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Purpose: Both Ku80 and Ku70 are promising drug targets for hepatocellular carcinoma (HCC) and crucial for immune regulation.
However, their correlation with HCC immune signatures has not yet been investigated. Therefore, we aimed to investigate the
relationship between Ku80, Ku70, and immune signatures in HCC and validate their significance in cytotoxic lymphocyte (CTL)
immunotherapy.

Patients and Methods: Analyses of Ku70, Ku80, and immune signatures in public datasets was performed using R software, an
online Kaplan-Meier plotter, g:Profiler, GeneTrail, and Metascape. Uniform manifold approximation and projection, correlation chord
diagrams, Pearson’s correlation tests, and Spearman correlation tests were used to describe various correlation levels. HCC mRNA
sequencing data (n=373 tumor samples and n=50 para-tumor samples) were drawn from The Cancer Genome Atlas (TCGA) public
database. Immunofluorescent staining was used to validate Ku70/Ku80 and CDS'CTL expression in 120 HCC patients from our
center. Survival analysis was performed using the Kaplan-Meier survival analysis with the Log rank test and was adopted to analyze
immunotherapy outcomes correlated with Ku70/Ku80 expression in various solid tumors. Multivariate analysis of HCC patient data
from our center was performed using a Cox proportional hazards model.

Results: Increased Ku70/Ku80 expression positively correlated with more enriched immune microenvironment signatures, indicating
increased immune infiltration in HCC. Upregulation of Ku70/Ku80 indicated better anti-PD1 and anti-PDL1 treatment outcomes in
various solid tumors. Higher Ku70/Ku80 expression with lower CD8 CTL signatures indicated worse survival outcomes, whereas
lower Ku70/Ku80 expression with higher CD8"CTL signatures indicated the best prognosis.

Conclusion: Higher Ku70/Ku80 expression indicated an immune-hot infiltration signature in HCC. Patients with increased Ku70/
Ku80 expression and high CD8 CTL signatures may potentially benefit from CTL-centered immunotherapies.

Keywords: hepatocellular carcinoma, XRCC6/Ku70, XRCC5/Ku80, CTL-centered immunotherapy, tumor immune

microenvironment

Background

Hepatocellular carcinoma (HCC) is one of the most fatal malignancies worldwide. Increasing evidence has demonstrated
the efficacy of immunotherapy in the treatment of patients with HCC, which relies largely on the immune status of
tumors. Therefore, immunotherapy can only reach an objective response rate (ORR) of 30% or less in real world.'~
Many studies have been designed to understand and evaluate the tumor immune microenvironment, in the hope of
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finding a guide to HCC immunotherapy under different clinical scenarios.” > However, much remains unknown about the
HCC immune microenvironment. Understanding the HCC immune microenvironment is an essential step in the design
and development of more potent immune-boosting agents.

Ku80 (coded by the gene XRCCS5, X-ray repair cross complementing 5) and Ku70 (coded by the gene XRCC6, X-ray
repair cross complementing 6) are important immune modulation factors in normal physiological conditions. They form
the vital heterodimers in non-homologous end-joining (NHEJ) pathways and are crucial for repairing the DNA breaks in
immune cells.® DNA breaks are more evident within the cancerous microenvironment, which suggests that the two Ku
proteins are promising drug targets for the development of immune regulating agents in solid tumors.”'® Thus, both Ku
proteins have long been considered important therapeutic targets in cancer.'' Indirect activation of the NHEJ regulators
can lead to increased anti-tumor CD8" cytotoxic lymphocytes (CTLs) via the recruitment of Ku proteins.!' However,
agents directly targeting the Ku proteins are still lacking due to the unknown relationship between Ku proteins and the
tumor immune microenvironment.

