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Abstract

Background: Reversal of CD8 T-cell exhaustion was consid-
ered a major antitumor mechanism of anti-programmed cell
death-1 (PD-1)/ anti-programmed death ligand-1 (PD-L1)-
based immune checkpoint inhibitor (ICl) therapy. Objec-
tives: The aim of this study was to identify markers of T-cell
exhaustion that is best associated with ICl treatment efficacy
for advanced hepatocellular carcinoma (HCC). Methods: Im-
mune cell composition of archival tumor samples was ana-
lyzed by transcriptomic analysis and multiplex immunofluo-
rescence staining. Results: HCC patients with objective re-
sponse after anti-PD-1/anti-PD-L1-based ICl therapy (n = 42)
had higher expression of genes related to T-cell exhaustion.
A 9-gene signature (LAG3, CD244, CCL5, CXCL9, CXCL13,
MSR1, CSF3R, CYBB, and KLRK1) was defined, whose expres-
sion was higher in patients with response to ICl therapy, cor-
related with density of CD8*LAG3* cells in tumor microenvi-

ronment, and independently predicted better progression-
free and overall survival. This 9-gene signature had similar
predictive values for patients who received single-agent or
combination ICI therapy and was not associated with prog-
nosis in HCC patients who received surgery, suggesting that
it may outperform other T-cell signatures for predicting ef-
ficacy of ICI therapy for HCC. For HCC patients who under-
went surgery for both the primary liver and metastatic lung
tumors (n = 31), lung metastatic HCC was associated with a
higher exhausted CD8 T-cell signature, consistent with prior
observation that patients with lung metastatic HCC may
have higher probability of response to ICl therapy. Conclu-
sions: CD8 T-cell exhaustion in tumor microenvironment
may predict better efficacy of ICl therapy for HCC.
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Introduction

Immune checkpoint inhibitor (ICI) therapy targeting
the programmed cell death-1 (PD-1)/programmed death
ligand-1 (PD-L1) pathway has been approved for the
treatment of more than 10 cancer types [1, 2]. For patients
with advanced hepatocellular carcinoma (HCC), the anti-
PD-1 agents’ nivolumab and pembrolizumab demon-
strated an objective response rate (ORR) of approximate-
ly 15% and median overall survival (OS) of about 1 year
in patients who had prior treatment with sorafenib [3, 4].
Unfortunately, this initial promising antitumor activity
of anti-PD-1 ICI therapy was not translated into OS ben-
efit when compared with sorafenib as first-line therapy
[5] or with placebo as second-line therapy [6].

The most extensively studied biomarkers for anti-
PD-1ICItherapyinclude tumor mutation burden (TMB),
expression of PD-L1 in tumor or immune cells, and ex-
pression patterns of immune-related genes in the tumor
microenvironment [7-9]. However, the predictive value
of TMB and PD-L1 expression for HCC was difficult to
establish because of the low incidence of high TMB or
high PD-L1 expression in HCC tumors [10, 11]. Immune-
related gene signatures were recently shown to correlate
with objective tumor response and survival in HCC pa-
tients who received nivolumab therapy [12]. The clinical
utility and the biological implications of specific genes in
these signatures are worthy of further exploration.

Reversal of CD8 T-cell exhaustion was considered a
major antitumor mechanism of ICI therapy [13, 14]. The
concept of CD8 T-cell exhaustion was originally estab-
lished primarily by studies using models of chronic viral
infection [15-17]. Cancer-induced T-cell exhaustion
shares the common features of chronic antigen exposure
as viral infection, but additional confounding factors,
such as tumor-intrinsic genetic and epigenetic abnormal-
ities and immune suppression induced by prior antican-
cer therapy, should be considered in defining the bio-
markers of cancer-related T-cell exhaustion [18].

In this study, we analyzed the immune cell composition
of the archival HCC tumor samples from the HCC patients
who received anti-PD-1/anti-PD-L1-based ICI therapy by
using multiplex immunofluorescence staining and tran-
scriptomic analysis of immune-related genes, and markers
of CD8 T-cell exhaustion were found to be associated with
superior treatment efficacy. Tumor samples from addi-
tional cohorts of HCC patients who underwent surgery
were analyzed to explore the potential prognostic value of
T-cell exhaustion biomarkers and the validity of using ar-
chival tumor tissue for the prediction of treatment efficacy.

