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Background: Hepatocellular carcinoma (HCC) represents the third deadliest
cancer worldwide with limited treatment options. Immune checkpoint
inhibitors (ICls) have revolutionized HCC therapy, but immune suppression
within the tumor microenvironment remains a major challenge. Therefore, in
this study, we aimed to define novel ICI molecules arising on T cells during
aggressive HCC development.

Methods: Using autochthonous HCC models, we performed microarray analyses
followed by in vivo RNA interference screen and identified several new ICl
molecules on CD4 and CD8 T lymphocytes in HCC-bearing mice. Short
hairpin RNA (shRNA)-mediated knockdown of the ICI molecules was
performed to validate their functional role in T cell activity and survival of
HCC-bearing mice. Finally, we searched for the presence of the defined ICI
molecules in HCC patients.

Results: We identified neutrophilic granule protein (Ngp), hemoglobin subunit
alpha-1 (Hba-al), and S100 calcium-binding protein a8 (S100a8) as novel
inhibitory molecules of T cells in HCC. The specific shRNA-based knockdown of
these inhibitory targets was safe, led to a downregulation of classical IClI molecules
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(PD-1, PD-L1, 4-1BBL, CD160), and kept liver parameters under control in murine
HCC. Besides, we detected upregulation of SI00A8 and SI00A9 in blood and liver
tissues in HCC patients, supporting their clinical relevance.

Conclusion: The obtained results pave the way for the use of the newly defined
ICI molecules Ngp, Hba-al, and S100a8 as novel immunotherapeutic targets in
further preclinical and clinical studies in HCC patients.

RNA interference screen, T lymphocytes, hepatocellular carcinoma, immunotherapy,
immune checkpoint inhibitors

1 Introduction

Hepatocellular carcinoma (HCC) is a highly lethal cancer
that represents the third most common cause of cancer-related
deaths worldwide, with about 830,000 patients dying from the
disease annually (1, 2). The primary risk factors for HCC include
cirrhosis and chronic infection with hepatitis B or C viruses (3).
HCC incidence continues to rise globally, and most HCC cases are
estimated to occur in Asia (72%) followed by Europe (10%), Africa
(7.8%), and least cases in Oceanic (0.5%) (4). Current treatment
options for HCC, like surgical liver resection, liver transplantation,
and locoregional therapies, including radiofrequency ablation (5)
and transarterial chemoembolization, are limited to very early
stages of the malignant disease and cannot prevent recurrence
(6). In addition, in the majority of patients (>80%), HCC is
diagnosed in unresectable tumor stages, thereby limiting the
treatment options to systemic therapies (7). Sorafenib, a
multikinase kinase inhibitor, used to be a standard therapy for
HCC since 2007 (8). Immunotherapy recently replaced sorafenib, as
the first-line therapy in unresectable HCC (9), as described below.

Abbreviations: ALP, Alkaline phosphatase; ALT, Alanine aminotransferase;
AST, Aspartate aminotransferase; CAMP, Cathelicidin; CAR-T cell, Chimeric
antigen receptor T cell; CTLA-4, Cytotoxic T-lymphocyte-associated protein;
DCs, Dendritic cells; GDH, Glutamatdehydrogenase; GFP, Green fluorescent
protein; Hba-al, Hemoglobin subunit alpha-1; HCC, Hepatocellular carcinoma;
HDI, Hydrodynamic tail vein injection; ICIs, Immune checkpoint inhibitors;
IHC, Immunohistochemistry; IrrelLN, Irrelevant lymph node; LAG3,
Lymphocyte-activation gene 3; LCN2, Lipocalin 2; LDH, Lactate
dehydrogenase;LN, Lymph node; Ngp, Neutrophil granule protein; PBMCs,
Peripheral blood mononuclear cells; PD-1, Programmed cell death protein 1;
PD-L1, Programmed cell death ligand 1; qPCR, Quantitative polymerase chain
reaction; RelLN, Relevant lymph node; RFP, Red fluorescent protein; RNAi, RNA
interference; SB13, Sleeping Beauty 13 transposase; shRNA, Short hairpin RNA;
TILs, Tumor-infiltrating lymphocytes; TIM3, T cell immunoglobulin and mucin-
domain containing-3; TME, Tumor microenvironment; Tregs, Regulatory T cells;
VEGF, Vascular endothelial growth factor; VISTA, V-domain Ig suppressor of T

cell activation.
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Considering the permanently growing incidence of HCC and
the limited efficacy of current therapies, there is an urgent need for
new innovative treatment strategies. Since HCC is modulating the
tumor microenvironment (TME) (10) to evade the immune system,
immunotherapy represents an attractive alternative to target and re-
activate immune cells, which became dysfunctional due to
suppression by HCC. Importantly, since HCC has been shown to
be immunogenic and several HCC-specific tumor-associated
antigens that are targeted by T cells have been identified (11-13),
T cell-based immunotherapy is considered as a promising
treatment. It has been shown that T lymphocytes are highly
infiltrating HCC, which is also correlating with better survival
prognosis (14-16). Nevertheless, tumor-infiltrating T lymphocytes
or tumor-specific T lymphocytes in close proximity to tumor, are
found to be exhausted and display an over-expression of several
immune checkpoint inhibitors (ICIs) in which programmed cell
death protein 1 (PD-1), cytotoxic T-lymphocyte-associated protein-
4 (CTLA-4), T-cell immunoglobulin and mucin-domain
containing-3 (TIM-3), V-domain Ig suppressor of T cell
activation (VISTA) and lymphocyte activating 3 (LAG3) are
frequently studied (17, 18). In line with above mentioned,
recently approved therapies for unresectable HCC comprising
atezolizumab and bevacizumab, inhibitors of PD-L1 and vascular
endothelial growth factor (VEGF), showed better prognosis in HCC
patients and were approved as the first-line therapy for unresectable
HCC (9). In addition, many ongoing clinical trials are evaluating
antibodies targeting specific ICIs as a single-agent therapy.
However, combination strategies have been shown to be more
effective in treating this complex malignant disease (18-20).

The discovery of ICIs has revolutionized cancer treatment, but
it still needs to be further investigated, and new inhibitory targets
need to be explored. Therefore, we performed microarray analysis
on CD4" and CD8" T lymphocytes isolated from HCC-bearing
mice to identify further immune inhibitory molecules associated
with HCC development. Additionally, we approved our findings by
performing an RNA interference (RNAi) screen in vivo. Among
several upregulated genes, we found neutrophilic granule protein
(Ngp), hemoglobin subunit beta-1 (Hbb-bI), hemoglobin subunit
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alpha-1 (Hba-al), S100 calcium-binding protein a8 (5100a8), and
others highly expressed on T lymphocytes in HCC-bearing mice.
We performed in vivo validation experiments and investigated the
functional role of Ngp, Hbb-bl, Hba-al, and S100a8 on T
lymphocytes during HCC development. Using a short hairpin
RNA (shRNA)-based specific knockdown of these targets in
donor-derived T lymphocytes, we tested the impact of adoptive T
cell transfer therapy on survival and ICIs repertoire in HCC-bearing
animals and thereby identified the most promising targets.
Furthermore, we confirmed our data obtained in a preclinical
mouse model in samples obtained from HCC patients.

2 Materials and methods

The section “Materials and Methods” can be found in
Supplementary Materials.

3 Results

3.1 HCC development and isolation of T
lymphocytes for microarray analysis

In the first part of our study, we aimed to identify to date
unknown inhibitory molecules on CD4 and CD8 T lymphocytes,
which are upregulated during HCC development using microarray
analysis (see “Experimental setup” in Supplementary Figure S1).

