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ABSTRACT

Despite the success of monotherapies based on blockade of programmed cell death 1 (PD-1) in human
melanoma, most patients do not experience durable clinical benefit. T-cell infiltration and/or the
presence of PD-L1 in tumors may be used as indicators of clinical response; However, recent studies
reported that preexisting tumor-specific T cells may have limited reinvigoration capacity. Therefore,
evaluating status of T cells of tumor-adjacent area and its impact on the prognosis are very important.
Here, we examined 117 surgical samples from HCC patients for infiltration of exhausted T cell (Tex)
including CD4*-Tex, CD8*-Tex and regulatory T cell (FOXP3*-Treg) in tumor and adjacent tissue.
CD3*CD45RO™T cells were sorted from adjacent area or tumor core, then the clusters and heterogeneity
of T cells were further interrogated by single-cell RNA sequencing. As a result, we suggested that
abundance or location of T cell subsets is differentially correlate with long-term clinical outcome of HCC.
In contrast with CD4™T or CD4"-Tex, the infiltration of CD8'T or CD8*-Tex cells was closely linked to
overall or recurrence-free survival. FOXP3*-Treg is more predictive of early recurrence. Single-cell
transcriptional analysis demonstrates the composition of CD4"-Tex, CD8*-Tex, and FOXP3*-Treg is
shifted in tumor and adjacent tissue. Molecular profiles including genes coding checkpoint receptors,
effector molecules are distinct between CD4*-Tex, CD8*-Tex, though some common features of CD4*
and CD8" T cell exhaustion are revealed. In conclusion, we underline the heterogeneity and clinical
relevance of Tex cells in HCC patients. A better understanding of Tex is critical for HCC monitoring and
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Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes
of cancer-related death and is currently the main event lead-
ing to death in patients with cirrhosis.'> HCC can be surgi-
cally removed with high precision in most patients; however,
the rate of local recurrence is high."* As the immune micro-
environment around the cutting edge is the first defense for
killing residual tumor cells, it may have a significant impact
on recurrence and prognosis of patients.* A precise evaluation
of the immune status of the resection margin on post-
operative recurrence is required to clarify the issue. Thus,
we decided to explore CD4%, CD8"'T, and regulatory T cell
(Treg) status in HCC, given the important role of these cells
in tumor immunity, viral infection, and etc.

While the development of Tex remains incompletely under-
stood, persisting antigen stimulation appears to be a key driver of
exhaustion.” Together with chronic TCR engagement,® these sig-
nals drive elevated and sustained expression of multiple inhibitory
receptors (e.g., PD-1, Lag-3, Tim-3, etc.), altered use of key

transcription factors (e.g, T-bet, Eomes, Blimp-1, NFAT/
AP-1).>”% Ultimately, these signals lead to progressive loss of
effector function, resulting in poor control of pathogens or
tumors. Although antibodies against PD-L1, TIM3, or LAG3
restore responses of HCC-derived T cells to tumor antigens,”’
most patients do not experience durable clinical benefit.
Recently, the study indicated that clinical failure in many patients
was due to an imbalance between T-cell reinvigoration and tumor
burden.'® Preexisting tumor-specific T cells may have limited
reinvigoration capacity, and that the T cell response to checkpoint
blockade derives from a distinct repertoire of T cell clones that
may have just recently entered the tumor."" Thus, a better under-
standing of the magnitude of exhausted T cells (Tex) in tumor
microenvironment is required to improve immunotherapies that
restore function in Tex.

In recent years the pathways involved in CD8"-Tex have begun
to be defined.'” In contrast, while CD4"-Tex cells play a pivotal
role in chronic infection and cancer, the effect of persisting anti-
gen activation on their function and differentiation remains less
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well understood. Furthermore, there is a lack of study to simulta-
neously compare CD4"-Tex and CD8"-Tex in the same disease
course. We performed single-cell RNA sequencing (scRNA) on
T cells (CD3"CD45R0O") isolated from human HCC. The global
and single cell-leveled transcriptional analysis demonstrated
a molecular profile distinct from effector or memory
CD4™T cells and also from exhausted CD8™T cells, though some
common features of CD4"T cell and CD8™T cell exhaustion were
revealed. Furthermore, we analyzed the clinical pathology and
prognosis of HCC patients, and found that in contrast with
CD4'T cell, the presence of CD8'T cell and Treg was strongly
correlated with clinical outcome. Especially high PD-1 expression
of CD8'T cell in adjacent tissue was negatively associated with
overall and recurrence-free survival. These results emphasize the
clinical relevance and importance of evaluating Tex cells and the
immune status in noncancerous tissue around resections.