Many immune cell types reside within the complicated tumor microenvironment. Myeloid cells, including neutrophils
and macrophages, play bifunctional roles in cancer, whereas lymphocytes are key players in anti-cancer immunothera-
pies. CD8" CTL have been the most clinically relevant immune cells in current immunotherapies.'> CD4" lymphocytes
are traditionally regulatory lymphocytes, but also execute direct anti-tumor effect independent of CTL."? Additionally,
natural killer cells (NKCs) are another anti-tumor cells.'* Meanwhile, the presence of CD4" CD25" Foxp3 regulatory
T cells (Tregs) contributes to a major cause of the immunosuppression in HCC.'> Tregs interact with and regulate a wide
spectrum of immune cells and are known targets of immunotherapies.'® Both Ku proteins show vital regulatory effects on
multiple immune cells in various conditions but their effects remain largely unknown in cancer.'®2' For example, as
mentioned above, Ku70 plays a role in the recruitment of the anti-tumor CD8 CTL to cancer tissues.'' However, the
understanding of these immune cells and Ku proteins remains largely underexplored in HCC. Therefore, we hypothesized
that Ku proteins could be closely associated with various intricate immune cells in HCC tumor microenvironment.

In the study, we aimed to investigate the potential relationship between Ku70, Ku80 and immune microenvironment
signatures. We also validated the prognostic significance of Ku70 and Ku80 in CTL-centered immunotherapy. To confirm
their prognostic roles in HCC, we performed a combined survival analysis of Ku80, Ku70 and CD8'CTL in patients at
our center. Thus, our data on the value of Ku80 and Ku70 in HCC immunotherapy will provide a basis for future studies.

Material and Methods

Analysis of the Interaction Between Ku70, Ku80, and the Immune Microenvironment
Using Public Datasets

HCC mRNA sequencing data was drawn from The Cancer Genome Atlas (TCGA) database, and general characteristics of the
patient data were described in our previous study (373 hCC tissues).”* The etiology of most patients in the database included
hepatitis, alcohol, cirrhosis and other risk factors. In brief, all data were downloaded from the National Cancer Institute GDC
data portal, USA (https://portal.gdc.cancer.gov/). R software was used to analyze the sequencing data, which was downloaded

from (https://cran.r-project.org/index.html). Morpheus (https://software.broadinstitute.org/morpheus) was used for optimized

heatmap plotting. Gene ontology and gene set enrichment analyses was performed on https://biit.cs.ut.ee/gprofiler/gost,** and

Genet rail (Enrichment analysis, Epigenetic analysis, Single cell analysis, Time series analysis) http://139.186.136.72:3838/
125

Enrichtool2.3/,** and Metas cape http://metascape.org/gp/#/main/step

Collected HCC Patient Samples for in vivo Validation of Ku80, Ku70, and CTL

Signatures and Their Clinical Implications

Post-surgical patient samples (n=120) from our center were retrospectively analyzed. Immune fluorescence was used to
examine the co-localization of Ku70/Ku80 and CDS staining, as previously described.”® In brief, the 4-um thick slices
were de-paraffinized and rehydrated via gradient alcohol concentrations. Tissues were subsequently blocked with the 5%
BSA before exposure to primary antibodies. Primary antibodies were incubated at 4°C overnight. Tissues were then
washed with PBS and incubated with fluorescence-conjugated secondary antibodies at room temperature for 60 minutes.
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Finally, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI, BOSTER Biological Technology) was used
for nucleus staining. The fluorescence microscope, ZEISS N-ACHROPLAN microscope (ZEISS, Germany) was used for
analysis and photography. After immunofluorescence staining, Ku70/Ku80 expression was analyzed according to
previously described methods.?®*” All experimental protocols involving human samples, including analysis of data
from publicly available data, were reviewed and approved by the Research Ethics Committee of the Fifth Affiliated
Hospital of Sun Yat-sen University (reference number 2019-L-120-1).

