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Abstract

Background: Colorectal cancer (CRC) is amongst the three most common cancers worldwide
with the majority of patients presenting with liver metastases (LM). Resection of liver lesions is
the only proven curative measure. Unfortunately, less than 30% of patients are eligible for
resection. Three major histological growth patterns (HGPs) have been identified in patients with
colorectal cancer liver metastasis (CRCLM); desmoplastic, pushing and replacement. Patients
with replacement lesions have a poor overall survival rate compared to those with desmoplastic

when treated.

A number of studies have reported that the magnitude and composition of T-lymphocyte
infiltration in both the primary and metastatic CRC is significantly correlated with prognosis.
High infiltration of tumor associated macrophages (TAM) has also been associated with
prolonged overall survival in CRC, and better outcome in CRCLM. Furthermore, the role of
these immune components when LM are segregated by HGP has not yet been evaluated
thoroughly. Defining this is important in light of the fact that new therapies are based on

manipulation of various components of the immune system.
Methodology

Gene Expression Analysis: Samples were obtained through the McGill University Hospital
Centre Liver Disease Biobank (MUHC-LDB); 9 Desmoplastic and 6 Replacement lesions. To
minimize heterogeneity in the data, we selected chemonaive samples. Samples were scored with
our pathologist collaborators for tumor viability and purity to ensure that select areas fully
representative of the HGPs. Tumors were macrodissected, along with adjacent normal liver and
processed for RNA-seq. Sequencing was performed by our collaborator Dr. Woong-Yang Park at
the Samsung Genome Centre in South Korea, using the illumine HISeq sequencers. R© software
was used to identify differentially expressed genes, and to generate heatmaps. From the output of
this data, we began studying genes and pathways using Ingenuity Pathway Analysis (IPA©)

software.

Immune Cell Quantification: Serial sections of formalin fixed paraffin embedded (FFPE)
biopsies from CRCLM of both desmoplastic and replacement HGPs were stained via

immunofluorescence, to assess the presence and distribution of various subtypes of T-
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lymphocytes and macrophages. Antibodies used were: CD68 (all macrophages), IRF5 (M1
macrophages), CMAF (M2 macrophages). For the T-lymphocyte population: Granzyme B
(activated cytotoxic T-lymphocytes), CD4 (helper T-lymphocytes), and FOXP3 (regulatory T-
lymphocytes). Tiled images of the whole tissue sections were obtained using a florescent

microscope, followed by manual counting of each of the immune cell populations.
Results

Gene Expression Analysis: Significant biological functions between the patterns consisted of
those mostly related to cellular processes such as survival and invasion, suggesting that genes
differentially expressed are those related to the tumor formation and metastases cascade.
Furthermore, various genes that are related to immunological functions are mostly activated in

the replacement pattern and conversely undetected in the desmoplastic subtypes.

Immune Cell Quantification: The majority of immune cell populations concentrated at the
tumor/liver interface in both growth patterns, whether that be the tumor peripheries, the
desmoplastic ring, or the adjacent normal livers. Furthermore, when comparing desmoplastic and
replacement patterns, we found that immune cells are mostly higher at the tumor/liver interface
of the replacement pattern. We have also identified a rare subtype of immune cells; CD4
regulatory T-lymphocytes. This population has not yet been described in patients with CRC or
with CRCLM.

Conclusions: Different components of the immune system play diverse roles in the desmoplastic
and replacement patterns of CRCLM. The findings described in this paper are new and will help
increase our understanding of the diversity of CRC liver metastases. Such findings can direct
future work to identity new prognostic markers and to help future therapeutics development

towards therapies that can manipulate various components of the immune system.
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Résumé

Contexte: Le cancer colorectal (CRC ; Colorectal Cancer) est parmi les 3 cancers les plus
répandus dans le monde. La majorité des patients atteints par cette maladie développent des
métastases hépatiques (LM ; Liver Metastasis). La resection des Iésions hépatiques est la seule
intervention disponible pour prolonger la survie des patients. Malheureusement, moins de 20%
de ces patients sont admissibles a la résection. Trois principaux modéles de croissance
histologique (HGP ; histological Growth Patterns) ont été identifies chez les patients atteints de
CRCLM, a savoir Desmoplastic, Pushing et Replacement. Suite aux traitements, les patients
ayant des lésions de type Replacement ont une survie globale moindre comparée a ceux
présentant des lésions de type Desmoplastic.

Plusieurs études ont rapporté que le niveau et la composition des lymphocytes T infiltrant aussi
bien les lésions CRC primaires que métastatiques sont significatives d’un point de vue pronostic.
Les macrophages associés a la tumeur (TAM ; Tumor associated macrophages) ont également
été associés a une survie globale prolongée dans le CRC. Aussi, une infiltration élevée de TAM
dans le CRCLM a également été associée a une meilleure issue. Cependant, le role de ces
composantes immunitaires dans les LM en fonction des différents HGP n'a pas encore été
investigué¢ a fond. L’investigation de cet aspect est importante étant donné que les nouvelles
voies thérapeutiques s’orientent vers la manipulation de diverses composantes du systéme

immunitaire.
Méthodologie

Analyse de I'expression génique: Les échantillons ont été obtenus de notre Biobanque tissulaire
(i.e. Mcqill University Hospital Centre Liver Disease Biobank (MUHC-LDB)). Ceux-ci incluent
9 lésions de type Desmoplastic et 6 lésions de type Replacement. Pour réduire I'hétérogénéité
dans les données, nous avons sélectionné des échantillons provenant de patients n’ayant pas
recus de chimiothérapie (i.e. Chemonaive). Les échantillons ont été évalués par nos pathologistes
quant a la viabilité et la pureté de la tumeur pour s'assurer que les zones a étudier sont
représentatives des HGP. Les zones avec le tissu tumoral et celles de tissu hépatique sain ont été
récoltées par macrodissection, et apprétées pour I'ARN-seq. Le séquencage HISeq a été réalisé
dans les laboratoires de notre collaborateur Dr. Woong-Yang Park au Samsung Genome Center

(Corée du Sud), a I’aide des séquenceurs illumine HISeq. Le logiciel R© a été utilisé pour
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déterminer 1’expression différentielle des géenes, et pour générer des cartes heatmaps. En utilisant
ces données, nous avons commencé 1’étude des genes et des voies en utilisant le logiciel

Ingenuity Pathway Analysis (IPA®).

Quantification des cellules immunitaires: Pour évaluer la présence et la distribution de divers
sous-types de lymphocytes T et de macrophages, des sections sériées de lésions CRCLM en
paraffine (FFPE ; formalin fixed paraffin embedded) de types Desmoplastic et Replacement ont
été marquées pour des analyses par immunofluorescence. Nous avons utilisé des anticorps contre
les marqueurs suivants : CD68 (les macrophages totaux), IRF5 (les macrophages M1), CMAF
(les macrophages M2), Granzyme B (les lymphocytes T cytotoxiques activés), CD4 (les
lymphocytes T auxiliaires) et FOXP3 (les lymphocytes T régulateurs). Des images de I'ensemble
des coupes tissulaires ont été captées a l'aide d'un microscope a fluorescence, suivi d'un

comptage manuel de chacune des populations de cellules immunitaires.
Résultats

Analyse de I'expression génique: Les différences significatives entre les différents patrons HGP
sont celles qui sont principalement liées aux processus cellulaires tels que la survie et I'invasion.
Ceci suggere que les génes exprimés de facon différentielle sont ceux liés a la formation de la
tumeur et a la cascade métastatique. En outre, divers genes reliés aux fonctions immunologiques
sont principalement activés dans les lésions de type Replacement, alors qu’ils sont absents dans

les lésions de type Desmoplastic.

Quantification des cellules immunitaires: Dans les 2 types de patrons de croissance
(Desmoplastic vs. Replacement), nous avons observé que la majorité des populations de cellules
immunitaires se concentrent au niveau de l'interface tumeur/tissu hépatique, et ceci que ce soit la
périphérie tumorale, le disque desmoplastique (Desmoplastic Ring) ou le tissu hépatique sain
adjacent. En outre, en comparant les types Desmoplastic et Replacement, nous avons observé que
le nombre des cellules immunitaires est plus élevé au niveau de l'interface tumeur/tissu hépatique
les lésions de type Replacement. Nous avons également identifié un sous-type rare de cellules
immunitaires (des lymphocytes T régulateurs CD4") ; une population de lymphocytes qui n'a pas
encore été decrite dans les CRC et les CRCLM.
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Conclusions: Il ressort que differentes composantes du systéeme immunitaire jouent des réles
distincts dépendamment des patrons Desmoplastic et Replacement des métastases hépatiques du
CRC. Une revue de la littérature, nous laisse croire que nous sommes les premiers a rapporter ces
résultats intéressants. Certes, ces résultats aideront a mieux comprendre la diversité des
métastases hépatiques. Nous espérons pouvoir améliorer I’état de nos patients en identifiant ceux
qui pourront profiter le plus des thérapies qui ciblent les différentes composantes du systéme

immunitaire.
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Introduction

Colorectal Cancer and Liver Metastases

Colorectal cancer (CRC) is amongst the three most common cancers in many countries [*' 2. Near
two thirds of patients will develop distant metastases during the course of their illness Bl The
liver being the most common site of metastases [, is also the first and only area of spread in 30-
40% of patients (61, The metastases may be either synchronous (developed within 12 months of
diagnosis) or metachronous (developed after 12 months of diagnosis). In either case, survival of
patients with Colorectal Cancer Liver Metastases (CRCLM) is dismal if left untreated, with a 5-
year survival of merely 3.3% for synchronous metastases and 6.1% for metachronous "1, Yet,
unlike many other types of solid organ cancers, the presence of distant metastases does not
preclude curative treatment. With ongoing advancements, surgical resection of CRCLM has
demonstrated improvement in long-term survival for a significant number of patients, reaching
an overall 5-year survival of up to 50-60% 2% Unfortunately, less than 20% of patients are
eligible for resection [*3, either due to the status of their hepatic or extrahepatic disease, or their
overall functional condition. Nevertheless, the criteria for selection of patients for colorectal liver
metastasectomy are undergoing continuous modification and expansion ™. Multimodal
management, notably the addition of various regimens of chemotherapy and biological agents,
has allowed further prolongation of survival following hepatectomy. To further improve
survival, proper selection of patients who would benefit most from such an invasive procedure

