
T-cell exhaustion and residency dynamics inform
clinical outcomes in hepatocellular carcinoma

Graphical abstract

Time

Su
rv

iv
al

0

20

40

60

80

100 High fraction of CD103+

Tissue-resident memory T cells

Enrichment of exhausted T cells

Immune profiling
by mass and imaging mass cytometry

PD-1+ T cells CD4 TILs

Treg

Tfh

Tfr

CD8 TILs

CD8

PD-1

CD8

PD-1

CD69

CD103

Tissue-resident
memory T cell

Exhausted
T cell

CD39

CTLA-4

LAG-3

IL-2, IFN-γ, CCL3
IL-21, XCL1

IL-2, IFN-γ, CCL3
IL-21, XCL1

Contribution to
anti-PD-1 therapy

response

Fatty acid

Highlights

! In patients with HCC, exhausted T cells and CD103+ tissue-resident
memory T cells have opposing roles.

! Enrichment of poorly functional PD-1+ exhausted T cells in the tu-
mor tissue is associated with poor progression-free survival.

! Tissue-resident memory T cells have higher effector function and
metabolic activity and are associated with longer survival.

! The balance between CD103+ tissue-resident and exhausted T cells
can predict outcomes during PD-1 therapy.
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Background & Aims: Despite recent translation of immuno-
therapies into clinical practice, the immunobiology of hepato-
cellular carcinoma (HCC), in particular the role and clinical
relevance of exhausted and liver-resident T cells remain unclear.
We therefore dissected the landscape of exhausted and resident
T cell responses in the peripheral blood and tumor microenvi-
ronment of patients with HCC.
Methods: Lymphocytes were isolated from the blood, tumor and
tumor-surrounding liver tissue of patients with HCC (n = 40, n =
10 treated with anti-PD-1 therapy). Phenotype, function and
response to anti-PD-1 were analyzed by mass and flow cytom-
etry ex vivo and in vitro, tissue residence was further assessed by
immunohistochemistry and imaging mass cytometry. Gene sig-
natures were analyzed in silico.
Results: We identified significant enrichment of heterogeneous
populations of exhausted CD8+ T cells (TEX) in the tumor
microenvironment. Strong enrichment of severely exhausted
CD8 T cells expressing multiple immune checkpoints in addi-
tion to PD-1 was linked to poor progression-free and
overall survival. In contrast, PD-1 was also expressed on a
subset of more functional and metabolically active CD103+
tissue-resident memory T cells (TRM) that expressed few

additional immune checkpoints and were associated with
better survival. TEX enrichment was independent of BCLC
stage, alpha-fetoprotein levels or age as a variable for
progression-free survival in our cohort. These findings were in
line with in silico gene signature analysis of HCC tumor tran-
scriptomes from The Cancer Genome Atlas. A higher baseline
TRM/TEX ratio was associated with disease control in anti-PD-
1-treated patients.
Conclusion: Our data provide information on the role of pe-
ripheral and intratumoral TEX–TRM dynamics in determining
outcomes in patients with HCC. The dynamics between
exhausted and liver-resident T cells have implications for
immune-based diagnostics, rational patient selection and
monitoring during HCC immunotherapies.
Lay summary: The role of the immune response in hepatocel-
lular carcinoma (HCC) remains unclear. T cells can mediate pro-
tection against tumor cells but are frequently dysfunctional
and exhausted in cancer. We found that patients with a pre-
dominance of exhausted CD8+ T cells (TEX) had poor
survival compared to patients with a predominance of tissue-
resident memory T cells (TRM). This correlated with the
molecular profile, metabolic and functional status of these cell
populations. The enrichment of TEX was independently associ-
ated with prognosis in addition to disease stage, age and tumor
markers. A high TRM proportion was also associated with better
outcomes following checkpoint therapy. Thus, these T-cell pop-
ulations are novel biomarkers with relevance in HCC.
© 2022 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.
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Introduction
Hepatocellular carcinoma (HCC) represents a major global health
problem. In patients with advanced disease, i.e. with portal in-
vasion and extrahepatic spread but preserved liver function
(Barcelona Clinic Liver Cancer [BCLC] stage C), prognosis is
limited despite a growing number of systemic therapy options.
Combination immunotherapy with anti-programmed cell death
ligand 1 (PD-1) and anti-vascular endothelial growth factor an-
tibodies has now become the first-line systemic therapy for
advanced HCC, with an objective response rate of 29.8%.1,2 Even
though tumor antigen-specific responses have been shown to
correlate with better survival in HCC,3 only a fraction of !20-25%
of HCCs falls into an “immune class” with significant enrichment
of immune signatures in the tumor.4 This may explain the un-
satisfactory results of phase III trials on anti-PD-1-based immune
checkpoint monotherapy in HCC (nivolumab and pem-
brolizumab), with objective response rates of !15-20%.5,6