3.1.1 HCC Model

To induce HCC development, we delivered transposons
expressing two oncogenes, NRAS®"?Y and c-Myc, together with a
Sleeping Beauty transposase (SB13) into C57BL/6—Foxp3tm1F1V/]
mice expressing red fluorescent protein (RFP) regulatory T cells
(Tregs) using the hydrodynamic tail vein injection (HDI) technique
(Supplementary Figure S1A). Control tumor-free mice received
either NRAS“'?Y or c¢-Myc with SBI3 (Supplementary Figure
S1A). After 5-8 weeks post-HDI, mice with overexpression of
both oncogenes (NRAS®"?V and c¢-Myc) developed tumors and
were sampled together with the corresponding tumor-free
controls (NRAS“"? or ¢-Myc) (Supplementary Figure S2A).

3.1.2 Isolation of CD4 and CD8 memory T cells
Several organs (liver, liver-draining lymph nodes (later
designated as: relevant lymph nodes (relLN)), not liver-draining
lymph nodes (later designated as: irrelevant lymph nodes
(irrelLN)), and spleen) were isolated and single-cell suspensions
thereof were prepared (Supplementary Figure S1B). Cell
suspensions were stained using the established protocols (21-24)
and sorted for memory CD4 and CD8 T cells (Supplementary
Figure S1B): CD3" NK1.1° CD4" CD8" Foxp3~ CD44" (designated
as CD4" CD44" T cells) and CD3" NK1.1" CD4 CD8" CD44" T cell
populations (designated as CD8" CD44" T cells), respectively.
Supplementary Figure S2B demonstrates a gating strategy used at
sorting to define both populations of memory CD4 and CD8 T cells.
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3.1.3 RNA isolation and microarray analysis

In the next step, total RNA from CD4" CD44" and CD8"
CD44" T cells was isolated and processed for microarray analysis
(Supplementary Figure S1C).

We performed in total two independent experiments giving rise
to two independent replicates for each organ (liver, relLN, irrelLN,
spleen) and cell type (CD4" CD44" and CD8" CD44" T cells).

3.2 Microarray analysis reveals 72
upregulated genes in CD4* CD44" and
CD8™ CD44" T lymphocytes during HCC
development

To identify genes that are upregulated in T lymphocytes during
HCC development, we conducted a microarray analysis comparing
CD4" CD44" and CD8" CD44" T cells isolated from HCC-bearing
(genotype HCC: NRAS®"?/c-Myc) mice with those isolated from
HCC-free control animals (genotype Cl: ¢-Myc; genotype C2:
NRAS®'?Y, Supplementary Figure S1A, Supplementary Figure
S2A). To identify target genes for validation studies, the log2
values in T lymphocytes originating from HCC-bearing mice
were analyzed. Importantly, log2 values obtained in HCC-free
controls were subtracted from log2 values of the tumor-bearing
group. This allowed us to define genes that were consistently
upregulated (enriched) in the TME of HCC-bearing animals. The
term “enriched genes” in this context refers to those genes that were
significantly upregulated in T cells from HCC-bearing mice
compared to HCC-free controls.

In CD4" CD44" T cells, we identified a total of 615 upregulated
genes with log2>0.5, distributed among the liver (261 genes), relLN
(84 genes), spleen (191 genes), and irrelLN (79 genes) (Figure 1A).
Among these, 17 genes were commonly upregulated in both liver
and relLN, 26 genes in liver and spleen, 7 genes in HCC liver and
irrelLN, and 5 genes in HCC liver, relLN, and spleen (Figure 1A).
Intersections among spleen, relLN, and irrelLN ranged from 2 to 6
genes (Figure 1A).

Similarly, in CD8" CD44" T cells, we found 736 upregulated
genes, with the liver showing the highest number (382 genes),
followed by relLNs (90 genes), irrelLNs (77 genes), and spleen (187
genes) (Figure 1B). In comparison to CD4" CD44™ T cells, CD8"
CD44" T cells showed 121 additional genes that originated from the
liver. Gene intersections among organs showed 18 genes shared
between liver and relLN, 45 between liver and spleen, and 15
between liver and irrelLN (Figure 1B). Notably, 9 genes were
identified in the intersection of liver, spleen, and relLN in CD8"
CD44" T cells in comparison to CD4* CD44" T cells.

To narrow down our analysis, we next focused on genes with
log2>1, selecting 99 highly upregulated genes in CD4" CD44" T
cells and 72 genes in CD8" CD44" T cells (Figure 1C for CD4"
CD44" T cells and Figure 1D for CD8" CD44™ T cells). These genes
were distributed across different tissues: 23 genes in liver, 11 genes
in relLN, 44 genes in spleen, 21 genes in irrelLN in CD4* CD44" T
cells (Figure 1C). In CD8" CD44" T cells, 6 genes were shared from
liver and spleen, 1 gene between liver and relLN, and 1 gene
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FIGURE 1

Microarray analysis on CD4* CD44" and CD8" CD44" T cells isolated from the liver, relLN, spleen, and irrelLN of HCC-bearing and HCC-free
control mice. (A-D) Venn diagrams depicting the distribution of upregulated genes in (A) CD4* CD44* T cells with log2>0.5, (B) CD8* CD44* T cells
with l0g2>0.5, (C) CD4* CD44" T cells with log2>1, (D) CD8* CD44" T cells with log2>0.5. (E) Heatmap showing highly upregulated genes in CD4*
CD44" and CD8"* CD44" T cells isolated from liver, relLN, irrelN, and spleen of HCC-bearing mice, compared to HCC-free controls (C1: c-Myc/C2:
NRASC?2Y). Genes selected based on the microarray analysis were included as targets in the shRNA library for the in vivo RNAi screen. Data
represents a pool of two independent experiments, with n=6 for each replicate (6 HCC-bearing mice vs. 6 HCC-free mice). HCC, hepatocellular

CD8* CD44*

10.3389/fimmu.2025.1549229

Log2 20.5

Log2 21

CD8* CD4

Liver relLN irrelLNSpleen

(*6o]) Koy 10]0D

Fam132a+

Ank1+

Lyz2+

0 Cacnald=
Gypa=]

Ms4a3-

Cox6b2+1

Tspo2-]

Car2+

Fn1-

Epba2-
Serpinalb
Serpinaic
Fgg
Alb:
Ge
Mup20
2 Mup3

carcinoma; relLN, relevant lymph nodes; irrelLN, irrelevant lymph nodes.

c1c2c1c2c1C2

c1C

(¢6o]) Aay 10]0D

Frontiers in Immunology

04

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1549229
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hochnadel et al.

between liver and irrelLN (Figure 1D). No genes met the log2>1
threshold across liver, relLN, and spleen in CD8 T cells (Figure 1D).

Finally, to visualize and prioritize the most biologically relevant
targets, we used a heatmap highlighting 72 of the most upregulated
(enriched) genes in HCC liver, relLN, and spleen (Figure 1E). These
genes were selected for the in vivo RNAIi screen to uncover new
targets on CD4 and CD8 T cells in HCC.

3.3 In vivo RNAI screen and identification
of key players in T cell inhibition during
HCC development

To identify key players in T cell inhibition, we performed the
RNAI screen targeting 72 of the most upregulated genes identified
in the microarray analysis.