Materials & methods
Human specimens

Total 130 patients who were pathologically diagnosed with HCC
were enrolled in this study. None of the patients was treated with
chemotherapy or radiation prior to tumor resection. Paired HCC
tumor and adjacent normal liver tissues were obtained from each
patient. The adjacent normal tissues were at least 3 cm from the
matched tumor tissue. Formalin-fixed paraffin-embedded HCC
specimens of 117 HCC patients were developed into tissue micro-
arrays; fresh samples of 13 patients were collected for the subse-
quent T cell isolation and scRNA or in vitro tests. This study was
approved by the Ethics Committee of Zhongshan Hospital, Fudan
University. All patients in this study provided written informed
consent for sample collection and data analyses.

Tissue microarrays (TMAs)

Formalin-fixed paraffin-embedded human HCC specimens
were randomly collected from 117 HCC patients at Zhong
Shan Hospital (Shanghai, People’s Republic of China) between
2006 and 2007. TMAs were constructed by Shanghai Biochip Co,
Ltd, as described previously."” The histopathological diagnosis
was determined according to the World Health Organization
criteria. Tumor differentiation was graded using the Edmondson
grading system."* Tumor staging was based on the 6th edition of
the tumor-node-metastasis (TNM) classification of the
International Union Against Cancer. The clinicopathologic
characteristics of 117 HCC patients are summarized in Table
S1. Five-year follow-up data are summarized at the end of
December 2011. Follow-up procedures and postsurgical patient
surveillance were described previously.'">'> TMAs were con-
structed by Shanghai Biochip Co, Ltd, as described
previously.”> Overall survival (OS) was defined as the interval
between the dates of surgery and death. Time to recurrence
(TTR) was defined as the interval between the dates of surgery
and the dates of any diagnosed recurrence (intrahepatic recur-
rence and extrahepatic metastasis). For surviving patients, the
data were censored at the date of death or final follow-up.

Multiplex quantitative immunofluorescence

The multiplex quantitative immunofluorescence staining for
TMAs slides was performed as previously described.'®™" Slides
were fluorescently stained with Opal 7-Color Manual IHC Kit
(NEL811001KT) according to the manufacturer’s description.
Multispectral images of arrays were acquired using Vectra
Polaris multispectral imaging system (PerkinElmer), and quan-
titative positivity of primary antibodies was analyzed using
inForm Tissue Finder software (PerkinElmer).

Cell isolation and single-cell sequencing

Paired fresh tissues of cancerous and adjacent noncancerous
liver tissue were obtained during surgical resection. Tissues
were put into RPMI 1640 containing 10% FBS and cut up into
a slurry with sterilized surgical scissors followed by gentle
rocking for 30 to 45 min at 37°C RPMI 1640 medium con-
taining 0.1% (m/v) collagenase IV. Suspension was then fil-
tered on a 40uM strainer and centrifuged at 1100 rpm for 10
min. Supernatant was discarded. After erythrocyte lysis, the
precipitate was washed and prepared for flow cytometry.

Single-cell suspension was stained with FACS buffer contain-
ing 0.5% CD3 (Biolegend, Cat No0.300308, Clone HIT3a), and
0.5% CD45RO (Biolegend, Cat No0.304210, Clone UCHLI) anti-
bodies, then incubated at 4°C for 30 min. After washing, cells
were resuspended for Fluorescent cell sorting. CD3"CD45RO"
T cells were sorted by using BD FACS Aria II.

For scRNA, isolated cells were counted in duplicate with a
hemocytometer, diluted to 700-1200 cells/ul requiring
a minimum cell viability of 70%. Single cells were separated on
a Chromium controller (10XGenomics) following the manufac-
turer’s recommendations and previous study.”’ Library con-
struction was performed using Single-Cell 3’ Reagent Kits V2
(10xGenomics, Pleasanton, California), which produces illu-
mina-ready sequencing libraries. After quality control by frag-
ment analysis (AATI), libraries were sequenced by Illumina
sequencer. Sequencing data from Illumina sequencer was pro-
cessed with Cell Ranger pipeline (version 2.1.1, 10XGenomics)
using default settings. Cell was only included if the number of
expressed genes were greater than 200 and mitochondrial genes
expression ratio was less than 5%. Gene expression matrix was
normalized using log scale. Results were used for subsequent
clustering analysis and visualized as a PCA.

