female and of childbearing potential, or if male, agreement to use adequate contraception (e.g., abstinence, intrauterine device, oral contraceptive, or double-barrier
method), during the study and until at least 3 months after last dose of study treatment administration, based on the judgment of the Investigator or a designated associate

10 Signed informed consent obtained before screening.
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TABLE 2 Patients eligible for this study must not meet any of the following criteria at the start of first line treatment.

11.Any contraindication to the use of cetuximab, Irinotecan, 5-FU, oxaliplatin, folinic acid, bevacizumab, trifluridine-tipiracil, regorafenib

12. Active uncontrolled infections, active disseminated intravascular coagulation or history of interstitial lung disease

13. Past or current history of malignancies other than colorectal carcinoma, except for curatively treated basal and squamous cell carcinoma of the skin cancer or in situ

carcinoma of the cervix
14. Pregnancy (exclusion to be ascertained by a beta hCG test

15. Breastfeeding

16. Fertile women (<2 years after last menstruation) and men of childbearing potential not willing to use effective means of contraceptions

17. Myocardial infarction, unstable angina pectoris, balloon angioplasty (PTCA) with or without stenting within the past 12 months before inclusion in the study, Grade III or

1V heart failure (NYHA classification)

18. Cardiac arrhythmias requiring anti-arrhythmic therapy, with the exception of beta blockers or digoxin
19. Medical or psychological impairments associated with restricted ability to give consent or not allowing conduct of the study

20. Previous chemotherapy for the colorectal cancer with the exception of adjuvant treatment, completed at least 6 months before entering the study

2

—

. Participation in a clinical study or experimental drug treatment within 30 days prior to study inclusion or during participation in the study

22. Known or clinically suspected brain metastases

23. History of acute or subacute intestinal occlusion or chronic inflammatory bowel disease or chronic diarrhoea

24. Severe, non-healing wounds, ulcers or bone fractures
25. Uncontrolled hypertension

26. Marked proteinuria (nephrotic syndrome)

27. Known DPD deficiency (specific screening not required)

28. Known history of alcohol or drug abuse

29. A significant concomitant disease which, in the investigating physician’s opinion, rules out the patient’s participation in the study

30. Absent or restricted legal capacity

with RAS/BRAF wild-type tumors who received at least one dose of
study treatment. No reliable prospective data for defining the
percentage of WT and mutated patients according to liquid biopsy
after FOLFIRI plus Cetuximab as first line and any second line
FOLFOX plus bevacizumab are available at the time of the trial
design. However, we assume that acquired RAS or BRAF mutations
detectable in the plasma occur as often as 40% at the beginning of the
second line. Moreover, at the beginning of the third line we assume
that 40% of patients who received a continuous EGFR inhibition in
second line will acquire a mutation in RAS or BRAF genes; on the
other hand, in about half of patients who received FOLFOX plus
bevacizumab as second line, RAS or BRAF WT status will be restored.
On the basis of this assumption, we calculated that 200 patients will
receive a first line with FOLFIRI plus cetuximab. In addition,
FOLFOX plus cetuximab as second line for patients WT on liquid
biopsy would provide the trial with a power of 80% to detect a
significantly higher response rate of 35% compared to historical
control of 20%. PO = 0.20 Pt = 0.35; the study requires a sample
size of 56, achieves 81% power to detect a difference (P1-P0) of 0.15
using a one-sided binomial test. The target significance level is 0.05.
The actual significance level achieved by this test is 0.0432. These
results assume that the population proportion under the null
hypothesis is 0.2000. If the number of responses is 12 or less, the
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null hypothesis that P <= 0.20 is accepted with a target error rate of
0.19 (1-power=1-0.81). The expected response rate increase in the
third line will be as follow: PO = 0.02 Pt = 0.15. The study requires a
sample size of 28; achieves 81% power to detect a difference (P1-P0) of
0.13 using a one- sided binomial test. The target significance level is
0.025. The actual significance level achieved by this test is 0.018. These
results assume that the population proportion under the null
hypothesis is 0.02. If the number of responses is 8 or less, the
hypothesis that P <= 0.02 is accepted with a target error rate of
0.19. We will determine PFS and OS using the Kaplan-Meier method
and the median survival estimate of the OS and PFS and the related
confidence interval (CI) will be compared to the lower bound of the
CI observed in the historical control. This comparison will be made
only for descriptive purposes.

Discussion

The CAPRI 2 GOIM clinical trial is the first trial to explore the use
of anti-EGFR treatment for three subsequent treatment lines in those
patients defined as addicted to anti-EGFR blockade. Moreover, the
study will also evaluate the activity and efficacy of cetuximab plus
irinotecan rechallenge for those patients treated in second line with
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chemotherapy plus anti-angiogenic drugs (FOLFOX plus
bevacizumab), having a RAS or BRAF mutant disease at the time of
progression after FOLFIRI plus cetuximab first line treatment.
Although exclusion criteria of the CAPRI 2 GOIM clinical trial do
not refer to patients with microsatellite instable (MSI) tumors, these
should be treated with pembrolizumab in first line setting, as
international guidelines recommend according to the results of
KEYNOTE-177 trial (17). Therefore, these patients are not the right
candidates for CAPRI 2 GOIM trial, for which the principal objective
is to investigate how three lines of EGFR-based treatment could be
effective in patients with RAS/BRAF WT tumors. Moreover, at the
time of trial initiation in Italy pembrolizumab was not yet reimbursed
for first line treatment in patients with MSI mCRC. For this reason, if
a patient enrolled in the trial shows microsatellite instability at the
molecular analysis, investigators should discuss with the patient the
best treatment option, as in this case pembrolizumab, and therefore
evaluate to exit from the trial.

Liquid biopsy assessment with a comprehensive 324 genes
Foundation One Liquid NGS assay (Foundation/Roche) will
provide not only an integrated analysis of RAS and BRAF genes
mutational status along all the duration of the trial, but also an
extensive study of potential biomarkers of response to cetuximab
based treatment that, together with the analysis of the influence of gut
microbiome on anti-tumor activity will allow to a better tailored anti-
cancer treatment in mCRC.

The CAPRI 2 GOIM clinical trial will enroll 200 patients from 25
italian centers. The first patient has been enrolled in July 2021. We
estimate the end of enrollment in September 2023 and the end of the
study on July 2026.
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based treatment versus
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according to primary tumor site
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Background: Right- (R) and left-sided (L) metastatic colorectal cancer (mCRC)
exhibit different clinical and molecular features. Several retrospective analyses
showed that survival benefit of anti-EGFR-based therapy is limited to RAS/BRAF wt
L-sided mCRC patients. Few data are available about third-line anti-EGFR efficacy
according to primary tumor site.

Methods: RAS/BRAF wt patients mCRC treated with third-line anti-EGFR-based
therapy versus regorafenib or trifluridine/tipiracil (R/T) were retrospectively
collected. The objective of the analysis was to compare treatment efficacy
according to tumor site. The primary endpoint was progression-free survival
(PFS); secondary endpoints were overall survival (OS), response rate (RR)
and toxicity.

Results: A total of 76 RAS/BRAF wt mCRC patients, treated with third-line anti-
EGFR-based therapy or R/T, were enrolled. Of those, 19 (25%) patients had a R-
sided tumor (9 patients received anti-EGFR treatment and 10 patients R/T) and 57
(75%) patients had a L-sided tumor (30 patients received anti-EGFR treatment and
27 patients R/T). A significant PFS [7.2 vs 3.6 months, HR 0.43 (95% C1 0.2-0.76), p=
0.004] and OS benefit [14.9 vs 10.9 months, HR 0.52 (95% CI 0.28-0.98), p= 0.045]
in favor of anti-EGFR therapy vs R/T was observed in the L-sided tumor group. No
difference in PFS and OS was observed in the R-sided tumor group. A significant
interaction according to primary tumor site and third-line regimen was observed
for PFS (p= 0.05). RR was significantly higher in L-sided patients treated with anti-
EGFR vs R/T (43% vs. 0%; p <0.0001), no difference was observed in R-sided
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patients. At the multivariate analysis, third-line regimen was independently
associated with PFS in L-sided patients.

Conclusions: Our results demonstrated a different benefit from third-line anti-
EGFR-based therapy according to primary tumor site, confirming the role of L-
sided tumor in predicting benefit from third-line anti-EGFR vs R/T. At the same
time, no difference was observed in R-sided tumor.

KEYWORDS

colorectal cancer, primary tumor site, third-line therapy, RAS/BRAF wild-type, anti-egfr
ab, Regorafenib, trifluridine/tipiracil

1 Introduction

The primary tumor site of metastatic colorectal cancer (mCRC) is
associated with specific clinical-pathological and molecular features
(1). From an anatomical point of view, differential characteristics
between left- (L) and right- (R) sided tumors are based on
embryological origin, physiological function, food transit, and gut
microbiome (2). From a genetic and molecular point of view, R-sided
colon cancer is associated with RAS and BRAF mutations and DNA
mismatch-repair enzyme deficiency, while L-sided colon cancer is
associated with EGFR, HER2-neu, APC, and TP53 mutations (3).
Several studies demonstrated that the primary tumor site has both a
prognostic and predictive role. Regarding the prognostic role, a
metanalysis of 66 studies, including 1437846 mCRC patients,
showed that L-sided tumor site was associated with longer OS in
comparison to R-sided tumor site [HR 0.82 (95% CI 0.79-0.84), p<
0.001] (4). Regarding the predictive role, a metanalysis of 13
randomized controlled trials, investigated the correlation between
efficacy of first-line therapy (bevacizumab vs anti-EGFR-based
treatment) in mCRC patients and primary tumor location. In
patients with RAS/BRAF wild-type (wt) L-sided mCRC, an anti-
EGEFR based first-line therapy showed an improved PES and OS in
comparison to bevacizumab-based treatment [PFS: HR 0.86 (95% CI
0.73-1.02); OS: HR 0.71 (95%CI 0.58-0.85)]. By contrast, in R-sided
mCRC patients, the benefit from bevacizumab plus chemotherapy
was higher as compared to anti-EGFR-based treatment [PFS: HR 0.65
(95%CI 0.50-0.86); OS: HR 0.77 (95%CI 0.57- 1.03)] (5). Accordingly,
international and national guidelines (6, 7) recommend anti-EGFR
plus chemotherapy for the first-line treatment of all wt L-sided mCRC
patients as preferred option.

However, besides first-line treatment, few clinical data is available
on the prognostic and/or predictive role of the primary tumor site for
subsequent lines of therapy. With respect to anti-EGFR therapy
efficacy for pretreated mCRC patients, Brule 1 et al.,reanalyzed the
results of NCIC CO.17 trial (cetuximab vs best supportive care)
according to primary tumor site. In this study, primary tumor
location was not prognostic, but strongly predictive: KRAS wt L-
sided mCRC patients had significantly longer PFS when treated with
cetuximab compared to best supportive care [5.4 vs 1.8 months, HR
0.28 (95% CI 0.18-0.45), p < 0.0001], while no difference was observed
in R-sided mCRC patients [1.9 vs 1.9 months, HR 0.73 (95%CI 0.42-
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1.27), p = 0.26] (interaction p=0.002) (8). Boeckx et al., in a
retrospective analysis of study 20050181 (FOLFIRI-Panitumumab
vs FOLFIRI) and study 20020408 (panitumumab vs best supportive
care), investigated the efficacy of anti-EGFR-based therapy, after first-
line, according to primary tumor location. RAS wt L-sided tumor had
better outcomes with panitumumab than with the comparator
treatment [study 20050181 PFS: 8.0 vs 5.8 months, HR 0.88 (95%
CI 0.69-1.12), p=0.31, study 20020408 PFS: 5.5 vs 1.6 months, HR
0.50 (95% CI 0.22-1.15), p< 0.0001] (9).

To date, regorafenib (R) and trifluridine/tipiracil (T) represent
two standard treatment options for chemorefractory mCRC patients.
In the CORRECT (10) and RECOURSE (11) trials, R and T showed a
significant OS improvement in comparison to best supportive care
[HR 0,77 (IC 95% 0,64-0,94) p 0,0052] [HR 0.66 (IC 95% 0.56-0.78),
p<0.001], respectively. Despite the statistically significant OS
improvements, the absolute benefit appeared limited, and it was
independent from both RAS status and primary tumor site.

Based on this limited evidence, we retrospectively compared the
efficacy of third-line therapy with anti-EGFR-based treatment versus
R/T in RAS/BRAF wt mCRC patients, according to the primary
tumor site.

2 Materials and methods
2.1 Study population

Patients with RAS and BRAF wt mCRC, treated with R or T
versus anti-EGFR-based treatment in third-line, were retrospectively
included in the study. Patients were enrolled by four Italian Medical
Oncology Units (Comprehensive Cancer Center, Fondazione
Policlinico Universitario Agostino Gemelli-IRCCS, Universita
Cattolica del Sacro Cuore, Rome; Ospedale Fatebenefratelli Isola
Tiberina - Gemelli Isola, Rome; Department of Medical Oncology,
Campus Bio-Medico University, Rome; Ospedale F. Spaziani -
ASL Frosinone)

Patients had to have received two prior regimens of standard
chemotherapy (oxaliplatin, irinotecan, fluoropyrimidine) for
metastatic disease. Previous treatments could include bevacizumab.
Patients who received cetuximab and/or panitumumab in first- or
second-line were excluded from the anti-EGFR group; on the
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contrary, they could be enrolled in the R/T group. Prior therapy with
R or T was not allowed.

The R-sided tumor was defined as cancer from the cecum to the
transverse colon, L-sided tumor was defined as cancer from the
splenic flexure to the rectum. For each patient we collected the
following available variables: baseline ECOG performance status
(PS), gender, age, synchronous vs metachronous disease, previous
anticancer treatments, and number of metastatic sites (single
vs multiple).

2.2 Study outcomes

This is a retrospective, multicenter, observational study aiming to
investigate the predictive role of primary tumor site in RAS/BRAF wt
mCRC patients receiving anti-EGFR or R/T as third-line treatment.
The primary endpoint was progression-free survival (PFS); the
secondary endpoints were overall survival (OS), response rate (RR),
and toxicity. PFS was defined as the time from the start of third-line
treatment to disease progression or death from any cause, whichever
occurred first. OS was defined as the time from treatment start to the
date of death for any reasons. RR was the percentage of patients
achieving an objective response (complete response or partial
response) according to RECIST criteria (version 1.1). Disease
evaluation was performed with a computed tomography (CT) scan
of chest and abdomen every 8-12 weeks, according to clinical practice.
Toxicity rate was defined as the percentage of patients experiencing a
specific adverse event (AE) during the treatment, according to
NCTCAE version 5.0.

2.3 Statistical analysis

Chi-square test was performed to compare patient characteristics
and RR between R- and L- tumor groups, and incidence of AEs
according to treatment group. PES and OS analyses were carried out
using the Kaplan-Meier method. Cox proportional regression was
used for univariate and multivariate analyses of PFS and OS.
Statistical significance was established at p = 0.05. Hazard ratios
(HR) with 95% confidence interval (CI) were estimated using a
logistic regression model. All analyses were conducted using
MedCalc statistical software version 18.11.3 (MedCalc Software,
Ostend, Belgium; http://www.medcalc.org;2019).

3 Results
3.1 Patients characteristics

A total of 76 RAS/BRAF wt mCRC patients, receiving, as third-
line treatment, R or T or anti-EGFR based-therapy, were enrolled in
the study. Fifty-seven (75%) patients had a L-sided tumor, 19 (25%)
patients had a R-sided tumor. Thirty-nine (51%) patients received
anti-EGFR-based therapy (16 patients panitumumab and 23
irinotecan plus cetuximab), 37 (49%) patients received R or T.
Among patients with L-sided tumor, 30 (53%) were treated with
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anti-EGFR-based therapy and 27 (47%) with R/T. Among patients
with R-sided tumor, 9 (47%) were treated with anti-EGFR-based
therapy and 10 (53%) with R/T.

Baseline clinical characteristics were well-balanced between the
two groups. The median age was 64 years (range 38-81) in the L-sided
tumor group, and 63 years (range 38-78) in the R-sided tumor group.
Males were 51% and 53% in the L- and R-sided tumor group,
respectively; ECOG PS was 0 in 28% and 26%; metastases were
synchronous in 72% and 79%; sites of metastases were multiple in
72 and 74% of L- and R-sided tumor group, respectively. Clinical
baseline patients characteristics and treatment information are
summarized in Table 1.

3.2 Efficacy and activity of third-line
treatment according to primary tumor site

In the L-sided tumor group, median PFS and OS were
significantly longer in patients treated with anti-EGFR in
comparison to patients treated with R/T [median PFS: 7.2 (95% CI
6.5-7.8) vs 3.6 months (95% CI 3.2-3.9), HR 0.43 (95% CI 0.2-0.76),
p=0.004; median OS: 14.9 (95% CI 7.2-22.7) vs 10.9 months (95% CI
6.0-15.9), HR 0.52 (95% CI 0.28-0.98), p=0.045]. By contrast, in the R-
sided tumor group, no significant difference in both PFS and OS
according to treatment was observed [median PFS: 3.5 (95% CI 0-7.0)
vs 3.3 months (95% CI 1.3-5.3), HR 1.40 (95% CI 0.52-3.79), p=0.50;
median OS: 9.3 (95% CI 4.2-14.4) vs 4.8 months (95% CI 0-16.0), HR
0.82 (95%CI 0.29-2.30), p=0.70] (Figures 1, 2). A significant
interaction according to primary tumor site and third-line regimen
was observed for PFS (p=0.05), but not for OS (p=0.38) (Figure 1, 2).

In the L-sided tumor group, RR was 43% in patients treated with
anti-EGFR and 0% in patients treated with R/T (p <0.0001). No
difference in RR was observed in patients with R-sided colon cancer
according to treatment (RR 11% in patients treated with anti-EGFR vs
RR 10% in patients treated with R/T, p=0.99) (Figure 3).

At the multivariate analysis, in the L-sided tumor group, third line
regimen (anti-EGFR vs R/T) was independently associated with PFS
[HR 0.45 (95% CI 0.25-0.80), p=0.006], but not with OS. By contrast,
in the R-sided tumor group, at the multivariate analysis no association
between third-line regimen and survival outcomes was observed.
Univariate and multivariate analyses for PFS and OS are showed
in Table 2.

3.3 Toxicity

The incidence of any grade and grade 3/4 AEs was significantly
higher in patients treated with R/T in comparison to patients treated
with anti-EGFR (any grade: 88% vs 64%, p=0.018; grade 3/4: 47% vs
20%, p=0.017).

The most frequent AE in patients treated with anti-EGFR was
folliculitis (any grade 49%, grade 3/4 13%), while the most frequent
AEs in patients treated with R/T were hand-foot syndrome (any grade
35%, grade 3/4 6%), hypertension (any grade 24%, grade 3/4 6%),
neutropenia (any grade 21%, grade 3/4 15%) and anemia (any grade
12%, grade 3/4 6%]. The incidence of AES was reported in Table 3.
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TABLE 1 Patients characteristics.

Left-sided
(N =57)

Characteristics, N (%) Right-sided

(N=19)

Age (years), median (range) 63 (38-78) 64 (38-81)
<65 years 13 (68.4) 30 (52.6) 0.11
>65 years 6 (31.6) 27 (47.4)

Sex
Male 10 (52.6) 29 (50.9) 0.89
Female 9 (47.4) 28 (49.1)

ECOG PS at the beginning of 3" line
0 5 (26.3) 16 (28) 0.88
1-2 12 (63.2) 35 (61.4)
NA 2 (10.5) 6 (10.6)

Time between diagnosis of PT and metastases
Synchronous (< 6 months) 15 (78.9) 41 (72) 0.55
Metachronous (> 6 months) 4 (21.1) 16 (28)

3" line therapy
Anti-EGFR 9 (47.4) 30 (52.6) 0.69
R/IT 10 (52.6) 27 (47.4)

N metastatic sites at the beginning of 3 line
1 5 (26.3) 16 (28.1) 0.88
22 14 (73.7) 41 (71.9)

Prior systemic anticancer agents
fluoropyrumidine 19 (100) 57 (100) 1
oxaliplatin 15 (78.9) 53 (92.9) 0.08
irinotecan 18 (94.7) 56 (98.2) 0.41
bevacizumab 14 (73.7) 40 (70.2) 0.77
Anti-EGFR 10 (52.6) 26 (45.6) 0.59

N, number; ECOG PS, Eastern Cooperative Group Performance Status; PT, primary tumor; NA, not applicable; R/T, Regorafenib or Trifluridine/Tipiracil.

4 Discussion

To the best of our knowledge, this study was the first investigating
the efficacy of a third-line therapy with anti-EGFR-based treatment
versus R/T in RAS/BRAF wt mCRC patients, according to the
primary tumor site. Our results confirm the benefit of third-line
anti-EGFR treatment in L-sided tumors, supporting the predictive
role of primary tumor location also in pretreated mCRC patients.

The benefit of first-line chemotherapy plus cetuximab or
panitumumab in L-sided mCRC has been clearly demonstrated (5),
while clinical evidence on the role of primary tumor site in predicting
benefit from EGFR inhibitors in pretreated mCRC patients is still
limited. Chen et al., in a cohort study of 969 KRAS wt mCRC patients
treated with third-line cetuximab, demonstrated a significant longer
time to treatment discontinuation (p=0.0005) and OS (p <0.0001) in
L-sided vs R-sided tumor patients, confirming the prognostic role of
primary tumor site (12). Moretto et al., analyzing 75 RAS/BRAF wt
mCRC patients treated with cetuximab +/- irinotecan or
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panitumumab as first-line or subsequent lines, demonstrated a lack
of activity of anti-EGFR in R-sided vs L-sided tumors. Specifically, RR
was 0% and 41% in R-sided and L-sided tumor patients (p=0.0032),
respectively (13). The main limitations of these studies are the
retrospective nature and the lack of a control arm.

