
Research Article
JOURNAL 
OF HEPATOLOGY
Reliability of a single-region sample to evaluate tumor
immune microenvironment in hepatocellular

carcinoma
Graphical abstract
http://dx.doi.org/10.1016/j.jhep.2019.09.032
� 2019 European Association for the Study of the Liver. Published by Elsevier B.V.
Authors
r1

r2

r3

61.5%

12 HCC
patients

13 tumors
79 regions (r)

Immune TME1 by
IHC2 or RNA-seq3

Similar immune TMEs
through IHC method

(8/13)

Similar immune TMEs
through RNA-seq

(8/12)

Similarity in immune TMEs
among r1 - rn bmeasured by

Mahalanobis distance analysis 

66.7%

Ab
un

da
nc

e

…

r1

Ab
un

da
nc

e

…

r2

1 TME: tumor microenvironment   2 Conducted in 77 regions from 13 tumors 3 Conducted in 41 regions from 12 tumors

Highlights
� Most HCC tumors displayed similar tumor immune microen-

vironments among different regions within each tumor.

� A single-region sample might be reliable to evaluate the
tumor immune microenvironment of the entire HCC tumor.

� Most HCC tumors displayed uniform expression of PD-L1 in
different regions within each tumor.

� Intratumor tertiary lymphoid structures are rare in HCC, and
are prone to spatial heterogeneity.
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Lay summary
Heterogeneity in the regional immune
microenvironments of tumors has been
reported in patients with hepatocellular
carcinoma. This heterogeneity could be an
obstacle when trying to reliably evaluate
the immune microenvironment of an
entire tumor using only a single-region
tumor sample, which may be the only
option in patients with more advanced
disease. Our study utilized both immuno-
histochemical and transcriptomic analy-
ses to demonstrate that a single-region
sample is reliable for evaluation of tumor
immune microenvironments in 60–70% of
patients with hepatocellular carcinoma.
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Background & Aims: Intratumor heterogeneity has frequently

been reported in patients with hepatocellular carcinoma
(HCC). Thus, the reliability of single-region tumor samples for
evaluation of the tumor immune microenvironment is also
debatable. We conducted a prospective study to analyze the
similarity in tumor immune microenvironments among differ-

ent regions of a single tumor.
Methods:Multi-region sampling was performed on newly
resected tumors. The tumor immune microenvironment was
evaluated by immunohistochemical staining of PD-L1, CD4,
CD8, CD20, FoxP3, DC-LAMP (or LAMP3), CD68, MPO, and ter-
tiary lymphoid structures (TLSs). PD-L1 expression was manu-
ally quantified according to the percentage of PD-L1-stained
tumor or stromal cells. The densities (number/mm2) of immune
cells and the number of TLSs per sample were determined by
whole-section counting. RNA-sequencing was applied in
selected samples. Similarities in tumor immune microenviron-
ments within each tumor were evaluated by multivariate Maha-
lanobis distance analyses.
Results: Thirteen tumors were collected from 12 patients. The
median diameter of tumors was 9 cm (range 3–16 cm). A med-
ian of 6 samples (range 3–12) were obtained from each tumor.
Nine (69.2%) tumors exhibited uniform expression of PD-L1 in
all regions of the tumor. Out of 13 tumors analyzed by immuno-
histochemical staining, 8 (61.5%) tumors displayed a narrow
Mahalanobis distance for all regions within the tumor; while
8 (66.7%) of the 12 tumors analyzed by RNA-sequencing dis-
played a narrow Mahalanobis distance. Immunohistochemistry
and RNA-sequencing had a high concordance rate (83.3%; 10 of
12 tumors) for the evaluation of similarities between tumor
immune microenvironments within a tumor.
Conclusions: A single-region tumor sample might be reliable
for the evaluation of tumor immune microenvironments in
approximately 60–70% of patients with HCC.
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Lay summary: Heterogeneity in the regional immune microen-
vironments of tumors has been reported in patients with hepa-
tocellular carcinoma. This heterogeneity could be an obstacle
when trying to reliably evaluate the immune microenvironment
of an entire tumor using only a single-region tumor sample,
which may be the only option in patients with more advanced