Induction of exhausted CD8+ T cells (TEX) with reduced
function is frequently implicated in cancer immune escape. TEX
display major alterations of their differentiation program
compared to functional effector and memory T cells.7 They ex-
press multiple inhibitory receptors, such as PD-1 and cytotoxic T-
lymphocyte antigen-4 (CTLA-4) that also serve as targets for
immune checkpoint blockade (ICB). PD-1 is a key hallmark of T-
cell exhaustion and was found to be enriched in T cells obtained
from patients with HCC,8–11 however, PD-1 can also be expressed
by effector or memory T-cell populations, including tissue-
resident memory T cells (TRM), that are implicated in protec-
tion. To fully characterize exhausted T cells, profiling of addi-
tional exhaustion features on a single-cell level is required to
reveal the heterogeneity of exhausted T cells in chronic in-
fections and cancer.12 However, limited information is available
about exhausted T-cell heterogeneity in HCC. Moreover, recent
work in metabolic liver disease models points to a role of
exhausted and resident immune cells regulated by PD-1 in
driving HCC progression.13,14

In this study, we therefore aimed to understand the role and
clinical associations of TEX and TRM in HCC. We performed in-
depth phenotypic and functional exhaustion profiling of the
peripheral and intrahepatic tumor T-cell compartments of pa-
tients with HCC using mass and flow cytometry as well as
immunohistochemistry and imaging mass cytometry of tumor
tissues. Single-cell- and population-based transcriptome profiles
from published datasets of HCC resections were in silico assessed
for signatures of T-cell exhaustion and their link to patient sur-
vival. The role of TRM and TEX in the response to anti-PD-1
checkpoint therapy was tested in a well-defined patient cohort
and in in vitro experiments.

Our results show that the enrichment of TEX at the expense of
TRM is linked to poor patient survival, in line with the functional
and metabolic impairment observed for exhausted T cells. The
expression of CD103, rather than C-X-C motif chemokine re-
ceptor 6 (CXCR6) and CD69, identified a non-exhausted TRM
subset. A higher CD103+TRM/TEX ratio was associated with a
better response to checkpoint therapy in patients. TEX pop-
ulations displayed augmented function after anti-PD-1 blockade,
indicating that both TRM and TEX contribute to the immune
response during checkpoint therapy. These results point
towards a delicate balance of CD103+ TRM and TEX in HCC

pathophysiology and implicate these immune populations as
potential biomarkers and targets for personalized therapies.

Patients and methods
Patients
Samples from 30 patients with HCC, for whom peripheral blood
mononuclear cells (PBMCs) and HCC biopsy or tumor resection
tissue were available, and 5 healthy donors were recruited
through the Hepatologic and Gastroenterologic biobank of the
University Medical Center of Freiburg (HBUF) with written
informed consent of all study participants and after approval by
the Institutional Review Boards (Ethic Committee of the Albert-
Ludwigs-University, Freiburg: 243/18, 474/14). Patients with
radiologically or histologically confirmed HCC that had not
received systemic therapy were included in this study. Table S1
summarizes the clinical data. Progression-free survival (PFS)
was calculated as the number of days between successful ther-
apeutic intervention closest to study enrollment and radio-
graphic evidence of disease progression or time of death. Biopsy
samples and clinicopathologic variables from an additional 10
patients with HCC undergoing subsequent anti-PD-1 checkpoint
therapy were recruited from multiple centers as in15 after
approval by the local Institutional Review Boards. Inclusion
criteria were i) Diagnosis of HCC by histopathology or imaging
criteria according to AASLD and EASL guidelines; ii) systemic
therapy with anti-PD-1 for HCC not amenable to curative or loco-
regional therapy following local multidisciplinary tumor board
review; iii) measurable disease according to RECIST v1.1 criteria
at checkpoint therapy star; iv) Child-Pugh grade A. Disease
staging by CT or MRI was conducted prior to and at approxi-
mately 9-weekly intervals during treatment.

Cell isolation
PBMCs were isolated from EDTA anticoagulated blood samples
using Pancoll density gradient centrifugation. Intrahepatic lym-
phocytes from adjacent liver regions macroscopically non-
infiltrated by the tumor (ATLs) and tumor-infiltrating lympho-
cytes (TILs) were isolated from HCC tissue by mechanical disso-
ciation through a sterile 70 lM cell strainer (BD Biosciences,
Franklin Lakes, NJ). Cells were freshly used or cryopreserved
before staining.