CD8 T-Cell Exhaustion in HCC

Materials and Methods

Patients

This study was approved by the Research Ethics Committee, Na-
tional Taiwan University Hospital (Approval Nos. 201308035RINC
and 201706007RINA). Archival tumor tissues obtained from 2 co-
horts of HCC patients were analyzed for potential predictors of re-
sponse to anti-PD-1/anti-PD-L1 therapy.

The first cohort consisted of patients who underwent anti-
PD-1/anti-PD-L1-based therapy at National Taiwan University
Hospital (the ICI therapy cohort). Archival tumor tissue from pri-
or surgery with curative intent or excisional biopsy of metastatic
lesions before the start of ICI therapy was obtained for biomarker
research, and all the patients signed written informed consent for
this study. Treatment response was evaluated by imaging accord-
ing to Response Evaluation Criteria in Solid Tumors 1.1. The sec-
ond cohort consisted of HCC patients who had received surgery
for both the primary liver and the metastatic lung tumors at NTUH
and was used to explore the potential difference in the tumor im-
mune microenvironment (the primary-metastasis cohort).

Transcriptomic Analysis of Immune-Related Genes

The sections of the formalin-fixed, paraffin-embedded (FFPE)
tissue (10-um thick) were first examined by the pathologist (Y.M.].)
to determine the tumor area. Total tumor RNA was extracted us-
ing the RNeasy FFPE Kit (Qiagen, Valencia, CA, USA) and hybrid-
ized to nCounter® probes for the 770 predefined genes of the Pan-
Cancer Immune Profiling Panel (NanoString Technologies Inc.,
Seattle, WA, USA). Gene counts for each individual sample were
normalized by the trimmed mean of M-values method [19] and
quantile normalization and then converted to log-transformed
counts per million for further analysis. Immune cell composition
of each sample was calculated as the average expression of the cor-
responding marker genes of each immune cell type, as defined by
Danabher et al. [20]. The published immune-related signatures that
may help predict response to ICI therapy in various cancers were
used to assess the prediction ability of ICI treatment response in
HCC 9, 12,20-26] (detailed description and methods listed in the
online suppl. Methods and Materials; for all online suppl. material,
see www.karger.com/doi/10.1159/000515305).

Multiplex Immunofluorescence Staining

The FFPE tissue sections were studied by using the Polaris®
system (PerkinElmer, Waltham, MA, USA) with the Opal™ 7 Sol-
id Tumor Immunology Kit (OP7TL4001KT) or the customized
Opal 4-color panel according to the manufacturer’s instructions.
The Opal4-Color anti-rabbitautomation IHCKit (NEL830001KT)
was used to measure LAG3 and PD1 expression that was associ-
ated with CD8 T-cell exhaustion (see online suppl. Fig. 1; online
suppl. Table 1 for detailed procedures).

External Data of HCC Gene Expression Patterns

The Cancer Genome Atlas Liver HCC (TCGA-LIHC) RNA-
seq and clinical data were fetched via the Genome Data Commons
data portal. Gene-level read counts across all the samples were nor-
malized using the Trimmed Mean of M-values method [19]. OS
and progression-free survival (PFS) data from the TCGA-LIHC
were collected and standardized as previously described [27]. The
immune subtypes of TCGA-LIHC were defined by previous study
[28].
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Comparison of Immune Profiles between Primary and

Metastatic HCC

Multiplex immunofluorescence staining and transcriptomic
analysis using the Nanostring method were performed for FFPE
tumor samples from the primary-metastasis cohort. The similarity
of immune cell compositions between the matched primary and
metastatic tumors was determined by calculating the Pearson cor-
relation coefficient. The background distribution of the immune
cell composition similarity for the matched primary-metastatic tu-
mors was estimated by shuffling the relationships of the matched
primary-metastatic tumors. To compare the distribution of simi-
larity in the matched normal liver and lung tissues, the RNA-seq
datasets from the 192 normal liver-lung tissue pairs were obtained
from the Genotype-Tissue Expression data portal. The gene-level
read counts from Genotype-Tissue Expression were normalized as
described above.

