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Abstract: One of the most common cancers worldwide, primary liver cancer remains a major cause of cancer-related mortality.
Hepatocellular carcinoma and cholangiocarcinoma represent the majority of primary liver cancer cases. Despite advances in the
development of novel anti-cancer therapies that exploit targets within the immune system, survival rates from liver cancer remain poor.
Furthermore, responses to immunotherapies, such as immune checkpoint inhibitors, have revealed limited and variable responses
amongst patients with hepatocellular carcinoma, although combination immunotherapies have shown recent breakthroughs in clinical
trials. This has shifted the focus towards improving our understanding of the underlying immune and molecular characteristics of liver
tumours that may influence their response to immune-modulating treatments. In this review, we outline the complex interactions that
occur in the tumour microenvironment of hepatocellular carcinoma and cholangiocarcinoma, respectively, from a histopathological
perspective. We explore the potential role of a classification system based on immune-specific characteristics within each cancer type,
the importance of understanding inter- and intra-tumoural heterogeneity and consider the future role of histopathology and novel
technologies within this field.
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Introduction

Primary malignant liver tumours include epithelial, mesenchymal, germ cell, haematolymphoid neoplasms and malignant
epithelial tumours. Malignant epithelial tumours comprise hepatocellular carcinoma, cholangiocarcinoma (intrahepatic,
perihilar and distal), mixed hepatocellular-cholangiocarcinoma and the paediatric neoplasm hepatoblastoma.' Primary
liver tumours represent the sixth most common malignant neoplasm and third biggest cause of cancer-related deaths
worldwide. Despite these statistics, current treatment options including locoregional therapy, surgery and chemotherapy
are limited and the mortality to incidence ratio remains high worldwide.?

In recent years, efforts have been made to investigate the efficacy of immunotherapies in the treatment of liver cancer
by exploiting specific targets within the immunoenvironment, which have changed the landscape of first-line systemic
immune-modulating therapeutic options available.? In brief, progression of these malignant tumours requires abrogation
of host effector lymphocytes and upregulation of immunosuppressive cells and tumour-associated macrophages within
the tumour immunoenvironment. In addition, interaction of these immune cells with the surrounding stroma and drivers
of vascular growth are key to tumourigenesis.* Inter-tumoural and intra-tumoural heterogeneity are also significant
characteristics of the liver tumour microenvironment and are recognised as a hallmark of tumour progression.’ Therefore,
understanding the complex interplay between the immune system and the tumour microenvironment in the pathogenesis
of cancer is imperative to find new therapeutic targets.

In this review, we focus on hepatocellular carcinoma and cholangiocarcinoma as the two most common primary
epithelial liver tumours and aim to describe their respective histopathology and immunoenvironment. We also explore the
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therapeutic and prognostic value of understanding the immunoenvironment and the role novel techniques in histopathol-
ogy may play in future research.

Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) represents around 75% to 85% of all primary liver tumours worldwide.? A variety of
risk factors can lead to the development of HCC including chronic hepatitis B (HBV) and C (HCV) viral infection,
alcohol-related chronic liver disease and non-viral factors such as non-alcoholic fatty liver disease (NAFLD),* as well
as less common causes such as aflatoxin exposure and haemochromatosis. Of note, cirrhosis of the liver is the single
biggest contributing factor for the development of HCC and is usually the key step in its pathogenesis.® Furthermore,
the incidence of HCC varies due to geographical and risk factor differences. Indeed, it is now increasing in Western
populations including the USA and some European countries, whilst declining in high-risk regions in East Asia and
Africa.” This is likely secondary to increasing uptake of hepatitis B vaccinations and treatment for hepatitis
C infection, alongside an increasing incidence of NAFLD in Western countries.’ The fifth edition of the World
Health Organisation (WHO) classifies HCCs into eight distinct histological subtypes.' This subclassification can
provide insight into the distinct clinicopathological heterogeneity of the HCC immunoenvironment, as detailed later
in this review.

The landscape of systemic therapeutic options for patients diagnosed with HCC is rapidly progressing. Until recently,
multi-kinase inhibitors, sorafenib® and lenvatinib,” were first-line treatment for patients diagnosed with unresectable
HCC. However, the role of immune-checkpoint inhibitors (ICIs) in the treatment of HCC has subsequently become very
promising.'® Single-agent Phase III trials investigating the efficacy of programmed cell death protein 1 (PD-1)
inhibitors, including nivolumab'' and pembrolizumab,'* did not produce statistically significant improvements on
overall survival in pre-treated patients. Combination immunotherapies, on the other hand, have now been approved as
first-line options. Atezolizumab (anti-PD-L1) plus bevacizumab (anti-vascular endothelial growth factor (VEGF)) and
durvalumab (anti-PD-L1) plus tremelimumab (anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)) were,
respectively, approved as first-line therapeutic options for patients with unresectable HCC after trials showed statistically
significant improvements in overall survival.'**'* Conversely, the efficacy of these immunotherapies in the adjuvant
setting for HCC remains unclear.' In a more conservative setting, other avenues of immune-modulating treatment are
being explored to improve options for patients with moderate liver dysfunction (Child-Pugh B) such as metronomic
chemotherapy.'® Here, chronic administration of low-dose chemotherapy aims to strike a fine balance between generat-
ing sufficient anti-cancer activity with minimising rates of toxicity in patients who would otherwise be recommended
best supportive care.

Importantly, these trials have shown that only a minority of patients respond to these drugs, therefore continuing the
drive to better understand the HCC immunoenvironment and its interaction with ICIs, whilst also identifying reliable
biomarkers.