Concerning treatment with R/T, the impact of the primary tumor
site was not well defined. Subgroup analyses of both CORRECT and
RECOURSE trials demonstrated a survival benefit regardless of
primary tumor site (10, 11). In a multicenter retrospective study of
505 mCRC patients treated with R or T, R-sided patients had a shorter
OS in comparison to L-sided patients (p=0.041), but at the
multivariate analysis for OS, primary tumor location was not an
independent prognostic factor (p=0.64) (14).

The strength of our study was stringent inclusion criteria for
patients: we selected only RAS/BRAF wt mCRC patients, also in the
R/T group, in order to evaluate a homogeneous population; previous
treatment with cetuximab or panitumumab was not allowed in the
anti-EGFR group, thus avoiding potentially resistant patients.

frontiersin.org


https://doi.org/10.3389/fonc.2023.1125013
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Salvatore et al.

Left-sided group
100

anti-EGFR: 7.2 months (95% C16.5-7.8)
RT:36m ( 3.9)

ths (95% CI 3.2-

HR 0.43 (95% CI 0.25-0.76)
p=0.004

PFS

‘h 1 Il 1 Il L 1 1 1
0 2 4 6 8

Number at risk
Group: anti-EGFR
30

Group: RIT
27

Interaction p=0.05

FIGURE 1

(A) Kaplan-Meier PFS curves in left-sided group. (B) Kaplan-Meier PFS curves in right-sided group. PFS, progression-free survival; R/T, Regorafenib or

Trifluridine/Tipiracil; HR, hazard ratio; Cl, confidence interval

Furthermore, our retrospective study, compared third-line anti-EGFR
therapy with R/T, a standard treatment option in pretreated
mCRC patients.

Our study population was characterized by an imbalance in the
primary tumor site (75% L-sided side vs 25% R-sided), that could be
explained by the different molecular profiling between L- and R-sided
tumors. Our analysis showed a significant longer PFS and OS for
patients treated with anti-EGFR vs R/T in the L-sided tumor group
[median PES 7.2 vs 3.6 months, HR 0.43 (95% CI 0.2-0.76), p=0.004;
median OS 14.9 vs 10.9 months, HR 0.52 (95% CI 0.28-0.98),
p=0.045]. By contrast, no significant difference in survival outcomes
was observed between anti-EGFR vs R/T in the R-sided tumor group
[median PFS 3.5 vs 3.3 months, HR 1.40 (95% CI 0.52-3.79), p=0.50;
median OS 9.3 vs 4.8 months, HR 0.82 (95%CI 0.29-2.30), p=0.70]. A
significant interaction according to primary tumor site and third-line
treatment was observed for PFS (p 0.05). In the multivariate analysis,
the third-line regimen was independently associated with PFS [HR
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FIGURE 2

(A) Kaplan-Meier OS curves in left-sided group. (B) Kaplan-Meier OS curves in right-sided group. PFS, progression-free survival; R/T, Regorafenib or

Trifluridine/Tipiracil; HR, hazard ratio; Cl, confidence interval.
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0.45 (95% CI 0.25-0.80), p=0.006] in the L-sided tumor group. Also,
regarding the activity, we observed a different RR according to third-
line regimen and primary tumor site: in particular, in the L-sided
tumor group, RR was 43% in patients treated with anti-EGFR and 0%
in patients treated with R/T (p <0.0001), while no difference was
observed in the R-sided tumor group. Our results confirmed the
predictive role of the primary tumor site for third-line anti-EGFR-
based treatment in RAS/BRAF wt patients.

The different distribution of consensus molecular subtypes (CMS)
between L- and R-sided tumors may explain the different sensitivity
to anti-EGFR according to primary tumor site. L-sided tumors are
more representative of CMS2, enriched for epithelial signature, and
CMS4, associated to epithelial-mesenchymal transition (3, 15, 16).
CMS2 is an over-activated epithelial growth factor pathway with
higher expression of EGFR and the EGFR-ligands amphiregulin and
epiregulin, that are correlated to an increased response to EGFR
inhibitor therapy in RAS/BRAF wt CRC (17). Stintzing et al.,
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FIGURE 3

Response rate in left-sided group and right-sided group RR, response rate; R/T, Regorafenib or Trifluridine/tipiracil.

analyzing gene signature of 514 samples of patients enrolled in the
FIRE-3 study, demonstrated that patients with CMS4 tumors had a
longer OS when treated with cetuximab vs bevacizumab (18). In
another molecular analysis of RAS/BRAF wt patients from the COIN
and PICCOLO study, patients with CMS4 tumors showed a a longer
OS and PFS when treated with anti-EGFR-based treatment vs
chemotherapy alone (19).

TABLE 2 Univariate and multivariate analyses for PFS and OS.

Univariate Analysis

Multivariate Analysis

10.3389/fonc.2023.1125013

0%

left-sided

The different benefit from anti-EGFR according to primary tumor
site in RAS/BRAF wt mCRC patients may be also explained by a
heterogeneity of primary resistance profile. Not only the well-known
mutations in RAS and BRAF genes, but also the less common
alterations such as HER2 and MET amplification, deregulation of
the PI3K/PTEN/AKT axis, NTRK/ROS/ALK/RET rearrangements,
may represent negative predictive factors for response to anti-EGFR

Univariate Analysis Multivariate Analysis

Variables HR (95% Cl); p-value HR (95% Cl); p-value HR (95% Cl); p-value HR (95% Cl); p-value
Right- Left- Right- Left- Right- Left- Right- Left-
sided sided sided sided sided sided sided sided

Median age 0.92 0.98 - 1.28 1.26 - -

<65 vs >65 years (0.32-2.60); (0.58-1.68); (0.44-3.67); (0.70-2.26);
p=087 p=095 p=0.65 p=044

N metastatic sites at the beginning of 3rd 0.07 0.46 0.07 0.48 0.10 0.25 - 0.25

line (0.01-0.55); (0.25-0.86); (0.01-0.55); (0.26-0.90); (0.01-0.80); (0.11-0.56); (0.11-0.56);

1vs 22 p =001 p =001 p=0.01 p=0.02 p=0.03 p=0.001 p =10.001

Time between diagnosis of PT and 8.36 1.02 - 10.93 1.20 10.93 -

metastases (1.07-65.36); (0.56-1.87); (1.37-87.31); (0.63-2.29); (1.37-87.31);

Synchronous vs metachronous p=0.043 p=095 p=0.02 p =058 p =0.02

3" line therapy 1.40 043 045 0.82 0.52 - -

Anti-EGFR vs R/T (0.52-3.79); (0.25- (0.25-0.80); (0.29-2.30); (0.28-0.98);

p =050 0.76); p =0.006 p =070 p=0045
p = 0.004

PFS, progression-free survival; OS, overall survival; N, number; HR, hazard ratio; CI, confidence interval; PT primary tumor R/T, Regorafenib or Trifluridine/Tipiracil.
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TABLE 3 Adverse Events.

10.3389/fonc.2023.1125013

Anti-EGFR R/T p- value Anti-EGFR
(N=39) (N=34) (N=39)
Adverse events
Any grade Any Grade Grade 3-4
N (%) N (%) N (%)

Any adverse events 25 (64) 30 (88) 0.018 8 (20%) 16 (47) 0.017
Fatigue 10 (26) 16 (47) 0.06 1 (3%) 3(9) 0.24
Nausea 1(3) 3(9) 0.24 0 (0) 0 (0) 1
Diarrhea 5(13) 5(15) 0.89 0 (0) 1(3) 0.86
Stomatitis 5(13) 3(9) 0.59 0 (0) 0 (0) 1
Dermatitis acneiform 19 (49) 0 (0) <0.00001 5(13) 0 (0) 0.02
Hand-foot syndrome 2(5) 12 (35) 0.001 0 (0) 6 (18) 0.02
Hypertension 0 (0) 8 (24) 0.005 0 (0) 2(6) 0.03
Neutropenia 4 (10) 7 (21) 0.22 2(5) 5 (15) 0.16
Anemia 0 (0) 4(12) 0.12 0 (0) 3(9) 0.24
Trombocytopenia 2(5) 0 (0) 0.46 0 (0) 0 (0) 1
Transaminases increase 0 (0) 2(6) 0.461 0 (0) 0 (0) 1

N, number; R/T, Regorafenib or Trifluridine/tipiracil.

(20). Morano et al., analyzing RAS/BRAF wt mCRC patients receiving
panitumumab-based maintenance therapy in the Valentino trial,
demonstrated that the combined assessment of sidedness and
molecular alterations of primary resistance to anti-EGFR according
to PRESSING panel (21) identified a subpopulation with inferior
benefit from anti-EGFR-based therapy (22).

Concerning the safety profile, our study, showed a significant
higher incidence of AEs in the group of patients treated with R/T in
comparison to anti-EGFR-based therapy (p 0.018), and a drug-
specific toxicities (hand-foot syndrome and hypertension for R,
neutropenia and anemia for T, folliculitis for anti-EGFR), as
previously reported.

Our study presented several limitations, such as the retrospective
design, the lack of randomization, the lack of a negative
hyperselection, such as with the PRESSING panel, and the small
sample size, especially for the R-sided group. We did not explore the
optimal therapeutic sequence, as investigated by the REVERCE trial,
which reported a longer OS for patients receiving regorafenib
followed by cetuximab vs the reverse sequence [17.4 vs 11.6
months, HR 0.61 (95% CI 0.39-0.96), p 0.0293] (23). Furthermore,
our study excluded patients receiving anti-EGFR rechallenge
according to CRICKET (24) and CHRONOS trials (25). The
ongoing randomized PARERE study (26), investigating rechallenge
with panitumumab followed by regorafenib versus the reverse
sequence in chemorefractory RAS/BRAF wt patients selected by
liquid biopsy, could further clarify the role of anti-EGFR according
to primary tumor site.

5 Conclusion

In conclusion, our results demonstrated a different benefit from
third-line anti-EGFR therapy according to primary tumor site,

Frontiers in Oncology

confirming the role of L-sided tumor in predicting benefit from
third-line anti-EGFR vs R/T. At the same time, no difference was
observed in R-sided tumors. Despite several limitations, our study
confirmed previous evidence and, waiting for results from the
PARERE trial, we can conclude that the preferred third-line option
for RAS-BRAF wt L-sided mCRC patients, not yet treated with
panitumumab or cetuximab, is still anti-EGFR. By contrast, in
R-sided mCRC patients, the choice between anti-EGFR and R/T
should be based on previous treatment toxicity and patient
clinical conditions.
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therapy in advanced colorectal
cancer: A glance to radiomics or
back to physiopathology?
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Cecilia Bozzetti®, Andrea Zavani®, Gianluca Di Rienzo?,
Cinzia Azzoni? Enrico Maria Silini*’, Nicola Sverzellati®,
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tGastroenterology and Endoscopy Unit, University Hospital of Parma, Parma, Italy, ?Pathology Unit,
Department of Medicine and Surgery, University of Parma, Parma, Italy, *Department of Medicine and
Surgery, University of Parma, Parma, Italy, “Medical Physics Department, University Hospital of Parma,
Parma, Italy, °Radiology, Department of Medicine and Surgery, University of Parma, Parma, Italy,
5Oncology Unit, University Hospital of Parma, Parma, Italy, “Pathology Unit, University Hospital of
Parma, Parma, Italy

Introduction: The Notch intracellular domain (NICD) and its ligands Jagged-1
(Jagl), Delta-like ligand (DLL-3) and DLL4 play an important role in
neoangiogenesis. Previous studies suggest a correlation between the tissue
levels of NICD and response to therapy with bevacizumab in colorectal cancer
(CRC). Another marker that may predict outcome in CRC is radiomics of liver
metastases. The aim of this study was to investigate the expression of NICD and
its ligands and the role of radiomics in the selection of treatment-naive
metastatic CRC patients receiving bevacizumab.

Methods: Immunohistochemistry (IHC) for NICD, Jagl and E-cadherin was
performed on the tissue microarrays (TMAs) of 111 patients with metastatic
CRC treated with bevacizumab and chemotherapy. Both the intensity and the
percentage of stained cells were evaluated. The absolute number of CD4+ and
CD8+ lymphocytes was counted in three different high-power fields and the
mean values obtained were used to determine the CD4/CD8 ratio. The positivity
of tumor cells to DLL3 and DLL4 was studied. The microvascular density (MVD)
was assessed in fifteen cases by counting the microvessels at 20x magnification
and expressed as MVD score. Abdominal CT scans were retrieved and imported
into a dedicated workstation for radiomic analysis. Manually drawn regions of
interest (ROI) allowed the extraction of radiomic features (RFs) from the tumor.

Results: A positive association was found between NICD and Jagl expression
(p < 0.001). Median PFS was significantly shorter in patients whose tumors
expressed high NICD and Jagl (6.43 months vs 11.53 months for negative
cases; p = 0.001). Those with an MVD score >5 (CD31-high, NICD/Jagl
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positive) experienced significantly poorer survival. The radiomic model
developed to predict short and long-term survival and PFS yielded a ROC-AUC
of 0.709; when integrated with clinical and histopathological data, the integrated
model improved the predictive score (ROC-AUC of 0.823).

Discussion: These results show that high NICD and Jagl expression are
associated with progressive disease and early disease progression to anti
VEGF-based therapy; the preliminary radiomic analyses show that the
integration of quantitative information with clinical and histological data display

the highest performance in predicting the outcome of CRC patients.

KEYWORDS

Notch signaling pathway, bevacizumab, colorectal cancer, Jagged-1, therapy resistance

Introduction

Notch signaling is an evolutionary conserved pathway that
plays a critical role in regulating cell-fate differentiation during
embryonic development (1, 2). This pathway also affects
angiogenesis (3), is aberrantly activated in several cancers and
influences malignant proliferation and progression (4). The
activation of the Notch pathway arises when specific ligands, such
as Jagged-1 (Jagl) or Delta-like ligand (DLL)-3 or DLL4, bind to the
Notch transmembrane receptor (1). Jagl or DLL ligand binding to
Notch receptor leads to the separation of the Notch extracellular
domain by proteases of the ADAM family. Subsequently, the Notch
intracellular domain (NICD) is released by a gamma-secretase
processing and transits to the nucleus where it regulates
downstream gene expression (1).

Notch signaling triggered via Jagl and DLLs plays a double role
(5, 6): it inhibits DLLs (5) while it activates Jagl (6). Previous studies
have revealed that Notch signaling can be triggered by soluble forms
of DLLs and Jagl (7-9), which have different consequences on
tumor progression: while soluble DLLs hinder tumor growth (10),
soluble Jagl greatly exacerbates the malignant development of
cancer. Jagl plays a key role in promoting epithelial to
mesenchymal transition (EMT) as well as fostering cancer stem
cell (CSC) phenotypes (8). Our previous data suggested an
association between high tissue levels of NICD and poorer
response to anti-vascular endothelial growth factor (VEGF)
bevacizumab as first-line therapy in metastatic colorectal cancer
(CRC) patients, but not to chemotherapy alone (11). No association
was found between NICD and DLL4 expression within the same
tumor (11). Jagl might reduce Notch signaling, thereby
enhancing responses to VEGF; such tumors could therefore be
more susceptible to VEGF inhibition or different anti-
angiogenic treatments.

The role of imaging in CRC staging has been recently expanded
by the implementation of non-invasive biomarkers extrapolated
from medical images (12). Radiomics of liver metastases in patients
with CRC showed to predict outcome in patients treated with
FOLFIRI and bevacizumab (13). Recent attention has been given
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to a multiomics strategy for comprehensive genotype-phenotype
characterization of several oncological diseases (14, 15). Proteomics
analysis can uncover new therapeutic choices, thus reducing the
emergence of drug resistance and potentially improving patient
outcomes (16). However, research mostly focused on radiomics
alone, without attempting to integrate the radiomic signature with
reliable clinical predictors and molecular data (KRAS mutation
status or microsatellite instability) (17). Therefore, predictive
models in CRC patients might be further improved by
multidisciplinary approaches encompassing quantitative metrics
derived from diagnostic studies, which have been more widely
used for other cancer types, instead.

These data prompted us to investigate the expression of NICD,
Jagl, DLL3 and DLL4 and a series of markers potentially involved in
angiogenesis and immune response to bevacizumab therapy.

We also tested whether radiomics could select treatment-naive
metastatic CRC patients responding to bevacizumab, beyond
clinical and NICD/Jagl/DLL expression parameters.

Materials and methods

We characterized a series of tumors by using
immunohistochemistry (IHC) in tissue microarrays (TMAs) from
111 pre-treatment surgical specimens from patients with metastatic
CRC treated with anti VEGF-therapy bevacizumab in combination
with chemotherapy between 2008 and 2017 at the University
Hospital of Parma (Parma, Italy). Cases were selected based on
the availability of retrospective archival-FFPE (formalin-fixed,
paraffin-embedded) tissue specimens. The study protocol was
approved by the local Ethics Committee (AVEN: Comitato Etico
dell’Area Vasta Emilia Nord). The procedures used in this study
adhere to the tenets of the Declaration of Helsinki. Response to
bevacizumab was assessed by using time point RECIST version 1.1
(i.e. best response at time point).

NICD staining and other parameters were collected; patients’
demographics, primary tumor characteristics and therapy details
are listed in Table 1.
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TABLE 1 Patients’ characteristics and tissue microarray expression data.

Characteristics N=111 (%)
Age (years) 66

Range 32-84
Sex

Male 60 (54)

Female 51 (46)
CEA

<30 57 (51)

>30 41(37)

Unknown 13 (12)
Primary tumor side

Right side 47 (43)

Left side 63 (57)

Unknown 1
Number of metastatic sites

1 51 (46)

>2 60 (54)
Subsequent chemotherapy

Yes 87 (79)

Received aflibercept 9/87 (10)
KRAS

Mutant 61 (68)

Wild type 29 (32)

Unknown 21
NICD

High 42 (38)

Low 69 (62)
Jag1

Positive 68 (62)

Negative 42 (38)
DLL4

Positive 90 (86)

Negative 14 (14)

Not evaluable 7
DLL3

Positive 79 (81)

Negative 18 (19)

Not evaluable 14
CD4/CD8

(Continued)
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TABLE 1 Continued

Characteristics N=111 (%)
2/1-3/1 84 (92)
1/1 6 (7)
12 1(1)
Not evaluable 20

CD3
Positive 94 (100)
Negative 0
Not evaluable 17

Cyclin D1
High 71 (75)
Low 23 (25)
Not evaluable 17

CD44
High 22 (24)
Low 70 (76)
Not evaluable 19

Mismatch repair protein
MSI 7(8)
MSS 76 (92)
Not evaluable 28

DLL, Delta-like ligand; Jagl, Jagged-1; MSI, Microsatellite instability; MSS, microsatellite
stable; NICD, Notch intracellular domain.

Tissue microarray construction

The following method was used to construct TMAs.
Hematoxylin and eosin slides were reviewed to select tumor foci
for each patient. A TMA instrument (3DHISTECH) was used to
obtain cylindrical tissue cores from the selected areas of each donor
block. Cores were assembled and embedded in the recipient block.
Each core was 0.6 mm in diameter and its surface measured 0.282
mm? (2 or 3 high-power fields). The distance from one core to the
other was 0.7 or 0.8 mm. 5 pm thick sections were cut from the
recipient block to perform immunohistochemistry (Figure 1).

Immunohistochemistry

Firstly, the expression of Notch Intracellular Domain (NICD
VAL 1744 clone D3B8, dilution 1:100, Cell Signaling Technology),
Jagl (JAG1 clone D4Y1R, dilution 1:100 Cell Signaling Technology)
and E-cadherin (clone 36, Ventana Roche, ready-to-use) was
studied and only certain staining patterns were considered
positive. NICD, Jagl and E-cadherin staining were considered
positive when they showed cytoplasmic and/or nuclear reactivity,
cytoplasmic and/or membrane reactivity and membrane reactivity,

frontiersin.org


https://doi.org/10.3389/fonc.2023.1132564
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Negri et al.

10.3389/fonc.2023.1132564

FIGURE 1

(A) TMA, Hematoxylin and Eosin; (B) TMA, NICD; (C) NICD; (D) Jagl; (E) CD31 non responder patient; (F) CD31 responder patient with NICD and Jagl+.

respectively. Both the intensity and the percentage of stained cells
were evaluated. The intensity was assessed as 0 = negative, 1 = weak,
2 = moderate and 3 = strong.

Secondly, the absolute number of CD4+ (clone SP35) and CD8
+ (clone SP57) lymphocytes was counted in three different high-
power fields and the mean values obtained were used to determine
the CD4/CD8 ratio. A CD4/CD8 ratio of 2.0 was considered
normal. The assessment of CD3+ (clone 2GLV6), CD44+ (clone
SP37) and CyclinD1+ (clone SP4-R) was given as a percentage of
positive cells (Ventana Roche, ready-to-use).

Thirdly, the expression of DLL3 (clone SP347, Ventana Roche,
ready-to-use) and DLL4 (clone 4A11F8 dilution 1:100 Biorbyt) was
studied. Positivity was defined as 225% tumor cells, high expression
of DLL3/DLL4 was defined as 275% tumor cells. The intensity was
assessed as 0 = negative, 1 = weak, 2 = moderate and 3 = strong.

Lastly, mismatch repair proteins (MLH1 - clone M1, PMS2 -
clone Al6-4, MSH2 - clone G219-1129, MSH6 - clone SP93;
Ventana Roche, ready-to-use) were studied. Negative expression
of one of them was considered proof of microsatellite instability. In
fifteen cases we assessed angiogenesis by counting the microvessels
at 20x magnification (Nikon, Eclipse E400).

The immunostained sections for CD31 (Ventana, ready-to-use
solution) were examined at low power to select the three areas with
the highest vascularity (hotspots).

Two pathologists separately assessed each case without any
clinical information.

Radiomic data

Patients that underwent abdominal Computed Tomography (CT)
at the University Hospital of Parma for CRC staging were included in
the study. CT scans were performed with different CT scanners and
imaging protocols; images were retrieved from Picture Archive and
Communication System (PACS) and were subsequently imported into
a dedicated software (3D Slicer) for tumor segmentation.

