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ABBREVIATIONS

#

5-FU 5-fluorouracil

A

AGR albumin-globulin ratio
AJCC American Joint Committee on Cancer
APC adenomatous polyposis coli

ASCO American Society of Clinical Oncology

B

Bcl2-bax B-cell lymphoma protein 2-associated X
bp base pairs
BRAF V-Raf murine sarcoma viral oncogene

homolog B

C

CA 19-9 carbohydrate antigen 19-9
CAPOX capecitabine plus oxaliplatin
CAR C-reactive protein-albumin ratio
cCR complete clinical response

CD cluster of differentiation

CE conformité européenne

CEA carcinoembryonic antigen

cfDNA circulating free DNA

CIMP CpG island methylator phenotype
CMS Consensus Molecular Subgroups
COX-2 cyclooxygenase 2

CRC ColoRectal Cancer

CRCSC Colorectal Cancer Subtyping Consortium
CRIS CRC intrinsic subtypes

CRM circumferential resection margin
CRP C-reactive protein

CT computed tomography

CTC circulating tumor cells

ctDNA circulating tumor DNA

D

DCC deleted in colorectal cancer
DFS disease-free survival

dMMR deficient mismatch repair
DNA deoxyribonucleic acid

dPCR digital polymerase chain reaction

DRE digital rectal examination

E

EGF epidermal growth factor

EGFR epidermal growth factor receptor

EMT epithelial mesenchymal transition
EMVI extramural vascular invasion

EpCAM epithelial cellular adhesion molecule
ERUS endorectal ultrasound

ESMO European Society of Clinical Oncology
exoDNA/RNA exosome-derived DNA or RNA

F

FA score plasma fibrinogen and serum albumin
FDA Food and Drug Administration

FOLFIRINOX 5-FU, leucovorin, oxaliplatin and
irinotecan

FOLFOX 5-FU, leucovorin and oxaliplatin

FoxP3 forkhead box P3

G

mGPS modified Glasgow prognostic score

Gy Grey

K

KRAS Kirsten rat sarcoma viral oncogene homolog

|

IWWD International Watch and Wait Database
IMRT intensity-modulated radiation therapy
IORT intraoperative radiation therapy

IPI inflammation-related prognostic index

L

LA lymphocyte count x albumin level
LARC locally advanced rectal cancer

LCR lymphocyte-to-C-reactive protein ratio
LMR lymphocyte-to-monocyte ratio

LOH loss of heterozygosity

M

MAF mutation allele frequency

MAPK mitogen-activated protein kinases
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mCRC metastatic colorectal cancer

MDT multidisciplinary team

MERCURY MRI and Rectal Cancer European
Equivalence trial

MiR micro-RNA

MLH mutL homolog

MSH mutS homolog

MMR mismatch repair

mRNA messenger RNA

MRD microscopic residual disease
mrEMVI MRI extramural venous invasion
MRI magnetic resonance imaging

mrTRG MRI TRG

MSI microsatellite instability

MSKCC Memorial Sloan Kettering Cancer Center

N

N x M neutrophil x monocyte

NCCN National Comprehensive Cancer Network
nCRT neoadjuvant chemoradiotherapy

NCT National Clinical Trial

NGS next-generation sequencing

NLR neutrophil-to-lymphocyte ratio

NRAS neuroblastoma Ras viral oncogene homolog

o

OPRA Organ Preservation in Rectal
Adenocarcinoma trial

0S overall survival

P

PCR pathological complete response
PD-1 programmed cell death 1

PET positron emission tomography
PFS progression-free survival

PhD Philosophy Doctor

PI3K phosphoinositide 3-kinases
PIK3CA hosphatidylinositol-4,5-Bisphosphate 3-
Kinase Catalytic Subunit Alpha

PLR platelet-to-lymphocyte ratio

PN index platelet neutrophil index
PNI prognostic nutritional index

PTEN phosphatase and tensin homolog

Q

gqPCR quantitative polymerase chain reaction

R

RAF rapidly accelerated fibrosarcoma

RAPIDO Rectal cAncer and Preoperative Induction
therapy followed by Dedicated Operation trial
RNA ribonucleic acid

S

SCNA somatic copy number alterations

SCRT short-course radiotherapy

SII systemic inflammation index

SMD2  S-adenosylmethionine  decarboxylase
proenzyme

SMAD4  mothers against decapentaplegic
homolog4

SNP single nucleotide polymorphisms

SUV standardized uptake value

T

TGF- 3 (transforming growth factor beta)
TIL Tumor infiltrating lymphocytes

TMB Tumor mutational burden

TNM tumor-node-metastasis

TNT total neoadjuvant therapy

TP53 tumor protein p53

TRG Tumor regression grade

TS thymidylate synthase

U

UICC Union for International Cancer Control

\%

VAF variant allelic frequency

VEGF vascular endothelial factor
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ABSTRACT

Background

Colorectal cancer is a large worldwide health problem, with a mortality of
about 12%. Rectal cancer accounts for approximately 25-30% of all CRC. This work
is focused primarily on patients with LARC, which is clinically defined as stage I1/1I1.

For LARC patients, standard treatment is curative surgery and pre-operative
radiotherapy, with or without concurrent chemotherapy. TNM staging system has
been the standard to stage and guide treatment of these patients, however a high
heterogeneity of outcomes inside the same TNM stage has been reported.

After neoadjuvant treatment, approximately 10-20% of patients reach pCR
with a decreased likelihood of local recurrence and an improved survival. Organ-
sparing strategies have been suggested for patients who achieve cCR to circumvent
the complications of surgery. However, cCR and pCR appear to have poor
concordance in patients with rectal cancer. Also, other strategies such as total
neoadjuvant therapy have emerged with the intent of treating occult
micrometastases in advance, as most of the patients recur with distant disease and
the role of adjuvant therapy in this problem has been conflicting.

To stratify patients and provide personalized strategies, there is still a limited
number of biomarkers. Currently, only imaging tumor response and post-treatment
circulating CEA levels are clinically used.

A review of tissue- and blood-based biomarkers of growing interest in the
literature was performed. The identification of these biomarkers in liquid biopsy
could make them potential “real-time” disease biomarkers for disease monitoring.
However, in LARC patients undergoing chemoradiotherapy, a variant or signature

associated with treatment resistance or sensitivity is yet to be identified.



ABSTRACT

Aims

The search for more specific and readily available circulating biomarkers is a
research field in expansion. This research project aimed to identify circulating
markers that could be readily available in liquid biopsy and evaluate its efficacy in
predicting response to nCRT and prognosis in LARC patients, such as hematological

and biochemical parameters, and ctDNA.

Methods

In order to study the impact of baseline hematological and biochemical
parameters in response to nCRT in LARC patients, a retrospective analysis of 191
patients at two Portuguese centers was performed. A logistic regression analysis
intended to search for predictive markers of pathological complete and good
response. To study the value of these markers in prognosis, a retrospective analysis
of 245 patients was made in two centers. A Cox regression analysis was performed
to search for predictors of prognosis. Survival outcomes were compared by Kaplan-
Meier method to define subgroups of prognosis.

Then, to understand the impact of ctDNA in prediction of response and
prognosis of LARC patients after treatment, a systematic review of the studies
available in literature was performed and 21 publications were retrieved, with a
total of 1499 patients studied. Then, a prospective study including 24 plasma
samples of 18 patients of 3 Iberian centers intended to contribute with original data

on the role of ctDNA in response to nCRT and prognosis of LARC patients.

Results

In the first published article included in this thesis, a high platelet-neutrophil
index and clinical tumor stage >2 were predictive of poor response and none of the
other analyzed biomarkers predicted pCR in this study. These included NLR, PLR,

LMR, SII and prognostic nutritional index. In article 2, post-treatment PLR predicted
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pCR. NLR at two timepoints of the treatment significantly predicted overall survival,
whereas the post-nCRT PN index significantly predicted disease-free survival. In
pathological stage II, the PN index predicted patients with a higher risk of disease-
free survival. Article 3 has shown that data about the usefulness of liquid biopsy in
this setting is still inconclusive. However, baseline higher levels of longer fragments
of cell-free DNA and integrity index, tumor-specific mutations and certain
methylated genes could predict non-responders. Also, undetectable baseline ctDNA
and decrease of common rectal cancer mutations throughout treatment (dynamic
monitoring) were predictive factors of pathological complete response.
Furthermore, the continuous detection of ctDNA in different timepoints of
treatment (minimal residual disease) was consistently associated with worse
prognosis. In article 4, although the results should be read carefully due to small
sample size, we suggest that baseline ctDNA combined with mrEMVI could
potentially help predict response and baseline ctDNA number of mutations might

allow the discrimination of groups with different DFS.

Conclusions

This thesis has contributed to the improved understanding of the value of
circulating biomarkers in the prediction of response to nCRT and prognosis of LARC
patients.

The benefits of identifying patients who would not respond to therapy could
improve quality of life by avoiding unnecessary exposure to cytotoxic agents. Also,
a more aggressive approach to treatment could be more appropriate in poor
responders. Furthermore, the emergence of organ-sparing strategies would
likewise benefit from accurate and reliable markers.

The formulation of scores and nomograms using hematological and
biochemical markers already in use in clinical practice, could aid in subgrouping
high and low-risk patients inside TNM stage. The ideal methods and timings for
liquid biopsy require validation, but for the time being, serial analysis of specific

mutations in ctDNA at the most opportune timings throughout treatment, added to
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the available imaging methods, appears to be the most accurate way to make clinical
decisions in the future.

However, the prediction of outcomes in LARC may not be possible using
tumor-specific variants alone. The emergence of novel subtyping systems warn that
variable expression profiles might have to be studied in order to predict response
and prognosis, and that specific variants alone might not be significant enough. The
inclusion of the markers and mutations studied in this thesis in existing staging
systems, might help stratify patients’ risk and ultimately optimize the treatment,

survival and quality of life of LARC patients.
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RESUMO

RESUMO

Introduc¢ao

O cancro colo-retal continua a ser um grande problema de satide em todo o
mundo, com uma mortalidade de 12%. O cancro do reto representa 25-30% de
todos os cancros colo-retais. Este trabalho focou-se principalmente nos doentes com
cancro de reto localmente avangado, que se define clinicamente por estadios I1/1I1I.

Para estes doentes, o tratamento habitual passa por cirurgia curativa e
radioterapia pré-operatéria, com ou sem quimioterapia concomitante. O sistema de
estadiamento TNM esta atualmente estabelecido para estadiar e guiar o tratamento
destes doentes, apesar da grande heterogeneidade de prognostico existente dentro
de cada estadio do TNM.

Apés o tratamento neoadjuvante, cerca de 10-20% dos doentes apresenta
uma resposta patolégica completa, associada a diminui¢do da recorréncia local e
melhoria da sobrevivéncia. Foram assim sugeridas estratégias de preservacao de
orgdo para os doentes que alcangam uma resposta clinica completa ao tratamento,
para tentar evitar as complicagdes da cirurgia. Contudo, as respostas clinica e
patoldgica sdo pouco concordantes em doentes com cancro do reto. Para além disso,
também tém aparecido outras estratégias como o tratamento neoadjuvante total,
com o intuito de tratar micrometastases ocultas logo no inicio do tratamento, ja que
a maior parte dos doentes recidiva a distancia e o papel da quimioterapia adjuvante
neste problema é controverso.

Para estratificar os doentes e proporcionar estratégias personalizadas, ainda
ha um numero limitado de biomarcadores. Atualmente, a resposta tumoral
imagioldgica e os niveis de CEA apds o tratamento sdo os unicos fatores usados na
pratica clinica.

Nesta tese, foi efetuada uma revisiao dos biomarcadores tecidulares e
plasmaticos de interesse crescente na literatura. A identificacao destes marcadores
em bidpsia liquida poderd torna-los biomarcadores “em tempo real” de

monitorizacdo da doencga. Contudo, nos doentes com cancro do reto localmente

13
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avancado submetidos a quimiorradioterapia, ainda estdao por identificar variantes

ou assinaturas genéticas associadas a sensibilidade ao tratamento e progndstico.

Objetivos

A procura de biomarcadores da circulacao mais especificos e disponiveis na
clinica é um campo de investigacdo em expansdo. Este projeto de investigacdo
pretendeu identificar marcadores plasmaticos disponiveis em biopsia liquida e
avaliar a eficacia dos mesmos na previsao de resposta ao tratamento neoadjuvante
e progndstico nos doentes com cancro do reto localmente avancado, como

parametros hematolégicos e bioquimicos, e o ctDNA.

Métodos

Para estudar o impacto dos parametros hematolégicos e bioquimicos pré-
tratamento na resposta dos doentes com cancro do reto localmente avancado ao
tratamento neoadjuvante, foi efetuada uma anadlise retrospetiva de 191 doente de
dois centros portugueses. A regressao logistica tentou identificar marcadores
preditivos de resposta patoldgica completa e de boa resposta. Para estudar o valor
destes marcadores no prognostico, foi elaborada uma analise retrospetiva de 245
doentes em dois centros. A analise de regressdao Cox foi feita para identificar
preditores de progndstico. Os resultados de sobrevivéncia foram comparados pelo
meétodo de Kaplan-Meier para definir subgrupos de prognostico.

Em seguida, para compreender o impacto do ctDNA na previsao da resposta
e de progndstico nos doentes com carcinoma do reto localmente avan¢ado apos
tratamento, procedeu-se a realizagdo de uma revisdao sistematica dos estudos
disponiveis na literatura, encontrando-se 21 publica¢des, com um total de 1499
doentes estudados. Depois, foi efetuado um estudo prospetivo de que incluiu 24
amostras plasmaticas de 18 doentes de 3 centros ibéricos para contribuir com novos

by

dados em relacio ao papel do ctDNA na resposta a quimiorradioterapia
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neoadjuvante e no progndstico dos doentes com carcinoma do reto localmente

avancado.

Resultados

No primeiro artigo publicado incluido nesta tese, um indice plaqueta-
neutrofilo alto e estadio tumoral clinico > 2 foram fatores preditivos de ma resposta
e nenhum dos outros fatores conseguiu prever resposta patologica completa neste
estudo. Os fatores incluiram o NLR, PLR, LMR, SII e indice nutricional prognostico.
No artigo 2, o racio plaqueta-linfécito pds-tratamento previu resposta patolédgica
completa. O racio neutréfilo-linfocito em dois pontos do tratamento conseguiu
prever significativamente a sobrevivéncia global, enquanto o indice plaqueta-
neutrofilo pés-tratamento permitiu prever significativamente a sobrevivéncia livre
de doenca. No estadio patolégico II, este indice também permitiu a definicdo de
subgrupos de mais alto risco de sobrevivéncia livre de doenca. O artigo 3 mostrou
que os dados do uso da biopsia liquida nesta area ainda sdo inconclusivos. Contudo,
os niveis mais altos de fragmentos longos de cfDNA e o indice de integridade, as
mutacdes especificas do tumor e alguns genes metilados foram preditores de nao
respondedores. Adicionalmente, ctDNA indetetavel pré-tratamento e diminuicao de
mutacdes comuns no cancro do reto ao longo do tratamento (monitorizacdo
dinamica) foram preditores de resposta patoldgica completa. Para além disso, a
detecao continua do ctDNA em diferentes pontos no tempo do tratamento (doenca
residual minima) esteve associada a pior prognostico. No artigo 4, embora os
resultados devam ser lidos com cuidado devido a pequena amostra, sugerimos que
o ctDNA pré-tratamento combinado com a invasdao vascular extramural na
ressonancia magnética pode potencialmente ajudar a prever resposta, e que o
numero de mutacdes do ctDNA pré-tratamento pode ajudar a discriminar grupos

com diferente sobrevivéncia livre de doenca.
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Conclusoes

Esta tese contribuiu para melhorar a compreensio do valor dos
biomarcadores plasmaticos na previsao de resposta ao tratamento neoadjuvante e
progndstico dos doentes com cancro do reto localmente avancado.

Os beneficios de identificar os doentes nao respondedores podera melhorar
a sua qualidade de vida ao evitar exposicdo desnecessaria a agentes citotdxicos.
Também podera sugerir que uma abordagem mais agressiva podera ser mais
apropriada nos doentes nao respondedores. Para além disso, o aparecimento de
estratégias de preservacdo de 6rgdo podera beneficiar de marcadores precisos e
reprodutiveis

A construcdo de scores e nomogramas com marcadores hematoldgicos e
bioquimicos em uso na pratica clinica, poderia ajudar a sub-estadiar doentes de alto
e baixo risco dentro de cada estadio TNM. Os métodos ideais e os tempos de colheita
da biopsia liquida necessitam validacdo, mas por agora a analise seriada de
mutacdes especificas do ctDNA nos tempos mais oportunos durante o tratamento,
adicionalmente aos métodos de imagem atualmente usados, parece ser a forma mais
eficaz para alterar decisdes clinicas no futuro.

Contudo, a previsdo de resultados no cancro do reto localmente avancado
pode nao ser possivel apenas a partir de variantes isoladas especificas do tumor. O
aparecimento de novos sistemas de sub-estadiamento alertam para a necessidade
do estudo de perfis de expressao variavel na previsao de resposta e prognostico, e
de que variantes especificas isoladas poderao nao ser suficientemente importantes.
A inclusdao dos marcadores e mutacdes estudados nesta tese em sistemas de
estadiamento podera ajudar a estratificar o risco dos doentes e em ultima analise
otimizar o tratamento, sobrevivéncia e qualidade de vida dos doentes com cancro

do reto localmente avancado.
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Background

1. Epidemiology

Colorectal cancer (CRC) is a large worldwide health problem, with 1.88
million new cases and 0.92 million new deaths reported in 2020 1, and with a
burden expected to increase 60% by the year 2030 1213, The majority of cases appear
in developed countries, such as Western Europe, North America, New Zealand and
Australia, while low incidence rates are reported in Asia, Africa and South America
14 In Portugal, 60467 cases have been diagnosed in 2020 and this disease represents
the first cause of cancer in incidence, followed by breast and prostate cancer. A
mortality of about 12% has been reported, making CRC the second cause of death
by cancer 15. Approximately 25-30% of all CRC are located in the rectum 1.

There is a plethora of risk factors for CRC, such as hereditary factors, in which
20% are related with familiar genetic factors, with known causative germline
alterations being present in around 5% 17; modifiable risk factors, where smoking,
red meat, excessive alcohol consumption and obesity increase risk, and fish, whole
grains, dairy products, fruit, vegetables and physical activity decrease risk. Other
important risk factors include sociodemographic factors, like male sex and older
age, and medical factors, such as diabetes and inflammatory bowel disease which
increase risk, and large bowel endoscopy, aspirin, statins and hormone replacement

therapy decreasing risk 1819,
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2. Anatomy and Pathophysiology

Rectal cancers are clinically defined as tumors which arise within 15cm of the
anal margin, whereas colon cancers are more proximal intestinal tumors. According
to location, rectal cancers can be categorized as high (10-15cm from anal margin),
middle (5-10cm) or low (<5cm) 20.

The middle and low

rectum are located below

Peritoneum

the peritoneal reflection and
Internal iliac artery

the distal limit is the dentate

Lateral rectal ligament

line, where the squamous Middle rectal artery

External iliac artery

mucosa of the anus alters to
the columnar mucosa of the

rectum. Contrasting with the
Mesorectum

colon, the rectum lacks

Inferior hypogastric

taeniae, epiploic appendices, = rlexus

Rectum
haustra and a well-defined

Prostate

mesentery. The mesorectum
Bladder

is the perirectal areolar A A
Pubic symphysis

tissue that supplies the Figure 1. Hemisected pelvis showing the surrounding

rectum (Fl gure 1) and structures of the rectum (reprinted with permission from 9)

contains the terminal branches of the inferior mesenteric artery, the draining
perirectal lymphatics and lymph nodes of the rectum 21. The main function of the
rectum is to store the compacted fecal matter, product of the gastrointestinal tract,
before defecation. The large intestine houses the largest number of intestinal
bacteria (approximately 200 grams), most being commensals, meaning they do not
induce disease 22. It is also believed that these microorganisms and their metabolic
output play a role in CRC development, perhaps by inducing inflammation, DNA

damage and apoptosis 23.
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3. Carcinogenesis and Progression

CRC carcinogenic evolution initiates as emergence of malignant cells in the
epithelial layers of the bowel (stage 0), followed by invasion of these cells into the
muscular layer (stage I). In stage II, the tumor penetrates the bowel wall into
neighboring organs, and then spreads into the lymph nodes in stage III. When cancer
cells spread throughout the body, it results in stage IV. This secondary spread
usually spreads to the liver and lungs, but may also occur in bones, adrenals, lymph
nodes, brain, skin and the oral anatomic sites 24.

The progression through stages is originated by the progressive
accumulation of genetic and epigenetic mutations that contribute to the histological
transformation of normal colonic mucosa into adenocarcinoma. Two sequences
have been described. The first is the adenoma-carcinoma sequence described by
Fearon and Vogelstein, in which normal intestinal glandular epithelium transforms
into tubular adenoma and then adenocarcinoma (Figure 2). The second describes a
sessile serrated adenoma as a pre-neoplastic lesion 25. The serrated neoplasia
sequence is associated to different genetic and epigenetic changes from the

traditional adenoma-carcinoma sequence 2°.

APC KRAS p53
mutation mutation mutation
Sses — S — ... — S
Normal Small Large Adenocarcinoma
epithelium adenoma adenoma

Figure 2. Main molecular and histological changes in the adenoma-carcinoma sequence
(reprinted with permission from 7)

Three different pathways of genomic and epigenomic instability have been
identified: chromosomal instability, microsatellite instability and epigenetic

instability 27.
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In the carcinomas with chromosomic instability, the most common form of
genomic instability, the alteration of the APC (adenomatous polyposis coli) /
catenin / Wnt pathway is a frequent early event in the adenoma-carcinoma
sequence and is present in 70% of tubular adenomas. Functional deactivation of APC
(an oncosuppressor gene) leads to uncontrolled activation of the Wnt pathway,
resulting in increased transcription of {3 catenin target genes, which promote cell
proliferation.

The next step in the “adenoma-carcinoma sequence” and still an early event
of tumorigenesis is KRAS (Kirsten rat sarcoma viral oncogene homolog) mutation,
which is mutated in about 40% of colorectal cancers and most frequently in codons
12 and 13. Ultimately, KRAS gene controls cell survival and proliferation processes
and, as a protooncogene, is often overactive in CRC. This mutation leads to the
constitutive activation of RAF (rapidly accelerated fibrosarcoma), MAPK (mitogen-
activated protein kinases), independently from the binding of EGF (epidermal
growth factor) to its receptor. This explains both the loss of efficacy of anti-EGFR
(EGF receptor) monoclonal antibodies and the predictive role of response to therapy
by the knowledge of KRAS gene mutation. In 32% the mutation affects the PIK3CA
(Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha), and
more rarely the tumor suppressor PTEN (phosphatase and tensin homolog), which
negatively regulates PI3K (phosphoinositide 3-kinases) 28.

The development of adenoma from intermediate to the late stage is instigated
by the loss of chromosome 18q (DCC - deleted in colorectal cancer) 2° and it
accounts for around 70% of advanced or late adenoma 39. This loss also affects SMDZ2
(S-adenosylmethionine decarboxylase proenzyme) and SMADZ (mothers against
decapentaplegic homolog4), genes that encode proteins that act on TGF- 3
(transforming growth factor beta) receptors complex and play a crucial role in cell
growth, differentiation and apoptosis 3.

The shift from advanced adenoma to adenocarcinoma frequently happens by
loss of chromosome 17q in 50% of CRC cases. TP53 (tumor protein p53) gene is an
oncosuppressor gene that plays a critical role in the maintenance of genomic
stability through control of the cell cycle G1 / S checkpoint. Mutations of this gene
are present in up to 75% of advanced carcinomas and cause loss of function of its

protein product - p53 32. This gene is a target of 17qLOH (loss of heterozygosity)
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and its mutation contributes to uncontrollable growth in the late phases of
adenoma-carcinoma sequence 3334,

There is an alternative genetic mechanism of tumorigenesis. MSI
(microsatellite instability) is present in 15% of sporadic cases of CRC and it is caused
by inactivation of DNA MMR (mismatch repair) genes such as MLH-1 (mutL homolog
1) and MSH-2 (mutS homolog 2). The hypermethylation of these genes leads to a
hypermutable phenotype, due to the lack of ability to repair the short repeat (1-6
base-pair) of DNA sequence 35 and is characterized by genomic instability and
progressive accumulation of mutations 3. DNA MMR-deficient tumors can originate
in adenomas with active point mutations in BRAF (V-Raf murine sarcoma viral
oncogene homolog B) oncogene, which drives the CIMP (CpG island methylator
phenotype) and hypermethylation of promoter-specific sites of the genome. These
tumors are characterized by normal chromosomal karyotype and associated with

exclusive MSI 37,
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4. Diagnosis and Staging

The diagnosis of CRC is based on clinical history and physical exam, digital
rectal examination (DRE), fecal occult blood test, barium enema, sigmoidoscopy,
colonoscopy and biopsy. Presenting symptoms include tenesmus, change of bowel
habit, abdominal pain, rectal bleeding, weight loss and symptoms of anemia, such as
fatigue, lethargy and shortness of breath 38. After diagnosis through colonoscopy
and biopsy, toraco-abdomino-pelvic computed tomography (CT) imaging is used to
evaluate the extent of the disease, including distant metastatic spread. Magnetic
resonance imaging (MRI) or endorectal ultrasound (ERUS) provide locoregional
assessment of T stage, circumferential resection margin (CRM) and anal sphincter
complex involvement, lymph-node involvement and vascular invasion 3°. The
majority of rectal carcinomas (approximately 90%) are classified as
adenocarcinomas, while the remaining represent mucinous carcinomas (9%) or
some very rare epithelial tumor types (less than 1%), such as signet ring cell
carcinomas, adenosquamous or undifferentiated carcinomas.

The TNM (tumor node metastasis) staging system has been standard to stage
and guide treatment and prognosis of CRC. This system is based on primary tumor
depth of invasion (T), lymph node involvement (N) and the presence of metastasis
(M) and can be determined clinically (cTNM), through clinical examination and
imaging or pathologically (pTNM), by evaluation of surgical specimens 20. Table 1
displays the current staging (8t edition) of CRC, published by the American Joint
Committee on Cancer (AJCC) and the Union for International Cancer Control (UICC)
in 2016 6. A change to the 7t edition is the addition of stage M1c, which denotes that
peritoneal involvement carry significantly worse prognosis 4% 41. Another alteration
related to the presence of micrometastases within regional lymph nodes (clusters of
10 to 20 tumor cells or clumps of tumor that measure 20.2mm in diameter) as
positive, as they preclude a higher likelihood of disease recurrence in stage I and II
CRC, than isolated tumor cells 42,

In this work, we intend to focus primarily on patients with locally advanced

rectal cancer (LARC), which is clinically defined as stage I1/IIL.
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Table 1. AJCC stage groups according to AJCC staging manual, 8th edition ¢

T Stage (Primary tumour) N Stage (Regional Lymph nodes) M Stage (Distant Metastasis) TStage NStage MStage Stage
Group
Tx - Primary tumour cannot be assessed Nx - Regional lymph nodes cannot be MO - No distant metastasis
Tis NO Mo 0
assessed
T0 - No evidence of primary tumour M1 - Distant metastasis present T1-2 NO Mo |
NO - Regional lymph node metastasis T3 NO MO 1A
Tis - Carcinoma in situ: intraepithelial or M1a - Confined to one organ or site (e.g. T4 NO Mo B
invasion of lamina propria N1- 1-3 regional nodes affected distant lymph nodes, liver, lung) 2
T4b NO Mo Ic
T1- Invades submucosa N1a - One regional node M1b - More than one organ/site T1-2 N1/Nlc MO A
) ) ) ) ) T N2a MO 1A
T2 - Invades lamina propria N1b - 2-3 regional nodes Mic - Peritoneal metastasis
T3-T4a  NI/Nic MO 1B
T3 - Invades muscularis propria into pericolic  N1c- Tumour deposit(s) in subserosa, T2-3 N2a MO 1113}
tissues mesentery, or nonperitonealised pericolic or T1-2 N2b MO 1B
perirectal tissues without regional nodal
T4a - Penetrates to surface of the visceral metastasis Téa N2a Mo e
peritoneum T3-4a N2b MO lnc
N2 - 4 or more nodes Tab N1-2 MO e
T4b - Directly invades of is adherent to other
organs or structures N2a - 4-6 regional nodes Any T AnyN Mia VA
AnyT  AnyN  Milb IVB
N2b - 7 or more regional nodes AnyT  AnyN  Mic Ve

The MERCURY (MRI and Rectal Cancer European Equivalence) study group
43 further divided the cT3 stage in 4 categories and different treatments for each of
these were suggested. In this classification, cT3a tumors with less than 5mm of
intrusion into the perirectal fat and predicted negative resection margins generally
behave more as T2 lesions and thus could be spared the negative consequences of
radiation therapy 4% For cT3 lesions with close but predicted negative (>2mm)
margin, either short-course or long-course radiotherapy could be considered. For
cT3 lesions with predicted positive margin or cT4, long-course chemoradiotherapy
is required for tumor downstaging.

Still regarding subclassification of CRC, MSI-high/MMR-deficient (dMMR)
patients with CRC stage Il were recently reported to have a better prognosis than
MSI-low patients and to not benefit from 5-fluorouracil-based adjuvant therapy *°.
However, although about 24% of all proximal colon tumors were reported to have
MS]I, only 2% of rectal tumors were MSI positive 4. This fact might help explain why
rectal cancer often have poorer prognosis than colon cancer patients, with higher
risk of distant metastasis #7. Furthermore, the fact that MSI-high and dMMR tumors
are much rarer in patients with rectal than colon cancer, may limit its usefulness in
these patients 48.

The TNM staging system is currently the most widely implemented method
of prognosis in CRC. However, some criticism has been growing towards the TNM

paradigm by precision medicine research, in which specific biomedical information
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of a patient has been showing to make more accurate diagnosis, personalization of
treatment and better prediction of prognosis.

Historically, the TNM staging system implied a sequential progression from
local invasion through lymph node involvement to distant metastasis. A different so-
called “parallel invasion model” 4° 50 explains that metastases can arise from tumor
cells that disseminate early in the development of the primary tumor, through
hematogenic route 51. By bypassing the regional lymph nodes, they can progress in
parallel to the primary tumor #°. This model is supported by genetic studies 4° where
samples from the primary tumor, lymph nodes and distant metastases of individual
patients are genetically distinct 52.

A further drawback of the TNM staging system in CRC is the heterogeneity of
outcomes inside the same TNM stage >3, for instance 5-year survival in patients with
stage II colon cancer can range from 87.5-58.4%, depending on T stage 5*. Another
argument is the so-called “survival paradox” between stage II and III CRC 55 found
in a South Korean study of 5547 patients, in which patients with [1A/B disease
demonstrated a worse overall survival (OS) and disease-free survival (DFS)
compared with IIIA disease, despite an even distribution of adjuvant chemotherapy

and lymph node sampling between the groups.

4.1.Future Methods of Clinical Staging

The improvement of current stratification could allow the incorporation of
molecular biomarkers already available for risk stratification and evaluation of
targeted therapies. The investigation on gene-expression of the Colorectal Cancer
Subtyping Consortium (CRCSC) have suggested a novel stratification for CRC
consisting of four Consensus Molecular Subgroups (CMS) 56, with different
characteristics and biological behavior:

e (CMS1 (MSI-immune, in 15%; characterized by microsatellite instability
hypermethylation, immune cell infiltrates and upregulated immune
checkpoints).

e (CMS2 (canonical, in 35%; characterized by the overexpression of WNT and

MYC signal-dependent pathways).
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e (CMS3 (metabolic, in 15%; characterized by metabolic dysregulation).

e (CMS4 (mesenchymal type, in 24%; with overexpression of factors derived
from mesenchyme-regulating angiogenesis and stromal invasion and with
the worse relapse-free and overall survival).

e The remaining (about 10%; can be defined by mixed characteristics).

CMS-1 Immune Infiltrate

Immune Infiltration Immune Response Activation

@8
Natural Killer ™\

@ N

CMS-4 Mesenchymal
‘ Wound Response  EMT Activation  Platelet Signature

B,Integrin 4@ Complement Activation

VEGF-VEGFR \ Immune Response

—
TGF-B Activation™

Bertotti et al. 7 also investigated cancer cell intrinsic transcriptional traits
and found 5 CRC intrinsic subtypes as well, defined as CRIS-(A-E), using the same

biomarkers.
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5. Current Management of Patients with LARC

All patients should be discussed in a multidisciplinary meeting comprising
surgeons, pathologists, radiologists and medical oncologists. For LARC patients,
standard treatment is curative surgery, after pre-operative radiotherapy, with or
without concurrent chemotherapy 29, in order to downstage the tumor. This also
allows sphincter-saving procedures, which improve patients’ quality of life 58. Upper
rectal cancers (>12 from the anal verge) usually do not benefit from neo-adjuvant
treatment, due to their better prognosis and lower incidence of local relapse °°, and

will not be discussed in this thesis.

5.1.Surgery

The aims of surgery are to achieve local disease control, avoid local
recurrence and improve long-term survival 20. Radical surgery of the rectum with
total mesorectal excision (TME), described by Heald in 1979 9, has become the
standard surgical technique for patients with LARC. A curative complete resection
with microscopically margin-negative resection (R0) consists of anterior resection
of the tumor-bearing bowel segment with adequate proximal (5cm), distal (1cm)
and circumferential (> of 1mm) resection margins 6162, central ligation and division
of the supplying blood vessels ©3. Patients with fecal continence and a rectal tumor
in the low or mid rectum with no sphincter involvement most often undergo a low
anterior resection. When low-third rectal cancer involves the sphincters or has
pelvic fixation, an abdominoperineal excision is indicated, with four options
available (intersphincteric, conventional, extralevator and ischioanal) ¢4 These
result in a permanent stoma, with concurrent complete removal of the anal
sphincter complex ¢5. However, in recent years, sphincter-saving surgery has gained
recognition 0. A TME corresponds to the removal of the mesorectal fat and lymph-
nodes surrounding the primary tumor, with sharp dissection of distinct avascular
embryological planes to avoid breaching the visceral layer, which has shown to
reduce risk of local recurrence 678, Heald achieved local recurrence rates as low as

3.7% ©°.
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Figure 4. Intra-operative photograph of an anterior rectum
resection, demonstrating a TME dissection plane in a female
patient (reprinted with permission from 8)

Laparoscopic surgery has been proven safe in these patients, with no
difference in long-term results and with better short-term outcomes 79, such as
lower intraoperative blood loss, earlier resumption of food intake, lower 30-day
postoperative mortality rate, reduced hospital stay and cost-saving when employed

in selected patients or performed by experienced surgeons in high volume centers

71-73,

5.2.Neoadjuvant Treatment

5.2.1. Radiotherapy

In the 1990s, the Swedish and Dutch rectal cancer clinical trials have
demonstrated that pre-operative radiotherapy followed by surgery had a benefit in
local control and survival compared to LARC patients who only received surgery 74
and also in comparison to postoperative combined modality therapy 8. In recent
years, a systematic review has confirmed these results, with a reported better
overall survival and local control, although no difference was observed in disease-
specific mortality. Interestingly, patients who received TME did not have the same

benefit in overall survival after short course radiotherapy, which might have to do
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with recent improvements in surgical techniques 75. A possible explanation for the
advantage of neoadjuvant in comparison with adjuvant radiotherapy is that ionizing
radiation is more effective in virgin tissue due to increased oxygen tension in the
tissue, instead of hypoxic post-surgical tissues. Other advantages include less
radiation-induced small bowel injury in the pelvis, which are not fixed by previous
surgery and the possibility to excise the irradiated rectal segment and perform an
anastomosis to healthy non-irradiated colon 8.

Two modalities of administration of radiotherapy can be applied to these
patients: a long-course which exposes the patients to low doses (1.8-2Gy per
dose/fraction) over a 5-week period (total 45-50Gy) and a short-course
radiotherapy which involves much higher doses (5Gy per dose/fraction) but over a
shorter period of 1 week (total 25Gy) 2°. Some studies reported no differences in
local control or survival between both methods 76¢. Nowadays, there are no
guidelines for deciding which radiotherapy course to use but patient frailty and co-
morbidities have to be taken into account in this decision. Short-course regimen has
been the preferred treatment in Northern Europe, Scandinavia, North America and
some European countries, however long-course 5-FU-based (5-fluorouracil)
chemoradiotherapy has become the elected treatment with time in Western
countries, with a 6-8 weeks delay before surgery 77 78. Lower early toxicity, better
compliance and lower cost make short-course radiotherapy a suitable option for
elderly high-risk patients 77. As for long-course chemoradiotherapy, its higher rate
of tumor downstaging and complete pathological response (pCR) make it more
valuable for high-risk patients, such as low tumors and when mesorectal fascia is
threatened 7°.

By improving the chances of an RO resection and decreasing rates of local
recurrence, radiotherapy can improve long-term quality of life. Nevertheless,
radiotherapy is also associated with short-term toxicity in 50% of patients and
significant long-term side effects, such as fibrosis, autonomic nerve injury
(manifested by bowel, bladder and sexual dysfunction), infertility, uterine
incompetence and diminished hematopoiesis due to irradiation of pelvic bone
marrow 80, Furthermore, in parallel, clinical studies have attempted to improve

patient outcomes through the addition of chemotherapy.
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5.2.2. Chemotherapy

Pre-operative radiotherapy may be administered with concurrent
chemotherapy. The standard agent used in LARC patients is capecitabine (an orally
administered fluoropyrimidine which is metabolized into 5-FU within tumor cells).
Capecitabine has a radiosensitizing nature in tumor cells and improves tumor
response to radiotherapy, although no effect is seen in untargeted locoregional
lymph-nodes or distant metastasis 81. Fluorouracils inhibit thymidine synthase,
block the production of thymidylate and the downstream cellular DNA synthesis 82.
These drugs present a narrow therapeutic index and around 15-30% of patients
suffer from severe toxicity, presenting diarrhea, nausea, mucositis, stomatitis,
myelosuppression, neurotoxicity and hand-foot syndrome. Moreover, a mortality of
0.5-1% has been reported 3. Moreover, other cytotoxic agents, such as oxaliplatin,
irinotecan and leucovorin, could theoretically enhance the cytotoxic effects of
fluorouracils. However, some trials have found greater toxicity with no
improvement in outcomes 84,

Studies have shown that the addition of concurrent chemotherapy to pre-
operative radiotherapy improved pathological response and local control in LARC
patients, although no effect on disease-free survival or overall survival was achieved
8586

Furthermore, other targeted therapies, some already used in the metastatic
CRC setting, are under research, but have not shown clear benefits to this date. These
include anti-EGFR monoclonal antibodies (cetuximab 87 and panitumumab 88) in
KRAS wild-type cancers, immune checkpoint (PD-1) inhibitors (pembrolizumab and
durvalumab), anti-angiogenic monoclonal antibodies (bevacizumab 8° or cediranob)

and poly-ADP ribose polymerase (PARP) inhibitors (veliparib).

5.3. Tumor Pathological Response and Organ Preservation Strategies

After neoadjuvant treatment, approximately 10-20% of patients have pCR,
where the tumor has been eliminated in the specimen °0. This is achieved when

surgery is delayed more than 5-12 weeks after neoadjuvant chemoradiotherapy
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(nCRT) 21-93, although maximal tumor response after nCRT can take up to 26 weeks
94, Also, 60% can attain downstaging of the tumor °2. This may facilitate surgery,
allowing sphincter preservation °> and potential clearance of microscopic tumor
spread, safely permitting a closer distal margin at resection ¢ °7. The remaining
patients can experience variable outcomes, from good response with plenty of
regression, to minimal or no response. Tumor regression grade (TRG) systems are
applied to classify response of the tumor to nCRT. Several TRG systems are available,
including Dworak’s 8, Mandard’s 99, Ryan’s 190, AJCC 101, and Memorial Sloan

Kettering Cancer Center (MSKCC) 192, as seen in Table 2.

Table 2. Tumor regression grade systems (reproduced from 1)

Dworak Mandard Ryan AJCC
Complete No tumor cells (TRG 4) No residual cancer cells (TRG  No viable cancer cells, or single No viable cancer cells
regression 1) cells, or small groups of cancer (TRG0)

cells (TRG 1)

Near complete Very few tumor cells (TRG  Rare residual cancer cells - Single or small groups of
regression 3) (TRG 2) tumor cells (TRG 1:
moderate response)
Moderate Dominantly fibrotic changes Predominant fibrosis with Residual cancer outgrown by Residual cancer outgrown
regression with few tumor cells or increased number of residual fibrosis (TRG 2) by fibrosis (TRG 2:
groups (TRG 2) cancer cells (TRG 3) minimal response)
Minimal Dominant tumor mass with ~ Residual cancer outgrowing Significant fibrosis outgrown by Minimal or no tumor
regression obvious fibrosis (TRG 1) fibrosis (TRG 4) cancer, or no fibrosis with cells killed (TRG 3: poor

extensive residual cancer (TRG 3) response)

No regression  No regression (TRG 0) No regressive change (TRG 5) - -

Patients who achieve pCR show a decreased likelihood of experiencing local
recurrence 193 and an improved DFS 194, Therefore, an alternative option to surgery
after neoadjuvant treatment has been emerging, in order to avoid the long-term
sequelae of such a radical surgery, including urinary and sexual dysfunctions, fecal
incontinence, temporary or permanent stomas; and also avoid its immediate post-
operative risks, bleeding, infection and anastomotic leak 195. The “watch and wait”
approach was popularized by Habr-Gama et al. 196 in 2004, for patients who achieve
complete clinical response (cCCR). These patients do not receive any surgery and
are maintained under close surveillance. cCR is defined by the European Society of
Clinical Oncology (ESMO) as the absence of the any palpable tumor during DRE, no
visible tumor at proctoscopy and absence of detectable tumor at primary site or in
lymph nodes through MRI or ERUS. Surveillance is performed using these methods,

because no current biomarkers have been proven to predict the response to nCRT.
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Interestingly, cCR and pCR still appear to have poor concordance in patients
with rectal cancer 197. Nevertheless, Renehan et al. (2016) 198 have reported a similar
DFS at 3 years for both approaches (“watch and wait” vs. surgery). But, alarmingly,
a wide variability in local recurrence rate has been noticed for the “watch and wait”
approach (5-60%), which may be due to the heterogeneity of studies on follow-up
time and surveillance intensity. In a systematic review of nine studies, persistent
cCR was achieved in 69.2% (256/370 patients) and in those with tumor regrowth,
salvage surgery was possible in 83.8% 10°. Despite the promising results, this
approach has not been widely implemented and research groups continue to
analyze its oncological safety. This strategy may be considered in centers with
experienced multidisciplinary teams (MDT) after a careful discussion with the

patients about their risk tolerance °2.