Statistical Analysis

The Kaplan-Meier curves were used to assess the correlation
between immune cell abundance/score and survival (OS and PFS).
The samples were stratified into 2 groups based on the median
value of the given features, and the log-rank test was used to assess
the difference. Hazard ratios of various immune cell abundance
and scores for OS and PFS without/with adjustment of clinical-
pathological variables were estimated by the Cox proportional
hazards model. For the Cox model, each immune cell abundance
or score was standardized to have a mean of 0 and a standard de-
viation of 1. To avoid the overfitting of the models, the clinical-
pathological characteristics with frequency >20% of the given co-
hort were considered in the multivariate analyses. All of the analy-
ses mentioned above were performed in the R language (v 3.5.2).

Data Availability

The raw and processed data of the IO cohort and the primary-
metastatic cohort are all available in GEO with accession numbers
GSE140901 and GSE141016, respectively.

Results

Prediction of ICI Efficacy by Transcriptomic Analysis:

Characterization of an “Exhausted” CD8 Signature

Sixty-one patients with HCC who were treated with
anti-PD1/anti-PD-L1-based therapy at National Tai-
wan University Hospital whose FFPE tumor tissues
were available were identified (online suppl. Tables 2,

Fig. 1. Exhausted CD8 T-cell signature may predict efficacy of ICI
therapy. a Flow chart of the study sample enrollment. b Heatmap
visualizing the immune cell composition of HCC tumors from the
ICI therapy discovery cohort (n = 24). ¢ PCA of the immune cell
composition across all tumors. The dot plot showed the variance
explained by the 2 principal components (PC1 and PC2). d The
bar plot showed the contribution of each immune cell type to the
PC2 of PCA in (c). e Bar plot depicting AUC for the prediction of
objective response by different immune cells. The performance of
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3). Only 42 tumors from these patients fulfilled the as-
sessment of sample quality, and the gene expression
was profiled by the NanoString nCounter platform. To
assess the robustness of the identified signatures or bio-
markers, the samples were separated into 2 groups
based on the date of enrollment: one for biomarker dis-
covery (discovery cohort, n = 24) and the other for val-
idating the finding (validation cohort, n = 18) (Fig. 1a;
online suppl. Tables 2, 3). Fewer patients in the valida-
tion cohort had macrovascular invasion and prior sys-
temic therapy, which may partly explain the reason that
the validation cohort had better PFS and OS (online
suppl. Table 2; online suppl. Fig. 2). No other signifi-
cant difference between the discovery and validation
cohorts in terms of clinical-pathological characteristics
was found. The median intervals from the obtainment
of tumor samples (from prior surgery or excisional bi-
opsy) to the start of ICI-based therapy were 1.3 years
(range 0-12.0 years) for the discovery cohort and 0.7
years (range 0-4.4 years) for the validation cohort, re-
spectively (p = 0.13 by Student’s ¢ test). The ORR of the
ICI therapy cohort was 37.7%, and there were no clini-
cal-pathological characteristics associated with ORR,
PES, or OS (online suppl. Tables 4, 5). Although the
ORR appeared higher than other trials, more balanced
numbers of responders and nonresponders for analysis
provided better statistical power for biomarker discov-
ery.

The best radiographic responses in the discovery co-
hort were 6 partial responses (PR), 10 stable diseases
(SD), and 8 progressive diseases (PD). Principal-compo-
nent analysis of the immune cell composition, measured
by gene expression patterns, indicated distinct expression
patterns between ICI responders and non-responders
(Fig. 1b), and the second principal component accounted
for the major difference (Fig. 1c). The exhausted CD8 T
cells (defined by the expression of LAG3, CD244, and
EOMES) were the major cell type accounting for the vari-
ations in second principal component (Fig. 1d), and the
exhausted CD8 T-cell signature had the best performance

a random predictor (AUC = 0.5) was denoted by the dashed line.
f Forest plots showing hazard ratios of various immune cells for
progress-free survival (PFS, left) and OS (right). Horizontal bars
represented the 95% Cls of HR. g PFS and OS curves for the 24
HCC patients stratified by the exhausted CD8 T cells. ICI, immune
checkpoint inhibitor; HCC, hepatocellular carcinoma; OS, overall
survival; PFS, progression-free survival; PC2, second principal
component; PCA, principal-component analysis; ROC, receiver-
operating characteristics; AUC, area under the ROC curve.