Frontiers in Oncology

One radiologist (ML) evaluated all CT scans visually and
identified the target lesion on portal venous phase. The reader
was instructed to draw manually multiple regions of interest (ROI)
at different levels by tracing the boundaries of the lesions:
subsequently, a dedicated tool (SlicerRadiomics) software
interpolated the ROIs to obtain the volume of interest (VOI)
which allowed the extraction of 852 radiomic features (RF). The
VOI was manually modified by the reader in case of inaccurate
segmentation. Image preprocessing based on wavelet
decomposition was performed by SlicerRadiomic before feature
calculation to generate independent radiomic predictors.

The radiomic dataset included shape, first-order, Gray-Level- Co-
occurrence-Matrix (GLCM), Gray-Level-Run-Length-Matrix
(GLRLM), Gray-Level-Size-Zone-Matrix (GLSZM), Neighboring-
Gray-Tone-Difference-Matrix (NGTDM), Gray-Level-Dependence-
Matrix (GLDM).

Statistical analysis and
classification model

Classical statistics

The chi-square test and Fisher’s exact test were used to perform
univariate comparisons between categorical variables.

The Kaplan-Meier method was used to estimate the mean and
median time for progression free survival (PFS) followed by a Cox
regression analysis to evaluate the relationship between survival and
covariates in a multivariable framework. The model was evaluated by
making use of model diagnostics. This included checking for the
overall goodness of fit, model adherence to key assumptions,
influential observations and nonlinearity. The variables considered
in the Cox regression were KRAS, type of chemotherapy protocol, site
of primary tumor, NICD, CD44, Jagl, CD3, DLL4 expression; only
NICD expression resulted statistically significant and was maintained
in the final model. The regression coefficients were reported as hazard
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ratios (HRs). The 95% confidence intervals (CIs) were also estimated
from the analysis.

The commercial package IBM-SPSS v.28 and the open-source
statistical system Jamovi version 2.3.0, which is based on the widely
used open-source system R, were used to perform survival analysis. A
p-value less than 0.05 was considered statistically significant (p < 0.05).

Multiomic models

Classification models were developed to predict time to disease
progression. With this aim in mind, PFS at 9 months was used to
stratify patients in two groups, namely short and long-term survivals.
We considered PFS at 9 months as a target variable because a
comprehensive meta-analysis has recently showed that PFS ranges
between 7 and 10.8 months for CRC patients treated with
bevacizumab (18). Therefore, we acquired the central value of that
interval from the meta-analysis to further stratify the prognosis of our
patients according to the integrated profile. Three models were
developed: radiomic (R), clinical/Notch signaling (C/N) and the
comprehensive integrated model (I). In the R model, we removed
redundant highly correlated features by calculating their Spearman
Rho correlation coefficient: RFs with a coefficient greater than 0.99
were excluded from the successive analyses. Subsequently, feature
standardization by z-score was applied. In the C/N model, the same
variables considered in the Cox regression were added as predictors
(Table 1). In both R and C/N models, a L2 penalized logistic
regression algorithm was implemented for features selection and
validation. Most predictive features were selected by means of a
wrapper approach, ie. the sequential forward feature selection
algorithm with 20 Monte-Carlo cross-validation (MCCV) splits.
We chose the area under the receiver operating characteristic
(ROC) curve (ROC-AUC) as performance metric. We iterated the
selection process 50 times, using 50 different random states and,
subsequently, we selected the features that had higher frequency of
occurrence for both R and C/N models. Through 5000 MCCV splits
(train:0.7, test:0.3), different numbers of clinical/genomic and
radiomic features were selected and used respectively for R and C/
N model training and validation. Likelihood ratio test was applied to
verify if the addition of another feature significantly improved the
model performance. The selected C/N and R features were used
together to build the I model.

For all models, the ROC-AUC and accuracy scores for each
MCCV were calculated and averaged over these iterations. Mean
ROC curve and mean learning curve were also plotted. Recall and
precision metrics were also calculated

TABLE 2 Association between NICD and Jagl expression in CRC.

10.3389/fonc.2023.1132564

Survival analysis was performed in radiomic dataset. Kaplan-
Meier survival curves PES for two risk groups were calculated and
then compared using log-rank test. The risk groups were assessed by
using continuous RFs, previously selected by the machine-learning
model. Risk groups based on RFs were developed using ROC
analysis to determine the cutoff value of each RF for optimal
stratification into two classes: Youden index was chosen as
optimal threshold. Subsequently, we combined the selected
features in a single variable and we performed Kaplan-Meier
analysis again. Finally, we calculated the probability to predict
longer-term class in each risk group of combined features.
Probabilities derived from the R model were averaged over
MCCV splits.

Machine-learning model, analysis and plots were performed by
means of Python v. 3.8.5; scikit-learn and MLextend machine
learning libraries were used for features selection and
model development.

Results
Classical statistics

A total of 111 patients have been included in the analysis. The
cohort is shown in Table 1. A positive association was found in
univariate analysis between NICD and Jagl expression (p < 0.001;
Table 2). No significant association was found for the other
analyzed markers and KRAS mutation (data not shown). All
main clinical characteristics were comparable among the
subgroups of patients (data not shown). Specifically, no
significant associations of NICD and Jagl immunostaining scores
with age, baseline CEA levels, number of metastatic sites and
subsequent chemotherapy were observed.

Compared with patients who had NICD and/or Jagl low
tumors, patients whose pre-treatment tumors expressed high
NICD and Jagl levels showed poor RECIST 1.1 categories with
higher rates of stable disease (SD) or progressive disease (PD) as
best response, and lower frequencies of complete response (CR) or
partial response (PR); p = 0.002 (Table 3). Associations between
NICD and Jagl and therapy response were further evaluated using
PES and Kaplan-Meier and Cox proportional hazard modeling.
Median PFS was significantly shorter in patients whose tumors
expressed high NICD and Jagl (6.43 months vs 11.53 months for
negative cases; p = 0.001, Figure 2). Cox regression following
univariate analysis confirmed NICD as the only independent
predictor for PFS (HR = 1.820 [1.165 - 2.844]; p = 0.009).

Low Jag1 High Jag1

Low NICD 38 (56%)

High NICD 4 (10%)

30 (44%)
38 (90%)

%* continuity correction p < 0.001

Fisher’s exact test p < 0.001

Jagl, Jagged-1; NICD, Notch intracellular domain.
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TABLE 3 Response according to NICD and Jagl protein expression.

NICD-Jag1

10.3389/fonc.2023.1132564

Response rate

Low NICD_Low Jagl 13 (34%) 25 (66%) 38
Low NICD_High Jagl 21 (70%) 9 (30%) 30
High NICD_Low Jagl 3 (75%) 1 (25%) 4
High NICD_High Jagl 28 (74%) 10 (26%) 30

%* continuity correction p = 0.002

Fisher’s exact test p < 0.001

CR, complete response; Jagl, Jagged-1; NICD, Notch intracellular domain; PD, progressive disease; PR, partial response; SD, stable disease.

Quite surprisingly, 5 patients with high NICD tumors showed long
PFS. Each case was evaluated for the following features: inflammation,
staging, grading and microvascular density. The last one was the only
noteworthy characteristic. For this reason, we assessed the microvascular
density according to Chalkey’s methods: microvessels were counted
manually for each hotspot at 20x magnification (high power field) and
expressed as MVD score. This assessment was carried out for 15 patients
based on response to therapy: 5 were non responder (NICD/Jagl
positive), 10 were responder (5 NICD/Jagl positive and 5 NICD/Jagl
negative). Those with an MVD score >5 (CD31-high, NICD/Jagl
positive) were associated with significantly poorer survival. Low CD31
was seen in all 10 responder patients (both 5 NICD/Jagl positive and
NICD/Jagl negative) and associated with a better prognosis.

Multiomics

The retrospectively collected 111 CRC cases were decreased due
to inclusion criteria that comprised the availability of (i) CT data
and (ii) PFS information. Thus, the ensuing results based on the
multiomic approach refer to a restricted population of 76 subjects.
Regarding feature preprocessing, the Spearman correlation matrix
for RFs is reported in Figure S1. Redundant features were removed,
thereby reducing the number of RFs by about 33.6%.

0.8

0.6

0.4

Cumulative Survival

NICD-JAG1 levels

1 Low-NICD; Low JAG1
~ Low_NICD; High-JAGL
0.2| _r High-NICD; High-JAG1

p=0.001

0.0

0 5.0 10.0 15.0 20.0 25.0
Progression Free Survival (PFS - months)

FIGURE 2
Progression-free survival (PFS) according to NICD and Jagl expression
levels in metastatic CRC patients treated with bevacizumab.
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In the R model, the best performance in differentiating short
and long survival was obtained by selecting two RFs: Strength
(NGTDM) and Skewness (first order) with a ROC-AUC of 0.709
and an accuracy of 0.671. Likelihood ratio showed that the
performance of the model would not significantly improve by
adding further RFs (Table 4).

In the C/N Model, the most predictive features were Jagl and
NICD, whereas the addition of a third feature was not significantly
relevant: the ROC-AUC was higher as compared to the R model
alone, with a ROC-AUC of 0.743, while accuracy was slightly lower
(0.649) (Table 4).

The I Model included the previously selected R and C/N
features, that had a negative effect on the likelihood of predicting
long survivors, as shown by odds ratios (Table S1). The I model
yielded the highest ROC-AUC (0.823) and accuracy (0.751) values.
The mean ROC curves are displayed in Figure 3.

Learning curves show the ROC-AUC score (Figure S2A) and
accuracy (Figure S2B) as a function of the number of training
samples. We plotted performance scores obtained by predictions for
both training (blue line) and validation (green line) datasets and
averaged over all iterations of the MCCV. For each model, we also
calculated and averaged over 5000 MCCV splits the recall metric
representing the true predictions of longer survival class: 0.794 [95%
CI : 0.790, 0.797] for R model, 0.660 [95% CI: 0.654, 0.666] for C
model and 0.767 [95% CI : 0.763, 0.770] for I model. In addition, we
calculated precision metrics (i.e. positive predictive value),
representing the fraction of true positive cases among the total
positive predicted instances: 0.642 [95% CI : 0.641, 0.645] for R
model, 0.673 [95% CI: 0.669, 0.676] for C model and 0.751 [95% CI :
0.749, 0.754] for I model.

Kaplan Meier curves of PFS (Figure S3) showed significantly
different risk strata for Strength, whereas none for skewness. The
combined RF (strength-skewness) created 3 risk groups which
significantly stratified in PFS curve (Figure 4). Probabilities of
longer-term class prediction are listed in Table 5.

Discussion

The diagnosis of CRC is based on the integration of multiple
features (histopathology, immunohistochemistry and molecular
findings) and its management is of the utmost importance.
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TABLE 4 Performances of the R, C/N and | models.

Model name ROC AUC ROC AUC 95%ClI Accuracy Accuracy 95%Cl
R 0.709 0.706-0.711 0.671 0.668-0.673
C/N 0.743 0.741-0.745 0.649 0.647-0.651
I 0.823 0.824-0.828 0.751 0.749-0.753

Although immunohistochemistry has been widely used to detect  uncontrolled dysfunctional tumor vessels proliferation under Notch
microsatellite instability in CRC screening for defective DNA  signaling is not inhibited by VEGFR. The uncontrolled angiogenesis
mismatch repair, unexpectedly negative results have been  increases tumor hypoxia which is detrimental to chemotherapy as
reported probably due to somatic mutations. This implies that the  well. VEGF regulates blood vessel function by inducing tumor cell
analysis should be completed with microsatellite instability-  growth and suppressing immune activation (25).
polymerase chain reaction test to have reliable results (19). Unlike DLL4, Jagl is overexpressed in tumor cells. It is
In this study, we investigated NICD expression and a series of ~ supposed to work as a communication element between tumor
other correlated markers that have been previously associated with ~ cells and tumor-associated endothelial cells to trigger Notch
angiogenesis to predict tumor progression-free in advanced stage  signaling, enhance cell proliferation and stabilize vessels (26). Jagl
CRC treated with bevacizumab and first-line chemotherapy. Our  is a critical regulator of tip cell formation and sprouting because of
results show that high NICD and Jagl expression are associated  its ability to modulate DLL4-Notch signaling in the angiogenic
with PD and early disease progression to anti VEGF-based therapy.  endothelium (20). Notch and VEGF induce the expression of DLL4
Notch signaling may regulate both the initiation and the (27, 28); on the contrary, Jagl is not upregulated by Notch and is
cessation of angiogenesis through different mechanisms (20). The  induced by inflammatory cytokines, such as TNF-o., which reduces
potentiality of Notch signaling to rule angiogenic processes  DLL4 transcription. These signals might modulate angiogenesis by
becomes crucial in the context of aberrant angiogenesis. changing the ratio of DLL4 and Jagl expression, allowing the
Furthermore, neoangiogenesis in CRC may differ in distinct  integration of different pro or antiangiogenic signals. The intricate
tumor subtypes (21). interaction of the ligands DLL4 and Jagl traces the pathway of tip
Angiogenesis is the expansion of emergent vascular sprouts  cell selection (20).
from preexisting blood vessels. Luminal endothelial cells switch into Although the detailed mechanisms behind Notch activation
tip cells that lead to the outgrowth of a multicellular stalk. Notch ~ have not been fully discovered, it is known that the related soluble
signaling involves cell fate determination as a mechanism to  ligands influence several contexts. They regulate the proliferation of
determine tip and stalk cells (21). The distribution of vascular  regulatory T cells (7, 9), influence tumor microenvironment,
sprouts depends on Notch triggering; moreover, the formation of a ~ promote adipocyte differentiation (29), mediate hematopoietic cell
new sprout or the alteration of the original vessel relies upon Notch-  differentiation (30) and neurogenesis (31). Moreover, Jagl
DLL4 expression in endothelial tip cells (20). VEGF signaling canbe ~ overexpression in cancer cells can activate Notch signaling in
downregulated in cells with activated Notch signaling by decreasing ~ adjacent endothelial cells (32). Our study focused on NICD
VEGF receptor transcription levels (22-24). In these cases, the  expression, however did not underestimate the role of tumor
microenvironment. In fact, the assessment of CD3 and CD4/CDS8§
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TABLE 5 Probabilities of longer-term class prediction.

10.3389/fonc.2023.1132564

R MODEL

Strength Skewness Probability Standard deviation
0 0 0.692 0.024

1 1 0.300 0.029

0 1 0.498 0.028

ratio did not show a correlation with tumor aggressiveness or
survival. Although we have restricted our analysis to lymphocytes,
we know that Notch signaling can also affect other factors such as
tumor associated fibroblasts, endothelial cells and the expression of
CTLA4 in tumor infiltrating lymphocytes. Further studies are
necessary to assess the interaction of Notch with other stromal
cells (33, 34).

This study did not prove that DLL4 was relevant to define the
biological behavior of tumors. Patients with a highly vascular tumor
microenvironment went worse in comparison to those with a poor
tumor vascularization. However, the expression of Notch and Jagl
was associated with a better outcome only in those patients with a
poor tumor vascularization.

We developed an integrated model which included clinical,
genomic and radiomic variables to explore its potential role in the
prediction of survival. The model was designed to predict 9-months
PFS in CRC patients and included a first-order (skewness) and a
second-order (NGTDM strength), along with NICD and Jagl
expression levels. Results showed that each additional increase of
one point of NGTDM strength - which accounts for tumor
heterogeneity - was associated with approximately 50% decrease
in the odds of survival.

Regarding prognostic performance, our radiomic model agreed
with other CT-based radiomic models that have been proposed,
which yielded ROC-AUCs between 0.66 and 0.74 (18, 35). The
integration of radiomics with clinical (36) and genomic predictors
have led to increased model performances (17, 37, 38); this study
has confirmed this finding. Cao et al. tested a radiomic signature in
381 patients with CRC and showed that a radiomic-derived score
was able to stratify their outcome and enrich the TNM staging (39).
In our study, we differentiated three groups of patients based on
binarization of the values of RFs: those individuals with lower RF
“skewness” were those with longer survival; similarly, when patients
displayed lower RF “strength” values their outcome was better.
Lower “skewness” and “strength” values might potentially be related
to more homogeneous lesions, which could be related to a more
favorable outcome. Radiomics might represent a step forward into
personalized and tailored medicine, helping to identify patients that
might benefit most from therapy.

Our research has some limitations. Firstly, we enrolled a single
center retrospective cohort and no external validation was
considered: performances of our multiomic models derived from
cross-validation analyses. Therefore, further studies based on
datasets from other centers are needed to evaluate model
generalizability. Secondly, the repeatability and robustness of
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radiomic features with respect to CT acquisition parameters and
to manual segmentation were not addressed. We recognize the
reproducibility of manual segmentations of CRC to be a potential
source of variability potentially affecting the results, given the
potential challenges in the identification of the boundaries of such
lesions with an impact on the generalization of our model.
Therefore, we look forward to future studies on larger
populations with multiple readers to be involved in the
segmentation process. However, the purpose of the radiomic
analysis of this study was to produce preliminary results to be
compared with the histopathological data.

In conclusion, this study provides the first evidence that high
NICD and Jagl expression predict early disease progression in CRC
patients treated with anti-VEGF-based therapy.

Although the data must be confirmed in a larger series, the
increase in intratumoral microvascular density could predict a
lower response to treatment.

Further studies will be necessary to demonstrate our hypothesis
that newly formed vessels in tumors expressing elevated NICD do
not benefit from bevacizumab and expand our preliminary results
on the potential role of radiomics to improve the prediction of
outcome of CRC patients.
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Introduction: Angiopoetin-2 (Ang-2) is a key mediator of tumour angiogenesis.
When upregulated it is associated with tumour progression and poor prognosis.
Anti-vascular endothelial growth factor (VEGF) therapy has been widely used in
the treatment of metastatic colorectal cancer (nCRC). The potential benefit of
combined inhibition of Ang-2 and VEGF-A in previously untreated patients with
mMCRC was evaluated in the phase Il McCAVE study (NCT02141295), assessing
vanucizumab versus bevacizumab (VEGF-A inhibitor), both in combination with
mFOLFOX-6 (modified folinic acid [leucovorin], fluorouracil and oxaliplatin)
chemotherapy. To date, there are no known predictors of outcome of anti-
angiogenic treatment in patients with mCRC. In this exploratory analysis, we
investigate potential predictive biomarkers in baseline samples from
McCAVE participants.

Methods: Tumour tissue samples underwent immunohistochemistry staining for
different biomarkers, including Ang-2. Biomarker densities were scored on the
tissue images using dedicated machine learning algorithms. Ang-2 levels were
additionally assessed in plasma. Patients were stratified by KRAS mutation status
determined using next generation sequencing. Median progression-free survival
(PFS) for each treatment group by biomarker and KRAS mutation was estimated
using Kaplan—Meier plots. PFS hazard ratios (and 95% confidence intervals) were
compared using Cox regression.

Results: Overall low tissue baseline levels of Ang-2 were associated with longer
PFS, especially in patients with wild-type KRAS status. In addition, our analysis
identified a new subgroup of patients with KRAS wild-type mCRC and high levels
of Ang-2 in whom vanucizumab/mFOLFOX-6 prolonged PFS significantly (log-
rank p=0.01) by ~5.5 months versus bevacizumab/mFOLFOX-6. Similar findings
were seen in plasma samples.

Discussion: This analysis demonstrates that additional Ang-2 inhibition provided
by vanucizumab shows a greater effect than single VEGF-A inhibition in this
subpopulation. These data suggest that Ang-2 may be both a prognostic
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biomarker in mMCRC and a predictive biomarker for vanucizumab in KRAS wild-
type mCRC. Thus, this evidence can potentially support the establishment of
more tailored treatment approaches for patients with mCRC.

KEYWORDS

angiopoietin-2, predictive biomarkers, VEGF, KRAS mutation status, phase Il clinical
trial, colorectal cancer, vanucizumab, bevacizumab

1 Introduction

Vascular endothelial growth factor (VEGF) is a key mediator of
angiogenesis, a pivotal process in tumour growth and metastasis (1,
2), and a regulator of vascular permeability (3). Regimens based on
anti-VEGF agents, such as bevacizumab, have led to improvements
in outcomes for some patients with colorectal cancer (CRC) (4-8).
However, the efficacy of these agents can be limited by the activation
of compensatory alternative angiogenic pathways that provide the
tumour with an escape mechanism(s) allowing angiogenesis to
continue (9). One suggested option for obtaining further control
of angiogenesis would be to combine anti-VEGF agents with other
compounds that are directed towards these angiogenic escape
pathways and have complementary modes of action (10, 11).

Resistance to VEGF-targeted therapies may be partly mediated
by angiopoietin-2 (Ang-2), a Tie2 receptor ligand and a key
regulator of angiogenesis (11, 12). Ang-2 is upregulated in several
tumour types, including metastatic CRC (mCRC), and is associated
with poor prognosis (13-16). Like VEGF, Ang-2 is a driver of
vascular destabilisation (17), and high levels have been found to
counteract the vascular-normalising effects of anti-VEGF therapy
(18). In patients with mCRC receiving bevacizumab-containing
therapy, those with elevated serum levels of Ang-2 had worse
survival outcomes than patients with low Ang-2 levels (19). These
findings suggest that Ang-2 may be a useful biomarker in patients
receiving anti-angiogenic/anti-VEGF treatment and may provide a
rationale for a treatment strategy involving dual inhibition of both
VEGF and Ang-2.

Vanucizumab (RO5520985) is a humanised immunoglobulin
(Ig)G-1-like bispecific monoclonal antibody targeting both VEGE-
A and Ang-2 that has shown anti-tumour, anti-angiogenic and anti-
metastatic effects in preclinical studies (20). In phase I studies,
vanucizumab has been associated with marked post-infusion
reductions in circulating unbound VEGF-A and Ang-2 in plasma,
tumour and wound-healing biopsies, thus confirming its
mechanism of action (21). It has also demonstrated an acceptable
safety profile and favourable pharmacokinetic/pharmacodynamic
effects in patients with advanced cancer (22). In the phase II
McCAVE (Vanucizumab plus mFOLFOX-6 Versus Bevacizumab
plus mFOLFOX-6 in Patients with Previously Untreated Metastatic
Colorectal Carcinoma) study, conducted in previously untreated
patients with mCRC, vanucizumab and bevacizumab (both plus
modified [m] folinic acid [leucovorin], 5-fluorouracil and
oxaliplatin [FOLFOX-6]) showed similar clinical efficacy in terms
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of progression-free survival (PFS) and overall response rates (23).
Hence, the efficacy seen with both agents appeared to be mediated
mainly via VEGF-blockade. Of note, overall outcomes were worse
in both treatment arms in patients with higher than median baseline
Ang-2 plasma levels versus those with low/equal Ang-2 levels in the
total study population (23).