disease. Our study utilized both immunohistochemical and
transcriptomic analyses to demonstrate that a single-region
sample is reliable for evaluation of tumor immune microenvi-
ronments in 60–70% of patients with hepatocellular carcinoma.
� 2019 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction
Identification of tissue-based immunological biomarkers is a
critical step toward personalized immunotherapy and is usually
conducted using formalin-fixed paraffin-embedded (FFPE) sec-
tions from a core biopsy specimen or a wax block from a previ-
ously resected tumor. However, the identification of predictive
biomarkers for programmed cell death-1 (PD-1) inhibitors in
patients with hepatocellular carcinoma (HCC) has not been
achieved. Theoretically, the expression of programmed cell
death ligand 1 (PD-L1) or the quantification of tumor-
infiltrating T cells could predict responses to PD-1/PD-L1 block-
ade. However, none of these methods could clearly differentiate
responders from non-responders in clinical trials.1,2

One of the possible barriers to successful tissue-based bio-
marker identification is the considerable spatial heterogeneity
of PD-L1 expression, T cell infiltration, or other immunological
biomarkers within a tumor. For example, discordance of PD-L1
expression in different regions of a tumor has frequently been
reported in cancer types with a higher mutational burden, such
as non-small-cell lung cancer, melanoma, and head and neck
cancer.3–7 Some PD-L1-positive tumors may be misclassified
as PD-L1-negative tumors, which leads to an unexpectedly high
response rate of PD-1/PD-L1-blockade in patients with PD-L1-
negative tumors. If the potential spatial heterogeneity of
immunological biomarkers is a serious concern, multi-region
tumor samples are preferred for biomarker studies to avoid
biased biomarker-based patient selection or outcome correla-
tion. Nevertheless, multi-region tumor samples are generally
unavailable in cancer patients with disseminated metastasis
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when core needle biopsy is the only method for obtaining tumor
tissue for analysis.

As more novel immunotherapies targeting various immune
cells, such as macrophages, regulatory T cells (Treg), and natural
killer (NK) cells, are emerging for patients with HCC, biomarker
studies beyond PD-L1 expression or T cell infiltration are
expected in the near future. It remains to be determined
whether a random, single-region HCC sample is reliable for
evaluating the complex tumor immune microenvironment of a
whole tumor.

To address this concern, we conducted a prospective study to
analyze the similarity in tumor immune microenvironments
among different regions of a single resected tumor through con-
ventional immunohistochemistry (IHC) and RNA-sequencing
(RNA-seq) analyses.

Patients and methods
This study was approved by the Research Ethic Committee of
National Taiwan University Hospital, Taiwan (REC no.
201702074RINA), and was conducted in compliance with the

Top-to-bottom view
A

B
One sample (e.g. r1)

CD4
CD8
CD20 
Foxp3 
CD68
MPO 
DC-LAMP 
PD-L1

IHC staining

C
One sample (e.g. r1)

Sequencer

RNA-seq

Fig. 1. Study schema. (A) Newly resected tumors were collected for multi-regi
and genomic studies. (B, C) Immune tumor microenvironment was evaluated as
(B) and RNA-seq (C). The similarities in immune tumor microenvironments amo
distance analysis. DC, dendritic cell; FFPE, formalin-fixed, paraffin-embedded;

cells; Tc, cytotoxic T cells; Treg, regulatory T cells; TLS, tertiary lymphoid struct
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Declaration of Helsinki and other ethical guidelines. The study
schema is shown in Fig. 1.

Patients
Patients with resectable HCC were asked before surgery to pro-
vide fresh tumor tissue and clinicopathological information.
Written informed consent was required for each patient. The
clinicopathological information was captured from the hospital
electronic medical record system.