Mass cytometry staining
Mass cytometry by time of flight (CyTOF) reagents were
commercially obtained or generated by custom conjugation to
isotope-loaded polymers using MAXPAR kit (Fluidigm). Mass
cytometry panels used are shown in Table S2. Staining was
performed as previously described.12 Briefly, single-cell suspen-
sions were pelleted, incubated with 20 lM Lanthanum-
139-loaded maleimido-mono-amine-DOTA in PBS for 10 min at
room temperature (RT) for live/dead discrimination. Cells were
washed in staining buffer, resuspended in surface antibody
cocktail, incubated for 30 min at RT, washed twice, pre-fixed
with 1.6% PFA, washed, then fixed and permeabilized using
FoxP3 kit, and stained intracellularly for 60 min at RT. Cells were
further washed twice before fixation in 1.6% PFA (Electron Mi-
croscopy Sciences) solution containing 125 nM Iridium overnight
at 4"C. Prior to data acquisition on a CyTOF Helios (Fluidigm),
cells were washed twice in PBS and once in dH2O. The antibodies
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used for mass cytometry and flow cytometry are listed in the
CTAT table.

Statistical analysis
Statistical analyses were performed using GraphPad Prism V.8
(GraphPad Prism Software, USA) and R studio (R studio, USA). Bar
charts show mean values with SD, statistical tests used are
depicted in the figure legends. Correlation analyses were per-
formed for continuous vs. continuous parameters using
Spearman rank correlation, for continuous vs. binary variables
using unpaired Wilcoxon test and for binary vs. binary variables
using Fisher’s exact test. Further details on correlation analysis
and the cox proportional hazard models used are provided in the
supplementary data. Levels of significance are indicated as fol-
lows: *p <0.05; **p <0.01; ***p <0.001.

Results
Heterogeneous CD8 T-cell exhaustion profiles in HCC patients
We comprehensively profiled the peripheral and intrahepatic
immune compartments of patients with HCC (Fig. 1A). Key im-
mune lineages were analyzed in PBMCs, ATLs and TILs using
highly multiplexed mass cytometry (Fig. 1B) (Table S2). We
focused on the analysis of CD8 T cells using a comprehensive
panel of exhaustion-related immune checkpoints PD-1, LAG-3,
CTLA-4, KLRG1, Tim-3 and TIGIT, ectoenzymes CD38 and CD39,
transcription factors Eomes, Helios, Tcf-1, T-bet and Tox, in
addition to other markers of T-cell differentiation and function.
These markers allow for the differentiation of several distinct
TEX subsets.12,16 Clearly, the CD8 T-cell landscape visualized by t-
distributed stochastic neighbor embedding (t-SNE) analysis
differed between the peripheral blood, non-tumor liver and tu-
mor tissue (Fig. 1C).

To understand these differences in the CD8 T-cell landscape,
we first assessed the exhaustion marker profile between the
immune compartments (Fig. 1D). While this data confirmed ex-
pected differences between the peripheral blood (which was
enriched for naïve and memory populations of CD8 T cells
expressing CCR7, CD27, CD28, CD73, CD127) and the tumor
(lacked naïve and central memory populations), they also
revealed differences between the samples obtained from the
tumor or adjacent liver (Fig. 1D). PD-1 and other exhaustion
markers, such as CD39, CTLA-4, TIGIT, Tox or Eomes were
expressed by CD8 T cells isolated from the tumor tissue, how-
ever, only !1/3 of patients displayed high co-expression of PD-1,
Eomes, CD160 and CD39, providing information on severe
exhaustion phenotypes. The expression of these markers was
lower in other patient TILs, in which reduced levels of Eomes but
higher levels of tissue-residency marker integrin aE (CD103)
were observed, indicating CD8 T-cell heterogeneity in TILs from
patients with HCC (Fig. 1D). Despite this heterogeneity, we
observed the highest expression of exhaustion markers PD-1 and
CD39 in TILs, with some expression in ATLs (Fig. 1D, E). Similarly,
the inhibitory receptor LAG-3 was upregulated in the TIL and ATL
compartments, while transcription factor Tcf-1 was reduced.
These results are in line with an accumulation of exhausted T
cells in the HCC tumor microenvironment.

Strong PD-1 TIL enrichment is associated with poor PFS and
overall survival
The marked heterogeneity of PD-1 expression observed between
patients prompted us to test if differential PD-1 expression could

also provide information about patient outcomes, which was
predicted based on studies focusing on PD-1 expression but us-
ing a limited set of exhaustion markers in HBV-associated
HCC.11,17 We first discriminated patient groups based on their
peripheral and intrahepatic CD8 T-cell PD-1 expression levels, an
analysis which did not show an association with outcome
(Fig. 1F). We reasoned that the dynamics between the peripheral
and intrahepatic compartment, such as accumulation of recir-
culating T cells, might be better reflected by the enrichment in
the tumor and thus assessed the ratio of PD-1 expressing T cells
between the peripheral blood and the tumor tissue. This analysis
revealed a clear link between strong enrichment of PD-1-positive
CD8 T cells in the tumor with poor PFS and overall survival (OS)
(Fig. 1G). These data implicate the accumulation of exhausted T
cells in detrimental HCC outcomes. However, the heterogeneity
of PD1-expressing CD8 T-cell phenotypes observed here and the
absence of a direct correlation of intrahepatic PD-1-expressing T
cells with outcome indicated that not all PD-1-expressing CD8 T
cells are associated with an exhaustion phenotype and detri-
mental outcomes.