becomes vital 13,

CRCLM Histological Growth Patterns

Traditionally CRC was staged according to the TNM system, which takes into account T; the
size of the tumor, N; number of positive lymph nodes, and M; metastasis status. However it was
noticed that postoperative outcomes differed tremendously among patients of the same stage 41,
Consequently, CRCLM have always been approached as a unified entity, although it is not clear
why some patients respond to certain regimens, while others do not. Recently, various
histological growth patterns (HGP) have been identified amongst CRCLM: desmoplastic,
replacement, and pushing [° (Fig. 1) (61, Desmoplastic lesions were described as being
“separated from the surrounding liver parenchyma by a rim of desmoplastic stroma in which, in
all cases, a dense lymphocytic infiltrate was present. There was no contact between tumor cells

and hepatocytes.” Pushing was described as “at the tumor—liver parenchyma interface, the tumor
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pushed the liver plates aside which ran in parallel with the circumference of the metastases.
There was no desmoplastic stroma formation and the tumor cells were separated from the
hepatocytes by a thin layer of reticulin fibers. A mild inflammatory infiltrate was nearly always
present at the interface.” Finally, replacement lesions were described as “tumor cells were
replacing hepatocytes in the liver plates. There was no inflammation and no fibrosis. Tumor cells
and hepatocytes had intimate cell-cell contact.” This stratification of lesions based on their
pattern expands our understanding of the different responses observed clinically; a large
collaborative study from our group showed that patients with desmoplastic lesions when treated
with chemotherapy plus bevacizumab had a longer survival than did patients with replacement
lesions. Where in fact those with a replacement pattern seemed to do worse when bevacizumab

was added to their regimen [16],

Figure 1. [®1 Diagrams and H&E staining illustrating the morphology of normal liver or the
morphology of the tumor/normal liver interface in human CRC liver metastases with a

desmoplastic, pushing or replacement HGP.
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The Immune System

For long, cancer research has focused on the biology of the tumor itself. More recently light has
been shed on the role that the host plays; by providing an appropriate niche for tumor formation
and metastasis. The immune system specifically serves various diverse purposes in this regards,
which differs between immune cell subtypes, as well as between the stages of cancer
progression. On histological examination, it is clear that the immune system plays a key role in
the difference between each HGP of CRCLM, namely desmoplastic tumors which appear to be
surrounded by a lymphocytic infiltrate, which is interestingly near absent in the replacement type
(Fig. 1) 61,

Functionally, the immune system can be divided into the innate and adaptive immune system.
The innate system serves as a first responder to stop the entrance and spread of foreign agents.
Macrophages are a component of this system. On the other hand, the adaptive immune system is
called upon to react to and clear the unwanted agent. It also provides the body with a specific
immunological memory, which allows a much faster and stronger response in the event of a
repeat invasion of the harmful agent. T-lymphocytes are a part of the adaptive system 17 28l T-
cells differentiate to play various interconnected roles; including selective recognition of cellular
peptides, direct recognition and killing of antigen expressing cells via cytotoxic T-lymphocytes
(CTL), also known as CD8" effector T-cells, as well as their capacity to orchestrate a multitude
of immune reactions via CD4" helper T-cells. An interesting subset of T-cells are regulatory T-
lymphocytes, which as their name implies, regulate and suppress harmful activation of the
immune system, thus maintaining self-tolerance and preventing autoimmunity 1922,
Macrophages serve to maintain healthy tissue by clearing dead cells and foreign materials
through phagocytosis, in addition to wound healing through repair and remodeling of tissues [2*
261 Macrophages also play a connecting role between the innate and adaptive immune systems,
monitoring their environment then secreting appropriate chemokines and cytokines to trigger and
regulate various subsequent inflammatory responses [?7- 281, Based on the stimuli they receive,
macrophages “polarize” into diverse phenotypic subtypes; the best established is the M1/M2 axis
[29-311 They are termed activated (M1) and alternatively activated (M2) macrophages. Generally
speaking, M1 macrophages secrete pro-inflammatory cytokines, are microbicidal, tumoricidal,
and inhibit the fibrotic actions of fibroblasts 2 31, M2 macrophages on the other hand, secrete

anti-inflammatory cytokines, enhance fibrogenesis, tissue remodeling, and angiogenesis 3331,
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The Immune System in CRCLM

This is all and well in the normal functioning body. However when speaking in terms of cancer,
each immune cell subtype contributes in an altered fashion, whether that be a desired anti-tumor
effect or a deleterious pro-tumor manner. In their original portrayal in the year 2000, Hanahan
and Weinberg described 6 hallmarks of cancer 71, As science rapidly progressed, 11 years later
“avoidance of immune destruction” was added as an emerging hallmark, and “tumor-promoting
inflammation” was added as an enabling characteristic 8. The interaction between T-
lymphocytes, macrophages and cancer cells is complex. After receiving signals from antigen
presenting cells, T-cells mediate an anti-tumor immunity thus killing cancer cells. Immune
checkpoints are various inhibitory signals that prevent this T-cell activity, and thus prevent
cancer cell killing. Checkpoints include cytotoxic T-lymphocyte antigen 4 (CTLA4), which are
upregulated via activated T-cells, and work via a negative feedback to prevent hyper-immune
activation in normal situations. Additional checkpoints include programmed cell death protein 1
(PD-1) and it’s ligand (PD-L1) B%. These checkpoints are important targets when addressing
anti-tumor immunity. Interestingly, macrophages express both CTLA4 ligands and PD-L1 %%, In
their landmark paper, Naito et al. [*} established that tumor infiltrating cytotoxic lymphocytes
within CRC were associated with a better overall survival. A group at Memorial Sloan-Kettering
studied T-lymphocytes in CRCLM; they found that a high number of CD8 T-cells and a low
number of CD4 T-cells were independent correlates of 10-year survival following CRCLM
resection 21, 1t is of note that conflicting evidence exists in terms of CD4 T-lymphocytes; the
same group later reported that patients with high infiltration of CD4 T-cells exhibited longer
survival 3. They then looked at the emerging regulatory T-lymphocyte (also named FOXP3*
tumor infiltrating lymphocytes, based on their classical marker), and reported that a high number
of T-regs relative to CD4 or CD8 T-cells predicted poor outcome; suggesting an
immunosuppressive role for regulatory T-lymphocytes (31, Based on the growing breadth of
literature, the TNM staging system was refined to include an immunoscore; TNM-I. This took
into account both the tumor burden itself, as well as quantifying two lymphocytes populations
(cytotoxic and memory) within the center of the tumor in addition to its’ invasive margin 141,
When applied to large cohorts, the immunoscore proved that the higher the infiltration of

cytotoxic and memory t-lymphocytes, the longer the disease and overall survival.
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Tumor-Associated-Macrophages (TAM) and Metastasis-Associated-Macrophages (MAM) are
topics of active research in various cancers. Kruse et al. (4’1 studied liver metastasis in orthotopic
syngeneic colon cancer mouse models; they found that macrophages stimulated metastases,
while kupffer cells (which are in fact a form of macrophages present in the liver) actually
enhanced tumor formation in the liver. Cui et al. 1 observed that as the numbers of TAM in the
primary colorectal cancer decreased, the tumor’s ability to metastasize to the liver increased.
This ability however did not significantly correlate with the absolute numbers of TAM, but with
the percentage of each subtype and the ratio between them; liver metastatic ability increased with
lower numbers of M1 macrophages, and higher numbers of M2 macrophages, as well with
higher ratios of M2/M1. However, similarly to the contrasting literature regarding helper T-
lymphocytes (and most scientific evidence in that case), a recent multicenter study reports that
high numbers of TAM infiltrating the resected CRCLM correlated with superior survival

outcomes.

The Immune System in the HGPs of CRCLM

This breadth of literature clearly highlights the importance of the immune system in CRCLM,
and sheds light on the diverse roles of its various components. The contrasting evidence that is
continuously reported could be due to the fact that studies generally approach CRCLM as a
unified entity. Segregating patient cohorts based on the 3 different HGPs could provide valuable
insights on the diversities that we note clinically, and help us to further understand and tailor our
patient care. Only a handful of studies have investigated the various immune cell subtypes in the
light of these CRCLM HGPs; Nielsen et al. /1 reported in 2014 that the lymphocytic infiltration
at the edge of desmoplastic lesions was denser than that at the edge of replacement and pushing
lesions. This however did not influence patient survival. A year later, the same group reported
that in resected CRCLM of patients that did not receive chemotherapy, there was no difference
of T-lymphocytes (CD3) at the tumor margins of each HGP 8. Whereas the margins of the

replacement type had a higher number of macrophages (CD68) than the other patterns.

To our knowledge, no literature yet exists on the various subtypes of T-lymphocytes nor of
macrophages in the different HGPs of CRCLM, namely cytotoxic, helper, and regulatory T-
lymphocytes. Nor of M1 and M2 macrophages. In this thesis we aim to address this interesting
topic.
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Hypothesis

The liver initiates an immune response against the developing tumor. We hypothesize that the
immunological response within and around the tumor differs between each growth pattern (Fig.
2).

Figure 2. The liver initiates an immune response against the developing tumor. We hypothesize
that the immunological response within and around the tumor differs between each growth

pattern.
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Objectives

We will focus on the desmoplastic and replacement histological growth patterns of CRCLM, as
they are the most different. We will study chemonaive lesions, giving us the advantage of
studying the original biology of the tumor and its surroundings. This is of utmost importance, as

chemotherapy is known to exert an evident altering effect.