5.3.1. Current Predictors of Response

In order to stratify patients and provide personalized treatments, studies
have been focusing on factors that can predict response to nCRT. Currently,
clinicians rely on pre-operative staging scans and the treatment is decided based on
the clinical features of the tumor (cTNM) 3°. Nevertheless, TNM stage has not been
proved to be a significant predictor of response to nCRT. Therefore, several factors
have to be taken into account:

e (linical and endoscopic evaluation: DRE, endoscopy and biopsy play an
essential role in the assessment of cCR 109 after nCRT. The limitation of DRE

is the discordance between assessment and pathological response, and in a

study only 21% of pCR were correctly identified 19, As for endoscopy and

biopsy, only 59% of pCR were diagnosed correctly 111, which could be due to
the fact that residual rectal cancer is mostly located in deeper layers of the
bower wall and biopsy results were unreliable 112, Furthermore, neither DRE
nor endoscopy are able to assess nodal involvement after nCRT.

e Imaging studies: these include ERUS, MRI and positron emission tomography

(PET). Owing to inflammation, necrosis and desmoplastic changes after

nCRT, the overall ypT stage prediction has low accuracy 113 114, between 43-
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73%. However, ERUS may have a role in confirming lymph node negativity
after pre-operative treatment, with negative predictive values that could
reach 81-88% 111115,

The utility of MRI in re-staging to assess pCR has been investigated by 2
groups (Regina Beets-Tan and Gina Brown), and due to the same limitations
of ERUS 116117 accuracy for assessing T and N stage were only 45-67% and
65-75%, respectively 118, The MERCURY group developed the MRI TRG
(mrTRG) system, based on the pathological TRG, to stratify good and poor
responders 117 and they also discovered that extra-mural venous invasion
(EMVI) was significantly predictive of poor responders 119. Nevertheless, the
accuracy of this tool to predict pCR is uncertain, because patients were
stratified as good versus poor responders. In a large meta-analysis (1566
patients from 33 studies), applying diffusion weighted imaging could raise
sensitivity to 84% but it lowered specificity of MRI from 94% to 85% 129, with
heterogeneous results. Thus, MRI is not completely reliable to dictate non-
surgical rectal conserving approach.

PET allowed the differentiation of responding and non-responding tumors
with an overall accuracy of 80% !21. When researchers decreased mean
standardized uptake value (SUV), higher accuracies were observed 122
However, there is still a limited number of studies, no cut-off mean value for
SUV has been established and false positive tests have been reported 123.

e Combination of clinical evaluation and imaging studies: this combination has
shown increased detection of pCR 116 124 to rates of 96-98%. Nevertheless,
randomized trials are lacking to confirm these results, although the TRIGGER
trial (mrTRG as biomarker for stratified management of rectal cancer
patients) 125 is currently studying the utility of mrTRG in patient response
stratification.

e Laboratory analysis: two different markers, routinely performed in clinical
work-up, have been consistently associated with pCR: CEA
(carcinoembryonic antigen) 126127 and NLR (neutrophil-to-lymphocyte ratio)
128 The major limitation to apply this in clinical setting is that most studies
have discrepancies in the mean cut-off points used, which should be assessed

in larger multicenter studies.
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e (Genomics: some gene expression panels are available for defining prognosis
and decision of adjuvant treatment in stage Il and III colon cancer, such as
Oncotype Dx® colon cancer test 129, ColoPrint® 130 and ColDx 131, To date,
there is still no relevant data on these panels for LARC. However, some
genetic and molecular markers have been implicated in response to nCRT,
such as EGFR, thymidylate synthase genes, bcl-2/bax (B-cell lymphoma
protein 2-associated X) and COX-2 (cyclooxygenase 2) 132, although none has

been robust enough for clinical application.

5.4.Adjuvant Treatment

The standard treatment mentioned above has decreased 70% of loco-
regional recurrences, however it has failed to improve overall survival and
metastatic recurrence, which is the most frequent cause of death in rectal cancer
patients 133, Over the years, studies have reached inconclusive results on the benefit
of adjuvant treatment in these patients and international recommendations (NCCN
- National Comprehensive Cancer Network, and ESMO - European Society for
Medical Oncology) 2134 are not consensual, mostly due to heterogeneity of inclusion
criteria (the use of either cTNM or ypTNM classifications), inclusion of high rectal
tumors, difficulties in trial recruitment, lack of statistical power and variations in
preoperative and adjuvant regimens °2. Currently, adjuvant chemotherapy with a 5-
FU regimen is usually recommended in patients who are node negative in the
resected specimen after neoadjuvant therapy. Patients who reached yp stage I
tumor or histological complete response do not benefit from adjuvant treatment.
Contrastingly, FOLFOX (5-FU, leucovorin and oxaliplatin) chemotherapy regimen
should be offered to yp stage III patients and considered for yp stage Il tumors in fit
patients with high-risk factors, such as perforation, obstruction, lymphovascular or
perineural invasion 135 The treatment can be initiated within five weeks after
surgery or when the patient is fit to receive therapy 136. Despite these
recommendations, a meta-analysis from 2015 found that adjuvant chemotherapy
did not improve OS, DFS or distant recurrences, calling these recommendations into

question 137, Also, up to 27% of eligible patients never start adjuvant chemotherapy
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and less than 50% 138 receive the full prescribed treatment without interruptions or
delay 139 due to postoperative complications, slow recovery, interference with
closure of their temporary ileostomy 140 or treatment refusal 141. Furthermore, it has
been proven that each 4-week delay in treatment correlated with a 14% decrease in
OS 142,

This area will continue to evolve as evidence for preoperative chemotherapy
strategy becomes available, and thus the benefit of chemotherapy in the
postoperative setting may not persist in patients already exposed to doublet or

triplet chemotherapy in the neoadjuvant setting.

5.5.Novel Therapeutic Options for LARC

Another potential emerging approach is to deliver all chemotherapy upfront,
the so-called total neoadjuvant therapy (TNT), which has the potential advantages
of treating occult micrometastases several months earlier, increasing treatment
compliance, enhancing the efficacy of chemotherapy and ultimately improving
survival 143, Other benefits include increased response of primary tumor, early
identification of non-responders and earlier removal of the loop ileostomy.
Induction chemotherapy administered before chemoradiation and protectomy is
now considered a valid alternative to the standard approach, as a study from MSKCC
found a tumor response greater than 90%, including 30% of cCR 44 Chemotherapy
can also be delivered as consolidation (after chemoradiotherapy completion and
before surgery), without any associated increase in adverse events or surgical
complications 145, Also, in the most recent edition of the NCCN guidelines, TNT is
already contemplated as an option in the treatment of LARC patients, and gradually
these approaches are starting to be implemented in the clinical setting by many
hospitals.

The recent Swedish study RAPIDO (Rectal cAncer and Preoperative
Induction therapy followed by Dedicated Operation), published in 2020, tested a
group submitted to neoadjuvant short-course radiotherapy followed by
chemotherapy (6 cycles of capecitabine plus oxaliplatin, CAPOX and 9 cycles of
FOLFOX) and then surgery (2-4 weeks after), against long-course nCRT followed by
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surgery (6-10 weeks after) and adjuvant chemotherapy. They concluded that the
first approach had benefits in DFS, lowered the risk of distant metastasis 14¢ and
significantly improved pCR (28% vs. 14%). Also in 2020, the results of PRODIGE23
study %7, in which a group submitted to TNT (6 cycles of FOLFIRINOX - 5-FU,
leucovorin, oxaliplatin and irinotecan) followed by nCRT and surgery after 6-8
weeks against conventional nCRT, showed similar outcomes to RAPIDO, with a pCR
of 27.5%.

Furthermore, the preliminary results from the phase II OPRA trial (Organ
Preservation in Rectal Adenocarcinoma), NCT 02008656, suggest initiating
treatment with nCRT and then systemic chemotherapy (FOLFOX or CAPOX)
(consolidation TNT vs induction TNT) may improve organ preservation (58% vs.
43%) 148, There was no statistically difference in 3-year DFS between both arms,
although a longer-term follow-up is required to assess the risks and benefits of this
approach. Moreover, when patients demonstrate adequate clinical response to
induction systemic chemotherapy, omitting radiotherapy and its toxicity might be a

possibility (PROSPECT trial phase II/III NCT01515787) 149.

Interestingly, for patients with dMMR (9% of rectal cancers 1°°), neoadjuvant
immunotherapy with programmed cell death 1 (PD-1) blockade is being
investigated before standard nCRT and surgery, in hopes it might demonstrate
improved response rates. Promising results have been seen with neoadjuvant
immunotherapy in colon cancers 151, and the same is hoped to be extended to the
rectal cancer population.

Another strategy for increasing pCR is radiotherapy dose intensification,
which can be achieved by local boost therapy through intensity-modulated radiation
therapy (IMRT) or contact/intraoperative radiation therapy (IORT), which has the
advantage of increasing the delivered dose to the tumor without increasing toxicity
to uninvolved surrounded bowel 152, especially for patients with T4 cancers °2.In a
randomized trial, an endo-cavitary boost of 85 Gy increased complete or near-
complete sterilization (57% vs. 34%), in comparison to external beam radiotherapy
to 39 Gy 153. However, lymph nodes may remain unaddressed with this technique.

There are still few prospective studies on these techniques, therefore the clinical
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effect and optimal use has to be defined in future studies for subgroups who might

benefit.

6. Survival and Follow-up

As mentioned before, TNM staging strongly impacts the prognosis of CRC
patients, as the outcomes diverge for each stage. While stage I and II CRC patients
have an excellent overall 5-year survival rate 90.3% and 82% respectively, the
survival declines to 70.4% for individuals with regional metastases to the lymph
nodes (stage IlI) and dramatically declines to 12.5% in patients with distant
metastasis 19 154, Making an early diagnosis in still a challenge, with about 30% of
patients already presenting distant metastases at the time of diagnosis 155.
Fortunately, European mortality rates have decreased over the first decade of this
century by 15% in men and 13% in women, which is likely associated with
treatment improvements and earlier detection from intensive screening 156
Whatsoever, even with early diagnosis, about 30% of patients still develop
metastases 157. Pulmonary metastases are more frequent in rectal cancer, due to its
vascular drainage going straight to the vena cava, whereas in colon cancer liver
metastases are predominant, because of its vascular drainage through portal
circulation 0.

Within the TNM stage, the outcome also varies significantly, for which other
prognosis factors have to be taken into account 3¢. Therefore, the most widely
established additional clinical-pathological prognostic factors include:

e Emergency presentation, with perforation, bleeding or obstruction exhibits
poorer five-year survival compared with non-emergent presentation 158,

e The clinical condition of the patient at diagnosis and throughout the
treatment, measured by performance status indices might also affect the
prognosis 159,

e Histological grading, evaluated through the glandular content. Poorly
differentiated or undifferentiated tumors are associated with worse
outcomes 3. A disadvantage to clinical application is its inter-observer

variability 160,
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e Mucinous (when more than 50% of a lesion is composed of extracellular
mucin) and signet-ring types are associated with worse prognosis and poor
response to chemotherapy 161.

e Lympho-vascular 162 and perineural invasion 163 are well-established factors
of worse prognosis.

e A lymph node yield of at least 12 is thought to represent an optimal
mesenteric resection and accurate lymph node staging by AJCC ¢. The lymph
node ratio (the ratio of number of positive lymph nodes by the total lymph
node yield) has been found to be an independent predictor of overall and
disease-free survival superior to lymph node yield 164.

e Isolated tumor deposits are nodules within perirectal tissue away from the
leading edge of the tumor and with no evidence of residual lymph node and
considered part of N stage, due to differentiation from discontinuous tumor
spread, totally replaced lymph node and venous invasion. They are
associated with poorer OS and DFS 165,

e Tumor budding: a single cell or cluster of < 4 cells detected at the advancing
edge of the invasive carcinoma. The total number of buds should be reported
in pathological exam. It has been shown to be an independent prognostic
factor in CRC 166,

¢ CRM and TRG following neoadjuvant treatment in rectal cancer. A distance
of 1 mm or less between the tumor and CRM has been shown to predict
higher local and distant recurrence 1¢7. Worse TRGs are also associated with
worse prognosis 3°.

e Risk assessment models: there is a shift toward delivering personalized
treatment and thus, multi-variable risk assessment models have been
developed to predict prognosis in colorectal cancer. In 2011, Valentini et al.
168 created a multivariate nomogram to predict 5-year local recurrence
distant metastases and OS in LARC patients. The variables used for the risk
assessment model of distant metastases were N stage, T stage, surgical

procedure and administration of adjuvant chemotherapy.

After establishing the prognosis and treating adequately, these patients must

be followed for detection of recurrence and symptoms. In the follow-up of patients
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treated for LARC, the guidelines recommend regular outpatient consultations once
every 3-6 months within 2 years after curative surgery and once every 6 months to
1 year in the third to fifth years. The follow-up includes regular blood tests, with CEA
and CA 19-9 (carbohydrate antigen 19-9), chest and abdomino-pelvic CT scan. Also,
they recommend total colonoscopy and then every five years 20169,

CEA, a high molecular weight glycoprotein, was discovered by Gold and
Freedman in 1956. It is secreted by epithelial tumor cells in the digestive tract and
is a widely used prognostic tumor marker in CRC patients 170. Increasing CEA levels
after surgery can predict recurrence 17! and also correlate with tumor burden. Thus,
abnormal CEA levels are rarely found in patients with tumor sizes smaller than 3cm
172 and is rarely used in the diagnosis of CRC 173. Contrary to clinical practice
paradigm, a Cochrane review from 2015 included 53 studies and concluded that CEA
alone was insufficiently sensitive to detect post-operative recurrences in CRC 174,

CA 19-9, a high molecular weight glycoprotein, may show increased levels in
metastatic CRC (mCRC). Although not a specific marker for CRC, used together with
CEA, it could raise their diagnostic sensitivity 17>. They are both biomarkers for late-
stage disease or can be used to monitor mCRC patient response 17¢.

Nevertheless, the recently published COLOFOL77 and GILDA78 randomized
trials have found that intensive surveillance with the mentioned methods does not
prolong survival in patients with nonselected colorectal cancer. This seems to
preclude that only high-risk subgroups could benefit from a more intensive

surveillance and that novel biomarkers could aid in their definition.
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7. Novel Biomarkers for Prediction of Response and Prognosis

The clinical assessment of treatment response is the greatest challenge and
limiting factor for safe implementation of the “watch and wait” approach. The
concordance between clinical and pathological evaluation has traditionally been
poor in terms of sensitivity (around 25%) for detecting pCR, and in terms of
specificity (around 60-90%) for excluding residual disease 110179,

Biomarkers are specific biological indicators or markers of disease 189, which
are widely used in diagnosis, therapy and prognosis of a number of human diseases.
Proteins are the main executor of biological functions and have been the most
studied biomarkers 181, but DNA and RNA markers are acquiring notoriety.
According to biomarkers’ application in the clinical setting, they can be applied in
three categories: diagnosis, treatment and prognosis 182183,

Until March 31th, 2022, there were 10942 papers in PubMed concerning
rectal cancer biomarkers studies, and the papers have been significantly increasing

every year.
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Figure 5. Distribution of paper count per year on Pubmed concerning biomarker research.
Search query: (biomarker OR marker OR predictor) AND (rectal cancer)

There are still a limited number of biomarkers which can facilitate decision-
making for treatment of patients with LARS. Currently, only imaging tumor response
and post-treatment circulating CEA levels are clinically used. The significance of
pathological features and tumor regression grade was discussed above.

Subsequently, we review tissue- and blood-based biomarkers (retrieved
through tissue and liquid biopsy, respectively) of growing interest in the literature
184 Table 3 describes the characteristics, advantages and disadvantages of tissue

and liquid biopsy of biomarkers.
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Table 3. Comparison between tissue and liquid biopsy for analysis of biomarkers.

Tissue Biopsy Liquid Biopsy

Allows histological diagnosis and staging Does not allow tumor histotype

Often difficult and invasive Non-invasive procedure

Not always representative of the entire Representative of different location of the
diversity of malignant clone malignant clones: tumor heterogeneity
Multiple sampling not always feasible Easily repeatable and highly reproducible
Single snapshot over time and space Real-time monitoring of disease

Still the gold standard for tumor Lack of standardization, still used mainly
characterization in translation research

7.1. Tissue-Based Biomarkers

Tumor Infiltrating Lymphocytes (TIL)

Tumors have the ability to suppress immune response by acquiring features
to escape detection or through activation of negative regulatory pathways that are
called “checkpoints” 185, In recent years, research has progressed towards clinical
implementation of immunotherapies that act on these checkpoints, in patients with
several cancer-types. Immune-related biomarkers have also begun to emerge as
prognostic and response markers in patients treated with those drugs.

Previous reports have demonstrated that high densities of CD8+ (cluster of
differentiation) cytotoxic T-lymphocytes were associated with improved response
186 and survival 187 after nCRT in rectal cancer patients. In LARC patients, high CD8+
TIL density was predictive of better tumor regression after nCRT 188 and greater
sensitivity to nCRT 186, As for CD4+ TILs, some studies showed improved response
189 while another had contradictory findings 1°0. Huang et al. (2019) also
demonstrated that location of TILs, specifically intraepithelial CD45+ and CD8+
were associated with improved response to nCRT while stromal TILs showed no

association in LARC patients 190.
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Studies have also reported that counts of CD8+ or FoxP3+ (forkhead box P3)
regulatory T-cells were not significant prognosticators of outcomes, but changes in
the CD8+/FoxP3+ after therapy were associated with OS and PFS (progression-free
survival) 1°1. Some studies have even shown this so-called “immunoscore” to
outperform the traditional TNM staging in predicting outcomes in CRC 1°2, which

reveals the impact of host immune response on prognosis.

Protein Expression

Protein biomarkers are the major component of CRC biomarkers. Many
researchers consider that proteins are the most accurate biomarkers since proteins
are the main executor of human life actions. There are 583 protein biomarkers
recorded in the CRC biomarker database.

Expression of proteins including epidermal growth factor receptor (EGFR),
vascular endothelial factor (VEGF), p21, Bcl2- Bax, marker of proliferation Ki-67 (ki-
67), p53, COX-2, hypoxia-inducible factor 1-a (HIF1-a), thymidylate synthase (TS),
E-cadherin, matrix metalloproteinase-9 (MMP-9) and matrix metalloproteinase-2
(MMP-2), have been previously associated with response to nCRT 184, P53 mutations
have been described in about 50% of CRC and are associated with an aggressive
behavior and resistance to chemoradiotherapy 193. Interestingly, Li et al. developed
a three-protein biomarker panel consisting of c-MYC, proliferating cell nuclear
antigen (PCNA) and tissue inhibitor of metalloproteinases 1 (TIMP1), that together
with MRI-detected EMVI improved prediction of prognosis in 329 LARC patients 194

Genomic Alterations

Currently, the only genomic variants clinically available to predict patient
outcome to therapy (anti-EGFR monoclonal antibodies) is the presence of variants
in KRAS and NRAS (neuroblastoma Ras viral oncogene homolog) in mCRC 195, In the
context of LARC, to date, no genomic alteration can predict patient response or long-

term clinical outcomes.

43



BACKGROUND

Although most studies of genomics on rectal cancer lack consistency, the
presence of variants in KRAS has been previously associated with poor response to
nCRT and lower probability of pCR 1°6. In contrast, numerous studies (including a
large retrospective cohort of 1886 patients 1°7) showed no difference in response or
survival between KRAS mutant or wild-type disease 198.

Variants in TP53 have been correlated with worse treatment response 1°¢ and
decreased rates of pCR 199. It has been reported that tumor tissue is enriched with
TP53 variants after chemoradiotherapy 290, which might be explained by an
evolutionary advantage of mutant TP53 created by the administration of therapy.

Also, numerous studies have shown that the presence of variants in both
KRAS and TP53 lead to a worse DFS 198 and decreased likelihood of achieving pCR
201, However, larger studies with wider cohort of patients with rectal cancer are
needed to determine if this predictive value is real.

A distinct molecular subtype of CRC is characterized by DNA
hypermethylation in CpG-rich promoters 202. Studies have validated 20 different
methylated regions in rectal cancer patients that have relevance in DFS. No
association was still found with response prediction 203 204,

After proteins, RNA is the second leading component of CRC biomarker. The
most studied type of RNA studied are the microRNAs and 72 miRNAs have been
reported as biomarkers in diagnosis, treatment and prognosis 181. MicroRNA-21
(miR-21) is one of the earliest that have need identified. In 2017, Peng et al. reported
that circulating miR-21 was better at diagnosis and tissue miR-21 could be a better
prognostic biomarker in CRC. They also stated that the combination with other
miRNAs could reach better performance than single miRNA biomarkers 205,

Some studies have also reviewed the association between response to nCRT
and SNPs (single nucleotide polymorphisms) in several genes including TS, EGFR,
coiled-coil protein DIX1 (CCD1), superoxide dismutase 2 (S0DZ2), IL13, 8-oxoguanine
DNA glycosylase (0GG1) and methylenetetrahydrofolate reductase (MTHFR) 296, The
occurrence of SNPs located in miRNA target sites may affect the interaction of

miRNA and target genes, and have shown to affect outcome in CRC patients 207,
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Microsatellite Instability

Roughly 15% of patients with CRC have dMMR functions, which creates MSI,
where intergenic microsatellite is found at highly variable and unregulated lengths
in the tumor tissue.

dMMR status, a good prognostic indicator in colon cancer, is rarer (~1-2%)
in patients with rectal cancer, thus the impact that it can have on response to
chemotherapy agents is not well understood 48. Studies have shown a lower pCR
rate after nCRT in patients with MSI-high rectal cancer 298 and high levels of MSH6
protein was indicative of improved OS and local control 2%°. These findings are
contradictory to colon cancer outcomes reports 219, and also to previous findings
about rectal cancer prognosis, in which high MSI improved DFS and OS after nCRT
211 However, MSI-high patients can be exquisitely sensitive to immunotherapy, with
high rates of pCR after neoadjuvant nivolumab and ipilimumab 151,

Tumor mutational burden (TMB) is a quantitative measurement of the
frequency of variations in the genome of cancer tissue, quantified using large gene
panels or whole exome or genome sequencing. TMB is generally higher in patients

with dMMR and MSI-H tumors 212,

Gene Expression Profiles and Tumor Heterogeneity Markers

Global gene expression profiling of tumor tissues has the potential to identify
gene signatures associated with rectal cancer outcomes. Cancer related nCRT-
response genes are involved in pathways of DNA replication, cell cycle and DNA
repair, while non-cancer related genes are involved in pathways of drug metabolism
213 Examples of genes that were differently expressed between responders and non-
responders were zinc Finger protein 160 (ZNF160), X-ray repair cross-
complementing protein 3 (XRCC3), ATP dependent DNA helicase homolog (HFM1),
additional sex combs-like protein 2 (ASXLZ2), aldo-keto reductase family 1 member
C3 (AKR1(3), C-X-C motif chemokine ligand 9 (CXCL9), CXCL10,CXCL11, indoleamine
2,3-dioxygenase 1 (IDO1), matrix metalloproteinase-12 (MMP12), HLA class II
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histocompatibility antigen, DR a chain (HLA-DRA) ?'* and neuronal pentraxin II
(NPT2) 215,

Tumor heterogeneity can be calculated according to the number of variants
and median variant allelic frequency (VAF) in a tumor sample. It requires a large
sequencing panel (>400 genes) or whole genome sequencing for accurate
quantification.

The clonal and subclonal composition of the tumor could provide
information regarding response to therapy and prognostic values. In patients with
CRC, studies have demonstrated that the identification of resistance-associated
variants, whether in small tumor subclones or across all tumor cells, can change time
to recurrence after targeted therapies 216. Although still in its infancy, large scale
metrics such as TMB and heterogeneity indexes might have potential for clinical

application.

7.2.Blood-Based Biomarkers

As cancer progresses, cancer cells and stromal products are shed into
circulation. The identification of these products in liquid samples (whole blood,
blood plasma, urine, cerebral-spinal fluid, ascites or sputum samples) could make
them potential “real-time” disease biomarkers for disease monitoring, with regular
serial samples. However, circulating biomarkers carry several limitations, such as
high levels produced by non-tumor tissue release, and variation according to tumor
size and stage 217. There are currently very few circulating biomarkers being used in
the clinical setting for patients with rectal cancer, which include CEA and CA19-9,

discussed above 170 176,

Systemic Inflammatory Ratios

Neutrophil Lymphocyte Ratio (NLR)

Inflammation was reported to promote tumor growth or protect tumor

tissue from a host immune response. NLR can be measured in routine differential
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white cell counts in the peripheral circulation, and has shown some importance in
the prognosis and prediction of response. This marker is inexpensive and can be
calculated from laboratory tests routinely ordered in the pre-operative setting.

Theoretically, the development of an immunological biomarker could be
used to predict response to immunotherapies. Nevertheless, no clinically
biomarkers have yet been validated 218. Evidence on the value of NLR in LARC is
conflicting. Pretreatment NLR has been shown to be associated with pCR, DFS and
OS in several studies (including a meta-analysis of 959 patients), but other
publications (including a large cohort of 1500 patients) have not found these
associations 219,

There is also increasing evidence that radiosensitivity might depend not only
on the biological features of tumor cells but also on the tumor microenvironment
220, reflected on blood count cells in peripheral blood. NLR could be an indicator of
response to chemotherapy across mutations, especially for BRAF mutant tumors 221
which are commonly MSI-high 222, Adversely, NLR was not associated with MMR
status 223,

Some of the proposed CMS subtypes shown previously present with
inflammation. CMS 1 and 3 subgroups, which are characterized by MSI-high, hyper-
mutated genotypes, also concur with increased tumor infiltrate >¢. Thus, in the
future, inflammatory indexes could be important for the stratification and decision-
making in LARC patients.

In conclusion, NLR seems promising for the clinical setting, as a relatively
cheap and simple assay to perform and a part of current routine practice. NLR has
already shown, even with relatively low patient number and retrospective design
studies, consistent results regarding checkpoint inhibitor response 221. However,
further multicentric studies with larger populations are required to confirm these

data.

Additional markers

Similar to NLR, the value of other systemic inflammatory markers has not
been consistent across studies. Previous studies have reported that low pre-
treatment LMRs (lymphocyte-to-monocyte ratio) was associated with worse OS 224

and DSF 225, Also, high PLRs (platelet-to-lymphocyte ratio) showed worse response
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to therapy 22¢. Another study, however, showed no significant association between
PLR and survival 227, Platelets have previously been associated with tumor growth,
through angiogenesis and metastatic spread. Likewise, monocytes have been found
to induce tumor growth, migration and invasion within the tumor
microenvironment 228,

All these ratios are limited by the highly variable outcomes and cut-off values
used across studies, and standardization is needed in subsequent studies. Also, the
function of the cellular components of these ratios show some plasticity and may be
influenced by interactions with cytokines 229, which means they can have pro- or
anti-tumor effects depending on the environment of cytokines they are exposed to.

The mGPS (modified Glasgow prognostic score) 230 combines pre-treatment
serum levels of CRP (C-reactive protein) and albumin, which are two acute phase
proteins, into three different categories of levels. Two systematic reviews 230231 have
revealed an association between mGPS and TNM stage, mostly in CRC, and that the
association of mGPS with prognosis remained present once adjusted for TNM stage.

Although a growing number of publications have been emerging in this area,
small numbers of patients have been studied comparing systemic inflammatory
indexes with patient response. Further research with larger samples, correlating
these ratios to tumor staging and comparing efficacy with other circulating

biomarkers needs to be undertaken.

Circulating tumor DNA

It has been known since 1948, that fragmented DNA circulates in the blood
232_Circulating tumor DNA (ctDNA) is a tumor derived sub-population of circulating
free DNA (cfDNA) in patients with solid tumors. The two hypothesized mechanisms
of cfDNA release are passive release through cell death 233 and active release via
exosomes 234,

In the passive cfDNA release, apoptosis or necrosis cause the fragmentation
of DNA into ~180-200bp (base pairs) fragments 23>. Cell death probably invokes an
immune response that releases cfDNA through T-cell mediated cell destruction 235.

Instead, other studies suggested that oncogenic DNA is selectively packaged into
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exosomes to promote local or distant oncogenic activity 76, or that exosomes are

used to secrete harmful DNA in response to DNA damage in tumor cells 236.
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Figure 6. Origins and alterations of ctDNA (reprinted and adapted with permission from 3)

The half-life of cfDNA in blood probably sums up between 16-150 minutes. It
may be cleared from the bloodstream and excreted into urine by the kidneys or
degraded by macrophages in the liver and spleen 3 233, Plasma cfDNA is highly
fragmented and the average reported fragment size revolves around 160bp to
180bp 237238, and is represented by DNA wrapped around a nucleosome (around
142bp) plus one linker (around 20bp). Some recent evidence suggests that cfDNA
and ctDNA differ in size, with ctDNA being shorter than non-mutant DNA, which
might result from modifications in chromatin organization and compaction 237 239
240,

Either tumor or non-tumor tissue can release cfDNA into circulation 235, [t has
been reported that cancer patients have much higher levels of cfDNA than healthy
individuals and that these levels are extremely variable according to tumor burden
(tumor stage or the presence of metastases) 233. Detection rates range from 50% in
non-metastatic disease to nearly 90% in metastatic disease and from 10-15% in
postoperative stage Il to nearly 50% in stage IV 217, Likewise, in rectal cancer, ctDNA
levels correlates with tumor size 241. We can also distinguish fractions of DNA from
both tissues by detecting tumor specific genetic alteration, through methods, such

as next-generation sequencing (NGS) or digital polymerase chain reaction (dPCR).
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Reports suggest that quantitative changes in ctDNA could play a part in
therapeutic response in patients with CRC undergoing nCRT. Furthermore, it was
reported that ctDNA was a more sensitive method than CEA or radiological imaging
in detecting disease progression 241-243, CtDNA can circumvent the limitations of
tissue biopsies, which include invasiveness, sometimes requiring surgery and the
fact that they are only taken from one location, which may not represent the whole
heterogeneity of the disease 244 Finally, due to the short turnover time, ctDNA may
provide a real-time information about the disease 24.

The analysis of ctDNA for specific gene mutations or somatic copy number
alterations (SCNA), such as KRAS, BRAF, PIK3CA and TP53, has shown promising
results for early detection 24¢ and response prediction 24! in CRC patients.
Monitoring disease courses using specific mutations in ctDNA is one of the leading
applications of liquid biopsy. In support of this clinical application, some authors
demonstrated that concordance of KRAS and BRAF mutational status between tissue
and plasma samples was around 96% 247 248, Post-operative ctDNA VAFs were
reported to help predict 3-year DFS after nCRT in patients with LARC 249. At the
recent 2022 ASCO (American Society of Clinical Oncology) Gastrointestinal Cancer
Symposium, the GALAXY trial confirmed the ctDNA prognostic role in more than
1500 patients with surgically resected CRC (all stages) 2°0. In patients with
metastatic CRC, early decreases in ctDNA indicated improved progression-free
survival 241, whereas post-surgical ctDNA levels significantly predicted later relapse
in patients with CRC undergoing adjuvant therapy 2°1. Also, methylation changes in
ctDNA have shown some promising results in CRC management 252,

Presently, though ctDNA most frequently looks to monitor and detect
KRAS/NRAS mutations, the development of CRC subtyping systems, like CMS and
CRIS, will possibly influence the use of ctDNA through alternative mutations, as part
of subtype allocation/validation >7.

There are several limitations attributed to ctDNA that have to be taken in
consideration when investigating patients being treated with cytotoxic agents and
surgery, such as the generally low cfDNA concentrations extracted from plasma that
can hinder analysis. Besides, a significant amount of cfDNA can originate from non-
tumor cells, or induced by inflammation and trauma 235, which can cause a high

background noise and disturb ctDNA detection 217 and reliable quantification of
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changes in allelic frequency 233. Also, ctDNA is often found in short fragments, which
can limit the molecular alterations that can be reliably detected. All of these can be
aggravated through improper pre-analytical handling 253.

Analysis of ctDNA is reaching routine clinical use due to its simplicity and
relatively low cost. Nowadays, screening of mutations of ctDNA, associated with
therapy resistance, is already being applied in non-small cell lung cancer 2>4. Also
kits have been CE-marked for RAS screening in ctDNA for patients with CRC 255,
These are examples of ctDNA use in the context of targeted therapies with known
resistance-associated variants or signatures. Although it still provides relatively
limited information, ctDNA is detected in a relatively high proportion of patients and
analysis can be screened for mutations of interest, which makes ctDNA a very
appealing biomarker. A brief explanation of ctDNA isolation and analysis is

presented in Figure 7.

NGS based PCR based
Whole With BEAMing
genome/ molecular digital droplet
K,EDTA tubes exome Targeted barcoding PCR
* Avoid shaking; 10% 1% 0.1% 0.01% 0.001%
mixbylinyewing Plasma isolation ]
Blood e Store at room and storage \j

ctDNA isolation
and sequencing

—_— | —

/ Limit of detection
— || —
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v Cell-stabilizing tubes ‘| NGSbased [SESINERVEIETI
A - - RBC (~45%)
T * Avoid shaking; )
mix by inverting ¢ Copy-number variations

¢ Mutations

. temperature for
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Figure 7. ctDNA isolation and analysis. cfDNA is isolated from plasma samples after serial
centrifugation of blood collected in either of the tubes presented. ctDNA is subsequently isolated

from cfDNA using library preparations and analyzed for genetic aberrations
(reprinted and adapted with permission from 5)

In LARC patients undergoing chemoradiotherapy, a variant or signature
associated with treatment resistance or sensitivity is yet to be identified. Therefore,
ctDNA can hypothetically be used for monitoring and surveillance of disease
recurrence, but there is still a long way in the identification of adequate signatures

for use in the clinical setting.
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Circulating microRNA

MicroRNAs are small non-coding RNAs (~18-25 nucleotides long) that
regulate targeted mRNA (messenger RNA) expression in healthy and cancer tissues.
They are either located in non-coding intergenic regions of DNA or within gene
introns 2°6. MicroRNAs are relatively stable in circulation due to their protection
from RNase activity through their association with carrier proteins or inclusion
within exosomes 257.

MicroRNAs have been linked with numerous roles in tumorigenesis, like
migration, invasion, metastasis 2°8, growth, proliferation and inhibition of apoptosis
259, Their function can be either tumor promotor or suppressing, which varies
through different cancer types.

Several microRNAs have been studied in patients with CRC for their
predictive or prognostic values, although none has yet been validated. Several
miRNAs’ levels were significantly different among responders and non-responders.
The following miRNAs were increased in non-responders: miR-154, miR-409-3p,
miR-127-3p, miR-214, miR-299-5p, miR-125b and miR-345; and the subsequent
were decreased in non-responders: miR-22a, miR-30e, miR-338-3p, miR-200 and
miR-378 184,

Although microRNAs do not presently influence subtyping of CRC, the CRCSC
has reported that CMS2 tumors up-regulate the miR-17-92 cluster, while CMS3 and
CMS4 down-regulate let-7 and miR-200 respectively 6. These could potentially be
monitored in plasma or plasma exosomes to predict response or stratify patient
treatment at some point. While of great interest, they have not yet found clinical
application due to lack of consensus over which expression signatures to pursue and

their technical limitations.

Circulating Exosomes

Recently, an increasing interest has been shown in the investigation of
extracellular vesicles as circulating biomarkers in patients with solid tumors 2¢0.

Exosomes are a subset of extracellular vesicles which are ~30-120 nm in diameter.

52



BACKGROUND

They have several roles, including cell-to-cell communication 261, and have been
reported to play key roles in several different aspects of molecular biology, including
immune cell modulation, apoptosis and angiogenesis 2¢2. It has been reported that
exosomes transport proteins, several RNA species and DNA. These contents may
either give an indication of the genetic profile of parent tumor cells or the interaction
of tumor cells with surrounding stroma. Certain proteins can also be analyzed to
ensure the purity of exosomes isolated 269.

Exosomes increase their levels in the circulation of cancer patients and
during disease progression 3. Some studies have investigated the molecular cargo
of circulating exosomes as biomarkers in CRC, with greater emphasis on miRNA. One
study reported increased expression of exosome-derived mir-19a as a prognostic
biomarker of recurrence in patients with CRC 264 Recently, studies have also
investigated tumor-specific alterations in exosome-derived RNA (exoRNA) or DNA
(exoDNA) for monitoring patients and stratify therapy, in a similar manner to
ctDNA. A study by Hao et al. 265 investigated sequencing concordance, reporting that
14/19 (73.7%) of KRAS mutations and 6/8 (75%) of BRAF mutations detected in
patient tissue were also present in patient exoRNA.

The development of cancer-specific exosomal markers may also facilitate the
detection of subtler molecular signatures and limit non-tumor background 266. The
goal is to isolate purer tumor-derived exosomes using a specific panel of surface
markers and hopefully of CRC-specific exosomes.

The limitations of this marker are the small concentration of exosomes
originated purely from the tumor, as previously seen for ctDNA and microRNA,
which will likely cause issues in the molecular analysis. The presence of non-tumor
exosomes may also mask subtle signatures form tumor-derived exosomes.

Hopefully, these issues might be overcome by the development of new technologies

260,

Circulating tumor cells (CTC)

CTCs are cells detected in the circulation of cancer patients which are

CD45-ve whilst expressing epithelial markers 2>3. The understanding is that CTCs are
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tumor cells that have been disseminated into peripheral blood and are precursors
of distant tumor metastasis 267. To date, CellSearch® is the only Food and Drug
Administration (FDA) approved method for seizing CTCs in a clinical setting 268,
which uses epithelial markers EpCAM (epithelial cellular adhesion molecule) and
cytokeratins to isolate and enumerate CTCs.

The potential of CellSearch®-based CTC detection was investigated in 11
studies and in a total of 1847 CRC patients 26°. They showed that high CTC counts at
baseline and throughout treatment were associated with worse PSF and OS. Bork et
al. 270 and Tan et al. 271 demonstrated the same results in stage I-III and metastatic
CRC patients, respectively. Also, some studies suggested that patients that changed
from being CTC-high to CTC-low during therapy had better disease control than
patients who changed from low to high or remained persistently high 272. In rectal
cancer patients, studies have shown that patients with high numbers of CTCs (>5)
were more likely to develop metastasis within one year of curative surgery 273 and
patients who responded well to neoadjuvant therapy had lower post-treatment
CTCs 274,

Although promising, this biomarker continues to have limitations in rectal
cancer patients, due to low specificity. Detection of one or more CTCs per 7.5mL has
only been reported in 30-50% of CRC patients, which limits its potential clinical
efficacy. Also, a further limitation is the possibility of false negatives due to loss of
epithelial markers during epithelial-mesenchymal-transition (EMT) 27>, In order to
surpass some limitations, new technologies, such as CellCollector®, are being
developed. This technique consists of inserting probes directly into patient blood
vessels for an extended period of time in order to collect larger numbers of cells
directly from the blood, as opposed to collecting CTCs from a limited volume of
whole blood 276,

Furthermore, CTCs have provided additional insight into intra-tumor
heterogeneity, as CTCs within a single patient show different mutational profiles
This demonstrates that separate regions of the invasive tumor can have individual
driving mechanisms 277. Also, relevant mutations that were absent in tumor
biopsies, have been detected in CTCs, influencing patient response 278.

CTCs and ctDNA have often been compared for their potential clinical impact.

One study reported a concordance of 78% of CTCs and ctDNA with mutations
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detected in primary tumor or metastases 279. Each biomarker was detected in one
patient where the other was not and also, each biomarker detected a mutation
previously unseen in the primary tumor or metastasis. This fact suggests both
biomarkers may be equally useful when considering intra-tumor heterogeneity. One
advantage of ctDNA over CTCs is that ctDNA was reported to be detectable in 100%
of metastatic CRC, while only 35% had detectable CTC levels from 10mL whole blood
280, Nevertheless, because CTCs detection does not require knowledge of existing
tumor-specific changes, it can have a superior role on the screening and early

detection.

Circulating metabolites

In LARC patients, CEA levels before and after treatment and changes across
treatment were associated with pathological response to nCRT and disease
recurrence 281282 However, CEA has shown limitations as a biomarker in disease
monitoring, due to its low sensitivity and specificity 283 284, detecting only 30-60% of
recurrences. Likewise, large decreases of CA19-9 concentration were associated
with increased rated of pCR 28> while elevated pre-treatment CA19-9 predicted
reduced OS 286, although contradictory findings have been found 287. Nevertheless,
the combination of these two biomarkers in a pre- or post-treatment setting may
increase sensitivity and specificity for prediction of response and survival in
patients with rectal cancer 287. Furthermore, a systematic review and meta-analysis
demonstrated that low CEA pre-nCRT levels are correlated with higher likelihood of
pCR, better DSF and OS, but suggested that the calibration cut-off should be 3ng/mL
instead of the standard 5ng/mL 288,

Further metabolites under investigation include proteins, glycoproteins,
amino-acids and lipids. In one study, liquid chromatography with mass
spectrometry has been used to analyze sequential patient serum samples from 70
patients with CRC. Using five core-metabolites (succinate, N2-dimethylguanosine,
adenine, citraconic acid and 1-methylguanosine), this group demonstrated that they
could distinguish patients with progressing and stable disease with sensitivity and

specificity of 83% and 94%, respectively, which was superior to CEA concentrations
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predictions 28, Fibrinogen is another acute-phase protein that in combination with
CEA levels was a significant predictor of downstaging, primary tumor regression
and pCR after nCRT 2.

The CRCSC has reported a number of metabolic pathways that are
deregulated within CMS3 6. This is in agreement with a systematic review published
by Zhang et al. 2°1. They reported deregulated levels of amino acids and
carbohydrate metabolism in several tissues. Thus, metabolomic analysis of patients’
tumor, plasma or urine may become important for patient subtyping into a future
uniform system.

In Figure 8, the main biomarkers discussed above, associated with response

to nCRT and prognosis, are summarized in a synoptic diagram.

Summary of biomarkers

CD8+ TIL
density
NLR levels p5$
mutations
Response
to nCRT and
prognosis
CEA levels KRA.S
mutations
ctDNA CTC
levels variations

Figure 8. Synoptic diagram of biomarkers associated with response to nCRT and prognosis in
patients with LARC
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Thesis Overview: Aims and Methods

Organ preserving strategies open a branch of options in the future of locally
advanced rectal cancer treatment strategies. Therefore, the search for more specific
and readily available circulating biomarkers is a research field in expansion. Also,
the possibility to provide better personalized treatment options, such as total
neoadjuvant treatment or selective use of adjuvant treatment, according to different
prognostic groups, makes circulating biomarkers an attractive option.