Generation of CART

The vector of anti-mesothelin chimeric antigen receptor (CAR) is
constructed for the engineering of T cells to target human
mesothelin. We constructed and evaluated fully human anti-
mesothelin CARs comprised of a human mesothelin-specific sin-
gle-chain antibody variable fragment (P4 scFv) coupled to T cell
signaling domains. All CARs contained the SS1 scFv against
human mesothelin protein. The mesothelin CAR was previously
described.”’ The BBz CAR contained the scFv linked to the
CD137 intracellular portion and the CD3z domain through
a CD8a hinge and transmembrane domain.** For preparation of
in-vitro-tran-scribed (IVT) RNA, the CAR-encoding gene con-
structs were subcloned into the pGEM.64A-based vector, as



described previously.”> CD137 CART cells were co-cultured with
cancer cell line H226, with cell ratios of 1:1, 6:1, respectively. Cells
were cultured in X-VIVO medium containing 100 u/ml IL-2 and
followed by centrifugation after 24 h, then supernatant was col-
lected and detected by using Pierce LDH Cytotoxicity Assay Kit
(Thermo Fisher, Cat No. 88953). The data were statistically ana-
lyzed using the software Graphpad prism 5. The significant differ-
ences of LDH were measured by t-test, P < .05 was considered
statistically significant.

FACS analysis

Cells were stained with CD3 (BioLegend, clone: HIT3a), CD8
(BioLegend, clone: SK1), CD45RO (Biolegend, clone:
UCHLI1), CD137(Biolegend, clone: 4B4-1), BCL2 (Cell
Signaling Technology, clone: 124), Ki67 (Abcam, clone:
B126.1), GZMA (Biolegend, clone:CB9), HLA-DR(Biolegend,
clone:L243). For intracellular staining, cells were given PMA/
ionomycin (Biolegend, 423303) re-stimulation and then intra-
cellular staining was performed as previously described.**
FACS analysis was performed on a BD FACS Aria II flow
cytometer and analyzed by FlowJo6 software.

Statistics of clinical characteristics

For research on the relationship between multi-labeled immu-
nofluorescence results of TMAs and clinical information, con-
tingency table analysis and x* tests were used. We counted
positive rates of CD8", CD8'PD-17, CD4", CD4'PD-17,
CD4"FOXP3" cells in duplicate for each dot; The averages of
positive rates were calculated for every patient. Then, positive
rates of CD8", CD8"PD-17, CD4", CD4"PD-1*, CD4"FOXP3"
cells of tumor or peritumor TMAs were divided into high
expression group and low expression group in terms of cut
point of overall survival (OS) judged by X-tile 3.5.0. Other
clinical indicators were also divided into two groups according
to certain clinical standards, as shown in Table S1. The chi-
square test was conducted with SPSS statistics 17 software.
A P value <.05 was considered statistically significant.

For research of survival or recurrence rates, OS and time to
recurrence (TTR) curves were plotted according to Kaplan-Meier
in GraphPad Prism 5. Basis for grouping of TTR was the same as
aforementioned OS statistics. Life tables were performed using
SPSS statistics to evaluate 1,3 and 5 year survival and recurrence
rates. For univariate and multivariate analysis of hazard ratio,
a COX regression analysis was performed with SPSS statistics.

Results
Tumor characteristics and clinical information

We developed tissue array of 117 HCC patients and summar-
ized clinical characteristics of them in Figure la. Each patient
has more than 5-year follow-up. By the end of 5 years, 59.8%
(70/117) of patients suffered a recurrence and 48.7% (57/117)
died. The 1, 3, and 5 year overall survival (OS) rates were 80%,
57%, and 49% and the cumulative recurrence rates were 42%,
56%, and 62%, respectively. Fifteen key clinicopathological
features were calculated by univariate and multivariate
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analysis to test their correlation with OS and time to recur-
rence (TTR) of HCC (Table S1). Among them, y-glutamyl
transferase (y-GT) was the sole significant variable of OS and
TTR in both univariate and multivariate analyses (P < .01,
Table S1).