1. To perform gene expression analysis (RNA Sequencing) to identify genes, pathways,
and functions specific to each growth pattern.

2. To quantify various subtypes of “T-lymphocytes” and “Macrophages” in each growth
pattern via immunofluorescence; namely cytotoxic, helper, and regulatory T-
lymphocytes. As well as M1 and M2 macrophages.

Methodology

Gene Expression Analysis

RNA Sequencing and the Study of “Omics”

“Omics” describes the holistic approach to study the biological molecules that make up cells,
tissues, and organisms. “Genomics” studies the genome or DNA. “Transcriptomics” studies
RNA, or the template that is later translated into protein; this corresponds to the part of the DNA
that is actively expressed % 5% While this is a clear advantage, RNA is measured and not the
actual protein, and thus must usually be accompanied by some prove of protein expression as

validation.

Throughout the years, various methods have been developed to quantify the transcriptome; this
includes both hybridization and sequence based methods. Although hybridization approaches are
high throughput and are fairly cost effective, they depend on known genomic sequences, and
have a high level of background due to cross hybridization % %2, Comparing results from
multiple experiments is also difficult using these approaches. As for sequencing based methods
that depend on the Sanger technology % 54 and directly determine the cDNA sequence, these are
usually expensive, and although the newer methods may be high throughput, short tags cannot be

mapped to a reference genome.
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In recent developments, RNA sequencing (RNA-seq for short) presents itself as a high
throughput technology that overcomes many of these limitations. In contrast to hybridization
based methods, RNA-seq can detect transcripts that do not correspond to known sequences. It
also has near absent levels of background, due to the fact that DNA sequences are mapped to
explicit regions of the genome. In addition to this, RNA-seq has limitless quantification,
allowing it to detect a vast range of expression levels. Furthermore, owing to the absence of
cloning steps, only a small amount of RNA is needed. Finally and most importantly, RNA-seq
has a high degree of reproducibility 5 %61, In the light of this, RNA-seq is the first method that
provides high throughput analysis and quantification of the transcriptome. We were able to use
this valuable technology to study the different HGPs of CRCLM.

Patient Specimens for Gene Expression Analysis

All samples were procured through the Liver Disease Biobank at McGill University Health
Centre (MUHC), Montreal, QC under the direction of Dr. Metrakos. The biobank collects
resected specimens and banks both formalin fixed paraffin embedded (FFPE) and snap frozen

samples in liquid nitrogen within 30 minutes of resection.

RNA sequencing

Human samples included: 9 desmoplastic and 7 replacement chemonaive CRCLM snap frozen
lesions. 1 replacement lesion was later excluded, as its gene signature looked more like normal
liver than that of a tumor. Samples were scored with our collaborator pathologists for tumor
viability and purity to ensure that select areas fully representative of the HGPs. Tumors were
macrodissected, along with adjacent normal liver and processed for RNA-seq. RNA sequencing
and analysis was performed by our collaborator Dr. Woong-Yang Park from the Samsung
Genome Centre, Seoul, South Korea. The library construction was performed using Truseq RNA
sample preparation v2 kit (lllumina). Quality and quantity of library are measured by
Bioanalyzer and Qubit. Sequencing was carried out using the 100-bp paired-end mode of the
TruSeq Rapid PE Cluster kit and TruSeq Rapid SBS kit (lllumina) on the HiSeq 2500
sequencing platform (Illumina). The genome reference is hgl9 human genome (ver. Jan 2014).
TopHat tool (ver2.06) was used for mapping and alignment. The unit of gene counts was count

reads.
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Data Analysis of Gene Expression Analysis

Analysis was carried out on R (version 3.2.2 - © 2015) 1 and RStudio (version 0.99.489 — ©
2009-2015). We chose the “DESeq” package, which uses a method based on the negative
binomial distribution, with variance and mean linked by local regression 8. Groups were
labelled as: 1- Desmoplastic Tumors (DT), 2- Desmoplastic Normal (DN), 3- Replacement
Tumors (RT), 4- Replacement Normal (RN). Comparison groups were defined as follows: 1- DT
vs. DN, 2- RT vs. RN, 3- DT vs. RT, 4- DN s. RN. In other words, tumors from each HGP were
compared to their adjacent normal tissues, then tumors of each HGPs were compared to each
other, and last, the adjacent normal tissues of both HGPs were compared to each other. Count
reads were first normalized. Following this, mean expression, fold changes, log fold changes, p-
values, and adjusted p-values were calculated for each comparison group. Finally, heatmaps of

the top 30 differentially expressed genes were generated.

Subsequent analysis was performed on Ingenuity® Pathway Analysis (IPA®) software. We are
interested in identifying the differences between the desmoplastic and replacement tumors. To
achieve this, the following analysis strategy was devised under guidance of a senior scientist
from QIAGEN Advanced Genomics Support. First, all 4 comparison groups were injected into
IPA. Cut-off values were defined as a p-value < 0.05, no fold change cut-offs were specified.
Data was expressed in various methods, we chose to display them in terms of canonical
pathways; which determine pathways most significantly affected, as well as those predicted to be
activated or inhibited. Next, using the results of the analyses between: “DT vs. DN” and “RT vs.
RN”, a comparison analysis was performed using an adjusted p-value < 0.05. This allows us to
identify pathways distinct to each HGP tumor separately, then to compare pathways between the
tumors. This method is more efficient than directly comparing DT to RT, which would only
show us the difference between both tumors, without clarifying which pathways were distinct in
each separate pattern. Again, data was expressed in various methods, we opted to display
diseases and functions that were activated or inhibited in each HGP. IPA uses a right-tailed

Fischer Exact test to calculate its p-values.
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Quantification of T-lymphocytes and Macrophages

The Technique of Immunofluorescence

Immunofluorescence (IF) is a staining technique that utilizes the concept of antigen-antibody
reactions; it relies on labeling target antigens with a florescent dye (also termed fluorochromes),
then visualizing them through a florescent microscope (Fig. 3). The florescent microscope
operates in a similar fashion as a regular light microscope, except that the light source is
provided through a laser, which then travels through excitation and emission filters. The
excitation filter only permits light that excites the specimen of a certain fluorochrome. The
emitted light then passes through the emission filter, which again only allows the specified
wavelength to pass to the detector. The emitted photon from the fluorochrome is of a higher
wavelength than the exciting photon; this is termed the “stokes shift”. This property is an
important aspect in florescence labeling and imaging and allows us to differentiate between the
exciting and emission light. This information is important when later entertaining the
optimization phase specifically of our secondary antibodies, and understanding the different
waves explained thereafter.

For decades, patient specimens have been archived in the form of FFPE blocks. This is valuable
wealth of knowledge that is continually utilized by the translational research community.
Traditionally, the method of Immunohistochemistry (IHC) has been utilized to study these FFPE
preserved tissues. It however has major drawbacks, the major one being that IHC is mainly used
to label one protein at a time, and when used for multicolor experiments cannot be used to
examine co-localization of antigens present in the same cellular compartment. IF on the other
hand provides a means of overcoming this by allowing multi-labeling of multiple antigens with
different fluorochromes. Traditionally cryopreserved or frozen tissues gave the highest quality
labeling by IF, although the architecture of the tissue is somewhat distorted. In FFPE specimens,
although tissue architecture is preserved, labeling them via IF has a mantra of its own; the high
autofluorescence emitted by these tissues makes detection of labeled proteins problematic. This
is unfortunate, because limiting IF to cryosections limits analysis of valuable archived materials.
It therefore goes without saying, that finding an applicable technique to utilize the valuable
method of IF on the readily available FFPE materials is vital to our understanding of human

disease.

23| Page



Colorectal Cancer Liver Metastasis Histological Growth Patterns; the Role of the Immune System
Master’s Thesis, Experimental Surgery, McGill University. Rafif E. Mattar, 2017

Figure 3. Immunoflorescence (A) Indirect immunoflorescence is based on an antigen-antibody
reaction; the targeted protein is labelled via a primary antibody, which is then recognized by a
secondary antibody that is pre-attached to a florescent dye. Image courtesy of © 2007-2017 Sino
Biological Inc. (B) A florescent microscope is then used to detect the florescence. The florescent
microscope operates in a similar fashion as a regular light microscope, except that the light
source is provided through a laser, which then travels through excitation and emission filters.
The excitation filter only permits light that excites the specimen of a certain fluorochrome. The
emitted light then passes through the emission filter, which again only allows the specified
wavelength to pass to the detector. Image courtesy of © Leica Microsystems 2017.
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The liver in itself is a highly fluorescent tissue, owing to numerous endogenous fluorophores;
NADPH, flavins, reticular fibers, vitamins, bilirubin, lipofuscins, lipopigments, porphyrins, and
proteins (%62, Despite its traitorous reputation when labeled by IF, tissue autoflorescence can
actually be used to distinguish morphology and function. Throughout our experiments on FFPE
sections of CRCLM, we were able to optimize our IF protocol to achieve a clear high quality
florescent image of multiple labeled immune cells. We also used the liver’s autoflorescence to
our advantage to define the demarcation between tumor and liver tissue. Additionally,
fluorescent images typically only represent a small area of tissue. We were able to capture the
image of the whole IF labeled tissue section.