This research project aimed to validate circulating markers that could be
readily available in liquid biopsy and evaluate its efficacy in predicting response to
nCRT and prognosis in LARC patients. We first intended to evaluate the host-
response and its impact on outcomes, since most of circulating inflammatory
markers are already requested in the clinical setting. Furthermore, with the intent
to add more information on circulating biomarkers, we then focused our study on
ctDNA, which has shown promising results in the literature. As mentioned before,
this biomarker is readily available through liquid biopsy, allows the monitoring of
disease in real-time and reflects tumor heterogeneity and dynamic alterations in
tumor burden. This makes ctDNA a promising marker for predicting treatment
efficacy and disease recurrence.

To achieve this purpose, we performed the following works, to evaluate

specific aims.

Evaluation of the role of circulating hematological and biochemical
biomarkers on the prediction of response to nCRT and prognosis in LARC patients:
e Two-center retrospective study of 10 years to validate the impact of baseline
inflammatory markers in predicting response to nCRT. Logistic regression
analysis to search for predictive markers of pathological complete and good
response.
e Two-center retrospective study of 10 years to validate the impact of baseline
and post-treatment circulating markers in predicting prognosis in LARC

patients. Cox regression analysis to search for predictors of prognosis. Study
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of survival outcomes by Kaplan-Meier method to define subgroups of

prognosis.

Evaluation of the role of ctDNA in predicting pathological response to nCRT
and prognosis in LARC patients:

e Systematic review of the literature on the role of cfDNA and ctDNA in the
prediction of response to nCRT and prognosis in LARC patients;

e Multicentric prospective study (3 centers) of 2 years to validate the impact
of baseline and serial ctDNA levels (measured through NGS), in the
prediction of response to nCRT and prognosis. For this study, which intended
to evaluate the impact of ctDNA in response and prognosis, the workflow
exhibited in Figure 9 was proposed in the study protocol and performed as
explained in the next chapters. Due to contingences on the budget acquired
and due to the low number of recruited patients due to covid pandemic and
time span of the study, completion of the full protocol still awaits future

funds and more follow-up.

Pathological e
Complete Response
= 6-12 weeks
" s Neoadjuvant
D —
C e ” - Chemoradiotherapy Surgery <

NGS: ctDNA

Adjuvant Therapy
Active Surveillance
Liquid biopsy Liquid biopsy Liquid biopsy
until 2 weeks 1 day before until 5 days
before nCRT surgery after surgery
quantification
and analysis

Predictive and prognostic value Prognostic value »’

Figure 9: Flow chart illustrating the workflow for ctDNA analysis in patients with LARC
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Can pretreatment blood biomarkers predict
pathological response to neoadjuvant
chemoradiotherapy in patients with locally
advanced rectal cancer?
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Aims: To investigate the value of previously described pretreatment hematological and biochemical
biomarkers as predictors of pathological response. Methods: The authors performed a retrospective
analysis of 191 patients with locally advanced rectal cancer who underwent long-course neoadjuvant
chemoradiotherapy at two Portuguese centers. The authors performed logistic regression analysis to
search for predictive markers of pathological complete and good response. Results: High platelet-
neutrophil index (p = 0.042) and clinical tumor stage >2 (p = 0.015) were predictive of poor response. None
of the analyzed biomarkers predicted pathological complete response in this study. Conclusion: A high
platelet-neutrophil index before neoadjuvant chemoradiotherapy could help predict poorer pathological
response in patients with locally advanced rectal cancer. However, no other blood biomarker predicted
incomplete or poor response in this study.

First draft submitted: 6 June 2021; Accepted for publication: 15 September 2021; Published online: TBC

Keywords: carcinoembryonic antigen e lymphocyte-to-monocyte ratio e neoadjuvant chemoradiotherapy
e neutrophil-to-lymphocyte ratio e pathological response e personalized medicine e platelet-neutrophil
index e platelet-to-lymphocyte ratio e predictor e prognostic nutritional index e rectal cancer e systemic
immune-inflammation index

Colorectal cancer is the third most commonly diagnosed type of cancer and the second leading cause of cancer
death worldwide [1]. There should be utmost concern for this disease, as its global burden is expected to increase
by 60% to more than 2.2 million new cases and 1.1 million deaths by 2030 2]. Approximately 40% of colorectal
cancer patients can be classified as having rectal cancer.

The standard treatment regimen for locally advanced rectal cancer (LARC) is neoadjuvant chemoradiotherapy
(neo-CRT) followed by total mesorectal excision, as this improves tumor downstaging and leads to higher rates of
sphincter-sparing surgery and better local control (3-5) while having a lower toxicity profile compared with postop-
erative chemoradiation [6]. Nevertheless, response to neo-CRT is widely variable between patients. Approximately
75% of patients respond well to neo-CRT and about 10-30% achieve a pathological complete response (pCR) in
which no viable tumor cells are present in surgical resection specimens (7). There is a demonstrated advantage to
achieving a clinical/radiographic complete response and pCR in these patients, as studies have shown improved
long-term outcomes, including disease-free survival (DFS) and overall survival s]. Furthermore, given the adverse
effects of surgery (bowel, urinary and sexual dysfunction) and possible postoperative complications (anastomotic
leakage and wound healing impairment) in patients who achieve pCR after neo-CRT, alternative approaches, such
as the "watch and wait’ strategy, have been suggested [91. However, up to 25% of patients exhibit resistance to
neo-CRT, displaying either minimal regression or complete lack of response [10,11]. The use of neo-CRT in these
patients may result in disease progression or delay in surgery, thus affecting resectability [12]. These patients could be
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candidates for alternative neoadjuvant approaches, such as ‘total neoadjuvant therapy,” which combines preoperative
chemotherapy with neo-CRT [13], or be considered for upfront surgery.

Indeed, the mechanisms underlying the observed heterogeneity of tumor sensitivity to neo-CRT are still not
well understood [14). As the ability to predict response in patients undergoing neo-CRT for LARC could allow for
individualized cancer-directed treatment [15], a wide range of clinical, radiological, scrological, histopathological
and genetic factors have been studied as potential predictors [16-18]. In recent years, blood biomarkers have become
attractive as predictors because they are casy to collect, relatively inexpensive, reflect information on different aspects
of tumor biology and can be accurately measured by standardized methods.

Traditionally, chemotherapy and radiotherapy destroy tumor cells in a conventional cytotoxic manner, but
recent evidence suggests that these treatments could provoke an immune response, which also causes tumor
regression (19). Thus, an important factor contributing to the aforementioned heterogeneity might be the differential
interaction between the individual tumor microenvironment and the patient’s immune system (20]. This tumor-
related inflammatory response is reflected by several hematological parameters. The most studied blood biomarker
for response to neo-CRT in rectal cancer is carcinoembryonic antigen [21]. The predictive value of mean corpuscular
volume [22], prognostic nutritional index (23] and CRP [24] has also been analyzed. Likewise, it has been reported that
several inflammatory indexes, such as the systemic immune-inflammation index (SII), lymphocyte-to-monocyte
ratio (LMR), platelet-to-lymphocyte ratio (PLR), neutrophil-to-lymphocyte ratio (NLR), platelet—neutrophil (PN)
index and total white blood cell count, might be able to predict the response to neo-CRT in rectal cancer [25-
30]. However, results diverge between these studies (31,321, and few have investigated these potentially significant
biomarkers together (33]. Therefore, the authors conducted a multi-institutional study to evaluate the value of most
of these pretreatment blood biomarkers together in predicting the pathological response to neo-CRT in patients
with LARC.

Methods

Subjects

The authors performed a retrospective analysis of consecutive patients who underwent long-course neo-CRT fol-
lowed by radical surgery for rectal adenocarcinoma at Centro Hospitalar Universitirio do Sio Jodo (Porto, Portugal)
and Hospital Pedro Hispano (Matosinhos, Portugal) from January 2011 to December 2020. The ethics committee
of each hospital approved the study. The inclusion criteria were pathological diagnosis of adenocarcinoma, no
reported metastasis and complete clinical records, including pathological characteristics of the tumor, therapeutic
interventions and laboratory data (except for albumin, which was not requested in some patients). The exclusion
criteria were primary malignancies of other organs, patients with previous antitumor treatment, clinical evidence
of chronic/acute infection or systemic inflammation, hematological discases, autoimmune diseases and patients
previously treated with immunosuppressive therapy.

Data retrieval

Clinicopathological variables retrieved from the electronic medical record system of both hospitals included age, sex,
clinical presentation (bowel obstruction, perforation or change in bowel habits, classified as high-risk presentation,
and diagnosis with screening or bleeding/anemia, classified as low-risk presentation), tumor length, distance of
tumor to anal verge, clinical tumor and node stage, treatment regimen, time interval from the end of neo-CRT to
surgery (in weeks), pathological response and hematological or biochemical parameters collected between weeks 1
and 4 prior to neo-CRT.

Treatment

All patients were treated with long-course neo-CRT. The total dose ofmdiothcr:lpy was 50.4 Gy, and the singlc dose
was 1.8 Gy. The concurrent chemotherapy regimens used included capecitabine, 5-fluorouracil or combinations
of one of the two substances with oxaliplatin or leucovorin plus oxaliplatin. No patient in this analysis received
induction or consolidation chemotherapy regimens. Surgical resection with total mesorectal excision was planned
for the 6th—12th weck after the completion of neo-CRT irrespective of the response to neo-CRT.

Pathological evaluation
Postoperative histopathological classification and staging of rectal tumors were reported according to the classi-
fication set by the American Joint Committee on Cancer (34). Pathological response to neoadjuvant therapy was
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categorized into two sets of outcomes. One was pCR (no residual tumor on postoperative histological evaluation
of the rectal surgical specimen) versus incomplete response (partial and no pathological response). The second
was good versus poor response, which was determined according to the Ryan tumor regression grade (TRG)
classification [35] by ascertaining the number of residual tumor cells compared with the desmoplastic response. The
Ryan TRG classification was used in this study since it is the classification used by both anatomical pathology
departments. The ’good response group’ was defined as TRG 1 (no viable cells or single cells or small groups of
residual cancer cells), and the "poor response group’ was defined as TRG 2 (residual cancer outgrown by fibrosis)
or TRG 3 (significant fibrosis outgrown by cancer or no fibrosis with extensive residual cancer).

Blood parameters & inflammatory scores

The recorded blood parameters at diagnosis were hemoglobin; mean corpuscular volume; white blood cell count;
absolute counts of neutrophils, lymphocytes and monocytes; platelets; albumin; and carcinoembryonic antigen.
Although CRP is used frequently in pretreatment scores, this parameter is not routinely requested by either
institution involved in this study, and it was therefore not assessed. Next, the most used inflammatory scores
in the literature were calculated. NLR was calculated by dividing the absolute neutrophil count by the absolute
lymphocyte count. PLR was calculated by dividing the platelet count by the absolute lymphocyte count. LMR
was calculated by dividing the absolute lymphocyte count by the absolute monocyte count. SII was calculated by
multiplying the platelet count by the absolute neutrophil count and dividing by the absolute lymphocyte count.
The prognostic nutritional index was calculated by adding the albumin count to the multiplication of 5 per the
absolute lymphocyte count. The PN index was established by creating high and low strata groups of pretreatment
platelet and neutrophil counts. The high PN index group was defined as having at least one pretreatment platelet
or neutrophil count above its respective threshold (350 x 10”/1 for platelets and 7.5 x 10”/1 for neutrophils). The
low PN index group was defined as having both pretreatment platelet and neutrophil counts below their respective
thresholds.

Statistical analysis

Statistical analysis was performed using SPSS Statistics 26.0 (IBM Corporation, NY, USA) for Mac (Apple, CA,
USA). The authors summarized patient demographics and baseline characteristics using descriptive statistics. Draft
analysis of individual variables was conducted using chi-square test for categorical variables and Student’s #test and
Mann—Whitney test for continuous variables on the basis of the presence of a normal distribution. Univariate and
multivariate logistic regression analysis was used to determine the significant predictors of pathological response
to neo-CRT. Continuous variables were analyzed as continuous or dichotomous variables using the median as
the cutoff value. Significant variables in the univariate analysis were included in the multivariate analysis using
stepwise backward logistic regression to determine which variables retained independent significance. Odds ratios
(ORYs) are presented with 95% Cls, and p < 0.05 was considered statistically significant. The authors assessed the
positive and negative predictive value of the PN index using chi-square analysis. DFS and cancer-specific survival
(CSS) were calculated from the date of surgery to the date of disease recurrence and date of death attributed to
cancer, respectively. Kaplan—Meier curves of DFS and CSS were constructed, and the log-rank test was employed
to compare the following outcomes: pCR versus incomplete response and good versus poor response.

Results
Patient characteristics & baseline parameters
Patient characteristics are shown in Table 1. In total, 191 patients who underwent neo-CRT followed by radical
surgery for rectal adenocarcinoma were included in the authors’ study. Of these, 152 (79.6%) came from Centro
Hospitalar Universitario de Sao Jodo and 39 (20.4%) came from Hospital Pedro Hispano. There were no significant
differences between the patients from Centro Hospitalar Universitdrio de Sao Joao and Hospital Pedro Hispano,
except for the interval of time from neo-CRT to surgery (median: 10 vs 7 weeks; p < 0.001). A total of 101 (63.4%)
of the patients were male and 70 (36.6%) were female. The median age of the authors’ cohort was 62 years (range:
28-84 years). Most patients were diagnosed with clinical stage IIT discase (80.1%). The majority of patients were
treated with capecitabine (90.6%) and received a higher than 50-Gy dose of neoadjuvant radiotherapy (99.5%).
Altogether, 24 (12.6%) patients achieved pCR and 89 (46.6%) were categorized as good responders.

Table 2 shows the levels of pretreatment blood parameters and biochemical markers in the pCR versus non-pCR
and good response versus poor response groups. In general, lower serum levels of mean corpuscular volume, NLR
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ble 1. Baseline patient and tumor characterist

Variable Patients, n (%) pCR Response
Yes No p-value Good Poor p-value
Patient characteristics
Age, years’ 62(17) 62 (22) 62.5(17) 0.992 62 (18) 62 (18) 0.564
Sex 0.001 0.116
Male 121(63.4) 8 113 51 68
Female 70 (36.6) 16 54 38 32
Clinical presentation 0.221 0.385
Low risk 42(22) 13 51 68
High risk 79 (41.4) 16 54 38 32
Tumor features
Tumor length 0.008 0.022
=5cm 99 (51.8) 18 74 53 39
=5cm (47.6) 78 33 48
Tumor location 0.275 0.804
<=6cm 92 (48.2) 15 84 47 51
>6cm 83(43.5) 82 a2 48
Clinical T stage 0.019% 0.013%
T2 14(7.3) 5 9 1" 3
T3 138 (72.3) 19 119 62 74
T4 39(20.4) 39 16 23
Clinical N stage 0.052 0.104
N() 37(19.4) 1 36 13 24
N(+) 153 (80.1) 23 130 76 75
Mucinous histological type 2 (1.0) 4] 2 1.000 2 [ 0.223
Neoadjuvant treatment
Chemotherapy regimen 07919 0.6987
Incomplete 2(1) 0 2 0 2
Capecitabine 173 (90.6) 23 150 81 90
5-fluorouracil 10(5.2) 4] 10 6 4
Othert 6(3.1) 1 5 2 4
Radiation dose 50 Gy 190 (99.5)
CRT-surgery interval 118 (61.8) 15 103 0.938 51 67 0.200
<10 weeks’
Outcome
pCR . 24(12.6)
Good response® 89 (46.6)

T Continuous variables presented as median (interquartile range)

*Other chemotherapy regimens: XELOX {(capecitabine -+ oxaliplatin) and FOLFOX (leucovorin + S-fluorouracil + oxaliplatin).
§Good pathological response: Ryan TRG 1.

Y12 versus ¢T3-T4 and incomplete chemotherapy regimen versus complete.

c: Clinical; CRT: Chemoradiotherapy; N: Node; pCR: Pathological complete response; T: Tumor; TRG: Tumor regression grade.

and PLR were recorded in the non-pCR and poor response groups, whereas lower serum levels of neutrophils,
lymphocytes, platelets, carcinoembryonic antigen, SIT and PN index were observed in the pCR and good response
groups.

Analysis of predictors of non-pCR & poor response
Table 3 shows the predictive factors for non-pCR and poor response to neo-CRT. Variables with no statistical
or clinical significance in the draft analysis have been excluded. Univariate logistic regression analysis revealed
that male sex, tumor length >5 cm, clinical tumor stage >2 and higher white blood cell and absolute monocyte
counts were significant predictors of non-pCR, whereas multivariate logistic regression analysis showed that male
sex (OR: 5.288; 95% CI: 1.782-15.692; p = 0.003), tumor length >5 cm (OR: 3.488; 95% CI: 1.168-10.423;
p = 0.024) and clinical tumor stage >2 (OR: 6.188; 95% ClI: 1.421-26.948; p = 0.015) were significant predictors
of non-pCR.

With regard to poor pathological response, univariate analysis indicated that tumor length >5 cm, clinical
tumor stage >2 and high PN index were significant predictors. Multivariate logistic regression analysis revealed
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Table 2. Baseline biomarker levels (median and i between groups.
Variable Patients, n Response
Yes No p-value Good Poor p-value

Hemoglobin, g/dl 133 (2.2) 133(2.2) 133 (2.1) 0.641 133(1.8) 135 (2.1) 0713
MV, fl 88.5 (6.6) 89.6 (9.1) 88.5(6.2) 0.559 89.5 (6.8) 882 (6.3) 0.247
WBCs, 10%/1 7.62 (2.88) 6.48 (3.78) 7.90 (2.89) 0.034 7.74 (3.02) 7.66 (2.77) 0.529
Neutrophils, 10%/1  4.79 (2.19) 4.05 (1.88) 4.87 (2.19) 0.065 4.77 (2.36) 4.87 (2.24) 0.350
Lymphocytes, 10°/1  1.90 (0.80) 1.82 (0.60) 2.00 (0.90) 0.473 1.80 (0.70) 2.00 (0.90) 0.732
Monocytes, 10°/1  0.60 (0.33) 0.54 (0.28) 0.62 (0.34) 0.034 0.64 (0.33) 0.58 (0.32) 0.778
Platelets, 10%/1 235 (90) 230 (113) 236 (91) 0.200 230 (85) 240 (110) 0.197
Albumin, g/1* 416 (4.6) 419 (5.8) 416 (4.3) 0.473 407 (4.5) 42,0 (4.2) 0.142
CEA, ng/ml 4.14 (9.70) 2.50 (6.60) 4.45 (9.54) 0.022 3.00 (6.20) 4.69 (12.00) 0.004
NLR 2.45 (1.65) 2.46 (1.25) 2.43(1.71) 0.348 2.45 (1.45) 2.43 (1.73) 0.498
PLR 128 (75) 142 (64) 127 (79) 0.889 131(80) 127 (71) 0.539
LMR 3.25(1.88) 3.58(1.75) 3.19(1.95) 0.380 2,90 (1.76) 3.33(1.99) 0711
sl 612 (458) 567 (407) 612 (503) 0.149 586 (471) 612 (493) 0319
PNI 51.0(5.8) 51.8(6.1) 51.0(5.9) 1.000 50.4 (7.3) 51.2(5.2) 0.218
High PN index 33(17.3) 1(4.2) 32(19.2) 0.084 10(11.2) 23(23) 0.036

1Total of 40 missing cases (20.9% of the total sample).
CEA: Carcinoembryonic antigen; LMR: Lymphocyte-to-monocyte ratio; MCV: Mean corpuscular volume; NLR: Neutrophil-to-lymphocyte ratio; pCR: Pathological complete response; PLR:
Platelet-to-lymphocyte ratio; PN: Platelet-neutrophil; PNI: Prognostic nutritional index; SiI: Systemic immune-inflammation index; WBCs: White blood cells.

Table 3. Logistic regression analysis of significant predictors of pathological complete and good response to

neoadjuvant chemoradiotherapy in locally advanced rectal cancer.

pCR Good response

Variable Univariate, OR (95%  p-value Multivariate, OR p-value Univariate, OR (95%  p-value Multivariate, OR p-value

(«)] (95% Q1) ay (95% CI)
Age =60 0.711 (0.294-1.715) 0.447 0.926 (0.526-1.665) 1.643
Sex, male 4.185(1.687-10.382)  0.002 5.288 (1.782-15.692)  0.003 1.683 (0.874-2.868) 0.130 1.914 (0.988-3.670) 0.051
Tumor length =5 cm 3.795(1.340-10.742)  0.012 3.488 (1.168-10.423)  0.024 1.977 (1.078-3.624) 0.028 NS NS
T =2 4.620 (1.402-15.221)  0.012 6.188 (1.421-26.948) 0.015 4.560 (1.229-16.915)  0.023 6.980 (1.456-33.456)  0.015
N 0.157 (0.020-1.202) 0.075 0.222 (0.027-1.815) 0.160 0.535 (0.253-1.128) 0.100 NS NS
CRT-surgery interval 1.966 (0.399-2.336) 0.938 NS NS 0.765 (0.403-1.454) 0.414 NS NS
<10 weeks
High PN index 2.360 (1.054-5.283) 0.037 2.510 (1.036-6.081) 0.042
waCst 1.291 (1.026-1.624) 0.029 NS NS
Monocytes’ 11.226 (1.266-99.511) 0.030 NS NS

Clinical presentation, tumor location, pretreatment mucinous histological type, CRT regimen and blood parameters were NS in univariate and multivariate analysis. Scores for hemoglobin,
MCV, neutrophils, lymphocytes, platelets, albumin, CEA, NLR, PLR, LMR, SIl and PNI (measured as continuous and dichotomous variables using median as cutoff value) are not included.
TMeasured as continuous variables.

CEA: Carcinoembryonic antigen; cN: Clinical node; CRT: Chemoradiotherapy; cT: Clinical tumor; LMR: Lymphocyte-to-monocyte ratio; MCV: Mean corpuscular volume; NLR: Neutrophil-
to-lymphocyte ratio; NS: Nonsignificant; pCR: Pathological complete response; PLR: Platelet-to-lymphocyte ratio; PN: Platelet-neutrophil; PNI: Prognostic nutritional index; SII: Systemic
immune-inflammation index; WBCs: White blood cells.

that clinical tumor stage >2 (OR: 6.980; 95% CI: 1.456-33.456; p = 0.015) and PN index (OR: 2.510; 95% CI:
1.036-6.081; p = 0.042) correlated signiﬁcantly with poor response.

The authors further explored these results and calculated the positive and negative predictive values of PN index
in predicting poor response. For the whole sample, PN index had a positive predictivc value of 50.6% and a negative
predictive value of 69.7% for predicting poor response (p = 0.033). In patients with clinical stage III disease, PN
index showed a positive predictive value of 48.3% and a negative predictive value of 71.9% (p = 0.038).

In the survival analysis, 44 patients died, with a median CSS of 32 months, whereas 121 patients were alive at
last follow-up, with a median follow-up time of 54 months. Regarding DFS, 61 patients had progression of disease
(13 locoregional and 48 systemic disease) at a median of 17 months, and 130 patients who did not progress had a
median follow-up of 49.0 months.
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Figure 1. Kaplan-Meier cancer-specific and disease-free survival curves in months for patients with complete and
incomplete and good and poor treatment response.

The Kaplan—Meier survival analysis demonstrated no significant differences in DFS or CSS with regard to the
PN index groups (log-rank p = 0.298 and 0.166, respectively). The pCR patients had better DFS than incomplete
pathological response, but no difference was noted with regard to CSS (log—rank p=0.015 and 0.097, rcspcctive[y).
DFS and CSS of patients with a good response were significantly better than those of patients with a poor response
(log-rank p = 0.018 and 0.020, respectively). These results are shown in Figure 1.

Discussion

The clinical records of 191 patients were retrospectively reviewed and demonstrated that 24 (12.6%) patients
achieved pCR and 89 (46.6%) had a good response. The only blood biomarker that predicted poor response was
PN index. No other blood marker was able to predict complete pathological response.

The two main outcomes in the authors” study were pCR and good response, both of which have previously
been shown to be correlated with better overall survival and DFS in digestive cancer patients [36,357]. Good response
was also associated with better CSS and DFS in the authors’ series, and pCR was associated with better DFS. A
pCR rate of 12.6% is reported in this study, although in some studies it can go up to 38% [38]. This fact can
be explained by the more common use of other chemotherapy regimens (5-fluorouracil or the addition of other
drugs to capecitabine), administration of induction or consolidation therapy or higher intervals of time between
neoadjuvant treatment and surgery than those seen in the authors’ series. The identification of patients with poor
response could allow us to improve both quality of care and survival by tailoring therapies, such as higher-dose
neo-CRT, total neoadjuvant therapy and longer intervals between neo-CRT and surgery, in specific patients (39,40].
A recent meta-analysis of predictive factors for pathological response to neoadjuvant chemoradiation in rectal
cancer established that there is currently a lack of robust clinical or radiological biomarkers for such a response 411.
Molecular profiling could be a promising tool in the future, but this is currently unavailable in most practices.
Accurate blood biomarkers might be an inexpensive and pragmatic approach to treatment response prediction.

An increased inflammatory response is closely associated with both progression of tumors and poor prognosis in
numerous cancers [42]. A plethora of inflammatory scores, including SII, LMR, PLR and NLR, have been shown
to be independent prognostic factors in rectal cancer patients treated with neo-CRT [27,28,43]. With regard to their
role in predicting response to neo-CRT; a recent systematic review and meta-analysis demonstrated an increased
likelihood of pCR in patients with low NLR [44], whereas another study revealed elevated PLR to be a significant
predictor of poor pathological response in rectal cancer patients following neo-CRT |45 However, only a few
authors have studied several of these markers simultaneously (33,43]. Li ez a/. reported that low pretreatment LMR
and high NLR and PLR were related to poor response after neo-CRT in patients with LARC [33]. However, Kim
et al. found that pretreatment NLR, PLR and LMR were unable to distinguish total regression from residual disease
after neo-CRT (45]. These results demonstrate that data correlation between tumor responsiveness and inﬂammatory
markers is limited and inconsistent [29,43,46].

The results of the authors’ study similarly showed that most of the previously described scores, including NLR,
PLR, LMR, SII and prognostic nutritional index, were unable to predict responsiveness to neo-CRT in LARC
patients. This could be due to the small size of the sample or other confounding factors, but the authors also need
to point out the potential impact of publication bias favoring positive results in other studies of this nature. In the
authors’ study, only high pretreatment PN index was associated with poorer pathological response after neo-CRT,
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mainly in patients with clinical stage III disease. Similar to the literature reporting pathological stage as a main
prognostic factor and treatment response determinant, the authors found clinical tumor stage to be significant for
treatment response. Patients diagnosed with earlier tumor stage disease were more likely to respond completely to
treatment than those diagnosed with advanced disease (p = 0.015). In clinical practice, a patient with pretreatment
platelet count higher than 350 x 10”/1 or neutrophil count higher than 7.5 x 10%/1 could thus be considered
for more aggressive neoadjuvant approaches, as described earlier, although more studies are needed to confirm this
result. A study by Policicchio ez @/. is in agreement with the authors’ study, in that PN index at the time of diagnosis
had predictive value (p = 0.039) in 112 patients with respect to complete pathological response to neoadjuvant
treatment for LARC (30]. In the authors’ study, PN index showed reasonable predictive values for poor response to
neo-CRT, with a higher negative predictive value, implying that it could be more important for excluding discase
and therefore predict good responders. Hence, PN index could be a useful marker in the future for selecting patients
for "watch and wait’ approaches, although its value in evaluating pCR could not be tested in this study because of
the low rate of pCR, and larger randomized studies are needed to validate these results.

Several mechanisms relate neutrophils and platelets to cancer promotion. Neutrophils produce a nonspecific
inflammatory environment in tumors that favors protumorigenic signaling pathways (47] and are also the source of
networks of neutrophil-derived DNA expelled in the circulation. Although neutrophils have a physiological role
in fighting microbial infections, they have also been observed in some cancers and may be associated with worse
prognosis [48). Several studies also associate neutrophilia with more aggressive and more advanced cancers [49].

With regard to platelets, when entering the tumor microenvironment, they may exchange information with
tumor cells and become so-called tumor-educated platelets. Tumor-educated platelets have been observed in the
blood of patients with several different types of cancer, and DNA derived from them can be used to discriminate
between patients with cancer and healthy controls with high accuracy (s0). Platelets have also been shown to induce
changes that result in a loss of adhesion proteins such as E-cadherin 51]. A third mechanism relates to the fact that
platelets contain alpha and dense granules that secrete growth factors such as TGF-8, EGE PDGFE, HGFE, VEGE,
PF-4 and IL-6. Some of these factors contribute to activating signaling pathways that promote malignancy, and
some exert effects that promote angiogenesis. IL-6 plays an additional role in inducing liver thrombnpoictin [521,
which promotes the thrombocytosis often associated with solid cancers.

An interesting finding of this study is the fact that neutrophils and platelets had no individual impact on
chemotherapy response, whereas their simultaneous elevation in the bloodstream predicted poorer response. The
authors hypothesize that there might be an interaction between neutrophils and platelets that plays a role in
the response to neoadjuvant treatment. Neutrophil extracellular traps (NETs), a product of this interaction, were
described a decade ago. NETs are formed when activated neutrophils externalize their chromatin and granular
content and form a meshwork of DNA strands. Platelets have been found to play an essential role as inducers
of intravascular NETS in response to lipopolysaccharides. Conversely, NETs provide a strong activation signal for
platelets as a result of externalized DNA and associated histones, promoting platelet aggregation and thrombosis (53]
NETs are initiated and maintained by the action of several binding proteins, including the binding of platelet P-
selectin to neutrophil P-selectin glycoprotein ligand-1 and the binding of platelet glycoprotein Iba to MAC-1 [54].

NETs have been described as directly contributing to malignant progression by sequestration of tumor cells in
the circulation of mice with cancer and therefore have been shown to promote metastasis. They have also been
detected in individuals with cancer. Agents blocking the formation of NETs or promoting NET dissolution could
play a future role in the treatment of these patients [53). However, the authors found no studies on the potential
role of NETs in cancer response to chemotherapy; hence, future studies should begin addressing this issue.

Additionally, some tumor tissue factors were found in the literature to be important factors in predicting
the response to neoadjuvant therapy in rectal cancer. Studies have shown mucinous adenocarcinoma to be an
indcpcndcnt clinical predictor of not achieving pCR [s5]. A]though the authors found 13 (6.8%) mucinous
adenocarcinomas in the final histology of this analysis, only two were diagnosed preoperatively, and this factor did
not stand out in this study as an independent factor for predicting incomplete response. This could be due to small
or unrepresentative pretreatment biopsy sampling or possibly to lack of reporting. Moghani ez a/. showed a strong
correlation between pathological stage and large numbers of infiltrating lymphocytes and pCR as well as perineural
invasion and lymphovascular invasion and poor response [56]. Because of its retrospective nature, and similar to
most of the studies evaluating pretreatment blood biomarkers as predictors of response to neo-CRT in LARC, some
factors were not taken into account in this study. Although tumor tissue samples might not be representative of the
entire tumor tissue, these factors should be taken into account in future studies.
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The strengths of this study are that it was conducted at two institutions and included only patients with complete
medical records. In addition, most of the important blood biomarkers and scores described in the literature were
studied. One limitation of this study is its retrospective nature, which introduces the potential for unmeasured
biases. This analysis incorporated a relatively small cohort from only two centers and the rate of one of the outcomes
(pCR) was fairly low, so a larger sample is required to make the predictor analysis more reliable; therefore, these
results have to be interpreted with caution and cannot be generalized. Another limitation is the fact that, except for
mucinous types, histopathological parameters of the tumor biopsy sample were not incorporated into the analysis. A
larger, multi-institutional, prospective validation of these results is needed to fully determine the utility of routine
blood parameters as predictive factors of response to neo-CRT in LARC.

Conclusion

A high pretreatment PN index might help to predict poor response after neo-CRT in rectal cancer patients,
whereas other hematological scores do not seem useful in predicting outcomes. Validation of these results in larger
prospective patient populations and further research on inexpensive and practical biomarkers could help personalize
the management of patients with LARC.

Sum points

¢ In recent years, blood biomarkers have become attractive as predictors of pathological response to neoadjuvant
chemoradiotherapy in patients with locally advanced rectal cancer (LARC).

These markers are easy to collect, relatively inexpensive, reflect information on different aspects of tumor biology
and can be accurately measured by standardized methods.

The predictive value of blood biomarkers remains inconsistent across studies.

The authors performed an analysis of 191 patients with LARC who underwent long-course neoadjuvant
chemoradiotherapy and evaluated for predictors of pathological complete and good response.

The following biomarkers were studied: carcinoembryonic antigen, mean corpuscular volume,
neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ratio, lymphocyte-to-monocyte ratio, systemic
immune-inflammation index, prognostic nutritional index and platelet-neutrophil (PN) index.

A high PN index (p = 0.042) and clinical tumor stage =2 (p = 0.015) were predictors of poor response. None of the
analyzed biomarkers predicted pathological complete response in this study.

PN index predicts poor response reasonably well, mainly in clinical stage Il disease.

A high PN index prior to neoadjuvant chemoradiotherapy could help predict poorer pathological response in
patients with LARC, whereas no other blood biomarker was shown in this study to predict incomplete or poor
response.

Validation of these results in larger prospective patient populations is warranted to help personalize the
management of patients with LARC.
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Abstract

Introduction: In locally advanced rectal cancers (LARC), TNM staging is far from optimal. We aimed to
investigate the value of previously described circulating biomarkers as predictors of prognosis.

Methods: Retrospective analysis of 245 LARC patients diagnosed between January 2010 and December
2022, who underwent neoadjuvant chemoradiotherapy and surgery at two centers. A Cox regression and
Kaplan-Meier analysis were performed.

Results: Posttreatment platelet-to-lymphocyte ratio (PLR) predicted pCR. The neutrophil-to-lymphocyte
ratio (NLR) at two timepoints of the treatment significantly predicted overall survival, whereas the platelet-
neutrophil (PN) index significantly predicted disease-free survival. In pathological stage II, the PN index
predicted patients with a higher risk of disease-free survival.

Conclusion: Blood parameters might allow the definition of risk subgroups, beyond TNM, for the

application of different therapeutic strategies.
Keywords
neoadjuvant chemoradiotherapy, neutrophil-to-lymphocyte ratio, pathological response, personalized medicine, platelet-neutrophil

index, platelet-to-lymphocyte ratio, prognosis, rectal cancer
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Introduction

Colorectal cancer (CRC) is one of the most common and deadly cancers worldwide !. Nowadays,
the standard treatment for locally advanced rectal cancer (LARC) is neoadjuvant chemoradiotherapy
(nCRT) and radical surgery including total mesorectal excision 2. Nevertheless, due to the divergence of
treatment response in LARC patients, systemic recurrence remains the main cause of treatment failure 3.
Thus, it is crucial to improve the prediction of tumor recurrence, stratification, and prognostication of these
patients.

The tumor node metastasis (TNM) staging is accepted as the most powerful prognostic indicator *.
Nevertheless, TNM staging is not completely accurate, as patients with the same stage tumor may present
different clinical outcomes °. Therefore, other parameters have been considered for subtyping tumors, for
example, those included in the Consensus Molecular Subgroups 6, such as microsatellite instability,
hypermethylation, immune cell infiltrates, immune checkpoints, expression of certain gene pathways and
metabolic dysregulation or expression of factors derived from mesenchymal-regulating angiogenesis and
stromal invasion.

Inflammation is considered to be involved in tumor progression 7 and increasing evidence has shown
the correlation of blood inflammatory parameters with worse prognosis of cancers 8. Blood circulating
biomarkers have become appealing predictors of clinical outcomes, because they are relatively inexpensive
and reflect information on several aspects of tumor biology. Either the solitary or combined use of
neutrophils, lymphocytes, monocytes, platelets, C-reactive protein (CRP), albumin, and mean corpuscular
volume (MCV) have been associated with CRC survival ®'7. However, the prognostic implication of
combined ratios or scores has not been extensively evaluated in patients with LARC treated with nCRT and
there is a heterogeneity of results among multiple studies.

Therefore, this study aimed to investigate the clinical significance of several blood parameter

scores, either at baseline or after nCRT, as prognostic predictors in patients with LARC.
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Methods

Patients

This cohort study was a retrospective analysis of consecutive rectal cancer patients diagnosed in two
hospitals between January 2010 and December 2022. This study was performed in line with STROCSS
criteria '*. Inclusion criteria comprised patients diagnosed pathologically with rectal adenocarcinomas,
located within 12cm from the anal verge (measured by MRI), clinically staged T3-4 and/or N+ and treated
with neoadjuvant chemoradiotherapy (nCRT) followed by radical surgery. Exclusion criteria were evidence
of distant metastasis at diagnosis, emergent or palliative surgery, local excision or “watch and wait™
approach and evidence of inflammatory or hematological disorders. The study was approved by the Ethics

Committees of both hospitals.

Treatment and Pathologic evaluation

The patients were clinically staged by magnetic resonance imaging. Patients received either one of
two neoadjuvant treatment regimens, according to multidisciplinary team decision, taking into account
patient and tumor features, and point in time of treatment proposal. The standard neoadjuvant
chemoradiotherapy consisted of the administration of a dose of 50.4 Gy of radiotherapy concurrent with
capecitabine or 5-fluorouracil (5-FU). The most recent treatment consisted of short-course radiotherapy,
with 25 Gy administered over 1 week and followed by neoadjuvant chemotherapy with combinations of 5-
fluorouracil and folinic acid or capecitabine, plus oxaliplatin (TNT).

Surgery with total mesorectal excision was scheduled for 6™-12% weeks after completion of nCRT.
Adjuvant chemotherapy was recommended selectively to patients for a period of 4-6 months.

The histopathologic examination was performed according to the classification set by the American
Joint Committee on Cancer . pCR (pathological complete response) was defined as the absence of any
tumor cells at the microscopic examination of the resected specimen on the final pathology 2. All

clinicopathological data were retrieved from medical records and summarized in tables.

Follow-up

The frequency of regular outpatient consultations was once every 3 months within 2 years after

curative surgery and once every 6 months in the third to fifth years. The follow-up included regular blood
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tests, CEA (carcinoembryonic antigen), CA19-9 (carbohydrate antigen 19-9), and chest and
abdominopelvic computerized tomography. Also, a colonoscopy was recommended for patients in the first,

third, and fifth years of follow-up.

Blood markers and inflammatory scores

Pretreatment blood samples were obtained within 2 weeks before nCRT and posttreatment were
obtained before surgery. The blood parameters recorded were hemoglobin, MCV, white blood cell count,
absolute counts of neutrophils, lymphocytes and monocytes, platelets, albumin, and CEA.

Next, the most used inflammatory scores in the literature were calculated.

NLR (neutrophil-to-lymphocyte ratio) = neutrophil count / lymphocyte count

PLR (platelet-to-lymphocyte ratio) = platelet count / lymphocyte count

LMR (lymphocyte-to-monocyte ratio) = lymphocyte count / monocyte count

SII (systemic immune-inflammation index) = platelet count x neutrophil count / lymphocyte count

PN (platelet/neutrophil) index: high and low strata groups of pretreatment platelet and neutrophil
counts. The high PN index group was defined as having at least one pretreatment platelet or neutrophil
count above its respective threshold (350 x 10°/L for platelets and 7.5 x 10%L for neutrophils).

Receiver operating characteristic (ROC) curve analysis was performed to analyze the area under the

curve (AUC) and assess the scores’ optimal cut-off values.

Statistical analysis

The data were analyzed using SPSS 26.0 software (IBM Corporation, NY, USA).
Clinicopathological characteristics between groups were primarily evaluated using the Chi-square test,
Student #-test, paired samples t-test, or Mann-Whitney U test, where appropriate. Logistic regression was
performed to evaluate predictors of pCR. Overall survival (OS) was calculated as the time from diagnosis
to death or last follow-up. Disease-free survival (DFS) was defined as the time from diagnosis until tumor
recurrence or last follow-up. Univariable and multivariable analyses (Cox regression model) were used to
assess risk factors of the outcomes. Survival outcomes were analyzed by the Kaplan-Meier method and
comparisons were assessed by the log-rank test. A two-sided p < 0.05 was considered statistically

significant.
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Patient characteristics

A total of 245 patients were included in our analysis, 200 (81.6%) from one center and 45 (18.4%) from
another. There were few significant differences between the clinicopathologic features of patients from
both hospitals, except for the Charlson score, clinical T stage and interval of time between neoadjuvant
treatment and surgery. The clinicopathological features of all patients are shown in Table 1. There were
151 (61.6%) males and 94 (38.4%) females, with 61 + 12 years on average. Most patients had clinical stage
III disease (80.4%) and the majority received nCRT (89.4%), with only 8.2% receiving TNT regimen. Most
patients had a stoma performed (91.8%). Of the only 19 patients submitted to anterior rectal resection
without a stoma, only 4 presented a leak. The pCR rate was 14.7%. There were 42 missing cases for
circumferential rectal margin, 22 for distal rectal margin and mesorectal complete excision was only
available in 48.9% of the patients, and therefore we decided to not include this variable in the Cox
regression analysis.

The medians (range) of blood markers values are also presented in Table 1. Post-treatment CEA was not
available in most patients, so we decided not to include it. Forty-two (18.4%) patients and 32 (13.1%) had
a high PN index pre and posttreatment, respectively. The median pretreatment NLR, PLR, LMR and SII
levels were 2.47(0.68-10.79), 128.0 (16.5-801.22), 3.33 (0.40-14.14) and 612 (102.5-7090.8), respectively.
The median posttreatment NLR, PLR, LMR and SII levels were 4.50 (0.39-56.67), 257.1 (27.4-969), 1.73
(0.34-9.42) and 926 (98.2-20456), respectively. A paired samples t-test was used to evaluate the difference
between means of pre and posttreatment blood markers and scores and in all the difference in means was

statistically significant.

Predictive and prognostic value of circulating blood parameters

A logistic regression was performed to evaluate predictors of pCR, shown in Table 2. On
multivariable analysis, male gender (OR 4.731, p<0.001) and higher tumor length (OR 1.402; p=0.010)
were predictors of incomplete response. Furthermore, post-nCRT PLR also appeared as an independent

factor of non-pCR (OR 1.005 (10.001-1.009, p=0.008). We performed a ROC curve for its value on pCR
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and obtained an AUC of 0.616, p=0.033, with a value of PLR of 230 corresponding to a sensitivity of 60%
and specificity of 57.6% (Figure 1).

The median follow-up was 4 years (ranging from 0-11). The 3-year OS was 81.7% and DFS was
69.5%. These lowered to 69.9% and 65.6% at 5 years mark, respectively. Fourteen patients (5.7%)
presented loco-regional recurrence and 63 patients (25.7%) recurred with distant metastasis. According to
pathological response, 5-year OS was 81.0% for pCR compared to 68.3% for non-pCR patients (p=0.080),
and 5-year DFS was 91.7% and 61.6%, respectively (p=0.004).