The presence of infiltrating lymphocytes in the tumor core
(TM) or adjacent non-cancerous tissue (ANT) was investi-
gated using multiplex quantitative immunofluorescence stain-
ing with CD8, PD-1, CD4, FOXP3, and DAPI (Figure 1b). We
observed that although the percentage of CD8" T and CD4"
T cells were much lower in the tumor core, the frequency of
CD8"PD1" cells (CD8"-Tex) was increased in the tumor core
(P < .001, Figure 1c). We considered FOXP3 and CD4 double
positive cells as Treg since FOXP3 is a master regulator in the
development and function of Treg. More CD4"FOXP3" cells
infiltrated in tumor core were observed (P < .01, Figure 1lc).
All the data highlighted the immunosuppressive nature of the
tumor microenvironment of HCC.

Specific T cell populations in HCC are differentially
clinically relevant

Firstly we found the location of CD8™T cell subsets is differen-
tially clinically relevant in HCC. Although the overall survival
rate remained unchanged in ANT and ANT+TM (Figure 2a,c),
Increased CD8'T cell infiltration in TM (CD8*_TM"#") was
strong predictor of survival (1y: 87% vs 76%; 3y: 71% vs 48%;
5y: 59% vs 42%) (Figure 2b). We then extended our analysis to
the PD-1 expression of CD8'T cell. The exhaustion status of
T cells was identified as double positive of CD8 and PD1 markers
(Figure 2df). Less exhausted CD8'T cell in ANT (CD8*PD-
1"_ANT™") predicts higher survival rates of patients (1y: 84%
vs 73%; 3y: 65% vs 41%; 5y: 55% vs 38%) (Figure 2d). However,
there was no statistical difference in the prognostic value of these
parameters from TM or ANT+TM (Figure 2ef).

Interestingly, we found although CD4'T cells play an
important role in the development of effective antitumor
immunity, in contrast to CD8'T cell, the positive rates of
CD4", CD4*PD-1%, CD4*FOXP3" cells of TM or ANT have
no significant correlation with the overall survival rate of
HCC patients (Figure 2go).

Next, we compared the predictive value of the specific cell
populations involvement on recurrence risk (Figure 3ao).
CD8*_TM™" patients had poorer prognosis for more recur-
rence than CD8"_TM"¢" individuals (1y: 49% vs 30%; 3y:
63% vs 44%; 5y: 67% vs 54%, P < .05) (‘Figure 3b). The
probability remained similar between groups in cells from
ANT or ANT+TM (Figure 3a,c). We also discovered that
CD8'PD-1"_ANT™&" predicts higher cumulative recurrence
than CD8"PD-1"_ANT" (1y: 51% vs 37%; 3y: 73% vs 46%;
5y: 77% vs 54%) (Figure 3d).However, the recurrence rates of
CD8"PD-1"_TM"" were significantly higher than those of
CD8"PD-1"_TM"8" patients (1y: 47% vs 28%; 3y: 60% vs
42%; 5y: 67% vs 47%) (Figure 3e).Besides, we calculated the
CD8"PD-1"*T cells in both TM and ANT (CD8"PD-1*"_ANT+
TM), and found that the less CD8"PD-1*T cells correlated
with higher recurrence rates (1y: 45% vs 27%; 3y: 59% vs 42%;
5y: 66% vs 42%) (Figure 3f). In contrast to CD4" and
CD4"PD-1" cells (P > .05, Figure 3g3l), CD4"FOXP3™ cells
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Figure 1. Summary of clinical information and tumor immune microenvironment. (a) We developed tissue array of 117 HCC patients and summarized clinical
characteristics. Each patient has more than 5-year follow-up. (b) Opal multicolor IHC staining with anti-CD8, anti-CD4, anti-PD-1, FOXP3 antibodies, and DAPI. (c)
Comparison of CD8", CD8*PD-1*, CD4", CD4*PD-1* and CD4*FOXP3* expression between ANT and TM.