Statistical Analysis

GraphPad Prism (version 9.0) and SPSS (version 29.0.1.0) software were used for the statistical analyses. Survival
analysis was performed using the Kaplan—Meier survival analysis with Log rank test. An online Kaplan-Meier plotter
was also used (http://kmplot.com/analysis/; http://www.oncolnc.org) to generate graphs. Survival outcomes for patients

receiving immunotherapies based on the Ku70 and Ku80 expression status were also evaluated using the Kaplan-Meier
plotter, which also hosts detailed data on several immunotherapies for various solid tumors.

A Student’s ¢ test was performed to compare two groups. One-way analysis of variance (ANOVA) was used to
compare more than two groups. For correlation analyses, both Pearson’s correlation tests and Spearman correlation tests
were performed according to the different type of data. Pearson’s or Spearman correlation coefficient, r, was used to
describe the level of correlation between the analyzed factors. Uniform Manifold Approximation and Projection (UMAP)
and correlation chord diagrams were analyzed and plotted via R software, to demonstrate the correlation between Ku70,
Ku80 and various immune markers in the public datasets. Univariate analysis of the data of HCC patients from our center
was performed by Kaplan-Meier survival analysis with a Log rank test. Multivariate analysis of the data of HCC patients
from our center was performed by Cox proportional hazards models. Statistical significance was set at p-value <0.05. Not
significance was abbreviated as N.S. The number of sample sizes is described in each figure.

Results
Expression of Ku80 and Ku70 Was Correlated with Different Intra-Tumoral Immune

Signatures

The expression of Ku70 was significantly higher in tumor than in para-tumor expression (p <0.0001; Figure 1 A). Higher intra-
tumoral expression of Ku70 indicated poor prognosis in patients with HCC (hazard ratio [HR]=1.63, log-rank p=0.0003;
Figure 1B). Likewise, the expression of Ku80 was significantly higher in tumors than in para-tumors (p = 0.0028; Figure 1C).
Higher intra-tumoral expression of Ku80 also indicated a poor prognosis in HCC (HR=1.74, Log rank test p=0.0018,
Figure 1D).

Generally, higher Ku70 and Ku80 expression levels correlated with different intra-tumoral immune signatures in
HCC. Four different immune signatures were identified in HCC patients according to the expression levels of Ku proteins
alone (Figure 1E), combined the Ku proteins with the common immune cell markers (Ku/immune 1, Figure 1E),
combined with the common myeloid cell markers (Ku/immune 2, Figure 1E) and combined with the lymphocyte
markers (Ku/immune 3, Figure 1E).