Patient Specimens for Quantification of T-lymphocytes and Macrophages

Specimens of CRCLM were obtained from the department of Pathology at the MUHC. They
were processed following resection and stored in the form of FFPE blocks. Sections were cut
from each block and stained with hematoxylin and eosin (H&E), then scored by two pathologists
to determine the HGP based on the tumor/liver interface as per the criteria described earlier. In
our study, we included resected specimens of six patients diagnosed with CRCLM; three were
desmoplastic HGP, and three were replacement HGP. All patients did not receive chemotherapy
prior to resection. Thus all cancer tissues were chemonaive. Due to the fact that some lesions had
a mixture of different HGPs, lesions with a mixture of HGP and did not have at least 80% of a
given pattern were excluded from the study. Clinical data of each patient was also retrieved.
Specimens used for quantification of immune cells did not come from the same patients as the

specimens used previously for gene expression analysis.
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Antibodies Used

Primary antibodies for macrophages:

- CDe68 for all macrophages (goat polyclonal, sc7082 Santa Cruz Biotechnology, 1:500).

- IRF5 for M1 macrophages (mouse monoclonal, ab33478 Abcam, 1:200).

-  CMAF for M2 macrophages (rabbit polyclonal, sc7866 Santa Cruz Biotechnology,
1:200).

Primary antibodies for T-lymphocytes:

- CD4 for helper T-lymphocytes (mouse monoclonal, ab846 Abcam, 1:50).

- FOXP3 for regulatory T-lymphocytes (goat polyclonal, sc31739 Santa Cruz
Biotechnology, 1:50).

- Granzyme B for activated cytotoxic T-lymphocytes (rabbit polyclonal, ab4059 Abcam,
1:200).

Secondary antibodies:

- AF488 donkey anti-mouse (A21202 ThermoFisher Scientific).
- AF488 chicken anti-rabbit (A21441 ThermoFisher Scientific).
- AF594 donkey anti-goat (A11058 ThermoFisher Scientific).

- AF568 donkey anti-rabbit (A10042 ThermoFisher Scientific).

All secondary antibodies were diluted to 1:500.

Immunofluorescence Staining Protocol

Slide Preparation: 4-5 um serial sections were cut from each FFPE block using a microtome and

floated onto a warm water bath (41°C), then picked up onto Fisherbrand™ ColorFrost™ Plus
Microscope Slides (12-550-16 Fisher Scientific). They were then put on a vertical rack to air dry,
then labeled and transferred to a horizontal rack and left to dry overnight at 37°C in a fan assisted

cabinet. Slides were then stored at 4°C until they were needed.

Deparaffinization and Rehydration: On the day of staining, slides were placed in a fan assisted

cabinet at 65°C for 1 hour, then left to cool on the bench for 30 minutes. All subsequent steps

were carried out at room temperature (RT®). Sections were deparaffinized in 3 washes of xylene
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for 5 minutes each. Then rehydrated in graded alcohol; 100% then 94% then 80% for 5 minutes

each, and finally washed in double distilled water (ddH20) for 5 minutes.

Antigen Retrieval and Permeabilization: A citrate buffer was prepared, its pH adjusted to 6, then

0.05% Tween 20 was added. Sections were immersed in this solution, and put in a vegetable
steamer for 10 minutes. They were then put on the bench to cool for 30 minutes. A
permeabilization solution was prepared using 0.5% Triton-X100 in 1X PBS. Sections were kept

in it for 15 minutes at RT°, and then washed in PBS twice for 5 minutes each.

Immunostaining: The slides around the sections were dried, and using a Mini PAP pen (008877

Thermo Fisher Scientific ®) a hydrophobic barrier was drawn to surround the tissue. This would
minimize the volume of solutions used, as well as assuring that the solutions would remain in
contact with the tissue sections. All subsequent steps were carried out in a humid dark container,
unless otherwise mentioned. A blocking solution was added to each section (2% BSA in 1X
PBS, A7030 Sigma). The volumes of materiel used varied between 200-400 ul based on the size
of the tissue section. Sections were then placed on a rotating shaker at 20-25 rpm for 1 hour at
RT°, then kept flat overnight at 4°C. The following day, the blocking solution was aspirated and
each section was washed with 0.1% BSA in 1X PBS for 5 minutes on a rotating shaker at 20-25
rpm. Primary antibodies were diluted in 0.1% BSA in 1X PBS and added to the sections. They
were then placed on a rotating shaker at 20-25 rpm for 30 minutes at RT®, then kept flat
overnight at 4°C. The next day, primary antibodies were aspirated and each section was washed
3 times with 0.1% BSA in 1X PBS for 5 minutes each on a rotating shaker at 20-25 rpm.
Secondary antibodies were diluted in 0.1% BSA in 1X PBS and added to the sections. They were
then placed on a rotating shaker at 20-25 rpm for 2 hours at RT®. Secondary antibodies were
aspirated and each section was washed 3 times with 1X PBS for 5 minutes each on a rotating
shaker at 20-25 rpm. Sections were allowed to dry for 5 minutes in the dark, then 1-2 drops of
mountant (ProLong Gold’s antifade reagent with DAPI, P36935 Life Technologies) were added,
and finally a coverslip (12-5458 Fisher Scientific) was gently placed. Slides were kept to dry
horizontally in the dark at RT® overnight. Unless they were visualized the next day, they would
then be stored horizontally in the dark at 4°C and visualized within 2 days maximum. After
visualization, the edges of each section would be sealed with clear nail polish and stored at -20°C
in the dark.
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Protocol Optimization and Modification

Antibodies were chosen based on published literature [©3%61 and were reviewed by 2
immunologists. The protocol was optimized on various control tissues, including tonsil, spleen
and placenta, as they are highly immunogenic. Labeling was also tested on liver tissues from

hepatocellular carcinomas and discarded livers that were inadequate for transplant.

Multiple antigen retrieval methods were tested; a glass beacon in a microwave oven, a pressure
cooker in a microwave oven, and finally a vegetable steamer was chosen. As for the blocking
solution, we experimented with multiple types, combinations, and dilutions of BSA and FBS,
and found that 2% BSA that was pure; heat shock fraction, protease free, fatty acid free,
essentially globulin free, pH 7, >98% (A7030 SIGMA) gave us the least background. The

permeabilization step was added later on.

Various titrations of primary and secondary antibody dilutions were tested to find the lowest
possible dilutions with the strongest specific labeling. We also tried using different types of
buffers to dilute the antibodies; in the beginning we always diluted in the same blocking solution
that we used in that experiment. We then elected to use a lower concentration of BSA for our
diluting buffer than our blocking buffer (0.1% vs. 2%). Additionally, multiple incubation times
were experimented with for the primary antibodies; first we tried 1 hour at RT®, then in another
experiment we tried an overnight incubation at 4°C, we finally opted for a combined approach
starting with 30 minutes on a rotating shaker at RT®, followed by an overnight incubation at 4°C
on a flat surface. As for incubation of the secondary antibody, it was initially for 1 hour, before
deciding to increase it to 2 hours on the rotating shaker. It is of note that the use of the rotating
shaker was added at a later step, this allowed us to lightly agitate and distribute the volume of

solution used.

In regards to the mounting medium, various solutions were tested; a “mowiol” based medium
that was prepared in the lab, vs. ProLong Gold’s antifade reagent with DAPI (P36935 Life
Technologies. We tried adding DAPI to the secondary antibody mix, then to the mowiol
mounting medium, before finally choosing to use the ProLong Gold’s antifade reagent with
DAPI.
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Original Triple Staining vs. Modified Double Staining

During the optimization phase, we perfected the single stain for each antibody separately (Fig.
4). Following this, we originally intended to proceed to triple staining each HGP with the 3
macrophage markers; CD68, IRF5, and CMAF, in order to find the ratios between unpolarised,
M1, and M2 macrophages (Fig. 5). And then to separately triple stain with the 3 T-lymphocytes
markers; CD4, FOXP3, and GZB, in order to find the ratios between helper, regulatory, and
cytotoxic T-lymphocytes (Fig. 5). The initial antibody list is attached in (Table 1).

Unfortunately, when we actually began triple staining, various bleed through and non-specific
staining issues occurred. We thus opted to take 4 serial sections from each FFPE lesion block,
and to double stain them as follows (Fig. 6):

1. CD68 & IRF5
2. CD68 & CMAF
3. CD4 & FOXP3
4. CD4 & GZB
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Figure 4. Optimised Single Stains.
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Table 1. Original Antibody List for Triple Staining.

Cell to Stain

Primary Antibody

Cellular Location

Secondary Antibody

All Macrophages

CD68
(goat) 1:500

Golgi vesicles (cytoplasm)

AF488 (donkey x goat)
1:500

M1 Macrophages

IRF5
(mouse) 1:200

Nucleus and cytoplasm

AF647 (goat x mouse)
1:500

M2 Macrophages CMAF Nucleus AF555 (goat x rabbit)
(rabbit) 1:200 1:500

Helper T-Lymphocytes CD4 Membranous AF647 (goat x mouse)
(mouse) 1:200 1:500

Regulatory T-Lymphocytes | FOXP3 Nucleus (not nucleolus) AF488 (donkey x goat)
(goat) 1:50 1:500
Cytotoxic T-Lymphocytes | GZB Cytoplasmic vesicles AF555 (goat x rabbit)

(rabbit) 1:200

1:500
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Figure 6. Modified Double Staining Plan.
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Table 2. Modified Antibody List for Double Staining.

Cell to Stain Primary Antibody Cellular Location Secondary Antibody

All Macrophages CD68 Golgi vesicles (cytoplasm) | AF594 (donkey x goat)
(goat) 1:500 1:500

M1 Macrophages IRF5 Nucleus and cytoplasm AF488 (donkey x mouse)
(mouse) 1:200 1:500

M2 Macrophages CMAF Nucleus AF488 (chicken x rabbit)
(rabbit) 1:200 1:500

Helper T-Lymphocytes CD4 Membranous AF488 (donkey x mouse)
(mouse) 1:50 1:500

Regulatory T-Lymphocytes | FOXP3 Nucleus (not nucleolus) AF594 (donkey x goat)
(goat) 1:50 1:500

Cytotoxic T-Lymphocytes | GZB Cytoplasmic vesicles AF568 (donkey x rabbit)
(rabbit) 1:200 1:500
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Asides from converting to a double stain, we used serial sections in order to calculate an
approximate ratio between the various immune cell subtypes. We also substituted a number of
the secondary antibodies for various reasons (the modified antibody list is attached in Table 2):
We first eliminated AF647, due to the fact that it is an infra-red fluorochrome and cannot be
visualized well on a fluorescence microscope, only on a confocal microscope, making it difficult
for us to rapidly check our results. We also had an issue with AF555 as it peaks at a close range
to AF488, giving rise to many bleed through issues. We chose to substitute AF555 with AF568
and AF594, both of which peaked farther away from AF488 (Fig. 7). Finally, we noticed that

some of the secondary antibody species interacted, thus the changes also helped minimize this.