Tumor tissue
Multi-region sampling was conducted as shown in Fig. 1A. Mul-
tiple tumor samples were randomly collected using punch
biopsy kits (4 or 8 mm in diameter, chosen according to tumor
size) with necrotic or hemorrhagic areas avoided.

IHC analysis
IHC staining was performed using a Ventana BenchMark XT
autostainer (Roche, Basel, Switzerland). Consecutive 5 lm-
thick FFPE sections were deparaffinized, rehydrated, and pre-
treated in CCl (pH 8.0) for 20 min at 100 �C for antigen retrieval.
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The sections were incubated with primary antibodies for 16 min
at 37 �C followed by visualization with the OptiView DAB IHC
detection kit (Roche). The primary antibodies used were PD-L1
(E1L3N, 1:200) from Cell Signaling (Danvers, MA, United States);
CD4 (IF6, 1:50) from Leica (Newcastle Upon Tyne, United King-
dom); CD8 (C8/144B, 1:100), CD20 (L-26, 1:200), CD68 (KP-1,
1:5,000), and myeloperoxidase (MPO) (Polyclonal, 1:1,000) from
Dako (Santa Clara, CA, United States); forkhead box P3 (Foxp3)
(236 A/E7, 1:100) from Abcam (Cambridge, United Kingdom);
and dendritic cell-lysosomal associated membrane protein
(DC-LAMP [also called LAMP3]) (HPA051467, 1:50) from Sigma
(Munich, Germany). Histological images of each sample were
acquired under 100� magnification (for all markers except
DC-LAMP) or 200� magnification fields (for DC-LAMP only)
regardless of immune cell abundances. Basically, the selected
fields covered almost the whole section except the areas with
hemorrhage or necrosis.

Membranous staining was positive for all markers except
Foxp3 (nuclear staining). PD-L1 expression was manually
assessed by a skilled independent pathologist (YMJ), and was
scored as: 0 (<1% of tumor or stromal cells stained); 1 (1%–
10% of tumor or stromal cells stained); 2 (10%–50% of tumor
or stromal cells stained); or 3 (>50% of tumor or stromal
cells stained). Tertiary lymphoid structures (TLSs), which are
lymphoid-like clusters of immune cells, were assessed on
DC-LAMP-stained slides under 200� magnification. TLSs were
further categorized into 2 subtypes: lymphoid aggregates (no
DC-LAMP+ dendritic cells within the lymphoid cluster) and fol-
licles (DC-LAMP+ dendritic cells within the lymphoid cluster).8

The number of TLSs per sample was determined by manual
counting. Immune cells in the TLSs were not excluded from
counting. The density of immune cells (number/mm2) was
determined as the average number of marker-positive cells
under a 100� microscopic field (equal to 1.18 mm2) or a 200�
microscopic field (equal to 0.293 mm2) using ImageJ software
(NIH; Maryland, MD, United States), and was reviewed by an
independent pathologist (YMJ).

RNA-seq
Parts of samples were selected for RNA-seq based on 2 criteria:
first, adequate RNA quality and quantity; and second, disperse
locations within the same tumor. Total RNA was extracted from
frozen snaps using an AllPrep DNA/RNA mini kit (Qiagen, Hil-
den, Germany). Poly-A enriched strand-specific libraries were

genes. The genes in the immune signatures of interest are listed
in the supplementary methods.

Statistical analysis
Correlation matrices were computed based on the Spearman
correlation coefficients using GraphPad Prism 8.0 software
(San Diego, CA, USA). Immune cell densities between different
clinicopathological variables were compared using a Mann-
Whitney U test. A p value of <0.05 was considered statistically
significant.

