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Background: The disease burden
In 2020, hepatocellular carcinoma (HCC) was the 
sixth most common cancer worldwide and the 
third most common cause of cancer death.1 The 
highest incidence rates globally are seen in Asia 
and Africa with Mongolia demonstrating the high-
est incidence worldwide.1 HCC is rapidly growing 
in prevalence, with a 350% increase between 1982 
and 2014 in Australia.2 Similar increases have 
been observed in India, the Americas and most of 
Europe, although decreased rates have been seen 
across many Asian countries and Italy.3 Primary 
liver cancer incidence has been predicted to 
increase in 30 countries by 2030, including the 
Americas, most of Europe and Oceania, with 
Asian and some European countries predicted to 
decrease.4 This is despite an increase in therapeu-
tics available to treat HCC.5 Over 75% of HCC 
cases develop on a background of chronic liver 
disease (mainly cirrhosis).1 The causes of chronic 
liver disease include viral hepatitis, alcohol, meta-
bolic-associated fatty liver disease (MAFLD), 
autoimmune and genetic liver disorders.6 These 
risk factors vary across geographical regions. 

Hepatitis B virus is the primary aetiological factor 
in most parts of Asia and Africa, whereas the hep-
atitis C virus is the leading cause in Japan, Italy 
and Egypt.1 Since the advent of successful antivi-
ral therapies for hepatitis B and C virus infections, 
in the USA, MAFLD is now the most common 
background liver disease predisposing an individ-
ual to HCC.7

Although survival varies according to disease stage 
and treatment, the 5-year survival for patients 
with HCC is less than 20%.8 Although curative 
therapies can be delivered in early-stage disease 
(hepatic resection or liver transplant), this is only 
applicable to a small number of patients.6 The 
inability of these strategies to decrease the preva-
lence of HCC cases indicates that a greater under-
standing of the disease is still required. Differences 
in the immune landscape have been observed in 
patients with hepatitis B-associated HCC,9 
MAFLD-associated HCC10 and patients with 
microvascular invasion.11 Employing high-dimen-
sional techniques to interrogate the systemic and 
local cancer and immune landscape of HCC will 
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provide greater comprehension of disease pathol-
ogy specific to each aetiology. By phenotyping 
cells and determining their potential role, more 
targeted therapeutics may be developed capable of 
inhibiting or promoting selected immune cells.

Tumour microenvironment of HCC
The development of HCC is related to chronic 
hepatic inflammation, liver tissue injury, hepatocyte 
regeneration and the subsequent formation of fibro-
sis. This leads to the malignant transformation of 
hepatocytes and a tumour microenvironment (TME) 
that promotes HCC development and progression.6

The TME in HCC, as in other cancers, is thought 
overall to be immunosuppressive, allowing the 
tumour to escape immune killing and facilitate its 
growth and spread. The TME inflammatory 
response may include anti-inflammatory cytokines 
such as interleukin (IL)-4, IL-5, IL-8, IL-10 and 
transforming growth factor (TGF)-β. Chemokines, 
such as CXCL12, CL20 and CCL22, are also 
thought to be mechanisms involved in tumour 
immune-evasion.12

Many immune cells of both innate (including neu-
trophils,13–18 γδT cells,19,20 mucosal-associated invar-
iant T (MAIT) cells,21 monocytes/macrophages,22–26 
natural killer (NK) cells27–30 and innate lymphoid 
cells (ILC)31,32) and adaptive (including T cells9,33–37 
and B cells38–42) immune responses are associated 
with the prognostic outcome of HCC, as either det-
rimental or protective. Major effector functions 
within tumour-infiltrating lymphocytes (TILs) are 
thought to be blunted by the expression of immune-
checkpoint molecules such as PD-1 and immuno-
suppressive PD-1 ligands, PD-L1 (B7-H1) and 
PD-L2 (B7-DC).12 Other cell types, such as tumour-
associated macrophages,23–26 tumour-associated 
neutrophils13–18 and myeloid-derived suppressor 
cells,22,43 are also thought to suppress tumour kill-
ing. In the past, these studies have used traditional 
and well-established tissue-staining and imaging 
techniques such as immunohistochemistry (IHC) or 
immunofluorescence (IF). However, accurately 
identifying and understanding these cells in detail 
and how they are spatially organised can be studied 
using relatively new methods that allow the descrip-
tion of novel cell subsets and how they interact with 
themselves, other cells and the tumour itself.