Using this modified plan, double staining was successfully optimized for all antibody
combinations. Subsequently, we moved onto experiments with human tissues; 3 desmoplastic
lesions and 3 replacement lesions were used. Four serial sections were taken from each, and

double stained as mentioned.
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Figure 7. Secondary Antibodies Used. (A) In the original triple staining plan, AF647 is an infra-
red fluorochrome and cannot be visualized well on a florescent microscope. Also, AF555 peaks
at a close range to AF488, giving rise to many bleed through issues. (B, C) In the modified
double staining plan, we chose to substitute AF555 with AF568 and AF594, both of which
peaked farther away from AF488, we also eliminated AF647. Images courtesy of © 2016

Thermo Fisher Scientific Inc. N.B The dotted lines are the excitation waves, the solid lines are

the emitted “visualized” waves.
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Image Acquisition

Images were acquired using an Axio Imager M2 fluorescence microscope (Carl Zeiss, Germany).
A typical image captured by a microscope corresponds to an area of ~0.04mm. We however
wanted to image the whole tissue sections, which had an average size of 2*3cm. To do this, we
first had to define the borders of the tissue at 5x magnification in a process known as
“contouring”. The software would then calculate how many “tiles” (a.k.a. images) the
microscope needed to take in order to capture the whole section, this ranged between 2500-3700
tiles. We’d then convert to 20x magnification, and refocus the camera in these tiles. To avoid
unnecessary exposure of the sections to light, instead of aligning focus point in all ~3000 tiles,
we’d realign every ~5 tiles, giving us a total of ~250-350 “focus points”. Image acquisition
would then commence. Resulting tiles were then stitched and fused using AF488 as the reference

color.

Immune Cell Quantification

Before quantification, due to the fact that some lesions were a mixture of different HGP, H&E
sections of the same lesions were retrieved and reviewed with the pathologist. Mixed tumor areas
and their surroundings were defined. The H&E images were then overlaid onto the florescent

images, mixed areas were then demarcated and excluded from further analysis.

Quantification of the florescent labeled images was carried out on ZEN 2.3 software (Blue
Edition). © Carl Zeiss Microscopy GmbH, 2011. The mixed areas were first excluded, then each
tissue section was divided into regions: (1) central tumor, (2) peripheral tumor, (3) desmoplastic
ring (absent in the replacement lesions), (4) close normal liver, (5) far normal liver. Four random
areas were chosen in each region, each of an equal size of 209.63*209.63 um. This allowed us to
obtain the final counts as ratios per area, regardless of tumor size. A total of 432 areas were
analyzed, 240 from the desmoplastic sections and 192 from the replacement sections.

Quantification of each immune cell subtype was carried out manually in each area.
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The immune cell populations identified were:

CD68" IRF5"; corresponding to M1 macrophages. (Fig. 8a)

CD68" IRF5; corresponding to all macrophages. (Fig. 8a)

CD68" CMAF*; corresponding to M2 macrophages. (Fig. 8b)

CD68" CMAF; corresponding to all macrophages. (Fig. 8b)

CD4" FOXP3*; corresponding to CD4" regulatory T-lymphocytes. (Fig. 8c)
CD4* FOXP3; corresponding to helper T-lymphocytes.

N o gk~ e nhoe

CD4 FOXP3*; corresponding to an emerging and interesting immune cell population;
CD4 regulatory T-lymphocytes. (Fig. 8c)

8. CD4" GZBT; corresponding to cytotoxic helper T-lymphocytes. (Fig. 8d)

9. CD4* GZB; corresponding to helper T-lymphocytes.

10. CD4 GZB'; corresponding to activated cytotoxic T-lymphocytes. (Fig. 8d)

Comparison Groups: As described above, 5 regions were defined within the desmoplastic

sections, and 4 regions within the replacement sections. All 10 immune cell populations were
compared between regions within each growth pattern. Then populations were compared

between similar regions of both growth patterns.

Statistical Analysis for Quantification of T-lymphocytes and Macrophages

Statistical analysis was performed using the Data Analysis ToolPak from Microsoft ® Excel
®2013. Results are presented as means + SEM, with the significance value set at P<0.05. A
Single Factor-ANOVA was used to compare immune cell populations between regions within
each growth pattern. A student t-test was used to compare populations between both growth

patterns.
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Figure 8. Immune Cell Populations Identified. (A) Stain of CD68 & IRF5. Cells marked in
green are CD68" IRF5"; corresponding to M1 macrophages. Cells marked in red are CD68*
IRF5; corresponding to all macrophages. (B) Stain of CD68 & CMAF. Cells marked in green
are CD68" CMAF*; corresponding to M2 macrophages. Cells marked in red are CD68" CMAF;
corresponding to all macrophages. (C) Stain of CD4 & FOXP3. Cells marked in yellow are
CD4* FOXP3*; corresponding to CD4" regulatory T-lymphocytes. Cells marked in green are
CD4* FOXP3; corresponding to helper T-lymphocytes (not shown in here). Cells marked in red
are CD4" FOXP3"; corresponding to CD4  regulatory T-lymphocytes. (D) Stain of CD4 & GZB.
Cells marked in yellow are CD4" GZB"; corresponding to cytotoxic helper T-lymphocytes. Cells
marked in green are CD4* GZB"; corresponding to helper T-lymphocytes (not shown in here).

Cells marked in red are CD4" GZB*; corresponding to activated cytotoxic T-lymphocytes.

DESMOPLASTIC
CENTRAL TUMOR NO. 1
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REPLACEMENT
FAR NORMAL NO. 3

Results

Gene Expression Analysis

Heatmaps of Differentially Expressed Genes

The top 30 differentially expressed genes for each comparison group were displayed in heatmaps
via a blinded method. They were arranged both in terms of p-values and gene expression. It is of
note, that presenting heatmaps in the gene expression form is much more commonly used, as it
groups genes of similar expression patterns. This is useful in our case, as we were able to
visualize both similarities and discrepancies within our samples. The p-value form of the
heatmaps allows us to first choose the top 30 differentially expressed genes based on p-value,

then to group the genes with similar expression together.

RT vs. RN: (Fig. 9, a-b) both groups separate out perfectly, whether the genes were arranged
based on p-values or gene expression. Some of the genes differentially expressed in the p-value
and expression heatmaps are HSD17B13 and TF, respectively; they are both highly expressed in

the normal liver samples, in contrast to the replacement tumors where they are very minimal.

39| Page



Colorectal Cancer Liver Metastasis Histological Growth Patterns; the Role of the Immune System
Master’s Thesis, Experimental Surgery, McGill University. Rafif E. Mattar, 2017

DT vs. DN: (Fig. 9, c-d) both groups separate out. However, two DT samples seem to form an
isolated group when arranged by p-values. The same 2 DT samples cross over into the DN side
when arranged by gene expression. Some of the genes differentially expressed in the p-value and
expression heatmaps are AKR1C4 and AMBP, respectively; they are both highly expressed in

the normal liver samples, in contrast to the desmoplastic tumors where they are very minimal.

RT vs. DT: (Fig. 9, e-f) both groups separate out when arranged by p-values. However, the same
aforementioned 2 DT samples cross over here as well into the RT side. One of the genes
diffrenttially expressed based on p-value is CRP, a known inflammatory marker. In our cohort, is
highly expressed in RT in contrast to DT where it is minimal (except for the two DT samples that
crossed over). When arranged based on gene expression, there seems to be no clear separation

between the replacement and desmoplastic tumors.

RN vs. DN: (Fig. 9, g-h) both groups separate out when arranged by p-values. However, one DN
sample crosses over into the RN side. When arranged based on gene expression, there seems to
be no clear separation between the normal livers adjacent to the replacement and desmoplastic

lesions.

Figure 9. Heatmaps of diffrentially expressed genes between various comparison groups: (A, B)
RT vs. RN: both groups separate out perfectly, whether the genes were arranged based on (A) p-
values or (B) gene expression. (C, D) DT vs. DN: both groups separate out. (C) However, two
DT samples seem to form an isolated group when arranged by p-values. (D) The same 2 DT
samples cross over into the DN side when arranged by gene expression. (E) RT vs. DT: both
groups separate out when arranged by p-values. However, the same aforementioned 2 DT
samples cross over here as well into the RT side. (F) When arranged based on gene expression,
there seems to be no clear separation between RT and DT. (G) RN vs. DN: both groups separate
out when arranged by p-values. However, one DN sample cross over into the RN side. (H) When
arranged based on gene expression, there seems to be no clear separation between RN and DN.
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Canonical Pathways Relevant to each HGP

IPA uses QIAGEN’s Ingenuity knowledge base data repository, which is created based on
millions of biological interactions published in the literature. These are subsequently manually
reviewed to assure their accuracy. Canonical pathways describe the most relevant cell signaling
and metabolic pathways. Interestingly, no pathways were actually reversed between the 2 HGPs;
pathways were either up/down-regulated in both patterns but to a different extent, or absent all
together (Fig. 10). It is of note that IPA includes all possible pathways, even if they are
undetected in the sample. The top 10 relevant pathways between the 2 patterns were: Signaling
by Rho Family GTPases, Integrin Signaling, RhoGDI Signaling, Leukocyte Extravasation
Signaling, Sperm Motility, Rac Signaling, Aldosterone Signaling in Epithelial Cells, RhoA
Signaling, Colorectal Cancer Metastasis Signaling, and Endothelin-1 Signaling. All, but the
RhoGDI Signaling pathway, were upregulated.