Exhaustion genes associated with poor progression in The
Cancer Genome Atlas HCC dataset
To test if epigenomic exhaustion genes are also able to discrim-
inate outcomes in bulk tumor transcriptome data, we assessed
the genes within the epigenomic exhausted signature12 in the
liver cancer data obtained from The Cancer Genome Atlas data-
base.18 Indeed, a linear predictor based on weighted exhaustion
genes discriminated patient survival, with the higher exhaustion
predictor associated with worse survival (Fig. S2A). While these
data fit to our experimental observations (Fig. 1), we also noted
that several exhaustion genes were individually also associated
with better survival (i.e. Gzmk, Eomes), and an unweighted
exhaustion analysis did not discriminate patient outcomes per se
(Fig. S2B,C), suggesting differential roles for different exhaustion
genes or additional heterogeneity of exhausted T cells not
explained on this bulk analytical level.

A higher TRM fraction of CD8+ PD-1+ T cells in tumor tissue is
linked to better survival
To further understand the PD-1 enrichment association with
patient outcomes, we next focused on the roles of different T cell
populations that can express PD-1. These include TRM, which
can be identified by CD103 expression and typically co-express
CD69 and CXCR6.19 Analysis of PD-1 and CD103 on the CD8 t-
SNE map (Fig. 1C) pointed to different populations of PD-1 and
CD103 co-expressing cells (Fig. 2A). The t-SNE fingerprint of PD-1
strong enricher patients as identified in Fig. 1 suggested reduced
CD103 expression (Fig. 2A). We therefore dissected TRM phe-
notypes in our cohort. As expected, TRM were enriched in the
liver (ATLs and TILs) compared to the blood, where CD103+ T
cells were practically absent (Fig. 2B). Of note, in ATLs and TILs, a
mean of 37% and 42% of TRM expressed PD-1 in the ATL and TIL
compartments, respectively (Fig. 2B). The fraction of CD103+
cells among the PD-1+ population varied widely, with a mean of
30% in TILs (Fig. 2B). In addition, we performed in silico analysis
of single-cell RNA-sequencing data in a previously published
HCC dataset of 686 CD8+ T cells20 and found comparable distri-
butions of these PD-1+ and CD103+ T-cell populations in
TILs (Fig. S3).
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Severe T-cell exhaustion is associated with co-expression of
multiple inhibitory receptors and a specific transcriptional pro-
gram.21,22 We thus tested for the co-expression of several
exhaustion markers on PD-1-CD103+ and PD-1+CD103+ TRM,
PD-1+CD103- cells and the severe exhausted phenotype (PD-

1+CD103-CD39+ TEX). There was no significant difference be-
tween PD-1-CD103+ and PD-1+CD103+ TRM cells with respect to
expression of other exhaustion markers. Notably, TEX expressed
significantly higher levels of inhibitory receptors CTLA-4 and
LAG-3 as well as transcription factors Helios and Tox compared
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to TRM (Fig. 2C). These results indicate that PD-1+TRM co-ex-
press fewer immune checkpoints than TEX. We next wondered if
the differential contribution of TRM to the PD-1+ T-cell pool was
associated with patient outcome. Indeed, higher fractions of TRM
in the PD-1+ T-cell pool were associated with significantly better
PFS (Fig. 2D). Together, these results illustrate that distinct PD-1-
expressing T-cell subsets are differentially linked to pa-
tient outcome.

Absence of CD4+ TRM but enrichment of PD-1+ regulatory T
cells and T follicular regulatory cells in HCC tumor tissue
We next asked if the role for TRM observed for CD8+ T cells
would also apply to CD4+ T cells. The CD4+ T-cell landscape

differed largely between PBMCs, ATLs and TILs (Fig. 3A). While
there was also a trend towards higher PD-1 expression on CD4+ T
cells in TILs, CD103+ TRMwere virtually absent or present in only
very low numbers (mean <1% of TIL CD4), in contrast to the re-
sults observed with CD8+ T cells (Fig. 3B).