Immunoenvironment of HCC

The liver plays a major role in immune surveillance and receives a rich blood supply from both the hepatic artery and
portal vein, allowing pathogen-derived antigens and molecules to be detected and captured by liver-resident cells.'’
These cells reside in the vasculature of the liver and include Kupffer cells, specialised liver macrophages, and liver-
associated lymphocytes including lymphocytes of the adaptive immune system (B and T lymphocytes) and lympho-
cytes of the innate immune system (natural killer and natural killer T lymphocytes). The liver develops immune
tolerance to harmless molecules and antigens, such as the microflora from the gut, as a crucial part of maintaining
homeostasis and preventing excessive immune activation.'® The liver immunoenvironment, in the context of tumour-
igenesis, is suppressed and controlled by regulatory T (Treg) cells plus tumour-associated macrophages (TAMs).'? The
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complex interaction of the immune cells in HCC has been widely reviewe and key concepts are summarised in

this review.
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Innate Immune Cells

Natural Killer Cells

Firstly, multiple studies have shown that CD56+ natural killer (NK) cells, alongside CD8+ T cells, are one of the
dominant tumour-infiltrating lymphocytes (TILs) in HCC.**** Furthermore, tumours with a higher density of NK cells
were found to positively correlate with the presence of apoptotic tumour cells and negatively correlate with proliferating
tumour cells.?? This group has also found that certain chemokine genes (CXCL10, CCL5 and CCL2) represent part of an
immune signature that is a predictor of improved survival in patients diagnosed with HCC, particularly in its earlier
stages.”* Expression of these chemokines within tumour sections was associated with infiltration of TILs including NK
cells, T helper 1 (Th1) cells and CD8+ cells and therefore are involved in providing an immune environment collectively
against HCC.

Other studies have shown NK cell populations to have reduced cytotoxicity and IFN-y production in HCC, suggesting
that functional impairment of NK cells plays a significant role in the loss of anti-tumoural response in HCC.*’
Furthermore, NK cell dysfunction is an important mechanism by which tumour cells have been recognised to evade
the host immune response and subsequently lead to cancer progression.”>® Several studies have shown that NK cells in
intra-tumoural tissue in advanced-stage HCC have impaired function as well as reduced population size.>>2"*
Expression by HCC tumour cells of natural killer group 2, member D (NKG2D) ligand is abundant, allowing recognition
by host NK cells. However, it has been shown that as tumours progress to higher grades, loss of NKG2D expression is
observed and may be linked to higher risk of early recurrence.?’

Macrophages

Kupffer cells act as antigen-presenting cells and are critical in capturing pathogens and activating a cytotoxic T-cell
response.’’ Conversely, Kupffer cells also function to develop tolerance by inducing CD4+ T cell arrest and expanding
IL-10-producing Treg cell populations.*’ As such, they play a critical role in the pathogenesis of chronic liver
inflammation and fibrosis progression, which is key to the development of HCC.*> Macrophages can be classified into
two subtypes: classically activated “M1” macrophages and alternatively activated “M2” macrophages. M2 macrophages
are representative of the phenotype taken on by TAMs'® and assist in tumour growth and metastasis.>”

It is thought that macrophage polarisation is strongly influenced by tumour stage, whereby there is a dynamic switch
from M1 macrophages, which induce a cytotoxic, anti-tumoural response in the setting of chronic inflammation, to a M2
phenotype in an established tumour.’®** This switch is modulated by an array of signals released by the tumour
microenvironment such as IL-10 and apoptotic cells.** Furthermore, peri-tumoural M2 macrophages have been found
to be associated with poor prognosis and increased risk of tumour spread.***> The role of M2 macrophages in tumour
survival is highlighted by their ability to develop resistance through release of hepatocyte growth factor (HGF) against
sorafenib.>® However, recent data derived from single-cell RNA sequencing of CD45+ immune cells in HCC have
revealed that the M1/M2 framework may not be as simplistic.’” This group found that some macrophages expressed
markers from both M1 and M2 phenotypes, suggesting that the two activation states are not mutually exclusive, and that
macrophages may exist between two ends of a refined spectrum.

Adaptive Immune System
TILs, including CD3+, CD4+, CD8+ and FoxP3+ T lymphocytes, are well understood to play a pivotal role in controlling
tumour progression, especially CD8+ T cells.*® Efforts into characterising the dysregulation of these TILs have been
performed using single-cell RNA sequencing, which have identified 11 distinct T cell clusters, five clusters CD8+ and six
CD4+, each with specific tissue distribution patterns.”® This has provided a comprehensive dataset characterising
developmental relationships and activation status within the tumour microenvironment. For example, LAYN, which
encodes layilin, was found to be expressed by exhausted CD8+ Treg cells, associated with negative regulation of IFN-y
and poor prognosis.

In addition, increased expression of inhibitory receptors on T lymphocytes known as immune checkpoints, such as
PD-1 and CTLA-4, by TILs has been widely studied and is understood to contribute towards an immunosuppressed
tumour microenvironment, making them popular therapeutic targets.* Indeed, the statistically significant efficacy of dual
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immunotherapy as seen in the HIMALAYA trial is based on the synergistic effects of anti-CTLA-4 and anti-PD-1 agents,
respectively. Whilst CTLA-4 inhibits the priming and activation of lymphocytes in the anti-tumour immune response,*’
PD-L1 is involved in modulating the tumour immunoenvironment further downstream.**

The role of B cells in HCC pathogenesis is not as clear. On the one hand, studies have shown tumour-infiltrating
T and B cells have functional interaction with each other and are associated with a better prognosis compared to T cell
infiltration alone.* In contrast, it has been suggested that a certain subset of B cells, PD-1+ B regulatory cells, are
associated with more aggressive tumour growth through inhibition of specific pathways.**** These conflicting findings
may be due to five distinct subsets of B cells that have been identified, each carrying either pro- or anti-tumoural
function.*®

Tertiary Lymphoid Structures

Tertiary lymphoid structures (TLSs) are aggregates of immune cells that develop in peripheral tissue, including the liver,
in response to chronic inflammation in the context of autoimmune disease, infection and malignancy.*’ They are
characterised by an inner zone of B cells surrounded by dendritic cells and a T cell compartment largely comprised of
T-follicular helper cells alongside CD4+ T helper cells, CD8+ cytotoxic T cells and T regulatory cells*” (Figure 1). They
provide privileged sites where tumour antigens are presented to T cells to activate the effector function of T cells and
initiate the generation of antibodies by B cells.*® In recent years, both intra- and peri-tumoural TLSs have become of
great interest due to their association with improved prognoses in various cancers including breast cancer, colorectal
cancer, and melanoma.**>? However, heterogeneity within composition and location around the tumour site may have an
influence on their anti-tumour effects and disease prognosis.”*>*

Tertiary lymphoid structures (TLSs) are aggregates of immune cells that develop in peripheral tissue, including the
liver, in response to chronic inflammation in the context of autoimmune disease, infection and malignancy.*” They are
characterised by an inner zone of B cells surrounded by dendritic cells and a T cell compartment largely comprised of
T-follicular helper cells alongside CD4+ T helper cells, CD8+ cytotoxic T cells and T regulatory cells*” (Figure 1). They
provide privileged sites where tumour antigens are presented to T cells to activate the effector function of T cells and
initiate the generation of antibodies by B cells.*® In recent years, both intra- and peri-tumoural TLSs have become of
great interest due to their association with improved prognoses in various cancers including breast cancer, colorectal

cancer, and melanoma.**~>? However, heterogeneity within composition and location around the tumour site may have an
53,54

influence on their anti-tumour effects and disease prognosis.