3.3.1 RNAI screen setup

We first induced HCC development using the HDI technique
and isolated CD4 and CD8 T cells from HCC-bearing donor mice
(Figure 2). These T cells were stimulated and transduced with a
pooled shRNA library which contained 4-5 shRNAs per selected
target gene. An shRNA targeting Renilla (shRen), a non-coding
gene in mice, served as a negative control. The shRNA constructs
were cloned into a third-generation pGIPZ lentiviral vector system
expressing green fluorescent protein (GFP) allowing for a tracking
of the transduction efficiency, as previously described (25). The
lentiviral packaging was performed using a system consisting of
pMD2.G, pMDLg/pRRE, and pRSV-Rev vectors, expressing
envelope and transport proteins (VSV-G, Gag/Pol, Rev)

HDI ‘

v ol

10.3389/fimmu.2025.1549229

(Figure 2). CD4 and CD8 T cells were transduced with the virus
harboring the shRNA library. Following viral transduction, GFP*
CD4 and CD8 T cells were sorted (a gating strategy is shown in
Supplementary Figure S3) and labeled with a proliferation dye
(eFluor450). Thereafter, the transduced GFP* eFluor450" T cells
were adoptively transferred into HCC-bearing recipient mice
(Figure 2). For the adoptive transfer, GFP" eFluor450" CD4 and
GFP" eFluor450" CD8 T cells were pooled and approximately 2x10°
cells were transferred intravenously (i.v.) (Figure 2). Five days post-
transfer, the recipient mice were sacrificed, and liver, spleen, relLN,
irrelLN, and blood were collected for further analysis. T cells were
isolated and sorted according to CD3* CD4* GFP* eFluor450”
CD3* CD8* GFP* eFluor450" and CD3" CD4" GFP* eFluor450™
CD3" CD8" GFP" eFluor450" profiles (a gating strategy is shown in
Supplementary Figure S4). Sorted CD4 and CD8 T cell populations
were subjected to DNA isolation followed by Illumina sequencing to
determine the shRNA representation/abundance (Figure 2). We
searched for shRNA enrichment (log2-fold changes) detected in
isolated T cells of HCC-bearing recipient mice (out-probes)
compared to T cells prior to the adoptive transfer (original pool,
in-probes). Enriched shRNAs (which we used to refer to
overrepresented in out-probes, compared to the original pool (in-
probes)) mean, that these sShRNAs target inhibitory genes whose
knockdown is beneficial for the proliferation of the corresponding
T cell.

3.3.2 RNAI screen data analysis

To ensure reproducibility, four individual mice received
shRNA-transduced CD4 and CD8 T cells. The sequencing results
were pooled, and the 20 most enriched shRNAs targeting inhibitory

HDI ‘

»
{7 Tcell ®® Labeling {7
|so|at|on shRNA I|brary (proliferation dye) /
_—
Transfer of T cells .
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O DNA Isolation of &104
“— sequencing ¢ T cells ¢ O,
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)

FIGURE 2

010" o0 Toe s
Proliferation dye
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Experimental setup of the in vivo RNAi screen. CD4 and CD8 T cells were isolated from HCC-bearing mice (NRAS®*2¥/c-Myc genotype) and
transduced with the shRNA library using a GFP-expressing lentivirus (pGIPZ). Successfully transduced GFP* CD4 and CD8 T cells were sorted and
labeled with a proliferation dye eFluor450 (in-probes). Thereafter, the cells were adoptively transferred into HCC-bearing recipient mice. Five days
post-transfer, recipient mice were sacrificed, and the liver along with other organs were collected. Adoptively transferred T cells were isolated from
the explanted organs, sorted for eFluor450* and for eFluor450° populations (out-probes), and subsequently subjected to DNA sequencing for
shRNA representation/abundance analysis. HCC, hepatocellular carcinoma; HDI, hydrodynamic tail vein injection; GFP, green fluorescent protein;

shRNA, short hairpin RNA.

Frontiers in Immunology

05

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1549229
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hochnadel et al.

genes for both CD4 and CD8 T cell subsets were identified
(Figures 3 and 4). Data from individual mice are presented in
Supplementary Figure S5-12.

In general, only a limited number of enriched shRNAs were
identified in CD4 T cells, primarily originating from spleen (3
shRNAs), relLN (6 shRNAs), and blood (4 shRNAs) (Figure 3).
Interestingly, these sShRNAs were found in eFluor450" CD4 T cells
(Figure 3). In contrast to the pooled data on CD4 T cells (Figure 3),
individual mouse analysis revealed a presence of many more
enriched shRNAs on CD4 T cells in each of the explanted organs.
Those shRNAs were detected in both eFluor450™ and eFluor450*
CD4 T cells (Supplementary Figure S5, Supplementary Figure S7,
Supplementary Figure S9, Supplementary Figure S11).

Liver Spleen relLN

irrelLN

10.3389/fimmu.2025.1549229

In contrast to pooled data from CD4 T cells, a shRNA
enrichment was observed in all analyzed organs in CD8 T cells
(Figure 4), especially in CD8 T cells isolated from relLN with
different shRNAs enriched in eFluor450" and eFluor450" CD8 T
cells (Figure 4). Enriched shRNAs in CD8 T cells were also present
in all organs of the individual mice showing a constant strong
enrichment in relLN (Supplementary Figure S6, Supplementary
Figure S8, Supplementary Figure S10, Supplementary Figure S12).

Importantly, among the enriched shRNAs in the pooled
analysis of both, CD4 and CD8 T cell populations, several
shRNAs were present and targeted prominent genes, such as:
CD200 receptor 1 (CD200rlI), calcium channel, voltage-
dependent, L type, alpha 1D subunit (Cacnadl), and translocator
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FIGURE 3

In vivo RNAI screen revealed several enriched shRNAs in CD4 T cells during HCC development. RNAi screen analysis was performed on eFluor450~
and eFluor450* CD4 T cells isolated five days post-adoptive transfer from liver, spleen, relLN, irrelLN, and blood (out-probes) of HCC-bearing mice
(NRASS*2V/c-Myc genotype). The CD4 T cells in out-probes were compared to the CD4 T cells before the adoptive transfer (in-probes). ShARNA
enrichment (log2 fold-changes) detected in isolated CD4 T cells of HCC-bearing recipient mice (out-probes) compared to CD4 T cells before the
adoptive transfer (in-probes) are presented in a heatmap. Upregulated shRNAs (>0) are marked in red and downregulated shRNAs (<0) are marked in
blue. Data represent a pooled analysis from four recipient mice. relLN, relevant lymph nodes; irrelLN, irrelevant lymph nodes.
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In vivo RNAI screen revealed several enriched shRNAs in CD8 T cells during HCC development. RNAi screen analysis was performed on eFluor450~
and eFluor450* CD8 T cells isolated five days post-adoptive transfer from liver, spleen, relLN, irrelLN, and blood (out-probes) of HCC-bearing mice
(NRAS2V/c-Myc genotype). The CD8 T cells in out-probes were compared to the CD8 T cells before the adoptive transfer (in-probes). ShRNA
enrichment (log2-fold changes) detected in isolated CD8 T cells of HCC-bearing recipient mice (out-probes) compared to CD8 T cells before the
adoptive transfer (in-probes) are depicted in a heatmap with upregulated (>0, marked in red) and downregulated shRNAs (<0, marked in blue). Data
represent a pooled analysis from four recipient mice. relLN, relevant lymph nodes; irrelLN, irrelevant lymph nodes.
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protein (Tspo), which were found in T cells isolated from liver and/
or relLN, the local organs of HCC development (Figures 3, 4).

When comparing the RNAi screen data with the microarray
results (comparing enriched genes from the microarray with
enriched shRNAs targeting the same genes), we found that
several genes previously identified as highly upregulated,
including Ngp, Hbb-bl, Hba-al, and S100a8, were consistently
detected in individual mice in the RNAIi screen via enriched
shRNAs targeting these genes (Figure 1 and Supplementary
Figure S5-12, respectively). Based on these findings, we selected
these four target genes for in vivo validation studies to further
investigate their role as potential inhibitory regulators of T cell
function in HCC.