Table 3 shows the analysis for predictors of prognosis. Multivariable analysis revealed that greater
longitudinal dimensions of the tumor, pathological stage III, vascular invasion, absence of adjuvant
chemotherapy higher and pre-nCRT CEA were significantly associated with mortality. Furthermore, higher
pre- and post-nCRT NLR led to a worse prognosis.

As for DFS, greater tumor dimensions, APR patients, pathological stage III, perineural invasion, and
higher CRM were associated with more recurrences. Also, higher PN index was an independent factor of
recurrence, mainly for loco-regional recurrence (HR 6.909, p<0.018), as no statistical significance was
achieved for distance metastasis. The analysis of other circulating parameters and prevalent scores in
literature, showed that they were not independent predictive factors of prognosis in this analysis.

Finally, a Kaplan-Meier survival analysis was performed to study the impact of the factors found to
be significant predictors of survival in the previous analysis, in subtyping LARC patients. These were
studied by ROC curve analysis, to find the most accurate cut-off value for prediction of these outcomes. A
high pre-nCRT NLR value was considered above 2.5 and a high post-nCRT NLR value above 4 for OS.
Patients with affected resection margins (30 patients, 12.2%) were excluded from this analysis. Although
results for pre-nCRT were non-significant, we found subgroups of different prognoses for post-nCRT NLR
(p=0.041). Moreover, the post-nCRT PN index was able to differentiate two subgroups with different

disease-free survival (p=0.014), even inside pathological stage IT (p<0.001) (Figure 2).
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Discussion

In this study, we found that pre- and post-nCRT NLR were independent factors of OS and that post-
treatment PN index was an independent factor of DFS in LARC patients. This was one of the few studies
to investigate and evidence the value of several scores at different timepoints in the prognosis of LARC
patients. However, other parameters well described in the literature, such as PLR, LMR and SII could not
achieve significance in this study. Also, pCR was previously correlated with better prognosis 2!. In our
analysis, although not an independent factor, it has shown some impact on survival. A lower post-nCRT
PLR was independently associated with pCR, although with moderate accuracy. This association has been
observed previously: one study® has shown that high pre-nCRT platelet levels, changes in platelet levels
and post-nCRT PLR were associated with worse pathological response, whereas another report”> showed
that high intra-nCRT and high PLR change rate were predictive of pCR.

The host systemic response plays a significant role in cancer development and progression ’. Here,
we have found an association between worse OS and NLR, an integrated index based on peripheral
neutrophil and lymphocytes. The value of NLR in the prognosis of rectal cancer has been extensively
described previously , although these results should be read with caution, since a large-scale study of 1237
patients could not confirm the prognostic or predictive value of NLR or PLR?. Nevertheless, in our study,
this score performed better than other scores described in the literature, such as PLR, LMR and SII *¢.
Regarding disease-free survival, post-nCRT PN index, a composite index of platelets and neutrophils,
proved to have an impact on our study. These scores allowed the definition of subgroups of risk as shown
by the Kaplan-Meier method. Also, inside pathological stage II, in which treatment is still controversial,
we could here define further subgroups of disease-free survival, using the PN index. Patients in pathological
stage II were proposed to adjuvant CT mainly taking into account pT stage and co-morbidities (Charlson
score). The definition of subgroups of prognosis in these patients could help individualize treatment and
potentially alter their strategy.

Neutrophils secrete cytokines and chemokines that play an important role in cancer progression 27
and neutrophilia have been shown to predict inferior outcomes in rectal cancer 2. Lymphopenia is also
commonly present in these tumors and might help tumor cells escape immune surveillance and prevent
damage by cytotoxic T cells 2. Thus, a high NLR level reflects alterations in the cancer microenvironment

that favor cancer initiation and progression. High NLR has been previously associated with a worse
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response to nCRT 3°3!, which could help explain why it might be associated with a worse prognosis.
Platelets are thought to be involved in tumor progression by regulating neo-angiogenesis and by aiding
circulating tumor cells to escape immune surveillance *>*. Several meta-analyses have confirmed that a
high NLR and high PLR are significant prognostic factors for poor outcomes in LARC ****. PN index, an
index of neutrophils and platelets, present in the previous scores mentioned, could also have an impact in
the prediction of DFS, although this association has not been reported before and deserves further
consideration.

To improve DFS and OS and optimize the treatment of patients with LARC, new approaches to
treatment and staging are emerging. Several trials studied “total neoadjuvant therapy” (TNT), in which
systemic induction chemotherapy precedes nCRT and surgical resection. In the recent RAPIDO trial *, the
experimental TNT group increased the rate of pCR and decreased the rate of distant metastases, compared
to the conventional approach. On the other hand, some studies have shown that an “immunoscore” 7,
calculated with counts of CD8+ or FoxP3+ regulatory T-cells, outperformed the traditional TNM staging
in predicting outcomes in CCR 3% and a plethora of immune checkpoint inhibitors and other
immunotherapies are emerging 3°. Therefore, it seems relevant to assess the impact of inflammatory
markers in the subtyping of disease, to select the best strategy for each patient.

There are some limitations to our research. This study was a retrospective analysis with a relatively
small sample that included two different neoadjuvant chemoradiation regimens. However, two hospital
populations are represented and the results of blood parameters collected in 2 timepoints are presented. In
addition, we report that patients with inflammatory or hematological conditions were excluded, but patients
with other chronic diseases (such as cardiomyopathy, heart diseases, kidney disease and peripheral arterial
disease) were included in order to maintain a substantial sample, although we understand these pathologies
could affect the inflammatory condition of the patient and be a confounding variable. Still, the Charlson
score, composed by these comorbidities, was analyzed in this study and did not have an independent impact
on the outcomes. Also, CRP, albumin and post-nCRT CEA, which has shown prognostic implications in
literature, were not routinely examined in both centers and there is a lack of clearly defined cut-off value
for inflammatory markers in the literature. Nevertheless, our study adds to the understanding of the
prognostic implication of circulating blood parameters in patients with LARC after nCRT, due its long

follow-up and evaluation of several baseline parameters. Patients with high NLR in two timepoints and
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post treatment PN index might correspond to higher risk groups of stratification and could be proposed for

a closer follow-up and more aggressive treatment than those with lower values.

Conclusion
Measurement of circulating parameters in different timepoints across neoadjuvant treatment might
enable tailored strategies and prognostication, and consequently improve survival outcomes in LARC

patients. However, these results require further validation in larger prospective populations.
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Table 1. Clinicopathological features

Parameters Values
Parameters Values
Patient characteristics Histopathological features
Gender
Histological stage
Male 151 (61.6%) I & & 179 (73.1%)
Female 94 (38.4%) o 66 (26.9%)
Age, years 61 =12 Grad ==
Charlson score ral ¢ 20 (8.2%)
A 270,
0-1 116 (47.3%) 2 157 (64.1%)
>2 129 (52.7%) 3 2 (0.8%)
BO‘i)’”’SJlaSS index 100 (40.8%) Vascular invasion 72 (29.4%)
s 126 (51.4%) Perineural invasion 59 (24.1%)

Margins
Tumor features RO 214 (87.3%)
S— — R1-2 30 (12.2%)
Dimensions (longitudinal) CRM. cm 1 (0-10)
<5em 129 (52.7%) DRM, cm 3.5 (0-33.5)
N o 5 > 5
= Scm 99 (40.4%) Mesorectal complete 59 (24.1%)
Clinical stage excision
0,
I 48 (19.6%) Pathologic regression grade
g 196 (80.4%) (Ryan %)
Treatment 1 107 (43.7%)
2-3 125 (51.1%)
Neoadjuvant chemotherapy pCR 26 (14.7%)
Capecitabine / 5-FU 219 (89.4%)
TNT 20 (8.2%) Baseline and post-nCRT blood parameters
Interval neoadjuvant 10 (3-51) CEA (ng/dL) 317 (050359
treatment to surgery, weeks Hemoglobin (z/dL) B35(73173)3 127 (79-162)
Surgery . . 0 MCV (fL) 893 (64-110) > 91.9 (43-106)
A“izgl‘l"site:;:“o“ iz; Egz'g ;’; Leucocytes (x10°9/L) | 7.88 (32-185) > 552 (195-26)
3 0
ino-peri 0 Neutrophils (x10°9/L) 4.92 (1.80-11.9) 3.9 (0.5-25)
amglbt:toil(];lmo i 78 (31.4%) Lymphocytes (x1079/L) | 2.00(0.40-580) 083 (03-9)
Approach Monocytes (x10°9/L) 0.60 (0.21-1-44) 2 0.5 (0.18-5.8)
Open 112 (45.7%) Platelets (x10"9/L) 243 (66-719) > 212 (40-632)
Lagaroscopic' 133 (54.3%) Outcomes
Total postoperative 58 (23.7%)
complications Follow-up, years 4 (0-11)
3-year OS 81.7%
Intra-abdominal 25(10.2%) 3-year DFS 69.5%
complications (leaks, 5-year OS 69.9%
abscesses) S-year DFS 65.6%
Adjuvant chemotherapy 142 (58.0%) Loco-regional recurrence | 14 (5.7%)
Systemic recurrence 63 (25.7%)

Values are presented as n (%), mean +/- s.d. or median
(range). BMI, body mass index; CRM, circumferential
resection margin; DRM, distal resection margin; pCR,
complete pathological response; nCRT, neoadjuvant
chemoradiotherapy; CEA, carcinoembryonic antigen;
MCV, mean corpuscular volume; OS, overall survival;
DFS, disease-free survival.
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RESULTS

Table 2. Logistic regression analysis of significant predictors of pCR to nCRT in LARC

PCR (Odds Ratio and 95% CI; p value)
Variable Univariable P Multivariable P
Age 0.995 (0.965-1.025) 0.723
Gender 3.439 (1.644-7.192) 0.001 | 4.731 (1.986-11.271) >0.001
(male)
Tumor length | 1.357 (1.104-1.668) 0.004 | 1.402 (1.085-1.811) 0.010
cT (>2) 0.279 (0.088-0.887) 0.031 - -
cN (+) 3.037 (0.890-10.360) 0.076 2.860 (0.741-11.045) 0,127
Interval 1.015 (0.940-1.095) 0712 | - -
nCRT-surg
Post-nCRT 1.004 (1.001-1.007) 0.021 | 1.005 (1.001-1.009) 0.008
PLR

nCRT, neoadjuvant chemoradiotherapy; LARC, locally advanced rectal cancer; pCR, pathological
complete response; CI, confidence mterval; PLR, platelet-lymphocyte ratio.

Significant in univariable but not evidenced in the final model: post-nCRT NLR, post-nCRT SII.
Non-significant in univariable or multivariable analysis: tumor location, CRT regimen, blood
parameters and scores not included in the table: hemoglobin, MCV, CEA, LMR, pre-nCRT NLR,
PLR and SIL

Figure 1. ROC curve of value of post-nCRT PLR for prediction of pCR
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Table 3. Univariable and multivariable analysis (Cox Regression) of predictors of overall

survival and disease-free survival

RESULTS

OS (HR and 95% CI; p value) DFS (HR and 95% CI; p value)

Variable Univariable P Multivariable P Univariable ¥4 Multivariable ¥4

Gender: 0.922 (0.575-1.479) 0.736 0.753 (0.467-1.216) | 0.247

Male

Age 0.999 (0.979-1.020) 0.938 0.983 (0.964-1.002) | 0.074

Charlson 1.035 (0.905-1.184) 0.613 - - 0.949 (0.824-1.093) | 0.465

BMI 0.933 (0.880-0.988) 0.018 - - 0.980 (0.931-1.033) | 0.454

Clinical 0.882 (0.521-1.491) 0.638 - - 0.713 (0.423-1.200) | 0.202 - -

stage IIT

Dimensions | 1.004 (0.898-1.123) 0.944 0,842 (0,716- 0.039 0.969 (0.865-1.086) | 0.592 0,819 (0,718- 0.003
0.991) 0,935)

Interval 1.022 (0.982-1.065) 0.283 - - 0.991 (0.944-1.040) | 0.711 - -

treatment

surgery

(weeks)

Surgery 1.435 (0.906-2.271) 0.124 - - 1.956 (1.246-3.072) | 0.004 2.518 (1.406- 0.002

APR 4.511)

Surgical 1.277 (0.779-2.092) 0.333 1.252(0.754-2.079) | 0.384

morbidity

Pathological | 3.172 (2.007-5.012) <0.001 4.763 (2.092- <0.008 | 3.114 (1.980-4.897) | <0.001 2.584 (1.440- 0.001

stage IIT 10.846) 4.636)

Vascular 2.708 (1.715-4.276) <0.001 2.419 (1.162- 0.018 3.615 (2.272-5.753) | <0,001 - -

invasion 5.034)

Perineural 3.270 (2.055-5.202) <0.001 - - 3.582 (2.253-5.692) | <0.001 2.400 (1.299- 0.005

invasion 4.437)

R>1 4.066 (2.387-6.927) <0.001 - - 2.357 (1.334-4.165) | 0.003 - -

Non-pCR 2.201 (0.887-5.457) 0.089 - - 4.559 (1.437- 0.010 - -

14.466)
CRM 0.698 (0.556-0.909) 0.008 - - 0.878 (0.707-1.089) | 0.237 1.216 (1.035- 0.017
1.428)

DRM 1.006 (0.956-1.059) 0.806 - - 1.033 (0.998-1.070) | 0.068 - -

No adjuvant | 1.338 (0.836-3.267) 0.238 3.239 (1.530- 0.002 1.128 (0.700-1.816) | 0.621 - -

CT 6.855)

Pre-nCRT 1.006 (1.002-1.010) 0.003 1.010 (1.004- <0.001 1.008 (0.991-1.024) | 0.367

CEA 1.016)

Pre-nCRT 1.178 (1.019-1.361) 0.027 1.298 (1.032- 0.026

NLR 1.632)

Post-nCRT 1.036 (1.003-1.070) 0.033 1.058 (1.008- 0.022

NLR 1.111)

Post-nCRT 2.240 (1.289-3.894) | 0.004 2.967 (1.470- 0.002

PN index 5.991)

All remaining clinical data, such as nCRT regimen, blood palametels and scores studied in this work were not mdependent predictive factors of prognosis in

this analysis. We did not include the parameter i as about half of the patients had mnssmg cases of these parameters.

BMI, body mass index; APR, abdominal-perineal resection; pCR thol CRM; ferential resection margin; DRM, distal

resection margin; CT, chemotherapy; nCRT, neoadjuvant chemorachothelapy CEA, carcmoembryomc antlgen NLR, neutrophil-to-lymphocyte ratio; PN index,

platelet-neutrophil index; OS, overall survival; DFS, disease-free survival; HR, hazard ratio; CI, confidence interval.
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RESULTS

Figure 2. Kaplan-Meier curves for overall survival and disease-free survival stratified

by the scores retrieved from multivariable analysis (after R1-2 patients excluded)
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Background: The management of locally advanced rectal cancer (LARC) requires a multidisciplinary
approach, with an increasing interest for non-operative strategies. Liquid biopsy for obtaining circulating
tumor DNA (ctDNA) can provide information on neoadjuvant chemoradiotherapy (nCRT) pathological
response and cancer-specific prognosis, and therefore might be a promising guide for these treatments.
Methods: A systematic review of the studies available in literature has been performed to assess the role
of ctDNA as a predictive and prognostic biomarker in LARC patients.
Results: We retrieved 21 publications, of which 17 full-text articles and 4 abstracts. Results have been
labelled into two groups: predictive and prognostic. Data about the usefulness of liquid biopsy in this
setting is still inconclusive. However, baseline higher levels of longer fragments of cell-free DNA and
integrity index, tumor-specific mutations and certain methylated genes could predict non-responders.
Also, undetectable baseline ctDNA and decrease of common rectal cancer mutations throughout treat-
ment (dynamic monitoring) were predictive factors of pathological complete response. The continuous
detection of ctDNA in different timepoints of treatment (minimal residual disease) was consistently
associated with worse prognosis.
Conclusions: ctDNA is a promising biomarker that could assist predicting treatment response to nCRT
and prognosis in patients with LARC. The ideal methods and timings for the liquid biopsy still have to be
defined.

© 2021 Elsevier Ltd, BASO ~ The Association for Cancer Surgery, and the European Society of Surgical

Oncology. All rights reserved.

Keywords:

Rectal cancer
Chemoradiotherapy
Liquid biopsy
Circulating-tumor DNA

1. Background such as treatment compliance, acute and chronic toxicity, tumor

downstaging, sphincter preservation, local recurrence rates, and

Colorectal cancer is one of the most frequent cancers world-
wide, with 1.88 million new cases and 0.92 new deaths reported in
2020 [1]. Rectal cancer accounts for about 25—-30% of all colorectal
cancers [2]. Locally advanced rectal cancer (LARC) patients are
currently treated with a trimodality approach comprising neo-
adjuvant chemoradiation therapy (nCRT) and surgery with total
mesorectal excision followed by adjuvant chemotherapy, when
recommended. This combination of treatment is established by
many randomized clinical trials as superior for several endpoints,

* Corresponding author. Surgery Department, Hospital Pedro Hispano R. de Dr.
Eduardo Torres, 4464-513, Senhora da Hora, Portugal.
E-mail address: marina.morais@ulsm.min-saude.pt (M. Morais).

https://doi.org/10.1016/j.ejs0.2021.08.034

patient survival [3,4].

Approximately 45% of patients respond to nCRT with tumor
level downstaging [5], of which 24.4% achieve pathological com-
plete response (pCR). The remaining patients exhibit incomplete or
no response [6]. The identification of these patients, who do not
respond to nCRT, could help clinicians to avoid unnecessary toxic-
ities, decide for frontward surgery or, eventually, choose alternative
treatment options. Besides, it is now widely accepted that pCR
predicts a better prognosis and may confer a survival benefit to
these patients [6]. With that in mind, some small prospective series
published since the late 90's by Habr-Gama and colleagues [7,8] and
several international series have proposed a non-operative man-
agement (“watch and wait”). These authors reported similar

0748-7983/© 2021 Elsevier Ltd, BASO - The Association for Cancer Surgery, and the European Society of Surgical Oncology. All rights reserved.
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oncologic outcomes in clinical complete response (cCR) patients
followed by close active surveillance compared to those treated
with radical surgery [9,10]. Likewise, in the International Watch &
Wait Database, a large-scale registry of more than 1000 patients,
there were reports of excellent survival and small risk of local un-
salvageable disease recurrence [11]. Despite the extensive number
of retrospective studies on this subject [12], the widespread use of
the “watch and wait” approach is still limited by low sensitivity and
specificity for prediction of response of the current imaging mo-
dalities, including positron emission tomography-computed to-
mography, magnetic resonance imaging and endoscopic ultrasound
[13].

Concerning survival outcomes, rectal tumors radically operated
carry a significant risk of distal recurrence mostly within the first 5
years, probably caused by micrometastatic spread. Stages Il and III
of Dukes have a risk of about 30% and 50%, respectively, [14]. The
identification of the patients with high risk of recurrence could help
decide on a change of regimen or dose of the adjuvant chemo-
therapy, or adopt alternative approaches, such as total neoadjuvant
chemotherapy (TNT). Follow-up carried out by clinical examina-
tion, imaging and endoscopies aims to improve prognosis by early
detection of local or distant recurrence. The analysis of serum
protein levels, such as carcinoembryonic antigen (CEA), has proven
to be insufficiently sensitive or specific [15,16].

In this respect, liquid biopsy for obtaining for circulating bio-
markers might provide complementary information on rectal
cancer chemoradiotherapy response and prognosis, on different
moments throughout treatment [17,18]. Circulating biomarkers
include circulating tumor cells (CTC), nucleic acids (cell-free DNA or
cfDNA, microRNA), extracellular vesicles, proteins and metabolites,
either originated from the cancer cells or from the host response
and tissue microenvironment [ 19]. Unlike tissue-based biomarkers,
blood-based molecular biomarkers allow non-invasive monitoring
of response to therapy, through the assessment of the genetic
heterogeneity of tumors and gathering of real-time measurements
of biomarkers dynamic changes [19]. Mandel P. first described the
presence of extracellular nucleic acids in the human bloodstream in
1948 [20]. It is currently known that cfDNA released from a tumor
into the bloodstream has a typical half-life of 1.5—3h [21] and re-
flects several molecular alterations found in the tumor, such as
mutations, methylation profile and microsatellite instability [19].
For this reason, this tumor specific cfDNA thence takes the name of
circulating-tumor DNA (ctDNA) or methylated DNA (meth-DNA)
[19,22]. The impact of cf/ctDNA in the diagnosis, prediction of
response and prognosis of non-metastatic rectal cancer patients
has been evaluated in a recent systematic review [23].

As the literature continues to grow and data remains contro-
versial, a continuous update on the matter is of utmost importance.
The purpose of this systematic review is to evaluate the current
clinical potential of liquid biopsy of cfDNA/ctDNA, as a predictor of
response to nCRT and prognosis, in LARC patients.

2. Methods
2.1. Publication search and study selection

A systematic literature review was performed according to
PRISMA Statement Criteria [24]. The PubMed database was sys-
tematically reviewed as of February 7, 2021, using the Medical
Subject Heading search terms: (“rectal” or “rectum” or “rectal
cancer” or “LARC” or “rectal neoplasm”) and (“liquid biopsy” or
“ctDNA” or “cfDNA” or “circulating tumor DNA" or “circulating free
DNA" or “methylated DNA" or “DNA methylation”). Additional da-
tabases (Cochrane, Google Scholar, Wiley Online Library and
Elsevier) were also searched for articles that examined the subject,
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using the same search terms. Unpublished data presented as ab-
stract in relevant international congresses, such as the American
Society of Clinical Oncology (ASCO) and European Society of Med-
ical Oncology (ESMO), were also systematically searched for. All
retrieved studies were manually screened for relevant references.

Two authors (MM and DMP) independently examined the title,
abstract and the full texts of potentially eligible studies; disagree-
ments were resolved by discussion until a consensus was reached.
We only included studies published in English in this systematic
review. When multiple studies of the same patient population were
identified, we included the published report with the largest
sample size. Reviews, letters to the editor, and chapters of books
were excluded. When data were unclear or incomplete, the corre-
sponding author was contacted to clarify this data.

2.2. Inclusion and exclusion criteria

Studies included in this systematic review had to meet all the
following criteria: (a) measurement of cfDNA/ctDNA in plasma/
serum in patients with LARC submitted to long course nCRT, (b)
description of therapeutic pathological response [pCR or tumor
downstaging grade (TRG)], (c) description of survival data, (d)
correlation of outcomes with cf/ctDNA and (e) inclusion of retro-
spective or prospective cohort studies.

All studies about stage 1 or metastatic rectal cancers were
excluded, as were studies about other diseases (ulcerative colitis,
endometriosis, benign polyps) and cancers other than rectal cancer.
Also, when all stages of rectal cancer were analyzed simultaneously
or when there were reports of clinicopathological end-points, these
articles were excluded. When other parameter was analyzed other
than liquid biopsy cf/ctDNA, such as tissue-based biomarkers,
microRNA, CTCs, among others, we excluded these studies.

2.3. Data extraction and outcomes

The following data regarding each eligible study were recorded:
the first author's surname, publication year, country of origin, total
number of patients included, treatment, tumor regression grade
(TRG), median follow-up, methods and assays used in the analysis.
Pathologic response definition after nCRT varies in the different
studies according to different TRG systems. However, in general,
poor response correspond to residual tumor rate >75%, good
response to residual tumor rate <50% and complete response to
residual tumor rate = 0%. All the data was organized in tables to
allow a better comprehension of the findings and studies included
in this review.

3. Results
3.1. Eligible studies

A total of 411 records were retrieved by a literature search of the
PubMed, using different combinations of key terms. We also
identified 125 additional records through other sources (Google
Scholar, Elsevier Wiley Online Library, ESMO and ASCO). As dis-
played in the search flow diagram (Fig. 1), 21 studies were eligible
and included in the systematic review: 17 full-text articles
[22,25—-40] and 4 abstracts presented at international congresses
[41-44).

The sample sizes in all the eligible studies ranged from 4 to 194
patients. Overall, a total of 1499 patients were considered in this
review. Ten of the studies were conducted in European populations
(672 participants), whereas 6 were conducted in East Asian pop-
ulations (584 participants), which corresponded to the majority of
the population studied. All studies used long course nCRT before
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Records identified through PubMed
database searching (n = 411)

Additional records identified through other
sources (after duplicates removed) (n = 125)

Records screened (n = 536)

Records excluded (n = 476):

- Reviews, editorials, clinical cases, book chapters

- Language; unrelated to subject

- Earlyor ic; different stages analyzed simultaneously

Records assessed for eligibility (n = 60)

- Another cancer or disease
- Analysis of other parameters: tissue-based, microRNA, CTC

Full-text articles excluded (n = 39):
- Different stages or cancer analyzed si

Studies included in the review (n = 21)

Included

- Tissue-based
- Duplication of published series (study with less patients)

I Published studies (n = 17) | | Abstracts at International Congresses (n = 4)

Fig. 1. Flow diagram of the systematic review process performed according to PRISMA Statement [24].

surgery, although 2 of the studies also started the treatment with
induction chemotherapy [30,31]. One of the studies [22] used an
additional 2 x 5Gy brachytherapy tumor boost in its experimental
arm and, in another study [36], some of the patients were proposed
to short course radiotherapy, nCRT or induction chemotherapy. As
for the methods of analysis, 11 studies employed polymerase chain
reaction (PCR), 9 employed sequencing (either next-generation or
whole-genome), one of them used fluorescence and another one
genotyping.

3.2. Evidence synthesis

We intended to investigate the role of ctDNA/cfDNA on the
prediction of treatment response and on the assessment of prog-
nosis (in terms of disease recurrence or survival). A summary of the
studies exploiting both outcomes are presented in Tables 1 and 2,
respectively. In this review, a total of 18 studies exploited cfDNA/
ctDNA as a predictor of treatment response and 15 studies exploi-
ted its role in survival and disease recurrence.

3.2.1. The use of ¢fDNA/ctDNA on the prediction of treatment
response

Several groups analyzed the role of cfDNA/ctDNA on the pre-
diction of treatment response after nCRT in LARC patients. In 2008,
Zitt et al. showed for the first time an association between the
concentration of cfDNA and pathological response in the 26 pa-
tients analyzed. Although these findings did not reach statistical
significance, responders had lower levels of cfDNA, while non-
responders had higher levels, both before and after nCRT [25]. By
contrast, a Danish group quantified the total level of cfDNA, by
fluorescence assay, in 123 LARC patients, and no differences were
found in the baseline and post-treatment levels of cfDNA between
PCR patients and poor responders [31]. Agostini and colleagues also
assessed cfDNA on 67 LARC patients before and after nCRT. Like the
previous study, baseline cfDNA levels were not associated with
pathological response. However, the cfDNA integrity index, which
corresponds to the ratio of longer ¢fDNA fragments over the levels
of short fragments, was evaluated in this study. A difference be-
tween responders and non-responders was found in the cfDNA
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integrity index collected after nCRT and in its change from before to
after nCRT, which reveals that those longer fragments are more
tumor-specific than short fragments. Also, the evaluation of the Alu
247 repeat, a biomarker of cfDNA integrity, showed a significant
decrease over treatment in responders [26].

In line with the previous results, Sun et al. showed a significantly
higher baseline longer fragments plasma cfDNA levels and a sig-
nificant decrease of these fragments in plasma after nCRT, in 34
LARC patients. Moreover, they studied MGMT (O [G]-methyl-
guanine-DNA methyltransferase) promoter methylation at base-
line, which was higher in responders, although there was no
reduction after treatment. This Chinese group also studied KRAS
(Kirsten rat sarcoma viral oncogene homolog) mutation in the
cfDNA, which was not predictive of response [27]. The same cor-
relation between higher baseline methylated status of the pro-
moter of MGMT and ERCCI (excision repair cross-complementing)
genes with better response to nCRT was described by Shalaby et al.
group [33], in a series of 42 patients, with an initial meth-DNA
detection rate of 58% and 60%, respectively, for the aforemen-
tioned genes. Regarding dynamic changes before and after treat-
ment, Chen et al. presented data on this aspect in the 2019 ASCO
meeting. They detected ctDNA by analyzing the methylation status
of BCAT1 (Branched Chain Amino Acid Transaminase) or IKZF1
(IKAROS Family Zinc Finger) gene through qPCR assay in 9 LARC
patients. Five patients showed positivity for either or both of the
methylated genes before nCRT and four of them showed a reduc-
tion after treatment, which was associated with non-statistical
partial or complete responses [44].

Although works on meth-DNA seem promising, a study by
Appelt et al., which included 146 patients, revealed no correlation
between pre-treatment meth-DNA status (neuropeptide Y
methylation) and pCR or TRG. We should, however, raise attention
for the low detection of meth-DNA at baseline of only 20.5% (30
patients) with this particular epigenetic marker [22].

Carpinetti et al. were the first to demonstrate a decrease in
ctDNA (detected by tumor-specific chromosomal rearrangements)
in 4 patients that achieved response to nCRT, while cfDNA levels
were negative both in patients with partial and complete patho-
logical response [28]. Tie et al. analyzed multiple plasma samples of
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Table 1
Studies exploring prediction of treatment response in locally advanced rectal cancer.

Reference Year N Country TRG Assay Main Findings
Zittetal. 2008 26 Austria yp stage qPCR ders and ders had c ble median plasma cfDNA values before (7.3 ng/ml vs.
[25] 3.6 ng/ml, p = 0.693) and after the end of chemoradiation (2.6 ng/ml vs. 1.0 ng/ml, p = 0.340).
Agostini 2011 67 ltaly Mandard [49] qPCR Baseline cfDNA levels were not associated with tumor response. Post-nCRT levels of cfDNA integrity
etal.[26] index were significantly lower in responders (p = 0.0009). Median value of Alu 247 repeat and
cfDNA integrity index (ratio of 400-/100-bp DNA fragments) decreased after nCRT in responders
(p = 0.005 and p - 0.005, respectively).
Sunetal. 2014 34 China Dworak [50] qPCR The good response group had significantly higher baseline 400-bp plasma cfDNA levels (p < 0.05)

[27] and ratio of 400-bp/100-bp DNA concentrations (p < 0.05). The 400-base pair (bp) DNA
concentration and 400-/100-bp DNA ratio decreased significantly after chemoradiotherapy in the
good responders (p < 0.01 and p < 0.05, respectively). Higher MGMT promoter methylation status at
baseline DNA was associated with a better tumor response (p = 0.04), with no reduction after
treatment, while the rate of KRAS mutation decreased in both groups after nCRT.

Carpinetti 2015 4  Brazil Dworak [50] WGS Lack of correlation between normalization of ctDNA and amount of residual disease.
etal.[28]

Sclafani 2018 97 UK RECIST [51]  ddPCR No difference between pre-treatment ctDNA positive and negative patients on pCR rate (15.4% vs.
etal.[30] 10%, p — 0.57).

Tie et al. 2018 159 Australia pCR [52] NGS No association between pre-nCRT or post-nCRT ctDNA status and pCR.

[32]

Shalaby 2018 42 Egypt Dworak [50] gPCR Higher pre-treatment MGMT or ERCC1 methylation were correlated with better response to therapy.
etal.[33]

Schou et al. 2018 123 Denmark Mandard [49] Direct fluorescence No difference in baseline and after nCRT cfDNA levels between in pCR patients and poor responders.
[31]

Ravenda 2018 28 ltaly pCR[52] NGS Patients achieving pCR (25%) had the lowest values of pre-treatment ctDNA (median of 0.0), while
et al’ patients with residual tumor had a median value of 0.11 (p = 0.18), with an AUCs of 0.67 (95% CI:
[42]. 0.47-0.87). Similar results were observed for post-treatment ctDNA values.

Yang et al.* 2019 119 China pCR[52] NGS TP53 and APC mutations in pre-treatment samples is predictive of worse response (p < 0.05). A
[43]. model based on support vector machine predicts groups with distinct TRG (p = 0.03).

Chenetal” 20199 USA NA qPCR Four patients showed an immediate drop in detection of methylated BCAT1 and/or IKZF1 after one

[44]. cycle of chemotherapy and remained at low concentration through the rest of the cycles. These
patients have shown partial or complete response to the treatment regimen.
No correlation between meth-ctDNA status at baseline and complete (p = 0.76) or major (p = 1.0)

Appelt et al. 2020 146 Denmark Mandard [49] ddPCR
2 tumor regression.

Khakoo 2020 47 UK Mandard [49] ddPCR In the 3 (13%) cases of pCR, ctDNA was detectable pretreatment and became undetectable from mid
etal. [34] nCRT onwards.

Pazdirek 2020 36 Czech Dworak [50]  Singleplex PCR In all patients, ctDNA was strongly reduced or eliminated from plasma by the end of the first week of
etal.[35] Republic nCRT, with no correlation with TRG.

Murahashi 2020 85 Japan Dworak [50] Amplicon-based  Decrease of ctDNA levels from baseline to after preoperative treatment was an independent
etal.[36] deep sequencing  predictor of complete response to preoperative therapy (p = 0.0276).

Guoetal. 2020 194 China RECIST[51]  WGS The predictive classifier based on promoter profiling of pre-treatment cfDNA had an AUC of 0.89

[37] (95% C1 0.83—0.94), to discriminate individuals with pCR from non-pCR patients.

Zhou etal. 2021 106 China CAP grading NGS None of the 29 patients with ypCR had preoperative ctDNA detected. Preoperative ctDNA positive
[38] system [53] rate was significantly lower in the well responded patients (p < 0.001) and lower in ypCR than non-
ypCR group (p = 0.02). POLD1 mutation and higher tumor mutation burden may potentially be used
as the predictor of good tumor response.
McDuff 2021 29 USA Becker [54]  NGS and ddPCR Patients with undetectable preoperative ctDNA presented significantly higher overall margin-
et al. [40] negative, node-negative resection rate (p = 0.028) and more favorable neoadjuvant rectal scores

(surrogate endpoint to pCR) (p = 0.029).

2 Published as abstract; TRG: tumor regression grade; cfDNA: cell-free DNA; nCRT: neoadjuvant chemoradiotherapy; ctDNA: circulating-tumor DNA; pCR: pathological
complete response; RECIST: Response evaluation criteria in solid tumors; NA: not available; CAP: College of American Pathologists.

159 LARC patients through next-generation sequencing (NGS),
searching for tumor-specific mutations or the mutations with the
highest variant allele frequency (VAF). ctDNA was detected in 77%
of plasma samples before treatment, 8% during nCRT and 12%
postoperatively. No significant association was found between
reduction of ctDNA after nCRT and pCR [32]. In another study by
Pazdirek et al. group, in which seven patients (7/33, 21.2%) pre-
sented positive ctDNA prior to therapy, also no correlation was
found between dynamic changes of ctDNA and TRG [35]. Never-
theless, in a more recent Japanese study of 85 patients, using
amplicon-based deep sequencing, a fall of ctDNA levels from before
to after treatment, was a predictor of pCR. Murahashi et al. detected
ctDNA in 57.6% and 22.3% of samples at baseline and after preop-
erative treatment, respectively, which was also significantly
different (P = 0.0003) [36].

As for timepoint analysis of ctDNA, initially no difference was
found between baseline ctDNA positive and negative patients and
rate of pCR on a British study of 97 patients. They used digital
droplet PCR (ddPCR) to detect variants in genes of interest, such as
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KRAS or BRAF (v-raf murine sarcoma viral oncogene homolog B1)
mutations, with a 74% detection at baseline [30]. Likewise, another
study of 28 patients, presented at the 2018 ESMO meeting, showed
similar results, although there was a trend for lower pre- and post-
treatment ctDNA in pCR patients. These patients’ plasma was
analyzed by NGS for detection of KRAS, BRAF and PICK3CA (Phos-
phatidylinositol-4,5-Bisphosphate  3-Kinase Catalytic Subunit
Alpha) mutations [42]. In a study of 47 patients, Khakoo et al.
showed a trend for dramatic reduction of ctDNA levels, from
baseline onward in 3 patients with pCR, although these results
were not statistically significant [34].

However, more recent and larger works are gathering positive
associations with these outcomes. Yang et al. reported a worse
prognosis when TP53 (tumor protein 53) and APC (adenomatous
polyposis coli) gene mutations, analyzed through NGS gene panels,
were present in pre-treatment samples of 119 patients. Detect-
ability of baseline mutations during nCRT also significantly
decreased from TRG3 to TRGO group [43]. A Chinese study of Guo
et al., on 194 patients, also achieved an excellent discrimination of
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Table 2
Studies exploring prediction of survival and disease recurrence in locally advanced rectal cancer.

European Journal of Surgical Oncology xxx (xxxx) Xxx

Reference Year N Country Follow-up Assay
(median in
months)

Main Findings

Carpinetti 2015 4  Brazil Between 21 and WGS

ctDNA changes after surgery predict tumor progression.

The pre-operative median level for patients with recurrent disease was 13,000 copies/mL
compared to 5200 copies/mL for non-recurrent patients (p = 0.08).

Pre-treatment ctDNA positive and ctDNA negative patients showed no difference in terms of

Significantly worse DFS was seen if ctDNA was detectable after chemoradiotherapy (HR 6.6;
p < 0.001) or after surgery (HR 13.0; p < 0.001). Postoperative ctDNA detection was predictive of
recurrence irrespective of adjuvant chemotherapy use (chemotherapy: HR 10.0; p < 0.001;

Baseline cfDNA levels above the 75th quartile had a higher risk of recurrence and shorter time to
recurrence (HR = 2.48, p = 0.007). During follow-up, the association remained significant

There was no recurrence in any patient with negative ctDNA post-surgery.

Detection of pre-treatment mutations after completion of nCRT was significantly associated with
worse DFS (P < 0.05). The presence of TP53 mutations is predictive of treatment outcome and
shows a statistically significant worse DFS (2 years) (54.3% VS 87.0%, P = 0.0005).

One patient with continuous high levels of methylated BCATT and IKZF1 post-treatment have

Patients with baseline meth-ctDNA had significantly worse 5-year OS (47% vs. 69%; HR — 2.08;
95% CI, 1.23-1.51). Increased quantitative load was highly significant for worse outcomes. Total

No difference in MFS by patients with detectable or undetectable ctDNA pretreatment or mid
nCRT. MFS was shorter in patients with detectable ctDNA after completing nCRT [HR 7.1;

p < 0.001], persistently detectable ctDNA pre and mid nCRT (HR 3.8; p = 0.02), and pre, mid, and
after nCRT (HR 11.5; p < 0.001). In patients with detectable ctDNA, a fractional abundance
threshold of >0.07% mid nCRT or >0.13% after completing nCRT predicted for metastases. All 3
patients with detectable ctDNA post-surgery relapsed compared with none of the 20 patients

The ctDNA positivity (21.2%) before treatment reduced post-operative DFS and OS (p = 0.015 and
Postoperative ctDNA (p — 0.0127) and CEA (0.0105) were independent prognostic markers for
risk of recurrence after surgery, with a combined analysis having cumulative effects on DFS

ctDNA positivity at all four time points (baseline, during nCRT, pre-surgery and post-surgery) was
associated with a shorter MFS (p < 0.05). Median VAF of mutations in baseline ctDNA was a strong

There was no significant correlation between cfDNA levels and tumor recurrence or overall
survival at baseline, post nCRT or post operation. Low bTMB level (<10 Mb) at baseline was
positively correlated with DFS (p = 0.036). Following nCRT, the patients with decreasing TMB
tend to have a longer median RFS (p = 0.022). High bTMB level (>10 Mb) after surgery was

Patients with detectable postoperative ctDNA experienced poorer DFS (HR 11.56; p = 0.007).

etal 80
(28]
Boysen 2017 75 Sweden 39 ddPCR
etal
[29]
Sclafani 2018 97 UK 60 ddPCR
etal progression-free and overall survival.
[30]
Tieetal. 2018 159 Australia 24 NGS
[32]
without chemotherapy: HR 22.0; p < 0.001).
Schou et al. 2018 123 Denmark 55 Direct
[31] fluorescence
regardless of time point for sample analysis.
Toomey 2018 27 Ireland 48 Genotyping
etal’
[41].
Yang et al* 2019 119 China 24 NGS
[43).
Chenetal® 20199 USA NA qPCR
[44]. recurred two months after surgery.
Appeltetal. 2020 146 Denmark 127 ddPCR
[22]
cfDNA showed no association with survival outcomes.
Khakoo 2020 47 UK 26.4 ddPCR
etal
[34]
with undetectable ctDNA (p = 0.001).
Pazdirek 2020 36 Czech  atleast 36 Singleplex PCR
etal Republic p = 0.010, respectively).
[35]
Murahashi 2020 85 Japan 80 Amplicon-based
etal deep sequencing
[36] (P=1.0x10 '%).
Zhou etal. 2021 106 China  18.8 NGS
138]
independent predictor of MFS (HR = 1.27, P < 0.001).
Jietal. [39] 2021 46 China 40 NGS
negatively correlated with DFS (p — 0.026).
McDuff 2021 29 USA 20 NGS
etal

[40]

2 Published as abstract; ctDNA: circulating-tumor DNA; cfDNA: cell-free DNA; nCRT:

overall survival; MFS: metastasis-free survival; bTMB: blood-based tumor mutational burden.

herapy; NA: not i DFS: di: free survival; 0S:

pCR patients through global (fragment profiles at 5-Mb windows,
sub-compartments and mitochondrial DNA copy number) and local
chromatin variables (promoter profiling of several genes) at base-
line [37]. Furthermore, Zhou et al., another Chinese study of 106
patients, reported that ctDNA levels at baseline could discriminate
patients with good pathological response and pCR, and also that
POLD1 mutation and higher tumor mutation burden could also
help predict good response [38]. In this study, ctDNA was detected
in 75%, 15.6%, 10.5%, and 6.7% of cases at the four time points,
respectively. Finally, McDuff et al. reported a higher rate of RO-node
negative resections and more favorable neoadjuvant rectal scores (a
surrogate endpoint of pCR) among 20 patients with undetectable
preoperative ctDNA, This group had a non-significant higher pCR
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rate (24% vs. 11%) [40].

3.2.2. ¢fDNA/ctDNA as a prognostic tool for disease recurrence or
survival

Boysen and colleagues were the first to observe that pre-
operative cfDNA levels could help predict recurrence in 75 LARC
patients, with a follow-up of 39 months [29]. Schou et al. also
showed a significant association, this time, between higher base-
line cfDNA level (measured through a fluorescence assay) with
disease-free survival (DFS) in 123 LARC patients. This association
remained significant throughout the different timepoints and a
trend for worse overall survival (OS) was also witnessed [31]. On
the other hand, a recent study from 2021, by Ji et al. could not find
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any association between cfDNA levels at different timepoints and
survival outcomes, although this study had an inferior number of
patients and follow-up (46 patients followed through 40 months)
[39]. Also, Appelt et al. failed to show any association between
baseline cfDNA levels and survival outcomes, in a 146 patients’
sample, followed for 127 months [22].