Figure | Tertiary lymphoid structures (arrows) inside a surgically resected moderately differentiated hepatocellular carcinoma (H&E 40x).
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Whilst intra-tumoural TLSs contribute towards lower risk of early recurrence in early-stage HCC,?>*¢ it is thought

that a high density of peri-tumoural TLSs is linked to an active immunoenvironment and thus improved overall
survival.”” Conversely, with regard to TLSs in non-tumoural surrounding liver tissue, Finkin et al have shown in
mouse models that these TLSs may serve as niches for malignant hepatocyte progenitors, and this is correlated with
an elevated risk of late HCC recurrence.”® Therefore, further work needs to be performed to understand the role of TLS
in HCC and background liver and their potential use as a biomarker for prognosis and treatment.

Composition of the HCC Immune Microenvironment
Distinct Subtypes of the Immunoenvironment
Despite efforts to characterise the role of immune cells in the tumour microenvironment, understanding the heterogeneity

of the HCC immunoenvironment remains a relatively new concept and may be key to predicting a patient’s response to
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Figure 2 The immune landscape of HCC as described in three studies. (A) Three immune subtypes described as Immune-low, Immune-mid and Immune-high. Immune-low
was further subcategorised into two classes, Immune-low-1 and Immune-low-2. Immune-mid was divided into Immune-mid-I and Immune-mid-2. Immune-mid-| was
described as a more homogeneous subtype, whereas Immune-mid-2 exhibited a relative inhomogeneous subtype including areas of increase mast-cell infiltration or
neutrophil infiltration or more granuloma formation.®? (B) The immune class was identified in 25% of studied HCC tumours and is subdivided into an exhausted or active
immune state. Similar immune characteristics have been observed between the Immune-mid class and the exhausted subtype of the Immune class.®® (C) Zhang et al found
three immune subtypes — Immunodeficient, Immunosuppressed and Immunocompetent.®® NB: this diagram has not been made to reflect the exact proportions of each
subtype in relation to each other.
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immunotherapies. Early studies analysing gene expression profiles of HCC provided some initial insights into possible
genomic-based classification systems and certain activation pathways that may be of prognostic or therapeutic
importance.””°” In recent years, several studies have also suggested different ways to classify HCC into specific immune
subtypes, which have variable degrees of responsiveness to existing immunotherapies and prognostic outcomes. Indeed,
underlying pathways and immune landscapes have been linked to distinct immune “hot” versus immune “cold” tumours,
which each has respectively variable responses to immunotherapies.®'

Kurebayashi et al®* proposed a classification of HCC into three immune subtypes: Immune-high, Immune-mid and
Immune-low (in order of worsening prognosis), defined using a combination of mRNA analysis and multiplex immu-
nohistochemistry (Figure 2A). HCC tumours belonging to the immune-high subtype, which constitutes around 25% of
poorly differentiated HCCs, revealed increased B-cell, plasma cell and T-cell infiltration as well as higher expression of
PD-L1 on tumour and immune cells within the tumour microenvironment. This has led to speculation that these
individuals may be more susceptible to immune checkpoint inhibitors. Indeed, another study has shown that increased
PD-L1 expression by tumour and immune cells is associated with tumour aggressiveness and therefore may have the
potential to be better targets for PD-L1/PD-1 blockade.®® In contrast, the Immune-mid subtype revealed moderately
increased T-cell infiltration, and notably lower B and plasma cell infiltration. Lastly, the Immune-low subtypes found low
levels of immune cell infiltration of any kind and were associated with poor prognosis.®> mRNA sequencing analysis by
Foerster et al also found three distinct immune contextures, each linked to distinctly different prognosis and survival,
with infiltration by immune effector cells associated with better prognosis.®*

The findings of the immune-high subtype appear to correlate with the “Immune class” identified by Sia et al®
(Figure 2B). Transcriptomic analysis of 956 HCC tumour samples found this “Immune class” in 25% of samples, which
is rich in immune cells such as T-cells, macrophages, tertiary lymphoid structures, with high PD-1 expression. Moreover,
this class was further subdivided into an “active” versus “exhausted” response based on differences in T-cell infiltration
and IFN-y expression. The active subclass was associated with lower tumour recurrence. These findings were confirmed
by transcriptomic analysis of HCC cases in a Japanese cohort.®® Similarly, the immune-mid subtype appears to correlate
with the exhausted immune response described by Sia et al.®’

The concept of classifying HCC into three distinct subtypes has also been supported by a more recent study.®® Of
note, this study evaluated the function as well as abundance of cells within the immunoenvironment (Figure 2C). On
balance, this study’s classification of HCC into “immunocompetent”, “immunodeficient” and “immunosuppressed”
appears to follow similar patterns to those of Kurebayashi et al. Descriptions of the “immunosuppressed” subtype appear
to correlate with those of the Immune-high class from Kurebayashi et al®® and the “immune class” from Sia et al,*> where
high infiltration with immunosuppressive cells including Treg cells, M2-polarised macrophages and high PD-1 expres-
sion were found. This group has also suggested that CD45+ and FoxP3+ markers can be used by immunohistochemistry
to distinguish between the three subtypes with clear cut-off values. This suggests these markers could be used for
prognostic evaluation and guide personalised therapeutic management. In contrast, CD3+ T cells and CD79+ B and
plasma cells have been found as promising surrogate markers by immunohistochemistry by another group.®* Importantly,
it should be noted that these studies are all based on very small population sizes and so further prospective investigation
is warranted to understand if these observations transfer to a larger scale.