Frontiers in Immunology

3.4 Validation of potential targets in vitro
using a specific shRNA-based knockdown
of endogenous mMRNA expression

To perform validation studies, we first defined the most potent
shRNAs to efficiently knockdown the selected target genes (Ngp,
Hbb-b1, Hba-al, S100a8). The knockdown efficiency of each shRNA
was tested in T cells isolated from HCC-bearing mice. To achieve this,
we first induced HCC (genotype: NRAS“"?"/c-Myc). Upon HCC
development, mice were sacrificed, and CD4 and CD8 T cells were
sorted from the liver, relLN, irrelLN, and spleen. T cells were then
stimulated in vitro for three days with anti-CD3, anti-CD28, and IL-2.
In parallel, HEK293T packaging cells, which were used as lentivirus-
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producer cells, were transfected with pGIPZ lentiviral vector system
expressing a shRNA of interest. ShRen served as a control. Freshly
produced lentiviral particles expressing a shRNA of interest and a
GFP reporter were harvested after two days. CD4 and CD8 T cells
were transduced with GFP-expressing lentiviral particles and on day
three post-transduction, alive and GFP* were isolated using cell
sorting. The gating strategy used for sorting is depicted in
Supplementary Figure S3A, B. Isolated GFP* CD4 and GFP" CD8
T cells were subjected to RNA isolation. The efficiency of shRNA-
mediated knockdown was assessed using quantitative polymerase
chain reaction (qPCR). Two representative in vitro knockdown
examples are shown in Supplementary Figure S13A-B. The qPCR
results showed that in comparison to control shRen, shNgp.140, and
shNgp.452 demonstrated the highest knockdown in CD4 and CD8 T
cells (Supplementary Figure S13A). Similarly, the most potent shRNA
was defined in CD4, and CD8 T cells for Hba-al (Supplementary
Figure S13B), for Hbb-bl (data not shown), and S100a8 (data
not shown).

Based on the obtained data, the most efficient sShRNA was
selected for each of the target genes Ngp (shNgp.140), Hbb-bl
(shHbb-b1.541), Hba-al (shHba-al.122), and S100a8 (shS100a8),
accordingly. The selected shRNAs were further tested in in vivo
validation experiments, as described in the next section.

3.5 Experimental design for the in vivo
validation of shRNA-mediated knockdown

In the next step of our study, we performed in vivo validation
experiments to investigate the efficacy of shRNA-mediated
knockdown of the selected target genes (Ngp, Hbb-bl, Hba-al,
§100a8) on CD4 and CD8 T cells function using several therapeutic
regimes and different readouts. The experimental layout is
described in Supplementary Figure S13C.

3.5.1 T cell isolation, transduction, and sorting

CD4 and CD8 T cells were first isolated from HCC-bearing
donor mice, and transduced with shRNA-expressing lentiviral
particles, followed by sorting of GFP™ transduced T cells, as
described previously (Figure 2).

3.5.2 Adoptive transfer and therapeutic
intervention

To evaluate the therapeutic effect of shRNA-mediated
knockdown of a target gene, we used C57BL/6] recipient mice
harboring HCCs (genotype: NRAS“'?Y/c-Myc, Supplementary
Figure S13C). According to previous survival studies (data not
shown), we defined the optimal time for the therapeutic
intervention (adoptive transfer of modified shRNA-transduced
CD4 and CD8 T cells) at two weeks post-HDI (Supplementary
Figure S13C). Importantly, to achieve a comparable HCC stage in
recipient animals, we selected those age- and gender-matched
HCC-harboring animals which showed similar values in the
classical diagnostic parameters for HCC and other liver diseases
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used in the clinic (26): aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and lactate dehydrogenase (LDH).

The therapy, comprising adoptively transferred T cells with
shRNA-mediated knockdown of a target gene was applied once or
twice in a weekly interval. For the adoptive transfer, transduced and
previously pooled CD4 and CD8 T cells (approximately 2x10° cells
each) expressing shRNA of interest were administered to mice i.v.
(Supplementary Figure S13C). Mice receiving T cells transduced
with shRen served as a control (Supplementary Figure S13C).

To evaluate the impact of shRNA-mediated knockdown on the
HCC progression, we systematically monitored several parameters
in recipient mice: survival, body weight changes, liver inflammation
using biochemical parameters, and expression of ICIs on CD4 and
CD8 T cells.

3.6 In vivo knockdown of Ngp on CD4 and
CD8 T cells significantly prolonged the
survival of HCC-bearing mice while
decreasing liver biochemical parameters

First, we aimed to validate Ngp as a potent T cell inhibitor, by
using shNgp.140 (designated as shNgp) for in vivo knockdown.
Prior to the adoptive transfer of shNgp-transduced T cells into
C57BL/6] mice harboring HCC (genotype: NRAS'?Y/c-Myc), we
assessed the levels of the diagnostic parameters AST, ALT, and LDH
in plasma of HCC-bearing recipient mice (genotype: NRAS“"?"/c-
Mpyc) (Supplementary Figure S13D) and selected comparable
individuals as described above. On day 13 and 20 post-HDI,
shNgp-transduced CD4 and CD8 T cells or shRen-transduced
controls were adoptively transferred to the recipients. ShNgp-
mediated knockdown in CD4 and CD8 T cells significantly
prolonged the survival of HCC-bearing mice by 41 days
compared to the shRen group (Figure 5A). We neither observed
any impact on the body weight upon T cell transfer in both recipient
groups (Figure 5B), nor did we detect any differences in liver tumor
burden between shRen and shNgp groups at sampling, when
reaching the termination criteria due to HCC development
(Supplementary Figure S13E).

Over the course of the survival study, several biochemical
parameters in the plasma of recipient mice were monitored to
exclude toxic effects on liver metabolism caused by T cell therapy
(Figure 5C, 2 representative mice are depicted). On day 34 post-
HDI, we observed a six-fold increase of AST in the shNgp group
which decreased by day 42 post-HDI (Figure 5C). At all other time
points tested, including sampling, the AST level was lower in the
shNgp group than in the shRen control group (Figure 5C). The ALT
level showed to be constantly low in both groups, shNgp, and
shRen, until day 54 post-HDI, when a dramatic increase was
detected in the shRen group, which correlated with the advanced
HCC development (Figure 5C). The kinetic of LDH was similar to
AST (Figure 5C). Except for a threefold increase in shNgp group on
day 42 post-HDI, LDH levels were lower in the shNgp recipient
throughout the entire duration of the experiment, compared to the
shRen control group (Figure 5C). Additional metabolic parameters
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expressing monocytes, macrophages, and DCs in blood. (A) Kaplan-Meier survival curve (n=3 in each group). (B) Weight development (n=3 in each
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cytometry data on innate immune cell

s and B lymphocytes in blood (depicted are the data obtained in individual mice, as representative examples of

the group). HDI, hydrodynamic tail vein injection; AST, alanine aminotransferase; ALT, aspartate aminotransferase; LDH, lactate dehydrogenase.
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including alkaline phosphatase, cholinesterase, cholesterine,
triglyceride, and glucose also tended to be lower in the shNgp
group compared to the shRen control (Figure 5C).

In summary, our results demonstrated a significant extension of
survival in HCC-bearing mice, along with improvements in liver
biochemical markers, suggesting a beneficial impact of targeting
Ngp in T cell therapy.

3.7 In vivo knockdown of Ngp resulted in
the reduction of PD-L1" dendritic cells
(DCs), macrophages, and IL-10™ B cells in
HCC-bearing mice

To assess the efficacy of Ngp knockdown on immune cell
dynamics, we collected blood samples from the retro-orbital
plexus of recipient mice and checked for potential changes in the
frequency of innate immune cells and B cells over time (Figure 5D,
gating strategy in Supplementary Figure S14).

The frequency of CD19" B cells remained similar between the
shNgp and shRen groups until day 27 post-HDI (Figure 5D). However,
in the shNgp group, CD19" B cells dramatically increased on day 34,
followed by a decline on day 42 post-HDI (Figure 5D). In contrast, in
the shRen group, CD19" B cells continued increasing on days 42 and
49 post-HDI, correlating with the aggressive HCC progression and
recipien’s death (Figure 5D). Furthermore, shNgp-mediated
knockdown led to a decreased level of immunosuppressive CD19"
IL-10" B cells in comparison to the shRen control group (Figure 5D).