A Mahalanobis distance analysis12 was used to evaluate sim-
ilarities in the tumor immune microenvironments of random
tumor samples within a given tumor. In brief, the Mahalanobis
distance analysis was used to calculate the distance from each
region to the centroid in a multidimensional space by taking
both variances and covariances into account. The formula is as
follows:

dr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xr � lR

� �TS�1 xr � lR

� �q

where dr is the Mahalanobis distance of a specific region r in tumor
R; xr is the quantification level of immune markers of a region in
tumor R; lR is the mean quantification level of immune markers
in tumor R, and S is the covariance matrix of all markers. If the dis-
tance of each region within a tumor is close to 0, it indicates that the
tumor immune microenvironment is similar across different
regions. Similarity in the tumor immune microenvironments of
samples within a tumor was arbitrarily defined as a distribution of
distance within the range of 0–10. To evaluate which immunological
marker contributed most to dissimilarity in tumor immune
microenvironments, we excluded 1 immunological marker from
the Mahalanobis distance analysis each time. An immunological
marker was considered the main contributor to dissimilarity if the
range of distance distribution became narrow upon exclusion.

Results
Fourteen tumors were obtained from 13 patients with HCC from
May 2017 to March 2018. One tumor (tumor number 10) was
excluded from further IHC because of severe intratumor
hemorrhage. Finally, 13 newly resected HCC (11 HBV-related;
2 non-HBV, non-HCV-related) tumors were subjected to IHC.
The median tumor diameter was 9 cm (range 3–16 cm). The
clinicopathological characteristics of the patients and their
tumors are shown in Table 1. A median of 6 samples (range
3–12) were obtained from each tumor. Out of 79 samples, 77
were adequate for IHC analyses. Forty-one samples from 12
tumors (median 3 samples per tumor, range 2–5) were
subjected to RNA-seq (tumor number 6 was excluded from
RNA-seq study due to poor RNA quality in most samples).

PD-L1 expression
PD-L1 expression is shown in Table 2 and Fig. S1. Of 13 tumors,
8 (61.5%) and 1 (7.7%) had uniform scores for PD-L1 expression
of 0 and 1, respectively, across different regions within the
tumor. Collectively, 9 (69.2%) of 13 tumors had concordant
PD-L1 expression within the tumor. Furthermore, regions with
a score of 1 for PD-L1 expression were associated with higher
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generated with the TruSeq� stranded mRNA library prep kit
(Illumina, San Diego, United States) following the manufac-
turer’s instructions. Sequencing was performed on HiSeq HTv4
platform with 2� 150 cycles at NGS High Throughput Genomics
Core at Biodiversity Research Center, Academia Sinica (Taipei,
Taiwan).

Trimming adaptor sequences and removing reads of low
quality were performed by cutadapt (v2.3). Quantified reads
were aligned to the human genome (GRCh38.p12) by STAR
(v2.6.1 a)9 and then gene-level read counts were generated
based on the annotations of Gencode (v28).10 Gene-level read
counts cross all samples were normalized using the trimmed
mean of M-values method as implemented in the calcNormFac-
tors function of edgeR package11 and gene expression in terms
of log2(CPM + 1) (counts per million reads) was computed for
further analysis. The abundance of each immune cell type was
estimated as the average expression level of the corresponding
Journal of Hepatology 2
densities of CD4+ helper T cells, CD8+ cytotoxic T cells, Foxp3
+ Tregs, CD68+ macrophages, and DC-LAMP+ mature dendritic
cells (p value: <0.05 for all; Fig. S2).
020 vol. 72 j 489–497 491
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Table 1. Clinicopathological features of patients and their tumors.

Tumor
no.

Patient

Age
(years)

Sex Etiology AFP
(ng/ml)

ALBI
grade

HBV DNA
(103 IU/ml)*

1 74 M HBV 5.48 1 n.a.
2 42 F HBV 32,635.99 2 1,020

3 57 M HBV 14.66 2 16.3

4 68 M HBV 6.64 1 n.a.

5 64 M HBV 3,105.09 2 0.184
6
7 55 M HBV 95.81 1 286
8 54 M NBNCa 34,497.59 1 n.a.
9 57 M HBV 6.67 1 n.a.
11 53 M HBV 6,317.9 1 2.41
12 59 F NBNC 217.15 2 n.a.
13 65 M HBV 50.93 1 n.a.
14 65 M HBV 564.18 2 n.a.