Immune Intra-Tumoural Heterogeneity

A contributing factor towards the complexity of the immunoenvironment of HCC is immune intra-tumoural hetero-
geneity (immune-ITH), which may partly explain why only a 20% response was observed in a recent trial of immune
checkpoint inhibitors in advanced HCC.*® Knowledge of intra-tumoural heterogeneity has been established in HCC on
both genomic’® and immune® levels, with the extent of intra-tumoural heterogeneity varying considerably between
patients with HCC. Regarding the immune-ITH, it has been demonstrated that it can give an insight into tumour
evolution and progression.” This study showed that the tumour microenvironment exerts a gradient of pressure
whereby the immune pressure lowers as the tumour progresses and becomes an increasingly exhausted state. Indeed,
they found that higher intra-tumoural heterogeneity correlates with a poorer prognosis in these patients and suggested
that immune-ITH represents a hallmark of immune-tumour co-evolution parallel to tumour progression. This is
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supported by evidence that, even within one immune-subtype, over 50% of immunosubtype-predominant tumours
contained more than one immunosubtype, although the predominant immune subtype was of prognostic value.®*
Overall, immune-ITH plays a significant role in tumour progression and remains a barrier to effective therapeutic
options.

Histological Subtypes of HCC

Up to 35% of HCCs can be further subclassified into eight distinct histological subtypes with varying clinicopathological
outcomes: steatohepatitic (the most common subtype), fibrolamellar, scirrhous, clear cell type, macrotrabecular massive,
chromophobe, neutrophil-rich and lymphocyte-rich." As well as displaying histologically contrasting properties, each

71,72

subtype displays distinct molecular and immune interactions with the tumour microenvironment, thus contributing

further to the multiple layers of heterogeneity that exist in HCC.

Lymphocyte-Rich

Lymphocyte-rich HCC is recognised by the abundance of lymphocytes out-numbering tumour cells in most fields and is
a rare variant."”> This subtype is correlated with an immune-high microenvironment, with anti-tumoural function
involving infiltration of B- and T-cells as well as better prognosis, although this evidence is limited by the rare number
of cases available."**”* Interestingly, PD-1 expression has been associated with lymphocyte-rich HCC. On the one hand,
this suggests preference of this subtype to have better response to immunotherapies, however it also suggests a more
immunosuppressive environment and thus possibly poorer outcomes.®?

Steatohepatitic

Steatohepatitic HCC is the most common subtype, representing up to 20% of HCCs.' Hallmark characteristics of this
subtype include large droplet steatosis, ballooning of malignant hepatocytes, Mallory-Denk bodies and inflammation.”
Around 65% of steatohepatitic HCCs have been estimated to be associated with risk factors for NAFLD as well as
NAFLD itself, and this subtype first suggested the link between NAFLD and hepatic carcinogenesis.”®’’ Furthermore,
this subtype has been associated with more frequent IL-6/JAK/STAT pathway activation, important in cell proliferation
and differentiation, as well as a less aggressive phenotype due to lack of microvascular invasion and fewer satellite
nodules.”

Macrotrabecular-Massive

This histological subtype was first described in 2018 and characterised by the presence of macrotrabeculae of more than
six cells thick in more than half of the tumour.”® Individuals with this subtype have been associated with more aggressive
parameters relative to other subtypes, such as size of tumour, alpha-fetoprotein (AFP) levels and vascular invasion.””’
Furthermore, individuals with macrotrabecular-massive HCC have been found to have poor prognosis; in fact, the
subtype itself is an independent predictive value for early and overall tumour recurrence.’®”® Early work into character-
ising biomarkers for this particularly aggressive HCC subtype has suggested a link with increased expression of pro-
angiogenic factors, including VEGE.”®*® This could possibly reveal a therapeutic target for individuals with this

condition.

Neutrophil-Rich

Neutrophil-rich subtype is an extremely rare form of HCC (less than 1% of all HCC tumours) and is characterised by
diffuse neutrophilic infiltration within the tumour.' These cases are often associated with leucocytosis and a raised
C-reactive protein, and granulocyte colony-stimulating factor (G-CSF) is a key molecular finding. G-CSF is
a glycoprotein, which stimulates cell differentiation and enhances neutrophil function. Based on case report findings,
G-CSF-producing HCC is associated with a poorly differentiated appearance, rapid progression and poor prognosis.®'
Furthermore, this subtype confers a poor prognosis despite ecarly and aggressive surgical management of this subtype,

suggesting other treatments such as immunotherapies may be of interest to investigate.®
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Fibrolamellar

Fibrolamellar HCC, commonly occurring in adolescents and young adults without primary liver disease, is composed of
large polygonal cells with eosinophilic granular cytoplasm, prominent nucleoli and abundant intratumoural lamellar
fibrosis.®> The immune profile of this subtype is distinct from other HCC subtypes as it expresses CD68, a histiocytic
marker as well as CK7, a biliary marker, which can be stained to support the diagnosis by immunohistochemistry.***> On
a molecular level, fusion of genes DNAJB1 and PRKACA on chromosome 19 have been found to have 100% specificity
to fibrolamellar HCC and has since become a diagnostic molecular marker, therefore raising interest as a specific
therapeutic target.*® Interestingly, this oncogenic fusion protein has more recently been identified in certain pancreato-
biliary neoplasms and thus conflicts with previous findings.®” More recently, a small study of 32 cases of fibrolamellar
HCC has highlighted a CD8+ T cell inflamed tumour microenvironment, especially around the tumour interface, with
around two-thirds of cases exhibiting membranous PD-L1 expression on tumour cells as well as PD-L1+ TILs and
TAMs.®® These findings have not only highlighted the possible role of PD-L1+ TILs as a prognostic biomarker for
response to immunotherapy in fibrolamellar HCC but also demonstrate that expression of multiple immune-checkpoint
molecules including PD-1, PD-L1, B7-H3 and IDO plays an important role in adaptive immune resistance.

Scirrhous

Scirrhous HCC is described to have abundant and diffuse fibrosis involving at least 50% of the tumour.®® For this reason,
it is often misdiagnosed as fibrolamellar HCC — however, distinct differences exist on both clinical and molecular levels
between the two subtypes. Current studies have shown that scirrhous HCC tends to arise in individuals with
a background of chronic hepatitis or cirrhosis.® It is linked to mutations in tuberous sclerosis complex gene (TSC1/
TSC2) leading to activation of the PI3K/AKT/mTOR pathway, which is important in cell proliferation and survival
making it a popular therapeutic target.”® Of note, fibrous tissue in this subtype is more enriched with CAFs and tumour
cells expressing pSTAT3, which is associated with higher macrophage infiltration, larger tumour size and poorer
prognosis compared to fibrolamellar HCC.”® Furthermore, prominent intratumoural CD8+ T lymphocyte infiltration
has been observed in scirrhous HCC and has been suggested as an important factor in improving prognosis due to their
anti-tumoural effects.”!