There is strong evidence that Kirsten rat sarcoma virus
oncogene (KRAS) mutation status is a predictive biomarker in
mCRC in anti-epidermal growth factor receptor (EGFR) therapy
(24). The KRAS protein acts as a regulator of downstream signalling
pathways, such as cell proliferation and survival, and ultimately
tumorigenesis (25). Mutations in this protein therefore promote
angiogenesis, and impact the prognosis and treatment of CRC (26).
KRAS mutations have been reported in up to ~50% of patients with
CRC (26, 27) and in 36% of those with mCRC (28). Shorter survival
outcomes have been reported for patients with CRC and KRAS
mutations than for those with wild-type KRAS CRC (26, 28).
Bevacizumab combined with chemotherapy is the recommended
first-line treatment for patients with mCRC (29) as it prolongs PFS
by 2-6 months, irrespective of KRAS mutation status (30, 31).
However, limited data are available on the impact of KRAS
mutation status on clinical outcomes in patients with mCRC
treated with other anti-angiogenic agents, such as the bispecific
antibody vanucizumab, which targets both VEGF-A and Ang-2.

There are currently no known predictors for the outcome of
anti-angiogenic treatment. Different trials have shown mixed data
on some biomarkers (e.g. VEGF-A, endothelial nitric oxide
synthase, VEGFR1/R2, KRAS mutation status) (24, 32-35), but
no clear predictors have been identified in patients with mCRC
receiving anti-angiogenic/anti-VEGF treatment. The aim of this
exploratory analysis was to investigate the predictive potential of
biomarkers, including Ang-2, in patients with mCRC treated with
vanucizumab or bevacizumab, both plus mFOLFOX-6, in the
McCAVE study. We examined biomarker levels in tumour tissue
and plasma (Ang-2 only) samples, and given the importance of
KRAS mutations on survival in patients with mCRC, we stratified
patients by KRAS mutation status.

2 Methods

In the phase II McCAVE study (NCT02141295), previously
untreated patients with mCRC were randomised to receive either
vanucizumab/mFOLFOX-6 or bevacizumab/mFOLFOX-6.
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Thestudy design, patient characteristics and treatment details have
been published (23). All patients provided written informed consent
as approved by local institutional review boards.

2.1 Tissue biomarker sampling and analysis

Tumour tissue (from surgical specimens or biopsies) were
collected from all participating patients before treatment and
analysed separately by treatment arm.

Archival tumour tissue samples were obtained, embedded in
paraffin blocks and sectioned (HistogeneX, now CellCarta, Antwerp,
Belgium). Eight 2.5-4.0 um thick sections per tumour block were
processed according to routine histology and immunohistochemistry
(IHC) protocols. Sections were stained with haematoxylin and eosin
(H&E) or subjected to chromogenic brightfield simplex, duplex or
triplex assays developed and validated at the Roche Innovation Center
Munich (Penzberg, Germany). Tumour samples were assessed
histologically and only those determined to be from a primary CRC
were included in the biomarker and mutational status exploratory
analysis presented here.

Details on ITHC assays used for staining for the various
biomarkers analysed in tumour tissue samples are given in
Table 1. Ang-2 (biomarker of angiogenesis) and CD34
(biomarker of vessels in the total tumour vasculature) were
assessed using duplex staining for Ang-2 (ANGPT2)/CD34.
Perforin (PRF1, cytolytic protein expressed by CD8+ T-cells)/
CD3 (total T-cell marker), MKi67 (proliferating T-cell marker)/

TABLE 1 Staining details for biomarkers analysed in tumour tissue samples.

Biomarker

Antibody clone

10.3389/fonc.2023.1157596

CD8 (cytotoxic T-cell marker) and Forkhead box P3 (FOXP3,
regulatory T-cell marker) staining was used to assess densities of
lymphocyte subpopulations. CD163+ CD68+ staining was used to
assess the percentage of area coverage of M2 macrophages in the
tumour area, the cleaved form of caspase 3 (CLEAVED CASP3
[CC3]) was used as a marker for apoptosis and carbonic anhydrase
isoform 9 (CA9) was used as a marker of hypoxia.

2.2 Automated tissue image analyses and
visual slide assessments

Tissue slides were scanned at 20x magnification using a high-
throughput whole-slide scanner (Ventana iScan HT, Ventana
Medical Systems, Inc., Tucson, AZ, USA). Tissue sample quality
and consistency of staining were assessed at the Roche Innovation
Center Munich, Germany. A digital pathology algorithm was used
to detect the tissue area on the slide. Tumour, necrotic and
exclusion areas were annotated manually by a certified
pathologist according to internal guidelines. Digital whole-slide
scans were subjected to automated image analysis using the in-
house developed IRIS digital pathology platform, where the images
were scored using dedicated whole-slide automated image analysis
algorithms written in Matlab (www.mathworks.com).

The digital pathology algorithms included a colour
deconvolution step for stain unmixing (36), followed by a
candidate extraction step. Machine learning classification (random
forest, logistic regression with L1 regularisation or support vector

Detection system Staining

instrument

Ang-2 (ANGPT2)/CD34

duplex staining self-prepared dispenser

CD34 clone QBEnd/10 (Ventana Medical Systems) (monoclonal mouse

Ab) ready to use dispenser

Perforin/CD3 duplex staining
dispenser

Anti-CD3E clone 2GV6 (Ventana Medical Systems) (monoclonal rabbit

Ab) ready to use dispenser

Ang2 clone K-20H6 (Roche Diagnostics GmbH) (monoclonal rabbit Ab)

Anti-PRF1 clone 5B10 (Abcam) (monoclonal mouse Ab) self-prepared

Ultraview AP Red (CD34) Ventana Discovery
(Ventana 760-501) XT

Optiview DAB (Ang-2) (Ventana

760-099)

Ultraview AP Red (CD3)
(Ventana 760-501)
Optiview DAB (perforin)
(Ventana 760-099)

Ventana Discovery
Ultra

MKi67/CD8 duplex staining
ready to use dispenser

CD8 clone SP239 (Spring bioscience) (monoclonal rabbit Ab) self-

prepared dispenser

FOXP3

CD163/CD68 duplex staining
to use dispenser

Anti-CD68 clone PG-M1 (DAKO) (monoclonal mouse Ab) ready to use

dispenser

CC3/CA9/MKi67 triplex

MKi67 clone 30-9 (Ventana Medical Systems) (monoclonal rabbit Ab)

236A/E7 (CNIO, Madrid) (monoclonal mouse Ab) self-prepared dispenser

Anti-CD163 clone MRQ-26 (Cell Marque) (monoclonal mouse Ab) ready

CASP3 clone J20H1L1 (Spring Bioscience) (monoclonal rabbit Ab) self-

Ultraview AP Red (CD8) Ventana Discovery

(Ventana 760-501) Ultra

Optiview DAB (MKi68) (Ventana

760-099)

Optiview DAB (Ventana 760-099) Ventana
Benchmark XT

Ultraview AP Red (CD68) Ventana Discovery
(Ventana 760-501) XT

Optiview DAB (CD163) (Ventana

760-099)

Iview Blue (CC3) (Ventana 760- Benchmark XT

staining prepared dispenser 097)
CA9 clone 1G7 (Origene Technologies) (monoclonal mouse Ab) self- Optiview DAB (CA9) (Ventana
prepared dispenser 760-700)
MKi67 clone 30-9 (Ventana Medical Systems) (monoclonal rabbit Ab) Ultraview Red (MKi67) (Ventana
ready to use dispenser 760 501)
Ab, antibody.

All chromogenic simplex, duplex or triplex assays are brightfield and were developed and validated at the Roche Innovation Center Munich.
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machine) was used to classify different phenotypes based on a set of
features and to remove non-specific stained structures. The x and y
coordinates of the detected objects were recorded and displayed in the
IRIS viewer in the form of polygons or seeds (cell centroid).

Algorithm results overlayed on the tissue images were visually
checked for accuracy by a pathologist who also manually annotated
and excluded image artefacts. Tissue annotations and algorithm
results (x,y coordinates and respective labels) were stored in a
spatial database for further data analysis.

The reports generated were cell densities (number of cells per
mm?) for the phenotypes total CD3+, PRF1+ CD3E+, PRF1+
CD3E-, total CD8+, MKi67+ CD8A+, MKi67- CD8A+, FOXP3+,
MKi67+, CC3+, and CA9+, vessel densities (number of vessels per
mm?) for the phenotypes ANGPT2+ CD34+ (Ang-2) and CD34+
(total), and ratios for (ANGPT2+ CD34+)/CD34+ (relative amount
of Ang-2+ vessels to total number of vessels), (PRF1+ CD3E+)/total
CD3+ (relative amount of natural killer T cells to total CD3),
(MKi67+ CD8A+)/total CD8+ (relative amount of proliferating
CD8 to total CD8) and CD163+ CD68+ (percentage of area
coverage of M2 macrophages in tumour area).

All digital pathology scoring algorithms were verified for
performance during a development phase before use on clinical trial
data. Detailed descriptions can be found in the Supplementary Material.

2.3 Plasma sampling and analysis

Blood (approximately 6 mL) samples were taken prior to the
receipt of treatment for the determination of free and total Ang-2
circulating levels. Samples were stabilised in K3-EDTA. Free Ang-2
levels were assessed using an enzyme-linked immunosorbent assay
(Quantikine®). Analytical methods have been reported in more
detail (21, 37).

2.4 Determination of KRAS mutation status

Specimens with >50% tumour content were macro-dissected
from archival formalin-fixed paraffin-embedded tumour samples,
and the DNA was extracted. Only samples meeting the minimum
amplifiable DNA copy number for sequence enrichment (quantified
using Asuragen’s QuantideX® DNA QC assay) (38) were processed
further. Sequence enrichment and library preparation were carried
out using the QuantideX® Pan Cancer kit, followed by next
generation sequencing (NGS) (Illumina MiSeq® system) (39).
Target median amplicon coverage was 1000-fold. The QuantideX®
NGS Pan Cancer panel interrogates 46 gene regions (amplicons)
within 21 oncogenes, including KRAS (codon regions 4-15, 55-65,
104-118 and 137-148; for a full list of oncogenes see Kelnar et al.
(40)). Patients were classified as having mutated or wild-type KRAS.

2.5 Statistical analysis

All patients randomised to treatment with either vanucizumab/
mFOLFOX-6 or bevacizumab/mFOLFOX-6 for whom data on KRAS
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mutation status were available were included in this exploratory analysis.
To assess the predictive potential of biomarkers, the association between
PFS and the density of various biomarkers in tissue samples and circulating
levels of free Ang-2 in patient plasma samples was explored. PFS was the
primary endpoint of the McCAVE clinical trial and was defined as the time
from randomisation to the date of first documented occurrence of
progression based on Response Evaluation Criteria In Solid Tumors
(RECIST) version 1.1 criteria) (41), as determined by the investigator, or
death from any cause on study, whichever occurred first.

All analyses were performed separately in tissue and plasma
samples from each of the two study arms, stratified by KRAS
mutation status (wild-type vs mutated). Biomarker density in
tumour samples and baseline Ang-2 levels in plasma were classified
as higher than (high) or lower/equal (low) to the median value.
Median PFS for each treatment group by biomarker level (high or
low) and by KRAS mutation status (wild-type or mutated) was
estimated using Kaplan-Meier plots. Between-group differences in
PES were compared statistically using univariate Cox models. For
each of the specified subgroups, hazard ratios (HRs) and 95%
confidence intervals (CIs) were calculated for the vanucizumab/
mFOLFOX-6 arm relative to the bevacizumab/mFOLFOX-6 arm
using Cox regression. Statistical analyses were conducted using
]MP®, Version 15.2.0. SAS Institute Inc., Cary, NC, USA, 1989-2021.

3 Results
3.1 Patient population

Of 189 patients enrolled in the McCAVE phase II study, 94 were
randomised to the vanucizumab/mFOLFOX-6 arm and 95 were
randomised to the bevacizumab/mFOLFOX-6 arm. Baseline median
age (64.0/63.0 years), and proportion of patients with left-sided
tumours (75.3%/61.1%) or >1 metastatic site (63.8%/63.2%) were
broadly comparable for the two groups; however, greater proportions
of participants receiving vanucizumab/mFOLFOX-6 were male
(59.6%/40.0%) and had an ECOG performance 0 (63.8%/49.5%)
(Supplementary Table 1). KRAS mutation status data were available
for 80 patients receiving vanucizumab/mFOLFOX-6 and 81 receiving
bevacizumab/mFOLFOX-6; 37 (46.3%) and 45 (55.6%), respectively,
carried a KRAS mutation. A breakdown of the KRAS mutation
landscape (Supplementary Figure 1) shows that the KRAS mutations
primarily occurred at codons 12 and 13 of exon 2. A heatmap of the
McCAVE study cohort at baseline by known KRAS mutation status
and treatment arm is presented in Figure 1. This provides a descriptive
overview of baseline patient population information and associated
per-patient tissue biomarker densities. There is no clear relationship
between Ang-2 expression and the listed patient demographics.

3.2 Biomarker analyses

Figure 2 presents the Forest plots of PFS HRs (95% CI) of
vanucizumab/FOLFOX-6 versus bevacizumab/FOLFOX-6 stratified
for each tissue biomarker dichotomised by its median value (see
Supplementary Table 2) and by KRAS mutations status. In patients
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with wild-type KRAS and high baseline densities of Ang-2+ vessels
(ANGPT2+ CD34+), there was a PFS benefit with vanucizumab-based
treatment over bevacizumab/mFOLFOX-6, as demonstrated by the
95% Cls of the HR below 1. A similar finding was observed for the
subgroup of KRAS wild-type patients with a high relative amount of
Ang-2+ vessels to the total number of vessels.

An analogous observation (95% ClIs of the HR below 1) was also
seen in patients with wild-type KRAS and high levels of CC3, again
indicating a PFS benefit with vanucizumab/FOLFOX-6 over
bevacizumab/mFOLFOX-6. Higher than median baseline levels of
MKi67 and CA9 showed a trend towards a PFS benefit (upper 95% CI
of the HR just over 1) in patients with wild-type KRAS treated with
vanucizumab/mFOLFOX-6 versus bevacizumab/mFOLFOX-6.

In patients with mutant KRAS and high baseline densities of Ang-2,
the PES benefit favoured bevacizumab/FOLFOX-6 (95% ClIs of the HRs
above 1). In this sub-population, the relative amount of Ang-2+ vessels
also correlated with a favourable clinical outcome. Likewise, high median
baseline levels of MKi67 showed a trend towards a PFS benefit (lower
95% CI of the HR just below 1) in patients with mutant KRAS treated
with bevacizumab/mFOLFOX-6 versus vanucizumab/mFOLFOX-6.

As a clear PFS benefit (i.e. 95% CIs of the HRs above or below 1)
for either bevacizumab/mFOLFOX-6 or vanucizumab/mFOLFOX-6
was observed for higher than median baseline levels of Ang-2, and as
the additional blockade of this angiopoietin represents the main
difference in mode of action between bevacizumab and vanucizumab,
we decided to focus on the Ang-2 analysis in more detail.

3.3 Ang-2 tissue analysis

Data on KRAS mutation status and Ang-2 in tissue samples
were available for 139 patients (68 receiving vanucizumab/
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mFOLFOX-6 and 71 bevacizumab/mFOLFOX-6) (Table 2A); 71
(51%) of whom had mutant KRAS.

High densities of Ang-2+ vessels were associated with a
significantly longer PFS in patients with wild-type KRAS treated
with vanucizumab when compared with those who received
bevacizumab (median 386 vs 223 days, difference: 163 days in
favour of vanucizumab, p=0.01; see Kaplan-Meier curves Figure 3A
and Table 2A). This trend was not seen in KRAS wild-type patients
with low Ang-2+ vessel densities or in KRAS mutant patients with
high or low Ang-2+ vessel densities (Figure 3B). Indeed, in KRAS
mutant patients, high densities of Ang-2+ vessels were associated
with a significantly longer PFS in patients treated with bevacizumab
when compared with those who received vanucizumab (median 394
vs 219 days, difference: 175 days in favour of bevacizumab,
p=0.01; Table 2A).

Representative IHC images of higher than median and lower
than median Ang-2+ CD34+ tissue staining are shown in Figure 4.

Information on response to treatment was available for 134
patients (64 receiving vanucizumab/mFOLFOX-6 and 70
bevacizumab/mFOLFOX-6). Best overall response according to
median tissue density of Ang-2+ and stratified by KRAS mutation
status is shown in Table 3.

3.4 Ang-2 plasma analysis

To confirm the results obtained in tissue samples, we also
investigated the association between higher and lower than
median plasma levels of Ang-2 and PFS in patients with and
without mutant KRAS tumours.

Data on KRAS mutation status and Ang-2 in plasma were available
for 156 patients (77 receiving vanucizumab/mFOLFOX-6 and 79
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(ANGPT2+ CD34+)/CD34+ ratio — relative amount of Ang-2+ vessels to CD34+ (total number of vessels). “(PRF1+ CD3E+)/total CD3+ — relative
amount of natural killer T cells to total CD3. ¥(MKi67+ CD8A+)/total CD8+ - relative amount of proliferating CD8 to total CD8.

receiving bevacizumab/mFOLFOX-6); 78 (50%) of whom had mutant
KRAS tumours (Table 2B). In patients with wild-type KRAS and higher
than median baseline Ang-2 levels (see Supplementary Table 2),
median PFS estimated from the Kaplan-Meier curves was
significantly longer (median PFS 361 vs 224 days; difference: 137
days, p=0.048) in patients who received vanucizumab/mFOLFOX-6
than in those treated with bevacizumab/mFOLFOX-6
(Figure 5A; Table 2B).

No similar trend was seen in KRAS wild-type patients with low
Ang-2 levels or in KRAS mutant patients with high or low Ang-2
levels (Figure 5B). The above-reported benefit of bevacizumab in
KRAS mutant patients with high tissue densities of Ang-2+ was not
confirmed in plasma sample analyses.

4 Discussion

The aim of this exploratory analysis, conducted in patients with
mCRGC, was to identify potential predictive biomarkers for a survival
benefit with anti-angiogenic treatment. Given its reported impact
on patient survival (26, 28), patients were stratified by KRAS
mutation status. Identifying predictors for the outcome of anti-
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angiogenic treatment in patients with mCRC could eventually guide
the development of patient enrichment strategies.

In this study, in mCRC patients with wild-type KRAS, higher
than median tissue baseline densities of Ang-2 positive vessels were
associated with a significant PFS benefit of 163 days (~5.5 months)
in patients treated with vanucizumab/mFOLFOX-6 versus those
treated with bevacizumab/mFOLFOX-6. Similar findings were seen
in plasma samples from wild-type KRAS patients, with high baseline
Ang-2 levels associated with a PFS benefit of 137 days in those
treated with vanucizumab/mFOLFOX-6 versus bevacizumab/
mFOLFOX-6.

Previous research has suggested that Ang-2 is a useful
prognostic factor in mCRC patients, with high baseline levels
associated with shorter overall survival in a number of studies
(e.g. Jary et al. (15), Goede et al. (19), Chung et al. (42)). Previously
reported results from the McCAVE study found that baseline
plasma Ang-2 levels were prognostic for PES in patients receiving
vanucizumab or bevacizumab plus chemotherapy; high Ang-2
plasma levels at baseline were associated with a shorter PFES
compared with low levels (23).

Consistent with these findings, the current exploratory analysis
shows that, overall, low baseline levels of Ang-2 were associated
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TABLE 2 Median progression-free survival, estimated using Kaplan-Meier methodology, stratified by KRAS mutation status and treatment arm.

(A) Tissue samples

KRAS wild-type (n=68)

Vanucizumab/mFOLFOX-6 (n=38) = Bevacizumab/mFOLFOX-6 (n=30) Difference in HR (95% CI)* Log-rank
PFS** (days) p-value
n PFS Lower-upper n PFS Lower-upper
(days) 95% (days) (days) 95% (days)
Ang- | Higher™* = 24 386 ‘ 320-559 17 223 ‘ 170-338 163 0.32 (0.13; 0.82) p=0.01°
2+
Lower™* | 14 304 ‘ 304-337 13 445 ‘ 200-NA -141 2.40 (0.46; 12.46) p=0.17
KRAS mutation (n=71)
Vanucizumab/mFOLFOX-6 (n=30)  Bevacizumab/mFOLFOX-6 (n=41) Difference in HR (95% Cl)* Log-rank
PFS** (days) p-value
n PFS Lower-upper n PFS Lower-upper
(days) 95% (days) (days) 95% (days)
Ang- | Higher** 12 219 ‘ 56-343 17 394 ‘ 225-459 -175 3.64 (1.05; 12.60) p=0.01°
2+
Lower** | 18 381 237-NA 24 309 222-515 72 0.50 (0.14; 1.80) p=0.16

(B) Plasma samples

KRAS wild-type (n=78)

Vanucizumab/mFOLFOX-6 (n=42)  Bevacizumab/mFOLFOX-6 (n=36) Difference in HR (95% ClI)® Log-rank
PFS** (days) p-value
n PFS Lower-upper n PFS Lower-upper
(days) 95% (days) (days) 95% (days)
Ang- | Higher** | 21 361 ‘ 304-386 17 224 ‘ 200-282 137 0.39 (0.14; 1.02) p=0.048°
2
Lower™* | 21 394 ‘ 337-NA 19 486 ‘ 284-NA -92 0.84 (0.26; 3.03) p=0.83
KRAS mutation (n=78)
Vanucizumab/mFOLFOX-6 (n=35)  Bevacizumab/mFOLFOX-6 (n=43) Difference in HR (95% ClI)* Log-rank
PFS** (days) p-value
n PFS Lower-upper n PFS Lower-upper
(days) 95% (days) (days) 95% (days)
Ang- | Higher™* 16 343 ‘ 62-NA 17 292 ‘ 175-459 51 0.97 (0.32; 2.96) p=0.96
2
Lower™* | 19 265 ‘ 219-NA 26 338 222-444 73 0.99 (0.33; 2.96) p=0.99

(A) By baseline Ang-2 densities in tissue samples (n=139)%; (B) by baseline plasma angiopoietin-2 concentration (n=156)*.
*Patients for whom sufficient tumour tissue was available or for whom DNA extraction was successful.