Carpinetti et al. began measuring ctDNA in 4 LARC patients to
monitor disease response and recurrence. Two patients with
persistent positive level of ctDNA, during follow-up, developed
liver metastasis and other 2 patients that showed a drop in ctDNA
levels after CRT, had no recurrence and no more evidence of ctDNA
in plasma [28]. Although these were promising results, a study
conducted on 97 LARC patients by Sclafani et al. did not find a
significant association between ctDNA levels and progression free
survival (PFS) or OS [30]. Also, an Irish study of 27 patients Toomey,
found only a trend towards less recurrence in patients with nega-
tive ctDNA post-surgery, measured by genotyping [41].

With these results in mind, a series of studies have continued to
analyze liquid biopsies and have proven significance to ctDNA in
disease-free and overall survival. Tie and colleagues observed an
increased risk of recurrence in patients with ctDNA detectable after
nCRT or surgery, irrespective of pathological risk level or of adju-
vant therapy, with an estimate 3 years DFS of 33% vs 87%, in 150
patients followed for a median of 24 months [32]. These results are
shared by Murahashi et al. and McDuff et al., in which studies, post-
surgery ctDNA was a strong prognostic factor of worse recurrence
[36,40]. Furthermore, Yang et al. revealed, at the 2019 ASCO
meeting, a significant association in 119 patients between persis-
tence of pre-treatment mutations in ctDNA after completion of
nCRT and worse DFS [43]. As for other timepoints, Pazdirek et al.,
revealed that also baseline ctDNA positivity was associated with
worse outcomes (DFS and OS) [35]. Khakoo et al. also showed that
persistence of ctDNA at mid CRT or detection of ctDNA at the end of
CRT were associated with worse metastasis free survival (MFS),
with detection rates of 74% pretreatment, 21% mid-CRT, 21% after
completing CRT, and 13% after surgery [34]. These results have been
replicated by Zhou et al,, in their study of 106 patients, that revealed
that ctDNA positivity at all 4 timepoints (baseline, during and after
nCRT, and post-surgery) was associated with shorter MFS [38]. Ji
et al. have also shown that blood tumor mutational burden (bTMS),
through analysis of mutational signature of a Catalogue of Somatic
Mutations in Cancer (COSMIC) [45], at different time points
(baseline, after nCRT and after surgery) was strongly associated
with RFS [39].

A far concerns meth-DNA, in Chen et al. work presented at 2019
ASCO meeting, one patient that showed persistent high levels of
methylated genes after nCRT, recurred in two months after surgery
[44]. Appelt et al. explored this result further and came to the
conclusion, in their 146 patients sample followed through a median
of 127 months, that baseline meth-DNA positivity was strongly
associated with worse 5-year OS, and was significantly worse with
increased quantitative load [22].

4. Discussion

This review explores several studies that support the use of
liquid biopsy through analysis of cf/ctDNA in LARC, that could
complement the assessment of treatment response and survival.
Contrasting data have been found on the reliability of cf/ctDNA as a
clinical tool. In order for liquid biopsies to become suitable as a tool
for predicting treatment response and evaluating prognosis, to
change current strategies and improve clinical practice, further
well-conducted experimental studies are needed. With the intent
to guide these future studies, the authors of this review provide a
comprehensive synopsis of the results published in the literature,

97

RESULTS

European Journal of Surgical Oncology xxx (xxxx) Xxx
in Tables 3 and 4.
4.1. Tumor regression grade

Ten studies described an association of cf/ctDNA with tumor
regression grade. The studies that described an association with
TRG had a total sample that ranged from 42 to 119 patients and a
baseline detection rate of ctDNA above 60% [26,27,33,38,43]. The
dynamic changes throughout therapy, of increasing longer frag-
ments of cfDNA, median value of Alu 237 repeat and integrity index
were linked to non-responders [26,27]. Baseline evaluation of
mutations from tissue sample in liquid biopsies, blood based tumor
mutational burden (bTMB) [38], TP53 or APC mutations [43]
(negative association) and MGMT or ERCCI genes methylations
[27,33] (positive association) could also predict TRG in the studies
evaluated. These studies used predominantly qPCR and NGS as
assays in their analyses. As ctDNA corresponds only to a very small
proportion of cfDNA, very sensitive and reliable detection methods
are required. Real-time PCR (qPCR) is a targeted approach that
searched for a limited number of pre-determined genes at a time,
has a low cost and is easy to perform, but has a low sensitivity.
DdPCR carries the same features as qPCR, but with a higher sensi-
tivity and specificity. An untargeted approach can also be employed
with sequencing methods. These methods can identify structural
rearrangements, chromosomal copy-number changes, and struc-
tural alternations of ctDNA in circulation. They allow more genes to
be analyzed at a time (with amplicon strategies being even more
sensitive), but at a higher cost [46].

Although repeatedly tested, baseline cfDNA total levels [25,26]
and dynamic changes in KRAS mutations [27,35] did not have an
association with TRG. Also, baseline NPY hypermethylation, tested
in 146 patients, but with only 20.5% detection at baseline, showed
no association with this outcome [22].

4.2. Pathological complete response

As for pathological complete response, a total of 11 studies
provided information on this outcome. Studies that described an
association with this outcome ranged between 29 and 194 patients,
with a baseline ctDNA detection rate above 57.6% [36-38,40]. Most
studies analyzed ctDNA though NGS or WGS. Baseline specific
mutations from tissue samples [38,40] and pre-treatment promoter
profiling of ¢fDNA [37] permitted prediction of pCR. Furthermore,
dynamic changes (until just before surgery) of several common
mutations, such as TP53, KRAS, APC, PIK3CA, etc. [36], could predict
complete response, in opposition to the outcome previously
mentioned, TRG. These groups observed a correlation between
undetectable baseline ctDNA and pathological downstage, which
raises the conviction of using ctDNA as a tool to guide patient se-
lection for a “watch and wait” strategy.

Similar to tumor regression grade outcome, a study on baseline
cfDNA general levels (through direct fluorescence) [31], was
inconclusive. Possibly, levels cfDNA are not sensitive enough to rule
out the presence of minimal residual disease. Also, multiple studies
on pre- and post-treatment measurement of KRAS/BRAF mutations
[30,42] and baseline NPY hypermethylation [22], showed no asso-
ciation with pathological complete response. Sclafani et al. explains
that undetectable plasma KRAS/BRAF mutations could be due to
either the absence of micrometastatic disease, the necessity of
more sensitive assays or that maybe tumors harboring these mu-
tations are less likely to relase DNA in blood [30].

4.3. Survival outcomes

Fifteen studies approached the association of cf/ctDNA and
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RESULTS
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Table 4
Summary of findings for prognosis.
Outcomes Method Assay Timing
Description n  Follow-
up
(median,
months)
Association with CtDNA (mutations): ddPCR: Pre-nCRT:
overall survival o Pazdirek et al. [35]: KRAS, BRAF, PIK3CA, 36 36 o Appelt et al. [22] o Appelt et al. [22]: 6 days before
CRNNB1, APC, TP53 Singleplex PCR: o Pazdirek et al. [35]
meth-DNA(methylations): o Pazdirek et al. [35]
o Appelt et al. [22]: NPY, quantitative load 146 127
Association with CfDNA: PCR (dd or Singleplex): Pre-nCRT:
disease-free o Schou et al. [31]: levels: 75th quartile 123 55 o Khakoo et al. [34], Pazdirek et al. o Schou et al. [31], Pazdirek et al. [35], Zhou
survival CtDNA: 35] etal. [38], Jietal. [39]
o Tie et al. [32]: one mutation from tissue or 159 24 Direct fluorescence: Post-nCRT:
one with higher MAF o Schouet al. [31] o Tie et al. [32]: 4-6 weeks after
o Yang et al.* [43]: TP53, APC 119 24 NGS: o Yang et al.” [43]

o Khakoo et al. [34]: 3 somatic variants, frac- 47 26,4
tional abundance; endpoint MFS

o Pazdirek et al. [35]: KRAS, BRAF, PIK3CA, 36 36
CRNNBI, APC, TP53

o Murahashi et al. [36]: TP53, KRAS, APC, 85 80
PIK3CA, FBXW7, NRAS, GNAS, SMAD4, MAP2K1,
ERBB2, BRAF, AKT1, CTNNB1 and EGFR

o Zhou et al. [38]: mutation from tissue sample, 106 18,8
VAF; endpoint MFS

o Ji et al. [39]: bTMB levels 46 40
o McDuff et al.: specific somatic mutations 29 20
No association with  ¢fDNA:
overall survival or o Appelt et al. [22] 146 127
disease-free o Boysen et al. [29]: endpoint DFS 75 39
survival CtDNA:
o Sclafani et al. [30]: KRAS, BRAF 97 60
o Jietal. [39]: levels 46 40

o Khakoo et al. [34]: 3 somatic variants, frac- 47
tional abundance; endpoint MFS

o Carpinetti et al. [28]: endpoint DFS 4

o Toomey et al. [41]: KRAS, MAF; endpoint DFS 27

meth-DNA:

o Chen et al." [44]: BCAT1, IKZF1; endpoint DFS 9

o Tie et al. [32], Yang et al.” [43],
Zhou et al. [38], Ji et al. [39],
McDuff et al. [40]

Amplicon-based deep sequencing:

o Murahashi et al. [36]

< Khakoo et al. [34]: 4—12 weeks after

Dynamic changes:

o Schou et al. [31]: one year after surgery and
last available time point

o Khakoo et al. [34]: persistence pre-nCRT 4
weeks before, mid-nCRT 3—4 weeks from
start and after nCRT 4—12 weeks

o Zhou et al. [38]: pre-nCRT, mid-nCRT one
cycle after, post-nCRT 7 weeks after, post-
surgery 1 month after

< Jietal [39]: after nCRT

Post-surgery:

o Tie et al. [32]: 4-10 weeks after

o Khakoo et al. [34]: 4—12 weeks after

© Murahashi et al. [36]: 12 weeks after

o Jietal [39]: 1 day after

o McDuff et al. [40]

ddfqPCR: Pre-nCRT:

o Sclafani et al. [30], Appelt et al. o Sclafani et al. [30], Appelt et al. [22], Ji et al.
[22], Khakoo et al. [34], Boysen [39], Boysen et al. [29]
et al. [29], Chen et al.” [44] < Khakoo et al. [34]: pre- and mid-nCRT 3—4

NGS or WGS: weeks from start
o Ji et al. [39], Carpinetti et al. [28] Post-nCRT:
Genotyping: o Jietal [39], Toomey et al. [41], Chen et al.*
o Toomey et al. [41] [44]
Dynamic changes:
o Carpinetti et al. [28]: several measurements
after nCRT

Post-surgery:
o Jietal [39]

? Published as abstract; ctDNA: circulating-tumor DNA; cfDNA: cell-free DNA; nCRT: neoadjuvant chemoradiotherapy; MAF: mutation allele frequency; VAF: variant allele

frequency; DFS: disease-free survival; MFS: metastasis-free survival.

survival outcomes (RFS, MFS and OS). The number of patients in
studies with an association with outcomes ranged between 29 and
159 patients and the median follow-up ranged between 18.8 and
127 months [22,31,32,34—36,38—40,43]. Studies analyzing tumor
tissue-specific mutations [34,36,38,40], common mutations
mentioned above [35,36,43] and tumor mutational burden [39],
through NGS, and showing persistence of ctDNA in 4 time-points
(baseline, dynamic changes throughout CR, post-CRT and post-
surgery), could predict survival outcomes. Tie et al. explains that
ctDNA detected at baseline is being released by the primary tumor
and consequentially is diagnostic and not prognostic. Only when
the tumor is removed, the persistence of ctDNA reflects residual
micrometastatic disease and a potential recurrence risk [32].
Nevertheless, some studies on KRAS/BRAF mutations or in certain
specific timepoints [30,34,39,41], showed no association. Similar
outcomes have been reached before in the setting of resected colon
cancer, where persistence of ctDNA after surgery or adjuvant
chemotherapy was correlated with shorter RFS [47,48]. Baseline
cfDNA levels above 75th quartile [31], could also predict outcomes,

although repeated studies on cfDNA total levels did not [22,29].
Unlike pathological response, baseline NPY hypermethylation could
predict overall survival [22].

The limitations of this review are mostly related to the possi-
bility of publication bias, relatively small sample size of the studies,
heterogeneity of techniques used for liquid biopsy, many different
timings of plasma samples, differences in the treatment context
(e.g. induction chemotherapy, brachytherapy), the use of many
tumor pathological grading systems and variability in the duration
of follow-up. Despite these limitations, this systematic review was
able to study a large number of cases that were pooled from the
different studies and a comprehensive synopsis of all the published
literature on the subject was performed, which represents signifi-
cant strengths of this review.

Although plenty of data in the work still needs clarification and
validation, this systematic review supports ctDNA as a useful pre-
dictive factor for assessing treatment response to nCRT and eval-
uate prognosis in patients with LARC. The ideal method and timing
for the liquid biopsy is still a matter of debate and should be
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clarified in future studies, with larger sample sizes, more precise
methods and more comprehensive study designs.
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Abstract: “Watch and wait” is becoming a common treatment option for patients with locally
advanced rectal cancer (LARC) submitted to neoadjuvant treatment. However, currently, no clinical
modality has an acceptable accuracy for predicting pathological complete response (pCR). The aim
of this study was to assess the clinical utility of circulating tumor DNA (ctDNA) in predicting the
response and prognosis in these patients. We prospectively enrolled a cohort of three Iberian centers
between January 2020 and December 2021 and performed an analysis on the association of ctDNA
with the main response outcomes and disease-free survival (DFS). The rate of pCR in the total
sample was 15.3%. A total of 24 plasma samples from 18 patients were analyzed by next-generation
sequencing. At baseline, mutations were detected in 38.9%, with the most common being TP53
and KRAS. Combination of either positive magnetic resonance imaging (MRI) extramural venous
invasion (mrEMVI) and ctDNA increased the risk of poor response (p = 0.021). Also, patients with
two mutations vs. those with fewer than two mutations had a worse DFS (p = 0.005). Although
these results should be read carefully due to sample size, this study suggests that baseline ctDNA
combined with mrEMVI could potentially help to predict the response and baseline ctDN A number of
mutations might allow the discrimination of groups with different DFS. Further studies are needed to
clarify the role of ctDNA as an independent tool in the selection and management of LARC patients.

Keywords: ctDNA; next-generation sequencing; locally advanced rectal cancer; neoadjuvant chemora-
diation; prediction of response; disease-free survival

1. Introduction

Colorectal cancer is a major health burden worldwide, with 1.88 million new cases
and 0.92 million new deaths reported in 2020 [1]. Rectal cancer represents one third of the
cancers of the large intestine. Preoperative chemoradiotherapy (nCRT) followed by radical
surgery is the standard of care for patients with locally advanced rectal cancer (LARC)
due to improvement in local recurrence rates [2], downstaging of the tumor [3], better
sphincter preservation [4] and a safer closer distal margin at resection [5,6]. However, novel
approaches are emerging, such as total neoadjuvant therapy (TNT) followed by surgery, in
order to improve these outcomes [7], treating occult micrometastases several months earlier,
increasing treatment compliance, enhancing the efficacy of chemotherapy and ultimately
improving survival [8].

A pathological complete response (pCR) to neoadjuvant treatment, in which no viable
tumor cells are present in the surgical specimen, is achieved in 15-20% of patients [9]. These
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patients benefit from improved local and distant disease control and could potentially avoid
the complications of surgery [10]. Surgery has been associated with long-term sequelae,
including urinary and sexual dysfunctions, fecal incontinence, temporary or permanent
stomas and immediate post-operative risks, such as bleeding, infection and anastomotic
leak [11]. The elderly population, in which there is a higher prevalence of mismatch repair-
deficient cancers with microsatellite instability, larger and locally invasive disease and
lower lymph node metastasis, is even more prone to severe post-operative complications,
especially those with pT4 disease [12]. Novel approaches could benefit these patients. The
“watch and wait” approach was popularized by Habr-Gama et al. [10] in 2004 for patients
who achieve complete clinical response (cCCR). These patients do not receive any surgery
and are maintained under close surveillance. However, to this date, none of the clinical
tools available, including endorectal ultrasound or magnetic resonance imaging (MRI), has
an acceptable accuracy for predicting pCR [13].

A promising biomarker of pCR is the circulating tumor DNA (ctDNA) collected in
liquid biopsies, which is secreted from cancer cells into the peripheral blood as a result
of cell apoptosis, necrosis or via exosomes [14,15] and represents a small fraction (<1%
in some studies) of the circulating free DNA [16]. This biomarker has shown application
in monitoring treatment response, cancer recurrence and drug resistance in colorectal
cancer patients [17-19]. Due to its short turnover time, ctDNA may provide a real-time
information about the disease [20]. Some limitations have been attributed to ctDNA, such as
the generally low concentrations extracted from plasma, background noise from non-tumor
cells or induced by inflammation and trauma [21] and exacerbation of theses by improper
pre-analytical handling [22]. Nevertheless, it was reported that ctDNA was a more sensitive
method than CEA or radiological imaging in detecting disease progression [17,23,24] and
that ctDNA might circumvent the limitations of tissue biopsies, such as invasiveness
and not representing the whole heterogeneity of the disease [25]. The next-generation
sequencing (NGS) technique uses commercially available kits and is easy to implement
in a laboratory. It has the advantage of allowing the characterization of different genes in
a single run using a smaller quantity of DNA for obtaining a large amount of molecular
data and for its good sensitivity (0.1%) in comparison with some of the most common
polymerase chain reaction (PCR)-based methodologies.

As examined before in a systematic review [26], results are still very inconsistent across
studies about which mutations, methylations, methods or timings are more accurate for
predicting response and prognosis. The aim of this study was to add some information
to the literature on the clinical utility of baseline and serial ctDNA analysis in predicting
response to neoadjuvant treatment and prognosis in LARC patients.

2. Results
2.1. Study Enrollment

We prospectively enrolled 30 patients with LARC who met inclusion criteria, after
excluding patients who did not accept to participate in the study (n = 6), in which disease
progressed (1 = 9) or with missing baseline samples (1 = 7). The rate of pCR in the total
sample was 15.3% (8/52 patients). Figure 1 shows the flowchart of patient selection for
NGS analysis. After obtaining response outcomes, the patients were divided into groups
of response to therapy for further analysis. Eight patients achieved pCR, two patients
achieved cCR, four patients had a good response and sixteen patients presented a poor
response. From these, only seven patients had two samples collected before and after
neoadjuvant treatment. All patients with a complete or good response were selected for
NGS analysis: however, only four patients with baseline and post-treatment samples from
the poor response group were chosen for the analysis as controls for the main outcomes of
the study (complete and good response) due to budget restrictions. We ended up with a
cohort of 18 patients.
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P —
30 patients 4 pa(ujn%s Wlfh 1 patient
good response
16 patients with q
poor response 5/patients

Figure 1. Study flowchart of selection of patients for NGS analysis.

2.2. Clinicopathological Features

The median age of patients was 65 years old (38-86). Eight patients (44.4%) were
males and ten (55.6%) were females. The median distance from the anal verge was 6 cm
(2-12). Pretreatment CEA median levels were 2.6 ng/mL and pretreatment mrEMVI was
positive in nine (50%) of patients. Fourteen patients (77.8%) were diagnosed as clinical
stage III and three patients (16.7%) as clinical stage II; two patients (11.1%) had clinical T4
and sixteen (88.9%) clinical T3. Twelve patients (66.7%) received standard nCRT and six
received short-course radiotherapy and neoadjuvant chemotherapy. After preoperative
therapy, two patients achieved cCR (ycTONOMO), nine patients had a good response and
five presented with a poor response in reevaluation MRI. Twelve patients (66.7%) were
submitted to anterior rectal resection, whereas four (22.2%) had an abdomino-perineal
resection performed. The median interval from completing preoperative therapy to surgery
was 10 weeks (8-26). After surgery, eight patients had pCR and four patients achieved good
response (TRG 1). One patient had ypT1 stage, one had ypT2 stage, six presented with
ypT3 stage and three patients had positive ypN post-operatively. Furthermore, two patients
(12.5%) presented mucinous histology, three (16.7%) had venous invasion and one (5.6%)
had perineural invasion. Five patients (27.8%) were treated with adjuvant chemotherapy
and at a median follow-up of 14 months, we observed three (16.7%) systemic recurrences.
Table 1 shows the clinico-pathological features of this sample.

Table 1. Clinico-pathological features of the patients.

Age, years, median 65 (38-86)
Sex
Male 8 444
Female 10 55.6
BMI, kg/m?, median 25.6 (16.9-30.7)
Smokers 6 33.3%
Tumor location from the anal verge, median cm 6(2-12)
Pretreatment CEA, median ng/mL 2.6 (1-21)
Pretreatment positive ctDNA 7 38.9
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Table 1. Cont.

Post-treatment positive ctDNA 4 66.7
Clinical T

cT3 16 88.9

cT4 2 J1y1T}
Clinical stage

II 3 16.7

111 14 77.8
mrEMVI positive 9 50.0
Neoadjuvant treatment

nCRT 12 66.7

SCRT+TNT 6 33.3
Interval from therapy to surgery, median weeks 10 (8-26)
MRI response

Complete (nrTRG1) 2 11.1

Good (mrTRG2) 9 50.0

Poor (mrTRG3-5) 5 27.8
Surgery

Anterior resection 12 66.7

APR 4 27
Pathological T

ypTO0-2 10 55.6

ypT3-4 6 33.3
Pathological N

ypNO 13 72.2

ypN1-2 3 16.7
Mucinous histology 2 12.5
Venous invasion 3 16.7
Perineural invasion 1 5.6
Adjuvant therapy 5 27.8
Follow-up (months) 14 (11-30)
Recurrence (systemic) 3 16.7

CEA, carcinoembryonic antigen; mrEMVI, MRI detected extramural vascular invasion; nCRT, neoadjuvant
chemoradiotherapy; SCRT, short-course radiotherapy; TNT, total neoadjuvant therapy; MRI, magnetic reso-
nance imaging; mrTRG, MRI tumor regression grade; APR, abdomino-perineal resection. Continuous variables
presented as median (minimum-maximum range).

2.3. Detection of Somatic Mutations in Plasma

A total of 24 plasma samples from 18 patients were analyzed by NGS. One or more
somatic mutations (mutant alleles) were detected in seven (38.9%) patients at baseline
and in four out of six (66.7%) patients after preoperative treatment. One or more somatic
mutations in TP53, KRAS and EGFR genes were detected in four (22.2%), three (16.7%)
and one (5.5%) patient at baseline, respectively. In the post-treatment analysis, we found
mutations of TP53 in three patients and mutations in EGFR, MAP2K1 and ALK in one
patient each. Two post-treatment mutations were acquired, not detectable at baseline, and
in one patient, a TP53 mutation present at post-treatment samples was already present at
baseline. These results are shown in Figure 2. The distribution of baseline mrEMVI and
post-treatment MRI reevaluation results are also shown in this Figure.

Patients were classified into four groups, as shown in Figure 2: pCR (1 = 8), cCR
(n=2),Ryan 1 (n =4)and Ryan2and 3 (n = 4).

In the pCR group, one patient had TP53 and ALK mutations with MAF < 1% that
appeared after treatment (the only patient of the pCR group with post-treatment samples
collected), one patient had two mutations of TP53 with a MAF < 1% before treatment, one
patient had a KRAS mutation with MAF < 1% and one patient had an EGFR mutation with
MAF between 1 and 10%. No mutations were found in the other patients, as no mutations
were found for the cCR group, also with no samples collected post-treatment.

106



RESULTS

Pharmaceuticals 2023, 16, 427 50f14

Responder | Nonresponder
PCR [ ccrR | Ryan 1 Ryan 2 and 3
Pt 1[2[3|41516[7]819|10|11|ﬁ|—l3|l41618
P53 | B
PT
KRAS | B | |
PT
EGFR | B | ]
PT
MAP2K1 [ B
PT
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[P |
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T
NRAS | B_|
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BRAF B
PT
ERBB1 B
PT
MET | B
PT
ROST | B
PT
mrEMVI [ B[ ]
mrTRG | PT | ]
[ Posiie T— Number of mutant alleles | N=1 N=2
VAR O~ B~ -~
Pt patient; pCR, R, clinical lete response; B, baseline; PT, post-treatment; mrEMVI, MRI extramural venous invasion;

mrTRG, MRI tumor regression grade; MAF, mutant allele fraction. Blank spaces, analysis not conducted or data not available.
Figure 2. Genomic landscape of the mutations detected in plasma and imaging data.

For non-responders, in the Ryan 1 group, only one patient had both samples collected,
and in this patient, a new mutation in EGFR appeared after treatment. In one patient a
KRAS mutation with a MAF between 1 and 10% was found at baseline, and in another
patient a TP53 mutation with MAF < 1% was found. For the Ryan 2 and 3 group, both
samples were collected in the four patients selected. One patient had TP53 and KRAS
mutations at baseline with MAF < 1%, and another patient presented with a TP53 mutation
with MAF < 1% at baseline and with two mutations in TP53 and one mutation in MAP2K1
with MAF < 1% after treatment. In the other two patients, no mutations were found.

2.4. Association between Response to Preoperative Therapy and ctDNA

As shown in Table 2, in our sample nonresponders and poor responders had a higher
frequency of positive baseline ctDNA and a lower frequency of post-treatment ctDNA,
although no significant association was observed. The MAF distribution is presented in
Figure 3, where we can observe that most patients at baseline presented a MAF < 1% and
in the six patients with two blood samples collected (pre- and post-treatment), MAF has
non-significantly (Wilcoxon test, p = 0.109) increased between the two timepoints.

In Figure 2, we showed that all nonresponders with mrEMVI available were mrEMVI
positive, whereas for responders this variable is more scattered. In what concerns mrTRG,
we observed that non imagiological responders (mrTRG3-4) were also scattered across the
groups (responders vs. nonresponders).

In Table 2, we showed that baseline mrEMVI could discriminate nonresponses from
complete responders (p = 0.044). We then created a variable combining patients with either
positive mrEMVT or positive baseline ctDNA and found that this variable was associated
with a higher risk of poor response. Due to our small sample, a multivariable logistic
regression was not attained. No other parameter could predict response, namely cTN stage,
neoadjuvant therapy regimen, interval from therapy to surgery or mrTRG. Furthermore,
in additional analysis not presented in the tables, ctDNA was not significantly associated
with any of the other clinico-pathological features of the patients.
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Table 2. Summary of the relationship between risk factors and main outcomes.

Nonresponders Poor Responders

vs. pCR + cCR P vs. Good Responders P
¢INIII 85.7% vs. 80.0% 1.0002 66.7% vs. 85.7% 0.4652
mrEMVI+ 100% vs. 40.0% 0.0442 100% vs. 50.0% 02292
NAC vs. nCRT 37.5% vs. 30.0% 1.0002 50.0% vs. 28.6% 0.569 2
Interval therapy to surgery (weeks) 11vs. 95 0.161° 11vs. 14 0.684 "
mrTRG 3-5 42.9% vs. 22.2% 0.596 2 66.7% vs. 23.1% 0.2142
Baseline ctDNA+ 50.0% vs. 30.0% 0.6302 50% vs. 35.7% 1.000 2
Baseline MAF 0.044 vs. 0.0 0479° 0.044 vs. 0.0 0.904°
Either mrEMVI or ctDNA+ 2.000 (0.260-15.381) 0.289 ¢ 1.667 (0.135-20.578) 0.021 ¢
Post-treatment ctDNA+ 60.0% vs. 100% 1.0002 50.0% vs. 100% 0.467 2
Post-treatment MAF 0.057 vs. NA 0.776 2 0.159 vs. 0.105 1.0002

PCR, pathological complete response; cCR, clinical complete response; ¢TN, clinical tumor node stage; mrEMVI,
MRI extramural venous invasion; NAC, neoadjuvant chemotherapy; nCRT, neoadjuvant chemoradiotherapy;
mrTRG, MRI tumor regression grade; ctDNA, circulating tumor DNA; MAF, mutant allele fraction; * Fisher exact
test; ® Mann-Whitney test; © McNemar test.

10 n=18 n=6
8.9
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] p=0.109
8 1
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g ]
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@ ]
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- ]
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Before nCRT After nCRT

Figure 3. Mutant allele fractions in baseline and post-treatment samples and changes between the
two timepoints.
2.5. Association between Disease-Free Survival and ctDNA

We also evaluated the value of ctDNA in disease-free survival. With a median follow-
up time of 14 (11-30) months, no patient died and a total of three (16.7%) recurrences, as
lung metastases, were registered at a median of 12 months. As seen in Figure 2, patients

108



RESULTS

Pharmaceuticals 2023, 16, 427 7 of 14

with numbers 12, 15 and 17 presented with recurrence and were nonresponders. They all
were mrEMVI positive and two of them were imagiological poor responders (mrTRG 3-5).
In two of them, no mutations were found; in the other patient, two mutations were found
(TP53 and KRAS).

Kaplan-Meier curves, shown in Figure 4, revealed differences in DFS between respon-
ders and nonresponders (p = 0.004), good responders and poor responders (p = 0.007), and
clinical stages (p = 0.014). We registered no impact of pathological stage on prognosis. No
difference in DFS was found for positive baseline or post-treatment ctDNA vs. negative.
However, when we accounted for the number of mutations present, those patients with
two mutations vs. fewer than two mutations had a worse DFS (p = 0.005). No other
clinico-pathological factors studied had an impact on prognosis; we did not proceed to
search for independent factors of prognosis due to the size of our sample.

(a) (b)
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. # Nonresponders “Poor response
g0.8 | ' _'_>° 08 =
< g
@06 206
[ [
& &=
204 £0.4
. g
2 I}
002 802
0.0 p=044 00 p=0.007
) s 10 15 20 25 30 0 s 10 15 20 25 30
Months Months
(e) (d)
1.0 SRS cTN I 1.0 -
< eTN I . pIN I
“pIN N
508 = 0.8 :
& 2
s e
z0. o 0.6
e H
504 3
a0 0.4
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@ P
2 @
a0.2 3 02
00 p=0014 00 p=0231
o s 10 15 20 25 30 4] 5 10 15 20 25 30
Months Months
(e) U]
1.0 .
CDNA negative 1.0 .

" ctDNA positive | PN CtDNA < 2 baseline
=08 mutations
[ — 08 CtDNA 2 baseline
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20.6 g
a3 © 0.6
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0 H 10 15 20 25 30 ° s 10 15 20 25 30
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Figure 4. Kaplan-Meier curves of disease-free survival. (a) Responders vs. nonresponders; (b) Good
response vs. poor response; (c) Clinical TN stage I vs. IIT; (d) Pathological TN stage I vs. IIT; (e) ctDNA
negative vs. positive; (f) ctDNA baseline mutations <2 vs. >2.

109



RESULTS

Pharmaceuticals 2023, 16, 427

8of14

3. Discussion

Several studies have sought to identify clinically useful predictors of pCR after pre-
operative therapy for patients with LARC [27]. Some parameters have been reported as
possible predictors, including baseline CEA levels, distance of the tumor from the anal
verge, tumor size, clinical lymph node metastasis and interval between treatment and
surgery [27-29]. Habr-Gama et al., suggested that strict clinical and endoscopic findings of
patients with cCR could be useful to select patients for “watch and wait” strategies [30].
However, endoscopic evaluation or MRI evaluation for the response after treatment have
low accuracy for pCR [13], with a sensitivity of only about 25% [31]. Furthermore, it has
been reported that local regrowth after cCR was about 25% to 50% [32,33], whereas after
pCR it was only about 3% [9], with a higher rate of distant metastases after local regrowth
(36% vs. 1%) [34]. These data call for an improvement of the methods currently used for
predicting pCR.

The systemic biomarker ctDNA is readily available through liquid biopsy and has
been shown to detect micrometastasis or minimal residual disease earlier than imag-
ing [35]. Even though some studies reported an association between survival outcomes and
ctDNA [17,19,36-40], fewer studies have shown an association with pCR [37,41]. In our
study, we intended to understand whether baseline ctDNA (evaluated by NGS available
in our laboratory) could help predict response to nCRT in LARC patients. Although we
had a small sample limited by budget, we opted to also study the available post-treatment
samples, as Murahashi et al. (1 = 85) had previously shown that dynamic changes in ctDNA
performed better than baseline ctDNA in predicting response [37]. The baseline ctDNA
was positive in 38.9% of cases, and this rate varies largely in the literature, going from
15 to 77% [42]. Our results showed that baseline ctDNA was not associated with pCR or
good response as previously found in other works [36,37]. However, nonresponders or
poor responders most frequently had positive baseline ctDNA versus complete or good
responders, which shows a tendency already observed in previous studies [38,43]. The lack
of correlation between baseline ctDNA and pathological response might reflect the hetero-
geneity of sensitivity from the tumor to neoadjuvant treatment. Unlike Pazdirek et al. [40]
and Wang et al. [33], in which ctDNA was strongly eliminated from plasma from baseline
to post-treatment samples (probably due to tumor shrinkage and less ctDNA available
from enzymatic digestion induced by radiation damage [44]), in our study we observed
that some mutations appeared in the post-treatment sample that were not present initially,
although the MAF did not change significantly and could not predict outcomes. This was
probably related to the low number of post-treatment analyses or the limited sensitivity of
NGS for identifying pCR, as reported by Roesel et al. [45].

The most common genes mutated in our sample were TP53 and KRAS. TP53 mutation
is observed in 50-75% of CRCs. p53 plays a crucial role in regulating DNA repair and
apoptosis in response to radiation, and TP53 mutations are reported to decrease radiation-
induced apoptosis in several cancers [46]. Tumors with TP53 mutations tend to accumulate
through neoadjuvant treatment [47]. This suggests that chemoradiation therapy provides
a selective pressure for the expansion of TP53-mutant cells in residual tumors [47]; as
could happen with other mutations that appeared later in our sample. A meta-analysis
of 1830 cases with low wild-type TP53 status has shown an association with pathological
response in LARC patients [48]. Although we could not demonstrate which mutation was
more impactful for a good response, TP53 mutation was the most common mutation among
our patients. Furthermore, in the literature miR-34a has been reported as one of the most
relevant downstream effectors of p53, which blocks the IL-6R/STAT3 /miR-34 feedback
loop resulting in inhibition of tumor progression in rectal cancer [49]. miR-34a might
therefore represent another important biomarker and therapeutic target in rectal cancer.

Also, KRAS mutation, the second most common in our sample, belongs to the family
of genes most frequently present in human cancers [50]. KRAS leads to an epidermal-
growth-factor-receptor-independent disturbance of the RAS/RAF/MAPK pathway, which
regulates proliferation and survival in rectal cancer [51]. KRAS mutation and combined
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KRAS/TP53 mutations have been previously independently associated with poor responses
after neoadjuvant treatment [52,53], although other reports found no correlation with
response [54]. Furthermore, KRAS mutations have been associated with a shorter survival
in patients with MSI-low tumors. Therefore, the screening for defective DNA mismatch
repair through immunohistochemistry (IHC) and /or microsatellite instability (MSI) tests
should be performed, although there are still challenges due to the heterogeneity of MSI
testing [55].

Previous studies have found an additional benefit for combining imaging features,
such as mrTRG and ctDNA, in the prediction of response [33,56]. In our analysis, although
mrTRG and none of the other clinical factors were associated with response or ctDNA, we
found that baseline positive mrEMVI could predict nonresponders. Also, after combining
baseline positive ctDNA and mrEMVI, when at least one of these variables were present
the risk of poor response increased. An association between ctDNA and mrEMVI has
been observed before in Zhou et al.’s work [38]. This could raise our awareness of the fact
that not one but many factors might have to be taken into account to predict response, as
many pathways might be involved in the response to chemotherapy. As an indicator that
can be assessed by radiologists, although still with a variable inter-rate kappa reliability,
the clinical value of mrEMVI and the potential clinical significance of its correlation with
ctDNA in predicting response deserve further investigation.

With a median of 14 months of follow-up, tumor progression with distant metastases
was registered in 3 out of 18 patients. As previously demonstrated in the literature [57]
and also in our study, complete and good responses to therapy improved disease-free
survival. Interestingly, patients with cTN Il had a worse DFS than those with ¢TN III. This
could possibly be explained by Kim et al.’s [58] so-called “survival paradox”, in which
the authors attributed a hypothetical higher biological aggressiveness to pT4NO colon
carcinomas. Besides these factors, no other clinico-pathological factors, such as distance to
anal verge, mrEMVI, mrTGR, CEA, pTN, mucinous histology, or vascular or perineural
invasion were associated with DFS. As for the marker of study, baseline ctDNA or MAF
did not predict recurrence, as seen before [38]. When we studied a small group of patients
harboring two mutations instead of one, these could differentiate a group with worse DFS.
However, Ji et al. [59] found that lower tumor mutation burden at baseline was associated
with worse DFS, for these tumors with higher burden might have a higher immune activity
and be more immunogenic, which leads to greater tumor shrinkage. Nevertheless, more
work is still needed to understand if different signatures might be associated with different
outcomes. Also, the dynamic surveillance of ctDNA throughout treatment has shown to be
a more reliable method to predict a higher risk of recurrence [26], which was not possible in
this study. The exploration of this method could help clinicians direct the high-risk patients
to more intensified chemotherapy regimens.

Our study has several limitations. First, due to the small number of recruited patients
and samples (due to logistic problems and non-acceptance by some patients) and the
short follow-up period, there were too few events to correct for potential confounding
factors and to give enough power to ctDNA to come up as independent factor of pCR and
disease-free survival. Second, patients underwent different preoperative therapy regimens
based on different risk profiles. Third, tumor biopsy sequencing was not performed in our
study. Nevertheless, some mutations detected on ctDNA might not be detected in tumor
biopsies, which reflects the tumor evolution and heterogeneity not captured in small biopsy
samples. Furthermore, the proportion of patients with positive ctDNA at baseline was
low, which could be due to false-negative results related to quantitative (insufficient MAF
content) rather than qualitative (lack of altered genes in the NGS panel) reasons. Technical
improvement in the gene panel could perhaps increase the detection accuracy. A strength
of this study relies on the fact that all samples were collected prospectively, which increases
quality of samples and provides more reliable results.
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4. Materials and Methods
4.1. Patients

This study prospectively enrolled a pilot cohort of patients with LARC from three
Iberian centers (Pedro Hispano Hospital, Matosinhos; Centro Hospitalar Universitario
de Sao Joao, Porto; and Hospital La Paz, Madrid) between January 2020 and December
2021. All patients were diagnosed with cT3-4 or N+ rectal adenocarcinoma (within 12 cm
from anal verge) using the AJCC 8th edition TNM classification [60]. Inclusion criteria
included age above 18, treatment with neoadjuvant therapy followed by radical surgery,
no metastasis at diagnosis or previous cancers, Eastern Cooperative Oncology Group
performance status of 0-2 and written informed consent to participate in the study for
sample collection, gene sequencing and data analysis. Patients proposed to the “watch and
wait” strategy were also included. This study was approved by the Institutional Review
Boards of all Hospitals and was registered at ClinicalTrials.gov (NCT04319354).

The following clinico-pathological data were collected prospectively: age, sex, tumor
location from anal verge, clinical stage, mrEMVI, neoadjuvant treatment regimen, MRI re-
sponse, type of surgery, pathological stage, mucinous histology and venous and perineural
invasions.

4.2. Treatment

Patients received either one of two neoadjuvant treatment regimens, according to
multidisciplinary team decision, taking into account patient and tumor features and point
in time of treatment proposal. Mostly in the beginning of the series, the treatment consisted
of standard neoadjuvant chemoradiotherapy (nCRT) comprising a total dose of 50.4 Grey
over 5 weeks and concurrent capecitabine or 5-fluorouracil. The second treatment con-
sisted of short-course radiotherapy (SCRT), with 25 Gy administered over 1 week and
followed by neoadjuvant chemotherapy with combinations of 5-fluouracil and folinic acid
or capecitabine, plus oxaliplatin (TNT). After completing all neoadjuvant treatments, all
patients were re-staged by rectal MRI and then proposed to surgery or the “watch and
wait” approach.

4.3. Response Assessment

MRI assessment of tumor regression grade (mrTRG) was evaluated according to Mer-
cury criteria by the radiologists [61]. mrTRG 1 was categorized as “complete regression”,
mrTRG 2 as “good regression” and mrTRG 3 to 4 as “poor regression”.

PCR was defined as ypTONOMO. Pathological response was assessed by the Ryan
TRG system [62] as follows: Ryan 1, no viable cells or single cells or small groups of
residual cancer cells; Ryan 2, residual cancer outgrown by fibrosis; and Ryan 3, significant
fibrosis outgrown by cancer or no fibrosis with extensive residual cancer. Clinical complete
response (cCR), a surrogate of pCR, was defined as ycTONOMO, evaluated by clinical
examination (digital rectal examination, endoscopy and MRI) in patients with no disease
progression after the 12-month follow-up. Furthermore, for the analysis, the following
groups were created: “responders” (cCR + pCR) vs. “nonresponders” (the remaining) and
“good responders” (cCR + pCR + Ryan 1) vs. “poor responders” (Ryan 2 + Ryan 3). At the
end of patient recruitment and after knowledge of these outcomes, the collected samples
were then selected for further analysis of ctDNA.

4.4. Blood Sampling, Cell-Free DNA Isolation and Sequencing

Serum carcinoembryonic antigen (CEA) level was measured at baseline. For ctDNA
analysis, blood samples were collected 1-2 weeks before initiation of preoperative therapy
(baseline) and after treatment (just before surgery) for some patients. Blood samples were
collected into BD Vacutainer® PPT™ plasma preparation tubes (2 x 5 mL) (BD Biosciences,
Franklin Lakes, NJ, USA). Plasma was extracted by centrifugation at 1100 rcf for 10 min
at room temperature and stored at —20 °C according to laboratory protocol. The samples
were purified using Promegalnstrument Maxwell® RSC (Promega Corporation, Madison,
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WI, USA). Libraries from cfDNA were prepared with Oncomine Lung ¢fDNA Assay
(Thermo Fisher Scientific, Waltham, MA, USA), available in the laboratory for the most
common mutations in rectal cancer. The cfDNA panel used in this study covered 11 genes
(ALK, BRAF, EGFR, ERBB2, KRAS, MAP2K1, MET, NRAS, PIK3CA, ROS1 and TP53), with
more than 150 hotspots (SNVs and short indels). We tracked the mutations with the
highest mutation allele frequency (MAF) in each patient [63]. Patients with detectable
mutations were categorized “ctDNA positive”, and the ones with undetectable mutations
were characterized as “ctDNA negative”.