(For figure see next page.)
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Fig. 2. Exploration of genes associated with CD8 T-cell exhaustion.
a Correlation between the 3-gene exhausted CD8 signature (LAG3,
CD244, and EOMES) and expression of other immune-related
genes in the Nanostring panel. Genes with the Spearman’s correla-
tion coefficient (p) >0.6 were highlighted in red and labeled. b Ex-
pression profiles of the 9 genes associated with the exhausted CD8
T-cell signatures cross the 24 HCC tumors. ¢ Scatter plot between
the 3-gene and the 9-gene exhausted CD8 T-cell signatures in in-
dividual HCC tumors (Spearman’s correlation coefficient p =
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0.82). d Correlation matrix among representative T-cell-related
signatures and signatures associated with response to ICI therapy.
e The AUC for predicting objective response in the discovery co-
hort of HCC patients (n = 24) who received ICI therapy. The per-
formance of a random predictor (AUC = 0.5) was represented by
the dashed line. f The forest plots of HR for PFS (upper panel) and
OS (lower panel) determined by various signatures. Horizontal
bars represented the 95% CIs of HR. HCC, hepatocellular carci-
noma; OS, overall survival; PES, progression-free survival.
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Fig. 3. Predictive versus prognostic value of exhausted CD8 T-cell
signatures. a Multivariate analysis for PFS and OS in the discovery
cohort (n = 24). b Forest plots showing hazard ratios of various

with AUC of 0.96 for predicting objective response
(Fig. 1le). Patients with highly exhausted CD8 T cell had
significantly better PFS and OS (Fig. 1f, g).

We further identified 9 genes in the Nanostring panel
whose expression correlated highly with the exhausted
CD8 T-cell signature (Spearman’s correlation coefficient
p > 0.6, Fig. 2a, b). These genes regulated cytokine expres-
sion (CCL5, CXCL9, and CXCL13), functions of macro-
phages (MSR1 and CSF3R) or neutrophil (CYBB), and ac-
tivation of T cells or NK cells (KLRK1). Expression of this
expanded 9-gene signature correlated well with the origi-
nal 3-gene exhausted CD8 T-cell of our signature (Fig. 2c).
Correlation exhausted CD8 T-cell signatures was system-
atically compared with 11 signatures that might be associ-
ated with response to ICI therapy and 3 ICI response pre-
dictive scores (the gene list was summarized in online sup-
pl. Methods and Materials) (Fig. 2d). A high correlation
between our exhausted CD8 T-cell signatures was found
with the interferon-y signatures, a previously reported T-
cell exhaustion signature [20], and the Bristol-Myers-
Squibb (BMS) 4-gene inflammatory signature [12]. On
the other hand, the previously defined ICI response scores
were poorly correlated with our exhausted CD8 T-cell sig-
natures. The performance of the expanded 9-gene ex-

CD8 T-Cell Exhaustion in HCC

immune-related signatures for PFS (upper panel) and OS (lower
panel) in the TCGA-LIHC. Horizontal bars represented the 95%
CIs of HR. OS, overall survival; PFS, progression-free survival.

hausted CD8 T-cell signature in predicting objective re-
sponse to ICI therapy, PFS, and OS was among the best in
the signatures examined (Fig. 2e, f). Bivariate and multi-
variate analyses with other clinicopathological factors in-
dicated that the predictive value of the 9-gene exhausted
CD8 T-cell signature remained significant in most of the
subgroups (Fig. 3a; online suppl. Table 6). Similar results
were also observed in the validation cohort (online suppl.
Fig. 3). Our data support the hypothesis that gene expres-
sion profiles reflecting the T-cell functional status in the
tumor microenvironment may help predict response of
HCC patients to ICI-based therapy.