*PFS (vanucizumab/mFOLFOX-6) - PES (bevacizumab/mFOLFOX-6).

“*Baseline Ang-2+ densities/Ang-2 levels were classed as higher or lower than the median value: 85.2 and 22.0 counts/mm?” in biopsies and surgical specimens, respectively/3.0 ng/mL in plasma samples.

“HRs and 95% ClIs calculated using univariate Cox regression.
"Value is significant.

Ang-2, angiopoietin-2; CI, confidence interval; HR, hazard ratio; NA, not available; PFS, progression-free survival.

with longer PES than high Ang-2 levels, especially in patients with
wild-type KRAS status. Although wild-type KRAS is generally
associated with a better prognosis than mutated KRAS in patients
with CRC (26, 28, 43), the results of our study demonstrate
additionally, for the first time, that those wild-type KRAS patients
who were at risk of a poorer outcome (i.e. those with high Ang-2
levels) had a significant PFS benefit if they received vanucizumab
treatment instead of bevacizumab. The likely mechanism
underlying this observation is that the additional blocking of
Ang-2 signalling pathways with vanucizumab counteracts the
Ang-2 upregulation escape mechanism that has previously been
described (11). None of the above-mentioned studies reporting on
the prognostic significance of Ang-2 in mCRC examined patients by
KRAS mutation status (15, 19, 23, 42). A study by Peeters et al. (44),
which found no association between baseline Ang-2 levels and PFS
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in patients with mCRC receiving trebananib, an investigational
peptide-Fc fusion protein that neutralises the interaction between
angiopoietins-1/-2 and the Tie2 receptor, with or without
chemotherapy, did examine patients by KRAS mutation status,
but found no evidence that this impacted results. However,
Peeters et al. (44) did not report any subgroup analysis of
biomarkers (e.g. Ang-2) according to KRAS mutation status.

The observed significant PFS benefit for high density of Ang-2
positive vessels in KRAS wild-type patients treated with
vanucizumab was accompanied by a parallel result for high levels
of CC3. This biomarker of apoptosis showed a PFS benefit for
vanucizumab over bevacizumab when present at baseline in higher
than median levels in the KRAS wild-type subpopulation (Figure 2).
Also of note is a similar trend shown by CA9 (hypoxia) and MKi67
(proliferation), which could be indicative that the fast growth of the
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Kaplan—Meier plots of progression-free survival (PFS) in tumour tissue samples. (A) Patients with wild-type KRAS and higher (high) or lower/equal
(low) median levels of baseline angiopoietin-2 (Ang-2)? treated with vanucizumab/mFOLFOX-6 or bevacizumab/mFOLFOX-6. (B) Patients with
mutant KRAS and high or low baseline angiopoietin-2 (Ang-2) treated with vanucizumab/mFOLFOX-6 or bevacizumab/mFOLFOX-6. Numbers of
patients at risk at each time point are shown in Supplementary Table 3. mFOLFOX, modified folinic acid (leucovorin), 5-fluorouracil and oxaliplatin.
“Median values for Ang-2 can be found in Supplementary Table 2. Hazard ratios (HRs) and 95 confidence intervals (Cls) were calculated using
univariate Cox regression. p-values are from the log-rank test. *Value is significant

tumour in these previously untreated patients is not being
supported at the same rate by the formation of new tumour neo-
vascularisation, resulting in apoptosis triggered by hypoxia (45),
and for CD8-related phenotypes.

Altogether our data highlight the interplay between these
biomarkers in the underlying tumour growth mechanism. The
increased need for oxygen and nutrients by growing tumours,
added to the immature and inefficient tumour-associated
vasculature, leads to a hypoxic microenvironment (46) that
activates the Ang-2 signalling pathway, providing further vessel
sprouting and, hence, potentiating angiogenesis (47, 48). Indeed,
Ang-2 has been shown to be present in higher concentrations only
at sites undergoing vascular remodelling and in a hypoxic tumour
microenvironment (48). With our data showing that KRAS wild-
type patients with high densities at baseline of Ang-2, CC3 and CA9
benefit from vanucizumab treatment, we hypothesise that in this
‘Ang-2-rich’ group of patients the added inhibition of Ang-2 is
more effective in slowing tumour growth and metastasis than VEGF
inhibition alone, counteracting tumour escape mechanisms, thus
allowing increased levels of vessel normalisation and immune cell
infiltration, by upregulation of the expression of adhesion molecules
to which T-cells bind in order to cross the endothelial cells layer (49,
50). The normalisation of the tumour vasculature, and more
generally of the tumour microenvironment, stimulates T-cell
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activation (49) and contributes to a more efficient reach of the
combined FOLFOX chemotherapy.

We additionally investigated the association of the different
patient sub-populations, given by the Ang-2 and KRAS patient
stratification, with best overall response (assessed according to
Response Evaluation Criteria in Solid Tumours [RECIST] 1.1
criteria) and observed that a greater number of patients responded
to vanucizumab than to bevacizumab in the KRAS wild-type high
Ang-2 population, which also suggests that this subpopulation
benefits more from the dual inhibition of Ang-2 and VEGF-A.

No association was observed between PFS and high/low
baseline tissue densities of CD34 (used as a biomarker of vessels),
which suggests that the prolongation of PFS observed with
vanucizumab versus bevacizumab in patients with wild-type
KRAS and high levels of Ang-2 is an effect that cannot be
extended to the general vessels, and can be considered a result of
the additional Ang-2 blockade seen with vanucizumab.

Opverall, our current analysis suggests that, although high Ang-2
levels remain a negative prognostic biomarker in mCRC,
vanucizumab treatment has the potential to turn this negative
prognostic into a positive predictive biomarker in the KRAS wild
type mCRC subpopulation. It also underscores the importance of
investigating biomarker combinations for patient stratification
rather than looking at biomarkers, gene mutations, etc., in
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FIGURE 4

Representative IHC images of duplex Ang-2+ CD34+ tissue staining, with CD34+ endothelial cells stained in red (total vessel population) and Ang-2
+ endothelial cells stained in DAB (brown). Haematoxylin is stained in blue. (A) Lower than median and (B) higher than median.?With algorithm
results overlays on (C) lower than median and (D) higher than median. IHC, immunohistochemistry.

isolation. In this analysis’s cohort, ~30% of the patients have at
baseline both Ang-2 high levels (dichotomised according to the
median) and KRAS wild-type status (Table 2).

In contrast to our above findings, the Forest plot of PFS HRs for
vanucizumab/FOLFOX-6 versus bevacizumab/FOLFOX-6 showed
that patients with KRAS mutations and high tissue Ang-2 positive
vessels responded better to bevacizumab than to vanucizumab. This
was seen in the analyses of Ang-2 levels in tissue (Ang-2 presence in
vessels’ endothelial cells only) but not in plasma. It should be borne in
mind that KRAS mutations are heterogeneous, and that KRAS

TABLE 3 Best overall response according to median Ang-2+ density.

KRAS mutation Treatment arm Ang-2+ median

mutations in different codons dictate a distinct angiogenic profile
(51-53), which could impact the efficacy of different administered
therapies (51, 52). Hence, targeting Ang-2 may be less effective in a
KRAS-mutated population. Our KRAS mutated mCRC cohort
exhibited typical heterogeneity regarding mutation subtypes, with
most KRAS mutations occurring at codons 12 and 13 of exon 2
(Supplementary Figure 1) (53). G12D, the most common subtype
identified, has been reported to be significantly associated with poor
PFS (43). However, the low patient numbers in each KRAS mutation/
treatment/Ang-2 subgroup in our dataset precluded further

Best overall response*

status density
Progressive Stable Partial Complete
disease disease response response
Vanucizumab/ Higher** 0 7 17 0
mFOLFOX-6
Lower** 0 8 6 0
KRAS wild-type
Bevacizumab/ Higher** 2 5 8 1
mFOLFOX-6
Lower** 0 3 9 1
Vanucizumab/ Higher** 2 9 1 0
mFOLFOX-6
Lower** 1 5 7 1
KRAS mutation
Bevacizumab/ Higher** 0 8 10 0
mFOLFOX-6
Lower** 2 11 10 0

*Assessed according to Response Evaluation Criteria in Solid Tumours (RECIST) 1.1 criteria.

**Baseline Ang-2+ densities/Ang-2 levels were classed as higher or lower than the median value: 85.2 and 22.0 counts/mm” in biopsies and surgical specimens, respectively/3.0 ng/mL in plasma samples.
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Kaplan—Meier plots of progression-free survival (PFS) in plasma samples. (A) Patients with wild-type KRAS and higher (high) or lower/equal (low)
median levels of baseline angiopoietin-2 (Ang-2)? treated with vanucizumab/mFOLFOX-6 or bevacizumab/mFOLFOX-6. (B) Patients with mutant
KRAS and high or low baseline Ang-2 treated with vanucizumab/mFOLFOX-6 or bevacizumab/mFOLFOX-6. Numbers of patients at risk at each time
point are shown in Supplementary Table 3. mFOLFOX, modified folinic acid (leucovorin), 5-fluorouracil and oxaliplatin. °Median values for Ang-2 can
be found in Supplementary Table 2. Hazard ratios (HRs) and 95 confidence intervals (Cls) were calculated using univariate Cox regression. p-values

are from the log-rank test. *Value is significant.

stratification by KRAS mutation subtype and, hence, exploration of
their association with clinical outcome and potential mechanisms
of effect.

Overall, these findings suggest that although Ang-2 status seems
to have a potential predictive value in KRAS-wild type patients,
favouring vanucizumab over bevacizumab, it has no impact on
treatment choice and outcome in the KRAS-mutated population.
Recent advances have been made in the field of KRAS-directed
therapy with several registered trials targeting different KRAS
mutation variants (54, 55). As our understanding evolves on both
angiogenesis and the influence of KRAS, the search for treatment
options for these patients with an unmet need for therapies that
account for their a priori disadvantage might lead to the investigation
of novel combination therapies, similar to previous studies assessing
anti-angiogenic and immunotherapy combination treatment (56).

Strengths of our study include that our finding of an association
between high levels of Ang-2 and improved PFS in vanucizumab-
treated patients with wild-type KRAS was seen in tumour tissue data
and confirmed in plasma data in separate analyses. The patient
subgroups derived from this cohort after stratification were
relatively balanced, both in terms of KRAS mutation status and
tissue biomarker and plasma Ang-2 levels, which precluded the
over- or under-representation of specific patient subpopulations.

Frontiers in Oncology

Limitations include that this analysis of McCAVE study data was
exploratory, hypothesis-generating, and McCAVE was an early phase
clinical trial in which typically the number of enrolled patients is
small; hence, the low sample sizes of the patient groups analysed,
resulting from the stratification of patients by KRAS status and
baseline biomarker levels, limit the statistical power of the analysis.
An additional limitation is that no post-treatment biomarker or gene
mutation status data are available to determine changes over time or
in response to treatment. Since this work is an exploratory post-hoc
analysis, further studies are required for hypothesis confirmation.
Other bispecific antibodies targeting VEGF/Ang-2 have shown
promising antitumour activity in preclinical studies and in patients
with solid tumours (57, 58). Although the clinical development of
vanucizumab for cancer treatment was discontinued following the
finding of a similar PFS benefit with vanucizumab and bevacizumab
in the overall McCAVE study population (i.e. the primary endpoint
of the study was not met), the vessel stabilisation benefit provided by
dual inhibition of Ang-2 and VEGF-A was further leveraged in
ophthalmology in the treatment of neovascular age-related macular
degeneration and visual impairment due to diabetic macular oedema,
resulting in the development of the bispecific antibody faricimab (59).
In summary, exploratory analyses of biomarker levels in
baseline tumour tissue and plasma samples from patients with
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previously untreated mCRC stratified for KRAS mutation status,
suggest a subgroup of patients with KRAS wild-type and higher than
median levels of baseline Ang-2 in whom vanucizumab/
mFOLFOX-6 was associated with a significant survival benefit of
~5.5 months over patients treated with bevacizumab/mFOLFOX-6.
Our results indicate that both Ang-2 and KRAS mutation status,
separately and in combination, are relevant biomarkers in mCRC.
This evidence potentially supports the goal of developing more
tailored anti-angiogenic treatments for patients with mCRC.
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Metastatic BRAF6°°F mutated colorectal cancer is associated with poor overall
survival and modest effectiveness to standard therapies. Furthermore, survival is
influenced by the microsatellite status. Patients with microsatellite-stable and
BRAFV®P°E mytated colorectal cancer have the worst prognosis under the wide
range of genetic subgroups in colorectal cancer. Herein, we present a patient
case of an impressive therapeutic efficacy of dabrafenib, trametinib, and
cetuximab as later-line therapy in a 52-year-old woman with advanced
BRAFY69%E mytated, microsatellite-stable colon cancer. This patient achieved a
complete response after 1 year of triple therapy. Due to skin toxicity grade 3 and
recurrent urinary tract infections due to mucosal toxicity, a therapy de-escalation
to dabrafenib and trametinib was performed, and the double therapy was
administered for further 41 months with ongoing complete response. For 1
year, the patient was off therapy and is still in complete remission.
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Introduction

BRAF is a component of the RAS-RAF-MAPK signaling
pathway (1). Eight to 12% of metastatic colorectal cancer (CRC)
and approximately half of the patients with melanoma have a BRAF
mutation (2). BRAFY*%E mutation is the most frequent BRAF
mutation (90%) and leads to constitutive, RAS-independent
activation of BRAF kinase activity and MAPK pathway signaling
through downstream activation of MEK (MEK 1 and MEK 2) and
ERK (ERK1 and ERK2) kinases and promotes tumor cell migration,
proliferation, and survival (2, 3). In metastatic CRC, BRAFV60F
mutation is associated with right-side, poorly differentiated, and
mucinous-type tumors and is a negative prognostic factor (4). Its
mortality is a nearly twofold increase compared to that of BRAF
wild-type tumors (5) due to poor response to standard therapies
(5-7).

Several studies investigated the effect of targeted therapies in
BRAFY%E mutated tumors to improve the outcome. Encorafenib,
dabrafenib, and vemurafenib are potent tyrosine kinase inhibitors
of the BRAF"*?’ kinase, and trametinib and binimetinib potently
inhibit the MEK kinase, although BRAF or MEK inhibitor
monotherapy showed dramatic response rates in >50% of patients
with metastatic BRAFV°%F mutated melanoma (8, 9), and only 5%
of metastatic CRC patients with the same BRAF**”* mutation
responded to monotherapy (10, 11). In contrast to melanoma, it is
hypothesized that a major factor underlying the lack of clinical
response with single-agent BRAF or MEK inhibitor in CRC is a
robust adaptive feedback signaling that leads to reactivation of
MAPK signaling, often mediated by epidermal growth factor
receptor (EGFR) following BRAF-inhibitor treatment (12, 13).

In this case report, we report a patient who had progressive
disease after failure of standard chemotherapies in 2017. At this
timepoint, the currently approved doublet targeted therapy with
encorafenib plus cetuximab, which was approved by the European
Medicines Agency (EMA) in 2020, was still under investigation in
the BEACON trial, and an off-label use was not possible (14). Due
to a lack of therapy alternatives, the patient was offered an oft-label
use of cetuximab plus dabrafenib plus trametinib based on a few
clinical trial reports, which are summarized in the following.

Combined inhibition of BRAF and MEK with dabrafenib and
trametinib showed improved response and survival rates compared
with dabrafenib alone in metastatic BRAF "% mutated melanoma,
which resulted in its approval in 2014 (15). However, this
combination was only evaluated in a small sample size in
metastatic BRAFV**°F mutated CRC. In a pharmacodynamic
cohort study, a total of 43 patients with BRAFVE mutated CRC
were treated with dabrafenib plus trametinib and showed an overall
response rate (ORR) of 12% including a complete response (CR) in
one patient and stable disease in further 56% of patients (16). The
median progression-free survival (PFS) was 3.5 months. One
patient had a CR by week 32 of the study treatment with a
duration of response >36 months. Mutational analysis revealed
that the patient achieving a CR and two of three evaluable patients
achieving a partial response had PIK3CA mutations. Further, the
tumor of the patient with CR was microsatellite instable (MSI). To
achieve greater MAPK suppression and improved efficacy in
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patients with metastatic BRAF"*"’F

mutated CRC, a clinical phase
I study with three arms evaluated dabrafenib plus trametinib plus
panitumumab versus dabrafenib plus panitumumab versus
trametinib plus panitumumab in 142 patients and demonstrated
ORR in 21%, 10%, and 0% (17). Median PFS was 4.2, 3.5, and 2.6
months, and median overall survival (OS) was 9.1, 13.2, and 8.2
months. One patient in the triplet and doublet treatment groups
(dabrafenib plus panitumumab) had a CR. Analysis of the
microsatellite status showed a trend toward a statistically
significant increase in PFS in MSI versus microsatellite stable
(MSS) tumors. None of the MSS patients remained in the study
longer than 1 year with this combination therapy. In the MSI
cohort, one patient achieved a partial response lasting >24 months,
and another patient had a CR over 26 months. Nevertheless, one
patient treated with dabrafenib plus panitumumab was MSS and
achieved a CR. Due to the small sample size and a limited number
of studies, this targeted combination is not approved in BRAFY®"°
mutated CRC. Currently, doublet therapy with encorafenib plus
cetuximab is the only approved targeted therapy in this patient
population from second-line therapy based on the results from the
phase IIT BEACON trial (14).

We want to highlight in this case the potential of targeted
therapies in some patients with pretreated, advanced colon cancer
and that treatment can be discontinued as an ongoing response.
Furthermore, in the Discussion section, EMA-approved standard
treatments for metastatic BRAFV®°°F mutated CRC are
summarized, and current areas of research to enhance efficacy
and to individualize therapy in different subgroups of metastatic
BRAFY*°* mutated CRC will be discussed.

Case description

A 52-year-old woman without a significant medical history
presented to the hospital due to a 3-day history of obstipation,
abdominal pain, and nausea in February 2017. On examination, her
abdomen was distended and mildly tender on the left side. Blood
tests revealed anemia. On the computer tomography scan (CT
scan), one suspicious lesion in the liver with a diameter of 3 cm and
a suspicious mass in the colon descendens were described
(Figure 1). In the diagnostic colonoscopy, a 5-cm non-obstructive
tumor in the colon descendens was found. Biopsies of the primary
tumor confirmed the diagnosis of adenocarcinoma of the colon. In
the magnetic resonance imaging of the liver, two suspicious lesions
in segments VII and VI were described. The liver metastases were
classified by the liver surgeon as primary resectable. An initial
hemicolectomy with simultaneous atypical liver resection was
performed in February 2017. The histology of the primary tumor
revealed a poorly differentiated, MSS, Her2-negative, and
BRAFV*°”F mutated adenocarcinoma of the colon with a
lymphatic vessel and perineural involvement as well as lymph
node involvement in eight of 14 removed lymph nodes. The liver
metastases were completely resected, and the liver lesions were
confirmed histologically to be metastatic lesions. FoundationONE®
analysis of the primary tumor showed BRAF"*°’* mutation, PTEN-
loss, DDR1 R514C alteration, KDM5A R782Q alteration, TP53
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FIGURE 1

Computed tomography scan (CT scan) regarding the clinical response during whole course of treatment. (A) Baseline CT scan in February 2017.
(B) CT scan after adjuvant CAPOX in June 2017. (C) CT scan after 1 year of dabrafenib, trametinib, and cetuximab in October 2018.

Y234 alteration, and MSS status. The tumor mutational burden was
0 Muts/Mb.

A 6-month course of postoperative, pseudoadjuvant
chemotherapy with capecitabine and oxaliplatin (CAPOX) was
planned. The rationale for pseudoadjuvant chemotherapy with
CAPOX was to reduce the risk of recurrences, which occur in
approximately 50% of patients with resectable liver metastases.
However, the best postoperative strategy for primary resected
colorectal liver metastases is uncertain—both pseudoadjuvant
chemotherapy and perioperative chemotherapy tend to show a
favorable effect in PFS, but not in OS (18-20). Further, the patient
preferred an oral regimen. After 3 months of CAPOX therapy, an
interim CT scan was performed in June 2017. The CT scan showed
five new liver metastases without further metastases in other organs
(Figure 1), and the tumor marker carcinoembryonic antigen (CEA)
was elevated. A first-line palliative chemotherapy regimen with
FOLFIRI and bevacizumab was administered from June until
September 2017. After 3 months, the CT scan showed further
progress in the liver, and tumor markers were further increasing.
Resectability of the liver metastases was excluded. For second-line
therapy, the patient was randomized in the control arm of the
BEACON study, and FOLFIRI plus cetuximab was administered
for 2 months in this trial. The interim CT scan in November 2017
showed progression of the liver metastases and detection of new
metastases in the lung, and retroperitoneal lymph nodes metastases
and tumor makers further increased. According to the study, the
patient went off protocol due to progressive disease. A cross-over to
one of the targeted-treatment arms in the BEACON study or off-label
use of this targeted therapy was not possible.