The Ngp knockdown also influenced DCs and macrophages. The
proportion of PD-L1-expressing DCs (CD19” CD11c" CD11b" CD§
PD-L1") was consistently lower in the shNgp group compaired to
shRen group (Figure 5D). The macrophage (CD19" CD11c” CD68"
CD11b") population showed fluctuations between the shNgp and
shRen groups in the first 34 days post-HDI with a dramatic increase
in shRen group and a moderate decrease in shNgp group when HCC
developed and animals had to be sampled (Figure 5D). The counts for
macrophages expressing PD-L1" (CD19” CD11¢” CD68" CD11b” PD-
L17%) were, in general, lower in the shNgp group (Figure 5D). Similar
counts of monocytes (CD19° CD11¢” CD68” CD8 NK1.1" Ly6C"
CD11b” PD-L17) were observed in both groups until day 27 post-HDI
with a dramatic increase from day 42 post-HDI in the shRen and a
decrease in the shNgp group (Figure 5D). The frequency of neutrophils
(CD19” CD68 Gr-1" CD11b" PD-L1%) was comparable low and
started to increase due to HCC development on day 42 and 62 in
the shRen and shNgp groups, respectively (Figure 5D).

In summary, Ngp knockdown reduced immunosuppressive
PD-L1" DCs, macrophages, and IL-10" B cells in HCC-bearing mice.

3.8 In vivo knockdown of Ngp controlled
the expression of classical ICl molecules
and reduced Tregs in HCC-bearing mice

To assess the impact of Ngp knockdown on T cell activation and
classical ICIs repertoire expression, we analyzed both endogenous
(GFP') and adoptively transferred (exogenous, GFP*) CD4 and
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CD8 T cells while tracking their proliferation using eFluor450
labeling (Figure 6, Supplementary Figure S15).

We found that the PD-1 expression on endogenous GFP~ CD4
T cells was similar between both groups until day 34 post-HDI
followed by a strong increase from day 49 post-HDI in the shRen
group and day 64 post-HDI in the shNgp group (Figure 6A).
Surprisingly, exogenous GFP™ CD4 T cells in the shNgp group
showed a controlled, low level of PD-1 expression until the day of
sampling, where a dramatic PD-1 peak was detected (Figure 6A).

Contrary results were observed between both groups regarding
the expression of 4-1BBL on exogenous CD4 T cells (CD4" GFP" 4-
1BBL") (Figure 6A). While the 4-1BBL expression on exogenous
CD4 T cells in the shRen group dramatically dropped on the day of
sampling, a strong increase of 4-1BBL was found on exogenous
CD4 T cells in the shNgp group at the time of HCC development
(Figure 6A). The latter effect was observed vice versa on CD4™ GFP™
eFluord50" 4-1BBL" cells (Figure 6A).

We tested a further ICI molecule CD160 in our analysis: the
treatment with shNgp and shRen had only a minor effect on CD160
expression level between both groups as shown by comparable
curve pattern and frequency counts (Figure 6A). The expression of
CD160 on exogenous CD4 T cells (CD4" GFP* CD160") was more
controlled in the shNgp group (Figure 6A).

Further analysis showed that exogenous CD4 T cells in the
shNgp group showed lower IL-10 expression (CD4" GFP™
eFluor450* IL-10") and a higher CD25 expression (CD4" GFP*
eFluor450" CD25%) compared to the shRen group (Figure 6A).

In addition, Tregs counts (CD4" GFP* Foxp3'/CD4" GFP*
eFluor450" Foxp3™) were lower in the shNgp group compared to the
shRen group, indicating reduced immunosuppression (Figure 6A).

Similar to the PD-1 expression on endogenous CD4 T cells, CD8"
PD1" T cells in both treatment groups showed until day 42 post-HDI
comparable counts but were in contrast to data in CD4 T cells
dramatically increasing in the shNgp treatment group 54 days post-
HDI (Figure 6B). The frequency of exogenous CD8" GFP" PD-1"
cells in both groups was similar until day 54 post-HDI: here a strong
increase of PD-1 in the shNgp group was detected and was similar to
the finding on CD4" GFP™ PD-1" (Figure 6B and 6A, respectively).
Also, a stronger expression of PD-1 in the CD8" GFP" eFluor450*
population was observed in the shNgp compared to the shRen group
upon HCC development (Figure 6B). The expression pattern of 4-
1BBL on endogenous CD8 T cells (CD8" 4-1BBL") resembled that on
exogenous CD8 T cells (CD8" GFP* 4-1BBL") showing both a strong
increase of 4-1BBL on the day of sampling in the shNgp group but
not in the shRen recipient (Figure 6B). Similar observations were
made for CD160 on endogenous CD8 T cells (CD8" GFP™ CD160")
and on exogenous CD8 T cells (CD8" GFP" CD160") (Figure 6B).

Similar to CD4 T cells, the expression of CD25 on exogenous
CD8 T cells (CD8" GFP" eFluor450" CD25") was higher in the
shNgp group than in the shRen recipient (Figure 6B).

In summary, the in vivo knockdown of Ngp in CD4 and CD8 T
cells controlled classical ICI molecules, including PD-1, 4-1BBL,
and CD160, reduced Tregs and increased CD25 expression on the
transduced T cells, suggesting an enhanced T cell activation and
reduced immunosuppression in HCC-bearing mice.
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FIGURE 6

Ngp knockdown decreased the expression of PD-1, 4-1BBL, and CD160 ICls on endogenous and exogenous CD4 T cells and increased CD25
expression on CD4 and CD8 T cells in blood. (A, B) Flow cytometry kinetic data of endogenous and exogenous (A) CD4 and (B) CD8 T cells in the
blood of shNgp and shRen recipient mice, monitoring the expression of activation and inhibition markers upon adoptive transfer (depicted are the
data obtained in individual mice, as representative examples of the group). HDI, hydrodynamic tail vein injection; GFP, green fluorescent protein
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3.9 In vivo knockdown of Hbb-b1
moderately prolonged the survival of HCC-
bearing mice

In a further validation study, we investigated the effect of Hbb-
bl knockdown on HCC development (Figures 7A, B). Recipient
groups were gender- and age-matched and selected according
to similar AST, ALT, and LDH levels, as described in previous
sections (data not shown). After the induction of HCC development
in these mice, T cells were transferred on days 13 and 20 post-
HDI (Figure 7A).

Upon Hbb-b1 knockdown, we detected a moderate survival
benefit of 11 days (Figure 7A). Upon T cell transfer, no toxicity was
observed, as confirmed by a stable body weight in both
experimental groups (Figure 7B). This was in line with previous
experiments using shNgp (see section above and Figure 5B). No
influence on the tumor burden was observed between the
experimental and control group (data not shown).

In summary, Hbb-bl knockdown resulted in a moderate
survival extension in HCC-bearing mice, with no observed
toxicity or impact on tumor burden.

3.10 In vivo knockdown of Hba-al and
5100a8 prolonged the survival of HCC-
bearing mice, decreased liver biochemical
parameters, PD-L1-expressing immune
cells, and kept under control Tregs and
several classical ICls on T cells

We further tested an in vivo knockdown of Hba-bal and S100a8
using this time only a single transfer of T cells on day 13 post-HDI
(Figure 7C). A single dose of shS100a8- and shHba-al-transduced T
cells led to a survival benefit of 19 and 25 days, respectively, in
comparison to the shRen control group (Figure 7C). Next, we
monitored the biochemical parameters in these mice. On day 27
post-HDI, we observed a decreased level of AST in the shS100a8-
and shHba-al groups in comparison to shRen control mice,
whereas ALT levels varied among the groups (Supplementary
Figure S16A). The LDH level was highest in the shRen control
group, moderately increased in the sh1008a8, and constantly low in
the shHba-al group (Supplementary Figure SI6A). The level of
alkaline phosphatase was constantly low in the shS100a8- and
shHba-al groups in comparison to the shRen control with a peak
of this parameter on day 27 post-HDI (Supplementary Figure
S16A). The levels of cholinesterase and cholesterine were similar
among the groups, however, both parameters massively increased in
mice with S100a8 knockdown on day 68 post-HDI upon HCC
development (Supplementary Figure S16A). The kinetic of
triglyceride and glucose did not change in comparison to the
shRen group (Supplementary Figure S16A).