4.5. Statistical Analysis

Statistics were performed using IBM SPSS Statistics 28.0.10 (IBM, Armonk, NY, USA).
Fisher’s exact test, McNemar test and Mann-Whitney tests were used to compare the risk
factors in the study with the main treatment response outcomes. The Wilcoxon test was
used to compare median MAF between pre-and post-treatment samples. Survival analysis
was conducted through the Kaplan-Meier log rank method to analyze the importance of
ctDNA and other factors in disease-free survival (DFS), which was defined as time without
recurrence since diagnosis until last follow-up. Values with p < 0.05 were considered
statistically significant.

5. Conclusions

In conclusion, although these results should be read carefully due to sample size,
this study suggests that baseline ctDNA combined with mrEMVI could potentially help
predict response to nCRT in LARC patients. Additionally, baseline ctDNA number of
mutations might allow the discrimination of groups with different disease-free survival
times. Further studies with more patients, samples, timepoints and clinical data integrated
with a large number of cancer-related genes are needed to clarify the role of ctDNA as an
independent tool in the selection and management of LARC patients. The authors believe
that the integration of the data from this study with data coming from other studies in
future meta-analyses will likely be useful to provide a better guide for clinical practice by
healthcare professionals.
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Discussion

The recent advances in the management of LARC patients, with new
strategies and oncological regimens, have improved local control in these patients
292, However, many patients still present distant disease recurrence and cancer-
specific mortality 293. Presently, few clinical factors can predict long-term outcomes
and allow a personalized therapy decision making. TNM stage is used as the main
tool for decision. Nevertheless, as seen before, a substantial heterogeneity of
outcomes happen inside the same stage °3 293, Only three biomarkers, MMR-status,
RAS-status and BRAF-status are currently available in clinical setting to aid in
determining the prognosis of a patient and predicting treatment therapy. As for
response to neoadjuvant treatment, there are no clinical or molecular markers that
can accurately predict response 29, and with the growing choice of organ-sparing
approaches, there is a real risk of tumor regrowth of approximately 30% 199. The
IWWD (International Watch and Wait Database), a large-scale registry from
dedicated centers to the study of “watch and wait” strategy is providing a wider
perspective of the outcomes and protocols that should be followed for good results
294,

As part of the MDT group meetings, the surgeon must understand these
premises, for evermore the best therapy decision for each patient might not include
surgery. The decisions should be the result of a discussion between several
specialties, including surgeons, oncologists, radiotherapists, gastroenterologists,
pathologists, radiologists, psychologists, nutritionists, palliative care doctors, and so
on. Furthermore, this discussion should be supported by the knowledge of the latest
evidence-based literature and guidelines. With the expanding of therapeutic
strategies in the realm of LARC patients, new biomarkers must be studied in order

to support those choices.

The research studies that integrate this thesis have focused on the potential
utility of circulating biomarkers in supporting those choices. We intended to
validate some findings of the literature related to the impact of circulating

inflammatory markers and ctDNA in the prevision of pathological response to nCRT
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and of prognosis in LARC patients. Also, we proposed to show a wide perspective of
current studies showing the implication of the use of ctDNA in response to nCRT and
prognosis in LARC patients. Subsequently, we provide a discussion and
summarization of our findings, and also postulate some premises for the execution

of future studies.
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1. PN Index and PLR Play a Role in Predicting Response to nCRT in LARC

Patients

The host response is becoming increasingly recognized to play an impactful
role in clinical outcomes (long-term survival) 295 and in the potential prediction of
response to nCRT in LARC 2%. A recent meta-analysis for the study of predictive
factors of pathological response established that there is currently a lack of robust
clinical or radiological biomarkers for predicting such a response 2°7.

Blood hematological and biochemical biomarkers are inexpensive and
readily available in routine clinical practice. Therefore, the first step of our project
was to study the impact of circulating markers, to evaluate if there were markers
accurate enough to determine response to nCRT. These biomarkers included
hemoglobin, mean corpuscular volume, white blood cell count, absolute counts of
neutrophils, lymphocytes, monocytes, platelets, albumin, CEA, NLR, PLR, LMR, SII
(systemic inflammation index), PNI (prognostic nutritional index) and PN (platelet-
neutrophil) index. In a retrospective analysis of 191 patients, from two centers, we
achieved a pCR of 12.6% and a Ryan TRG good response of 46.6%. We demonstrated
that patients who achieved a poor response to therapy had high PN index (platelet
count higher than 350x10°/L and neutrophil count higher than 7.5x10°/L) at
baseline, cT stage >2 and tumor length over 5 cm. Unfortunately, no conclusion
could be made regarding the association of inflammatory circulating markers and
pCR, probably due to its low rate in our study. We did not identify any other
significant association between circulating biomarkers and response to therapy.
This could relate to the relatively small sample size or other confounding factors,
but we also pointed out the potential impact of publication bias favoring positive
results in other studies of this nature, present in the literature.

In a more recent study, we extended this sample to 245 patients and achieved
a pCR of 14.7%. In this sample, male gender, higher tumor length and post-nCRT
PLR were independent predictors of pCR. Although PLR had only a moderate
sensitivity and specificity for predicting pCR, these results show that inflammatory
markers could have an important role in the definition of treatment strategies in the

future.
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Few studies regarding the value of inflammatory markers, like NLR, have
been published since 2014, highlighting the recent interest in this area. A systematic
review from 2021 4, reports that studies evaluating the impact of NLR on tumor
response to nCRT yielded conflicting outcomes. The negative results could be
explained by the use of NLR survival cut-offs and the use of historical values from
previous studies (these ranged from 2.77 to 5). Furthermore, in a meta-analysis it
was found that none of the authors specifically addressed the prediction of pCR,
instead focusing on good responders 188

Policicchio et al. was the first to show that PN index at the time of diagnosis
had predictive value (p = 0.039) in 112 patients with respect to pCR 298, In our first
results, although PN index could not predict pCR, it allowed prediction of good
responders. Furthermore, the association between PLR and pCR has been
previously observed, in two studies in which worse pathological response was
linked to high pre-nCRT platelet levels, changes in platelet levels and post-nCRT PLR
299, and to high intra-nCRT and high PLR change rate 300,

Several individual studies have also shown the impact of other markers in
response, either individually or combined. Low LMR 301, high PNI 302, CRP 393, mGPS
304 LCR (lymphocyte-to-C-reactive protein ratio), N x M value (neutrophil x
monocyte) 305, SII 3%and MCV (mean corpuscular value) 307 have proven to be
significant predictors of poor or complete pathological response in rectal cancer
patients following nCRT, superior to other scores studied in parallel. These results
have not, however been validated by other authors 226308309,

These indexes could be helpful in identifying high-risk patients and may help
select patients for TNT and “watch and wait” strategies. There is still substantial
heterogeneity between studies, as cut-offs for most ratios remain highly variable in

the literature and require standardization in larger randomized studies.
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2. NLR and PN index Can Predict Survival Outcomes in LARC, Adding Value to
TNM Stage

We further evaluated the relevance of blood hematological and biochemical
circulating biomarkers in the prediction of survival outcomes in LARC patients. We
performed a retrospective analysis of 245 patients, from two centers, and found that
besides greater tumor dimension, pathological stage IIl, vascular invasion, absence
of adjuvant CT and higher pre-treatment CEA, higher pre- and post-nCRT
neutrophil-to-lymphocyte ratios (NLR) significantly predicted overall survival. As
for disease-free survival, it was significantly predicted by greater tumor dimensions,
patients submitted to abdominoperineal amputation, pathological stage III,
perineural invasion, higher circumferential rectal margin and higher post-nCRT PN
index, in our analysis. Furthermore, in patients with pathological stage II, post-nCRT
PN index allowed the definition of subgroups of higher risk. This was one of the few
studies to investigate and evidence the value of several parameters in different
timepoints in prognosis, although some scores studied elsewhere, such as PLR, LMR,
SII and PNI, could not predict prognosis in this work. We could not study other
important markers, such as CRP, fibrinogen or cytokines, because they were not
routinely evaluated in the centers in which this study was performed.

Neutrophils secrete cytokines and chemokines, as well as reactive oxygen
and nitrogen species, that play an important role in cancer progression 310.
Lymphopenia, commonly present in these tumors, might help tumor cells escape
immune surveillance and prevent damage from the autoimmune response by
cytotoxic T cells 311, Thus, a high NLR level reflects alterations in the cancer
microenvironment that favor cancer initiation and progression. Platelets are also
thought to be involved in tumor progression by regulating neo-angiogenesis and by
helping circulating tumor cells to escape immune surveillance 312313, PN index could
have an impact in predicting DFS, although this association has not been reported
before and deserves further consideration, especially in the definition of risk
subgroups. The definition of subgroups of prognosis could potentially alter the
treatment strategy of patients with LARC in the future, by intensification of CT,
change to TNT or possible introduction of immunotherapies for the higher-risk

patients.
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A meta-analysis from 2021 4, including 31 studies with 7553 patients, has
concluded that NLR was a superior indicator of unfavorable OS and DFS in patients
undergoing curative resection for rectal cancer. The prognostic value of NLR was
superior to PLR and comparable to LMR. A more recent meta-analysis 10,
incorporating some of the same studies achieved the same conclusions, but
cautioned that only pre-nCRT and not post-nCRT NLR was associated with
prognosis, which could be explained by additional changes in the cells produced by
the treatment. A summary of the characteristics of the main studies exploring LARC
in these meta-analyses are presented in Table 5. A previous meta-analysis 314 had
explored the value of systemic inflammatory indexes in CRC, but the differences in
treatment strategies and survival rates between colon and rectal cancer might bias
conclusion in these more inclusive studies. Meanwhile, a Canadian multicenter
study by Dudani and colleagues 315, with the largest effect size in both meta-analyses
already mentioned, reported that NLR level was not associated with OS, warning
that the value of NLR in other smaller sized studies could be the work of confounding

factors.

Table 4. Main features of studies assessing the impact of NLR in prognosis of LARC patients
(adapted from Hamid et al. 4 and Lee et al. 10)

Follow-up (months) Cut-offfor  Multivariate

Author, year Country N median (range) NLR analysis
Carruthers et al.,,

2012 UK 115 37.1 5 Yes
Kim etal., 2014 Korea 102 39 (3-238) 3 Yes
Shen etal, 2014 China 199 31 (1-84) 2.8 Yes
Nagasaki et al, 2015  Japan 201  51.2(3.6-120.1) 3 Yes
Lino-Silva etal.,, 2016  Mexico 175  33.5(10-75) 3 No
Hodek et al,, 2016 CzechR. 173  35(5.6-76.9) 2.8 No
Jung et al. 2017 Korea 984 48 1.7 Yes
Zhao et al,, 2017 China 100 45.5 2.25 Yes
Shen etal, 2017 China 202  45(3-162) 3 No
Sung et al,, 2017 Korea 110 31.1 1.75 No
Ward et al,, 2018 USA 146 NR 4.47 Yes
Braun et al,, 2019 Germany 220 67 4.06 Yes
Chaetal, 2019 Korea 131 73.7 3 No
Jeon et al., 2019 Korea 140 37 2.66 Yes
Dudani et al., 2019 Canada 1237 71 4 Yes
Kim etal, 2019 Korea 173  75(5-166) 2 No
Zhang et al,, 2019 China 76 NR 2 Yes
Sun etal,, 2019 China 317 54 2.9 Yes
Baietal, 2019 China 104 47 (4-60) 2.2 Yes
Zhang et al. 2020 China 472 57 (20-104) 2.3 Yes
Ergen etal, 2021 Turkey 53 43(9-146) 2.49 No

NR, not reported.
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Another recent meta-analysis 316 concluded that pretreatment LMR, but not
PLR, correlated with tumor response and prognosis after curative-intent surgery for
rectal cancer. Several individual studies have also shown the impact of other
markers in prognosis. Elevated pretreatment PNI 302, LA (lymphocyte count x
albumin level), IPI (inflammation-related prognostic index, measured as the
combination of high NLR and hypoalbuminemia) 317 and FA score (plasma
fibrinogen and serum albumin) 318 have proven to be significant predictors of
survival in LARC patients, and to be superior to other scores studied in parallel. In
contrast, other markers like mGPS, AGR (albumin-globulin ratio), SIS (systemic
inflammation score, which is a score of serum albumin level and LMR), CRP and CAR
(C-reactive protein-albumin ratio) have only showed significance in studies

exploring colon and rectal cancer altogether 317.

In the context of prognosis, higher pre- and post-nCRT neutrophil-to-
lymphocyte ratios (NLR), higher post-nCRT PN index, and other markers described
in the literature could potentially identify high-risk LARC patients, optimize the use
of adjuvant therapies or aid the choice of other strategies, such as immunotherapy,
in order to achieve maximum therapeutic effectiveness. Larger randomized studies
are needed, incorporating several of these indexes in LARC patients separately, to
define which scores are the most valuable for prognosis prediction and to define cut-
offs for each of them. This study suggests that the contribution of several scores
could have impact in the sub-classification of patients from different TNM stages.
Therefore, the contribution and interaction of different scores should be analyzed

to allow the construction of nomograms, to guide clinical therapeutical decision.
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3. ctDNA is a Thriving Predictive Tool for Assessing Response and Prognosis

in LARC Patients

In order to allow better sub-classification of TNM stage and complement
information already found from blood hematological and biochemical parameters,
we moved on with the study of ctDNA, also a readily available, non-invasive,
circulating biomarker retrieved in liquid biopsy. As stated before, this marker is also
representative of inter- and intra-tumor heterogeneity, unlike tissue biopsy of the
tumor. Due to its short half-life, liquid biopsies of ctDNA were considered to provide
a more real-time information compared with other diagnostic methods 233. As the
price of methods for ctDNA detection are decreasing, estimated at 500 US dollars
per test 319, this is an attractive marker to study for potential future clinical
application.

In order to explore what was already known in the literature, we performed
a systematic review on the impact of ctDNA in the prediction of response and
prognosis of LARC patients. We retrieved 21 studies, of which 17 were full-text
articles and 4 were abstracts presented in medical conferences, summarizing
information of 1499 patients in total.

Regarding TRG, we found that dynamic changes throughout therapy of
increasing longer fragments of cfDNA, median value of Alu 237 repeat and integrity
index (ratio of longer cfDNA fragments over the levels of short fragments) were
associated with no response from tumors to nCRT. Baseline evaluation of mutations
from tissue tumor samples in liquid biopsies, TMB, TP53 or APC mutations (negative
association) and MGMT (O 6-methyl-guanine-DNA methyltransferase) or ERCC1
(excision repair cross-complementing) genes methylations (positive association)
could also predict TRG. In contrast, baseline cfDNA total levels, dynamic changes in
KRAS mutations and NPY (neuropeptide Y) hypermethylation had no association
with TRG.

As for pCR, baseline specific mutations from tissue samples, pre-treatment
promotor profiling of cfDNA and dynamic changes (until before surgery) of several
common mutations (TP53, KRAS, APC, PIK3CA, etc.) allowed prediction of this

outcome. Instead, levels of cfDNA, pre- and post-treatment measurement of
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KRAS/BRAF mutations and baseline NPY hypermethylation showed no association
with pCR.

Concerning survival outcomes, baseline cfDNA levels above 75t percentile,
the analysis of tissue-specific mutations, the common mutations mentioned above,
baseline NPY hypermethylation, TMB and persistence of ctDNA in 4 time-points
(baseline, dynamic changes through nCRT, post-CRT and post-surgery) predicted
survival outcomes. In contrast, total cfDNA levels and detection of KRAS/BRAF on
specific timepoints showed no association with survival.

This review provided a wide view of the published literature on the potential
use of cf/ctDNA as a predictor of outcomes in LARC patients. A wide array of
methods and timings for liquid biopsy were used and we found many conflicting
findings across studies. Nevertheless, the quantification of cfDNA, the analysis of
common mutations in CRC setting and certain hypermethylation, at specific
timepoints or rather their dynamic changes, seem promising predictors of
outcomes. Regrettably, the most accurate analyses still seem dependent on
comparison of mutations with the ones in tissue samples, which wanes the potential
ambition of ctDNA of making tissue biopsies obsolete.

After the publication of this systematic review, a few more studies were
published on this subject. Wang et al. 320 reported, in 119 patients, that a risk
predictive model incorporating both ctDNA (feature at baseline, ctDNA clearance
and acquired mutation status throughout nCRT) and mrTRG improved performance
in predicting pCR in comparison to individual analysis. Also, patients with
detectable CRC driver mutations after nCRT and a high-risk feature in imaging were
prone to more recurrences. The GEMCAD 1402 multicentric randomized trial 321
observed that detectable ctDNA after nCRT was significantly associated with worse
survival outcomes in 180 patients. A randomized trial by Liu et al. 322 of 60 patients
came to these same very conclusions. Once again, they added that using
personalized assays targeting tumor-informed mutation to complement
information from universal panel of genes frequently mutated in CRC and low depth
sequencing for copy number alterations may improve the performance of these
methods. Finally, in the more recent LiBReCa study of 25 patients 323, positive ctDNA
before surgery could predict poor responders, but no association could be found

between disappearance of ctDNA mutations and pCR.

127



DISCUSSION

In brief, the ideal methods and timings for liquid biopsy require validation,
but for the time being, serial analysis of ctDNA at the most opportune timings
throughout treatment appears to be the most accurate way to make clinical
decisions in the future and to investigate the impact of ctDNA in response to nCRT
and prognosis of LARC patients in the meanwhile.

Research is growing exponentially in this area and in Table 5, the main

ongoing current trials are briefly presented.

Table 5. Main ongoing trials investigating the role of interventional ctDNA for treatment decision

making in LARC patients
Trial Trial design Estimated
Main characteristics
Location Status enrollment
NCT04842006 Randomized TNT and SCRT vs. standard nCRT
Finland Recruitin 93 Assessment of MRD after surgery
(SYNCOPE) & and correlation with prognosis
NCT04670588 Prospective 30 Determine tumor response based
USA Recruiting on serum ctDNA serial sampling
NCT03615170 Prospective 200 Assessment of disease-free
China Recruiting survival
AC-TRN
12617001560381 Randomized Assessment of reduction of
Australia o 408 adjuvant chemotherapy with the
Recruiting use of ctDNA
(DYNAMIC RECTAL)

NCT, National Clinical Trial; SCRT, short-course radiotherapy; MRD, microscopic residual disease
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4. Prediction of response through imaging features could be complemented

with ctDNA analysis

The value of ctDNA in the literature for prediction of response and prognosis
is still conflicting, therefore we intended to add more original data from our
population to the records from the systematic review, by conducting a multicentric
(3 centers) prospective pilot study on this subject. This protocol was registered in
the clinical trials website, with the registration number NCT04319354. We collected
and analyzed the samples through a clinically relevant and economically efficient
NGS panel for the detection of common rectal cancer gene variants in the ctDNA.

Since 2005, the rise of commercially available massively-parallel bench top
sequencers have made targeted sequencing and analysis wide available, both in a
research and clinical setting 324. With NGS, many randomly arrayed DNA molecules
on a chip are sequenced and captured in parallel. NGS ranges from small targeted
sequencing panels to whole exome or genome sequencing 32> and is ideal for
hypothesis free variant detection. It poses a challenge though, due to the limited
amounts of fragmented DNA in plasma and high levels of background noise.
Nevertheless, new technologies, such as amplicon-based targeted sequencing
methods are being developed to identify the low frequency mutations in plasma 245.

We ensued to determine whether ctDNA could be reliably detected in
patients with LARC. Overall, we were able to detect ctDNA in 11/24 (45.8%)
samples, and our baseline ctDNA was positive in 38.9%, which is an equivalent
sensitivity to previous reports, which go from 15 to 77% 326. Variants were most
frequently detected in both KRAS and TP53, both of which have been previously
hypothesized to impact patient response to nCRT in LARC patients 199 201 327
although individually they could not predict outcomes in this sample. We observed
a lack of correlation between baseline ctDNA and pathological response, which
might reflect the heterogeneity of sensitivity from the tumor to neoadjuvant
treatment, although there was a tendency for non and poor responders to present
more frequently with positive baseline ctDNA. Unlike other studies 320328 in which
ctDNA was strongly eliminated from plasma from baseline to post-treatment
samples (probably due to tumor shrinkage and less ctDNA available from enzymatic

digestion induced by radiation damage), in our study we observed that some
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mutations appeared in the post-treatment sample that were not present initially,
although the mutation allele frequency (MAF) did not change significantly and could
not predict outcomes. Even though we had a low number of post-treatment analysis,
these conflicting results surely pushes us to expand the sample number and to seek
further confirmations on the reliability of the mutational tumor load as a biomarker
in rectal cancer. Furthermore, we could not find an association between baseline
ctDNA or MAF and recurrence, but a small group of patients harboring two
mutations instead of one has shown a worse DFS, although more work is needed to
understand this data. While in the literature the dynamic surveillance of ctDNA
throughout treatment has been proved to be a more reliable method of predicting
survival 329, this was not possible to evaluate in this study.

Although there are other reports of the value of the combination of imaging
features, such as mrTRG, and ctDNA in the prediction of response 320330, this factor
was not associated with pathological response in our sample. Nevertheless, we
found that positive MRI extramural venous invasion (mrEMVI) or the combination
of either positive ctDNA or mrEMVI could predict poor response. An association
between these two features have been observed before 197, therefore future studies
should look into these associations as other imaging feature beyond mrTRG could
increase the sensitivity of prediction of response, and even more if complemented
by ctDNA.

Although we were able to make some achievement throughout this work,
some setbacks were encountered, which nevertheless contributed to the growth and
learning experience as an autonomous researcher by the author of this thesis. This
research project was developed in surgical and pathological centers where there
were no fully dedicated investigation teams, which made it thoroughly dependent
on the good will of professionals. This impacted the study due to the fact that more
patients refused to participate, some samples were not collected or were lost in the
laboratories. More support given to institutions and departments welcoming
researchers would certainly improve the accomplishment of investigation projects.
Furthermore, a vast period of patient recruitment occurred during the COVID
pandemic, when less cases of rectal cancer were screened and referred to the
hospital, which led to a smaller sample than initially estimated. Also, to get a proper

sponsorship without the support of an institution proved fairly difficult, which has
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limited the amount of sample analysis that could be performed. We also had some
limitations related to the laboratory methods, already described in the article 4, but
further explained in here. Our detection rate of ctDNA was low compared to the
literature 24° and we speculated that this could be due to low plasma volumes
leading to low cfDNA concentrations, which can have a detrimental impact in the
sensitivity of the NGS analysis 217. Also, stored blood samples were used in this study
and it is known that prolonged storage of DNA may lead to substantial loss, with
annual degradation rates of approximately 7-30% 331 332, reducing even more its
detection. Finally, one of the chips used for NGS analysis got damaged, which made
us have to repeat the analysis with another chip and lower the budget for additional
analyses.

Despite its potentialities, the use of liquid biopsy in routine clinical practice
has historically been burdened by considerable costs, heterogeneity in methodology
and different threshold values that could be influenced by the noise caused by
normal tissue cfDNA. For these reasons, the level of evidence to date is not yet
considered as high to recommend the use of ctDNA testing in routine clinical
practice. Nevertheless, the cost of high throughput methods has been decreasing 333
and the hope given by its proven clinical benefit in other cancers and the growing
proofs in LARC, will surely make this field grow exponentially in the next years, until

it reaches the clinical setting.
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Future Perspectives

Despite the advances in the personalized treatment of rectal cancer, there are
still a plethora of molecular alterations to be investigated and establish new
molecular response and prognostic biomarkers. As we have shown, inflammatory
markers could have a role as biomarkers, adding information to TNM stage in the
decision of treatment strategies, including emerging immune checkpoint therapies.
Moreover, the dynamic monitoring of ctDNA could be an additional biomarker of
prognosis and a valuable complement to imaging methods as a response biomarker.

However, the prediction of outcomes in LARC might not be possible using
tumor-specific variants alone. The CRCSC >¢ have developed a subtyping system
based on the gene expression profiling of >4000 patients with CRC. The emergence
of novel subtyping systems alert that variable expression profiles might have to be
studied in order to predict response and prognosis, and that specific variants alone
might not be significant enough. Although their studies provide valuable
information for colon cancer patients, information for rectal cancer is still limited,
and further testing is needed in a larger number of patients. These will eventually
aid in a treatment-stratification for these patients.

The CMS subtype classification in LARC can be useful in the design of new
clinical trials to identify reliable biomarkers for every substage. The future of
biomarkers in LARC patients may be a combination of genomic, proteomic and
immune factors that contribute to prognostic and predictive scores which will aid
the MDT group in designing the patient’s individual treatment plan. The inclusion of
the markers and mutations studied in this thesis in existing staging systems, will
probably help stratify patient risk and ultimately optimize the treatment, survival
and quality of life of LARC patients.

As for the continuation of the work stated in this thesis, the first goal is to
publish the works already submitted. Then, further funds are required to allow the
analysis of the remaining pre- and post-treatment samples and study its association
with tumor response, and for analysis of the post-surgical samples to study the

potential impact of ctDNA in the prognosis of LARC patients. Also, the maintenance
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of prospectively collected databases could provide a more accurate definition of the

role of hematological and biochemical parameters in this matter.
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Conclusion

The formulation of scores and nomograms using hematological and
biochemical markers already in use in clinical practice could aid in the stratification
of high and low-risk patients inside TNM stage. In a population of two centers
analyzed retrospectively, we validated that PN index was a marker of poor response
to nCRT, PLR was marker of pCR and that NLR and post-nCRT PN index were
markers of poor prognosis, allowing the stratification of subgroups of prognosis
inside pTNM stage II.

The results of this thesis also suggest that monitoring somatic focal events in
ctDNA, a non-invasive biomarker, may aid the stratification and decision of
treatment approach of LARC patients. We performed the first systematic review on
the role of ctDNA in response to neoadjuvant treatment and prognosis, and observed
that in some studies baseline and dynamic monitoring of ctDNA could predict these
outcomes. Furthermore, we performed a prospective Iberian multicentric study to
validate some of these results and we found that the combination of mrEMVI and
baseline ctDNA predicted treatment response and that the number of mutations in
ctDNA could predict DFS.

This information could have a significant impact in the treatment of patients
with LARC. The benefits of identifying patients who would not respond to therapy
could improve quality of life by avoiding unnecessary exposure to cytotoxic agents,
or the suggestion of a more aggressive approach to treatment in poor responders
and in patients with worse prognosis. Furthermore, the emergence of organ-sparing
strategies would likewise benefit from accurate and reliable markers. More work is
still required before considering clinical implementation of these methods, from
technical standardization to validation in larger translational randomized
prospective patient studies.

Nonetheless, this thesis has contributed to the improved understanding of
the value of blood parameters and ctDNA in the prediction of nCRT response and
prognosis in LARC patients and that these could potentially become useful

biomarkers in clinical practice.

139



140



< BIBLIOGRAPHY >

141



142



BIBLIOGRAPHY

BIBLIOGRAPHY

1. Kim SH, Chang HJ, Kim DY, et al. What Is the Ideal Tumor Regression Grading System in Rectal Cancer Patients after
Preoperative Chemoradiotherapy? Cancer Res Treat 2016;48(3):998-1009. doi: 10.4143/crt.2015.254 [published
Online First: 20151022]

2. Menter DG, Davis ]S, Broom BM, et al. Back to the Colorectal Cancer Consensus Molecular Subtype Future. Curr Gastroenterol
Rep 2019;21(2):5. doi: 10.1007/s11894-019-0674-9 [published Online First: 20190130]

3. Wan JCM, Massie C, Garcia-Corbacho ], et al. Liquid biopsies come of age: towards implementation of circulating tumour
DNA. Nat Rev Cancer 2017;17(4):223-38. doi: 10.1038/nrc.2017.7 [published Online First: 20170224]

4. Hamid HKS, Davis GN, Trejo-Avila M, et al. Prognostic and predictive value of neutrophil-to-lymphocyte ratio after curative
rectal cancer resection: A systematic review and meta-analysis. Surg Oncol 2021;37:101556. doi:
10.1016/j.suronc.2021.101556 [published Online First: 20210331]

5. Dasari A, Morris VK, Allegra CJ, et al. ctDNA applications and integration in colorectal cancer: an NCI Colon and Rectal-Anal
Task Forces whitepaper. Nat Rev Clin Oncol 2020;17(12):757-70. doi: 10.1038/s41571-020-0392-0 [published
Online First: 20200706]

6. Jessup JM, et al.,, Colon and Rectum, in AJCC Cancer Staging Manual, M.B. Amin, et al., Editors. 2017, Springer International
Publishing AG: Cham, Switzerland. p. 252-274.

7.Kalady MFaYNY, Molecular Basis of Colorectal Cancer and Overview of Inherited Colorectal Cancer Syndromes, in The ASCRS
Textbook of Colon and Rectal Surgery. 2016, Springer. p. 383-415.

8. Fischer LEaCPH, Low Anterior Resection and Abdominoperineal Resection, in Illustrative Handbook of General Surgery.
2016, Springer. p. 429-448.

9. Charran O, Muhleman M, Shah S, et al. Ligaments of the rectum: anatomical and surgical considerations. Am Surg
2014;80(3):275-83.

10. Lee S], Kim K, Park HJ. Meta-Analysis on the Neutrophil-Lymphocyte Ratio in Rectal Cancer Treated With Preoperative
Chemoradiotherapy: Prognostic Value of Pre- and Post-Chemoradiotherapy Neutrophil-Lymphocyte Ratio. Front
Oncol 2022;12:778607. doi: 10.3389/fonc.2022.778607 [published Online First: 20220211]

11. Sung H, Ferlay ], Siegel RL, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide
for 36 Cancers in 185 Countries. CA Cancer ] Clin 2021;71(3):209-49. doi: 10.3322/caac.21660 [published Online
First: 2021/02/05]

12. Ferlay J, Steliarova-Foucher E, Lortet-Tieulent ], et al. Cancer incidence and mortality patterns in Europe: estimates for 40
countries in 2012. Eur J Cancer 2013;49(6):1374-403. doi: 10.1016/j.ejca.2012.12.027 [published Online First:
2013/03/15]

13. Arnold M, Sierra MS, Laversanne M, et al. Global patterns and trends in colorectal cancer incidence and mortality. Gut
2017;66(4):683-91. doi: 10.1136/gutjnl-2015-310912 [published Online First: 2016/01/29]

14. Swinson DS, M. . Colorectal cancer. Oxford, Oxford University Press 2012

15. World Health Organization. Mortality database Department of Information EaR.Available from:
http://gco.iarc.fr/today/data/factsheets/populations/620-portugal-fact-sheets.pdf.((accessed on 05 October
2021)])

16. Wolpin BM, Meyerhardt JA, Mamon HJ, et al. Adjuvant treatment of colorectal cancer. CA Cancer J Clin 2007;57(3):168-85.
doi: 10.3322/canjclin.57.3.168 [published Online First: 2007/05/18]

17. Burt R, Neklason DW. Genetic testing for inherited colon cancer. Gastroenterology 2005;128(6):1696-716. doi:
10.1053/j.gastro.2005.03.036 [published Online First: 2005/05/12]

18. Dekker E, Tanis PJ], Vleugels JLA, et al. Colorectal cancer. Lancet (London, England) 2019;394(10207):1467-80. doi:
10.1016/S0140-6736(19)32319-0 [published Online First: 2019/10/22]

19. Brenner H, Kloor M, Pox CP. Colorectal cancer. Lancet (London, England) 2014;383(9927):1490-502. doi: 10.1016/S0140-
6736(13)61649-9 [published Online First: 2013/11/15]

20. Glynne-Jones R, Wyrwicz L, Tiret E, et al. Rectal cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and
follow-up. Annals of oncology : official journal of the European Society for Medical Oncology 2018;29(Suppl 4):iv263.
doi: 10.1093 /annonc/mdy161 [published Online First: 2018/05/10]

21.Jorge JM, Wexner SD. Anatomy and physiology of the rectum and anus. Eur J Surg 1997;163(10):723-31. [published Online
First: 1997/12/31]

22. Eckburg PB, Bik EM, Bernstein CN, et al. Diversity of the human intestinal microbial flora. Science 2005;308(5728):1635-
8.doi: 10.1126/science.1110591 [published Online First: 2005/04/16]

23. Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and colorectal cancer. Nat Rev Microbiol
2014;12(10):661-72. doi: 10.1038/nrmicro3344 [published Online First: 2014/09/10]

24. Singh T, Amirtham U, Satheesh CT, et al. Floor-of-mouth metastasis in colorectal cancer. Ann Saudi Med 2011;31(1):87-9.
doi: 10.4103/0256-4947.70583 [published Online First: 2010/09/25]

25. Passiglia F, Bronte G, Bazan V, et al. PD-L1 expression as predictive biomarker in patients with NSCLC: a pooled analysis.
Oncotarget 2016;7(15):19738-47. doi: 10.18632 /oncotarget.7582 [published Online First: 2016/02/27]

26. Jass JR. Classification of colorectal cancer based on correlation of clinical, morphological and molecular features.
Histopathology 2007;50(1):113-30. doi: 10.1111/j.1365-2559.2006.02549.x [published Online First: 2007/01/06]

27. Bronte G, Passiglia F, Galvano A, et al. Anti-angiogenic drugs for second-line treatment of NSCLC patients: just new pawns
on the chessboard? Expert Opin Biol Ther 2016;16(1):1-5. doi: 10.1517/14712598.2015.1075000 [published
Online First: 2015/08/04]

28. Massihnia D, Galvano A, Fanale D, et al. Triple negative breast cancer: shedding light onto the role of pi3k/akt/mtor
pathway. Oncotarget 2016;7(37):60712-22. doi: 10.18632/oncotarget.10858 [published Online First:
2016/07/31]

29. Labianca R, Nordlinger B, Beretta GD, et al. Primary colon cancer: ESMO Clinical Practice Guidelines for diagnosis, adjuvant
treatment and follow-up. Annals of oncology : official journal of the European Society for Medical Oncology 2010;21
Suppl 5:v70-7. doi: 10.1093/annonc/mdq168 [published Online First: 2010/06/29]

143




BIBLIOGRAPHY

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53

54.

55.

56.

57.

58.

59

Vogelstein B, Fearon ER, Hamilton SR, et al. Genetic alterations during colorectal-tumor development. The New England
journal of medicine 1988;319(9):525-32. doi: 10.1056/NEJM198809013190901

ten Dijke P, Hill CS. New insights into TGF-beta-Smad signalling. Trends Biochem Sci 2004;29(5):265-73. doi:
10.1016/j.tibs.2004.03.008 [published Online First: 2004/05/08]

Bronte G, Incorvaia L, Rizzo S, et al. The resistance related to targeted therapy in malignant pleural mesothelioma: Why
has not the target been hit yet? Crit Rev Oncol Hematol 2016;107:20-32. doi: 10.1016/j.critrevonc.2016.08.011
[published Online First: 2016/11/09]

Vousden KH, Prives C. Blinded by the Light: The Growing Complexity of p53. Cell 2009;137(3):413-31. doi:
10.1016/j.cell.2009.04.037 [published Online First: 2009/05/05]

. Markowitz SD, Bertagnolli MM. Molecular origins of cancer: Molecular basis of colorectal cancer. The New England journal
of medicine 2009;361(25):2449-60. doi: 10.1056/NE]JMra0804588 [published Online First: 2009/12/19]

Boland CR, Koi M, Chang DK, et al. The biochemical basis of microsatellite instability and abnormal immunohistochemistry
and clinical behavior in Lynch syndrome: from bench to bedside. Fam Cancer 2008;7(1):41-52. doi:
10.1007/s10689-007-9145-9 [published Online First: 2007/07/20]

Cicero G, De Luca R, Dorangricchia P, et al. Cabazitaxel in Metastatic Castration-Resistant Prostate Cancer Patients
Progressing after Docetaxel: A Prospective Single-Center Study. Oncology 2017;92(2):94-100. doi:
10.1159/000452491 [published Online First: 2016/12/14]

Ogino S, Nosho K, Kirkner GJ, et al. CpG island methylator phenotype, microsatellite instability, BRAF mutation and clinical
outcome in colon cancer. Gut 2009;58(1):90-6. doi: 10.1136/gut.2008.155473 [published Online First:
2008/10/04]

Majumdar SR, Fletcher RH, Evans AT. How does colorectal cancer present? Symptoms, duration, and clues to location. Am
J Gastroenterol 1999;94(10):3039-45. doi: 10.1111/j.1572-0241.1999.01454.x

Trakarnsanga A, Ithimakin S, Weiser MR. Treatment of locally advanced rectal cancer: controversies and questions. World
J Gastroenterol 2012;18(39):5521-32. doi: 10.3748/wjg.v18.i39.5521

Cao CQ, Yan TD, Liauw W, et al. Comparison of optimally resected hepatectomy and peritonectomy patients with colorectal
cancer metastasis. J Surg Oncol 2009;100(7):529-33. doi: 10.1002/jso.21369

Franko ], Shi Q, Goldman CD, et al. Treatment of colorectal peritoneal carcinomatosis with systemic chemotherapy: a pooled
analysis of north central cancer treatment group phase III trials N9741 and N9841. Journal of clinical oncology :
official journal of the American Society of Clinical Oncology 2012;30(3):263-7. doi: 10.1200/]JC0.2011.37.1039
[published Online First: 20111212]

Sloothaak DA, Sahami S, van der Zaag-Loonen HJ, et al. The prognostic value of micrometastases and isolated tumour cells
in histologically negative lymph nodes of patients with colorectal cancer: a systematic review and meta-analysis.
Eur ] Surg Oncol 2014;40(3):263-9. doi: 10.1016/j.ejs0.2013.12.002 [published Online First: 20131214]

Beets-Tan RG, Beets GL. Preoperative staging of rectal tumors: what is the most optimal staging method? Onkologie
2008;31(5):222-3. doi: 10.1159/000122589 [published Online First: 20080410]

Merkel S, Mansmann U, Siassi M, et al. The prognostic inhomogeneity in pT3 rectal carcinomas. Int J Colorectal Dis
2001;16(5):298-304. doi: 10.1007/s003840100309

Kawakami H, Zaanan A, Sinicrope FA. Microsatellite instability testing and its role in the management of colorectal cancer.
Current treatment options in oncology 2015;16(7):30. doi: 10.1007/s11864-015-0348-2

Samowitz WS, Curtin K, Wolff RK, et al. Microsatellite instability and survival in rectal cancer. Cancer Causes Control
2009;20(9):1763-8. doi: 10.1007/s10552-009-9410-3 [published Online First: 2009/08/12]

Paschke S, Jafarov S, Staib L, et al. Are Colon and Rectal Cancer Two Different Tumor Entities? A Proposal to Abandon the
Term Colorectal Cancer. Int ] Mol Sci 2018;19(9) doi: 10.3390/ijms19092577 [published Online First: 2018/09/12]

Ostwal V, Pande NS, Engineer R, et al. Low prevalence of deficient mismatch repair (AMMR) protein in locally advanced
rectal cancers (LARC) and treatment outcomes. J Gastrointest Oncol 2019;10(1):19-29. doi:
10.21037/jgo.2018.10.01

Klein CA. Parallel progression of primary tumours and metastases. Nat Rev Cancer 2009;9(4):302-12. doi:
10.1038/nrc2627

B. HGR. Circulating Tumor Cells in the Parallel Invasion Model Supporting Early Metastasis. Oncomedicine 2018 2018;3:15-
27.doi: doi:10.7150/oncm.22576.

Farnsworth RH, Achen MG, Stacker SA. The evolving role of lymphatics in cancer metastasis. Curr Opin Immunol
2018;53:64-73. doi: 10.1016/j.c0i.2018.04.008 [published Online First: 20180423]

Naxerova K, Reiter JG, Brachtel E, et al. Origins of lymphatic and distant metastases in human colorectal cancer. Science
2017;357(6346):55-60. doi: 10.1126/science.aai8515

.Nayak ], Goel S. Revised TNM staging for colorectal cancer: did we miss the golden opportunity to do right by the staging?
Clin Colorectal Cancer 2011;10(3):207-9. doi: 10.1016/j.clcc.2011.03.016 [published Online First: 20110501]

Gunderson LL, Jessup JM, Sargent DJ, et al. Revised tumor and node categorization for rectal cancer based on surveillance,
epidemiology, and end results and rectal pooled analysis outcomes. Journal of clinical oncology : official journal of
the American Society of Clinical Oncology 2010;28(2):256-63. doi: 10.1200/]JC0.2009.23.9194 [published Online
First: 20091130]

Kim M]J, Jeong SY, Choi SJ, et al. Survival paradox between stage IIB/C (T4N0) and stage IIIA (T1-2N1) colon cancer. Ann
Surg Oncol 2015;22(2):505-12. doi: 10.1245/s10434-014-3982-1 [published Online First: 20140822]

Guinney ], Dienstmann R, Wang X, et al. The consensus molecular subtypes of colorectal cancer. Nat Med
2015;21(11):1350-6. doi: 10.1038/nm.3967 [published Online First: 20151012]

Isella C, Brundu F, Bellomo SE, et al. Selective analysis of cancer-cell intrinsic transcriptional traits defines novel clinically
relevant subtypes of colorectal cancer. Nat Commun 2017;8:15107. doi: 10.1038/ncomms15107 [published Online
First: 20170531]

Sauer R, Becker H, Hohenberger W, et al. Preoperative versus postoperative chemoradiotherapy for rectal cancer. The New
England journal of medicine 2004;351(17):1731-40. doi: 10.1056/NEJM0a040694 [published Online First:
2004/10/22]

. Gosens M], Klaassen RA, Tan-Go I, et al. Circumferential margin involvement is the crucial prognostic factor after

multimodality treatment in patients with locally advanced rectal carcinoma. Clin Cancer Res 2007;13(22 Pt 1):6617-

23.doi: 10.1158/1078-0432.CCR-07-1197 [published Online First: 2007/11/17]

144



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

BIBLIOGRAPHY

Heald R]. The 'Holy Plane' of rectal surgery. J R Soc Med 1988;81(9):503-8.