The performance status was reduced to Eastern Cooperative
Oncology Group (ECOG) performance status 2 due to the
progressive disease, but the patient was willing to receive further
therapy. Because of the lack of promising third-line therapy in
BRAF"®E mutated CRC, the patient received an off-label use of
dabrafenib, trametinib, and cetuximab based on reports of a few
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clinical phase I-1I trials, which was mentioned above (16, 17). The
therapy was started in December 2017. Two months after the
beginning of the third-line palliative therapy, the CT scan showed
partial response in the liver, lung, and retroperitoneal lymph nodes.
After another 2 months of therapy, the lung metastases and
retroperitoneal lymph node metastases could no longer be detected
on the CT scan. The liver metastases had almost disappeared. Due to
skin toxicity with papulopustular eruption grade 3 (Figure 2), steroid-
containing cream and 100 mg of minocycline per day were
prescribed, and cetuximab therapy was temporarily stopped.
Furthermore, the patient suffered from recurrent urinary tract
infections due to mucosal toxicity requiring antibiotic therapy in
the early stages to prevent urosepsis. In August 2018, no further
progression was detected on the CT scan (Figure 1), and in October
2018, a PET/CT showed a CR. Since October 2018, cetuximab was
terminated due to persistent severe skin toxicity and recurrent
urinary tract infections, and double therapy with dabrafenib and

FIGURE 2
Pronounced skin toxicity due to cetuximab therapy.
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FIGURE 3
Flowchart of the whole course of treatment.

trametinib was continued with better tolerance. The urinary tract
infections were fewer, and the skin recovered. Therapy with
dabrafenib and trametinib was terminated on February 2022 at the
request of the patient, and a watch-and-wait strategy with CT scan
and blood tests including CEA every 3 months was recommended.
Until January 2023, the patient is still in CR and in excellent general
condition. Figure 3 shows an overview of the whole course of
treatment in this patient, and Figure 4 shows the changes in the
tumor marker during the therapy. The patient consented to the
publication of her medical history.

Discussion

To the best of our knowledge, achieving an ongoing CR after
treatment cessation with dabrafenib, trametinib, and intermittent
cetuximab as third-line treatment in a patient with an advanced
BRAFY%E mutated, MSS colon cancer is unique.

State-of-the-art therapy

The first-line recommendations for patients with metastatic
BRAFV’’ mutated CRC are FOLFOXIRI or doublet

chemotherapy regimen plus bevacizumab based on the subgroup
analysis of the TRIBE study (21) and TRIBE 2 study (22, 23). The
decision to use triplet or doublet chemotherapy regimens plus
bevacizumab should be based on a risk/benefit discussion with
the patient. In 2020, EMA approved doublet therapy
with encorafenib + cetuximab for the treatment of patients with
BRAFY® mutated metastatic CRC (mCRC) who have received
prior systemic therapy, according to the results of the phase III
BEACON trial (14). In this trial, 665 patients were randomized to
receive triplet therapy with encorafenib plus binimetinib plus
cetuximab or doublet therapy with encorafenib plus cetuximab or
standard therapy with FOLFIRI/irinotecan plus cetuximab. The
median PFS and the median OS for triplet and doublet therapies
were superior compared to those of the standard group (median
PFS 4.3 vs. 4.2 vs. 1.5 months; median OS 9.0 vs. 8.4 vs. 5.3 months).
The ORR was 26% vs. 20% vs. 2%. However, the study was not
powered to compare the two experimental groups directly.
However, descriptive analyses comparing triplet and doublet arms
showed similar efficacy in the overall population across endpoints
including PFS and OS, and adverse events were higher with triplet
compared to doublet therapies. The results suggested that the
doublet regimen is sufficient to maximize the OS benefit with
better tolerability, and doublet therapy was approved by EMA.

Dabrafierit + rametind

CEA

FIGURE 4

Line chart of the changes of the tumor marker CEA during the process of the treatment since February 2017. CEA, carcinoembryonic antigen.
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Later-line therapies include other chemotherapy combinations,
TAS-102, and/or regorafenib with modest effectiveness (24).

For metastatic BRAF"*’”" mutated CRC with MSI-h, the
therapeutic approach is different, and microsatellite status should
be tested up-front. In a pooled analysis of four studies, the incidence
of BRAFV*! mutated CRC was 34.6% in patients with mismatch
repair deficiency and 6.8% in patients with microsatellite-stable
CRC (25). The molecular relationship between BRAF mutation and
MSI is through high-level CpG island methylator phenotype and
MLHI promotor methylation. Pembrolizumab is approved by the
EMA for patients with metastatic MSI-h CRC in the first-line
setting and after fluoropyrimidine-based combination therapy
based on the results from the Keynote-177 study (26) and
Keynote-164 study (27). The Keynote-177 study showed that
pembrolizumab was superior in terms of PFS and OS compared
with chemotherapy in the overall MSI-h population as well as in
patients with BRAFY*F mutated CRC and MSI-h (26).

In second-line and third-line settings, pembrolizumab showed
highly promising outcomes with ORR of 20% and 55% in patients
with BRAFV*%F mutated CRC and MSI-h (27). Furthermore, in the
CheckMate-142 trial, the combination of nivolumab plus
ipilimumab in MSI-h-patients who received prior chemotherapy
showed an ORR of 55% and a 12-month OS rate of 85%,
irrespective of BRAF status (28).

BRAF"F mutated CRC is not a homogenous disease, and up-
front treatment decision is currently made by microsatellite status.
From the second line of therapy, targeted therapy represents the
standard of care and significantly improved outcomes.

FY%F mutated

Nevertheless, the prognosis of metastatic BRA
CRC remains poor, and further investigations are needed to

improve survival.

Areas of research

The current objectives of the research are a) the implementation
of targeted therapies in the first-line setting and b) combining
targeted therapies with chemotherapy or ¢) immunotherapy or d)
other targeted therapies based on molecular analyses. Further, there
is a great need to predict the outcomes by identification of e)
different molecular subgroups.

a. The ANCHOR study evaluated in a single-arm phase II
study encorafenib plus binimetinib plus cetuximab in
previously untreated metastatic BRAFY**°F mutated CRC,
and the results were recently published (29). Among 95
patients, the ORR was 47.4% with all partial responses. The
median PFS was 5.8 months, and the median OS was 18.3
months. The primary endpoint was met. However, these
results showed that the combination therapy in the first-line
setting is quite similar to the recommended chemotherapy-
based regimens in the first-line setting of metastatic
BRAFYF mutated CRC. The results signal that there is
aneed to evaluate mechanisms of acquired resistance, as the
short PES interval is likely due to resistance that arises
despite inhibiting BRAF, MEK, and EGFR.

Frontiers in Oncology

70

10.3389/fonc.2023.1166545

b. To improve the outcome, the phase IIl BREAKWATER study

explores in three arms the combination of encorafenib plus
cetuximab with or without chemotherapy (mFOLFOX or
FOLFIRI) versus control (mFOLFOX, FOLFIRI, and
FOLFIRINOX + bevacizumab) in the first-line setting in
765 patients (ClinicalTrials.gov Identifier:NCT04607421).
Updated safety and anti-tumor activity data from the
BREAKWATER safety lead-in demonstrated that the
addition of chemotherapy to encorafenib plus cetuximab
was generally tolerable with preliminary promising
antitumor activity (30). The final results are eagerly awaited.

c. A further interesting approach is the combination of

immunotherapy and targeted therapy in metastatic
BRAFV*" mutated CRC. Currently, immunotherapy is
only approved in patients with MSI-h. However, in
metastatic BRAFV°F mutated CRC, the addition of
immunotherapy is evaluated in not only MSI-h patients but
also MSS patients based on data from preclinical studies that
suggest that combining MAPK inhibition and
immunotherapy could enhance antitumor efficacy in BRAF
and KRAS mutant cancers (31-33). A recent proof-of-concept
single-arm phase II study evaluated the addition of a PDL-1
inhibitor spartalizumab to dabrafenib and trametinib in
patients with BRAFYV*E mutated CRC (34). Of the 37
included patients, most of them were MSS (n = 32). In these
patients with MSS BRAFY®™E mutated CRC, the ORR was
25%, and the disease control rate was 75%. Median PFS was 5
months with 18% of patients remaining on therapy for over 1
year. The authors of the study suggest a potential tumor cell-
intrinsic mechanism of synergy between MAPK inhibition
and immunotherapy, and additional studies are needed to
more fully understand the benefits of MAPK inhibition
combined with immunotherapy in MSS BRAF"**** mutated
CRC. A phase II study evaluates the addition of nivolumab to
encorafenib plus cetuximab versus doublet therapy with
encorafenib plus cetuximab in BRAFY*™F mutated, MSS
CRC after the failure of at least one prior treatment. The
primary endpoint is PFS (ClinicalTrials.gov Identifier:
NCT05308446). The SEAMARK trial investigates in a phase
II clinical trial the efficacy of encorafenib plus cetuximab plus
pembrolizumab versus pembrolizumab alone in patients with
untreated metastatic BRAF'*”" mutated CRC and MSI-h
(ClinicalTrials.gov Identifier: NCT05217446).

d. The mechanism of resistance to targeted therapies is not

completely understood. Unlike other tumors with BRAF"*F

mutations, like melanoma, non-small cell lung cancer, and
papillary thyroid cancer, BRAF mono-inhibition in CRC
resulted only in marginal clinical activity. BRAF inhibition
causes a rapid feedback activation of EGFR because of the
missing negative feedback mechanism driven by ERK1/2
activation and leads to MEK1/2 activation through several
escape mechanisms. Various mechanisms of resistance have
been discovered, from activation of various receptor tyrosine
kinases to activation of other cell signaling pathways such as
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the PI3K/AKT pathway (35, 36). Receptor tyrosine kinases
have multiple pathways by which they can promote cell
signaling, and reactivation of receptor tyrosine kinases
following inhibition of the MAPK pathway stimulates
cellular growth through various pathways. The majority of
resistances are centered around the reactivation of the MAPK
pathway. Several analyses of mutational profiles and
preclinical studies suggested activations of the
phosphoinositide 3-kinase (PI3K) pathway as a potential
mechanism of resistance to BRAF inhibitors (37). To
overcome the potential mechanism of resistance, the
combination PI3K inhibitor alpelisib was investigated (38)
in 28 refractory BRAF"*"" mutated CRC in a phase Ib study
and showed good tolerability of the triplet therapy but with
quite similar efficacy compared with dual therapy. The ORR
was 18%, and the disease control rate was 93% in the triplet
arm. However, this was a small study. In a subsequent phase
IT study, 52 patients received the same regimens and
demonstrated a PES of 5.4 versus 4.2 months in the triplet
versus doublet therapy (39). PTEN loss or the signaling
pathway STAT has also been associated with intrinsic
resistance to BRAF/MEK targeted therapies. Targeting the
Wnt/B-catenin signaling pathway represents another
potential future treatment option, as Wnt was shown to
activate signaling through RAF-MEK-ERK targeting (40).
With further understanding of the complex mechanism of
resistance, the therapeutic landscape will be changing to
individualize therapy strategies based on molecular
subtypes, and studies are needed to investigate multi-
targeted combination treatments to overcome resistance.

e. A recently published study evaluating whole-exome
sequencing identified inactivating mutations in RNF43, a
negative regulator of WNT, to predict improved response
rates and survival in patients with BRAFY**°F mutated CRC
and MSS tumors treated with anti-BRAF/EGFR
combination therapies (41). The RNF43 mutation
frequency was approximately 43%-44% (92%-100% in
the MSI cohort and 28%-30% in the MSS cohort) in the
discovery and validation cohort. The ORR in the
RNF43™"%d subgroup was 63% compared with 31% in
the RNF43"19"YP¢ subgroup. Patients with the MSS-
RNF43™"%*d gubtype achieved the highest ORR with 54%
compared to the MSS-RNF43“!4"YP¢ subtype (21%) and
MSI- RNF43™U2d subtypes (18%). Evaluation of
circulating tumor DNA (ctDNA) is a further area of
research. In an exploratory analysis of the BEACON trial,
ctDNA was measured at baseline and the end of treatment.
Variant allele frequency (VAF) of BRAFV*?F was
measured, and patients were grouped in high and low
categories (BRAFY®E or ¢tDNA was not detected). Over
90% of patients had detectable BRAF"*”F mutations in the
ctDNA. Patients with a higher VAF for BRAF"*"¥ had a
worse prognosis. Compared with the control group of the
BEACON trial, patients with triplet or doublet therapy had
increased response rates, independent of VAF. CtDNA
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VAF was found to be prognostic but not predictive of
drug response (42). Biomarker analysis of the VELOUR
(43) and RAISE studies (44) indicated a non-significant
benefit of the addition of aflibercept in the VELOUR study
and ramucirumab in the RAISE study to chemotherapy in
BRAF "’ mutated mCRC compared with wild-type BRAF
mCRC. Prognostic and predictive biomarkers are of great
interest to further individualize therapy in this rare
subgroup of metastatic CRC.

Conclusion

Patients with BRAFY**°F mutated, MSS tumors have the worst
prognosis among the variety of subgroups of CRC patients. The
treatment options for patients with BRAFY*°" mutated CRC are
limited. Our patient case showed that even in later lines, a targeted
therapy combination could achieve an ongoing complete remission.
Even a de-escalation from triplet to doublet therapy and subsequent
discontinuation of therapy showed ongoing CR in this impressive
patient case.
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Targeted therapy has been standardized in front-line therapies for metastatic
colorectal cancer (mCRC), while explicit recommendations for third- or later-
line are still lacking. This study evaluated the efficacy and safety of combining
targeted therapy with chemotherapy in the third- or later-line treatment for
mCRC via meta-analysis, providing evidence-based guidance for clinical or
research practice. Comprehensive retrieval of related studies was conducted
according to the PRISMA guideline. Studies were stratified with patient
characteristics and pharmacological classification of the drugs. For the data
available for quantitative analysis, pooled overall response rate, disease control
rate, hazard ratios (HRs) for overall survival (OS) and progression-free survival
(PFS), and adverse events rate with respective 95% confidence intervals (Cls)
were calculated. A total of 22 studies (1,866 patients) were included in this meta-
analysis. Data from 17 studies (1,769 patients) involving targets of epidermal
growth factor receptor (EGFR) and vascular endothelial growth factor (VEGF)
were extracted for meta-analyses. The overall response rates for monotherapy
and combined therapy were 4% (95% Cl: 3%, 5%) and 20% (95% Cl: 11%, 29%). The
pooled HRs (combined therapy vs. mono) for OS and PFS were 0.72 (95% ClI:
0.53, 0.99) and 0.34 (95% CI: 0.26, 0.45). Another five studies were included in
narrative depiction, involving targets of BRAF, HER-2, ROS1, and NTRK. The
findings of this meta-analysis indicate that VEGF and EGFR inhibitors manifest
promising clinical response rates and prolonged survival in the treatment of
mCRC with acceptable adverse events.
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Introduction

Colorectal cancer (CRC) is one of the most common
malignancies worldwide; the estimated annual incidence and
mortality are 19.7/100,000 and 8.9/100,000 (1, 2). Among patients
diagnosed with CRC, 20% had metastatic colorectal cancer (mCRC)
and 40% had recurrence after previous treatment of localized
diseases (3, 4). Furthermore, prognosis remains poor after
standard treatment for patients with mCRC, with a median 5-
year survival rate of less than 20% (4).

At present, the standard first-line and second-line therapies for
mCRC are a combination of doublet or cytotoxic triplet
chemotherapy and targeted therapies, including anti-epidermal
growth factor receptor (EGFR) or anti-vascular endothelial
growth factor (VEGF) antibody, the choice of treatment is
influenced by patient features, cancer characteristics, and
molecular profiles (5-8). In addition, RAS and BRAF tests are
recommended by the European Society for Medical Oncology
(ESMO) and the United States (US) National Comprehensive
Cancer Network (NCCN) guidelines before the initiation of first-
line therapy (9, 10). The choice of second-line regimen depends on
the first-line systemic treatment, and approximately two-thirds of
mCRC patients received second-line treatment (11). Fluorouracil,
folinic acid, and irinotecan (FOLFIRI) and fluorouracil, folinic acid,
and oxaliplatin (FOLFOX) are typical second-line chemotherapy
options for mCRC patients (12). However, the efficacy of
chemotherapy is very low in the third-line treatment of CRC, and
tumor shrinkage is rarely observed (13). Immunotherapy
revolutionized the oncology landscape in the past 10 years,
pembrolizumab or nivolumab are recommended as treatment
options in second-line and beyond for patients with deficient
MMR/MSI-high mCRC (11, 12). For CRC patients receiving
third-line treatment, considering molecular cancer characteristics
and clinical trial registration is an important aspect of management
(12). Cetuximab or panitumumab is particularly effective for KRAS/
NRAS wild-type mCRC patients not previously treated with EGFR
antibodies and is recommended as the standard treatment for the
third-line or later-line follow-up treatment (14, 15). Regorafenib is
recommended in RAS wild-type patients previously treated with
EGFR antibodies (10). Furthermore, receptor tyrosine kinase
inhibitor (rTKI) has been shown to prolong progression-free
survival (PFS) in refractory mCRC patients with acceptable
tolerability (16). Agents targeting human epidermal growth factor
receptor-2 (HER2), neurotrophic tyrosine receptor kinase (NTRK),

Abbreviations: mCRC, metastatic colorectal cancer; HRs, hazard ratios; OS,
overall survival; CIs, confidence intervals; CRC, colorectal cancer; EGFR,
epidermal growth factor receptor; ESMO, European Society for Medical
Oncology; US, United States; NCCN, National Comprehensive Cancer
Network; FOLFIRI, fluorouracil, folinic acid, and irinotecan; FOLFOX,
fluorouracil, folinic acid, and oxaliplatin; rTKI, receptor tyrosine kinase
inhibitor;PES, progression-free survival; HER2, human epidermal growth factor
receptor-2; NTRK, neurotrophic tyrosine receptor kinase; ROSI, receptor
tyrosine kinase; PRISMA, Preferred Reporting Items for Systematic Reviews

and Meta-analysis.
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and c-ros oncogene 1, receptor tyrosine kinase (ROS1) were used in
the treatment of mCRC (17-19). Nevertheless, EGFR inhibitors are
associated with toxicity, including rash and diarrhea in tissues
expressing EGFR. Multi-kinase inhibitors can cause hand-foot
skin reactions, rash, fatigue, diarrhea, and hypertension (20).
Therefore, when the quality of life gains importance as a
therapeutic goal, the difference in the mechanism of action and,
more importantly, the safety of available third-line/later-line mCRC
therapy may guide the treatment choices of individual patients.

Targeted therapy has been standardized in front-line therapies for
mCRGC, but explicit recommendations for third- or later-line are still
lacking. As far as it is concerned, several studies reported the efficacy
and safety of targeted treatment alone or combined chemotherapy
(16, 21-28). This study aimed to conduct a meta-analysis through a
synthesis of the evidence to generate a comprehensive assessment of
efficacy and safety of third-line or later-line targeted treatment for
patients with mCRC and subsequently to provide evidence and clues
for clinical research and practice.

Materials and methods
Statements

This meta-analysis was conducted based on published citations
that had declared ethical approvals, and no original clinical raw data
of the published results were collected or utilized, thereby ethical
approval was not warranted for this study. This study was based on
the Preferred Reporting Items for Systematic Reviews and Meta-
analysis (PRISMA) (29).

Search strategy and selection criteria

We systematically searched the online electronic databases,
PubMed, Scopus, and Embase, from the databases’ inception to June
16, 2022, with articles in English all considered. The following
keywords and terms were used for the online database search: third-
line, later-line, fruquintinib, famitinib, bevacizumab, ramucirumab,
cetuximab, panitumumab, trastuzumab, pertuzumab, tucatinib,
lapatinib, larotrectinib, entrectinib, encorafenib, vemurafenib, targeted
therapy, VEGF, ALK, ROS1, EGFR, HER2, NTKR, BRAF, metastatic
colorectal cancer, and mCRC. The search strategy was
(CCCCCeeeeeeeeear(third-line[ Title/Abstract]) OR (later-line[ Title/
Abstract])) OR (fruquintinib[Title/Abstract])) OR (famitinib[Title/
Abstract])) OR (bevacizumab|[Title/Abstract])) OR (ramucirumab
[Title/Abstract])) OR (cetuximab[Title/Abstract])) OR
(panitumumab][Title/Abstract])) OR (trastuzumab|Title/Abstract]))
OR (pertuzumab][Title/Abstract])) OR (tucatinib[Title/Abstract])) OR
(lapatinib[Title/Abstract])) OR (larotrectinib[Title/Abstract]))
OR (entrectinib[Title/Abstract])) OR (encorafenib[Title/Abstract]))
OR (vemurafenib[Title/Abstract])) OR (targeted therapy[Title/
Abstract])) OR (VEGEF[Title/Abstract])) OR (ALK[Title/Abstract]))
OR (ROS1|[Title/Abstract])) OR (EGFR[Title/Abstract])) OR (HER2
[Title/Abstract])) OR (NTKR([Title/Abstract])) OR (BRAF[Title/
Abstract])) AND ((metastatic colorectal cancer[Title/Abstract]) OR
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(mCRC][Title/Abstract])) AND (english[Filter]).
related reviews and included articles were also searched to retrieve

The references of

additional studies not previously identified in the initial literature
search. Inclusion criteria were as follows: clinical trials or cohort
studies evaluating the efficacy and safety of third-line or later-line
targeted treatment of patients with mCRC and relevant outcomes
regarding treatment effects and adverse events were reported or could
be calculated from the available data in the citation. Exclusion criteria
included conference abstracts, case reports or case series, reviews, news,
and editorials.

Two independent investigators (Wen-Hui Xue and Xue-Wei Li)
accomplished the literature search and conducted the process of
study selection. A third author (Wen-Hui Yang) was involved if no
consensus was achieved.

Data extraction and quality assessments

The following information was extracted from each study: name
of the first author, year of publication, country, study design,
number of patients, age of patients, percentage of females, patient
performance, targeted molecule, lines of current treatment, therapy
schedule, response rate, complete response rate (ORR), partial
response rate, stable disease rate, disease progression rate, disease
control rate, hazard ratios (HRs) for overall survival (OS) and
progression-free survival (PFS), and adverse events rate. Clinical
response and disease progression were assessed according to
Response Evaluation Criteria in Solid Tumors (RECIST version
1.1) (30). The Cochrane Collaboration tool was used to evaluate the
risk of bias in randomized trials enrolled in this meta-analysis (31).
The methodological index for non-randomized studies (MINORS)
was used for single-arm studies (32).