AFP, alpha-fetoprotein; ALBI, albumin-bilirubin; n.a., not available; NBNC, non-HBV an
* HBV DNA levels were retrospectively extracted from the hospital electronic medical
a Anti-HBcAb (+), indicating resolved HBV infection.
b Longest diameter measured in the resected specimen.
c The morphological pattern of each tumor was captured from the electronic patholog

Table 2. PD-L1 expression.

Tumor
no.

Number of
samples

Score 0 Score 1 Score 2 or
3

Number
(%)

Number
(%)

Number
(%)

1 6 6 (100) 0 (0) 0 (0)
2 11 2 (18.2) 9 (81.8) 0 (0)
3 9 9 (100) 0 (0) 0 (0)
4 5 3 (60) 2 (40) 0 (0)
5 6 6 (100) 0 (0) 0 (0)
6 7 6 (85.7) 1 (14.3) 0 (0)
7 6 6 (100) 0 (0) 0 (0)
8 4 0 (0) 4 (100) 0 (0)
9 4 4 (100) 0 (0) 0 (0)
11 5 3 (60) 2 (40) 0 (0)
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Tertiary lymphoid structures
The number of TLSs per region are plotted for each tumor in
Fig. 2A. Sixty-six TLSs were identified in 24 of 77 regions.
Thirty-six (54.5%) and 30 (45.5%) TLSs were lymphoid aggre-
gates and follicles, respectively (representative images are pro-
vided in Fig. 2B). Five tumors had no TLSs in any region within
the tumor, and 1 tumor had at least 1 TLS in every region within
the tumor. Therefore, there was concordance between random
samples for the identification of TLSs in 6 (46.2%) out of 13
tumors.

Tumor-infiltrating immune cells
The immune cell densities per region are plotted for each tumor
in Fig. 3 (representative images in Fig. S3). Tumor number 2, 4, 5
and 7 appeared to exhibit wider ranges of densities for multiple
immune cell types within the tumor. In addition to the mutual
correlation between Foxp3+ Tregs and CD4+ helper T cells

12 6 6 (100) 0 (0) 0 (0)
13 3 3 (100) 0 (0) 0 (0)
14 5 5 (100) 0 (0) 0 (0)
(Spearman’s correlation coefficient, r = 0.738), higher cell

492 Journal of Hepatology 2
A TLS
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12

Tumor Non-
tumor
liver

Diameterb

(cm)
Morphological

patternc
Edmondson

grade
MVI Ishak

score

3 Trabecular 2 No 1
15.5 Trabecular/compact

solid
3 Yes 4

16 Trabecular/clear cell/
pseudoglandular

3 Yes 3

3.5 Trabecular/
pseudoglandular

2 No 6

12 Trabecular 2 No 1
14 Trabecular 2 No 1
9 Trabecular 2 Yes 2

13.8 Trabecular 3 Yes 1
9.5 Trabecular/scirrhous 2 Yes 3
9 Compact solid/trabecular 3 No 3

11.2 Trabecular/clear cell 3 No 3
6 Trabecular 2 No 2

7.5 Trabecular 3 Yes 6

d non-HCV; MVI, microvascular invasion.
record system.

y report system.
density correlations within a sample were noted between CD8
+ cytotoxic T cells and CD4+ helper T cells (r = 0.6411); Foxp3
+ Tregs (r = 0.6348); CD20+ B cells (r = 0.6137); and between
CD4+ helper T cells and CD68+ macrophages (r = 0.6121)
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Fig. 2. TLSs in HCC. (A) The number of TLSs per region was plotted for each
tumor. (B) Representative images of lymphoid aggregates (left; DC-LAMP+
DCs were absent within the lymphoid cluster) and lymphoid follicles (right;
DC-LAMP+ DCs were present within the lymphoid cluster). Both were
acquired on DC-LAMP-stained slides at 200x magnification. DCs, dendritic
cells; HCC, hepatocellular carcinoma; TLSs, tertiary lymphoid structures.
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(p value: <0.0001 for each; Fig. S4). The correlations between
various immune cell densities per region and corresponding
clinicopathological features of the patient or tumor are shown
in Fig. S5.