Pricolo VE, Abodeely A, Resnick M. Distal margins in radical resections for rectal cancer after chemoradiation therapy: how
short is long enough? Dig Surg 2010;27(3):185-9. doi: 10.1159/000274464 [published Online First: 20100622]

Park JS, Huh JW, Park YA, et al. A circumferential resection margin of 1 mm is a negative prognostic factor in rectal cancer
patients with and without neoadjuvant chemoradiotherapy. Dis Colon Rectum 2014;57(8):933-40. doi:
10.1097/DCR.0000000000000171

Matsuda K, Hotta T, Takifuji K, et al. Randomized clinical trial of defaecatory function after anterior resection for rectal
cancer with high versus low ligation of the inferior mesenteric artery. The British journal of surgery
2015;102(5):501-8. doi: 10.1002/bjs.9739

Lirici MM, Huscher CG. Techniques and technology evolution of rectal cancer surgery: a history of more than a hundred
years. Minim Invasive Ther Allied Technol 2016;25(5):226-33. doi: 10.1080/13645706.2016.1198381 [published
Online First: 20160714]

Shen Z, Ye Y, Zhang X, et al. Prospective controlled study of the safety and oncological outcomes of ELAPE procure with
definitive anatomic landmarks versus conventional APE for lower rectal cancer. Eur J Surg Oncol 2015;41(4):472-
7.doi: 10.1016/j.€js0.2015.01.017 [published Online First: 20150130]

Laurent C, Paumet T, Leblanc F, et al. Intersphincteric resection for low rectal cancer: laparoscopic vs open surgery
approach. Colorectal disease : the official journal of the Association of Coloproctology of Great Britain and Ireland
2012;14(1):35-41; discussion 42-3. doi: 10.1111/j.1463-1318.2010.02528.x

Slater A, Betts M, Anderson EM, et al. Transanal endoscopic microsurgery for rectal cancer. Clin Radiol 2016;71(2):e121-
9.doi: 10.1016/j.crad.2015.10.022 [published Online First: 20151130]

Hohenberger W, Weber K, Matzel K, et al. Standardized surgery for colonic cancer: complete mesocolic excision and central
ligation--technical notes and outcome. Colorectal disease : the official journal of the Association of Coloproctology of
Great Britain and Ireland 2009;11(4):354-64; discussion 64-5. doi: 10.1111/j.1463-1318.2008.01735.x [published
Online First: 20091105]

Heald R], Ryall RD. Recurrence and survival after total mesorectal excision for rectal cancer. Lancet (London, England)
1986;1(8496):1479-82. doi: 10.1016/s0140-6736(86)91510-2 [published Online First: 1986,/06/28]

Weitz ], Koch M, Debus J, et al. Colorectal cancer. Lancet (London, England) 2005;365(9454):153-65. doi: 10.1016/S0140-
6736(05)17706-X

Thompson BS, Coory MD, Gordon LG, et al. Cost savings for elective laparoscopic resection compared with open resection
for colorectal cancer in a region of high uptake. Surg Endosc 2014;28(5):1515-21. doi: 10.1007/s00464-013-3345-
1 [published Online First: 20131214]

Deijen CL, Vasmel JE, de Lange-de Klerk ESM, et al. Ten-year outcomes of a randomised trial of laparoscopic versus open
surgery for colon cancer. Surg Endosc 2017;31(6):2607-15. doi: 10.1007/s00464-016-5270-6 [published Online
First: 20161012]

Ohtani H, Tamamori Y, Arimoto Y, et al. A meta-analysis of the short- and long-term results of randomized controlled trials
that compared laparoscopy-assisted and conventional open surgery for colorectal cancer. J Cancer 2011;2:425-34.
doi: 10.7150/jca.2.425 [published Online First: 20110801]

Swedish Rectal Cancer T, Cedermark B, Dahlberg M, et al. Improved survival with preoperative radiotherapy in resectable
rectal cancer. The New England journal of medicine 1997;336(14):980-7. doi: 10.1056/NEJM199704033361402

75. Abrahal, Aristei C, Palumbo I, et al. Preoperative radiotherapy and curative surgery for the management of localised rectal

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

carcinoma. The Cochrane database of systematic reviews 2018;10:CD002102. doi:
10.1002/14651858.CD002102.pub3 [published Online First: 20181003]

Wang X, Zheng B, Lu X, et al. Preoperative short-course radiotherapy and long-course radiochemotherapy for locally
advanced rectal cancer: Meta-analysis with trial sequential analysis of long-term survival data. PLoS One
2018;13(7):e0200142. doi: 10.1371/journal.pone.0200142 [published Online First: 20180712]

Bujko K, Bujko M. Point: short-course radiation therapy is preferable in the neoadjuvant treatment of rectal cancer. Semin
Radiat Oncol 2011;21(3):220-7. doi: 10.1016/j.semradonc.2011.02.008

Glimelius B. Optimal Time Intervals between Pre-Operative Radiotherapy or Chemoradiotherapy and Surgery in Rectal
Cancer? Front Oncol 2014;4:50. doi: 10.3389/fonc.2014.00050 [published Online First: 20140407]

Mohiuddin M, Marks ], Marks G. Management of rectal cancer: short- vs. long-course preoperative radiation. International
journal of radiation oncology, biology, physics 2008;72(3):636-43. doi: 10.1016/j.ijrobp.2008.05.069

Peeters KC, van de Velde C], Leer JW, et al. Late side effects of short-course preoperative radiotherapy combined with total
mesorectal excision for rectal cancer: increased bowel dysfunction in irradiated patients--a Dutch colorectal cancer
group study. Journal of clinical oncology : official journal of the American Society of Clinical Oncology
2005;23(25):6199-206. doi: 10.1200/jc0.2005.14.779 [published Online First: 2005/09/02]

Ojha H, Egan W, Crane P. The addition of manipulation to an extension-oriented intervention for a patient with chronic
LBP.J Man Manip Ther 2013;21(1):40-7. doi: 10.1179/2042618612Y.0000000014

Pentheroudakis G, Twelves C. Capecitabine (Xeloda): from the laboratory to the patient's home. Clin Colorectal Cancer
2002;2(1):16-23. doi: 10.3816/CCC.2002.n.007

Lunenburg C, Henricks LM, Guchelaar HJ, et al. Prospective DPYD genotyping to reduce the risk of fluoropyrimidine-
induced severe toxicity: Ready for prime time. Eur | Cancer 2016;54:40-48. doi: 10.1016/j.ejca.2015.11.008
[published Online First: 20151221]

Gerard JP, Azria D, Gourgou-Bourgade S, et al. Comparison of two neoadjuvant chemoradiotherapy regimens for locally
advanced rectal cancer: results of the phase I1I trial ACCORD 12/0405-Prodige 2. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology 2010;28(10):1638-44. doi: 10.1200/]JC0.2009.25.8376
[published Online First: 20100301]

Ceelen W, Fierens K, Van Nieuwenhove Y, et al. Preoperative chemoradiation versus radiation alone for stage II and III
resectable rectal cancer: a systematic review and meta-analysis. Int | Cancer 2009;124(12):2966-72. doi:
10.1002/ijc.24247

De Caluwe L, Van Nieuwenhove Y, Ceelen WP. Preoperative chemoradiation versus radiation alone for stage II and III
resectable rectal cancer. The Cochrane database of systematic reviews 2013(2):CD006041. doi:
10.1002/14651858.CD006041.pub3 [published Online First: 20130228]

Dewdney A, Cunningham D, Tabernero ], et al. Multicenter randomized phase II clinical trial comparing neoadjuvant
oxaliplatin, capecitabine, and preoperative radiotherapy with or without cetuximab followed by total mesorectal

145



BIBLIOGRAPHY

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

excision in patients with high-risk rectal cancer (EXPERT-C). Journal of clinical oncology : official journal of the
American Society of Clinical Oncology 2012;30(14):1620-7. doi: 10.1200/JC0.2011.39.6036 [published Online First:
20120402]

Helbling D, Bodoky G, Gautschi O, et al. Neoadjuvant chemoradiotherapy with or without panitumumab in patients with
wild-type KRAS, locally advanced rectal cancer (LARC): a randomized, multicenter, phase II trial SAKK 41/07.
Annals of oncology : official journal of the European Society for Medical Oncology 2013;24(3):718-25. doi:
10.1093/annonc/mds519 [published Online First: 20121108]

Landry JC, Feng Y, Prabhu RS, et al. Phase II Trial of Preoperative Radiation With Concurrent Capecitabine, Oxaliplatin, and
Bevacizumab Followed by Surgery and Postoperative 5-Fluorouracil, Leucovorin, Oxaliplatin (FOLFOX), and
Bevacizumab in Patients With Locally Advanced Rectal Cancer: 5-Year Clinical Outcomes ECOG-ACRIN Cancer
Research Group E3204. Oncologist 2015;20(6):615-6. doi: 10.1634/theoncologist.2015-0106 [published Online
First: 20150429]

Maas M, Beets-Tan RG, Lambregts DM, et al. Wait-and-see policy for clinical complete responders after chemoradiation for
rectal cancer. Journal of clinical oncology : official journal of the American Society of Clinical Oncology
2011;29(35):4633-40. doi: 10.1200/jc0.2011.37.7176 [published Online First: 2011/11/10]

Petrelli F, Sgroi G, Sarti E, et al. Increasing the Interval Between Neoadjuvant Chemoradiotherapy and Surgery in Rectal
Cancer: A Meta-analysis of Published Studies. Annals of surgery 2016;263(3):458-64. doi:
10.1097/SLA.0000000000000368

Benson AB, 3rd, Venook AP, Bekaii-Saab T, et al. Rectal Cancer, Version 1.2022. Journal of the National Comprehensive
Cancer Network : JNCCN 2022;13(6):719-28; quiz 28. doi: 10.6004/jnccn.2015.0087

Rodel C, Martus P, Papadoupolos T, et al. Prognostic significance of tumor regression after preoperative
chemoradiotherapy for rectal cancer. Journal of clinical oncology : official journal of the American Society of Clinical
Oncology 2005;23(34):8688-96. doi: 10.1200/]C0.2005.02.1329 [published Online First: 20051024]

Habr-Gama A, Sao Juliao GP, Fernandez LM, et al. Achieving a Complete Clinical Response After Neoadjuvant
Chemoradiation That Does Not Require Surgical Resection: It May Take Longer Than You Think! Dis Colon Rectum
2019;62(7):802-08. doi: 10.1097/DCR.0000000000001338

Crane CH, Skibber JM, Feig BW, et al. Response to preoperative chemoradiation increases the use of sphincter-preserving
surgery in patients with locally advanced low rectal carcinoma. Cancer 2003;97(2):517-24. doi:
10.1002/cncr.11075

Bujko K, Rutkowski A, Chang GJ, et al. Is the 1-cm Rule of Distal Bowel Resection Margin in Rectal Cancer Based on Clinical
Evidence? A Systematic Review. Indian J Surg Oncol 2012;3(2):139-46. doi: 10.1007/s13193-012-0158-y

Silberfein EJ, Kattepogu KM, Hu CY, et al. Long-term survival and recurrence outcomes following surgery for distal rectal
cancer. Ann Surg Oncol 2010;17(11):2863-9. doi: 10.1245/s10434-010-1119-8 [published Online First: 20100615]

Dworak O, Keilholz L, Hoffmann A. Pathological features of rectal cancer after preoperative radiochemotherapy. Int J
Colorectal Dis 1997;12(1):19-23. doi: 10.1007/s003840050072

Mandard AM, Dalibard F, Mandard JC, et al. Pathologic assessment of tumor regression after preoperative
chemoradiotherapy of esophageal carcinoma. Clinicopathologic correlations. Cancer 1994;73(11):2680-6. doi:
10.1002/1097-0142(19940601)73:11<2680::aid-cncr2820731105>3.0.co;2-c

100. Ryan R, Gibbons D, Hyland JM, et al. Pathological response following long-course neoadjuvant chemoradiotherapy for

locally advanced rectal cancer. Histopathology 2005;47(2):141-6. doi: 10.1111/j.1365-2559.2005.02176.x

101. Edge SB BD, Compton CC, Fritz AG, Greene FL, Trotti A., 3rd . AJCC cancer staging manual. 7th ed. New York: Springer-

Verlag; 2010..

102. Trakarnsanga A, Gonen M, Shia ], et al. Comparison of tumor regression grade systems for locally advanced rectal cancer

after multimodality treatment. J Natl Cancer Inst 2014;106(10) doi: 10.1093/jnci/dju248 [published Online First:
20140922]

103. Sun Y, Wu X, Zhang Y, et al. Pathological complete response may underestimate distant metastasis in locally advanced

rectal cancer following neoadjuvant chemoradiotherapy and radical surgery: Incidence, metastatic pattern, and risk
factors. Eur J Surg Oncol 2019;45(7):1225-31. doi: 10.1016/j.ejs0.2019.03.005 [published Online First: 20190309]

104. Bottarelli L, De' Angelis GL, Azzoni C, et al. Potential predictive biomarkers in locally advanced rectal cancer treated with

preoperative chemo-radiotherapy. Acta Biomed 2018;89(9-S):102-06. doi: 10.23750/abm.v89i9-S.7881 [published
Online First: 20181217]

105. Wiltink LM, Chen TY, Nout RA, et al. Health-related quality of life 14 years after preoperative short-term radiotherapy

and total mesorectal excision for rectal cancer: report of a multicenter randomised trial. Eur ] Cancer
2014;50(14):2390-8. doi: 10.1016/j.ejca.2014.06.020 [published Online First: 20140721]

106. Habr-Gama A, Perez RO, Nadalin W, et al. Operative versus nonoperative treatment for stage 0 distal rectal cancer

following chemoradiation therapy: long-term results. Annals of surgery 2004;240(4):711-7; discussion 17-8. doi:
10.1097/01.51a.0000141194.27992.32 [published Online First: 2004/09/24]

107. Smith FM, Wiland H, Mace A, et al. Clinical criteria underestimate complete pathological response in rectal cancer treated

with neoadjuvant chemoradiotherapy. Dis Colon Rectum 2014;57(3):311-5. doi: 10.1097/DCR.0b013e3182a84eba

108. Renehan AG, Malcomson L, Emsley R, et al. Watch-and-wait versus surgical resection for patients with rectal cancer -

Authors' reply. The Lancet Oncology 2016;17(4):e134-e35. doi: 10.1016/S1470-2045(16)00166-2 [published
Online First: 20160329]

109. Kong JC, Guerra GR, Warrier SK, et al. Outcome and Salvage Surgery Following "Watch and Wait" for Rectal Cancer after

Neoadjuvant  Therapy: A  Systematic Review. Dis Colon Rectum  2017;60(3):335-45. doi:
10.1097/DCR.0000000000000754

110. Guillem JG, Chessin DB, Shia ], et al. Clinical examination following preoperative chemoradiation for rectal cancer is not a

reliable surrogate end point. Journal of clinical oncology : official journal of the American Society of Clinical Oncology
2005;23(15):3475-9. doi: 10.1200/JC0.2005.06.114

111. Maretto I, Pomerri F, Pucciarelli S, et al. The potential of restaging in the prediction of pathologic response after

preoperative chemoradiotherapy for rectal cancer. Ann Surg Oncol 2007;14(2):455-61. doi: 10.1245/s10434-006-
9269-4 [published Online First: 20061202]

146



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

BIBLIOGRAPHY

Xiao L, Yu X, Deng W, et al. Pathological Assessment of Rectal Cancer after Neoadjuvant Chemoradiotherapy: Distribution
of Residual Cancer Cells and Accuracy of Biopsy. Sci Rep 2016;6:34923. doi: 10.1038/srep34923 [published Online
First: 20161010]

Pastor C, Subtil JC, Sola ], et al. Accuracy of endoscopic ultrasound to assess tumor response after neoadjuvant treatment
in rectal cancer: can we trust the findings? Dis Colon Rectum 2011;54(9):1141-6. doi:
10.1097/DCR.0b013e31821c4a60

Huh JW, Park YA, Jung EJ, et al. Accuracy of endorectal ultrasonography and computed tomography for restaging rectal
cancer after preoperative chemoradiation. | Am Coll Surg 2008;207(1):7-12. doi:
10.1016/j.jamcollsurg.2008.01.002 [published Online First: 20080414]

Agostini M, Crotti S, Bedin C, et al. Predictive response biomarkers in rectal cancer neoadjuvant treatment. Front Biosci
(Schol Ed) 2014;6(1):110-9. doi: 10.2741/s418 [published Online First: 20140101]

Maas M, Lambregts DM, Nelemans PJ, et al. Assessment of Clinical Complete Response After Chemoradiation for Rectal
Cancer with Digital Rectal Examination, Endoscopy, and MRI: Selection for Organ-Saving Treatment. Ann Surg Oncol
2015;22(12):3873-80. doi: 10.1245/510434-015-4687-9 [published Online First: 20150722]

Patel UB, Blomgqvist LK, Taylor F, et al. MRI after treatment of locally advanced rectal cancer: how to report tumor
response--the MERCURY experience. AJR Am ] Roentgenol 2012;199(4):W486-95. doi: 10.2214/AJR.11.8210

Ryan JE, Warrier SK, Lynch AC, et al. Assessing pathological complete response to neoadjuvant chemoradiotherapy in
locally advanced rectal cancer: a systematic review. Colorectal disease : the official journal of the Association of
Coloproctology of Great Britain and Ireland 2015;17(10):849-61. doi: 10.1111/codi.13081

Chand M, Swift RI, Tekkis PP, et al. Extramural venous invasion is a potential imaging predictive biomarker of neoadjuvant
treatment in rectal cancer. British journal of cancer 2014;110(1):19-25. doi: 10.1038/bjc.2013.603 [published
Online First: 20131203]

van der Paardt MP, Zagers MB, Beets-Tan RG, et al. Patients who undergo preoperative chemoradiotherapy for locally
advanced rectal cancer restaged by using diagnostic MR imaging: a systematic review and meta-analysis. Radiology
2013;269(1):101-12. doi: 10.1148/radiol.13122833 [published Online First: 20130625]

Capirci C, Rampin L, Erba PA, et al. Sequential FDG-PET/CT reliably predicts response of locally advanced rectal cancer
to neo-adjuvant chemo-radiation therapy. Eur ] Nucl Med Mol Imaging 2007;34(10):1583-93. doi: 10.1007 /s00259-
007-0426-1 [published Online First: 20070515]

Cascini GL, Avallone A, Delrio P, et al. 18F-FDG PET is an early predictor of pathologic tumor response to preoperative
radiochemotherapy in locally advanced rectal cancer. ] Nucl Med 2006;47(8):1241-8.

De Nardi P, Carvello M. How reliable is current imaging in restaging rectal cancer after neoadjuvant therapy? World |
Gastroenterol 2013;19(36):5964-72. doi: 10.3748/wjg.v19.i36.5964

Perez RO, Habr-Gama A, Gama-Rodrigues J, et al. Accuracy of positron emission tomography/computed tomography and
clinical assessment in the detection of complete rectal tumor regression after neoadjuvant chemoradiation: long-
term results of a prospective trial (National Clinical Trial 00254683). Cancer 2012;118(14):3501-11. doi:
10.1002/cncr.26644 [published Online First: 20111115]

Battersby NJ, Dattani M, Rao S, et al. A rectal cancer feasibility study with an embedded phase III trial design assessing
magnetic resonance tumour regression grade (mrTRG) as a novel biomarker to stratify management by good and
poor response to chemoradiotherapy (TRIGGER): study protocol for a randomised controlled trial. Trials
2017;18(1):394. doi: 10.1186/s13063-017-2085-2 [published Online First: 20170829]

Perez RO, Sao Juliao GP, Habr-Gama A, et al. The role of carcinoembriogenic antigen in predicting response and survival
to neoadjuvant chemoradiotherapy for distal rectal cancer. Dis Colon Rectum 2009;52(6):1137-43. doi:
10.1007/DCR.0b013e31819ef76b

Glynne-Jones R, Hughes R. Critical appraisal of the 'wait and see' approach in rectal cancer for clinical complete
responders after chemoradiation. The British journal of surgery 2012;99(7):897-909. doi: 10.1002/bjs.8732
[published Online First: 20120427]

Kim 1Y, You SH, Kim YW. Neutrophil-lymphocyte ratio predicts pathologic tumor response and survival after preoperative
chemoradiation for rectal cancer. BMC Surg 2014;14:94. doi: 10.1186/1471-2482-14-94 [published Online First:
20141118]

Clark-Langone KM, Sangli C, Krishnakumar ], et al. Translating tumor biology into personalized treatment planning:
analytical performance characteristics of the Oncotype DX Colon Cancer Assay. BMC Cancer 2010;10:691. doi:
10.1186/1471-2407-10-691 [published Online First: 20101223]

Maak M, Simon I, Nitsche U, et al. Independent validation of a prognostic genomic signature (ColoPrint) for patients with
stage II colon cancer. Annals of surgery 2013;257(6):1053-8. doi: 10.1097 /SLA.0b013e31827c¢1180

Niedzwiecki D, Frankel WL, Venook AP, et al. Association Between Results of a Gene Expression Signature Assay and
Recurrence-Free Interval in Patients With Stage II Colon Cancer in Cancer and Leukemia Group B 9581 (Alliance).
Journal of clinical oncology : official journal of the American Society of Clinical Oncology 2016;34(25):3047-53. doi:
10.1200/JC0.2015.65.4699 [published Online First: 20160718]

Spolverato G, Pucciarelli S, Bertorelle R, et al. Predictive factors of the response of rectal cancer to neoadjuvant
radiochemotherapy. Cancers (Basel) 2011;3(2):2176-94. doi: 10.3390/cancers3022176 [published Online First:
20110426]

Sauer R, Liersch T, Merkel S, et al. Preoperative versus postoperative chemoradiotherapy for locally advanced rectal
cancer: results of the German CAO/ARO/AI0-94 randomized phase III trial after a median follow-up of 11 years.
Journal of clinical oncology : official journal of the American Society of Clinical Oncology 2012;30(16):1926-33. doi:
10.1200/JC0.2011.40.1836 [published Online First: 20120423]

Glimelius B, Tiret E, Cervantes A, et al. Rectal cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and
follow-up. Annals of oncology : official journal of the European Society for Medical Oncology 2013;24 Suppl 6:vi81-8.
doi: 10.1093/annonc/mdt240 [published Online First: 2013/10/23]

Maas M, Nelemans PJ, Valentini V, et al. Adjuvant chemotherapy in rectal cancer: defining subgroups who may benefit
after neoadjuvant chemoradiation and resection: a pooled analysis of 3,313 patients. Int ] Cancer 2015;137(1):212-
20. doi: 10.1002/ijc.29355 [published Online First: 20141213]

Schmoll HJ, Tabernero ], Maroun ], et al. Capecitabine Plus Oxaliplatin Compared With Fluorouracil/Folinic Acid As
Adjuvant Therapy for Stage III Colon Cancer: Final Results of the NO16968 Randomized Controlled Phase III Trial.

147



BIBLIOGRAPHY

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Journal of clinical oncology : official journal of the American Society of Clinical Oncology 2015;33(32):3733-40. doi:
10.1200/]JC0.2015.60.9107 [published Online First: 20150831]

Breugom AJ, Swets M, van de Velde CJ. Adjuvant chemotherapy for rectal cancer - authors' reply. The Lancet Oncology
2015;16(4):e155. doi: 10.1016/S1470-2045(15)70110-5

Bosset JF, Calais G, Mineur L, et al. Fluorouracil-based adjuvant chemotherapy after preoperative chemoradiotherapy in
rectal cancer: long-term results of the EORTC 22921 randomised study. The Lancet Oncology 2014;15(2):184-90.
doi: 10.1016/S1470-2045(13)70599-0 [published Online First: 20140117]

Rodel C, Liersch T, Becker H, et al. Preoperative chemoradiotherapy and postoperative chemotherapy with fluorouracil
and oxaliplatin versus fluorouracil alone in locally advanced rectal cancer: initial results of the German
CAO/ARO/AIO-04 randomised phase 3 trial. The Lancet Oncology 2012;13(7):679-87. doi: 10.1016/s1470-
2045(12)70187-0 [published Online First: 2012/05/26]

Hayden DM, Pinzon MC, Francescatti AB, et al. Hospital readmission for fluid and electrolyte abnormalities following
ileostomy construction: preventable or unpredictable? Journal of gastrointestinal surgery : official journal of the
Society for Surgery of the Alimentary Tract 2013;17(2):298-303. doi: 10.1007/s11605-012-2073-5 [published
Online First: 20121129]

Khrizman P, Niland JC, ter Veer A, et al. Postoperative adjuvant chemotherapy use in patients with stage II/III rectal
cancer treated with neoadjuvant therapy: a national comprehensive cancer network analysis. Journal of clinical
oncology : official journal of the American Society of Clinical Oncology 2013;31(1):30-8. doi:
10.1200/]JC0.2011.40.3188 [published Online First: 20121119]

Biagi JJ, Raphael M], Mackillop W], et al. Association between time to initiation of adjuvant chemotherapy and survival in
colorectal cancer: a systematic review and meta-analysis. Jama 2011;305(22):2335-42. doi:
10.1001/jama.2011.749 [published Online First: 2011/06/07]

Schou JV, Larsen FO, Rasch L, et al. Induction chemotherapy with capecitabine and oxaliplatin followed by
chemoradiotherapy before total mesorectal excision in patients with locally advanced rectal cancer. Annals of
oncology : official journal of the European Society for Medical Oncology 2012;23(10):2627-33. doi:
10.1093/annonc/mds056 [published Online First: 20120402]

Cercek A, Goodman KA, Hajj C, et al. Neoadjuvant chemotherapy first, followed by chemoradiation and then surgery, in
the management of locally advanced rectal cancer. Journal of the National Comprehensive Cancer Network : [INCCN
2014;12(4):513-9. doi: 10.6004 /jnccn.2014.0056 [published Online First: 2014/04/11]

Garcia-Aguilar J, Chow OS, Smith DD, et al. Effect of adding mFOLFOX6 after neoadjuvant chemoradiation in locally
advanced rectal cancer: a multicentre, phase 2 trial. The Lancet Oncology 2015;16(8):957-66. doi: 10.1016/S1470-
2045(15)00004-2 [published Online First: 20150714]

Nilsson PJ, van Etten B, Hospers GA, et al. Short-course radiotherapy followed by neo-adjuvant chemotherapy in locally
advanced rectal cancer--the RAPIDO trial. BMC Cancer 2013;13:279. doi: 10.1186/1471-2407-13-279 [published
Online First: 20130607]

Conroy T, BossetJF, Etienne PL, et al. Neoadjuvant chemotherapy with FOLFIRINOX and preoperative chemoradiotherapy
for patients with locally advanced rectal cancer (UNICANCER-PRODIGE 23): a multicentre, randomised, open-label,
phase 3 trial. The Lancet Oncology 2021;22(5):702-15. doi: 10.1016/s1470-2045(21)00079-6 [published Online
First: 20210413]

Garcia-Aguilar J, Patil S, Kim JK, et al. Preliminary results of the organ preservation of rectal adenocarcinoma (OPRA) trial.
Journal of Clinical Oncology 2020;38(15_suppl):4008-08. doi: 10.1200/JC0.2020.38.15_suppl.4008

Schrag D, Weiser M, Saltz L, et al. Challenges and solutions in the design and execution of the PROSPECT Phase I1/11I
neoadjuvant rectal cancer trial (NCCTG N1048/Alliance). Clin Trials 2019;16(2):165-75. doi:
10.1177/1740774518824539 [published Online First: 20190128]

Phipps Al, Limburg PJ], Baron JA, et al. Association between molecular subtypes of colorectal cancer and patient survival.
Gastroenterology 2015;148(1):77-87 e2. doi: 10.1053/j.gastro.2014.09.038 [published Online First: 20140930]

Chalabi M, Fanchi LF, Dijkstra KK, et al. Neoadjuvant immunotherapy leads to pathological responses in MMR-proficient
and MMR-deficient early-stage colon cancers. Nat Med 2020;26(4):566-76. doi: 10.1038/s41591-020-0805-8
[published Online First: 20200406]

Engels B, Tournel K, Everaert H, et al. Phase II study of preoperative helical tomotherapy with a simultaneous integrated
boost for rectal cancer. International journal of radiation oncology, biology, physics 2012;83(1):142-8. doi:
10.1016/j.ijrobp.2011.05.068 [published Online First: 20111017]

Gerard JP, Chapet O, Nemoz C, et al. Improved sphincter preservation in low rectal cancer with high-dose preoperative
radiotherapy: the lyon R96-02 randomized trial. Journal of clinical oncology : official journal of the American Society
of Clinical Oncology 2004;22(12):2404-9. doi: 10.1200/JC0.2004.08.170

Siegel R, Desantis C, Jemal A. Colorectal cancer statistics, 2014. CA Cancer ] Clin 2014;64(2):104-17. doi:
10.3322/caac.21220 [published Online First: 20140317

Saltz LB, Meropol NJ, Loehrer PJ, Sr,, et al. Phase II trial of cetuximab in patients with refractory colorectal cancer that
expresses the epidermal growth factor receptor. Journal of clinical oncology : official journal of the American Society
of Clinical Oncology 2004;22(7):1201-8. doi: 10.1200/JC0.2004.10.182 [published Online First: 2004/03/03]

Labianca R, Beretta GD, Kildani B, et al. Colon cancer. Crit Rev Oncol Hematol 2010;74(2):106-33. doi:
10.1016/j.critrevonc.2010.01.010

DeSantis CE, Lin CC, Mariotto AB, et al. Cancer treatment and survivorship statistics, 2014. CA Cancer ] Clin
2014;64(4):252-71. doi: 10.3322/caac.21235 [published Online First: 2014/06/04]

McArdle CS, Hole D]. Emergency presentation of colorectal cancer is associated with poor 5-year survival. The British
journal of surgery 2004;91(5):605-9. doi: 10.1002/bjs.4456

Bruera G, Massacese S, Galvano A, et al. Dose-finding study of intensive weekly alternating schedule of docetaxel, 5-
fluorouracil, and oxaliplatin, FD/FOx regimen, in metastatic gastric cancer. Oncotarget 2018;9(29):20339-50. doi:
10.18632/oncotarget.24861 [published Online First: 20180417]

Blenkinsopp WK, Stewart-Brown S, Blesovsky L, et al. Histopathology reporting in large bowel cancer. J Clin Pathol
1981;34(5):509-13. doi: 10.1136/jcp.34.5.509

148



161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

BIBLIOGRAPHY

Smith KD, Tan D, Das P, et al. Clinical significance of acellular mucin in rectal adenocarcinoma patients with a pathologic
complete response to preoperative chemoradiation. Annals of surgery 2010;251(2):261-4. doi:
10.1097/SLA.0b013e3181bdfc27

Lim SB, Yu CS, Jang SJ, et al. Prognostic significance of lymphovascular invasion in sporadic colorectal cancer. Dis Colon
Rectum 2010;53(4):377-84. doi: 10.1007 /DCR.0b013e3181cf8ae5

Cienfuegos JA, Martinez P, Baixauli ], et al. Perineural Invasion is a Major Prognostic and Predictive Factor of Response to
Adjuvant Chemotherapy in Stage I-1I Colon Cancer. Ann Surg Oncol 2017;24(4):1077-84. doi: 10.1245/s10434-016-
5561-0 [published Online First: 20160913]

Ceelen W, Van Nieuwenhove Y, Pattyn P. Prognostic value of the lymph node ratio in stage III colorectal cancer: a
systematic review. Ann Surg Oncol 2010;17(11):2847-55. doi: 10.1245/s10434-010-1158-1 [published Online
First: 20100618]

Jin M, Frankel WL. Lymph Node Metastasis in Colorectal Cancer. Surg Oncol Clin N Am 2018;27(2):401-12. doi:
10.1016/j.s0c.2017.11.011 [published Online First: 20171215]

Sepulveda AR, Hamilton SR, Allegra CJ, et al. Molecular Biomarkers for the Evaluation of Colorectal Cancer: Guideline
From the American Society for Clinical Pathology, College of American Pathologists, Association for Molecular
Pathology, and American Society of Clinical Oncology. | Mol Diagn 2017;19(2):187-225. doi:
10.1016/j.jmoldx.2016.11.001 [published Online First: 20170206]

Nagtegaal ID, Quirke P. What is the role for the circumferential margin in the modern treatment of rectal cancer? Journal
of clinical oncology : official journal of the American Society of Clinical Oncology 2008;26(2):303-12. doi:
10.1200/JC0.2007.12.7027

Valentini V, van Stiphout RG, Lammering G, et al. Nomograms for predicting local recurrence, distant metastases, and
overall survival for patients with locally advanced rectal cancer on the basis of European randomized clinical trials.
Journal of clinical oncology : official journal of the American Society of Clinical Oncology 2011;29(23):3163-72. doi:
10.1200/JC0.2010.33.1595 [published Online First: 20110711]

Levin B, Brooks D, Smith RA, et al. Emerging technologies in screening for colorectal cancer: CT colonography,
immunochemical fecal occult blood tests, and stool screening using molecular markers. CA Cancer ] Clin
2003;53(1):44-55. doi: 10.3322/canjclin.53.1.44

Tong G, Xu W, Zhang G, et al. The role of tissue and serum carcinoembryonic antigen in stages I to III of colorectal cancer-
A retrospective cohort study. Cancer Med 2018;7(11):5327-38. doi: 10.1002/cam4.1814 [published Online First:
20181009]

Irvine T, Scott M, Clark CI. A small rise in CEA is sensitive for recurrence after surgery for colorectal cancer. Colorectal
disease : the official journal of the Association of Coloproctology of Great Britain and Ireland 2007;9(6):527-31. doi:
10.1111/j.1463-1318.2007.01176.x

Kannagi R, [zawa M, Koike T, et al. Carbohydrate-mediated cell adhesion in cancer metastasis and angiogenesis. Cancer
Sci 2004;95(5):377-84. doi: 10.1111/j.1349-7006.2004.tb03219.x

Stojkovic Lalosevic M, Stankovic S, Stojkovic M, et al. Can preoperative CEA and CA19-9 serum concentrations suggest
metastatic disease in colorectal cancer patients? Hell ] Nucl Med 2017;20(1):41-45. doi: 10.1967 /5002449910505
[published Online First: 20170320]

Nicholson BD, Shinkins B, Pathiraja I, et al. Blood CEA levels for detecting recurrent colorectal cancer. The Cochrane
database of systematic reviews 2015(12):CD011134. doi: 10.1002/14651858.CD011134.pub2 [published Online
First: 20151210]

Stiksma J, Grootendorst DC, van der Linden PW. CA 19-9 as a marker in addition to CEA to monitor colorectal cancer. Clin
Colorectal Cancer 2014;13(4):239-44. doi: 10.1016/j.clcc.2014.09.004 [published Online First: 20140918]

Gao Y, Wang J, Zhou Y, et al. Evaluation of Serum CEA, CA19-9, CA72-4, CA125 and Ferritin as Diagnostic Markers and
Factors of Clinical Parameters for Colorectal Cancer. Sci Rep 2018;8(1):2732. doi: 10.1038/s41598-018-21048-y
[published Online First: 20180209]

Rosati G, Ambrosini G, Barni S, et al. A randomized trial of intensive versus minimal surveillance of patients with resected
Dukes B2-C colorectal carcinoma. Annals of oncology : official journal of the European Society for Medical Oncology
2016;27(2):274-80. doi: 10.1093 /annonc/mdv541 [published Online First: 20151116]

Wille-Jgrgensen P, Syk I, Smedh K, et al. Effect of More vs Less Frequent Follow-up Testing on Overall and Colorectal
Cancer-Specific Mortality in Patients With Stage I or III Colorectal Cancer: The COLOFOL Randomized Clinical Trial.
Jama 2018;319(20):2095-103. doi: 10.1001 /jama.2018.5623

Glynne-Jones R, Wallace M, Livingstone ]I, et al. Complete clinical response after preoperative chemoradiation in rectal
cancer: is a "wait and see" policy justified? Dis Colon Rectum 2008;51(1):10-9; discussion 19-20. doi:
10.1007/s10350-007-9080-8 [published Online First: 20071128]

Yiu A], Yiu CY. Biomarkers in Colorectal Cancer. Anticancer Res 2016;36(3):1093-102.

Zhang X, Sun XF, Cao Y, et al. CBD: a biomarker database for colorectal cancer. Database (Oxford) 2018;2018 doi:
10.1093/database/bay046

Bouzourene H, Gervaz P, Cerottini JP, et al. p53 and Ki-ras as prognostic factors for Dukes' stage B colorectal cancer. Eur
J Cancer 2000;36(8):1008-15. doi: 10.1016/s0959-8049(00)00036-8

Takeda A, Shimada H, Nakajima K, et al. Serum p53 antibody as a useful marker for monitoring of treatment of superficial
colorectal adenocarcinoma after endoscopic resection. Int J Clin Oncol 2001;6(1):45-9. doi: 10.1007 /pl00012079

Dayde D, Tanaka I, Jain R, et al. Predictive and Prognostic Molecular Biomarkers for Response to Neoadjuvant
Chemoradiation in Rectal Cancer. Int J] Mol Sci 2017;18(3) doi: 10.3390/ijms18030573 [published Online First:
20170307]

Topalian SL, Drake CG, Pardoll DM. Immune checkpoint blockade: a common denominator approach to cancer therapy.
Cancer Cell 2015;27(4):450-61. doi: 10.1016/j.ccell.2015.03.001 [published Online First: 20150406]

Matsutani S, Shibutani M, Maeda K, et al. Significance of tumor-infiltrating lymphocytes before and after neoadjuvant
therapy for rectal cancer. Cancer Sci 2018;109(4):966-79. doi: 10.1111/cas.13542 [published Online First:
20180325]

Teng F, Mu D, Meng X, et al. Tumor infiltrating lymphocytes (TILs) before and after neoadjuvant chemoradiotherapy and
its clinical utility for rectal cancer. Am J Cancer Res 2015;5(6):2064-74. [published Online First: 20150515]

149



BIBLIOGRAPHY

188.

189.

190.

19

=

192.
193.
194.

195.

196.

197.

198.

199.

200.

201.

202.
203.

204.

205.

206.

207.

208.

2009.

210.

211.

212.

213.

214.

215.

Kong JC, Guerra GR, Pham T, et al. Prognostic Impact of Tumor-Infiltrating Lymphocytes in Primary and Metastatic
Colorectal Cancer: A Systematic Review and Meta-analysis. Dis Colon Rectum 2019;62(4):498-508. doi:
10.1097/DCR.0000000000001332

Yasuda K, Nirei T, Sunami E, et al. Density of CD4(+) and CD8(+) T lymphocytes in biopsy samples can be a predictor of
pathological response to chemoradiotherapy (CRT) for rectal cancer. Radiat Oncol 2011;6:49. doi: 10.1186/1748-
717X-6-49 [published Online First: 20110516]

Huang Y, Lou XY, Zhu YX, et al. Local environment in biopsy better predict the pathological response to neoadjuvant
chemoradiotherapy in rectal cancer. Biosci Rep 2019;39(3) doi: 10.1042/BSR20190003 [published Online First:
20190326]

. Mirjolet C, Charon-Barra C, Ladoire S, et al. Tumor lymphocyte immune response to preoperative radiotherapy in locally

advanced rectal cancer: The LYMPHOREC study. Oncoimmunology 2018;7(3):e1396402. doi:
10.1080/2162402X.2017.1396402 [published Online First: 20171127]

Galon ], Pages F, Marincola FM, et al. The immune score as a new possible approach for the classification of cancer. J Transl
Med 2012;10:1. doi: 10.1186/1479-5876-10-1 [published Online First: 20120103]

lacopetta B. TP53 mutation in colorectal cancer. Hum Mutat 2003;21(3):271-6. doi: 10.1002/humu.10175

Li XF, Jiang Z, Gao Y, et al. Combination of three-gene immunohistochemical panel and magnetic resonance imaging-
detected extramural vascular invasion to assess prognosis in non-advanced rectal cancer patients. World ]
Gastroenterol 2016;22(38):8576-83. doi: 10.3748/wjg.v22.i38.8576

Hsu HC, Thiam TK, Lu Y], et al. Mutations of KRAS/NRAS/BRAF predict cetuximab resistance in metastatic colorectal
cancer patients. Oncotarget 2016;7(16):22257-70. doi: 10.18632 /oncotarget.8076

Duldulao MP, Lee W, Nelson RA, et al. Mutations in specific codons of the KRAS oncogene are associated with variable
resistance to neoadjuvant chemoradiation therapy in patients with rectal adenocarcinoma. Ann Surg Oncol
2013;20(7):2166-71. doi: 10.1245/s10434-013-2910-0 [published Online First: 20130302]

Zhou P, Goffredo P, Ginader T, et al. Impact of KRAS status on tumor response and survival after neoadjuvant treatment
oflocally advanced rectal cancer. ] Surg Oncol 2021;123(1):278-85. doi: 10.1002/js0.26244 [published Online First:
20201006]

Sclafani F, Wilson SH, Cunningham D, et al. Analysis of KRAS, NRAS, BRAF, PIK3CA and TP53 mutations in a large
prospective series of locally advanced rectal cancer patients. Int | Cancer 2020;146(1):94-102. doi:
10.1002/ijc.32507 [published Online First: 20190705]

Chen MB, Wu XY, Yu R, et al. P53 status as a predictive biomarker for patients receiving neoadjuvant radiation-based
treatment: a meta-analysis in rectal cancer. PLoS One 2012;7(9):e45388. doi: 10.1371/journal.pone.0045388
[published Online First: 20120925]

Sakai K, Kazama S, Nagai Y, et al. Chemoradiation provides a physiological selective pressure that increases the expansion
of aberrant TP53 tumor variants in residual rectal cancerous regions. Oncotarget 2014;5(20):9641-9. doi:
10.18632/oncotarget.2438

Chow OS, Kuk D, Keskin M, et al. KRAS and Combined KRAS/TP53 Mutations in Locally Advanced Rectal Cancer are
Independently Associated with Decreased Response to Neoadjuvant Therapy. Ann Surg Oncol 2016;23(8):2548-55.
doi: 10.1245/s10434-016-5205-4 [published Online First: 20160328]

Issa JP. CpG island methylator phenotype in cancer. Nat Rev Cancer 2004;4(12):988-93. doi: 10.1038/nrc1507

Williamson ]S, Harris DA, Beynon ], et al. Review of the development of DNA methylation as a marker of response to
neoadjuvant therapy and outcomes in rectal cancer. Clin Epigenetics 2015;7:70. doi: 10.1186/s13148-015-0111-3
[published Online First: 20150722]

Gaedcke ], Leha A, Claus R, et al. Identification of a DNA methylation signature to predict disease-free survival in locally
advanced rectal cancer. Oncotarget 2014;5(18):8123-35. doi: 10.18632 /oncotarget.2347

Peng Q, Zhang X, Min M, et al. The clinical role of microRNA-21 as a promising biomarker in the diagnosis and prognosis
of colorectal cancer: a systematic review and meta-analysis. Oncotarget 2017;8(27):44893-909. doi:
10.18632/oncotarget.16488

Maring ED, Tawadros PS, Steer CJ, et al. Systematic Review of Candidate Single-nucleotide Polymorphisms as Biomarkers
for Responsiveness to Neoadjuvant Chemoradiation for Rectal Cancer. Anticancer Res 2015;35(7):3761-6.