ANT: adjacent non-cancerous tissueDAPI: 4',6-diamidino-2-phenylindoleFOXP3: forkhead box P3HCC: hepatocellular carcinomaOS: overall survivalPD-1: programmed

death-1TM: tumor coreTTR: time to recurrence*P < .5; **P < .01; ***P < .001.

showed strong association with the probability of cancer
recurrence in ANT or ATN+TM (P < .05, Figure 3m,0)
although weaker correlation observed in TM (P = .0557,
Figure 3n).

We then analyzed the correlation between the percentage of
infiltrated CD8" or CD8"PD-1" T cells and 15 clinicopathologic
characteristics by using x> test and Kaplan-Meier Curve (Table
S2). Total bilirubin (TB) level has positive correlation with
CD8'T cell infiltration in ANT (CD8'_ANT"S") (P = .045).
Also in ANT, HBsAg infection predicts more CD8"-Tex
(P =.039). On the contrary, increased alanine aminotransferase
(ALT) level associated with less CD8"-Tex (P = .006). Larger
tumor size negatively correlated with CD8™T cell infiltration in
TM (P = .02). Advanced Edmondson-Steiner grade (III-IV) was
significant predictor of decreased CD8" T cell in TM (P = .049),
more CD8"PD1'T cell infiltrated in TM or ANT+TM (both
P =.001). Detailed information is shown in Table S2.

At last, we analyzed the correlation between CD4", CD4*PD-
" or CD4"FOXP3™T cells infiltration and 15 clinicopathologic
characteristics as well (Table S3). Increased albumin (ALB) pre-
dicts less CD4™T cell accumulated in ANT (P < .05). Similarly,
liver cirrhosis correlated with CD4'T cell in TM (P = .003).
However, y-GT negatively correlated with CD4'T cell in TM
(P = .013). More multinodular tumor is negative predictor of
CDA4'T cell infiltration in both ANT and TM (P = .023). The
presence of vascular invasion is significantly correlated with the
number of CD4"FOXP3" T cells in ANT as well (P < .05).
Advanced Edmondson-Steiner grade is negative predictor of
CD4'FOXP3'T cells infiltration in TM or ANT+TM (P < .05).
y-GT significantly correlated with CD4"FOXP3™T cells infiltra-
tion in TM or ANT+TM as well (P < .05). For tumors of bigger
size, enhanced CD4"FOXP3™T cells infiltration is observed in
combined ANT+TM (P < .05). Detailed information is shown in
Table S3.
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Figure 2. OS curves from ANT and TM in HCC. OS curves were plotted in GraphPad Prism 5. The horizontal axis showed time after surgery and the vertical axis
showed overall survival rates by the corresponding time. Two sets of data (low vs. high) were represented by black and red curve, respectively. P < .05 was
considered statistically significant. OS, overall survival; ANT"%, Jow expression of indicated biomarkers in ANT; ANT"i9P, high expression of indicated biomarkers in
ANT; TM'°‘", low expression of indicated biomarkers in TM; TMhigh, high expression of indicated biomarkers in TM; ANT+TM Y low expression of indicated biomarkers
in both ANT and TM; ANT-+TM"9" high expression of indicated biomarkers in both ANT and TMTTR curves from ANT and TM in HCC TTR curves were plotted in
GraphPad Prism 5. The horizontal axis showed time after surgery and vertical axis showed probability of recurrence. Two sets of data (low vs. high) were represented
by black and red curve, respectively. P < .05 was considered statistically significant. TTR, time to recurrence; ANT% low expression of indicated biomarkers in ANT;
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ANT+TM™" low expression of indicated biomarkers in both ANT and TM; ANT+TMM9h high expression of indicated biomarkers in both ANT and TM.

The study systemically analyzed the composition, the location,

and exhausted states of five important T cell subsets in human

HCC and their correlation with long-term clinical outcomes and
clinical tests. These T cell subsets differentially linked to overall
and recurrence-free survival. Especially, around cutting margins,
CDS8™T lymphocytes have favorable effects on survival.