Nevertheless, we observed an upregulation of CD39, CTLA-4
and LAG-3 in CD4+ TILs and a reduction in Tcf-1 expression
(Fig. 3C). Of note, the expression of these markers was due to the
enrichment of regulatory T cells and T follicular regulatory T cells
(Tfr) rather than a CD4 exhaustion or residency phenotype
(Fig. 3D). In sum, our analysis suggests the relative absence of a
CD103+ TRM population within the CD4+ compared to the CD8+
T cell pool.
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Superior function and metabolic activity of CD8+ TRM
To explore cellular correlates of the protective function of TRM
over TEX within the PD-1+ T cell pool, we assessed the poly-
functionality profile of T cells after stimulation (Table S2). These
analyses revealed distinct functional profiles between PBMCs,
ATLs and TILs (Fig. 4A), with some reduction in T cell function-
ality in the liver (Fig. 4B). We specifically examined the cytokine
and chemokine production of TEX and compared it with pe-
ripheral and TRM cells. Clearly, TEX displayed a lower production
of interferon-c (IFN-c), interleukin (IL)-2, IL-21, C-C motif che-
mokine ligand 3 (CCL3) and X-C motif ligand 1 (XCL1) than TRM
(Fig. 4C). These data demonstrate superior T cell functionality
associated with the protective role of TRM in contrast to TEX.

Mechanistically, reduced metabolic activity has been linked to
the dysfunction of TEX.22 In contrast, a preference of resident
CD8+ T cells towards exogeneous free fatty acids was described
in the skin.23 We thus analyzed the uptake of exogenous free
fatty acids using C16-Bodipy reagent. We found that TRM
exhibited stronger fatty acid uptake compared to TEX (Fig. 4D).
These results fit to the notion of higher metabolic fitness of TRM
as a prerequisite for protective immunity.

Expression of CD103, but not CXCR6, identifies non-
exhausted TRM
In addition to CD103, chemokine receptor CXCR6 and CD69 are
markers associated with hepatic tissue residency but their in-
dividual roles in HCC remain unclear. We thus dissected the TRM
landscape by co-analyzing exhaustion and tissue residency
markers in an additional cohort of patients with HCC. As shown
in Fig. 5A, CD103, CXCR6 and CD69 were all enriched in TILs
compared to PBMCs, as expected, however CD103 was expressed
by markedly less CD8 TILs compared to CD69 and CXCR6. Clearly,
CD103+ TRM co-expressed high levels of CD69 and CXCR6
(Fig. 5B), however, CXCR6 and CD69 expression was also found
on cells with a more exhausted phenotype (Fig. 5CD). In contrast,
the CD103+ TRM population did not express significant levels of
Eomes or Tox, key transcription factors associated with the
exhaustion program, as well as lower levels of exhaustion-
associated checkpoints CD38, CD39, TIGIT and CTLA-4 (Fig. 5C).
Notably, we also observed a significantly higher pro-
inflammatory polyfunctionality of CD103+ TRM compared to
CXCR6+ and CD69+ T cells that did not express CD103, or TEX,
upon stimulation (Fig. 5E). These analyses indicate that CD103

D

0

10

20

30
80
90

100

TN
F-
α 

(%
)

PBMC
HCC
ATL TIL

TRM TEX
CD8+ TIL HCC

**
20,000

15,000

10,000

5,000

0

M
SI

 B
od

ip
y 

- C
16

C

0

10

20

30
80
90

100

IF
N

-γ
 (%

)

p = 0.05

PBMC TIL
TRM TEX
HCC

0

10

20

30
80
90

100

IL
-2

 (%
)

*
**

PBMC TIL
TRM TEX
HCC

0

10

20

30

40
80
90

100

TN
F-
α 

(%
)

PBMC TIL
TRM TEX
HCC

0

10

20

30

40
80
90

100

C
C

L3
 (%

) * *

PBMC TIL
TRM TEX
HCC

0
10
20
30
40
50
80
90

100

XC
L1

 (%
)

*

PBMC TIL
TRM TEX
HCC

0

20

40

80

60

100

IL
-2

1 
(%

)

* *

PBMC TIL
TRM TEX
HCC

B

PBMC
HCC
ATL TIL

0

10

20

30
80
90

100

IF
N

-ɣ
 (%

)

PBMC
HCC
ATL TIL

*

0

10

20
80
90

100

IL
-2

 (%
)

A

Sample type

IFN-TNF-
IL-17
IL-13
IFN+TNF+
IFN-γ
IFN+TNF-
IL-2
CCL3
TNF
XCL1
IL-22
IL-21
IFN-TNF+

Sample typez score
4 2 0 -2 -4

PBMC ATL TIL

Fig. 4. Enhanced T-cell function and lipid uptake of CD103+ TRM in HCC. (A) Hierarchically clustered heatmap of CD8+ T-cell function showing percentages of
cytokine and chemokine marker expression after PMA/Ionomycin stimulation. (B) Bulk CD8 T-cell IFN-c, IL-2 and TNF-a production is compared between PBMCs,
ATLs and TILs. (C) Comparison of IFN-c, IL-2, TNF-a, CCL3, XCL1 and IL-21 production between CD8+ PBMCs, and TRM (PD-1+CD69+CD8+) and TEX (PD-1+CD69-
CD39+CD8+) in the TIL compartment. (D) Bodipy-C16 uptake was compared between TEX and TRM. Data represent means ± SD, Kruskal-Wallis test (B-C), Mann-
Whitney U test (D). *p <0.05, **p <0.01, ***p <0.001. ATLs, adjacent non-tumor tissue lymphocyte(s); HCC, hepatocellular carcinoma; PBMCs, peripheral blood
mononuclear cells; TEX, exhausted CD8+ T cells; TIL, tumor-infiltrating lymphocyte; TRM, tissue-resident memory T cells.