Biological Functions Relevant to each HGP

Biological functions describe “the biological and disease processes relevant to my genes of
interest.” (Bioinformatics Unit, Spanish National Cancer Center. 2007). Similarly to the
canonical pathways, no biological functions were completely reversed between the 2 HGPs;
functions were either up/down-regulated in both patterns but to a different extent, or absent all
together. The 10 most relevant functions were cell survival, invasion of cells, proliferation of
cells, invasion of tumor cell lines, organismal death, cell viability, cell movement, migration of
cells, cell viability of tumor cell lines, and cell movement of tumor cell lines. Again alike the
canonical pathways, all of these functions were up-regulated, with the exception of organismal
death.

When taking a closer look at immunological related functions, such as leukocyte migration,
development and quantity of leukocytes, interestingly they were mostly activated in the
replacement pattern and conversely undetected in desmoplastic (Fig. 11). This observation led us
to our second objective: “To quantify various subtypes of “T-lymphocytes” and “Macrophages”
in each growth pattern; namely cytotoxic, helper, and regulatory T-lymphocytes. As well as M1

and M2 macrophages.”
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American Association for Cancer Research 107th Annual Meeting
The RNA-seq data analyzed here was included in a poster presented at the American Association

for Cancer Research (AACR) 107th Annual Meeting 2016, held in New Orleans, LA. The
presentation was titled: Lazaris A, Amri A, Zoroquiain P, Ibrahim N, Alamri H, Mattar R,
Petrillo SK, Gao Z, Vermeulen P, Metrakos P. “Vascularization of colorectal cancer liver

metastasis: correlation with growth patterns.” [67]

Figure 10. Canonical Pathways relevent in Replacement and Desmoplastic Tumors.
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Figure 11. Immunological functions relevant to each HGP. Notice they are mostly activated in

the replacement pattern and undetected in desmoplastic.
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Quantification of T-lymphocytes and Macrophages

Patient Clinical and Pathological Features Data

Patient demographics and clinical data are summarized in (Table 3). Resected liver lesions from
the 6 patients were included, 3 were desmoplastic and 3 replacement. All included liver lesions
were at least 80% of the designated HGP. Four of the 6 patients were well-differentiated tumors,
2 of which contained mucin. The remaining 2 lesions were replacement and were moderately
differentiated. Four out of the six patients were male. Their mean age was 64 years, with a range
of 39-77 years. Only 2 patients had a rectal primary cancer, the remainder had colon cancers.
Patients were followed up for an average of 72.13 months (32.53-148.83 months). Half presented
with synchronous liver metastases, whereas the other half presented with metachronous lesions.
The mean time between diagnosis of the primary and the liver metastases resection was 6.7
months (0.87-17.07 months) in the synchronous group, and 75.85 months (33.5-118.2 months) in
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the metachronous group. One patient had a re-resection after 7 months for a recurrence. Two of

our patients passed away, one following 30.6 months of his liver resection, and the other after

35.1 months.

Table 3. Patient Clinical Data.

Liver Tumor HGP% | Tumor Gender | Age | Diagnosis of | Site of Sync/ | Liver Date of Last

HGP differentiation Primary Primary | Meta | Resection | Death Follow Up
Desmoplastic 1 95% Well F 72 01/10/2013 Colon Sync | 06/12/2013 - 17/06/2016
Desmoplastic 2 80% Well w/ mucin M 77 01/03/2004 Colon Meta | 07/01/2014 | 26/07/2016 | 26/07/2016
Desmoplastic 3 100% Well w/ mucin M 66 NA Rectum | Meta | 23/02/2012 | 27/01/2015 | 27/01/2015
Replacement 1 100% Moderate M 72 02/07/2009 Colon Meta | 17/04/2012 - 07/11/2016
Replacement 2 % Well F 59 25/01/2012 Rectum | Sync 2710612013 - 07/11/2016

21/01/2014
Replacement 3 95% Moderate M 39 01/02/2014 Colon Sync | 27/02/2014 - 22/11/2016

Immune Cell Populations within the Desmoplastic HGP

Each immune subpopulation was contrasted between the 5 different areas of the desmoplastic

sections.

Macrophages: (Figs. 12 a-b) Both CD68" IRF5" (M1 macrophages) and CD68* CMAF* cells
(M2 macrophages) were highest in the desmoplastic ring, although only M2 macrophages

reached statistical significance (p = 0.0088).

T-Lymphocytes: (Figs. 12 c-d) CD4" FOXP3" (CD4" regulatory T-lymphocytes), CD4* GZB*

(cytotoxic helper T-lymphocytes), and CD4* GZB- cells (helper T-lymphocytes) were also most
abundant in the desmoplastic ring (p = 0.0127, 0.0068, and 0.0179, respectively). We identified

an interesting immune cell subtype that is rarely discussed in the literature, CD4- FOXP3" cells,

or in other words CD4" regulatory T-lymphocytes. We found them to be highest in the center of

desmoplastic tumors, followed closely by the peripheries of the tumors (p = 0.0098).
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Figure 12. Immune Cell Populations within the Desmoplastic HGP. Each subtype is compared
by region (* p < 0.05). (A, B) Both CD68* IRF5* (M1 macrophages) and CD68" CMAF* cells
(M2 macrophages) were highest in the desmoplastic ring, although only M2 macrophages
reached statistical significance. (C, D) CD4" FOXP3* (CD4" regulatory T-lymphocytes), CD4"
GZB" (cytotoxic helper T-lymphocytes), and CD4* GZB- cells (helper T-lymphocytes) were also

most abundant in the desmoplastic ring. CD4 FOXP3" cells, were found to be highest in the

center of desmoplastic tumors, followed closely by the peripheries of the tumors.
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Immune Cell Populations within the Replacement HGP
Each immune subpopulation was contrasted between the 4 different areas of the replacement
sections. Notably, there is not desmoplastic ring in this pattern. The column was left empty for

convenience.

Macrophages: (Figs. 13 a-b) Both the M1 and M2 subtypes were concentrated at the tumor/liver
interface, although M1s were higher in the peripheries of the tumors themselves (p = 0.0155),

whereas M2s were highest in the normal livers adjacent to the tumors (p = 0.001).

T-Lymphocytes: (Figs. 13 c-d) CD4 regulatory T-lymphocytes and activated cytotoxic T-

lymphocytes exhibited a similar trend (p = 0.0009 and 0.0011, respectively), they were most
abundant in the tumors themselves, especially the peripheries. Second to which came the

adjacent normal liver areas.
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Figure 13. Immune Cell Populations within the Replacement HGP. Each subtype is compared
by region (* p < 0.05). Note there is no desmoplastic ring in the replacement lesion. (A, B) Both
the M1 and M2 subtypes were concentrated at the tumor/liver interface, although M1s were
higher in the peripheries of the tumors themselves, whereas M2s were highest in the normal
livers adjacent to the tumors. (C, D) CD4" regulatory T-lymphocytes and activated cytotoxic T-
lymphocytes exhibited a similar trend they were most abundant in the tumors themselves,

especially the peripheries. Second to which came the adjacent normal liver areas.
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Comparison of Immune Cell Populations between Both HGPs

Each immune cell subtype was compared between the regions of each growth pattern. For

example, numbers of M1 macrophages for were compared between the central tumor regions of

the desmoplastic and replacement lesions.

1.

10.

CD68" IRF5* (M1 macrophages): they are more abundant in replacement lesions than in

desmoplastic lesions, namely 2.67x higher in the tumor peripheries and almost twice as
high in the far normal livers (p = 0.0268 and 0.0155, respectively) (Fig. 14a).

CD68" IRF5" (all macrophages): there were no statistically significant differences
between both HGPs (Fig. 14b).

CD68" CMAF" (M2 macrophages): there are higher numbers in replacement lesions than

in desmoplastic lesions, specifically twice as many in the tumor peripheries, more than 4x
more in the adjacent normal livers, and more than 5x more in the far normal livers (p =
0.0474, 0.0013, and 0.0285, respectively) (Fig. 14c).

CD68" CMAF- (all macrophages): there were more in desmoplastic lesions than

replacement lesions; precisely more than 4x more in the center of the tumor, and twice as
many in the far normal livers (p = 0.0142) (Fig. 14d).

CD4* FOXP3" (CD4" regulatory T-lymphocytes): There were no statistically significant
differences between both HGPs (Fig. 14e).

CD4* FOXP3 (helper T-lymphocytes): there are 5.66x more in the adjacent normal livers

surrounding replacement tumors, than surrounding desmoplastic tumors (p = 0.0445)
(Fig. 14f).

CD4 FOXP3" (CD4 regulatory T-lymphocytes): there are no statistically significant
differences between both HGPs (Fig. 14g).

CD4* GZB" (cytotoxic helper T-lymphocytes): they are more abundant in replacement

than in desmoplastic tumors, namely 10.66x more in the central tumor regions, and more
than 5x more in the tumor peripheries (p = 0.0272 and 0.0018, respectively) (Fig. 14h).
CD4" GZB- (helper T-lymphocytes): there are 11.5x more in the far normal livers

surrounding desmoplastic lesions than surrounding replacement lesions (p = 0.0155)
(Fig. 14i).
CD4" GZB* (activated cytotoxic T-lymphocytes): they are more than 4x more abundant

in the far normal livers surrounding desmoplastic lesions than surrounding replacement
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lesions (p = 0.0183) (Fig. 14j). In contrast, activated cytotoxic T-lymphocytes are highly
upregulated in the central and peripheral tumors. There is a clear increase in both and a
trend of higher levels in the replacement over desmoplastic, though this did not reach
statistical significance.