Statistical analysis

The R (A language and environment for statistical computing.
Version 3.6.1) was used for statistical analyses. Pooled rates and
HRs with their respective 95% confidence intervals (CIs) were
synthesized with a random or fixed-effects model. A random-
effects model was used if the I value was > 50%; otherwise, a
fixed-effects model was used. The Cochran Q test was used to assess
heterogeneity between studies, and the I? statistic was used to test
the magnitude of the heterogeneity. Egger’s tests were performed to
evaluate the publication bias in this meta-analysis. A p-value less
than 0.05 was considered to be of statistical significance.

Results
Study selection and characteristics

A total of 620 articles were identified from the databases
searched. Sixty-one duplicates were eliminated, and 537 studies

were excluded through an initial screening. After a full-text
assessment for eligibility of the remaining 22 articles, 17 studies
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were eligible for inclusion in this meta-analysis, and five studies
were narratively depicted. No additional studies were identified
through reference screening of the included papers and relevant
reviews. Figure 1 shows details on the literature search and study
selection. The enrolled 22 citations contained 1,866 patients with
confirmed mCRC and reported relevant eligible outcomes for data
synthesis. Twenty studies were clinical trials, and two studies were
cohort studies. These studies were conducted in China, the United
States, Italy, South Korea, Vietnam, France, Spain, and Japan.
Table 1 shows detailed characteristics of the included studies. The
quality of included studies was rated as high based on the Cochrane
Collaboration tool and the MINORS scale (Tables 1, 2).

Treatment response

Nine studies assessed the efficacy of EGFR inhibitors
monotherapy or combining chemotherapy as third-line or later-
line treatment for mCRC. The other eight studies evaluated the
efficacy of VEGF antibodies in treating mCRC. The pooled ORRs
for monotherapy and combined therapy were 4% (95% CI: 3%, 5%)
and 20% (95% CI: 11%, 29%). In the subgroup analysis of molecule
targets, the pooled ORRs for VEGF and EGFR inhibitors were 4%
(95% CI: 2%, 5%) and 19% (95% CI: 10%, 27%). The pooled disease
progression rates for monotherapy and combined therapy were 53%
(95% CI: 25%, 80%) and 34% (95% CI: 28%, 40%), respectively. The
respective pooled disease progression rates for VEGF and EGFR
inhibitors were 46% (95% CI: 20%, 72%) and 36% (95% CI: 29%,
43%). Concerning stable disease rates, the pooled rates for
monotherapy and combined therapy were 49% (95% CI: 34%,
64%) and 43% (95% CI: 34%, 51%), and the pooled rates for
VEGF and EGFR inhibitors were 57% (95% CI: 44%, 69%) and
37% (95% CI: 31%, 42%). The pooled disease control rates for
monotherapy and combined therapy were 62% (95% CI: 50%, 74%)
and 61% (95% CI: 54%, 68%), respectively. The pooled disease
control rates for VEGF and EGFR inhibitors were 59% (95% CI:
50%, 68%) and 62% (95% CI: 54%, 71%) (Table 3).

The efficacy of BRAF inhibitor monotherapy for mCRC is not
promising, with 0% to 5% ORRs (37). The anti-HER2 antibody
trastuzumab and the dual EGFR/HER?2 kinase inhibitor lapatinib
were used in a phase 2 trial performed at four Italian academic
cancer centers; the results were as follows: ORR of 30%, DCR of
74%, with 22% of Grade 3 toxicity (41). In addition, results of the
MyPathway Study revealed that trastuzumab plus pertuzumab
showed an ORR of 38% (95% CI: 23% to 55%) in 37 mCRC
patients (19). In the study of Hong et al., four in eight patients
with TRK fusion-positive colon cancer demonstrated a response to
larotrectinib with a median response duration of 3.7 months (18).
Doebele et al. reported that one in four patients with CRC
responded to entrectinib, an ROS1 and NTRK inhibitor (17).

Survival

A total of four studies reported the Kaplan-Meier estimates of
overall survival in the treatment and control groups. The pooled HR
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Search results and flow chart of the meta-analysis.

was 0.72 (95% CI: 0.53, 0.99) (Figure 2). For PES, the pooled HR of
five trials was 0.34 (95% CI: 0.26, 0.45) (Figure 3).

Adverse events

Hematological adverse events were the most frequently
reported in included studies. The occurrence rates of anemia for
VEGF and EGFR inhibitors were 26% (95% CI: 7%, 44%) and 42%
(95% CI: 3%, 87%). The pooled occurrence rates of leucopenia for
VEGF and EGFR inhibitors were 36% (95% CI: 9%, 63%) and 33%
(95% CI: 6%, 60%). With regard to neutropenia, pooled occurrence
rates for VEGF and EGFR inhibitors were 34% (95% CI: 9%, 60%)
and 47% (95% CI: 24%, 71%). The occurrence rates of
thrombocytopenia for VEGF and EGFR inhibitors were 25%
(95% CL: 14%, 36%) and 18% (95% CL: 12%, 23%).

Publication bias
P-values of Egger’s tests for publication bias were < 0.001, 0.129,
0.001, 0.052, 0.588, 0.622, 0.078 in the pooled analyses of overall

response, stable disease, disease progression, disease control, HR for
OS, HR for PFS, and adverse events, respectively.

Frontiers in Oncology

Discussion

CRC is one of the most important tumors, with high incidence
and mortality rates worldwide (43). Many patients are diagnosed at
the metastatic stage of the disease; for these patients, treatment is
mainly based on chemotherapy (44). Maintaining the quality of life
is the primary goal and urgent need of mCRC patients undergoing
third-line or later-line treatment (8). However, few insights are
gained to guide the selection and sequencing of treatments for these
patients (10, 14). Recently, prolonged OS in patients with mCRC
has been observed through targeted therapies, such as antibodies
against EGFR and VEGF (44).

In the meta-analysis, 17 published articles containing 1,769
patients with diagnosed mCRC and treated with targeted therapies
were included. This meta-analysis showed that the pooled ORRs for
VEGF and EGFR inhibitors were 4% and 19% in the third-line or
later-line treatment of mCRC. Targeted therapy combined with
chemotherapy demonstrated favorable ORR and disease control
rate with less disease progression than target monotherapy. The
results corroborated the findings from previous clinical trials.
Furthermore, targeted therapy revealed increased OS and PFS; the
goal of the third-line or later-line treatment is to prolong survival
and prevent tumor progression without affecting the quality of life.
The molecular type of mCRC in included studies was not specified.
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TABLE 1 Characteristics of included studies.

. Tumor
No.of Age Female ECOG- Lines of MINORS
Year = Country : 0 Targets Treatment schedule Control ~ molecular
patient  (yrs) (C2)) PS treatment scores
pathology
Akiyoshi 62 ' Panitun'n%mab was administered. at a dose of 6 Tg/ KRAS wild
28) 2017 Japan Phase 2 43 (32 - 42 Oorl EGFR Third kg and irinotecan at a dose of either 150 mg/m” or NA type 14
75) the tolerated irinotecan dose during prior treatment.
. Panitumumab at a dose of 6 mg/kg on day 1 was
Single-arm, . . e
il 62 oorl administered as a 60-min intravenous infusion, just KRAS wild
Andre (23) 2012 France 65 (34 40 EGFR Third before the administration of irinotecan 180 mg/m* NA 15
centered or2 . . K type
-84) in 90 min on day 1 of each fortnightly cycle (cycles
phase 2 study
are every 14 days).
59 oorl Cetuximab
Bai (24) 2015 China Cohort study 19 (48 - 47 or 2 EGFR Third was infused at a first dose of 400 mg/m® and then at NA NR 14
72) 250 mg/m” every week.
Singl >7 Oorl Third Apatinib-500 milli (mg) per flat dose, 28-d;
ingle-arm or ird or atinib-500 milligrams (mg) per flat dose, 28-da;
Chen (33) 2019 | China 8 26 (8- 63 VEGF P & &P Y NA NR 15
phase 2 study 75) or2 later cycle
A Double-
Blinded,
Chi (34) 2021 China Placebo- 419 56 36 Dorl EGER Third or oral anlotinib (12 mg/day; days 1-14; 21 days per Placebo NR NA
Controlled, later cycle)
Randomized
Phase 3 Trial
69 RAS and
lini Phase 2 Biweekl imab, %, plus iri ,
Cremolini 2019 Ttaly . ase 28 (45 - 0 Oorl EGFR Third iweekly cetuximab, 500 mg/zm plus irinotecan, NA BRAF wild 14
(35) Single-Arm 180 mg/m~.
79) type
South ROSI
Doebele 2020 Korfea, Phase 1 4 NR NR Oorl and NR Entrectinib orally at a dose of at least 600 mg once - NR 13
(17) Spain, or 2 NTRK per day
USA
59 Regorafenib 160 mg (group C) was given orally once
uy was giv
Eng (36) 2019 USA Phase 3 75 (52 - 57 Oor 1 VEGF Third goratent & group § Y NA NR 14
66) daily on days 1-21 of a 28-day cycle.
62 Weekly irinotecan 120 mg/m2 as a 1h intravenous
Gebbia 2006 Ttaly Retrospective 60 37 - 0 Lor2 EGER Third or infusior.l a?n.d cetuximab 400 mg/n;z. infused over 2h NA NR 13
21) study later as the initial dose and 250 mg/m" infused over 1h
81) . .
for the subsequent administrations
Larotrectinib was administered orally (capsule or TRK fusion
jon-
Hong (18) 2020 USA Phase 1 8 NR NR NR NTRK NR liquid formulation), continuously, on a 28-day NA . 14
schedule positive
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TABLE 1 Continued

Year

Country

Study

design

No. of
patient

Age
(yrs)

Female
(%)

ECOG-
PS

Targets

Lines of
treatment

Treatment schedule

Trastuzumab (8 mg/kg IV loading dose, then 6 mg/

Control

Tumor
molecular
pathology

MINORS
scores

Hai rth 0, 1,
31?15‘9“;" 2018 USA Phase 2a 37 NR NR S °" HER2 NR kg IV every 3 weeks) plus pertuzumab (840 mg IV NA NR 14
loading dose, then 420 mg IV every 3 weeks)
Vemurafenib was provided in microprecipitated
65 Third or bulk powder formulation as' 240-mg ﬁlm—'coated BRAE-
Kopetz (37) 2015 NR Phase 2 21 (38 - 48 Oorl BRAF tablets, dosed at the previously determined NA 13
later . . mutated
91) maximum-tolerated dose of 960 mg orally twice a
day, and administered continuously in 28-day cycles.
China,
na Randomised,
South 1 ouble-blind 58
i Korea, ? Third or Patients received regorafenib 160 mg orally once
Li (38) 2015 K placebo- 204 (50 - 42 Oorl VEGF R Placebo NR NA
Taiwan, later daily on days 1-21 of each 28-day cycle
controlled, 66)
and .
. phase 3 trial
Vietnam
Randomised,
double-blind, 55 . s .
Li (25) 2018 China placebo- 416 23 - 39 Oor 1 VEGF Third or Fruquintinib, 5 mg orally, once daily for 21 days, Placebo NR NA
later followed by 7 days off in 28-day cycles
controlled, 75)
phase 3 trial
Patients received 150 mg/m” irinotecan
Masuishi 65 ' intr'av.enously every 2 weeks. Cetlllxime.ib was KRAS wild
(39) 2020 Japan Phase 2 34 (41 - 32 Oorl EGFR Third administered as a 2h intravenous infusion at a NA type 14
80) loading dose of 400 mg/m?, followed by weekly 1h
infusions of 250 mg/m”.
59 C-mab was initially given at a dose of 500 mg/m”* as
2h infusion foll iweekl f
Osumi (40) | 2018 Japan Phase 2 40 (31- 65 Oorl EGFR Third a 27 infusion o lowed by biweekly dose of 500 mg/ NA NR 14
72) m" as a 1h infusion. CPT-11 was given at a dose of
150 mg/m” biweekly.
; | Tt g ey 4 oy s o
Sare 2016 Italy Phase 2 27 (50 - 15 Oorl HER2 "ing cose, 1 g/kg once p g NA 12/13 wild 14
Bianchi (41) 68) later lapatinib was given orally at 1000 mg per day in 21- .
day treatment cycles. P
P Cetuximab was given at an initial dose of 400 mg/
Vi i 1 2, foll kly infusi f 2. 2,
meenzl 2006 Italy Phase 2 55 @7 - 53 0 or EGFR Third m’, followed by weekly infusions of 250 mg/m NA NR 15
(22) 79) or 2 Irinotecan was administered weekly at the dose of
90 mg/m”.
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" It is reported that the benefit in PFS and OS was observed only in
§ g 5 = « © the KRAS wild-type patients for both cetuximab and panitumumab
s g (45, 46). Moreover, the NCCN clinical practice guideline
recommended that regorafenib could be utilized in fit patients
. © § - with the refractory disease after standard chemotherapy including
g g_o = = 2 =z = fluoropyrimidine, oxaliplatin, and irinotecan and anti-VEGF or
S = 5
2 2% g anti-EGFR therapies (RAS wild type) (47).
However, hematological adverse events, including anemia,
S 2% £ } 2 neutropenia, leucopenia, and thrombocytopenia, were commonly
'g g ’; g E g s s observed in included studies. In addition, the evidence on clinical
225 =
v = a trials of other targeted therapies, namely, BRAF inhibitors, HER2
) - inhibitors, anti-NTRK agents, and ROS1 inhibitors, was limited, so
g =
= Eﬁ 3 _% I we could not pool these outcomes. Therapies with HER2, NTRK,
= o s ° . . . P
g g o9 TET and ROS1 blockade have shown significant antitumor activity, and
: : S 2z Il-designed clinical trial ded to verify the eff
o 2 2 g £ E e more well-designed clinical trials are needed to verify the efficacy
3 g % % g 5% EQ and safety of these agents. It is recommended in HER2-positive
k5 & £ €s, 58%F
5 3 4 5945 54 g % patients with mCRC, treatment with HER2 dual blockade is
2 ST =z . . .
E k] 'Fg % .; 5| B P B § optionally recommended, especially in RAS WT tumors (48).
@ RO~ =
“E’ = 3 § 2 g z T RE This meta-analysis was conducted at the population level,
< B & ® %
§ El g 2 é g3 f g because individual patient data cannot be obtained. In the current
= = ot = < o . . . .
= 5 g z Ew £ study, a comprehensive literature search in English was performed
g 7 . o~ 8 E . 0 o, . .
2 2 £ 7 S 2.5 to increase the probability of obtaining all relevant included studies.
8 ESES S 3 . . . .
5 g3 58 Data extraction was conducted by two independent reviewers using
5§ = . . .
A = a pre-designed form. In addition, we assessed the quality of enrolled
. & studies using the Cochrane Collaboration tool and the MINORS
o g S 5 S 5 k= _3 5 scale. The quality of included studies was rated as high. We assessed
1} s = RN = == . . L
£ § £ = z = = £ = the heterogeneity between the studies. Results showed significant
— =
= heterogeneities in the analyses of OS and PFS. The heterogeneity
) may be attributed to differences in patient characteristics, study
7] ) & & & . . Lo .
o = = = : design, drug compliance, prior lines of therapy in each study, and
©
= other relevant factors. Due to heterogeneity between third-line or
& _ _ _ _ later-line treatment regimens, it is difficult for us to determine the
S & 8 3 3 T'o- 5 specific subgroups, and therefore subgroup analysis based on
=1 =4 =4 (=]
= regimens was not performed. Meta-regression was not performed
o due to a limited number of studies in each subgroup. Furthermore,
£ S S g & 0 the findings of Egger’s tests indicated that publication bias might
(]
= not be neglected in analyzing several indicators. Albeit with the
0~ ‘ ‘ . , heterogeneity and publication bias in included studies and
wv —~ —~ —~ —~
2= BN 8 IR ggr bar limitations of this meta-analysis, the results may provide
evidence-based information on the efficacy and safety of third-
o
“5' I — % = o line or later-line target therapy for patients with mCRC.
- — : :
2 = Based on the outcomes of this meta-analysis, we may conclude
that targeted therapies, including VEGF and EGFR inhibitors,
>~
>c - o9 2 T - g 3 :é showed promising clinical response rates and prolonged survival
g 2 _;:f 2 E 'g E ;é _§ < ”é g o in the treatment of mCRC patients with progression after first- and
= = g @
No a ewEg s a g £ second-line therapy. Targeted therapy for mCRC patients with
biomarker selection may improve marginal prognosis but is
%‘ s . - - unlikely to change the treatment pattern of most patients
- B o) <
2 S o} ) = significantly. Incidences of hematological adverse events were
= durable and acceptable. However, the pathogenesis of these
b = o 2 < S adverse events remains poorly understood (49). Personalized
= v 3 S S S .
€ > & S N « treatment or combined therapy was recommended based on the
§ feature of mCRC. It is expected that well-designed clinical trials, as
. 2 ) g = = well as real-world studies, should be conducted to address issues on
= @ o
'g 2 2 2 S S the evaluation of efficacy and safety of VEGF and EGFR inhibitors
= and other targets in the treatment of mCRC. Very preliminary
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TABLE 2 Quality evaluation for Cochrane tool.

10.3389/fonc.2023.1165040

Blinding of Hllellig Incom-
Random . o of .
Allocation participants plete Selective
sequence outcome . Total
: concealment Elgle] outcome reporting Other .
generation . assess- . quality
: (selection peraonnel data (report- bias
(selection : ment o . . scores
: bias) (perfor- (attrition ing bias)
bias) . (detec- :
mance bias) . . bias)
tion bias)
Chi, 2021 (34) * * * * * * * 7
Li, 2015 (25) * * * * * . . ;
Li, 2018 (38) * * * * * . . ;
Xu, 2017a (27) * * * * * * * 7
Xu, 2017b (16) * * * * * * * 7

Each * equals 1 point.

TABLE 3 Subgroup analysis of treatment responses.

VEGF inhibitors EGFR inhibitors Monotherapy Combined therapy
Treatment responses
Pooled rate  95% Cl  Pooled rate . 95% Cl  Pooled rate 95% Cl Pooled rate 95% Cl
Overall response 4% (2%, 5%) 19% (10%, 27%) 4% (3%, 5%) 20% (11%, 29%)
Disease progression 46% (20%, 72%) 36% (29%, 43%) 53% (25%, 80%) 34% (28%, 40%)
Stable disease 57% (44%, 69%) 37% (31%, 42%) 49% (34%, 64%) 43% (34%, 51%)
Disease control 59% (50%, 68%) 62% (54%, 71%) 62% (50%, 74%) 61% (54%, 68%)

EGFR, epidermal growth factor receptor; VEGF, vascular endothelial growth factor; CI, confidence interval.
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Forest plot of HR for overall survival in included studies.
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Forest plot of HR for progression-free survival in included studies.

evidence was found regarding the targets of HER2, NTRK, and
BRAF. Further studies are needed to investigate if such targets may
perform an essential role as VEGF and EGFR in the later line
management of mCRC.
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Anoikis and epithelial-mesenchymal transition (EMT) are significant phenomena
occurring in distant metastasis of colon adenocarcinoma (COAD). A
comprehensive understanding of their crosstalk and the identification of key
genes are vital for treating the distant metastasis of COAD. The objective of this
study was to design and validate accurate prognostic predictors for COAD
patients based on the anoikis and EMT processes. We obtained gene
signatures from various databases and performed univariate and multivariate
Cox regression analyses, principal component analysis (PCA). The COAD patients
were categorized into the worst prognosis group, the Anoikis Potential Index
(API) Low + EMT Potential Index (EPI) High group and the others group. Then we
utilized gene set enrichment analysis (GSEA) to identify differentially expressed
genes and to establish a prognostic risk model. The model classified patients into
high- or low-risk groups, with patients in the high-risk group displaying worse
survival status. A nomogram was established to predict overall survival rates,
demonstrating high specificity and sensitivity. Additionally, we connected the risk
model to the tumor microenvironment (TME) using single-sample GSEA and the
MCP counter tool, as well as evaluated the sensitivity to common
chemotherapeutic drugs, such as Gefitinib and Gemcitabine. Lastly, cell and
tissue experiments suggested a positive correlation among anoikis resistance,
EMT, and liver/lung metastasis of COAD. This is the first study to
comprehensively analyze the crosstalk between anoikis and EMT and offers
new therapeutic targets for COAD metastasis patients.
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Introduction

According to the statistics presented by the American Cancer
Society (2023), COAD ranks third in terms of the incidence and
mortality rate of all cancers, irrespective of gender. It affects young
individuals and poses a serious health risk to the public (1). It has been
reported that Stage I patients can attain a 5-year survival rate (after
surgical resection) of >90%, while the patients with distant metastasis
showed a 5-year survival rate of only 11%, despite the application of
adjuvant chemotherapy, targeted drugs, or immunotherapy (2, 3). This
has necessitated the need to thoroughly understand and urgently
address the problem of COAD metastasis.

EMT is a phenomenon where epithelial cells can acquire a
mesenchymal phenotype, which is first observed in embryonic
development. Once EMT is activated, tumor cells undergo many
changes, such as their dissociation with tight junctions, disruption
of apical-basal polarity, and remodeling of cytoskeletal structures,
all of which contribute to the movement of cells from their primary
location, invasion of neighboring tissues, survival during the
circulation process, and the eventual formation of metastatic foci
at distant sites (4, 5). Several studies have reported an association
between EMT and COAD metastasis. Wang et al. revealed that the
THZ1 could promote EMT by inhibiting the degradation of Snail,
which in turn increased colorectal cancer liver metastasis (6). Xiang
et al. demonstrated that Snail could facilitate the formation of M2-
macrophages by secreting CXCL2, which finally promoted the lung
metastasis of colorectal cancer (7).