Journal of Hepatology 2022 vol. - j 1–13 7



expression, more specifically than CXCR6 or CD69 expression,
identifies functionally competent TRM populations in HCC.

PD-1+CD103+ TRM engage closely with tumor cells
Next, we addressed the spatial relationship of TRM and TEX in
HCC tissue. First, immunohistochemical staining of HCC tissue
was performed, including CD8, PD-1 and CD103, with double
labeling of CD8 and PD-1 in corresponding adjacent sections
(Fig. 6A). This staining showed the presence of CD103+PD-1+ T
cells within lymphoid aggregates and also infiltrating the tumor
(Fig. 6A). To overcome the limitations of immunohistochemistry
that only allow for co-analysis of a few markers, we performed
highly multiplexed imaging mass cytometry of HCC tissues that
provided a detailed assessment of TRM and TEX markers by co-

expression analysis at a single-cell level. As shown in Fig. 6B and
Fig. S4, PD-1+CD103+ TRM CD8+ T cells could be identified with
relatively high T-cell density and in close engagement with tu-
mor cells in some patients with longer PFS. In contrast, PD-
1+CD103- TEX CD8+ T cells were frequently identified in tu-
mors from patients with a relative paucity of an immune infil-
trate and lower PFS. In sum, these data highlight that PD-
1+CD103+ TRM infiltrate HCC tumors as a likely correlate of
their protective function.

Multivariate analysis validated strong PD-1 enrichment to be
an independent predictor of reduced PFS in patients with HCC
We correlated our immunological findings with relevant clinical
parameters, such as BCLC tumor stage, alpha-fetoprotein (AFP)

E

PD
-1+C

D
103+

PD
-1+C

D
69+

PD
-1-C

D
103+

PD
-1-C

XC
R

6+

PD
-1+C

D
103-

PD
-1-

PD
-1+C

XC
R

6 +

PD
-1+C

D
103-C

D
39+

IL-2

TNF

IL-10

CCL3/4

XCL-1

IFN-γ −2

−1

0

1

2
z

D

0

50

100

C
D

8 
TI

L 
po

pu
la

tio
ns

 (%
)

CD103 (%)

CD10
3+

CD69
+

CXCR6+

PD-1+
CD10

3-C
D39

+

CD10
3+

CD69
+

CXCR6+

PD-1+
CD10

3-C
D39

+

CD10
3+

CD69
+

CXCR6+

PD-1+
CD10

3-C
D39

+

***

0

50

100

C
D

8 
TI

L 
po

pu
la

tio
ns

 (%
)

CD69 (%)
*

*

0

50

100

C
D

8 
TI

L 
po

pu
la

tio
ns

 (%
)

CXCR6 (%)

***

C

Umap1

U
m

ap
2

Eomes TOX TIGIT CD38 CTLA-4

CD103 CXCR6 CD69 PD-1 CD39

0

20

40

60

80

100

PBMC TIL

C
D

69
 o

f C
D

10
3 

(%
) *

0

20

40

60

80

100

PBMC TIL

C
XC

R
6 

of
 C

D
10

3 
(%

) *

B

A

0

20

40

80
90

100

PBMC TIL

C
D

10
3 

of
 C

D
8 

(%
) *

0

20

40

60

80

100

PBMC TIL

C
D

69
 o

f C
D

8 
(%

)

*

0

20

40

60

80

100

PBMC TIL

C
XC

R
6 

of
 C

D
8 

(%
) *

C
XC

R
6

CD103

0

101

102

103

104

0 101 102 103 104

C
D

69

CD103
0 101 102 103 104

0

101

102

103

104

Fig. 5. Phenotypic and functional characterization of the TRM landscape in HCC identifies a non-exhausted CD103+ TRM population. (A) Analysis of TRM
markers CD103, CD69 and CXCR6 between PBMCs and TILs and exemplary contour plots in HCC TILs gated on live CD8 T cells. (B) Expression of CD69 and CXCR6
was assessed on CD103+CD8+ T cells. (C) UMAP and visualization of residency (CD103, CXCR6, CD69) and exhaustion (PD-1, CD39, Eomes, Tox, TIGIT, CD38, CTLA-
4) markers in CD8 TILs. (D) Frequency of CD103, CD69 and CXCR6 assessed on CD103+, CD69+, CXCR6+, PD-1+CD103-CD39+ (TEX) CD8 TIL populations. (E)
Hierarchically clustered heatmap of TRM and TEX CD8 TIL populations indicating percentages of cytokine expression visualized by z-score based coloring (column
normalization). Wilcoxon test was used in A, B, D. *p <0.05, **p <0.01, ***p <0.001. HCC, hepatocellular carcinoma; PBMCs, peripheral blood mononuclear cells;
TEX, exhausted CD8+ T cells; TILs, tumor-infiltrating lymphocytes; TRM, tissue-resident memory T cells; UMAP, uniform manifold approximation and projection.