To investigate if the expression of Ku70 and Ku80 was indicative of the efficacy of current immunotherapies, the clinical
outcomes of patients with T-cell centered immunotherapy were investigated with respect to the differential expression of
tumoral Ku80 and Ku70. Since the sample size of HCC was small (n=22), we examined the pan-cancer immunotherapy data
for the analysis of Ku70 and Ku80 across several solid tumors (including HCC, lung cancer, bladder cancer, glioblastoma,
melanoma, etc). In the anti-PD1 therapy, high expression of both Ku80 and Ku70 was positively correlated with better
treatment outcomes (Ku70, HR=0.66, log-rank p=0.0099; Ku80, HR=0.62, log-rank p=0.00087, Figure 1F). In anti-PDL1
therapy, high expression of both Ku80 and Ku70 was also positively correlated with better treatment outcomes (Ku70,
HR=0.75, log-rank p=0.043; Ku80, HR = 0.8, log-rank p=0.099, Figure 1G). In sub-group analysis of patients with
Pembrolizumab therapy, high expression of Ku70 and Ku80 correlated with better treatment outcomes and patient prognosis
(Ku70, HR = 0.53, log-rank p=0.0025; Ku80, HR=0.49, log-rank p=0.00013, Figure 1H). However, the expression of Ku70
and Ku80 correlated with drastically different outcomes in anti-CTLA4 therapy (Figure 1I).
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Figure | High expression of Ku70 and Ku80 indicated specific immune signatures and poor survival in HCC patients. (A). expression of Ku70 between para-tumor N and
tumor T tissues. (B). overall survival of HCC patients with low Ku70 (green line) and high Ku70 (red line) expression (Log-rank p=0.0003). (C). expression of Ku80 between
para-tumor N and tumor T tissues. (D). overall survival of HCC patients with low Ku80 (green line) and high Ku80 (red line) expression (Log-rank p=0.0028). (E). Heatmap
revealed differential immune signatures regarding the expression of Ku70 and Ku80. Heatmap according to expression of Ku70/Ku80 alone (Ku), Ku70/Ku80 combined with
the common immune cell markers (Ku/immune 1), Ku70/Ku80 combined with the common myeloid cell markers (Ku/immune 2) and combined with the lymphocyte markers
(Ku/immune 3). Scale bar indicated high expression (red/max) to low expression (blue/minimum). (F). overall survival of patients receiving anti-PD| therapy with low Ku70
and high Ku70 expression (Log-rank p=0.0099); with low Ku80 and high Ku80 expression (Log-rank p=0.00087); (G). overall survival of patients receiving anti-PDL| therapy
with low Ku70 and high Ku70 expression (Log-rank p=0.043); with low Ku80 and high Ku80 expression (Log-rank p=0.099); (H). overall survival of patients receiving
Pembrolizumab with low Ku70 and high Ku70 expression (Log-rank p=0.0025); with low Ku80 and high Ku80 expression (Log-rank p=0.00013). (I). overall survival of
patients receiving anti-CTLA4 therapy with low Ku70 and high Ku70 expression (Log-rank p=0.09); with low Ku80 and high Ku80 expression (Log-rank p=0.077). XRCC5/
Ku80, XRCC6/Ku70, ¥, p<0.0001; ***, p<0.001.

General Characteristics of the Immune Signatures in HCC

A total of ninety-two immune genes were identified in the immune signatures analyzed in this study. As showed in the
volcano plot, enrichment of the immune signatures was analyzed and plotted by Gene Ontology (GO), concerning the
biological process (GO-BP), cell component (GO-CC), molecular function (GO-MF). Kyoto Encyclopedia of Genes and
Genomes (KEGG), reactive and WikiPathways were used to describe the general characteristics of the immune
signatures (Figure 2A-B).

https:

9514

Journal of Inflammation Research 2024:17
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove Yang et al

A Volcano plot of enrichment results
50
40 ® &
?
32
230 &
&
=4
=) 80
<20
10 e
o
MRS W ' e
07 T T

0
Median gene score

® GOBP ¢ GOCC m GOMF 4, KEGG v Reactomeg WikiPathways

DESCARTES FETAL LUNG LYMPHOID CELLS
DESCARTES FETAL PANCREAS LYMPHOID CELLS
DESCARTES FETAL ADRENAL LYMPHOID CELLS
DESCARTES FETAL HEART LYMPHOID CELLS
DESCARTES FETAL INTESTINE LYMPHOID CELLS
DESCARTES FETAL KIDNEY LYMPHOID CELLS
DESCARTES MAIN FETAL LYMPHOID CELLS
DESCARTES FETAL INTESTINE MYELOID CELLS
DESCARTES FETAL LIVER LYMPHOID CELLS
DESCARTES FETAL LUNG MYELOID CELLS
DESCARTES FETAL PANCREAS MYELOID CELLS
DESCARTES FETAL STOMACH LYMPHOID CELLS
AIZARANI LIVER C1 NK NKT CELLS 1
DESCARTES FETAL PLACENTA LYMPHOID CELLS
GAO LARGE INTESTINE 24W C11 PANETH LIKE CELL
AIZARANI LIVER C5 NK NKT CELLS 3