Besides the survival study, we also monitored immune cells in
the blood of recipient mice (Supplementary Figure S16B). Similar to
the Ngp data, we observed lower numbers of CD19" and CD19"
IL-10" B cells in shHba-al and shS100a8 recipient mice, in
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comparison to the shRen control group (Supplementary Figure
S16B). Furthermore, the Hba-al and S100a8 knockdown led to a
constant lower level of PD-L1-expressing DCs and macrophages
(CD19" CD11c¢" CD11b" CD8 PD-L1" and CD19™ CD11¢ CD68™
CD11b™ PD-L17, respectively) (Supplementary Figure S16B). The
frequency of CD11b" macrophages (CD19° CD11lc” CD68™
CD11b") was in general increased in the shHba-al and shS100a8
groups, similar to the shNgp group (Supplementary Figure S16B
and Figure 5D). Similarly to the Ngp data, the counts for
macrophages expressing PD-L1" (CD19° CD11lc¢” CD68" CD11b’
PD-L1") were in general lower in the shHba-al and shS100a8
groups (Supplementary Figure S16B and Figure 5D). A comparable
pattern was observed in the monocyte population (CD19” CD11¢
CD68” CD8 NKI.1" Ly6C" CD11b" PD-L1%) in all groups
(Supplementary Figure S16B). Despite a peak in the frequency of
PD-L1" neutrophils (CD19° CD68™ Gr-1" CD11b* PD-L1%) on day
41 post-HDI, the shS100a8 group kept those cells in controlled
lower levels in comparison to shRen and shHba-al groups
(Supplementary Figure S16B).

Further analysis of CD4 T cells showed the constantly low PD-1
expression in endogenous CD4" PD-1" and exogenous GFP* CD4"
PD-1" T cells in the shHba-al and shS100a8 groups, in comparison
to shRen control (Supplementary Figure S17A). As observed in the
Ngp data, we detected an increase of exogenous CD4" GFP" 4-
1BBL" and CD4" GFP™ eFluor450" 4-1BBL" T cells in shS100a8
and shRen groups (Supplementary Figure S17A). Interestingly, the
in vivo knockdown of Hba-al kept at the stable level not only PD-1
but also 4-1BBL expression despite the HCC development
(Supplementary Figure S17A). Further analysis of CD4 T cells
showed similar fluctuations in the expression of the CD160
molecule as detected in Ngp data set. Still, the expression of
CD160 on endogenous CD4" CD160" as well as exogenous CD4
T cells (CD4" GFP* CD160") was more controlled in shHba-al and
shS100a8 groups when compared to the shRen control
(Supplementary Figure S17A).

Exogenous CD4 T cells in the shHba-al and shS100a8 groups
also showed a lower IL-10 (CD4" GFP* eFluor450" IL-10") and
CD25 (CD4" GFP" eFluor450" CD25") expression compared to the
shRen control group (Supplementary Figure S17A). Importantly,
Tregs counts (CD4" GFP™ Foxp3"/CD4" GFP" eFluor450" Foxp3™)
remained low and well controlled in the shHba-al and shS100a8
groups, starting from day 44 until HCC development, in contrast to
the shRen control group (Supplementary Figure S17A).

We further analyzed CD8 T cells and detected that the shS100a8
group showed a similar pattern of control of PD-1 and 4-1BBL
expression, as detected in the shNgp group, whereas the shHba-al
group fully controlled the expression of both molecules on CD8 T
cells (Supplementary Figure S17B and Supplementary Figure S8B).
Similar to CD4 T cells, the expression of CD160 on endogenous
CD8 T cells (CD8" CD160") and on exogenous CD8 T cells (CD8"
GFP" CD160") was more controlled in shHba-al and shS100a8
groups in comparison to shRen control (Supplementary Figure
S17B). Interestingly, CD25 expression in the shHba-al and
shS100a8 groups was not as pronounced as in the shNgp group
(Supplementary Figure S17B and Figure 6B).
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FIGURE 7

Hba-al and S100a8 knockdown prolonged the survival of HCC-bearing recipient mice and SI00A8 & S100A9 were found upregulated in HCC
patients. (A) Kaplan-Meier survival curve of mice that received two transfers of shHbb-bl-transduced CD4 and CD8 T cells or control (shRen) (n=3
in each group). (B) Weight development of mice that received two transfers of shHbb-bl-transduced CD4 and CD8 T cells or control (shRen) (n=3
in each group). (C) Kaplan-Meier survival curve of mice that received one transfer of shHba-al- or shS100a8-transduced CD4 and CD8 T cells or
control (shRen) (n=2 in each group). (D, E) CD4 T cells and CD8 T cells were isolated from PBMCs and liver tissues of HCC patients and healthy
donors and analyzed for the expression of (D) SI00A8 and (E) SI00A9 using qPCR. (G) Representative images of IHC using anti-S100A9 staining in
human HCCs (n=4) and healthy donor (n=1). Scale bar, 100 pm. (F) Cellular density of SI00A9 positive cells in human HCCs (n=4) and healthy donor
(n=1). HCC, hepatocellular carcinoma; HDI, hydrodynamic tail vein injection; SI00A8, S100 calcium-binding protein A8; SI00A9, S100 calcium-
binding protein A9.
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In summary, the in vivo knockdown of Hba-al and $100a8
prolonged the survival of HCC-bearing mice already after one T cell
transfer, thereby decreasing liver biochemical parameters, CD19"
IL-10" B cells, PD-L1-expressing DCs, and macrophages as well as
Tregs and inhibitory markers, like PD-1, CD160 and 4-1BBL, on T
cells. In vivo knockdown of Hba-al was especially efficient while
leading to a constantly low expression of inhibitory markers on
both, CD4 and CDS8 T cells.

3.11 T cell therapy and in vivo knockdown
of Ngp, Hbb-b1, Hba-al, and S100a8 was
safe as confirmed by histopathological
analyses of different murine organs

To exclude organ pathology upon T cell therapy, we isolated
different organs from all mice in validation studies. Importantly, we
could not detect any significant histopathological changes in any of
tested groups after T cell transfer (Supplementary Figure S18). The
brain, heart, lungs, kidneys, pancreas, spleen preserved their
histoarchitecture and cellular structure as confirmed by an
experienced pathologist (Supplementary Figure S18). As expected,
microscopical examination of liver tissues revealed the presence of
multiple neoplastic nodules composed of pleomorphic cells in all
experimental groups, consistent with HCC development
(Supplementary Figure S18). However, no additional pathological
alterations were detected in liver tissues beyond those associated
with tumor progression, further supporting the safety of the
administered T cell therapy and gene knockdown approaches.

3.12 Upregulation of neutrophil-associated
proteins and significant increase in
expression of SI00A8 and S100A9 genes in
CD4 and CD8 T cells in PBMCs of HCC
patients

To extrapolate the data obtained in mice to humans, we
analyzed patients-derived material for the expression of the newly
identified target genes. For these purposes, CD4 and CD8 T
lymphocytes were isolated and sorted from HCC tumor tissue,
HCC-free tissue areas, and healthy liver tissue, as well as from the
peripheral blood mononuclear cells (PBMCs) of HCC patients and
healthy donors. qPCR analysis was performed to define the
expression of target genes in human CD4 and CD8 T cells
(Figures 7D, E, Supplementary Figure S19). As Ngp encodes a
mouse-specific neutrophil-associated protein (27) not present in
humans, we analyzed cathelicidin (CAMP), the closest orthologue
of mouse Ngp (28). Surprisingly, we could not confirm an
upregulation of CAMP on PBMC:s isolated from HCC patients in
comparison to healthy controls (Supplementary Figure S19A).