Table 1. Immune cells within the TME and their association with prognostic outcome of HCC.

Subset Technology High-density prognostic outcome Reference(s)

Tumour-infiltrating lymphocytes IHC Better recurrence-free survival Atanasov et al.25

CD3+ T cells IHC, IF Better overall survival Garnelo et al.44

CD8+ CD103+ tissue resident T 
cells

mIHC Better overall survival Lim et al.9

PD-L1+ CD8+ TIL IHC Better overall survival Sideras et al.45

Gal-9+ CD8+ TIL IHC Better overall survival Sideras et al.45

TIM-3(hi) T cells IF Worsened overall survival Li et al.46

CD4+ Foxp3+ regulatory T cells IHC, mIHC Worsened overall survival Lim et al.,9 Gao et al.47

γδT cells IHC Better overall and recurrence-free 
survival

Cai et al.20

MAIT cells IF Worsened overall survival Duan et al.21

CD20+ B cells IHC, IF, mIHC Better overall survival Brunner et al.,40 Zhang et al.,41 
Garnelo, Tan,44 Shi, Gao48

Granzyme B+ cells IHC Better overall survival Gao et al.47

Tumour-associated macrophages IHC Better recurrence-free survival Atanasov et al.25

TIM-3+ CD14+ monocytes IF Worsened overall survival Yan et al.49

(Continued)
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Interrogating the immune landscape in HCC

Tissue dissociates
To circumvent the limited number of markers 
available for tissue staining and the species bar-
riers associated with primary antibodies, a com-
mon technique to gain further insight into the 
TME is to stain tumour dissociates by flow 
cytometry. Although spatial information is lost, 
it previously allowed for greater dimensionality 
into the immune cell makeup within tissue 
regions of interest. Zhang et  al.41 separated 
tumour and non-tumour regions from HCC 
patients, and then used flow cytometry to inter-
rogate B-cell subsets. This analysis revealed 
non-tumour regions have a higher density of 
naïve B cells and plasma cells compared to 
tumour regions. A similar approach was utilised 
to investigate ILC by Heinrich et al.,31 where tis-
sue dissociates of non-tumour, margin and 
tumour were collected. This study found ILC2 
levels to be greatest within tumour, whereas 
ILC3 were at the lowest compared to non-
tumour and margin. This technique is a useful 
alternative to identify and characterise a large 
number of cell subsets within tissue. Table 1 
highlights the multiple subsets that have been 
associated with prognostic outcomes, and the 
technologies used to identify these correlations.

Importance of structural and spatial 
information
When imaging cells in tissue, the structural land-
scape is maintained. This is essential for the iden-
tification of specific areas or structures of interest 
in the TME such as tumour, stroma, tertiary lym-
phoid structures (TLSs) or vessels. These 

structures are of importance and their presence or 
absence have been associated with clinical out-
comes. For example, blood vessels are sometimes 
seen encapsulating tumour clusters. These have 
been called vascular endothelial tumour clusters 
(VETCs) and are sinusoid-like vessels that form a 
cobweb pattern surrounding tumour clusters. 
HCC patients with VETCs have higher metasta-
sis and reoccurrence rates compared to HCC 
patients absent of VETCs.52 Furthermore, 
sorafenib was shown to prolong survival in 
VETC(+) HCC patients, but not in VETC(–) 
patients.53 Despite this, VETC(+) HCC patients 
have more severe clinical features compared to 
VETC(–) patients, including higher alpha-foeto-
protein levels, larger tumour size and poorer dif-
ferentiation.54 Similar results have been found 
with CD34 staining, defining micro-vessel den-
sity, whereby high levels are associated with worse 
prognosis.55 These studies highlight association 
between vessel formation and carcinogenesis.