Chromophobe

A relatively new subtype of HCC, chromophobe HCC, is characterised by tumour cells showing striking nuclear
pleomorphism scattered throughout a background of cells containing bland nuclear changes and the appearance of
eosinophilic cytoplasm.”® Although there is lack of substantial literature to our knowledge on the tumour immunoenvir-
onment of this subtype, it is strongly associated with activation of alternative lengthening of telomeres (ALT),
a telomerase-independent mechanism of telomere maintenance.” In some cases of other ALT-enriched cancers, such
as neuroblastoma, ALT has been shown to be an indicator of poor prognosis.”* This has highlighted interest in exploring
mechanisms behind ALT activation as a target for therapeutic purposes.”

Clear Cell

Clear-cell type HCC is recognised by the abundance of clear cytoplasm, filled with glycogen and fat droplets, that does
not stain with haematoxylin and eosin. It is usually defined by a minimum of 50% of clear cells present to meet
diagnostic requirements.®® In general, this subtype tends to be well to moderately differentiated and smaller in size with
lower rates of vascular invasion than conventional HCC;96 however, there is a lack of robust literature, which further
characterises the immunoenvironemnt of clear cell HCC. On a molecular level, mutations in isocitrate dehydrogenase 1
(IDH1), a regulator of lipid metabolism, have been suggested to be linked to the morphological features of the tumour
and carry a comparatively worse prognosis compared to clear-cell HCC with wild-type IDH1.%’

How HCC Aectiology Can Contribute Towards Immune Heterogeneity

It is well established that HBV and HCV are key players in the pathogenesis of hepatocellular carcinoma.’®*® Chronic
infection with HBV or HCV is closely linked with the degree of inflammation and, in most cases, leads to progressive liver
fibrosis and cirrhosis.'® Importantly, the development of chronic infection is associated with acquiring an
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immunosuppressive environment and T cell exhaustion through various mechanisms. For example, intratumoural regulatory
T cells expressed more PD-1 in HBV-related HCC compared to non-HBV-related HCC, thus creating a more immunosup-
pressive environment, whilst CD8+PD-1+ T cells were found to be more functionally exhausted than in non-HBV-related
HCC.'""" This suggests a mechanism behind how this virus can induce an immunosuppressive microenvironment.'*!

Similarly, the immune landscape of non-alcoholic steatohepatitis (NASH)-associated HCC differs vastly. Mouse and
human models have demonstrated that different immune cells can control NASH development and thus limit HCC
development. For example, depletion of CD4+ T cells can lead to progression of NASH and increased tumour growth,
suggesting critical importance of this cell type in HCC progression.'®> CD8+ T cells have been found to play a key role
in activating the NF-kB pathway, an important pathway in the transition from NASH to HCC.'” Infiltration of
neutrophils in NASH, through increased activity via release of neutrophil extracellular traps (NETs), has been found
to contribute towards release of inflammatory cytokines, action of macrophages and progression of a chronic inflamma-
tory microenvironment that can transform into HCC.'**

Of note, the importance of these underlying aetiological immune mechanisms in generating a specific immune
environment is unclear, as no significant aetiological differences were found between HCCs of different immune

subtypes in studies exploring the distinct subtypes of the HCC immunoenvironment.%%¢+6

Spontaneous Regression of HCC
Spontaneous regression of HCC is an extremely rare phenomenon, with its true incidence in HCC difficult to discern due
to its rarity. One systematic review of 1640 patients estimated its incidence to be 0.4%.'% This phenomenon is defined as
partial or complete disappearance of a malignant tumour in the absence of any treatment.'°® Underlying mechanisms are
unclear, however significant hypoxic events, systemic inflammatory response, or both, are suggested to be the main
responsible culprits in documented case reports, with up to one-third of cases caused by each aetiology respectively.'’
Severe hypoxic injury to the tumour can be secondary to either (i) thrombosis of the hepatic artery or portal veins or
(ii) severe systemic hypotension compromising perfusion of the liver.'®”'%® This mechanism is in keeping with the
strategies used by current therapeutic options which induce hypoxic conditions, such as transarterial embolization (TAE).
Mechanisms causing a systemic inflammatory response are less clear. Specific aetiologies including abstinence from
alcohol, tobacco and exogenous androgens have been suggested in the literature to stimulate an inflammatory response in
some cases.'*®'%’ On the other hand, the role of the immunoenvironment has been implicated with certain cytokines and
inflammatory markers, such as IL-18,'"'"" TNF-a''' and IL-2, IL-6 and IFN-y''? identified in some case reports of
spontaneous regression of HCC lesions. Furthermore, one case study demonstrated a higher proportion of activated NK
cells and a highly pro-inflammatory and cytotoxic T cell response in ex vivo stimulation measured by expression of TNF-
0, IFN-y and granzyme B.''* Although spontaneous regression of HCC is profoundly rare and the mechanisms under-
pinning the condition lack robust evidence, these cases highlight that the host immune response has the potential to
effectively target HCC tumour cells and illustrates the value of studying individual immune profiles in these rare
instances. It has also been suggested that it is likely a combination of different mechanisms that leads to significant
regression of the tumour. In fact, several studies have found secondary regression of pulmonary metastases following
treatment of the primary liver tumour with TAE or induction of hypoxia by thrombi. This implies that initial necrosis
from medical intervention to the primary tumour triggers some form of immunological response causing regression of
metastatic lesions.''*!''> Further work into the exact mechanisms of the interplay between the immune system and its
anti-tumoural response in this condition may reveal potential therapeutic targets that could be exploited.

Cholangiocarcinoma

Cholangiocarcinoma (CCA) is a neoplasm showing features of biliary differentiation and is the second most common
primary liver tumour, following hepatocellular carcinoma.''® CCA can be subdivided into three classes based on
anatomical location: intrahepatic, perihilar and distal CCA,' with intrahepatic CCA (iCCA) representing 10% to 15%
of primary liver neoplasms worldwide.? Intrahepatic CCA can be further subclassified based on histological findings into

large bile duct and small bile duct types.''®
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Incidence varies widely depending on geographical location — its highest incidence in Thailand and areas of East Asia
and lowest in Western countries such as the USA, although this appears to be on the rise.''” This large geographic
discrepancy is thought to be due to complex interactions between genetic predisposition and certain geographical risk
factors. For example, the majority of CCA cases in endemic areas of East Asia are secondary to liver fluke infection.''®
In contrast, primary sclerosing cholangitis is the most common underlying condition in Western countries.'"’
Furthermore, it has been suggested that aetiological differences exist between intrahepatic CCA (iCCA) versus perihilar
and distal CCAs due to the two distinct stem cell niches present along the biliary tree and the varying injuries they are
exposed to.'?” Other established aetiologies include toxins such as Thorotrast, biliary-duct cysts, and hepatolithiasis — the

latter two showing a stronger association with development of intrahepatic CCA over periductal or ductal CCA.'*!