Single-cell transcriptomics to explore T cells subsets in HCC

To determine the heterogeneity of Tex we applied scRNA on
4876 sorted CD3"CD45RO" cells from the HCC ANT or 3171
CD3"CD45RO" cells from HCC TM to understand why these
subsets have different impacts on long-term clinical outcome
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Figure 3. TTR curves from ANT and TM in HCC.
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TTR curves were plotted in GraphPad Prism 5. The horizontal axis showed time after surgery and vertical axis showed probability of recurrence. Two sets of data (low
vs. high) were represented by black and red curve, respectively. P < 0.05 was considered statistically significant. TTR, time to recurrence; ANT'°‘”, low expression of
indicated biomarkers in ANT; ANTh'gh, hi?h expression of indicated biomarkers in ANT; TM'°W, low expression of indicated biomarkers in TM; TMh'gh, high expression

of indicated biomarkers in TM; ANT+TM
both ANT and TM.

(Figure 4a). CD8A and IL-7 R were used as markers to classify
CD8" or CD4™T cells. We found CD8"T cells were the domi-
nant population in ANT. In contrast, CD4"T cells made up
most of CD3*CD45RO" cells infiltrated in TM (Figure 4b).
Consistent with the previous reports® and earlier observa-
tions (Figure 1b), there were less CD8"T cells in the TM than

°" low expression of indicated biomarkers in both ANT and TM; ANT+TMMg high expression of indicated biomarkers in

in the ANT (Figure 4cd), again highlighting inefficient
CD8'T cell infiltration. Notably, the presence of
CD8*PDCDI** and CD4"FOXP3™T cells in the TM, which
was greater than in the ANT (Figure 4cd), further demon-
strated the exhausted nature of CD8"T cells and the immu-
nosuppressive microenvironment in HCC.
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(A) Overview of the study design. (B) 2D visualization of single-cell RNA expression by t-SNE plot. Each dot corresponds to a single cell, colored according to

expression level. (C) 2D visualization of single-cell clusters by t-SNE, showing 7

clusters in different colors from the ANT or the TM. (D) The numbers of indicated

T cells sequenced. The TM and ANT represent T cells isolated from adjacent normal and tumor tissues.IL-7 R: interleukin-7 receptor.

To reveal the intrinsic structure and potential functional
subtypes of the overall T cell populations, we performed
unsupervised clustering of all T cells using spectral clustering.
For the ANT, a total of seven stable clusters emerged, includ-
ing three clusters for CD8" cells, four clusters for CD4" cells,
each with its unique signature genes (Figure 5a). Notably, cells
in the CD8-PDCDI cluster were dominant in ANT (22.27%)
and expressed multiple known exhaustion marker genes such
as TNFRSF9, TIGIT, PDCDI, and CD27. Cells in the CDS-
GZMK cluster, were characterized by the high expression of
the CD74, CCL5, and HLA-DPA1I genes. This cluster attends
to be an intermediate state between effector and exhausted

T cells based on its transcripts. These two CD8" T cell clusters
accounted for 44.48% of ANT cells, while the third
CDS8'T cell cluster, CD8-IFNG, expressed high levels of effec-
tor genes GZMH, ANXAI, and CD63, thus representing effec-
tor CD8"T cells. Regulatory T cells (Treg) were detected in the
CD4-FOXP3 and accounted for 7.18% of ANT cells. The key
genes for clustering in T cells of ANT were shown in Table
5A. Comparison of cell markers, checkpoint receptors, effec-
tor molecules, and top genes of each cluster was shown in
Figure 5b,c.

A similar analysis for the TM, revealed a total of seven
stable clusters, including four clusters for CD4" cells, two
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to the ANT. Each violin plot shows both distribution and density of the indicated gene. (c) Heatmap of top selected genes among seven clusters of ANT.

clusters for CD8" cells, and one cluster for Tpy-like cells
(Figure 6a). Cells in the CD4-CD40LG cluster were the most
abundant (29.30% of TM) and expressed multiple known
antigen recognition or antigen-binding genes such as IGLC3,
IGHG3, IGKC, LTB, IL7 R, and ANXAI, as well as genes
encoding ribosomal proteins (not shown). These results sug-
gest that in response to extracellular signals, effector
CDA4'T cells coordinately increase multiple ribosomal compo-
nents to accommodate burgeoning cytokine production. Cells
in the CD4-CD69 cluster expressed high levels of CD69, which
is typically an early T cell activation marker, however, recent
studies reported that CD69"CD4"CD25 T cells might be
a new subset of CD4"Treg cells and increase dramatically
during tumor progression.”®*” Moreover, two other clusters,
CD4-FOXP3-PDCD1 and CD4-FOXP3-CTLA4, shared most
of Treg signature genes and well-defined immune checkpoints
genes expression, also expressing elevated GITR and 0X40,
which were critical in extending the survival of T effector
cells. Finally, cells in the CD8-NKG7 cluster presented
a signature of partial exhaustion, with expression of LAG3,
CCL5, GZMA, IFNG, PRF1, and PDCDI, while cells in the
CD8-EOMES cluster also expressed exhaustion genes, while
having lower expression of NKG7, IFNG, and PRF1 compared
to the CD8-NKG? cluster. This leads us to conclude that both
clusters contained partially exhausted CD8" effector T cells,