TLSs are another important structure associated 
with many cancers, including HCC. The prog-
nostic significance of TLS in HCC, however, 
remains unclear. One report suggested that TLSs 
located in non-tumour regions were associated 
with worse prognosis.56 However, another study 
found TLSs in adjacent tissue of HCC had no 
correlation and instead intra-tumoural TLSs were 
associated with lower incidence of reoccurrence 
(<2 years after surgery). Interestingly in the same 
study, no correlation was found with TLSs and 
late reoccurrence.57 These conflicting results may 
be explained by Li et al.,58 who found germinal 
centre formation within TLS of the peri-tumour 
improved prognostic outcome, which improved 
further if both intra-tumoural and peri-tumoural 

Subset Technology High-density prognostic outcome Reference(s)

CD66b+ Neutrophils IHC Worsened overall and recurrence-free 
survival

Gao et al.,13 Zhou et al.,14 Zhou 
et al.50

neutrophil extracellular traps IHC Worsened overall survival Guan et al.17

ILC2 IF Worsened overall survival Xu, et al.32

CD27+ cells IHC, IF Better overall survival Garnelo et al.44

CD38+ cells IHC, IF Better overall survival Garnelo et al.44

Siglec-10(hi) cells IF Worsened overall survival Xiao et al.51

mIHC, multiplex IHC.

Table 1. (Continued)
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TLS were formed. It is only with techniques that 
allow for in situ analysis resulting in spatial data so 
that such structures and their significance can be 
elucidated.

Areas outside of the TME can also be informa-
tive. HCC patients with high numbers of S100+ 
dendritic cells (DCs) within peri-tumour or non-
tumour regions have worse prognostic outcomes, 
but intra-tumoural S100+DCs have no correla-
tion with prognosis.39 High numbers of CD20+B 
cell at the interface and low levels within the 
stroma were associated with better overall sur-
vival in HCC.40,48 These findings are interesting 
to consider together, as DC have been reported to 
induce B-cell production of anti-inflammatory 
IL-10,39 which may contribute to an immunosup-
pressed TME.

High numbers of intra- or peri-tumoural γδT cells 
were also associated with better overall survival; 
however, only high levels of peri-tumoural (but 
not intra-tumoural) γδT cells were associated 
with a lower probability of recurrence in HCC, 
suggesting they provide a beneficial anti-tumour 
response.20 In contrast, TIM-3-expressing 
CD14+ monocytes,49 CD4+, and CD8+T 
cells46 are found at greater numbers within the 
tumour of HCC when compared to adjacent tis-
sues, with high levels of TIM-3+ cells associated 
with worse overall survival, suggesting TIM-3+ 
cells contribute to carcinogenesis.

Similar results were reported for ILC2, whereby a 
higher proportion of ILC2 observed within the 
tumour or non-tumour regions were associated 
with decreased overall survival.32 As ILC2 num-
bers were generally greater within the tumour 
region when compared to non-tumour regions 
and normal tissue, it was hence suggested ILC2 
are immunoregulatory within the tumour and 
promote carcinogenesis.

Within the peri-tumour of HCC, there were 
higher densities of IL-21+ tissue-resident TFH-
like cells compared to non- and intra-tumour 
areas, which also positively correlated with 
CD68+ and CD138+ cell density.59 Furthermore, 
the same study also found HCC patients with 
high densities of IL-21+ TFH-like cells within 
the non- and peri-tumour regions had decreased 
overall and disease-free survival. Although there 
was no correlation with intra-tumoural levels, the 
authors suggest these IL-21+ TFH cells are pro-
tumour via M2 macrophage polarisation.

Some of the differences between tumour regions 
and peri- or non-tumoural regions may not have 
prognostic values but be informative about the 
pathogenesis of HCC. IL-17+ cells were primar-
ily found in peri-tumoural stroma (compared to 
intra-tumoural tissue) and positively correlated 
with monocyte/macrophage densities,23 which 
could impact tumour control mechanisms. 
Tumour regions of HCC patients have greater 
CXCR3 (CD183) expression compared to non-
tumour adjacent regions,60 suggesting that 
increased Th1 or IFN-γ responses could be domi-
nant. This is also supported by the fact that 
CXCL9/10 were more highly expressed in HCC 
tumours than normal tissue (whilst CXCL2/12/14 
were lower).61 However, it is worth noting that 
these increased levels were not associated with 
outcomes. IgA+ cells were found within the 
tumour of HCC patients, but not outside of it.62 
In this study, IgA+ cells induced CD8+ T-cell 
exhaustion in a murine HCC model, suggesting 
IgA+ cells contribute to an immunoregulatory 
environment. Even the microbiota of HCC 
patients differs between tumour and non-tumour 
regions,63 and there is increasing evidence point-
ing to a key role for microbiota in shaping local 
and systemic immune responses.64 Therefore, the 
ability to identify and compare specific tissue 
regions is paramount in understanding the molec-
ular pathogenesis of HCC.