Similarity in tumor immune microenvironments within a
tumor using IHC analysis

tance within the tumor. Most notably, the Mahalanobis distance
of each region in tumor number 4 was >10, and did not drop to
<10 after the exclusion of any immunological markers from the
analysis. This suggests that tumor number 4 had highly dissim-
ilar tumor immune microenvironments across different regions
within the tumor.

Similarity in tumor immune microenvironments within a
tumor using RNA-seq data
In selected regions where both IHC and RNA-seq data were
available, the abundance of each immune cell type or feature
measured by IHC staining generally correlated with the abun-
dance measured by the corresponding transcriptomic signa-
tures (p <0.05), except for the abundance of dendritic cells
(Fig. S6).

The IHC analyses on these selected regions (Fig. 5), compared
to those on all regions (Fig. 4), identified the same 8 tumors
(tumor number 1, 3, 8, 9, 11, 12, 13, and 14) displaying a narrow
range of Mahalanobis distance distribution (0–10) for each
tumor. Meanwhile, the RNA-seq analyses identified 8 tumors
(tumor number 1, 3, 7, 8, 9, 12, 13 and 14) displaying a narrow
range of Mahalanobis distance distribution (arbitrarily defined
as 0–5) for each tumor. Overall, the 2 methods reached a high
concordance rate (10/12; 83.3%) in evaluating the similarity in
immune microenvironments within a tumor.

Given RNA-seq data can provide more comprehensive
immunological findings, we also performed Mahalanobis dis-
tance analyses for other immune-related pathways (Fig. S7).
As expected, RNA-seq analyses identified more tumors with dis-
similar immune microenvironments, particularly with regard to
cytokines, ligands and receptors (Fig. S7B).

Discussion
The heterogeneity of tumor immune microenvironments is a
potential obstacle for the identification of immunologic
biomarkers and the development of personalized immunother-
apy. The current study investigated similarity in tumor immune
microenvironments among different regions of a tumor and
revealed that a single-region tumor sample might reliably rep-
resent the tumor immune microenvironment of an entire tumor
in approximately 60–70% of HCC tumors.

Studies evaluating the immune microenvironment of HCC
tumors have mainly focused on interpatient heterogeneity and
its clinical or molecular correlations.13–26 Only a few studies
have adopted multi-region analysis to investigate spatial intra-
tumor heterogeneity of the immune microenvironment of HCC
tumors. Shi et al.27 evaluated similarity in T cell receptor
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Fig. 3. Immune cell constitution in HCC tumors. Each dot denotes the
immune cell density of a sample. Mean and standard deviation of immune
cell densities in each tumor are shown. The dotted lines in each figure denote
the 25th, 50th, and 75th percentiles of the entire data set. HCC, hepatocellular
carcinoma.
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The results of the Mahalanobis distance analysis are shown in
Fig. 4. Eight (61.5%) of 13 tumors had a narrow range (0–10)
of Mahalanobis distance for all regions within the tumor, indi-
cating a similar tumor immune microenvironment within each
tumor.

For tumor number 5 and 6, only 1 or 2 (11.1%–33.3%) regions
of each tumor were outliers (Mahalanobis distance of >10), and
the remaining regions were close to each other. The outliers of
tumor number 5 were more likely attributed to CD20 and
MPO, and the outlier of tumor number 6 was attributed to
PD-L1 (mainly) and CD68.