8 Journal of Hepatology 2022 vol. - j 1–13

Research Article Hepatic and Biliary Cancer



level, etiology, and PFS (Fig. 7). Enrichment of exhausted T cells
correlated positively with AFP levels and BCLC B and C stage,
while it was negatively correlated with earlier disease stages,
pointing to a role of exhausted T cells in HCC progression. In
contrast, earlier disease stages showed a positive correlation
with PD-1+CD103+ TRM frequencies. The strongest correlation of
TEX enrichment with disease etiology was found for non-
alcoholic steatohepatitis (NASH)-derived HCCs (Fig. 7).

To evaluate if PD-1 enrichment is an independent predictor of
PFS, we performed multivariate analysis using a cox proportional
hazards model with independent comparison of different vari-
ables (age, AFP, BCLC stages and PD-1 enrichment). Strong PD-1
enrichment was an independent predictor of decreased PFS in
patients with HCC (p = 0.03) (Table S3). In sum, these analyses

highlight the intrahepatic enrichment of exhausted T cells as a
useful biomarker for HCC.

Higher TRM/TEX ratio is associated with disease control in
anti-PD-1-treated patients with HCC
It remained unclear if the TRM and TEX balance also played a
role in patients treated with anti-PD-1 checkpoint therapy,
which could target both TRM and TEX cells. We thus performed
imaging mass cytometry analysis and single-cell level segmen-
tation on samples from a well-defined clinical cohort of patients
with unresectable/advanced HCC and compensated liver func-
tion (Child-Pugh A)15 with tumor samples obtained prior to anti-
PD-1 checkpoint therapy (Fig. 8A). Interestingly, patients with
disease progression had less abundant CD8 T cells, suggesting
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that T cell presence is required for disease control during
checkpoint therapy (Fig. 8B). We noted a higher abundance of
both TEX and CD103+ TRM in patients with stable disease
(Fig. 8B, C). Interestingly, the TRM/TEX ratio was positively
correlated with a longer OS (Fig. 8D). These data suggested that a
higher fraction of CD103+ TRM contributes to better outcomes
during checkpoint therapy.

Anti-PD-1 checkpoint therapy in vitro augments TEX function
It remained unclear if the association of the TRM/TEX ratio with
survival was due to direct augmentation of cellular function in
response to anti-PD-1 antibodies. We therefore tested the
response of TEX and TRM isolated from HCC tumors to anti-PD-1
checkpoint therapy in short-term cultures in vitro (Fig. 8E). Anti-
PD-1 treatment resulted in slightly increased CD8 T cell numbers,
and higher expression of cytokines IFN-c, CCL3/4 and IL-2,
indicating better T-cell effector function (Fig. 8F, G). There was
no significant change in CD103+ TRM populations, however, we
observed an expansion of PD-1+CD103-CD39+ TEX cells upon
anti-PD-1 therapy (Fig. 8H). In line with our previous findings,
CD103+ TRM had a higher cytokine production compared to TEX
in the absence of anti-PD1 therapy, however, in this assay, TRM
function was not significantly changed after checkpoint therapy
independent of their PD-1 expression (Fig. 8I). In contrast,

CD103-TEX produced significantly more effector cytokine IFN-c
after checkpoint therapy, resulting in a similar level of effector
function as TRM (Fig. 8I). In sum, these in vitro data indicate that
anti-PD-1 therapy preferentially reinvigorates TEX to a level
comparable to CD103+ TRM subsets. Taken together, these data
indicate that a higher fraction of TRM over TEX is beneficial for
patient outcomes, with anti-PD-1 augmenting the function of
TEX populations, suggesting that both TRM and TEX contribute
to anti-tumor immunity during HCC checkpoint therapy.

Discussion
With the advent of immunotherapies in HCC, a better under-
standing of the underlying immune populations is of crucial
importance. Herein, we dissected the role of CD8 T-cell pop-
ulations expressing major checkpoint receptors that can be tar-
geted by immunotherapies using deep immunophenotyping by
mass cytometry, imaging mass cytometry and in silico tran-
scriptome analysis of patients with HCC. We found that PD-1 is
expressed in the liver and tumor tissue by two major CD8+ T-cell
populations that display significant differences in function and
are associated with opposing clinical outcomes: (i) exhausted T
cells with limited functionality and poor protective capacity and
(ii) CD103+ resident memory T cells with higher effector func-
tion, metabolic activity and positive association with outcome.
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These findings relate to the enrichment of peripheral and
intratumoral PD-1+ CD8 T cells which stratifies patients with a
severe exhaustion phenotype and is associated with poor PFS
independent from BCLC stage and AFP levels. The TRM/TEX
balance is also linked to patient outcomes during anti-PD-1
therapy and may therefore be useful as an immune biomarker.