Figure 14. Comparison of Immune Cell Populations between Both HGP (* p < 0.05). Of note
that the “desmo ring” bar should be ignored in these figures, as the ring itslef is absent in the
replacement type, and thus cannot be compared. (A-D) Macrophage populations. (E-J) T-
lymphocyte populations.
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Overall Infiltration of Immune Cells

To estimate and compare the level of inflammatory response between the two patterns, we
calculated the overall infiltration of immune cells in the tissue sections, regardless of location
(Table 4). In general, sections tended to have more macrophages than T-lymphocytes.

The desmoplastic patterns had a higher overall infiltration of macrophages than the replacement
patterns. However, there was not an apparent difference in its M1 and M2 subtypes.

There was also a higher number of CD4" regulatory T-lymphocytes and cytotoxic helper T-
lymphocytes in the desmoplastic patterns than in the replacements. In contrast, the replacement
patterns had a higher overall infiltration of activated cytotoxic T-lymphocytes.

Table 4. Overall Infiltration of Immune Cells. (* p < 0.05)

Desmo. Replace.

Marker Cell Type Average szrage P-value
CD68+ IRF5+ M1 Macrophages 5.7 < 6.42 0.7321
CD68+ IRF5- All Macrophages 13.73 > 10.54 0.3562
CD68+ CMAF+ | M2 Macrophages 5.87 < 6.13 0.9061
CD68+ CMAF- | All Macrophages 18.83 > 8.92 0.0036*
CD4+ FOXP3+ | CD4+ Regulatory T-lymphocytes 8.83 > 4.13 0.0855
CD4+ FOXP3- | Helper T-lymphocytes 1.9 < 3.31 0.1564
CD4- FOXP3+ | CD4- Regulatory T-lymphocytes 4.57 < 5.02 0.7557
CD4+ GZB+ Cytotoxic Helper T-lymphocytes 7.15 > 5.08 0.416

CD4+ GZB- Helper T-lymphocytes 2.37 > 1.17 0.0238*
CD4- GZB+ Activated Cytotoxic T-lymphocytes 9.76 < 11.98 0.4382

A Novel Subtype

Regulatory T-lymphocytes are generally considered to be a subtype of CD4" cells (also known as
helper T-lymphocytes). Thus, a regulatory T-lymphocyte is expected to be CD4* FOXP3*. We,
however identified an immune cell subtype that is rarely mentioned in the literature; CD4
regulatory T-lymphocytes. Interestingly, we found this subtype in all regions of both
desmoplastic and replacement lesions, including central tumor, peripheral tumor, desmoplastic
ring, close normal liver, and far normal liver. This finding of CD4" regulatory T-lymphocytes is
first to be reported by our study in both CRC and CRCLM patients.
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Discussion

In our study, we contrasted the desmoplastic and replacement HGPs of CRCLM. Our data
demonstrates that significant biological functions between the patterns consisted of those mostly
related to cellular processes such as survival and invasion, suggesting that genes differentially
expressed are those related to the tumor formation and metastases cascade. Furthermore, various
genes that are related to immunological functions are mostly activated in the replacement pattern
and conversely undetected in the desmoplastic subtypes. This led us to our second objective;

quantification of immune cells between both patterns.

The majority of immune cell populations concentrated at the tumor/liver interface in both growth
patterns, whether that be the tumor peripheries, the desmoplastic ring, or the adjacent normal
livers. Furthermore, when comparing desmoplastic and replacement patterns, we found that
immune cells are mostly higher at the tumor/liver interface of the replacement pattern. We have
also identified a rare subtype of immune cells; CD4- regulatory T-lymphocytes. This population
has not yet been described in patients with CRC or with CRCLM.

The liver is the destination of metastases from multiple malignancies. The presence of these liver
metastases is more importantly a major determinant of survival. LM is commonly referred to as a
unified entity, but the discovery and study of the 3 different HGPs, desmoplastic, replacement,
and pushing, shed light on the diversity that exists between them. The patterns have been
described in liver metastases of multiple cancers, including CRC. In 1996, an autopsy based
study of metastatic liver lesions revealed that in liver metastases originating from lung, colon and
pancreatic cancers, a replacement growth pattern prevailed [ 8. In contrast to lesions
metastasizing from gastric, gallbladder, and bile duct cancers, which the authors describe as
“predominantly a sinusoidal growth pattern”. In a more recent study by Ciolofan et al. 6% they
confirm that all liver metastases from pancreatic primaries were of a replacement pattern,
whereas those of a gastric origin displayed a pushing pattern. Our group has also previously
identified these patterns in liver metastases from breast cancer, where the predominant type was
replacement, with only a small minority identifying as desmoplastic lesions [*®1. We continue to

study the prevalence of each growth pattern in an array of malignancies.
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Transcriptome of Desmoplastic and Replacement CRCLM

In our current RNA-seq analysis of CRCLM, we found that the gene signature of the 2 HGPs
separated out clearly into two arms. Within the desmoplastic arm however, there were 2 samples
that seemed to always create an additional subgroup within the greater arm of desmoplastic
lesions. The biology of these 2 samples in specific needs to be looked at closely to understand
the reasons behind this difference, as there could be further subgroups of patterns within the

original desmoplastic pattern.

One of the most significantly expressed genes when comparing RT to RN by p-values was
HSD17B13 (hydroxysteroid 17-beta dehydrogenase 13). It is involved in the process of lipid
synthesis 1. A gene differentially expressed in the expression heatmap was TF (transferrin). It
is involved in the transport of iron molecules and regulation of endocytosis-related clearing of
allergens in the bloodstream "% 72, Both genes are usually highly expressed in the liver [, This
is in parallel to our data, as both these genes are highly expressed in our normal liver samples, in

contrast to the replacement tumors where they are very minimal.

When comparing DT to DN by p-values, one of the most significantly expressed genes was
AKR1C4 (aldo-keto reductase family 1 member C4), which it is involved in the conversion of
various aldehydes and ketones into alcohols, this is important in the metabolism of steroids and
androgens for instance [* 7°1. A gene differentially expressed in the expression heatmap was
AMBP (alpha-1-microglobulin/bikunin precursor), which is involoved in regulation of the
inflammatory process 61, Both genes are also normally highly expressed in the liver I3, This is
also in parallel to our data, as both these genes are highly expressed in our normal liver samples,
in contrast to the desmoplastic tumors where they are very minimal. As for the two DT samples
that crossed over to the DN side, this could be due to the fact that as appose to microdissection,
when using macrodissection as we did in our methodology, stromal cell contamination may

occur. The two DT samples with a gene expression profile similar to DN may be contaminated.

One of the most significantly expressed genes when comparing RT to DT by p-values was CRP
(C-reactive protein). This is a famous acute phase response marker, and is involved in various
processes due to its ability to detect pathogens and damaged cell [71. Our data shows that CRP is
highly expressed in RT and only minimally in DT. This could be explained by our hypothesis

that RT has an internal inflammatory response that counteracts the host’s immune system, this
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internal response may be absent in DT. Another explanation could be due to the fact that when
the RT “replaces” hepatocytes, some normal liver cells interlace and remain in between the
cancer cells (experiments done in our lab, data not shown). And as CRP is highly expressed in
the liver [”®1, when macrodissecting, normal liver tissue was also included in the RT samples. The
two DT that crossed over to the RT side could also be contaminated by normal liver, and thus

contained high levels of CRP.

Although non-supervised clustering separated RN and DN from each other in the p-value
heatmaps, no specific genes can be seen that are differentially expressed in a uniform manner. It

seems that the normal livers surrounding both HGPs are similar.

We then found that canonical pathways and biological functions are never completely reversed
between the 2 HGPs; functions are either up/down-regulated in both patterns but to a different
extent, or absent all together. Significant biological functions between the patterns consisted of
those mostly related to cellular processes such as survival and invasion, suggesting that genes
differentially expressed are those related to the tumor formation and metastases cascade.
Furthermore, various genes that are related to immunological functions are mostly activated in
the replacement pattern and conversely undetected in the desmoplastic. This could also be
explained by our hypothesis of the internal inflammatory response within the RT that counteracts

the host’s immune system, a response which may be absent in the DT.

In a matched transcriptome comparison by Lee et al. ["® the authors found that gene hierarchical
clustering separated CRC and its liver metastases from normal colon and liver. However the
primary CRC also clustered with the liver metastases, suggesting a high similarity in gene
expression. The authors also performed a functional enrichment analysis, similar to our results,
“cell cycle”, “cell division”, and “cellular process” were most significant. RNA-seq was also
performed on syngeneic mice, comparing a CRC cell line to the formed liver metastases after
inoculation, and also to the matched normal liver ", Genes clustered clearly into the 3 groups.
Likewise, the top biological processes that came up were “inflammation”, “angiogenesis”, and
“signal transduction”. To our knowledge, we are the first to describe a transcriptome analysis of

CRCLM describing and comparing the desmoplastic and replacement HGPs.
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Immune Cell Populations of Desmoplastic and Replacement CRCLM

Subsequently, we have identified and quantified 10 immune cell subtypes in the desmoplastic
and replacement HGPs of CRCLM. In the desmoplastic lesions, 4 populations were concentrated
in the desmoplastic ring; M2 macrophages, CD4" regulatory T-lymphocytes, cytotoxic helper T-
lymphocytes, and helper T-lymphocytes (CD4" GZB’). Two populations were concentrated in
the center of the desmoplastic tumor; all macrophages (CD68" CMAF) and CD4 regulatory T-
lymphocytes. As a general rule, the second highest concentration is in the tumor/liver interface

regions, i.e. the tumor peripheries and adjacent normal livers surrounding the tumors.