Tumor number 2, 4 and 7 were not only characterized by a
wider range of Mahalanobis distance distribution (from 0 to
more than 10) but also by a higher diversity of Malalanobis dis-
Journal of Hepatology 2
(TCR) repertoires among different regions of a given tumor,
and 21 regions were sampled from 5 resected HCC tumors. They
found that only a few TCRb repertoires were ubiquitously pre-
sent in all regions within a tumor, indicating the high spatial
heterogeneity of T cells in HCC tumors. Kurebayashi et al.28 clas-
sified HCC into 3 immunosubtypes, immune-high, immune-mid
and immune-low, through a multiplex IHC panel by using 919
random samples from 158 resected HCC tumors. More than
50% of HCC tumors could not be subjected to uniform immuno-
subtyping in all regions within the same tumor, suggesting con-
siderable spatial heterogeneity in tumor immune
microenvironment. The current study focused on one pivotal
clinical question, namely the reliability of a single-region tumor
specimen for providing a complete picture of the tumor
020 vol. 72 j 489–497 493
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immune microenvironment of HCC tumors. Given that the cor-
relations between the abundance of each immune cell type and
clinical outcomes are unclear, any classification based on an
arbitrary cut-off value, such as the median level of abundance,
may be misleading. Therefore, we considered the tumor
immune microenvironment as a whole and evaluated the simi-
larity in the tumor immune microenvironments among differ-
ent regions within a tumor. Unexpectedly, we found that
spatial heterogeneity of immune tumor microenvrionment is
not as significant as expected.

We identified 4 tumors (tumor number 2, 4, 5, and 7)
through IHC method and 4 tumors (tumor number 2, 4, 5, and
11) through RNA-seq method, which displayed higher diversity
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Fig. 4. Similarities in immune tumor microenvironments among different
of a region within the tumor. Median of the distribution is shown. The top
immunological markers (7 immune cell types, TLSs and PD-L1) were considered
marker was excluded. IHC, immunohistochemistry; TLSs, tertiary lymphoid st
of tumor immune microenvironments within each tumor, for
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which single-region samples were not adequate to provide cor-
rect interpretation. Larger tumors were initially considered to
be more heterogeneous in tumor immune microenvironment,
given that immune cells may not reach the central hypovascular
region. However, tumor number 4, which exhibited markedly
high dissimilarity in tumor immune microenvironments among
regions, was a small tumor (3.5 cm in diameter). Therefore, the
high dissimilarity in tumor immune microenvironments was
probably more related to inherent characteristics rather than
tumor size. Our preliminary data showed that the regional dis-
similarity in tumor immune microenvironments of a tumor
determined by IHC, compared to that determined by RNA-seq,
correlated better with genomic intratumor heterogeneity (data
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not shown). We reasoned that the dissimilarity in tumor
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regions with both IHC and RNA-seq data within a tumor. Each dot denotes
immune microenvironments was closely related to the genomic
intratumor heterogeneity. Our hypothesis is supported by a
recent study of non-small-cell lung cancer, which suggests that
different regions of a tumor may undergo different stages of
immune-editing of neoantigen-harboring cancer cells.29 The
effects of genomic and immune intratumor heterogeneity on
the efficacy of immunotherapy are worthy of further
investigation.

The interpretation of PD-L1 expression in tumor tissue has

the Mahalanobis distance of a region within the tumor. Median of the
distribution is shown. The top panel shows the Mahalanobis distance plot by
IHC (7 immune cell types defined by a single immune marker for each cell
type, PD-L1 and TLSs). The bottom panel shows the Mahalanobis distance plot
through RNA-seq data (7 immune cell signatures, PD-L1, and TLS signature).
IHC, immunohistochemistry; RNA-seq, RNA sequencing; TLSs, tertiary lym-
phoid structures.
been problematic in all types of cancer. In the current study,
we used E1L3N PD-L1 antibodies, which have comparable per-

formance to approved diagnostic antibodies in non-small-cell
lung cancer, and semi-quantified PD-L1 expression into scores
of 0, 1, 2, and 3 according to the percentage of PD-L1-stained
viable tumor or stromal cells. To address the spatial intratumor
heterogeneity of PD-L1 expression, we did not define PD-L1 pos-
itivity; instead, we compared the semi-quantitative scores of
PD-L1 expression for different regions within a tumor. We found
that approximately 70% of HCC tumors had concordant scores of
PD-L1 expression in all regions within each tumor. Our results
indicate that a single-region sample is reliable for reflecting
the PD-L1 expression of an entire tumor in most patients with
HCC. In addition, the samples with a score of 1 for PD-L1 expres-
sion, compared with those with a score of 0, were more
inflamed (Fig. S2). Our results, consistent with others’ find-
ings,30 suggest that PD-L1 expression in HCC is an adaptive
response to pre-existing immunity that enables cancer cells to
escape from immune-mediated cell killing, and is therefore cor-
related with poor prognosis.31–33