Naccarati A, Rosa F, Vymetalkova V, et al. Double-strand break repair and colorectal cancer: gene variants within 3' UTRs
and microRNAs binding as modulators of cancer risk and clinical outcome. Oncotarget 2016;7(17):23156-69. doi:
10.18632/oncotarget.6804

Hasan S, Renz P, Wegner RE, et al. Microsatellite Instability (MSI) as an Independent Predictor of Pathologic Complete
Response (PCR) in Locally Advanced Rectal Cancer: A National Cancer Database (NCDB) Analysis. Annals of surgery
2020;271(4):716-23. doi: 10.1097/s1a.0000000000003051

Huh JW, Kim HC, Kim SH, et al. Mismatch Repair Gene Expression as a Predictor of Tumor Responses in Patients With
Rectal Cancer Treated With Preoperative Chemoradiation. Medicine (Baltimore) 2016;95(3):e2582. doi:
10.1097/MD.0000000000002582

Hong SP, Min BS, Kim TI, et al. The differential impact of microsatellite instability as a marker of prognosis and tumour
response between colon cancer and rectal cancer. Eur ] Cancer 2012;48(8):1235-43. doi:
10.1016/j.€jca.2011.10.005 [published Online First: 20111107]

Du C, Zhao ], Xue W, et al. Prognostic value of microsatellite instability in sporadic locally advanced rectal cancer following
neoadjuvant radiotherapy. Histopathology 2013;62(5):723-30. doi: 10.1111/his.12069 [published Online First:
20130221]

Allgauer M, Budczies ], Christopoulos P, et al. Implementing tumor mutational burden (TMB) analysis in routine
diagnostics-a primer for molecular pathologists and clinicians. Transl Lung Cancer Res 2018;7(6):703-15. doi:
10.21037/tlcr.2018.08.14

Guo Y, Cheng], Ao L, et al. Discriminating cancer-related and cancer-unrelated chemoradiation-response genes for locally
advanced rectal cancers. Sci Rep 2016;6:36935. doi: 10.1038/srep36935 [published Online First: 20161115]

Agostini M, Janssen KP, Kim I], et al. An integrative approach for the identification of prognostic and predictive biomarkers
in rectal cancer. Oncotarget 2015;6(32):32561-74. doi: 10.18632/oncotarget.4935

Karagkounis G, Thai L, DeVecchio ], et al. NPTX2 is associated with neoadjuvant therapy response in rectal cancer. J Surg
Res 2016;202(1):112-7. doi: 10.1016/j.jss.2015.12.042 [published Online First: 20151230]

150



216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.
233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

BIBLIOGRAPHY

Normanno N, Rachiglio AM, Lambiase M, et al. Heterogeneity of KRAS, NRAS, BRAF and PIK3CA mutations in metastatic
colorectal cancer and potential effects on therapy in the CAPRI GOIM trial. Annals of oncology : official journal of the
European Society for Medical Oncology 2015;26(8):1710-4. doi: 10.1093 /annonc/mdv176 [published Online First:
20150407]

Bettegowda C, Sausen M, Leary R], et al. Detection of circulating tumor DNA in early- and late-stage human malignancies.
Sci Transl Med 2014;6(224):224ra24. doi: 10.1126/scitranslmed.3007094

Friedman CF, Postow MA. Emerging Tissue and Blood-Based Biomarkers that may Predict Response to Immune
Checkpoint Inhibition. Current oncology reports 2016;18(4):21. doi: 10.1007/s11912-016-0509-x

Mendis S, To YH, Tie ]. Biomarkers in Locally Advanced Rectal Cancer: A Review. Clin Colorectal Cancer 2022;21(1):36-
44.doi: 10.1016/j.clcc.2021.11.002 [published Online First: 20211120]

Phang PT, Gollub M], Loh BD, et al. Accuracy of endorectal ultrasound for measurement of the closest predicted radial
mesorectal margin for rectal cancer. Dis Colon Rectum 2012;55(1):59-64. doi: 10.1097/DCR.0b013e318235b885

Wood G, Grenader T, Nash S, et al. Derived neutrophil to lymphocyte ratio as a prognostic factor in patients with advanced
colorectal cancer according to RAS and BRAF status: a post-hoc analysis of the MRC COIN study. Anticancer Drugs
2017;28(5):546-50. doi: 10.1097/CAD.0000000000000488

Dienstmann R, Vermeulen L, Guinney ], et al. Consensus molecular subtypes and the evolution of precision medicine in
colorectal cancer. Nat Rev Cancer 2017;17(4):268. doi: 10.1038/nrc.2017.24

Pine JK, Morris E, Hutchins GG, et al. Systemic neutrophil-to-lymphocyte ratio in colorectal cancer: the relationship to
patient survival, tumour biology and local lymphocytic response to tumour. British journal of cancer
2015;113(2):204-11. doi: 10.1038/bjc.2015.87 [published Online First: 20150630]

Deng YX, Lin JZ, Peng JH, et al. Lymphocyte-to-monocyte ratio before chemoradiotherapy represents a prognostic
predictor for locally advanced rectal cancer. Onco Targets Ther 2017;10:5575-83. doi: 10.2147/0TT.S146697
[published Online First: 20171122]

Yamamoto A, Toiyama Y, Okugawa Y, et al. Clinical Implications of Pretreatment: Lymphocyte-to-Monocyte Ratio in
Patients With Rectal Cancer Receiving Preoperative Chemoradiotherapy. Dis Colon Rectum 2019;62(2):171-80. doi:
10.1097/DCR.0000000000001245

Kim TG, Park W, Kim H, et al. Baseline neutrophil-lymphocyte ratio and platelet-lymphocyte ratio in rectal cancer patients
following neoadjuvant chemoradiotherapy. Tumori 2019;105(5):434-40. doi: 10.1177/0300891618792476
[published Online First: 20180817]

Portale G, Cavallin F, Valdegamberi A, et al. Platelet-to-Lymphocyte Ratio and Neutrophil-to-Lymphocyte Ratio Are Not
Prognostic Biomarkers in Rectal Cancer Patients with Curative Resection. Journal of gastrointestinal surgery : official
journal of the Society for Surgery of the Alimentary Tract 2018;22(9):1611-18. doi: 10.1007/s11605-018-3781-2
[published Online First: 20180423]

Condeelis ], Pollard JW. Macrophages: obligate partners for tumor cell migration, invasion, and metastasis. Cell
2006;124(2):263-6. doi: 10.1016/j.cell.2006.01.007

Gruys E, Toussaint M], Niewold TA, et al. Acute phase reaction and acute phase proteins. /] Zhejiang Univ Sci B
2005;6(11):1045-56. doi: 10.1631/jzus.2005.B1045

McMillan DC. The systemic inflammation-based Glasgow Prognostic Score: a decade of experience in patients with cancer.
Cancer Treat Rev 2013;39(5):534-40. doi: 10.1016/j.ctrv.2012.08.003 [published Online First: 20120917]

Liu Y, He X, Pan ], et al. Prognostic role of Glasgow prognostic score in patients with colorectal cancer: evidence from
population studies. Sci Rep 2017;7(1):6144. doi: 10.1038/s41598-017-06577-2 [published Online First: 20170721]

Mandel P, Metais P. Nuclear Acids In Human Blood Plasma. C R Seances Soc Biol Fil 1948;142(3-4):241-3.

Diehl F, Schmidt K, Choti MA, et al. Circulating mutant DNA to assess tumor dynamics. Nat Med 2008;14(9):985-90. doi:
10.1038/nm.1789 [published Online First: 20070731]

Wang W, Kong P, Ma G, et al. Characterization of the release and biological significance of cell-free DNA from breast cancer
cell lines. Oncotarget 2017;8(26):43180-91. doi: 10.18632/oncotarget.17858

Thierry AR, Mouliere F, Gongora C, et al. Origin and quantification of circulating DNA in mice with human colorectal cancer
xenografts. Nucleic Acids Res 2010;38(18):6159-75. doi: 10.1093/nar/gkq421 [published Online First: 20100521]

Takahashi A, Okada R, Nagao K, et al. Exosomes maintain cellular homeostasis by excreting harmful DNA from cells. Nat
Commun 2017;8:15287. doi: 10.1038/ncomms15287 [published Online First: 20170516]

Jiang P, Lo YMD. The Long and Short of Circulating Cell-Free DNA and the Ins and Outs of Molecular Diagnostics. Trends
Genet 2016;32(6):360-71. doi: 10.1016/j.tig.2016.03.009 [published Online First: 20160426]

Heitzer E, Auer M, Hoffmann EM, et al. Establishment of tumor-specific copy number alterations from plasma DNA of
patients with cancer. Int ] Cancer 2013;133(2):346-56. doi: 10.1002/ijc.28030 [published Online First: 20130213]

Sun K, Jiang P, Chan KC, et al. Plasma DNA tissue mapping by genome-wide methylation sequencing for noninvasive
prenatal, cancer, and transplantation assessments. Proc Natl Acad Sci U S A 2015;112(40):E5503-12. doi:
10.1073/pnas.1508736112 [published Online First: 20150921]

Underhill HR, Kitzman ]O, Hellwig S, et al. Fragment Length of Circulating Tumor DNA. PLoS Genet 2016;12(7):e1006162.
doi: 10.1371/journal.pgen.1006162 [published Online First: 20160718]

Tie ], Kinde I, Wang Y, et al. Circulating tumor DNA as an early marker of therapeutic response in patients with metastatic
colorectal cancer. Annals of oncology : official journal of the European Society for Medical Oncology 2015;26(8):1715-
22.doi: 10.1093/annonc/mdv177 [published Online First: 20150407]

Carpinetti P, Donnard E, Bettoni F, et al. The use of personalized biomarkers and liquid biopsies to monitor treatment
response and disease recurrence in locally advanced rectal cancer after neoadjuvant chemoradiation. Oncotarget
2015;6(35):38360-71. doi: 10.18632/oncotarget.5256

Sun X, Huang T, Cheng F, et al. Monitoring colorectal cancer following surgery using plasma circulating tumor DNA. Oncol
Lett 2018;15(4):4365-75. doi: 10.3892/01.2018.7837 [published Online First: 20180122]

Burrell RA, Swanton C. The evolution of the unstable cancer genome. Curr Opin Genet Dev 2014;24:61-7. doi:
10.1016/j.gde.2013.11.011 [published Online First: 20131231]

Forshew T, Murtaza M, Parkinson C, et al. Noninvasive identification and monitoring of cancer mutations by targeted
deep sequencing of plasma DNA. Sci Transl Med 2012;4(136):136ra68. doi: 10.1126/scitranslmed.3003726

Phallen ], Sausen M, Adleff V, et al. Direct detection of early-stage cancers using circulating tumor DNA. Sci Transl Med
2017;9(403) doi: 10.1126/scitranslmed.aan2415

151



BIBLIOGRAPHY

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

Kidess E, Heirich K, Wiggin M, et al. Mutation profiling of tumor DNA from plasma and tumor tissue of colorectal cancer
patients with a novel, high-sensitivity multiplexed mutation detection platform. Oncotarget 2015;6(4):2549-61.
doi: 10.18632 /oncotarget.3041

Thierry AR, Mouliere F, El Messaoudi S, et al. Clinical validation of the detection of KRAS and BRAF mutations from
circulating tumor DNA. Nat Med 2014;20(4):430-5. doi: 10.1038/nm.3511 [published Online First: 20140323]

Tie ], Cohen JD, Wang Y, et al. Serial circulating tumour DNA analysis during multimodality treatment of locally advanced
rectal cancer: a prospective biomarker study. Gut 2019;68(4):663-71.doi: 10.1136/gutjnl-2017-315852 [published
Online First: 20180202]

Kotaka M SH, Watanabe J, et al. . Association of circulating tumor DNA dynamics with clinical outcomes in the adjuvant
setting for patients with colorectal cancer from an observational GALAXY study in CIRCULATE--Japan. 2022 ASCO
Gastrointestinal Cancers Symposium Abstract 9 Presented January 20, 2022

Reinert T, Scholer LV, Thomsen R, et al. Analysis of circulating tumour DNA to monitor disease burden following colorectal
cancer surgery. Gut 2016;65(4):625-34. doi: 10.1136/gutjnl-2014-308859 [published Online First: 20150204]

Symonds EL, Pedersen SK, Murray D, et al. Circulating epigenetic biomarkers for detection of recurrent colorectal cancer.
Cancer 2020;126(7):1460-69. doi: 10.1002/cncr.32695 [published Online First: 20200107]

Ignatiadis M, Lee M, Jeffrey SS. Circulating Tumor Cells and Circulating Tumor DNA: Challenges and Opportunities on the
Path to Clinical Utility. Clin Cancer Res 2015;21(21):4786-800. doi: 10.1158/1078-0432.CCR-14-1190

FDA OotC. Press Announcements - FDA approves first blood test to detect gene mutation associated with non-small cell
lung cancer. 2016
http://www.sysmex-inostics.com/news-and-events/press-releases /new-liquid-biopsy-ras-testing-for-metastatic-
colorectal-cancer-patients-now-available-for-clinical-practices-546.html S-IORCthbgCMa-siPPAa.

Ameres SL, Zamore PD. Diversifying microRNA sequence and function. Nat Rev Mol Cell Biol 2013;14(8):475-88. doi:
10.1038/nrm3611 [published Online First: 20130626]

Lindner K, Haier ], Wang Z, et al. Circulating microRNAs: emerging biomarkers for diagnosis and prognosis in patients
with gastrointestinal cancers. Clin Sci (Lond) 2015;128(1):1-15. doi: 10.1042/CS20140089

Ma L, Teruya-Feldstein ], Weinberg RA. Tumour invasion and metastasis initiated by microRNA-10b in breast cancer.
Nature 2007;449(7163):682-8. doi: 10.1038/nature06174 [published Online First: 20070926]

Cekaite L, Eide PW, Lind GE, et al. MicroRNAs as growth regulators, their function and biomarker status in colorectal
cancer. Oncotarget 2016;7(6):6476-505. doi: 10.18632/oncotarget.6390

Lotvall ], Hill AF, Hochberg F, et al. Minimal experimental requirements for definition of extracellular vesicles and their
functions: a position statement from the International Society for Extracellular Vesicles. J Extracell Vesicles
2014;3:26913. doi: 10.3402/jev.v3.26913 [published Online First: 20141222]

Valadi H, Ekstrom K, Bossios A, et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of
genetic exchange between cells. Nat Cell Biol 2007;9(6):654-9. doi: 10.1038/ncb1596 [published Online First:
20070507]

Gurunathan S, Kang MH, Jeyaraj M, et al. Review of the Isolation, Characterization, Biological Function, and Multifarious
Therapeutic Approaches of Exosomes. Cells 2019;8(4) doi: 10.3390/cells8040307 [published Online First:
20190403]

Ko J, Carpenter E, Issadore D. Detection and isolation of circulating exosomes and microvesicles for cancer monitoring
and diagnostics using micro-/nano-based devices. Analyst 2016;141(2):450-60. doi: 10.1039/c5an01610j

Matsumura T, Sugimachi K, linuma H, et al. Exosomal microRNA in serum is a novel biomarker of recurrence in human
colorectal cancer. British journal of cancer 2015;113(2):275-81. doi: 10.1038/bjc.2015.201 [published Online First:
20150609]

Hao YX, LiYM, Ye M, et al. KRAS and BRAF mutations in serum exosomes from patients with colorectal cancer in a Chinese
population. Oncol Lett 2017;13(5):3608-16. doi: 10.3892/01.2017.5889 [published Online First: 20170322]

Melo SA, Luecke LB, Kahlert C, et al. Glypican-1 identifies cancer exosomes and detects early pancreatic cancer. Nature
2015;523(7559):177-82. doi: 10.1038/nature14581 [published Online First: 20150624]

Janni W], Rack B, Terstappen LW, et al. Pooled Analysis of the Prognostic Relevance of Circulating Tumor Cells in Primary
Breast Cancer. Clin Cancer Res 2016;22(10):2583-93. doi: 10.1158/1078-0432.CCR-15-1603 [published Online
First: 20160105]

Sastre ], Maestro ML, Gomez-Espana A, et al. Circulating tumor cell count is a prognostic factor in metastatic colorectal
cancer patients receiving first-line chemotherapy plus bevacizumab: a Spanish Cooperative Group for the
Treatment of Digestive Tumors study. Oncologist 2012;17(7):947-55. doi: 10.1634/theoncologist.2012-0048
[published Online First: 20120529]

Huang X, Gao P, Song Y, et al. Meta-analysis of the prognostic value of circulating tumor cells detected with the CellSearch
System in colorectal cancer. BMC Cancer 2015;15:202. doi: 10.1186/s12885-015-1218-9 [published Online First:
20150330]

Bork U, Rahbari NN, Scholch S, et al. Circulating tumour cells and outcome in non-metastatic colorectal cancer: a
prospective study. British journal of cancer 2015;112(8):1306-13. doi: 10.1038/bjc.2015.88 [published Online
First: 20150331]

Tan K, Leong SM, Kee Z, et al. Longitudinal monitoring reveals dynamic changes in circulating tumor cells (CTCs) and
CTC-associated miRNAs in response to chemotherapy in metastatic colorectal cancer patients. Cancer Lett
2018;423:1-8. doi: 10.1016/j.canlet.2018.02.039 [published Online First: 20180305]

Huang X, Gao P, Song Y, et al. Relationship between circulating tumor cells and tumor response in colorectal cancer
patients treated with chemotherapy: a meta-analysis. BMC Cancer 2014;14:976. doi: 10.1186/1471-2407-14-976
[published Online First: 20141218]

Tsai WS, Chen JS, Shao H]J, et al. Circulating Tumor Cell Count Correlates with Colorectal Neoplasm Progression and Is a
Prognostic Marker for Distant Metastasis in Non-Metastatic Patients. Sci Rep 2016;6:24517. doi:
10.1038/srep24517 [published Online First: 20160414]

Sun W, Li G, Wan J, et al. Circulating tumor cells: A promising marker of predicting tumor response in rectal cancer
patients receiving neoadjuvant chemo-radiation therapy. Oncotarget 2016;7(43):69507-17. doi:
10.18632/oncotarget.10875

152



BIBLIOGRAPHY

275. Hardingham JE, Grover P, Winter M, et al. Detection and Clinical Significance of Circulating Tumor Cells in Colorectal
Cancer--20 Years of Progress. Mol Med 2015;21 Suppl 1:525-31. doi: 10.2119/molmed.2015.00149 [published
Online First: 20151027]

276. Theil G, Fischer K, Weber E, et al. The Use of a New CellCollector to Isolate Circulating Tumor Cells from the Blood of
Patients with Different Stages of Prostate Cancer and Clinical Outcomes - A Proof-of-Concept Study. PLoS One
2016;11(8):e0158354. doi: 10.1371/journal.pone.0158354 [published Online First: 20160801]

277. Gasch C, Bauernhofer T, Pichler M, et al. Heterogeneity of epidermal growth factor receptor status and mutations of
KRAS/PIK3CA in circulating tumor cells of patients with colorectal cancer. Clin Chem 2013;59(1):252-60. doi:
10.1373/clinchem.2012.188557 [published Online First: 20121107]

278. Mostert B, Jiang Y, Sieuwerts AM, et al. KRAS and BRAF mutation status in circulating colorectal tumor cells and their
correlation with primary and metastatic tumor tissue. Int J Cancer 2013;133(1):130-41. doi: 10.1002/ijc.27987
[published Online First: 20130209]

279. Kidess-Sigal E, Liu HE, Triboulet MM, et al. Enumeration and targeted analysis of KRAS, BRAF and PIK3CA mutations in
CTCs captured by a label-free platform: Comparison to ctDNA and tissue in metastatic colorectal cancer. Oncotarget
2016;7(51):85349-64. doi: 10.18632 /oncotarget.13350

280. Germano RAS, de Moraes CG, Susanna R, Jr., et al. Evaluation of a Novel Visual Field Analyzer Application for Automated
Classification of Glaucoma Severity. ] Glaucoma 2017;26(6):586-91. doi: 10.1097/1JG.0000000000000671

281. Peng H, Wang C, Xiao W, et al. Analysis of Clinical characteristics to predict pathologic complete response for patients
with locally advanced rectal cancer treated with neoadjuvant chemoradiotherapy. /] Cancer 2018;9(15):2687-92.
doi: 10.7150/jca.25493 [published Online First: 20180623]

282. Saito G, Sadahiro S, Ogimi T, et al. Relations of Changes in Serum Carcinoembryonic Antigen Levels before and after
Neoadjuvant Chemoradiotherapy and after Surgery to Histologic Response and Outcomes in Patients with Locally
Advanced Rectal Cancer. Oncology 2018;94(3):167-75. doi: 10.1159/000485511 [published Online First:
20171222]

283. Primrose JN, Perera R, Gray A, et al. Effect of 3 to 5 years of scheduled CEA and CT follow-up to detect recurrence of
colorectal cancer: the FACS randomized clinical trial. Jama 2014;311(3):263-70. doi: 10.1001/jama.2013.285718

284. Sorensen CG, Karlsson WK, Pommergaard HC, et al. The diagnostic accuracy of carcinoembryonic antigen to detect
colorectal cancer recurrence - A systematic review. Int | Surg 2016;25:134-44. doi: 10.1016/j.ijsu.2015.11.065
[published Online First: 20151215]

285. Song ], Huang X, Chen Z, et al. Predictive value of carcinoembryonic antigen and carbohydrate antigen 19-9 related to
downstaging to stage 0-I after neoadjuvant chemoradiotherapy in locally advanced rectal cancer. Cancer Manag Res
2018;10:3101-08. doi: 10.2147 /CMAR.S166417 [published Online First: 20180830]

286. Miki H, Akiyoshi T, Ogura A, et al. Pretreatment Serum Carbohydrate Antigen 19-9 Concentration Is a Predictor of Survival
of Patients Who Have Undergone Curative Resection of Stage IV Rectal Cancer. Dig Surg 2018;35(5):389-96. doi:
10.1159/000480247 [published Online First: 20170901]

287. Buijsen ], van Stiphout RG, Menheere PP, et al. Blood biomarkers are helpful in the prediction of response to
chemoradiation in rectal cancer: a prospective, hypothesis driven study on patients with locally advanced rectal
cancer. Radiother Oncol 2014;111(2):237-42. doi: 10.1016/j.radonc.2014.03.006 [published Online First:
20140416]

288. Colloca G, Venturino A, Vitucci P. Pre-treatment carcinoembryonic antigen and outcome of patients with rectal cancer
receiving neo-adjuvant chemo-radiation and surgical resection: a systematic review and meta-analysis. Med Oncol
2017;34(10):177. doi: 10.1007/s12032-017-1037-8 [published Online First: 20170907]

289.Zhu ], Djukovic D, Deng L, et al. Targeted serum metabolite profiling and sequential metabolite ratio analysis for colorectal
cancer progression monitoring. Anal Bioanal Chem 2015;407(26):7857-63. doi: 10.1007/s00216-015-8984-8
[published Online First: 20150905]

290. Lee JH, Hyun JH, Kim DY, et al. The role of fibrinogen as a predictor in preoperative chemoradiation for rectal cancer. Ann
Surg Oncol 2015;22(1):209-15. doi: 10.1245/s10434-014-3962-5 [published Online First: 20141111]

291. Zhang F, Zhang Y, Zhao W, et al. Metabolomics for biomarker discovery in the diagnosis, prognosis, survival and
recurrence of colorectal cancer: a systematic review. Oncotarget 2017;8(21):35460-72. doi:
10.18632/oncotarget. 16727

292. Peeters KC, Marijnen CA, Nagtegaal ID, et al. The TME trial after a median follow-up of 6 years: increased local control but
no survival benefit in irradiated patients with resectable rectal carcinoma. Annals of surgery 2007;246(5):693-701.
doi: 10.1097/01.s1a.0000257358.56863.ce

293. Maas M, Nelemans PJ, Valentini V, et al. Long-term outcome in patients with a pathological complete response after
chemoradiation for rectal cancer: a pooled analysis of individual patient data. The Lancet Oncology 2010;11(9):835-
44.doi: 10.1016/S1470-2045(10)70172-8 [published Online First: 20100806]

294. van der Valk MJM, Hilling DE, Bastiaannet E, et al. Long-term outcomes of clinical complete responders after neoadjuvant
treatment for rectal cancer in the International Watch & Wait Database (IWWD): an international multicentre
registry study. Lancet (London, England) 2018;391(10139):2537-45. doi: 10.1016/S0140-6736(18)31078-X

295. Galon ], Costes A, Sanchez-Cabo F, et al. Type, density, and location of immune cells within human colorectal tumors
predict clinical outcome. Science 2006;313(5795):1960-4. doi: 10.1126/science.1129139

296. Anitei MG, Zeitoun G, Mlecnik B, et al. Prognostic and predictive values of the immunoscore in patients with rectal cancer.
Clin Cancer Res 2014;20(7):1891-9. doi: 10.1158/1078-0432.CCR-13-2830

297. Kalyan A, Rozelle S, Benson A, 3rd. Neoadjuvant treatment of rectal cancer: where are we now? Gastroenterol Rep (0Oxf)
2016;4(3):206-9. doi: 10.1093 /gastro/gow017 [published Online First: 20160712]

298. Policicchio A, Mercier ], Digklia A, et al. Platelet and Neutrophil Counts as Predictive Markers of Neoadjuvant Therapy
Efficacy in Rectal Cancer. J Gastrointest Cancer 2019;50(4):894-900. doi: 10.1007/s12029-018-0173-5

299. Lee [H, Hwang S, Lee S], et al. Systemic Inflammatory Response After Preoperative Chemoradiotherapy Can Affect
Oncologic Outcomes in Locally Advanced Rectal Cancer. Anticancer Res 2017;37(3):1459-65. doi:
10.21873/anticanres.11470

300. Lee JH, Song C, Kang SB, et al. Predicting Pathological Complete Regression with Haematological Markers During
Neoadjuvant Chemoradiotherapy for Locally Advanced Rectal Cancer. Anticancer Res 2018;38(12):6905-10. doi:
10.21873/anticanres.13067

153



BIBLIOGRAPHY

301.

302.

303.

304.

305.

306.

307.

308.

3009.

310.

311.

312.

313.

314.

315.

316.

317.

318.

3109.

320.

321.

322.

323.

324.

325.

Li A, He K, Guo D, et al. Pretreatment blood biomarkers predict pathologic responses to neo-CRT in patients with locally
advanced rectal cancer. Future Oncol 2019;15(28):3233-42. doi: 10.2217 /fon-2019-0389 [published Online First:
20190802]

Wang Y, Chen L, Zhang B, et al. Pretreatment Inflammatory-Nutritional Biomarkers Predict Responses to Neoadjuvant
Chemoradiotherapy and Survival in Locally Advanced Rectal Cancer. Front Oncol 2021;11:639909. doi:
10.3389/fonc.2021.639909 [published Online First: 20210317]

Aires F, Rodrigues D, Lamas MP, et al. C-Reactive Protein as Predictive Biomarker for Response to Chemoradiotherapy in
Patients with Locally Advanced Rectal Cancer: A Retrospective Study. Cancers (Basel) 2022;14(3) doi:
10.3390/cancers14030491 [published Online First: 20220119]

Yamashita K, Matsuda T, Hasegawa H, et al. Recent advances of neoadjuvant chemoradiotherapy in rectal cancer: Future
treatment perspectives. Ann Gastroenterol Surg 2019;3(1):24-33. doi: 10.1002/ags3.12213 [published Online First:
20181024]

Sawada R, Akiyoshi T, Kitagawa Y, et al. Systemic Inflammatory Markers Combined with Tumor-Infiltrating Lymphocyte
Density for the Improved Prediction of Response to Neoadjuvant Chemoradiotherapy in Rectal Cancer. Ann Surg
Oncol 2021;28(11):6189-98. doi: 10.1245/s10434-021-09975-z [published Online First: 20210419]

Eraslan E, Adas YG, Yildiz F, et al. Systemic Immune-inflammation Index (SII) Predicts Pathological Complete Response
to Neoadjuvant Chemoradiotherapy in Locally Advanced Rectal Cancer. J Coll Physicians Surg Pak 2021;30(4):399-
404. doi: 10.29271/jcpsp.2021.04.399

Zhang WY, Chen XX, Chen WH, et al. Mean Corpuscular Volume as a Predictive Factor of Response to Preoperative
Chemoradiotherapy in Locally Advanced Rectal Cancer. Gastroenterol Res Pract 2018;2018:6976375. doi:
10.1155/2018/6976375 [published Online First: 20180318]

Morais M, Fonseca T, Machado-Neves R, et al. Can pretreatment blood biomarkers predict pathological response to
neoadjuvant chemoradiotherapy in patients with locally advanced rectal cancer? Future Oncol 2021;17(35):4947-
57.doi: 10.2217 /fon-2021-0707 [published Online First: 20211104]

Clarke TL, White DA, Osborne ME, et al. Predicting response to neoadjuvant chemoradiotherapy in locally advanced rectal
cancer with serum biomarkers. Ann R Coll Surg Engl 2017;99(5):373-77. doi: 10.1308/rcsann.2017.0030

Berger-Achituv S, Brinkmann V, Abed UA, et al. A proposed role for neutrophil extracellular traps in cancer
immunoediting. Front Immunol 2013;4:48. doi: 10.3389/fimmu.2013.00048 [published Online First: 20130306]

Quigley DA, Kristensen V. Predicting prognosis and therapeutic response from interactions between lymphocytes and
tumor cells. Mol Oncol 2015;9(10):2054-62. doi: 10.1016/j.molonc.2015.10.003 [published Online First:
20151023]

Majeti BK, Lee JH, Simmons BH, et al. VEGF is an important mediator of tumor angiogenesis in malignant lesions in a
genetically engineered mouse model of lung adenocarcinoma. BMC Cancer 2013;13:213. doi: 10.1186/1471-2407-
13-213 [published Online First: 20130429]

Tesfamariam B. Involvement of platelets in tumor cell metastasis. Pharmacol Ther 2016;157:112-9. doi:
10.1016/j.pharmthera.2015.11.005 [published Online First: 20151123]

Proctor MJ, Morrison DS, Talwar D, et al. A comparison of inflammation-based prognostic scores in patients with cancer.
A Glasgow Inflammation Outcome Study. Eur J Cancer 2011;47(17):2633-41. doi: 10.1016/j.ejca.2011.03.028
[published Online First: 20110701]

Dudani S, Marginean H, Tang PA, et al. Neutrophil-to-lymphocyte and platelet-to-lymphocyte ratios as predictive and
prognostic markers in patients with locally advanced rectal cancer treated with neoadjuvant chemoradiation. BMC
Cancer 2019;19(1):664. doi: 10.1186/s12885-019-5892-x [published Online First: 20190705]

Hamid HKS, Emile SH, Davis GN. Prognostic Significance of Lymphocyte-to-Monocyte and Platelet-to-Lymphocyte Ratio
in Rectal Cancer: A Systematic Review, Meta-analysis, and Meta-regression. Dis Colon Rectum 2022;65(2):178-87.
doi: 10.1097/dcr.0000000000002291

Yamamoto T, Kawada K, Obama K. Inflammation-Related Biomarkers for the Prediction of Prognosis in Colorectal Cancer
Patients. Int ] Mol Sci 2021;22(15) doi: 10.3390/ijms22158002 [published Online First: 20210727]

Tang M]J, Ding SB, Hu WY. Fibrinogen and Albumin Score Changes during Preoperative Treatment Can Predict Prognosis
in Patients with Locally Advanced Rectal Cancer. Gastroenterol Res Pract 2019;2019:3514586. doi:
10.1155/2019/3514586 [published Online First: 20191113]

Kowalchuk RO, Kamdem Talom BC, Van Abel KM, et al. Estimated Cost of Circulating Tumor DNA for Posttreatment
Surveillance of Human Papillomavirus-Associated Oropharyngeal Cancer. JAMA Netw Open 2022;5(1):e2144783.
doi: 10.1001/jamanetworkopen.2021.44783 [published Online First: 20220104]

Wang Y, Yang L, Bao H, et al. Utility of ctDNA in predicting response to neoadjuvant chemoradiotherapy and prognosis
assessment in locally advanced rectal cancer: A prospective cohort study. PLoS Med 2021;18(8):e1003741. doi:
10.1371/journal.pmed.1003741 [published Online First: 20210831]

Vidal ], Casadevall D, Bellosillo B, et al. Clinical Impact of Presurgery Circulating Tumor DNA after Total Neoadjuvant
Treatment in Locally Advanced Rectal Cancer: A Biomarker Study from the GEMCAD 1402 Trial. Clin Cancer Res
2021;27(10):2890-98. doi: 10.1158/1078-0432.Ccr-20-4769 [published Online First: 20210316]

Liu W, Li Y, Tang Y, et al. Response prediction and risk stratification of patients with rectal cancer after neoadjuvant
therapy through an analysis of circulating tumour DNA. EBioMedicine 2022;78:103945. doi:
10.1016/j.ebiom.2022.103945 [published Online First: 20220317]

Roesel R, Epistolio S, Molinari F, et al. A Pilot, Prospective, Observational Study to Investigate the Value of NGS in Liquid
Biopsies to Predict Tumor Response After Neoadjuvant Chemo-Radiotherapy in Patients With Locally Advanced
Rectal Cancer: The LiBReCa Study. Front Oncol 2022;12:900945. doi: 10.3389/fonc.2022.900945 [published Online
First: 20220628]

Voelkerding KV, Dames SA, Durtschi JD. Next-generation sequencing: from basic research to diagnostics. Clin Chem
2009;55(4):641-58. doi: 10.1373/clinchem.2008.112789 [published Online First: 20090226]

Dawson §J, Tsui DW, Murtaza M, et al. Analysis of circulating tumor DNA to monitor metastatic breast cancer. The New
England journal of medicine 2013;368(13):1199-209. doi: 10.1056/NEJMo0al1213261 [published Online First:
20130313]

154



BIBLIOGRAPHY

326.Benesova L, Belsanova B, Suchanek S, et al. Mutation-based detection and monitoring of cell-free tumor DNA in peripheral
blood of cancer patients. Anal Biochem 2013;433(2):227-34.doi: 10.1016/j.ab.2012.06.018 [published Online First:
20120628]

327. Garcia-Aguilar J, Chen Z, Smith DD, et al. Identification of a biomarker profile associated with resistance to neoadjuvant
chemoradiation therapy in rectal cancer. Annals of surgery 2011;254(3):486-92; discussion 92-3. doi:
10.1097/SLA.0b013e31822b8cfa

328. Pazdirek F, Minarik M, Benesova L, et al. Monitoring of Early Changes of Circulating Tumor DNA in the Plasma of Rectal
Cancer Patients Receiving Neoadjuvant Concomitant Chemoradiotherapy: Evaluation for Prognosis and Prediction
of Therapeutic Response. Front Oncol 2020;10:1028. doi: 10.3389/fonc.2020.01028 [published Online First:
20200724]

329. Morais M, Pinto DM, Machado JC, et al. ctDNA on liquid biopsy for predicting response and prognosis in locally advanced
rectal cancer: A systematic review. Eur ] Surg Oncol 2022;48(1):218-27.doi: 10.1016/j.ejs0.2021.08.034 [published
Online First: 20210903]

330. Khakoo S, Carter PD, Brown G, et al. MRI Tumor Regression Grade and Circulating Tumor DNA as Complementary Tools
to Assess Response and Guide Therapy Adaptation in Rectal Cancer. Clin Cancer Res 2020;26(1):183-92. doi:
10.1158/1078-0432.CCR-19-1996 [published Online First: 20191218]

331. Sozzi G, Roz L, Conte D, et al. Effects of prolonged storage of whole plasma or isolated plasma DNA on the results of
circulating DNA quantification assays. J Natl Cancer Inst 2005;97(24):1848-50. doi: 10.1093/jnci/dji432

332. Holdenrieder S, Von Pawel ], Nagel D, et al. Long-term stability of circulating nucleosomes in serum. Anticancer Res
2010;30(5):1613-5.

333. Singh N SA. Circulating DNA in Cancer: An Overview. Chemo Open Access 2015:4:172. doi: doi:10.4172/2167-
7700.1000172

155



156



<CURRICULUM VITAE>

157



158



CURRICULUM VITAE

CURRICULUM VITAE

Marina Filipa Coelho Morais was born on July 16t, 1987 in Paredes, Portugal. She
studied in Penafiel until attending the Faculty of Medicine from Oporto from 2004 to 2010.
In the 6t year, she performed basic investigation at the Pharmacology Department, which
culminated with the master thesis “Neuropathic pain: evaluation of mechanisms on an
experimental model”. After a 1-year general training at Centro Hospitalar do Porto, she
started specialization in General Surgery at Centro Hospitalar de Sdo Jodo in 2012. During
training, she also visited Memorial Sloan-Kettering Cancer Center, in New York in 2016 (Dr.
William Jarnagin and Dr. Julio Garcia-Aguillar). In 2013, she initiated the PhD in Medicine
and Molecular Oncology, which she accomplished under the supervision of Professor
Silvestre Carneiro and Professor José Carlos Machado.

In April 2018 she obtained the degree of Consultant in General Surgery and
maintained functions as Consultant in Colo-Rectal Surgery Unit of Centro Hospitalar de Sdo
Jodo. In October 2018, she started working as a Consultant in Hospital Pedro Hispano, in
Esophago-Gastric Surgery Unit. In 2018 she visited St Mark's Hospital in London (Dr. Omar
Faiz), a hospital that produced much of the current knowledge on Colo-Rectal Surgery. She
completed the Clinical Investigator Certification Level 1 from PharmaTrain and the Master
in Bariatric Surgery by the University of Madrid (Francisco Vitoria). To this date, she has
performed 51 colo-rectal oncological surgeries (of which 16 are rectal) and 50 gastric
oncological surgeries. In Hospital Pedro Hispano, she is the tutor of a surgical resident and
is also responsible for the residents’ training program. She is a member of the Esophago-
Gastric and Colo-Rectal Oncological MDT, connecting link of the Commission on Infection
and Antimicrobial Resistance Control in the Surgery Department and she was involved on
the update of surgical consents of Esophago-Gastric and General Surgery.

She has maintained activity as Assistant Professor in the Department of Surgery and
Physiology at Faculty of Medicine of Oporto, since 2014. She published 12 articles in peer-
reviewed journals and presented 93 communications in national and international
conferences. She is also a reviewer for Porto Biomedical Journal, Revista Portuguesa de

Cirurgia and Asian Journal of Reports in Surgery.

159



CURRICULUM VITAE

LIST OF PUBLICATIONS

Marina Morais, Telma Fonseca, Diogo Melo-Pinto, Isabel Prieto, Ana Teresa Vilares,
Ana Luisa Duarte, Patricia Leitdo, Luis Cirnes, José Carlos Machado, Silvestre
Carneiro. Evaluation of ctDNA in the prediction of response to neoadjuvant therapy
and prognosis in locally advanced rectal cancer patients: a prospective study.
Pharmaceuticals (Basel) 2023 Mar;16(3):427. doi: 10.3390/ph16030427.
GlobalSurg Collaborative and NIHR Global Health Research Unit on Global Surgery.
Effects of hospital facilities on patient outcomes after cancer surgery: an
international, prospective, observational study. The Lancet Global Health; May
2022.doi: 10.1016/S2214-109X(22)00168-1

Marina Morais, Telma Fonseca, Raquel Machado-Neves, Mrinalini Honavar, Ana Rita
Coelho, Joanne Lopes, Elisabete Barbosa, Emanuel Guerreiro, Silvestre Carneiro. Can
pretreatment blood biomarkers predict pathologic responses to neo-CRT in patients
with LARC? Future Oncol. 2021 Dec;17(35):4947-4957. doi: 10.2217 /fon-2021-
0707. Epub 2021 Nov.

Marina Morais, Diogo Melo Pinto, José Carlos Machado, Silvestre Carneiro. ctDNA on
liquid biopsy for predicting response and prognosis in locally advanced rectal
cancer: A systematic review. Eur ] Surg Oncol. 2021 Sep 3; S0748-7983(21)00723-
X. doi: 10.1016/j.ejs0.2021.08.034.

GlobalSurg Collaborative and NIHR Global Health Research Unit on Global Surgery.
Global variation in postoperative mortality and complications after cancer surgery:
a multicenter, prospective cohort study in 82 countries. The Lancet; Jan 2021. doi:
10.1016/50140-6736(21)00001-5

Marina Morais, Diana Gongalves, Renato Bessa-Melo, Vitor Devesa, J. Costa-Maia.
The open abdomen: analysis of risk factors for mortality and delayed fascial closure
in 101 patients. Porto Biomedical Journal, Jul 2018, Vol 3, n2. doi:
10.1016/j.pbj.0000000000000014

Marina Morais, Diana Gongalves, André Costa-Pinho, Elisabete Barbosa, Renato
Bessa-Melo, Pedro Correia-Silva, ]. Costa-Maia. Preoperative neutrophil-to-
lymphocyte ratio as a predictor of recurrence for stage Il colon cancer. Revista
Portuguesa de Coloproctologia, Jan/Abr 2018, Vol 15, n1.

Marina Morais* Diana Gongalves*, André Costa-Pinho, Renato Bessa-Melo, Luis

Gracga, J. Costa-Maia (*same contribution). Validation of a Difficulty Grading Score in

160



CURRICULUM VITAE

Laparoscopic Splenectomy. Journal of Laparoendoscopic & Advanced Surgical
Techniques, Aug 2017, Volume 28 (3). doi: 10.1089/1ap.2017.0478

9- Marina Morais, Marinho Almeida, Catarina Eloy, Renato Bessa-Melo, Luis Graga, ].
Costa-Maia. A case of mistaken identity... Gastroenterology and Hepatology: Open
Access, Dec 2016, Volume 5, Issue 8. doi: 10.15406/gh0a.2016.05.00177

10- Marina Morais, André Costa-Pinho, Ana Marques, José Lopes, Alexandre Duarte,
Pedro Correia Silva, José Manuel Lopes, J. Costa-Maia. Mixed Adenoneuroendocrine
Carcinoma Causing Colonic Intussusception. Case Reports in Surgery, July 2016. doi:
10.1155/2016/7684364

11- Marina Morais, Gil Faria, John Preto, ]. Costa-Maia. Gallstones and Bariatric Surgery:
to treat or not to treat? World Journal of Surgery, Dec 2016, Volume 40, Issue 12.
doi: 10.1007/s00268-016-3639-2

12- Marina Morais, Jodo Capela-Costa, Luis Matos-Lima, José Costa-Maia. Nonrecurrent
Laryngeal Nerve and Associated Anatomical Variations: The Art of Prediction.

European Thyroid Journal, Dec 2015, Volume 4, Issue 4. doi: 10.1159/000438751

161



[APORTO

FMUP FACULDADE DE MEDICINA
UNIVERSIDADE DO PORTO

Marina Morais

Porto, 2023

162