Cell subsets and their interactions
The ability to differentiate between cell subsets is 
an important aspect to consider when interrogat-
ing the immune landscape, as there can be con-
trasting roles for cells that have slight phenotypical 
differences during carcinogenesis. This is particu-
larly important for myeloid cells due to their large 
heterogeneity. When looking at total CD68+ 
tumour-associated macrophages by IHC, high 
numbers are associated with decreased overall 
survival. However, when looked at in greater phe-
notypical detail allowing subsets to be correctly 
differentiated, high numbers of CD86+ mac-
rophages but low numbers of CD206+ mac-
rophages were associated with improved overall 
survival.24 In a similar instance, tumour-infiltrat-
ing TIM-3+ CD8+ PD-1(hi) T-cell levels were 
associated with worsened overall and disease-free 
survival, whereas high proportions of TIM-3(–) 
CD8+ PD-1(hi) T cells were associated with bet-
ter overall survival.36 The authors suggest 
increased PD-1 and TIM-3 expression results in 
CD8+ T-cell dysfunction and worse survival for 
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HCC. HCC-infiltrating CD103+ CD69+ HBV-
specific CD8+ T cells are associated with patient 
relapse-free survival in HBV-associated HCC, 
suggesting they are involved in anti-tumour 
responses.65 This same study was able to identify 
five distinct antigen-specific resident memory 
T-cell subsets within liver.

The benefit of studying tissues in situ using a tech-
nique that allows the detection of multiple mark-
ers into a single panel not only allows identification 
of more defined cell subsets but also provides 
insight into cell location within the tissue structure 
and cellular interactions. HCC patients who 
respond to combined cabozantinib and nivolumab 
treatment have a closer proximity between prolif-
erative macrophages and lymphocytes (including 
B cells, CD4+ and CD8+ T cells). In contrast, 
non-responders have a closer interaction between 
Arg-1(hi) macrophage and lymphocytes within 
tumours.66 The cellular networks formed within 
tumours may also influence prognostic outcomes, 
whereby high levels of Kupffer cell neighbour-
hoods were associated with worsened overall sur-
vival, whereas high levels of infiltrating 
macrophages provide improved overall survival.67

Limitations of spatial analysis
One major limit to studying tissue sections is the 
fact they are a snapshot in time. From a tissue 
section alone, it is not possible to study the entire 
course of the disease from its inception. However, 
by providing a more thorough phenotypic inter-
rogation of cell types, a clearer picture for their 
role can be ascertained. When combined with 
systemic investigations, such as analysing circu-
lating immune cells, a more complete picture can 
be drawn. Interrogating activation markers can 
provide a wealth of insight into the function of 
immune cells.

Available technologies for spatially 
resolving HCC TME
Immunostaining techniques can provide unprec-
edented insight into the spatial organisation of 
cells within tissues. It can reveal cellular interac-
tions that are lost when analysing dissociated tis-
sues, as well as providing an in-depth view of the 
immune landscape. This is particularly important 
considering the success of immunotherapies that 
can inhibit pro-tumour immune responses whilst 
enhancing anti-tumour immune responses. 
Although immunostaining has been around for 

decades, the ability to interrogate many markers in 
a single panel in human tissue has only been made 
possible recently. Each technique has advantages 
and disadvantages, and are best utilised as com-
plementary technologies, not alternative.

Multiplexed IHC
Opal™ multiplex immunohistochemistry (mIHC) 
staining (Akoya Biosciences, Marlborough, MA, 
USA) allows for individual IHC antibody stains 
to be multiplexed onto the same tissue regardless 
of antibody host species resulting in simultaneous 
detection of up to eight markers. This platform 
utilises tyramide signal amplification (TSA), 
which uses horseradish peroxidase bound to pri-
mary antibody to catalyse covalent bonds of cho-
sen fluorescent labels to be embedded into the 
tissue.68 This allows optimised staining for each 
antibody, as each marker can be stained under 
different optimisation conditions. TSA can pro-
vide 2–3 log sensitivity enhancement. Embedded 
fluorescent labels retain their fluorescence for 
much longer than conventional fluorescent anti-
body conjugates, so tissues can be imaged years 
after initial staining. Opal™ mIHC was used to 
investigate TILs in HCC patients and found infil-
trating T and B cells localised closely to each 
other and their densities positively correlating 
with better overall survival.44

mIHC does take longer to achieve than classic 
IHC or IF protocols as markers are stained indi-
vidually. A major limitation of this technique, 
however, is the fact that antibody complexes need 
to be embedded by heat treatment for sequential 
staining, and during this process, the tissues can 
easily be damaged.