TLSs have been considered essential for shaping a favorable
tumor immune microenvironment for better tumor control
through the in situ generation of antitumor cellular and humoral
immune responses.34 Calderaro et al.26 found that 47% of 273
patients with early-stage HCC had at least 1 intratumor TLS
based on morphological findings in hematoxylin/eosin-stained

slides. Moreover, the presence of TLSs was correlated with a

lower risk of early relapse, and the correlation was even stron-
ger for more mature TLSs (lymphoid follicles) than less mature
early TLSs (lymphoid aggregates). It suggests that the presence
of mature TLSs comprising activated dendritic cells, with or
Journal of Hepatology 2
without the germinal center reaction, is an important prognos-
tic factor in HCC. The current study used DC-LAMP, instead of
morphological features, to differentiate lymphoid follicles from
lymphoid aggregates, because DC-LAMP is considered to be the
most reliable marker of activated dendritic cells.35,36 We
revealed that 8 (61.5%) out of 13 HCC tumors had at least 1
TLS in any region of the tumor, and most of those tumors had
both lymphoid aggregates and follicles (data not shown). The
higher prevalence of TLSs in our study was most likely due to
the use of multi-region analysis. Furthermore, we showed that
the reliability of a single-region sample in TLS identification is
relatively low (46.2%) because of its rarity, and any mature or
immature TLS-derived clinical correlations should be inter-
preted with caution.

Peritumor, rather than intratumor, immune cell infiltration
has been correlated with better outcomes in colorectal cancer37,
but the prognostic role of peritumor immune cell infiltration
remains unclear in HCC. We also assessed the similarities of
the peritumor immune cell infiltration between samples ran-
domly taken from the invasive margin (Fig. S8A). As previously
reported38,39,13,40, peritumor densities of each immune cell type
are higher than the corresponding intratumor densities. Inter-
estingly, tumors which are dissimilar in intratumor immune
microenvironment tend to be dissimilar in peritumor immune
microenvironment too (Fig. S8B, C). This suggests that peritu-
mor immune cell infiltration is also shaped by tumor-intrinsic
characteristics. However, peritumor immune infiltration can
only be examined on archived surgical specimens, not on the
biopsy specimens which typically are not taken from the inva-
sive margin. Therefore, exploration of similarity of peritumor
immune microenvironments is outside the scope of our study.

This study had several limitations. First, the sample size was
relatively small, and most tumors were HBV-related. This may
raise concerns regarding whether the results are generalizable
to HCC of other etiologies. Second, conventional IHC cannot fully
characterize the functional status of immune cells, such as
naïve, effector, memory, or exhausted T cells; M1- or M2-
polarized macrophages; and granulocytic- or monocytic-
myeloid derived suppressor cells. Ideal methods that are appli-
cable to clinically available FFPE specimens include multiplexed
fluorescent IHC28 and mass spectrometry-based multiplexed ion
beam imaging.41,42 However, both are not routinely used in clin-
ical research. Third, in the current study, we did not intend to
investigate the inter-tumor heterogeneity in tumor immune
microenvironments, such as the reliability of a single-region
sample for evaluating similarities in tumor immune microenvi-
ronments between different tumors in the same patient.

In conclusion, we demonstrated that a single-region tumor
specimen might be reliable for evaluating the tumor immune
microenvironment of an entire tumor in approximately 60–
70% of patients with primary HCC. Our results will help improve
the interpretation of clinical correlations based on tumor
immune microenvironments.
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