and that the differentially expressed genes between these two
clusters reflect heterogeneity and gradual development of
CDS8'T cells exhaustion. The increased population of Treg
in the TM and the extensive expression co-inhibitory recep-
tors is likely to support the immune-suppressive nature of the
tumor microenvironment. Comparison of cell markers,
checkpoint receptors, effector molecules, and top genes of
each cluster was shown in Figure 6b,c.

Next, we compared the effector function of the two CD8*T cell
clusters of TM. Firstly, we found the mRNA level of TNFRSFs was
distinct in the two CD8™T cell clusters (Figure 7a). C3-CD8-NKG7
cells highly expressed TNFRSF9*(CD137) gene and C7-CD8-
EOMES expressed lower level of CD137. Notably, the CD137™¢"
CD8" T cells increasingly expressed IFNG, and CD27 which is
required for generation and long-term maintenance of T cell
immunity. Besides, the protein level of anti-apoptosis and prolif-
eration genes (Bcl2, GZMA, HLA-DR, Ki67) increased in
CD137"¢"CD8™T cells as well. To confirm that the difference
was due to the signaling domains of the receptor, we generated
CD137 CART cells to test the cytotoxicity of CD137 activated
CDS8'T cells based on lactate dehydrogenase release (Figure 7c).
CD137 CART cells were co-cultured with cancer cell with cell
ratios of 1:1, 6:1, respectively. The data indicate that CD137 CART
cells kill tumor cells in the dose-dependent manner (Figure 7c).
Thus, in immunosuppressive microenvironment of HCC, most
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Figure 6. T cell subtype analysis of TM based on single-cell gene expression (a) Seven T cell clusters, corresponding signature genes and functional description of TM.
(b) Violin plots showing the expression profile of multiple inhibitory receptors, cell markers, and effector molecules in each cluster corresponding to the TM. Each
violin plot shows both distribution and density of the indicated gene. (c) Heatmap of top genes in each cluster of ANT.

CDS8'T cells expressed multiple exhausted markers (Figure 6b).
CD137, a costimulatory molecule highly expressed on some
exhausted T cells, maintained Tex cell survival and anti-tumor
immunity in TM of HCC.

Discussion

The poor outcome of HCC patients results from metastases
and/or postsurgical recurrence of the primary tumor. The
association between intra-tumoral T-cell accumulation and
improved survival in cancer predicts a role for tumor-
specific T-cell activity in tumor control. Thus, a better under-
standing of T cell subsets in microenvironment of HCC will
aid in designing improved immunotherapies. In the study, we
aim to answer 1) the composition, location, molecular profiles
of CD4'T, CD8'T cells including exhausted subsets in HCC
microenvironment; 2) clinical relevance of T cell subsets.
CD4™T cell, CD8'T cell, and Treg are important T-cell
subsets of tumor immunity; however, our data found that
their presence and location differentially correlated with the
long-term clinical outcome of HCC (Figure 2-3). In the study,
although CD4"T cell is considered as the essential helper for
cytotoxic CD8™T cell, they have no impact on the prognosis of
HCC in the study. Treg especially located in adjacent area, is
significantly associated with early recurrence. Although the
role of Treg in tumor progression has been extensively

investigated and Treg-mediated immune suppression has
emerged as a crucial mechanism of tumor evasion,?® the
relevance to human disease or prevention strategies remains
to be defined. Why Treg links to early recurrence of patients
with HCC? In the study, a plausible explanation for it is Treg
of the cutting-edge plays an important role of affecting
CDS8'T cells on killing residual tumor cells after surgery. As
reported,” our study confirms again that CD8'T cells are
closely related to long-term survival and recurrence of HCC
patients. Interestingly, exhausted CD8'T cells in adjacent
non-cancerous liver tissue show a superior prognostic value
compared to CD8"-Tex of tumor core. The data highlights
that spatial transcriptomic analysis of immune cells is critical
for understanding their role in tumor. The clinically relevant
finding prompted us to explore the heterogeneity of T cell
phenotypes of HCC.