The Immunoenvironment in CCA

The composition of the tumour microenvironment of cholangiocarcinoma is characterised by dense desmoplastic stroma,
in which intrahepatic and periductal CCA are rich in cancer-associated fibroblasts (CAFs) that surround malignant ducts
and glands.""” Although technically not a constituent of the immune system, CAFs express a-smooth muscle actin (o-
SMA) and contribute towards progression and metastasis of CCA tumours through multiple pathways and have been
suggested by early studies to be of potential prognostic value.'?* For example, as demonstrated in prostate cancer, CAFs
recruit TAMs through the release of various interleukins, chemokines and proteinases.'*® They also aid in inducing M2
polarisation of these macrophages to contribute towards an immunosuppressive microenvironment.'** Synergistically,
TAMs release their own growth factors that in turn stimulate CAFs to promote the growth and spread of the tumour cells.
Furthermore, presence of TAMs infiltrated within tumours is associated with poorer prognosis.'*> TAMs and CAFs also
play an important role in immune escape mechanisms. Their release of the chemokine, CCL2, stimulates TILs to express
CD25 and transform into regulatory T cells and shift to an immunosuppressive environment.'?® The importance of CAFs
has also been demonstrated by single-cell RNA sequencing from which six distinct fibroblast subsets were identified in
iCCA tumour samples, the most prevalent type vascular-CAFs (vCAFs). The IL-6/IL-6 receptor axis was found to be
enriched between vCAFs and iCCA tumour cells, involved in upregulating epigenetic factors further downstream and
promoting tumour progression.'?’ Notably, further studies revealed that IL-6 receptor neutralising antibody, tocilizumab,
significantly abrogated these pro-tumoural effects, thus highlighting potential new therapeutic targets in iCCA.

With regard to the adaptive immune response, infiltration of T and B lymphocytes appears to decrease as the cancer
progresses.'** A recent systematic review of TILs in CCA revealed that presence of both cytotoxic CD8+ T lymphocytes
and FoxP3-CD4+ T lymphocytes, which were largely found at the tumoural interface, both confer better long-term
survival. In contrast, the role of FoxP3+ Treg cells in CCA is more disputed and requires further investigation.'*
Furthermore, a recent study has shown that high infiltration of CD8+ T cells, low FoxP3+ cell infiltration and low PD-1
expression was associated with high microvessel density of intrahepatic CCA and better overall survival.'*® This
suggests an interplay between tumour microvessels and regulation of cytotoxic and regulatory TILs.

Intrahepatic CCA
The WHO classifies iCCA into two distinct and contrasting histological subtypes: large duct type and small duct type.'
Large duct type arises from the larger bile ducts near the hilum and proximal to the left and right hepatic ducts. It forms
lesions which are either mass-forming or have a periductal infiltrating pattern. Large duct type often features mucin-
secreting glands and involves perineural or lymphovascular invasion, overall resembling perihilar CCA. On the other
hand, small duct type arises from the periphery of the liver and form mass lesions. It features small ductal components
sparing mucin production and can mimic HCC.

The contrasting characteristics between these subtypes are a result of several proposed factors, including high

molecular heterogeneity between CCA subtypes and different cells of origin,'*'

and this remains a significant barrier
to effective therapeutic options. Within intrahepatic CCA, histological differences, as described above, are reflected on
a molecular level. Small duct type is characterised by IDH1/IDH2 mutations or translocations in fibroblast growth factor
receptor (FGFR2),"**!'** whilst large duct type (as well as pCCA and dCCA) displays frequent KRAS and TP53 gene

mutations.'** Secondly, distinct groups of cells of origin have been identified responsible for small duct type iCCA

1158 " Journal of Hepatocellular Carcinoma 2022:9

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Chung et al

compared to large duct type iCCA, pCCA and dCCA. It has been suggested that hepatic progenitor or stem cells
(HpSCs), mature cholangiocytes or even hepatocytes may be the original cells of these malignancies, based on
experimental models; however, this requires further research to conclude on a definitive answer.'*>'*” Another concept
further contributing to the heterogeneity and complexity within CCA is the presence of epithelial-mesenchymal
transition (EMT) markers found in iCCA"*® with increasing evidence showing these EMT markers expressed by cancer
stem cells (CSCs) in CCA. This phenomenon can aid epithelial cancer cells to acquire more aggressive, metastatic
qualities and contributes towards CCA heterogeneity depending on their microenvironment.'*

The immune landscape in iCCA is less well defined than in HCC. iCCA has previously been described as either
immune “hot” or immune “cold” tumours; however, it is becoming clear that it may not be as simplistic.'*® Evidence
from Phase II clinical trials shows response rates of 6% to 13% to pembrolizumab, an immune checkpoint inhibitor, in
advanced CCA.'*! This only reinforces the importance of understanding the immunoenvironment of this malignancy.
The WHO has recognised the molecular classification of iCCA into two different classes in its latest edition' —

Low immune recruitment High immune recruitment
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Figure 3 The immune landscape of iCCA as described in three studies. (A) Job et al discovered four classes - Immune desert, Mesenchymal, Myeloid and Immunogenic.'*?
(B) Ding et al subdivided the immunoenvironment of iCCA according to distribution and density of tertiary lymphoid structures from Class | to Class IV.'*” (C) Martin-
Serrano et al has presented 5 STIM classes broadly categorised by inflamed and non-inflamed classes, further subdivided according to genotype-immuno-phenotype
properties.'*® NB: this diagram has not been made to reflect the exact proportions of each subtype in relation to each other.