Another limitation of using multiple markers in a 
single panel is the bleeding/spill-over of fluoro-
chromes, particularly when dealing with autofluo-
rescent tissues such as the liver. Opal™ mIHC 
uses fluorescent signalling and detection but is 
capable of isolating specific tissue autofluores-
cence for its removal and detecting and measur-
ing fluorescence over the whole spectrum using a 
spectral camera combined with fluorescence 
microscopy. This system requires a licensed soft-
ware program to perform the spectral-unmixing. 
The advent of spectral microscopy allows the dif-
ferentiation of fluorochromes with similar emis-
sion spectra. As such, a larger number of markers 
can be incorporated into a single panel. It can do 
this by recording the signal intensity across a 
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wider spectrum, allowing finer differentiation 
between fluorochrome spectra. Spectral micros-
copy can also provide clearer differentiation from 
background staining. By recording the signal 
intensity of unstained cells/tissue, the autofluo-
rescence will be known and can be differentiated 
from specific antibody staining. mIHC staining 
utilising TSA can amplify signals and provide 
high resolution images.

Cyclic mIHC
It is also possible to use mIHC in a cyclical man-
ner, whereby tissue samples are stained, imaged 
and then bleached before repeating with a differ-
ent marker. Although cyclic mIHC has similar 
problems to mIHC (particularly tissue damage 
after each bleach), it can minimise spectral over-
lap by imaging as little as two fluorochromes at a 
time. For example, PhenoCycler (formerly 
CODEX) (Akoya Biosciences) imaging involves 
staining a section with antibodies conjugated to 
unique oligonucleotides, allowing countless 
markers to be stained at once. Two unique fluo-
rescent deoxynucleoside triphosphates (dNTP) 
are added to bind to two specified antibodies, 
which can then be fluorescently imaged. The tis-
sue is bleached to remove the fluorophores, so a 
second round of fluorescent dNTP can be used 
and imaged, until all markers have been imaged 
and stacked on top of each other for analysis.69 
Phillips et  al.70 developed a 56-marker 
PhenoCycler panel for interrogating the TME 
within cutaneous T-cell lymphoma patients.70 
Although this process is time-consuming (partic-
ularly when dealing with large panels of antibod-
ies) and expensive (limited suppliers of 
oligo-conjugated antibodies), it provides a great 
amount of detail and resolution.

Spatial transcriptomics and mass spectrometry
Spatial transcriptomics is a technique that allows 
interrogation of the transcriptome on a section of 
tissue that retains the spatial information. This 
involves a glass slide with oligo(dT) primers 
adhered to the surface. Each primer is barcoded 
to correlate with different locations on the slide. 
The tissue section is then applied to the slide, 
such that the primers are taken up by tissue tran-
scripts. The tissue may then undergo sequencing 
(including the spatial barcoding), such that the 
transcriptome can be interrogated whilst main-
taining spatial data. It has a resolution of 
~100 µm.71 This was recently used to interrogate 

the TME in HCC patients, whereby a six-gene 
signature was identified that could be used for 
prognostic prediction in HCC.72 By looking at 
transcripts, it is possible to identify and differenti-
ate between cell subsets that are indistinguishable 
using antibodies. In liver, Kupffer cells are indis-
tinguishable from macrophages. However, the 
gene VSIG4 was recently identified to identify 
Kupffer cells in humans.73 Although transcrip-
tome levels/signatures are not always indicative of 
protein expression, the ability to interrogate the 
proteome and transcriptome whilst maintaining 
the spatial arrangement of tissue is an extremely 
powerful complementary technique when com-
bined with proteomics.