To explore whether the expression patterns may also
be of prognostic significance, regardless of the therapies
the patients may receive, the gene expression data from
the TCGA-LIHC database were used to analyze the po-
tential prognostic impact of the signatures described
above. The 9-gene exhausted CD8 T-cell signature that
we established appeared the least associated with PFS or
OS (Fig. 3b). The results indicated that in predicting ef-
ficacy of ICI therapy for HCC patients, our 9-gene ex-
hausted CD8 T-cell signature may be less confounded by
unknown immunological factors with potential prognos-
tic significance.
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Fig. 4. Validation of exhausted CD8 infiltration using multiplex im-
munofluorescence staining. a Representative images (x20 magni-
fication) from the tumors with low (top) and high (bottom) infil-
trated exhausted CD8 T cells from patients with PD or PR from the
ICI therapy cohort (right panel). Spectrally unmixed images (i);
overlaid phenotyping images of each cell type (ii). b Correlation
between the 9-gene exhausted CD8 T-cell signatures and densities
of exhausted CD8 cells (CD8"LAG3* or CD8*PD1%) calculated by
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Spearman correlation coefficient (p) in the ICI therapy discovery
cohort (n = 24). ¢ The ROC curves for the densities of exhausted
CD8 cells (CD8'LAG3" or CD8'PD1") to predict objective re-
sponse after ICI therapy. d The PFS and OS curves for patients in
the ICI therapy discovery cohort, stratified by the cell density of
exhausted CD8 (CD8*LAG3* or CD8*PD1*) T cells. OS, overall
survival; PES, progression-free survival; PR, partial response; PD,
progressive disease; ROC, receiver-operating characteristics.
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Correlation between the Exhausted CD8 T-Cell

Signature and the Expression of Exhausted CD8

T-Cell Markers in the Tumor Microenvironment

Expression of LAG3 and PD1 on CD8 T cells was mea-
sured by multiplex immunofluorescence staining in the
discovery cohort (Fig. 4a). The exhausted CD8 T-cell sig-
nature correlated significantly with the density of
CD8'LAG3™ cells, but not CD8"PD1" cells (Fig. 4b).
Higher density of CD8*LAG3* cells was associated with
better objective response to ICI therapy and longer PFS,
and OS (Fig. 4c, d). The above data support our hypoth-
esis that the biomarkers of CD8 T-cell exhaustion may
help predict efficacy of ICI therapy for HCC.

Association between Exhausted CD8 T-Cell Signature
and WNT/f-Catenin Pathway and Other Immune-
Based Classifications

Previous studies indicated that aberrant WNT/f-
catenin signaling was associated with lower ORR and
shorter PFS and OS after ICI therapy [29]. To examine the
WNT/B-catenin status of the ICI therapy cohort, we per-
formed Sanger sequencing of CTNNBI1 exon3 as well as
B-catenin and glutamine synthetase immunostaining [30,
31] (online suppl. Fig. 4a). Thirty-four of 42 subjects had
adequate tumor tissue for genomic DNA analysis. Only 1
HCC harbors CTNNB1 mutations and 4 and 6 HCCs had
nuclear p-catenin and cytoplasmic glutamine synthetase
expression, respectively (online suppl. Fig. 4b). Aberrant
B-catenin status was not strongly associated with the
treatment response to ICI, possibly because of the low
number of subjects with aberrant B-catenin status in our
cohort. This may result from the high proportion of sub-
jects with chronic hepatitis B virus infection, which was
associated with a low probability of aberrant B-catenin
status in the tumors. We further examined the exhausted
CD8 T-cell signature in TCGA-LIHC and found samples
with CTNNB1 mutation have significantly lower ex-
hausted CD8 scores (online suppl. Fig. 4c), consistent
with the previous work suggesting that the aberrant
WNT/B-catenin pathway may prevent T-cell infiltration
in HCC [22, 32, 33].

The immune-based subtypes of HCC have been com-
prehensively investigated [28, 33, 34]. To explore which
types of immune cells resided in exhausted CD8 high
samples, we utilized the CIBERSORT [35] for the decon-
volution of the ICI therapy cohort. Although the overall
number of TILs was not correlated with the 9-gene ex-
hausted CD8 T-cell signature, abundance of T cells and
macrophages was positively correlated with exhausted
CD8 T cells (online suppl. Fig. 5a, b). Higher exhausted

CD8 T-Cell Exhaustion in HCC

CD8 signature was also correlated with the immune class
HCC defined by Sia et al. [34] (online suppl. Fig. 5¢). Fi-
nally, the 9-gene exhausted CD8 T-cell signatures were
significantly enriched in the IFN-y dominant subtype of
HCC in the TCGA-LIHC database, which was classified
into 4 major immune subtypes, namely wound healing,
IFN-y dominant, inflammatory, and lymphocyte deplet-
ed [28] (online suppl. Fig. 5d). Overall, our 9-gene ex-
hausted CD8 T-cell signature was associated with high
T-cell infiltration in HCC.