Next, we investigated the expression of HBB, the human
orthologue to mouse-specific Hbb-bI, in the PBMCs of HCC
patients. We could not identify any differences in HBB expression
between PBMCs from HCC patients and healthy donors
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(Supplementary Figure S19B). We compared further prominent
and highly upregulated neutrophil-associated genes, lipocalin2
(Len2), S100a8, and S100a9, identified as potential new targets in
the microarray data (27). Interestingly, we detected lower
expression levels of LCN2 in CD4 and CD8 T cells in PBMCs
from HCC patients (Supplementary Figure S19C). However,
in T cells isolated from HCC liver tissues (HCC-free and HCC
tissue areas), the opposite effect (not significant) was observed as
LCN2 expression was increased compared to healthy controls
(Supplementary Figure S19D).

Finally, we analyzed the expression of S100A8 and SI00A9 and
found a significant increase of both genes in CD4 and CD8 T cells in
PBMCs of HCC patients compared to healthy controls
(Figures 7D-F).

Importantly, too low numbers of CD4 and CD8 T cells were
obtained from resected HCC and healthy liver tissues, and thus,
RNA thereof was a limiting factor in these experiments. Due to the
limited amount of material, we could not perform further qPCR
analysis on T lymphocytes isolated from liver tissue for other
targets. We, therefore, continued checking SI00A8/S100A9
molecule in human paraffin liver sections (see next section).

3.13 Immunohistochemistry analysis
revealed increased S100A9-expressing
immune cell infiltration in human HCC

IHC analysis of selected HCC patients revealed a strong
infiltration of tumor stroma and parenchyma with S100A9-
expressing immune cells in comparison to healthy control
(Figures 7F, G), as defined by an experienced pathologist. The
cellular density of S100A9-expressing immune cells in the HCC
tumor core in four tested HCC patients was significantly increased
compared to healthy control samples (Figure 7F).

4 Discussion

In the present study, we aimed to identify new inhibitory
targets, novel ICIs, on T lymphocytes that are triggered by the
HCC TME and are subsequently leading to the inactivation of T cell
function in patients with HCC.

We first worked in mice and performed a microarray analysis
on T lymphocytes isolated from autochthonous HCC murine
models, which highly reflect human disease (21-23, 25, 29, 30).
Based on our results, we identified several upregulated genes (72
genes) in memory (CD44%) (31) CD4 and CD8 T lymphocytes in
HCC-bearing mice, which were further validated using the shRNA
library and the RNAI screen.

The RNAIi screen study was performed in four individually
treated mice and for the analysis we used pooled data from all four
mice and data obtained from individual animals were additionally
considered. Surprisingly, only a few shRNAs enrichments were
found on CD4 T cells (liver, relLN, blood), whereas shRNAs in CD8
T cells were found enriched in all the analyzed organs. Among the
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obtained data, we found that shRNAs were targeting prominent
target genes such as: CD200r1, Tspo, and Cacnald, which were
detected in the liver and relLN of HCC-bearing mice. In humans,
CD200R1 is mainly expressed on myeloid-derived and lymphoid-
derived immune competent cells (32) and the interaction with its
ligand CD200R1 was reported to promote relapse of rectal cancer
(33), to be involved in HCC progression (34) and high expression of
CD200R1 was associated with poor prognosis in non-small cell lung
cancer (35). In humans, TSPO was reported to be involved in the
regulation of cellular proliferation, apoptosis, and mitochondrial
functions (36). Further, TSPO was found up-regulated in colorectal
and breast cancer, where it promotes the malignancy of aberrant
cells (37, 38). CACNAID belongs to the family of Voltage-gated
calcium channels, which play a role in cellular functions including
mitogenesis, proliferation, differentiation, apoptosis, and metastasis
(39). High expression of CACNA1D correlated with various types of
cancer (40).

For the validation studies, we focused on Ngp, Hbb-b1, Hba-al,
and S100a8, which were highly upregulated in the microarray
analysis and T cells, harboring shRNAs which targeted these
genes, were present at higher frequencies in RNAI screen data of
individual mice.

The closest human orthologue to Ngp is the anti-microbial
peptide CAMP (28). Neutrophils contain several abundant anti-
microbial proteins and some of those proteins are shared between
mice and humans, such as LCN2, cathepsin G (CTSG),
myeloperoxidase, and S100A8/A9 (27, 41). Importantly, Lcn2,
S§100a8, and S100a9 were also found to be highly upregulated in
HCC liver, relLN, and spleen in the microarray and screen studies
(individual mouse analysis). Interestingly, no expression of Ngp on
T lymphocytes could be detected to date and it seems that our data
demonstrated the involvement of Ngp (its upregulation) in T cells in
murine HCC for the first time. However, the overexpression of Ngp”
s orthologues in human CD4 and CD8 T cells in HCC remains to be
investigated using patient-derived HCC tissues, as discussed below.

The Hbb-b1 gene is one out of four subunits of hemoglobin, a
protein in red blood cells, which is mediating the oxygen transport
(42). The human orthologue HBB (42, 43), mainly present in
erythrocytes, is also expressed in macrophages, epithelial cells,
neurons, and hepatocytes (44). In liver cancer, low oxygen levels
lead to hypoxic conditions, which in turn augment an increased
availability of hemoglobin and other factors to provide tumor
angiogenesis (42, 45). To the best of our knowledge, we are the
first to show upregulation of Hbb-b1 in T cells in HCC. However, its
expression in the human HCC context remains to be elucidated, as
discussed below.

The Hba-al gene, which encodes the alpha 1 subunit of
hemoglobin, is crucial for the oxygen transport (46). Hba-al is
located in the myelin sheath and is expressed in different structures,
including blood vessels, early conceptus, the hematopoietic system,
liver, and visceral pericardium (47). Its human orthologue HBAI
(48) is associated with different hemoglobin disorders (Heinz body
anemia, alpha thalassemia, familial erythrocytosis 7, and
hemoglobin H disease) (49). Interestingly, the knockdown of
Hba-al was more efficient and led to a better survival in our
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validation studies than knockdown of Hbb-bl. However, this is
reported for the first time and requires follow-up studies with a
deeper analysis of data with an increased group size and a direct
comparison of both molecules.

S100A8 and S100A9 are two closely related proteins that belong
to the S100 family of calcium-binding proteins (50). Both SI00A8
and SI00A9 play important roles in various cellular processes,
including inflammation and immune response (51, 52). S100A8
and S100A9 are frequently expressed in neutrophils, macrophages,
monocytes, and other immune cells (51, 53, 54). Among them,
calprotectin is abundantly expressed in neutrophils, accounting for
approximately 50% of cytoplasmic proteins (55, 56). In an
inflammatory environment, SI00A8 and S100A9 can be expressed
in activated keratinocytes, epithelial cells, and osteoclasts (50, 52,
57). Most $100 family members, such as SI00A8 and S100A9, have
already been reported to be involved in liver cancer (50).
Extracellular S100A9 enhanced the activation of the mitogen-
activated protein kinase (MAPK) signaling pathway via
combination with the receptor advanced glycation end-product
(58, 59). Besides, both S100A8 and S100A9 were previously
reported to be associated with HCC by promoting cell
proliferation (60, 61).

In our study, the knockdown of Ngp in T cells resulted in a
significant prolongation of survival of HCC-bearing mice upon two
therapeutic T cell transfers (41 days). Whereas Hbb-b1 (10 days)
was not as effective. Furthermore, a single therapeutic transfer of
shHba-al and shS100a8-transduced T cells showed a prolongation
of survival (26 and 20 days, respectively).