Matrix-assisted laser desorption/ionisation imag-
ing mass spectrometry (MALDI IMS) uses mass 
spectrometry whilst maintaining tissue spatial 
arrangement, allowing the identification and local-
isation of peptides and proteins without the need 
of antibodies.74,75 Many studies have utilised this 
technology to identify differences between tumour 
and non-tumour regions in HCC,76–78 including a 
higher level of ubiquitin within tumour regions.79 
The same approach found histone H4 to have dif-
ferent forms in HCC patients with microvascular 
invasion compared to patients without.80 Although 
MALDI IMS provides large unrestricted data, val-
idation is still required to confirm protein identifi-
cation and differences between groups.

Techniques using mass cytometry
Imaging mass cytometry (IMC) (e.g. Hyperion™ 
(Fluidigm, South San Francisco, CA, USA) and 
MIBI™ (Ionpath Inc., Menlo Park, CA, USA)) 
uses antibodies conjugated to heavy metals (as 
opposed to fluorochromes). After staining, sec-
tions will go into a chamber attached to a mass 
cytometer, where the tissue is ablated with a laser, 
nebulising a small region of tissue (typically ~1–
3 µm). Nebulised particulates are then passed 
through a mass spectrometer that will identify and 
differentiate individual heavy metals that correlate 
with markers of interest. As it does not use fluoro-
chromes, it avoids the issues associated with spill-
over/bleeding effect and is not affected by 
autofluorescence issues associated with tissues 
such as liver. It can accommodate >40 markers in 
a single panel, providing unprecedented insight 
into a range of cell subsets. Figure 1 shows an 
example of IMC staining on human liver from 
HCC patients. Traum et  al.81 similarly used the 
high dimensionality of IMC to compare between 

https://journals.sagepub.com/home/tam


F Marsh-Wakefield, AL Ferguson et al.

journals.sagepub.com/home/tam 7

cells within HCC tumour and clinical data, 
including serum alanine aminotransferase (ALT). 
This showed a positive correlation between serum 
ALT and activated/memory immune cells, includ-
ing CD45RO+ T cells, B cells and macrophages.

Although extremely powerful, there are some lim-
itations. IMC is less sensitive and has a lower 
resolution compared to mIHC and IF staining. 
After imaging, it is not possible to re-visit the 
same section, for further staining/imaging or 
RNA/DNA extraction. Once ablated, the tissue is 
lost. Finally, only selected imaging mass cytome-
ters can be used to analyse stained sections, so is 
less accessible than conventional staining. 
Furthermore, the cost and analysis time involved 
with IMC is much greater.

Together, these technologies can very nicely com-
plement each other (Table 2). IMC can provide 
an overview of the whole immune landscape, as it 
can incorporate a larger range of markers. mIHC 
staining is useful for detecting lowly expressed 
markers and producing higher resolution images. 
Spatial transcriptomics can be useful for identify-
ing transcripts of proteins that cannot be detected 
with conventional proteomics. Incorporating 
such technologies allows the combination of high 
dimensionality with specificity and resolution.

Data analysis
When it comes to spatial analysis of HCC tissue, 
similar approaches may be used as with other tis-
sues. Individual cells need to first be identified 

Figure 1. Imaging mass cytometry of Hepatocellular carcinoma liver.
Complex immune microenvironment in HCC. Imaging mass cytometry was used to visualise the immune landscape of HCC. 
(a) Reveals a cluster of CD3+ T cells (purple) in the centre of the image and another cluster of B cells (green) in the top right 
corner of the image. By contrast, CD68+ macrophages (yellow) are seen dispersed throughout the tumour. (b) Combination 
of immune, stromal and adhesion molecule markers reveals two tumour nodules (top left corner and bottom right corner) 
with a fibrous band between the two. Within the tumour nodules, hepatoma cells are expressing E-cadherin (red). CD45+ 
immune cells (yellow) are seen predominantly not only within the tumour nodules but also in the fibrous band. αSMA 
expression (green) is seen on the vascular structures within the tumour nodules and in the stroma of the fibrous band.
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and the signal intensity of each marker to be calcu-
lated. This can be achieved by cell segmentation 
tools such as CellProfiler82 and ilastik,83 which 
have been successfully utilised to classify cells of 
the heterogeneous TME.66,67,81 Once cells are 
identified, their densities and interactions with 
other cell subsets can be quantified. Cellular 
neighbourhood interactions have been interro-
gated with freely available tools, including histo-
CAT84 and Spectre.85 mIHC (Opal™) requires 
the use of inForm® (Akoya Biosciences) software 
for spectral unmixing and image extraction prior 
to use in other analysis platforms. inForm® can 
also be used for cellular phenotyping, quantifica-
tion and limited spatial analysis. In addition, the 
purchasable HALO® image analysis platform 
(Indica Labs, Albuquerque, NM, USA) provides 
a range of tools for downstream analysis of all anti-
body-staining techniques including IHC, IF, 
mIHC and IMC for cell segmentation and spatial 
analysis, including that of liver.86 This is an 

ever-adapting field, with many new approaches 
being developed for the various technologies being 
made available.87,88