Exhausted CD8 T-Cell Signature in ICI Single-Agent

and ICI-Based Combination Therapies

We asked whether the exhausted CD8 T-cell signa-
tures have similar ability to predict efficacy of single-
agent ICI therapy versus ICI-based combination thera-
pies. In the ICI therapy cohort, 22 and 20 patients re-
ceived ICI single-agent and ICI-based combination
therapies, respectively. There was no significant differ-
ence in terms of clinicopathological features and survival
between these 2 groups (Fig. 5a; online suppl. Table 7). In
both the single-agent and combination therapy groups,
tumors from responders had higher infiltration of ex-
hausted CD8 T cells (Fig. 5b) and the 9-gene exhausted
CD8 T-cell signature had better predictive ability for
ORR (Fig. 5¢, d), PES, and OS (Fig. 5e, f; online suppl.
Tables 8-11), compared with other reported signatures of
immune-related gene expression.

Comparison of the Immune Tumor Microenvironment

between the Primary and Metastatic HCC

Another clinically relevant issue is whether the com-
position of immune cells or expression of immune-relat-
ed genes measured from tumor samples from different
anatomical sites may differ and thus confound the analy-
sis of predictive biomarkers. We measured the immune
composition of the HCC tumor samples from the 31 pa-
tients who underwent surgery for both the primary HCC
and metastatic HCC to lungs by both multiplex immuno-
fluorescence staining and transcriptomic analysis to ad-
dress this issue (see online suppl. Table 12 for the baseline
characteristics). The immune cell composition measured
by either method varied widely among the patients and
did not seem to correlate with the duration between the
resection of the primary and the metastatic tumors
(Fig. 6a, b). The similarity of immune cell composition in
the primary and metastatic tumors was quantified by the
Pearson correlation coefficient. Compared with 500 ran-
dom tumor pairs, the cell density and cell fraction mea-
sured by multiplex immunofluorescence staining and the
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Fig. 5. Predictive ability of exhausted CD8 T-cell signatures for
single-agent ICI and ICI-based combination therapy. a PFS and
OS curves of patients with single-agent ICI and ICI-based combi-
nation therapies. b Bar plot depicting the statistical significance of
each immune cell between the ICI responders and nonresponders.
The red and blue represent the high and low abundance of the
given immune cells in responders. The dash line is the p = 0.05.
¢, d The AUC for predicting objective response in the ICI single-
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agent (c) and combination therapies (d). The performance of a
random predictor (AUC = 0.5) was represented by the dashed line.
e, f Forest plots showing hazard ratios of various immune-related
signatures for PFS (top) and OS (bottom) in the ICI single-agent
(e) and combination therapies (f). Horizontal bars represented the
95% Cls of HR. OS, overall survival; PFS, progression-free sur-
vival; AUC, area under ROC curve; ROC, receiver-operating char-
acteristics.
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Fig. 6. Immune profiles of matched primary liver and meta-
static lung HCC. a Immune cell composition (upper panel, cell
density; lower panel, cell fraction) of the tumor pairs quantified
by multiplex immunofluorescence staining. For each tumor
pair, the left bar indicated primary tumor and the right bar in-
dicated metastatic lung tumor. The patients are sorted based on
the time interval between the primary tumor resection and re-
currence. b Immune cell composition estimated by the tran-
scriptomic markers. ¢ Cumulative distributions of the immune
cell composition similarities, determined by multiplex immu-
nofluorescence staining (cell density and fraction) and tran-
scriptomic analysis (Nanostring panel), between primary and
metastatic tumors (red) and 500 random pairs (gray). The sim-

distribution of transcriptomic markers were very similar
between the primary and metastatic tumors (Fig. 6¢). Be-
sides, the distribution of transcriptomic markers between
the primary and metastatic tumors was similar to that of
matched normal liver and lung tissues, suggesting that
the immune cell composition is not related to tissue types
(Fig. 6¢). However, the overall similarity in immune cell