Epithelial cells increase their survival rate by attaching to the
ECM. In addition, they undergo apoptosis after they get detached
from the ECM, which is defined as the anoikis phenomenon (8). It
was noted that the tumor cells acquire resistance to anoikis, where
even when they get detached from the ECM they cannot undergo
apoptosis easily, invade the surrounding tissues, and subsequently
metastasize distantly (9). Many recent studies have highlighted the
correlation between anoikis and COAD metastasis. Wei et al.
reported that simultaneous inhibition of PDK1 and STAS3-Y705

Abbreviations: EMT: epithelial-mesenchymal transition, COAD: Colon
adenocarcinoma, qPCR: quantitative polymerase chain reaction, IHC:
Immunohistochemistry, PCA: principal component analysis, ECM:
extracellular matrix, CTC: circulating tumor cells, ARGs: anoikis-related genes,
ERGs: EMT-related genes, GSEA: Gene Set Enrichment Analysis, TCGA: The
Cancer Genome Atlas, CNV: copy number variation, OS: overall survival, ROC:
receiver operating characteristic, AUC: area under the ROC curve, API: Anoikis
Potential Index, EPI: EMT Potential Index, GO: gene ontology, FDR: False
discovery rate, DEGs: differentially expressed genes, KEGG: Kyoto Encyclopedia
of Genes And Genomes, LASSO: least absolute shrinkage and selection operator,
PAEGs: prognostic anoikis-related genes and EMT-related genes, KM: Kaplan
Meier, DCA: decision curve analysis, ssGSEA: single sample GSEA, HLA: human
leukocyte antigen, H&E: Hematoxylin-eosin, MF: molecular functions, BP:
biological process, COAD: cellular components, NAT1: Arylamine N-
acetyltransferase 1, PCOLCE2: Procollagen C-endopeptidase enhancer 2,
CDKN2A: Cyclin-dependent kinase inhibitor 2A, TME: The tumor
microenvironment, CAF: cancer-associated fibroblasts, CTL: Cytotoxic T

lymphocyte, MHC: major histocompatibility complex.
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enhanced the anoikis process, which further inhibited colorectal
cancer liver metastasis (10). Xu et al. demonstrated that CPT1A-
mediated FAO activation promoted anoikis resistance in colorectal
cancer cells and improved lung metastasis (11).

Both the EMT and anoikis phenomena occur during the invasive
stage of primary tumors and undergo a few crosstalks (12). It was
observed that up-regulated Claudin-1 reduced E-cadherin expression
via ZEB-1 modulation, attenuating the invasive ability, and anoikis of
COAD cells (13). Up-regulated miR-450a was reported to inhibit EMT,
promote anoikis, and thus inhibit the migration and invasion capacities
of ovarian cancer cells (14). The deletion of 4.IN facilitated EMT,
anoikis resistance, and consequently the metastasis of epithelial ovarian
cancer cells (15). Therefore, the co-analysis of EMT and anoikis could
help to identify the genes that play key roles in COAD metastasis.

This study comprehensively and substantively described the
interaction between anoikis and EMT. We divided COAD patients
into the worst prognosis group and the others groups by univariate
and multivariate Cox regression analysis and PCA. We then used
GSEA to identify differentially expressed genes and to establish a
prognostic risk model containing NAT1, CDKN2A, and PCOLCE2
with high specificity and sensitivity. In addition, we linked the risk
model to the TME and assessed the sensitivity to common
chemotherapeutic drugs. Finally, cell and tissue experiments
further demonstrated the correlation between anokis, EMT and
COAD metastasis. Figure 1 depicts the flowchart used in this study.

Materials and methods
Data sources and analysis

A total of 338 ARGs (anoikis-linked genes) were obtained from
GeneCards (https://www.genecards.org/), and the genes showing a
relevance score of >1 were chosen in the study. The EMT signature
containing 198 genes (EMT-related genes, i.c., ERGs) was derived
from the MSigDB portal in GSEA (http://software.broadinstitute.org/
gsea/msigdb). The genetic information and clinically-relevant data
from The Cancer Genome Atlas (TCGA) database (https://
portal.gdc.cancer.gov/repository) was acquired for 459 COAD
patients. Meanwhile, gene expression matrices containing 317
ARGs and 195 ERGs were extracted independently using R
language software, and the ‘limma’ software was used to analyze
the variations between the two. Thereafter, 152 DEGs for ARGs (diff-
ARGs) and 125 DEGs for ERGs (diff-ERGs) were selected based on
the following screening criteria: |[FC|>1.5 and p<0.05. The ‘Rcircos’
software was applied to map the location of anoikis and EMT-related
genes on human chromosomes. The data associated with the somatic
mutations, genome mutations, and Copy number variations (CNV)
in COAD were also derived from TCGA.

Survival analysis
In this study, univariate and multivariate Cox regression

analyses were carried out with the help of the ‘survival” package.
The Kaplan Meier (KM) curves were plotted to compare the
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FIGURE 1

The flowchart of overall study methods and results.

differences (variations) in overall survival (OS) between different
groups. The logarithmic rank test was employed to determine the P-
value between different groups. Furthermore, the time-dependent
receiver operating characteristic (ROC) curves were assessed using
the ‘survivalROC’ packets. The area under the ROC curve (AUC)
value was used to evaluate the prognostic performance of the
ROC curve.

Computational models of anoikis and EMT
levels in COAD

In this study, Principal component analysis (PCA) was
conducted for determining the anoikis and EMT scores for
understanding the degree of anoikis and EMT in each sample.

Frontiers in Oncology

Then, univariate Cox regression analysis was conducted for
analyzing the survival of anoikis and EMT-related genes. Then,
the gene expression matrix (P<0.05) for PCA was extracted, and the
principal components 1 and 2 were determined as the main
subjects. Based on a few earlier reports (16-18), the Anoikis
Potential Index (API) and EMT Potential Index (EPI) were
defined, respectively: API or EPI=X (PCli+PC2i), where i denotes
the expression of related genes.

Gene set enrichment analysis
GSEA was utilized to study the relationship between both

groups after dividing the TCGA samples into the API Low + EPI
High group and the others group. For each analysis, 1000 genome
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permutations were carried out. The enrichment function was
selected using the below-mentioned criteria: the ‘clusterProfiler’
software was used to enrich and evaluate the gene set with the false
discovery rate (FDR) of 0.25 and 0.05 NOM p-value. The first five
up- and down-regulated functions of the two enrichment sets were
visualized by multiple GSEA maps. Then, the DEGs were identified
using the differential expression analysis. Thereafter, the
‘ClusterProfiler’ was employed for carrying out Gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses for enriching and analyzing the DEGs. Finally,
the ‘Enrichplot’ and ‘ggplot2’ software were used for presenting the
enrichment results as a bar graph, bubble graph, chord graph, and
cluster circle graph.

Construction of an anoikis-related and
EMT-related prognostic model

In this study, univariate Cox regression analysis was conducted
for identifying 12 anoikis-linked genes and 11 EMT-related genes.
The ‘glmnet’ software was utilized for determining the optimal
value of the penalty parameter, lambda, through 1000 times of
cross-validation with the Least absolute shrinkage and selection
operator (LASSO) regression technique. The risk scores for every
COAD patient were estimated using the coefficient and expression
of the candidate prognostic anoikis-related genes and EMT-related
genes (PAEG), with the following risk scoring formula:
>, Coefi « Expri; where Coefi denotes the coefficient of gene
i, and Expri denotes the expression of every gene in patient i (18).

Validating the PAEG risk model

The expression levels of 3 mRNAs, risk score, survival duration,
and risk level for each TCGA sample were integrated into a table
and used as a training set. The GSE17536 dataset was used as the
test set to validate the training set’s accuracy. The risk prognosis was
examined using the KM chart and a log-rank test. Also, the ROC
curve was plotted using the ‘timeROC’ tool. Then, the risk heat
map, survival state diagram, and risk curve were generated using the
‘pheatmap’ program. PCA and t-SNE analysis were carried out
using the ‘Rtsne’ and ‘ggplot2’ packages, respectively. Lastly, the risk
score values were combined with clinical parameters (such as age,
sex, grade, and TNM stage) and visualized using the forest map.

Nomogram construction and calibration

In this study, clinical characteristics such as age, TNM stage,
and risk scores were used as research subjects for univariate Cox
analysis. The survival rates of COAD patients after one, three, and
five years were anticipated by a nomograph using the ‘RMS’ tool.
Here, calibration curves were used to evaluate the nomogram’s
accuracy. Lastly, the ‘ggDCA’ software was used for plotting the
decision curve analysis (DCA) curve for predicting the clinical
values of various objects.
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Immune infiltration levels in the high- and
low-risk groups

Firstly, the ‘ESTIMATE’ software was employed for assessing
the stromal score, immune score, and tumor purity between both
groups. Then, the differences in immune function, the activity of
immune cells, and the immune pathways between the two groups in
the training set and test set were examined using the single sample
GSEA (ssGSEA) test, and the data were visualized using the box
graph. Based on the COAD expression matrix, the ‘MCP counter’
web tool was used for estimating the abundance of various non-
immune and immune stromal cells. The data were then observed
using violin plots. Then, the human leukocyte antigen (HLA) gene
expression and the expression levels of various immune checkpoint
genes in both groups were estimated.

Prediction of chemosensitivity

In this study, the half maximal inhibitory concentration (ICsg)
of three commonly used chemotherapeutic drugs, such as Gefitinib,
Gemcitabine, and Camptothecin, was determined in colorectal
cancer using the ‘pRRophic’ package. Thereafter, the difference in
the sensitivity levels of the above chemotherapy drugs between the
high- and low-risk groups was assessed by comparing the variations
in the ICs, values between both groups.

Patient tissue specimens and cell lines

Herein, the tissue specimens of COAD patients without distant
metastasis, with liver metastasis, and with lung metastasis were
extracted from the patients after surgical resection in the
Department of Gastrointestinal Surgery, Suzhou Municipal
Hospital, Jiangsu, China. The patients had not undergone
preoperative chemoradiotherapy, and all specimens were sampled
within 10 mins after resection and subsequently fixed in 10%
formalin. The Ethics Committee in the hospital approved the
experimental procedures used in the study, and the patients were
also asked to sign a consent form.

The HCT-116 and DLD-1 colon cancer cell lines were supplied
by the Shanghai Cell Bank, Chinese Academy of Sciences (China).
These cells were cultured in the DMEM medium (Hyclone, USA)
containing 10% (v/v) fetal bovine serum (Hyclone, USA), and 1%
(v/v) penicillin/streptomycin solution (Beyotime, China), at 37°C,
under 5% CO2 and 95% humidity conditions. The anoikis-
resistance model was developed based on published literature (19,
20). Herein, the above-mentioned COAD cell lines were continually
cultivated in ultra-low-attachment 6-well cell culture plates
(Corning, USA) for 7 days and were transferred to the normal
culture plates for 24 h. The re-adhered cells were defined as anoikis-
resistant cells. All the experiments were conducted using
mycoplasma-free cells. The Shanghai Cell Bank of the Chinese
Academy of Sciences (China) validated all the cell lines used in the
past three years.
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RNA extraction and gRT-PCR analyses

The TRIzol reagent (Takara, Japan) was used for isolating the
total RNA samples from the normal and anoikis-resistant cells.
These RNA samples were reverse-transcribed into cDNA using the
HiScript I RT SuperMix qPCR kit (Vazyme, China). The qRT-PCR
experiments were carried out with the aid of the SYBR Premix Ex
Taq Kit (Takara, Japan) on an RT-PCR instrument (7500 Sequence
Detection System, Applied Biosystems, USA). The primers were
designed and acquired from RiboBio (China). In this study,
GAPDH was employed as the internal control for all experiments.

AACT

The gene expression was represented using the 2 technique.

Table S1 lists the primer sequences used in the study.

Hematoxylin-eosin staining and
immunohistochemistry

Herein, H&E staining and IHC experiments were conducted as
mentioned in an earlier study (21). Table S2 lists the antibodies used
in this study.

Statistical analysis

All data were statistically analyzed using the R language (ver.
4.1.2) and GraphPad Prism software (ver. 8.0.1). The Kolmogorov-
Smirnov normality test was carried out for determining if the data
followed the Gaussian distribution, and the data were compared for
every sample. If the data conformed to a non-Gaussian distribution,
anon-parametric test (Wilcoxon rank test or Spearman correlation)
was carried out. On the other hand, when the data conformed to a
Gaussian distribution, the parametric test was conducted (unpaired
Student’s test, one-way ANOVA, or Pearson correlation). Values
with P<0.05 were deemed statistically significant.

Results

Identifying the differentially expressed
ARGs and ERGs associated with prognosis

Initially, the ARGs and ERGs were downloaded from
GeneCards and GSEA, and subsequently, the diff-ARGs and diff-
ERGs were selected, respectively. The locations of diff-ARGs and
diff-ERGs on human chromosomes were mapped separately in
Supplementary Figure 1A, B. Then, the clinical prognostic data of
COAD patients were acquired from TCGA, and subsequently, 152
dift-ARGs and 125 diff-ERGs were combined with the clinical data
using univariate Cox analysis (P<0.05), to eventually obtain 12
prognosis-related ARGs (TIMP1, BDNF, IGF1, CDKN2A, MTA1,
NAT1, INHBB, CD24, CD36, TRAF2, NOTCH3, PPP2R2A) and 11
prognosis-related ERGs (BGN, CXCL1, FSTL3, GPC1, MMP3,
OXTR, PCOLCE2, SCG2, SERPINEI, SERPINHI1, TPM2)
(Figure 2A, B). Thereafter, the expression levels of the 23 genes in
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521 COAD samples (41 normal samples and 480 tumor samples)
from TCGA were determined, and box plots were generated
independently, which indicated that the genes were differentially
expressed between healthy and malignant tissues (Figures 2C, D).
Meanwhile, the correlations between these 12 ARGs and 11 ERGs
associated with prognosis were further analyzed and plotted using
the ‘corrplot’ package (Figure 2E). Then, the pairs of genes for the
Sankey diagram (P<0.05, |cor|>0.3) were selected, where the
positive value represented the positive relationship, whereas the
negative value indicated a negative correlation (Figure 2F).

Construction of APl and EPI with
negative correlation

To further investigate the crosstalk between ARGs and ERGs,
the anoikis and EMT levels in each tumor tissue were calculated and
quantified based on the 12 prognosis-related ARGs and 11
prognosis-related ERGs with PCA, and the API and EPI were
separately defined (Figure 3A, B). A negative correlation was
detected between API and EPI in COAD patients (Figure 3C).
Subsequently, the COAD patients were classified into four
molecular subtype groups based on their API and EPI scores,
namely API High + EPI High; API High + EPI Low; API Low +
EPI High; and API Low + EPI Low. The results of the prognosis
analysis indicated that patients in the API Low + EPI High group
exhibited the shortest survival time compared to the other three
groups (Figure 3D). Then, the data from the other groups of COAD
patients were combined and compared with the API Low + EPI
High group for prognostic analysis, and the corresponding p-
value<0.001 was obtained (Figure 3E). Both analysis results
indicated that high anoikis resistance and high EMT levels were
associated with an unfavorable prognosis.

Enrichment analysis of DEGs in the ‘API
Low + EPI high" and ‘the others’ group

Subsequently, the DEGs in the API Low + EPI High group were
analyzed and compared to the others groups. Based on the criterion
of |FC| > 1.8, 70 DEGs were screened, and a volcano map was
plotted (Figure 4A) using the clustering heat map (Figure 4B).
KEGG analysis that was drawn using the barplot indicated that the
DEGS in the two groups were primarily enriched in “Focal
adhesion”, “Viral protein interaction with cytokine and cytokine

» »

receptor”, “ECM-receptor interaction”, “NF-xB signaling pathway,”
“IL-17 signaling pathway”, “Chemokine signaling pathway”,
“Cytokine-cytokine receptor interaction”, and “PI3K-Akt
signaling pathway” (Figure 4C). GO analysis plotted by chord
diagram suggested a major difference in molecular functions
(MF), biological process (BP), or cellular components (CC) in
both groups. The DEGs were mainly enriched in “collagen fibril
organization”, “extracellular matrix organization”, “extracellular
structure organization”, “antimicrobial peptide-mediated

antimicrobial humoral immune response”, “external
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FIGURE 2

Identifying the differentially expressed ARGs and ERGs associated with prognosis. Forest map of 11 prognostic anoikis-related genes (A) and 12
prognostic EMT-related genes (B) by univariate Cox analysis (P< 0.05). The differential expression box plot of 11 prognostic anoikis-related genes (C)
and 12 prognostic EMT-related genes (D) in COAD. (E)Pearson correlation analysis of 11 prognostic anoikis-related genes and 12 prognostic EMT-
related genes. The red color represents a positive correlation; the blue color represents a negative correlation. (F) The Sankey diagram displayed the
relationship between 11 prognostic anoikis-related genes and 12 prognostic EMT-related genes. *p< 0.05, **p< 0.01, and ***p< 0.001.

encapsulating structure organization”, “humoral immune
response”, “antimicrobial humoral response”, and “wound
healing” (Figure 4D). The GSEA enrichment analysis between the
two groups was described using multiple GSEA diagrams based on
the following filtering criteria: FDR<0.25 and NOM P<0.05
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(Figure 4E). The top five functions that were enriched in the API
Low+EPI High group were “Asthma”, “ECM-receptor interaction”,
“Glycosaminoglycan biosynthesis”, “Protein digestion and
absorption” and “Systemic lupus erythematosus”. The five leading
functions enriched in the others group were recorded to be
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Construction of APl and EPI with negative correlation. PCA analysis of 11 prognostic anoikis-related genes (A) and 12 prognostic EMT-related genes (B).
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“Ascorbate and alternate metabolism”, “Fatty acid degradation”,
“Nitrogen metabolism”, “Pentose and glucuronate

interconversions,” and “Protein export”.

Construction of the prognostic ARGs
and ERGs (PAEG) risk model, PCA
analysis, and survival analysis of
clinicopathological parameters

To construct a risk model for COAD patients based on anoikis and
EMT, the 12 prognosis-associated ARGs and 11 prognosis-associated
ERGs were combined, and the 23 genes were then subjected to Lasso
regression analysis (Figure 5A, B). The corresponding coefficient
criterion was evaluated by 1,000-fold cross-validation. the optimal
penalty parameter lambda was determined, and the corresponding
coefficient criterion was calculated depending on a minimum criterion.
Lastly, a three-mRNA (NAT1, PCOLCE2, CDKN2A) prognostic risk
model was constructed. The risk score was calculated using the
following formula: risk score = (-0.135312062940216 xNAT1
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expression) + (0.178733977096469 x PCOLCE2 expression) +
(0.0267778987311829 xCDKN2A expression). The COAD patients
were classified into high-risk or low-risk groups depending on risk
score values. Then, the GSE17536 data set was selected as the test set
for verification, whereas the TCGA data set (n = 452) was chosen as a
training set. The risk curve, scatter plot, and risk heat maps were used
for highlighting the relationship between the survival time, risk score,
and abundance of three genes in COAD patients, determined using the
training (Figure 5C) and test sets (Figure 5D). The results of the
prognostic analysis revealed that high-risk patients exhibited a short
survival duration compared to the low-risk patients in the training
(p<0.001) (Figure 5E) and test sets (p=0.006) (Figure 5F). Furthermore,
ROC curves were used for characterizing the specificity and sensitivity
of the risk model. For the 1-, 3-, and 5-year risk scores, the area under
the ROC curve (AUC) values in the training set were 0.658, 0.684, and
0.680 (Figure 6A), respectively, whereas the test set’s corresponding
values were 0.655, 0.633, and 0.634 (Figure 6D). Also, the Rtsne
package and ggplot2 packages were employed for plotting the t-SNE
analysis images from the training set (Figure 6B) and test set
(Figure 6E), independently. The scatterplot3d program was utilized

1 frontiersin.org


https://doi.org/10.3389/fonc.2023.1184215
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhou et al.

C

Viralprotein interaction with cytokine and cytokine receptor

AGE-RAGE signaling pathway in diabetic complications

NOD-iike receptor signaling absorptons
Epithelialcell signaling in Helicobacter pylori infection

Kaposi sarcoma-associated herpesvirus infectont

Intestinal immune network or IgA production

-log10(pValue)

Significant

Down @ Not @ Up

20

HEY -
o (9]

o

Amoebiasi
ECM-receptor interacton

Focal adnesion
Protei igestion and absorption
1L-17 signaiing pathway{
Ghemoine signaing pathvy)
Rheumaloid arthriis|

NF-kappa B signaling pathway{
Legionelosi
Human papilomavirus infectont

Vascular smooth muscle contraction

Cytokine-cytokine receptor interactont
Malari

PIsK-AKt signaling pathway{

TNF signaiing pathway

Relaxin signaing pathway{

Alcaholic ver diseasef
Pertussi

Proteoglycans in cancer

Lipid and atherosclerosis{

Platelet actvation]
‘Apelin signaiing pathway{
Phagosom

[l collagen fibril organization
[ antimicrobial
[ extracellular

<3
Q
2
o

o
o

7.5 Count

Running Enrichment Score

1.0

0.0

Ranked List Metric

10.3389/fonc.2023.1184215

Type M Others [ API Low + EPI High

3A;
COL1A2
SERPING1
ISLR

|
I 0T S 1)

DEI
i |

1] \HC

1 |
‘l\‘\ (LA} HI‘ L 1] (I N HJ\

L LR e R

|
| | | | L | l
| | I PIGR
(10 LIERTT [ | \i‘ ) \‘Hi\ [ R s

|
‘I | | LTI R N

— Ascorbate and aldarate metabolism
— Asthma
— ECM-receptor interaction
Fatty acid degradation
— Glycosaminoglycan biosynthesis
Nitrogen metabolism
Pentose and glucuronate interconversions.

GSEA

— Protein digestion and absorption
— Protein export
Systemic lupus erythematosus.

i’ " I BT

] | o | I
| | | | |
| | I 1 i

LR LT N IR it
| | I |

| I | L] \‘ LI | I

[l extracellular structure organization
tide

matrix organization

B antimicrobial humoral response:

FIGURE 4

B external encapsuating structure organization
[ wound healing

5000 10000
Rank in Ordered Dataset

Enrichment analysis of DEGs in the ‘APl Low + EPI high' and ‘others’ group. (A)Volcano plots displaying the DEGs between two groups. (B) Heatmap
created by the DEGs between two groups. The results of KEGG and GO enrichment analysis of the DEGs between two groups showing by barplot
(C) and chord diagram (D). G<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>