Abbreviations: HSC, hematopoietic stem cell; Tth, T follicular helper cells.
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proliferation (62%) and inflammation (38%). The proliferation class has been associated with oncogenic signalling
pathways, increased tumour aggressiveness and disease recurrence, whilst the inflammatory class is characterised by
inflammation-related pathways and associated with better prognosis and recurrence rates.'**

Meanwhile, Job et al proposed the existence of four discrete immune subtypes within iCCA based on gene expression
profiles of the tumour microenvironment, which were correlated with immunohistochemistry'* (Figure 3A). They
suggested the following subtypes: immune desert (I1), immunogenic (I2), myeloid (I3) and mesenchymal (I4). The
immunogenic subtype, which represents 10% of the studied cohort, revealed an inflammatory phenotype enriched with an
abundance of immune cells and overexpression of immune checkpoints, thus suggesting potential responsiveness to
targeted immunotherapies. This concept has been reinforced by other studies where subsets of tumours displayed PD-L1
expression that correlated with increased densities of CD3+ tumour infiltrating cells."** In contrast, the immune desert
phenotype (48% of iCCA) is characterised by very weak expression of any functional immune signalling. The myeloid
subtype (14%) features prominent density of myeloid and monocyte-derived cells, particularly M2 macrophages, whilst
infiltrating peritumoural T cell populations fail to form an efficient anti-tumoural response. The mesenchymal subtype
(28%) is represented by a high abundance of haematopoietic stem cells and primary fibroblasts as well as tumorigenic
factors involved in extracellular matrix remodelling and angiogenesis. Tumours with high stromal density showed a poor
prognosis compared to those with immune subtypes associated with higher immune tumour cell infiltration. This study
shows that a clearer understanding of the immunoenvironment immune subtype could help inform individualised
therapeutic protocols. For example, it has been suggested that those with immune “cold” tumours, including the immune
desert subtype in the above study, could potentially be targeted with priming agents to induce a more inflammatory
phenotype that would subsequently become more responsive to immunotherapies.'*> Unfortunately, this classification

A138142.146 41 d therefore

system does not correlate to key molecular subtypes that have previously been described in iCC
its relevance in influencing therapeutic strategies is limited.

Furthermore, another study subdivided iCCAs into four distinct classes based on a scoring system measuring the
distribution and densities of intra- and peri-tumoural tertiary lymphoid structures.'*” Class I represents cases of iCCA
with TLSs predominantly in the peri-tumoural regions and Class IV consists of those mainly in the intra-tumoural region
(Figure 3B). As such, Class I was classified as an immune-excluded class and was found to correlate with weaker
immune responses and poorer overall survival, whereas the latter indicated strong immune action and better overall
survival. The abundance of Treg cells in intra-tumoural TLSs alongside high frequency of peri-tumoural TLSs suggests
a potential interplay between presence of peri-tumoural TLSs with an immunosuppressive intra-tumoural environment.
Classes II and III are thought to be heterogeneous with regard to TLS distribution and reflected an “immune-altered” and
intermediate anti-tumoural response.

Martin-Serrano et al from the group who previously proposed the molecular classification of “inflammation” and
“proliferation” in iCCA'** have recently deepened their understanding of the tumour microenvironment by using
a classification system that combines characteristics of the stroma, tumour and immune microenvironment
(“STIM”)."*® As a result, five STIM classes have been introduced (Figure 3C), which split broadly into inflamed
(35%) and non-inflamed (65%) profiles. The inflamed subtypes, immune classical and inflammatory stroma, are
characterised by high immune infiltrate and contrast in oncogenic signalling pathways, with the latter much richer in
desmoplastic stroma. Conversely, the non-inflamed classes, which correlate with the “cold” tumours typically known to
exist in iCCA, include desert-like, hepatic-stem like and tumour classical and represent the majority of iCCAs. Tumours
belonging to these non-inflamed classes are identified by low immune infiltrate, desert-like class scoring the lowest,
whilst hepatic stem-like displays stem-like features and tumour classical shows high expression of cholangiocyte
markers. Importantly, this group identified that inflamed classes have an abundance of CD8+ cells and CAFs whilst non-
inflamed display immunosuppressive properties. Of note, this study revealed overlap between the inflamed classes of
iCCA with the immune exhausted HCC subset,®> sharing properties of T cell exhaustion and stromal deposition.
Similarly, the immune classical iCCA subtype shares characteristics with the immune active HCC cohort; however, no
overlap was observed between the immune classes of pCCA, dCCA and iCCA or HCC.

1160 "= Journal of Hepatocellular Carcinoma 2022:9

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Chung et al

Extrahepatic CCA — Perihilar and Distal
Perihilar and distal CCA are cholangiocarcinomas of the right, left or common bile ducts (perihilar) or distal to the
insertion of the cystic duct.'*® One retrospective study on a cohort of extrahepatic CCA proposed a high-risk signature of
tumour-associated neutrophils (TANs) and Tregs with low infiltration of CD8+ T cells was associated with worse overall
survival.'>® Higher rates of lymph node spread, post-operative distant recurrence as well as resistance to mainstay
chemotherapy option, gemcitabine, in post-operative recurrence were also observed. This is consistent with evidence
from immunohistochemistry that a subset of extrahepatic HCC contains a higher ratio of PD-1+/CD8+ TILs. This was
associated with poorer overall survival in patients who had undergone surgery and adjuvant chemotherapy, with PD-1+
cells correlating with tumour location.'>''? Therefore, these subsets may be candidates for a more intensive systemic
treatment and may be used to stratify patients according to their tumour microenvironment to guide further therapy.
Another study which performed transcriptomic analysis of perihilar and distal CCA tumour samples has revealed
four discrete subclasses based on biological features and its tumour microenvironment: Metabolic, Proliferation,
Mesenchymal (the most frequent) and Immune.'>® The Immune class, which represented 11.5% of the cohort, was
characterised by upregulation of the adaptive immune genes, infiltration with dysfunctional lymphocytes and high
expression of PD-1, thereby potentially presenting a target for immune checkpoint inhibitors. It has also been
suggested by the authors that HER2 inhibitors may be suitable treatment for the proliferation class based on the
involvement of well-known oncogenic pathways such as AKT/mTOR. Therefore, although the above studies are on
a relatively small scale, they highlight the complexities and diversity of the immunoenvironment of intrahepatic and
extrahepatic CCA and provide evidence towards the importance of personalised targeted therapies. They also raise the
clinical potential of using a classification system of the tumour microenvironment of each patient to guide further
management.