CD8 T-Cell Exhaustion in HCC

ilarity is quantified by the Pearson correlation coefficient.
d Representative phenotyping images (x20 magnification)
from the tumors with low (upper panel) and high (lower panel)
immune heterogeneity between the primary and metastatic tu-
mors. The HCC tumor samples were labeled with the Opal
7-Color Multiplexed IHC Kit. e Comparison of distribution of
Treg cells between primary and metastatic HCC. Treg cells were
determined by the positivity of CD4 and Foxp3 using multiplex
immunofluorescence staining and by the transcriptomic ex-
pression of FOXP3, IL2RA, and MRC1 genes. f Comparison of
the scores of the 9-gene exhausted CD8 T-cell signature be-
tween the primary and metastatic HCC. HCC, hepatocellular
carcinoma; OS, overall survival.

composition between the primary and metastatic HCC
did not preclude the possibility of variations in individu-
alimmune cells (Fig. 6d). For example, Treg cells (defined
as CD4"FoxP3* cells) were significantly more abundant
in metastatic HCC tumors (Fig. 6e). The scores of the
9-gene exhausted CD8 T-cell signature were also higher
in metastatic HCC tumors (Fig. 6f).
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Discussion/Conclusion

In this study, we evaluated the transcriptomic and pro-
tein markers of T-cell exhaustion that may predict re-
sponse to ICI therapy for HCC. We identified a signature
consisting of 9 T-cell exhaustion-related genes that were
correlated with density of CD8*LAG3* cells in tumor mi-
croenvironment and independently predicted better PES
and OS for patients with advanced/metastatic HCC who
received anti-PD-1/anti-PD-L1-based ICI therapy. Com-
pared with other T-cell-related signatures that were as-
sociated with response to ICI therapy, this 9-gene signa-
ture was not associated with prognosis in HCC patients
who received surgery. The validity of using archival tu-
mor tissue from different anatomic sites was also ex-
plored.

Earlier studies of exhausted CD8 signature focused on
genes expressed in CD8 T cells [20] and were related to
the process of T-cell exhaustion during chronic infections
[17, 36]. Our expanded signature included additional
genes associated with the dysfunctional CD8" T cell in
cancers. For example, CXCL13 has repetitively been
found to be expressed in exhausted intra-tumoral T cells,
but not in gene expression data from chronic infections
[37-39]. CCL5 has also been found to be highly expressed
in LAG3" exhausted T cells in HCC [38], and CXCL9 re-
duced the CD8" cytotoxic T cell in the tumor microenvi-
ronment of pancreatic adenocarcinoma [40]. In addition
to T-cell-related genes, the expanded signature also in-
cludes genes related to other immune cells, such as mac-
rophages (MSR1 and CSF3) and neutrophils (CYBB), re-
flecting the complex interaction among differentimmune
cells in the tumor microenvironment and may help ex-
plain the better performance of our signatures in predict-
ing response to ICI-based therapy.

Correlation between exhausted CD8 T cells in tumor
microenvironment and response to ICI therapy has been
extensively studied in different types of cancers [37, 41—
43]. Recent studies indicated that exhausted CD8 T cells
consisted of T cells in different functional statuses, includ-
ing terminally differentiated exhausted T cells and “pro-
genitor” exhausted T cells that retain self-renewing prop-
erties and may be reinvigorated by ICI therapy [44]. An-
other extensively studied mechanism contributing to
T-cell exhaustion is aberrant vascular endothelial growth
factor (VEGF) signaling and angiogenesis in the tumor
microenvironment [45-47]. Combinations with other
immune-modulatory agents to reinvigorate T cells, such
as antibodies targeting the cytotoxic T-lymphocyte-asso-
ciated protein 4 (CTLA-4) pathway, were also actively
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pursued [48]. The similar predictive value of our 9-gene
exhausted CD8 T-cell signature for HCC patients who re-
ceived single-agent ICI therapy or ICI-based combination
therapy supported that reversal of CD8 T-cell exhaustion
is a pivotal antitumor mechanism of ICI therapy.