CUI DEVELOPING HEART C8 MACROPHAGE
DESCARTES FETAL HEART MYELOID CELLS
TRAVAGLINI LUNG CD8 NAIVE T CELL
DESCARTES FETAL STOMACH MYELOID CELLS

15 20
-10g10(P)

Other T cells

Hematopoietic cell lineage

/
>
7
S5
T
e
Sy,

“, &
&
., <
st T, o
%“"’«m "t o —
T brang Md
i
MHC class Il protein complex ninsic component of
‘extracellular region
ntegray
Wwﬂ“m“‘“" . ComPenentof momran
e ooy,
g™ iy

Figure 2 General characteristics of the immune signatures in HCC. (A). Volcano plot showed the different enrichment results of all immune signatures used in the study.
(B). General view of the enrichment results in GO-BP, GO-CC, GO-MF, KEGG, Reactome and WikiPathways. (C). PPl showed the various clustered immune cells of
myeloid cells and lymphocytes, and their potential connection with Ku70/Ku80. (D). GO enrichment showed the cell types of the immune signatures. (E). Dependency
wheel showed the KEGG enrichment of the immune signatures. (F). Dependency wheel showed the GO-CC enrichment of the immune signatures.

In the protein-protein interaction analysis (Figure 2C), both Ku80 (XRCC5) and Ku70 (XRCC6) were validated in most
interactions with these immune genes at protein level, indicating their key roles in immune cell regulation. The immune
signatures were further clustered according to immune cell type, including myeloid cells and lymphocytes (Figure 2C-D).
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KEGG and GO-CC analyses further indicated that the immune signatures were significantly correlated with a myriad
of inflammatory activities and immune-related diseases. This reflects the function of the different immune cell compo-
nents included in the study (Figure 2E-F).

General Analysis of Ku80, Ku70 and the Immune Signatures in HCC

The expression of Ku80 and Ku70 significantly correlated with HCC immune signature (Figure 3A). The increased expression
level of the common antigen for leukocytes, CD45 (protein tyrosine phosphatase receptor type C, PTPRC), indicated better
prognosis in HCC patients (HR=0.69, 95% confidence interval [CI] 0.48-0.99, log-rank p=0.042; Figure SI1A). This was
significantly correlated with the expression of both Ku80 (Pearson correlation r=0.2351, p<0.0001, Figure S1B) and Ku70
(Pearson correlation 1=0.1249, p=0.0156, Figure S1C).

Myeloid Cells
Similarly, the myeloid cell marker CD11b (integrin subunit alpha M, ITGAM) significantly correlated with the expres-

sion of Ku80 (Figure S1D) and Ku70 (Figure S1E). The correlation chord diagram showed that several clusters of
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Figure 3 General analysis of Ku80, Ku70 and the immune signatures of HCC.(A). Correlation heatmap showed the overall correlation of the expression of Ku80, Ku70 and
the immune signatures of HCC. (B). Correlation chord diagram showed the correlation between granulocyte signatures with Ku80 and Ku70 expression. (C). Correlation
chord diagram showed the correlation between macrophages signatures with Ku80 and Ku70 expression. (D). Correlation chord diagram showed the correlation between
monocyte signatures with Ku80 and Ku70 expression. (E). Correlation chord diagram showed the correlation between cytotoxic lymphocytes (CTLs) signatures with Ku80
and Ku70 expression. (F). Correlation chord diagram showed the correlation between other T cell signatures with Ku80 and Ku70 expression. (G). Correlation chord
diagram showed the correlation between NK cell signatures with Ku80 and Ku70 expression. (H). Correlation chord diagram showed the correlation between B cell
signatures with Ku80 and Ku70 expression. (I). UMAP showed the three different patient sub-groups clustered according to the expression of Ku70, Ku80 and immune
signatures. Scale bar indicated high correlation (red/max) to low correlation (blue/minimum) in the heatmap.
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myeloid cells were significantly correlated with Ku80 and Ku70 in HCC. These included common granulocytes,
macrophages, and monocytes (Figure 3B-D).