Combined HCC-CCA

Combined hepatocellular-cholangiocarcinoma (cHCC-CCA) is a rare but aggressive form of primary liver cancer
characterised by unequivocal components of both hepatocellular carcinoma and cholangiocarcinoma.''>* Estimates
suggest that cHCC-CCA represents between 0.4% and 14.2% of primary liver tumours with varying incidence across
different regions.'>® It has been hypothesised that it derives from bipotent hepatic progenitor cells, capable of differ-
entiating into either hepatocellular cells or bile duct epithelial cells.'>® Accurate diagnosis of this cancer is difficult, often
due to sampling error in biopsy specimens.'>’” Where surgical options are deemed appropriate, either major or minor
hepatic resection can be limited by the extent of underlying liver disease and often leads to liver transplantation as the
only remaining option.'*® Indeed, hepatic resection and liver transplantation have been found by systematic review of
cHCC-CCA in the US to have the best 5-year overall survival, although still relatively dismal at 27-28% and 40%,
respectively.'>’

Little is known about the molecular and immune landscape of cHCC-CCA and so this may also be a contributing
factor to the limited effective treatment options available currently. However, a new study has proposed two immune
subtypes within cHCC-CCAs, immune-high and immune-low.'®® This immune-high subset, through gene profiling and
immunohistochemistry, has identified a subgroup that may be amenable to immunomodulatory therapies.

The Future of Histopathology

New Techniques in Multiplex Immunohistochemistry

The use of multiplex immunohistochemistry (mIHC), which allows detection of multiple markers on a single tissue
section, has become an important method of characterising the tumour immunoenvironment. Indeed, a meta-analysis of
8135 patients revealed that multiplex immunohistochemistry/immunofluorescence (mIHC/IF) was associated with better
performance in predicting response to PD-L1/PD-1 immunotherapy compared to PD-L1 IHC alone in ten different
tumour types, thus showing the value of this technique in clinical and translational research.'®' Multiple approaches can
be taken to perform mIHC involving various staining techniques and methods for imaging and detection, which have
previously been reviewed.'®* Each of these techniques has their own respective limitations; however, a general drawback
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of using mIHC at present is that the images are 2-dimensional and may only represent a specific plane of the
immunoenvironment in one tissue section.

As such, there have been efforts to develop new techniques to overcome the limitations of 2D immunohistochemistry.
For example, a new method named “Histo-cytometry” combines the accurate phenotypic characterisation and quantita-
tive function of flow-cytometry with the ability of 3-dimensional digital microscopy to visualise and understand the
spatial arrangement of these cell populations within tissue sections by multiple fluorescent markers.'®® Clearing-
enhanced 3D (Ce3D) multiple volumetric imaging allows for large volume tissue samples to undergo direct antibody-
based immunolabeling and produces high-quality images of a diverse range of tissues and cell types in any plane of
interest.'®* Current limitations of this technique include variable antibody penetration in thick tissue specimens, however
it remains an exciting field of interest. Furthermore, integrating the use of spatial transcriptomics with mIHC has been
suggested to aid in gaining a better understanding of the functional interactions between cells in the tumour
microenvironment.'® New advances in automated sectioning techniques combined with AI and advances in 3D
reconstruction software could also help in reducing the limiting labour-intensive steps of 3D histology reconstruction
and make it more readily available for the study of the tumour immunoenvironment. There is hope that these forward-
thinking imaging techniques can be adapted to clinical practice providing a more efficient way for pathologists to review,

with more representative sections of tissue.'®®

Digital Pathology

The concept of digital pathology has been around since the 1980s'®’

and has remained an important component in efforts
to modernise the traditional methods of histopathology. Digital pathology involves the integration of information
technology to aid in generating and sharing data and images and it forms the foundation for recent advances in

168 WSI involves

quantitative pathologic assessments such as whole slide imaging (WSI) and artificial intelligence (Al).
scanning and digitising prepared tissue and cytological samples from glass slides and can even provide spatial dimen-
sions of a sample when several layers of the specimen are imaged. Comparison of WSI and conventional light
microscopy for primary diagnostic purposes showed high concordance when tested on certain subspecialties of histo-
pathology and thus suggests reassurance that WSI could be used as an alternative to conventional methods on a clinical
level.'® As such, WSI presents several potential advantages that could revolutionise modern pathology, such as remote
diagnosis and teleconsultation, collaborative opportunities with subspecialist colleagues, improved time efficiency and
opportunities to involve Al and clinical research. However, WSI is not yet in widespread use and limitations to
integrating this concept into clinical practice need to be addressed, including high-cost expenditure, lack of storage

and network resources as well as legal and safety issues.

Artificial Intelligence and Computational Pathology
Al represents an exciting concept in histopathology, with its potential appealing and vast especially for tissue section

170 and there has been a significant drive to

analysis. This technology is also known as computational pathology (CPATH)
apply CPATH algorithms to aid in certain clinical aspects of the histopathologist’s role such as tumour detection and
classification, cell detection and cell counting, and tumour grading, which have been extensively reviewed.'”"”'”* Some
realistic expectations involving the use of machine learning in the possible near future may include its role in automating
repetitive and time-consuming tasks including analysis of lymph nodes'’* or providing objective analysis of multiplex
IHC on single sections of slides facilitated by digital pathology.'®® This may provide support to an increasing workload
that pathologists are having to manage and allow time for the pathologist to focus on higher-level tasks that are required
to perform more accurate and extensive diagnostic assessments.

Nevertheless, the use of Al on a clinical scale still presents a myriad of challenges.'”> Among these limitations, there is
a lack of robust randomised controlled trials within both pathology and the wider medical field to support integration of Al
technologies into standards of care at present. There is also a concern that data sets used to generate CPATH algorithms are
not reflective of those in the patient population in clinical practice, and that variation in slide preparation, staining techniques
and scanning technologies between centres is also not mirrored in these trials.'”® Despite these challenges, Al continues to
represent the exciting potential to revolutionise the specialty in both a clinical and research setting.
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Conclusion

The immunoenvironment of primary liver cancer is diverse and complex. Research has proposed several ways to
categorise the immune and molecular landscape of hepatocellular carcinoma and cholangiocarcinoma, which may help
guide targeted therapies. This suggests the potential value of using an immunological classification system alongside
existing molecular and histopathological frameworks in the diagnostic phase of cancer management. Furthermore, in the
era of transcriptomics, this research emphasises that histopathology and its transition on to the digital platform will
remain a vital component in navigating our understanding in this field of work. It is likely that the integration of digital
pathology and artificial intelligence will transform the field of histopathology and provide a supportive role to the way
these specialists operate in order to produce more efficient and accurate outcomes.
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