The regulatory mechanisms of CD8 T-cell exhaustion
have been extensively studied [49]. Induction and rever-
sal of T-cell exhaustion are heavily influenced by the in-
flammatory and metabolic status of the tumor microen-
vironment [50, 51]. The various functions represented by
the genes of our 9-gene signature reflected the complex
interaction in the tumor microenvironment and suggest-
ed new approaches of enhancing antitumor immunity
through reversal of T-cell exhaustion. We and other in-
vestigators have found that modulation of macrophage
polarization plays critical mechanistic roles in regulating
CD8 T-cell exhaustion in HCC tumor microenvironment
[52, 53]. The functional role of macrophages was further
supported by the association between high myeloid sig-
nature or high percentage of CD38* macrophages in the
tumors and treatment efficacy of ICI-based therapy for
patients with advanced HCC [54, 55]. Results of this kind
of biomarker exploration provide rationale for more op-
tions of ICI-based combination therapy.

Compared with other signatures reflecting inflamma-
tion or immune cell function in the tumor microenviron-
ment, the predictive value of signatures of CD8 T-cell ex-
haustion was least associated with prognosis of HCC pa-
tients, suggesting that they are more related to ICI
therapy mechanistically. We also demonstrated good
correlation between the CD8 T-cell exhaustion signature
and density of CD8*LAG3"* cells in the tumors by multi-
plex immunofluorescence staining. Recent studies using
single-cell RNA-seq approach to investigate the infiltrat-
ing T cells in HCC revealed that LAG3 was highly ex-
pressed in exhausted T cells [56, 57], suggesting that
LAG3 might play a critical role in T-cell exhaustion in
HCC. Multiplex staining of immune-related proteins in
the tumor microenvironment has been found to be a
valuable modality of biomarker development for immu-
notherapy [58]. This modality allows direct spatial local-
ization of pertinent immune cells or markers in the tumor
microenvironment [18, 59]. Moreover, defining a cutoff
value of biomarker expression based on immunofluores-
cence staining to identify patients who respond to treat-
ment will be easier than using transcriptomic markers for
external validation. More sophisticated technologies are
evolving rapidly and may further delineate the pheno-
types of exhausted CD8 T cells that best help predict ef-
ficacy of ICI therapy [60].
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Validity of using archival tumor samples to develop im-
mune biomarkers has been extensively discussed, and the
anatomical sites of the tumor samples could be a confound-
ing factor. Although our data indicated general similarity of
immune cell contexture between primary liver and meta-
static lung HCC, potential difference in specific types of im-
mune cells or gene expression warrants further investiga-
tion. The finding of higher CD8 T-cell exhaustion signature
in lung metastatic HCC was in line with our previous ob-
servation that the possibility of objective response to ICI
therapy was higher for lung metastatic HCC than for liver
primary/recurrent tumors [61]. This confounding factor
should be considered in future biomarker research.

There are several limitations of this study. The reliabil-
ity of using samples from core biopsy, which is the most
common method to establish histological diagnosis of
HCC, to perform transcriptomic and multiplex immuno-
fluorescence analyses needs to be established. Analysis
using core biopsy samples may be limited by sample qual-
ity and potential heterogeneity of immune microenviron-
ment in subgroups of patients [62]. This study did not
comprehensively explore the association between genetic
markers (mutation loads or specific molecular aberra-
tions) and ICI treatment efficacy. HCC is generally a can-
cer of low mutation burden, and the association between
specific molecular aberrations and characteristics of im-
mune microenvironment remains unclear. However, the
immune-modulatory roles of common mutations in
HCC, such as B-catenin and p53, and their association
with tumor-intrinsic resistance to ICI therapy are in-
creasingly recognized [8, 29, 63]. The mechanistic rela-
tionship between these molecular aberrations and CD8
T-cell exhaustion is worthy of further investigation.

In conclusion, CD8 T-cell exhaustion markers in tu-
mor microenvironment may predict efficacy of ICI ther-
apy for HCC. Future clinical trials of ICI therapy for HCC
should incorporate both transcriptomic and multiplex
staining analyses in tumor samples to help identify pa-
tients most likely to benefit from ICI therapy.
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