Importantly, the adoptive T cell therapy comprising CD4 and
CD8 T cells with either Ngp, Hbb-bl, Hba-al or S100a8
knockdown was well tolerated and showed no toxicity, weight
loss or any other side effects. Currently, many clinical trials on
HCC are investigating the safety of T cell receptor and chimeric
antigen receptor T cell (CAR-T) therapy. Two studies reported an
objective response (62, 63). Until today, four approved CAR-T cell
therapies for the treatment of hematologic cancer are available
and two further CAR-T cell therapies for multiple myeloma are on
the way to approval as standard use (62, 63). Key limitation factors
for the approval of T cell therapies in solid tumors are the
accessibility of T cells in the complex tumor structure, high
heterogeneity and the immunosuppressive TME, inducing up-
regulation of ICIs and subsequent dysfunction of T cells. A limited
expansion and persistence of transferred CAR-T cells were also
reported and are considered as critical parameters to prevent from
tumor recurrence (62, 63). In our study, a survival benefit upon
Ngp, Hba-al, and S1008 knockdown in T cells in HCC was
achieved and was accomplished by a reduction of PD-1 on CD4
T cells in the blood. This highlights the efficacy of T cell therapy to
influence PD-1 expression without additional intervention, such
as anti-PD-1 blocking antibodies, like e.g. Nivolumab which are
approved by the U.S. Food and Drug Administration and are
currently used for HCC treatment (64). Another benefit of Ngp,
Hba-al, and S1008 knockdown was the reduction of Foxp3 T cells
(Tregs), which are associated with poor survival prognosis in HCC
patients (65). Interestingly, we observed similar patterns among
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shNgp and shS1008 groups regarding the control of expression of
PD-1, 4-1BBL, and CD160 inhibitory molecules with a final
increase of those on T cells upon HCC development. In
contrast, in the shHba-al group, the expression of all three
inhibitory molecules was kept mostly at constantly low levels.
However, its efficacy needs to be further studied in follow-
up studies.

The knockdown of Ngp, Hba-al, and S1008 also positively
impacted innate immune cell populations by reducing PD-L1-
expressing monocytes, DCs, and macrophages. In our previous
studies, B cells were shown to be increased in HCC, suggesting a
tumor-promoting role (24, 66). In line with this, we found IL-10"-
expressing B cells to be decreased in groups treated with shNgp,
shHba-al, and shS1008-transduced T cells.

Another beneficial effect of T cell therapy could be observed on
biochemical parameters in plasma such as AST, ALT, LDH, ALP,
GDH, cholesterine, triglyceride, and glucose. These parameters
belong to a standard clinical biochemical analysis of plasma
which is used to detect hepatotoxicity in patients (67). In our
study, the biochemical parameters AST, ALT, and LDH were kept at
lower levels upon T cell therapy with the knockdown of Ngp, Hba-
al, and S1008 in comparison to the control (shRen).

To extrapolate our observations into human/clinic, we
identified human orthologues for the defined murine inhibitory
target genes. Thereby, we could partially confirm our microarray
data by showing upregulation of SI00A8 and SI00A9 in T cells and
also in human samples using qPCR - both SI00A8 and SI00A9 were
found significantly upregulated on CD4 and CD8 T cells isolated
from blood PBMCs of HCC patients. Importantly, SI00A9-positive
cells were also upregulated in human HCC tissues derived from
four patients.

In contrast to our expectation, LCN2, CAMP, and HBB, did not
confirm our data obtained in mice and were not found upregulated
in blood PBMCs isolated from HCC patients. Although LCN2,
CAMP, and HBB are orthologues of mouse Lcn2, Ngp, and Hbb-b1,
it was reported that there are divergences in the expression and the
splicing of genes between human and mouse which might explain
the observed discrepancies (68, 69).

It is also important to mention that T cells in our mouse study
were isolated from tissues and predominantly compared to human
T cells isolated from PBMCs. Different cell localization contains
different composition of activation/inhibitory receptors in the
surrounding compartment which shapes the phenotype of
immune cells (70). In studies of Tada et al. on patients with
advanced gastric cancer and VEGF-blocking antibody treatment,
tumor-infiltrating lymphocytes (TILs) and PBMCs were compared
regarding their expression of ICIs (PD-1, LAG3, CTLA-4, ICOS)
and demonstrated a higher presence of ICIs on TILs than on
PBMGs, highlighting the influence of T cell localization on the T
cell phenotype (71). Performing single-cell sequencing of TILs from
different tumors revealed that even within the same tumor different
subtypes of T cells are present which differ from T cells in normal
tissue (72). Also, it was mentioned that TILs found in one type of
cancer, differ from those found in another type of cancer (72),
which might be also influenced by the stage of the disease (72, 73).
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Therefore, to establish tools for phenotyping T cells as prognostic
markers, sufficient characterizations are necessary and for
treatments with immunomodulatory agents, the stages of disease
and the T cell source have to be considered. Importantly and in line
with the above mentioned, upregulation of LCN2 which was not
detected in PBMCs, although not significant, was shown in our
study in human HCC tissues in CD4 and CD8 T cells. Therefore, it
remains to be elucidated using patients-derived HCC tissues,
whether Ngp, Hbb-bl, Hba-al, and S1008 orthologues are
upregulated on T cells during HCC development. Also, further
prominent genes identified in the screen (CD200r1, Tspo, Cacnald)
need to be validated in human material. While planning validation
experiments, it is highly important to perform kinetic studies and to
follow-up the changes in counts as well as ICIs phenotype in
adoptively transferred as well as endogenous T cells. Our kinetic
studies showed that T cell therapy influences also endogenous CD4
and CD8 T cells and that the expression pattern on transferred
(exogenous) T cells mostly resembled the expression pattern of
endogenous CD4 and CD8 T cells.

We performed validation studies for only four (Ngp, Hbb-b1,
Hba-al, S100a8) genes. Further studies on genes identified in
the screen need to be performed and confirmed in human
material, including a thorough mechanistic characterization.
Also, CD4 and CD8 T cells should be applied in vivo separately
to unravel the potential of sShRNA for each T cell type individually.
Further, a combination therapy, comprising i) “therapeutic”
T cells with ii) antibodies targeting classical ICIs such as o-PD-
1 and/or cancer vaccines based e.g. on attenuated Listeria
monocytogenes as recently developed in our study (66), could be
further considered, especially at advanced stages of this highly
aggressive malignant liver disease.

5 Conclusions

In conclusion, in our study, we defined new inhibitory markers
(ICT molecules) arising on memory T cells during aggressive HCC
development. Employing a murine model that closely mimics
human disease, we identified a repertoire of upregulated genes in
CD4 and CD8 T lymphocytes, unveiling potential targets for
therapeutic intervention.

The adoptive T cell therapy was safe and targeting Ngp, Hba-al,
and S100a8 genes demonstrated a substantial survival benefit in
aggressive murine HCC models. Moreover, this therapeutic
approach exhibited efficacy in modulating immune checkpoints,
such as PD-1, 4-1BBL, and CD160 on endogenous and exogenous
(transferred) CD4 and CD8 T cells.

Beyond survival outcomes, our T cell therapy exerted positive
effects on innate immune cell populations while reducing PD-L1
molecules on DCs, monocytes, and macrophages, decreasing IL-10"
B cells and controlling liver biochemical parameters, altogether
offering a comprehensive perspective on its potential clinical
applications. In addition, we identified the presence of at least
one target (SI00A8/S100A9) in human samples using qPCR analysis
in PBMCs and via IHC on HCC liver tissues. The obtained results
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pave the way for the use of the defined molecules as important
immunotherapeutic targets in further preclinical and clinical
studies in HCC patients.
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