In the replacement lesions 4 populations show up as significant, two of which were also
significant in the desmoplastic lesions. M1 and M2 macrophages are concentrated at the
tumor/liver interface; M1s are higher in the peripheries of the replacement tumors themselves,
whereas M2s are highest in the normal livers adjacent to the tumors. CD4" regulatory T-
lymphocytes and activated cytotoxic T-lymphocytes exhibit a similar trend; they are most
abundant in the replacement tumors themselves, especially the peripheries. Second to which

come the central tumors, then the adjacent normal liver regions.

When comparing the 2 HGPs, twelve immune cell subtypes are significantly different between
them (Fig. 15 and Table 5). Immune cells are mostly higher in the replacement pattern,
especially at the tumor/liver interface. This applies to both types of polarized macrophages (M1
and M2). As well as cytotoxic helper T-lymphocytes which specifically concentrate in the tumor
peripheries, and helper T-lymphocytes (CD4* FOXP3") in the adjacent normal liver regions. The
story is slightly different as we move farther away from the interface towards the central tumors
and normal livers farthest from the tumors. Cytotoxic helper T-lymphocytes and M2
macrophages are higher in these regions in the replacement type, thus following a similar trend
to what they had in the interface. However, we notice that most subtypes are actually higher in
the desmoplastic lesions, namely all macrophages (CD68" CMAF) in the centers, additionally
both activated cytotoxic T-lymphocytes and helper T-lymphocytes (that are CD4* GZB") in the
normal livers farthest from the tumors. Noticeably, activated cytotoxic T-lymphocytes are highly
upregulated in the central and peripheral tumors of both HGPs. There is a clear increase in both,
and a trend of higher levels in the replacement over desmoplastic. Although this did not reach
statistical significance, this probably due to the small sample size, and can be overcome by
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increasing the numbers in the future. This also applies to CD4" regulatory T-lymphocytes at the
peripheries of replacement tumors. CD4" regulatory T-lymphocytes however, displayed a higher
trend in the normal areas surrounding the desmoplastic tumors. Although both are FOXP3™, this
could indicate that they might have contrasting roles. We also noticed that in some specimens,
CD68+CMAF- differed in number than CD68+IRF5-, although they are meant to be the same
cell type. Although we aimed to obtain serial sections for staining to allow contrasting of the
different subtypes, sometimes a section was missing and a near cut was substituted. This could

be the reason behind the difference.

Figure 15: Significant Immune Cell Populations between Both HGPs. Each marker is placed in
the region which it is higher in. Markers colored in blue text indicate that they are higher in that
region in desmoplastic lesions. Markers colored in orange text indicate that they are higher in

that region in replacement lesions.
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. Desmo. Replace.

Region Marker Cell Type Average szrage P-value

Central CD68+ CMAF- | All Mac_rophages 41 > 9.25 0.0142

Tumor | CD4+Gze+ | SYtotoxic Helper 05 |<| 533 | 00272
T-Lymphocytes

CD68+ IRF5+ M1 Macrophages 3.75 < 10 0.0268

Peripheral | CD68+ CMAF+ | M2 Macrophages 4.08 < 8 0.0474

TUmor 1 cpgs gzps | SYIOLOXIC Helper 108 |<| 558 | 00018
T-Lymphocytes

CD68+ IRF5+ M1 Macrophages 3.83 < 7.58 0.0155

Close Normal | CD68+ CMAF+ | M2 Macrophages 2.25 < 9.93 0.0013

CD4+ FOXP3- | Helper T-Lymphocytes 0.5 < 2.83 0.0445

CD68+ CMAF+ | M2 Macrophages 0.42 < 2.17 0.0285

CD68+ CMAF- | All Macrophages 7.33 > 3.67 0.0364

Far Normal | CD4+ GZB- Helper T-Lymphocytes 0.92 > 0.08 0.0155

CD4-GzB+ | Activated Cytotoxic 592 | >| 142 | 00183
T-Lymphocytes

When calculating the overall infiltrate between the two HGPS, tissues tended to have more
macrophages than T-lymphocytes. The desmoplastic patterns had a higher overall infiltration of
macrophages than the replacement patterns. They also had higher numbers of CD4* regulatory
T-lymphocytes and cytotoxic helper T-lymphocytes. In contrast, the replacement patterns had
higher numbers of activated cytotoxic T-lymphocytes. The remaining subtypes only showed a

subtle difference.

Although the study of the immune system in CRCLM has been ongoing for some time, it is only
very recently that its role has been investigated in the context of the different HGPs. Nielsen et
al. [*1 described the lymphocytic infiltrate at the tumor edges of desmoplastic lesions as being
more dense than at the edges of the pushing and replacement patterns. Nevertheless, this
difference did not influence survival. The authors however did not differentiate the different
subtypes of lymphocytes. The following year, the same group quantified macrophages (CD68)
and T-lymphocytes (CD3) present in the tumor/liver interface of the different HGPs, and

contrasted them in various stages of treatment . They found that in chemonaive patients,
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replacement lesions had more macrophages than pushing. In patients that had received
chemotherapy, desmoplastic patterns had a higher density of macrophages than pushing lesions.
Finally in the group that received chemotherapy plus bevacizumab, a lower infiltration of T-
lymphocytes was observed in mixed lesions in comparison to the pushing pattern. Although we
did not include pushing lesions in our study, we did segregate each of our tumors into 5 regions;
(1) central tumor, (2) peripheral tumor, (3) desmoplastic ring (absent in the replacement lesions),
(4) close normal liver, (5) far normal liver. Noticeably, the majority of immune cell populations
concentrated at the tumor/liver interface in both growth patterns, whether that is the tumor
peripheries, the desmoplastic ring, or the adjacent normal livers (Figs. 12-14). Also, when
comparing desmoplastic and replacement patterns, we found that immune cells are mostly higher

at the tumor/liver interface of the replacement pattern (Fig. 15).

We believe we are the first to describe the various subpopulations of T-lymphocytes and
macrophages in CRCLM in the light of the HGPs. Specifically helper, regulatory, and cytotoxic
T-lymphocytes, as well as M1 and M2 macrophages. The difference that we see in our data from
that previously published could be explained by the fact that we used various markers to identify
subpopulations of immune cells, in contrast to using only one marker that identifies all T-
lymphocytes (CD3) and all macrophages (CD68). This subdivision is most likely the cause of
this discrepancy. It is known that each subtype of T-lymphocytes and macrophages have various
and sometimes contrasting roles. By choosing this method we are able to study each subtype

separately.

We also identified a rare subtype of immune cells; CD4 regulatory T-lymphocytes. Interestingly,
they were found in all regions of both tumor patterns and their normal livers. Regulatory T-
lymphocytes are generally considered to be a subtype of CD4" cells (also known as helper T-
lymphocytes). Thus, a regulatory T-lymphocyte is expected to be CD4" FOXP3*. There is
emerging literature describing CD4~ CD8" regulatory T-lymphocytes, named double negative
regulatory T-lymphocytes % 81 They have been studied in transplant tolerance, as they
eliminate anti-donor CD4" T-lymphocytes, CD8" T-lymphocytes, and B-lymphocytes, thus
prolonging survival of the graft 8% 82-81 They were also found to suppress CD8* T-cell mediated
responses in infectious and autoimmune models ¢ &1 The description of CD4 regulatory T-
lymphocytes is novel in the literature of both CRC and CRCLM.
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Another possibility, is that these CD4'FOXP3* cells are either regulatory B-lymphocytes or
cancer cells. Lately, regulatory B-lymphocytes (or B-regs) are being studied increasingly;
FOXP3* B-regs are a newly discovered subtype. They have been isolated from human peripheral
blood 8 as well as being suggested as a player in the pathogenesis of some autoimmune
diseases, such as rheumatoid arthritis and cow milk allergy 9 Kim et al. 2 recently
described the expression of FOXP3 in colorectal cancer cells. They also stated that a higher
expression correlated with worse outcome. A subset of regulatory B-cells have also been found
in liver metastases of CRC, though they were not stained with FOXP3* specifically (%,

Conclusions

We have identified various biological functions in the transcriptome of the HGPs of CRCLM,
suggesting that genes differentially expressed are those related to the tumor formation and
metastases cascade. Genes related to immunological functions are mostly activated in the

replacement pattern and conversely undetected in the desmoplastic.

This lead us to find multiple clear differences of the subtypes of T-lymphocytes and
macrophages in the different HGPs. Most immune cell populations concentrate at the tumor/liver
interface in both growth patterns, whether that be the tumor peripheries, the desmoplastic ring, or
the adjacent normal livers. The interface is also the region where the differences between the
HGPs arise, as we found that multiple immune cells are mostly higher at the tumor/liver interface
of the replacement pattern. The identification of CD4" regulatory T-lymphocytes in novel in both
CRC and CRCLM.

Different components of the immune system play diverse roles in the desmoplastic and
replacement patterns of CRCLM. We believe we are the first to report these interesting findings.
For long, CRCLM have been approached as unified entity. This segregation based on HGPs
could explain the conflicting results in the literature, as each pattern is clearly different within
itself, as well as its surrounding environment. These results help increase our understanding of
the diversity of liver metastases. In an era that witnesses new therapies that are based on
manipulation of various components of the immune system, we hope to be able to improve our

patient outcomes by identifying those who would benefit most from such treatments.
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Limitations and Future Directions

Our study was limited by its small sample size, as well as the usage of only double staining. Our
future directions include expanding sample numbers to confirm our findings. The use of
fluorescence-activated cell sorting (FACS) can help quantitate immune cells more accurately.
Further characterization of immune cell subtypes can be achieved with additional markers such
as CD8, CD44, and CD25. In our present study, we investigated immune cell populations in
chemonaive lesions. The addition of patients treated with chemotherapy alone, or chemotherapy
plus bevacizumab will allow us to understand the effect of each therapy on the tumor’s
surrounding immune system. We also hope to develop an animal model to use targeted therapies
against significant immune cells, and subsequently move on to a human clinical trial, aiming to

achieve a tailored and improved survival benefit.
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