An important finding from our study was that PD-1 expres-
sion by CD8 T cells alone did not predict patient outcome, irre-
spective of whether it was determined in the peripheral blood or
liver, in contrast to the relative enrichment of PD-1+ cells in the
tumor compared to the peripheral blood. Notably, this enrich-
ment was an independent predictor of PFS in multivariate
analysis with BCLC stage and AFP levels. Our study highlights
that the underlying biology of this novel biomarker depends on
the opposing roles for CD103+ TRM and TEX populations in HCC.
Core signatures of TRM have been described that include PD-1
expression.24 Since PD-1 is also an immune checkpoint
expressed by exhausted T cells, a careful dissection of exhaustion
and residency programs is required that has not been performed
in earlier descriptions of residency or exhaustion-related phe-
notypes in viral etiology HCC cohorts.8,9,11,17,25 Our study also
highlights the utility for single-cell protein-based immune
profiling in discriminating TEX and TRM. While exhaustion and
transcriptional signatures have been described,12,26,27 the rele-
vant overlap in gene expression between several TRM and TEX
features poses a challenge to discriminate these cell states using
gene-set based transcriptional analysis. Here, we found the
combined protein expression analysis of adhesion molecule
CD103 and PD-1 together with other exhaustion markers helpful
to understand the role of TRM vs. TEX in HCC. While not all
CD103+ TRM expressed PD-1, the proportion of CD103+PD-1+
TRM among the total PD-1+ TIL clearly correlated with long-
term survival. This protective role was associated with better
TRM effector function, infiltration of the tumor tissue and
reduced co-expression of additional immune checkpoints.

Recent work in murine models of metabolic liver disease
mimicking NASH reported that resident-like CD8+PD1+ T cells
promote not only NASH but also hepatocarcinogenesis. This effect
was further augmented by immunotherapy through increased
activation of resident PD-1-expressing CD8 T cells.13 This notion
appears in contrast to the protective role of TRM cells found in our
humanstudy.However, in that study, the resident-like characterof
the cells implicated in NASH progression was not determined by
CD103 expression, but rather relied prominently on CXCR6 anal-
ysis.13While binding of the integrinmolecule CD103 to E-cadherin
expressedon epithelial cells is important topromoteadhesion and
retention in the liver and tumor tissue,28 the role of CXCR6 is
largely implicated in the attractionof activatedTcells to the liver,29

which may include precursors of TRM, activated or exhausted T
cells. CXCR6 has also been reported to be important for the posi-
tioning and survival of CD8 T cells in the tumor microenviron-
ment.30 Importantly, however, stronger enrichment of exhausted
T cells in our study also correlated with NASH etiology, fitting to
the notion that exhausted Tcells can promote HCC in NASH.13 Our
assessment of the heterogeneity of hepatic and intratumoral TRM
phenotypes provides a likely explanation for these seemingly
disparate findings, since CD103 expression more clearly defined
thenon-exhaustedTRMpopulation,whileCXCR6andCD69 (in the
absence of CD103) could also be expressed bycellswith significant
featuresof exhaustion. Itwill thusbe important in future studies to
use CD103 in the profiling of hepatic TRM, as the use of CXCR6 and

CD69 may not be sufficient to identify the exhaustion-resistant
TRM population.

Moreover, it remained unclear if anti-PD-1 checkpoint
blockade preferentially targets protective TRM (as suggested by8)
or dysfunctional TEX and if these different target cells will have
divergent anti-tumor effects. Our analysis of the TEX and TRM
ratio in the tumor microenvironment and from the in vitro
checkpoint therapy model indicates that a high TRM/TEX ratio
determines beneficial patient outcomes; however, on a single-
cell level, TEX display the strongest functional augmentation
after anti-PD-1 therapy. These data suggest that both TRM and
TEX can contribute to protective immune function during
checkpoint therapy. Interestingly, patients with a high TRM/TEX
ratio typically also had a higher intratumoral infiltration of T
cells, suggesting a role for immunologically “hot” tumor micro-
environments. While further studies are required to address
these questions in larger patient cohorts, it is already tempting to
speculate that immune checkpoint combination therapies could
represent an option to more selectively target TEX cells, as they
co-express additional immune checkpoints compared to TRM,
and such strategies could synergize with approaches to enhance
T-cell infiltration into the tumor.

In sum, our study identifies the dynamics of PD-1-expressing
exhausted and resident CD8 T cells as a governing factor of pa-
tient outcomes, highlighting these populations as relevant bio-
markers of HCC outcomes, with important implications for the
monitoring and targeting of these populations during immuno-
therapy studies.
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