By single-cell transcriptional analysis, we found that the
composition of CD4"-Tex, CD8"-Tex, and FOXP3"-Treg was
shifted in tumor and adjacent tissue. A wider range of genes
coding co-inhibitory receptor expression is present in tumor
core. T cells transition from activation to exhaustion at a later
period, as judged by expression of key exhaustion genes. We
observed that distinct CD8" T cells subsets co-existed in HCC
tumors and surrounding tissue, including the CDS8-IFNG
(effector CD8" T cells), CD8-GZMK (as reported as transi-
tional CD8'T cells®®) and CD8-PDCDI1 cells (exhausted
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CDS8T cells) associated into a relative process in pseudo-time.
In the study, 88.03% of HCC patients have HBV infection
history (Table S3). Therefore, the heterogeneity of CD8"-Tex
is induced by chronic antigen activation presented by both
tumor and virus infection. For example, the top-
overexpressed genes of the third cluster of TM are abundant
of genes related to lymphocyte chemotaxis and response to
virus (CCL5, CCL4, XCL2, CCL3, CCL4L2, etc.). Thus, the
long-term persisting HBV infections result in an additional
driver of heterogeneity in the pool of exhausted T cells.>*
In comparison to CD8'T cell, most CD4'T cells rarely
expressed the checkpoint receptors (PD1, CTLA4, LAG3,
TIGIT). Indeed, no clear exhaustion signature of most
CD4'T cells compared to memory CD4'T cells. Previous
work suggests one possible impact of chronic viral infection
is skewing of CD4™T cells toward follicular helper T (Tfh).3!
Tth cells are a subset of CD4™T cells specialized to regulate
antibody responses and clear infection.”> The Tth cells are

characterized by the expression of CXC chemokine receptor 5
(CXCR5), inducible T-cell costimulatory (ICOS), PD-1, B cell
lymphoma 6 (BCL-6), and IL-21.>> While several of these
markers are also features of exhausted T cells and might
suggest a possible Tth skewing, some can also reflect recent
T cell activation. As shown in Figure 6b,c, the sixth cluster
“TFH-like-CXCL13” remarkably expressed multiple co-
inhibitory receptors (PD1, CTLA-4, TIGIT). However,
whether these PD-1"Tth cells origin from exhausted
CDA4'T cells need further study. Meanwhile, their impact on
antiviral/antitumor immunity of HCC barely has been
reported.”> HBV-related HCC patients lack effective B cell
antibody responses.”® To study the function of these PD-
1-expressing Tfh cells will help to understand the defects in
B cell immunity of HCC.

On the other hand, FOXP3'Treg extensively expressed
genes coding co-inhibitory receptors. In both ANT and TM,
the cluster CD4-FOXP3-PDCD1 highly expressed PDCD1



which has been identified as effector Treg.>* As reported, the
presence of actively proliferating PD-1"effector Treg cells in
tumors is a reliable marker for hyper-progressive disease
(HPD).** PD-1 blockade facilitates the proliferation of highly
suppressive PD-1"effector Treg cells in HPD, resulting in
inhibition of antitumor immunity.**

Conclusion

In summary, this work reveals the heterogeneity of the CD4"
and CD8" T cell exhaustion and their correlation with clinical
outcome of HCC patients. Especially, the clinical prognostic
role of Tex in non-cancerous adjacent tissue, suggesting the
importance of immune status assessment in the tumor periph-
ery. Single-cell transcriptional analysis allowed us to gain insight
into the unique differentiation of “exhausted” CD4™T cells or
CD8'T cells. A molecular profile distinct from effector or
memory CD4'T cells and also from exhausted CD8'T cells,
though some common features of CD4" and CD8" T cell
exhaustion were revealed. Understanding the heterogeneity of
these T cell populations and their clinical relevance rationalizes
the combined therapy for selectively targeted.
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