Current therapies in advanced HCC
The treatment landscape of HCC is rapidly evolv-
ing. A greater understanding of hepatocarcino-
genesis and the TME of HCC has led to the 
development of several molecularly targeted 
agents for advanced HCC. For much of the last 
decade, monotherapy with multi-kinase inhibi-
tors have been recommended in both first-line 
(sorafenib and lenvatinib) and second-line 
(regorafenib, cabozantinib and apatinib) treat-
ment settings based on positive phase III clinical 
trials showing modest, but significant, improve-
ments in overall survival of 2–3 months.89–93

More recently, the introduction of immune check-
point inhibitors has been a major development  

Table 2. Comparison of imaging techniques.

IHC IF Multiplex IHC Imaging mass 
cytometry

Spatial protein and 
transcriptomics

Example 
technologies

–/– –/– Opal™ Hyperion™/MIBI™ Visium/NanoString

Number of 
markers

1–2 3–4 Up to eight protein 
markers

>40 protein markers Protein and gene 
expression

Sample type FFPE or Fresh 
frozen

FFPE or Fresh 
frozen

FFPE or Fresh 
frozen

FFPE or Fresh frozen Fresh frozen (Visium)
FFPE or Fresh frozen 
(NanoString)

Antibody 
availability/
format

Purified 
antibody

Purified or 
fluorochrome-
conjugated antibody

Any purified antibody 
suitable for IHC

Metal-tagged 
antibodies 
(commercially available 
or self-conjugation)

Slide layered with 
DNA probes

Staining Time: <1 h
Cost: low
Difficulty: low

Time: <1 h
Cost: low
Difficulty: low

Time: up to 5 days
Cost: low
Difficulty: low

Time: up to 2 days
Cost: mid-high
(dependent on region 
size for ablation)
Difficulty: mid-high
(requires specific 
instrument)

Time: up to 2 days
Cost: high
Difficulty: high
(various instruments 
required)

Imaging/data 
collection

Conventional 
microscope

Immunofluorescent 
microscope

Mantra™ imaging: 
manual
Vectra® Polaris™ 
imaging: automated 
slide scanning

Hyperion™ ablation: 
1 mm2 tissue approx. 
2.5 h
MIBI™: 1 mm2 tissue 
approx. 5 h

Microscope (protein)
RNA sequencing

Resolution Dependent on 
microscope

Dependent on 
microscope

200 nm
(dependent on 
microscope)

1000 nm 100 µm
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in the treatment of many advanced cancers, includ-
ing HCC.94 Despite achieving objective response 
rates of 20%, initial phase III trials of checkpoint 
inhibitor monotherapy, both first-line (PD-1 
inhibitor nivolumab) and second-line (PD-1 inhib-
itor pembrolizumab) treatments have failed to 
demonstrate significantly superior outcomes com-
pared to standard of care (sorafenib and placebo, 
respectively).95,96 Recently, combination therapies 
with a checkpoint inhibitor (either PD-1 or PD-L1 
inhibitor) paired with an anti-vascular endothelial 
growth factor (VEGF) monoclonal antibody 
became the first regimens in over a decade to dem-
onstrate both improved overall and progression-
free survival compared to sorafenib as a first-line 
treatment.97,98 This combination now forms the 
new standard of care for advanced HCC world-
wide. Other novel combinations, such as cabozan-
tinib plus atezolizumab (PD-L1 inhibitor) or the 
use of two checkpoint inhibitors together 
(nivolumab plus CTLA-4 inhibitor ipilimumab), 
have also shown promise in first- and second-line 
treatment settings, respectively.99,100 In particular, 
the combination of durvalumab (anti-PD-L1) and 
tremelimumab (anti-CTLA-4) has demonstrated 
a significant improvement in overall survival com-
pared to sorafenib alone.101

Clearly, we are entering into a new era of advanced 
HCC therapies involving checkpoint inhibitors as 
a backbone in combination with VEGF inhibi-
tors, multi-kinase inhibitors and/or other check-
point inhibitors.

Predictors of response to immunotherapies
Although the recent successes of immunotherapy 
to treat advanced HCC are unprecedented, an 
objective response is only seen in a minority of 
patients (30% with any response and 5% with 
complete response).97 To date, it has been difficult 
to predict which patients will respond and which 
will not respond due in part to the heterogeneous 
nature of HCC. HCC arising from non-viral aeti-
ologies of liver disease (in particular non-alcoholic 
steatohepatitis (NASH)) might be less responsive 
to checkpoint inhibitors compared to viral aetiolo-
gies (hepatitis B or C).10 Early pre-clinical data 
showed that tumour immune surveillance in 
NASH-induced HCC is impaired because CD8+ 
T cells inducted NASH-HCC rather than invigor-
ating the immune response.10 These findings were 
supported by a meta-analysis of three large ran-
domised controlled phase III trials in patients with 
advanced HCC where neither nivolumab, 

pembrolizumab nor combined atezolizumab and 
bevacizumab (anti-VEGFA) immunotherapy 
improved survival in patients with non-viral 
HCC.10 The effectiveness of checkpoint inhibitors 
was similarly improved with other virally induced 
cancers, including EBV-associated non-Hodgkin 
lymphoma102 and HPV-induced head and neck 
squamous cell carcinoma.103 Conversely, Asian 
patients and those with high alpha-foetoprotein 
levels treated with checkpoint inhibitors have 
slightly better overall survival.95,96 Furthermore, it 
is likely that different combination therapies will 
emerge that result in improved response rates in 
the future, and these combinations may also be 
adopted into earlier (intermediate) stages of HCC 
as an adjunct to locoregional therapies.104 
Therefore, clinicians will increasingly need guid-
ance on which combination therapy shows the best 
efficacy for each (sub)group of HCC patients.

The development of predictive biomarkers to 
inform patient treatment is currently an area of 
active research. As mentioned above, the TME 
plays a vital role in the development and progres-
sion of HCC. To date, no biomarkers of the TME 
(or otherwise) have demonstrated robust predic-
tive value adequate for routine clinical use. Intra-
tumoural PD-L1 expression was not significantly 
associated with improved objective response in 
clinical trials of checkpoint inhibitors during 
HCC.105,106 Similarly, non-significant trends have 
been observed between PD-1 expression levels 
and objective response or overall survival from 
therapy.107 In terms of TILs, CD3+, CD4+ and 
CD8+ T-cell infiltration have only shown weak 
correlations with patient survival.107,108 Although 
intra-tumoural CD8+ T cells can be significantly 
increased by immunotherapy, they may become 
dysfunctional in the TME and be ineffective for 
tumour surveillance.10 Thus, current biomarkers 
of single-cell types within the TME are not clini-
cally helpful, hampering personalised medicine in 
advanced HCC. Indeed, the TME is complex, 
comprising many different immune, stromal and 
vascular cell types that interact.109 Hence, there is 
an urgent need for more sophisticated techniques 
to study the TME and its interactions more 
broadly to find better biomarkers to guide patient 
selection. Using technologies such as IMC to spa-
tially and quantitatively analyse tumour tissue can 
aid clinicians in identifying patients with cellular 
markers and neighbourhoods predictive of treat-
ment response, whilst providing invaluable infor-
mation about tumour heterogeneity and its 
impact on treatment outcomes.
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Concluding remarks
Despite recent advances in HCC therapeutics, 
overall response rates are low and there remains a 
lack of validated biomarkers to reliably predict treat-
ment response. The aforementioned techniques 
allow for a more sophisticated and comprehensive 
analysis of the TME beyond that of cellular quanti-
fication. Spatial resolution-based phenotyping helps 
to resolve tumour heterogeneity and allows for a 
topological analysis of the HCC TME through the 
identification of cellular neighbourhoods and cell-
to-cell interactions. Not only will this enhance our 
current understanding of the tumour biology of 
HCC, but it may also lead to an improved classifica-
tion of HCC, identification of immune and gene 
signatures predictive of treatment response and the 
discovery of novel targets for future therapies.
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