Among the markers of tumor-associated neutrophils (TANSs), only the expression level of CD66b indicated a better
prognosis (Figure S2A). CD15 expression was associated with worse prognosis in HCC, although the difference was not
statistically significant (Figure S2B). The expression level of Ku80 significantly correlated with CD16A (Fc gamma
receptor Illa, FCGR3A), CD16B (Fc gamma receptor Illc, FCGR3B) and CD15, while Ku70 was significantly correlated
with that of CD16/FCGR3A, CD15 and CD66a (Figure S2C-2H).

For tumor-associated macrophages (TAMs), high CD68 expression indicated worse clinical outcomes in HCC (Figure S3A).
CD68 was significantly correlated with Ku70 (Table S1) but not with Ku80 (N.S., Table S1). As for M1-TAMs markers, high
expression of ins/NOS2 (nitric oxide synthase, NOS) was indicative of good prognosis (Figure S3B), but was not correlated with
either Ku80 or Ku70 expression. However, CD80 significantly correlated with Ku70 (Figure S3C) and Ku80 (Figure S3D).
Similarly, CD86 significantly correlated with Ku70 (Figure S3E) and Ku80 (Figure S3F). Therefore, both Ku proteins correlated
with CD80" and CD86" M1-like macrophages, but not with ins/NOS2" macrophages.

In M2-TAMs, only high CD206 expression indicated better clinical outcomes in patients with HCC (Figure S3G).
CD206 expression did not correlate with those of Ku80 (N.S., Table S1) or Ku70 (N.S., Table S1). The expression of
CD163, another M2 marker, significantly correlated with the expression of Ku70 (Figure S3H) and Ku80 (Figure S3I).

Other granulocyte clusters including basophils, eosinophils, mast cells, monocytes and Dendritic cells, are described
in Table S1.

Lymphocytes

The correlation chord diagram showed that several clusters of lymphocytes were significantly correlated with Ku80 and
Ku70 expression. These included CTLs, NK cells, B cells and other T cells (Figure 3E-H). These results indicate that
Ku80 and Ku70 are both vital factors for the regulation of different tumor-associated lymphocyte sub-groups. UMAP
was performed and plotted to show that the three different patient sub-groups were clustered according to the expression
of Ku70, Ku80 and immune signatures (Figure 3I).

CD3 is the common T cell markers. The following three transcripts were identified, CD3D, CD3E and CD3G. Higher
expression of CD3E and CD3G, but not CD3D (Figure S4A), indicated good prognosis (Figure S4). And both Ku
proteins significantly correlated with all CD3 subtypes (Figure S4).

CD8, granzymes (GZMs) and Perforin (PRF1) are functional CTL markers. They were all indicators of good clinical
prognosis, CD8A (Figure S5A), CD8B (Figure S5B), Perforin/PRF1 (Figure S5C), GZMA (Figure S5D), GZMB (Figure
S5E), GZMH (Figure S5F), GZMK (Figure S5G), GZMM (Figure S5H). Both Ku80 and Ku70 significantly correlated
with all CTL markers in HCC (Figure 3E, Figure S6-S7, Table S1).

High expression of exhausted T cells markers (PD-1/PDCD1 and CD274/PD-L1) significantly correlated with Ku80 and
Ku70 (Table S1). Progenitor exhausted T cells (Tex) markers included TIM-3/HAVCR2, TCF1/HNF1A and TCF7. These also
significantly correlated with Ku80 and Ku70 (Table S1). Terminally exhausted T cells (tax) can be clustered according to the
markers thymocyte selection associated high mobility group box (TOX), TOX-2 and T cell immunoreceptor with Ig and ITIM
domains (TIGIT). Both Ku80 and Ku70 were significantly correlated with tax markers (Table S1).

Combined Analysis of Ku70, Ku80, CD8" CTL in HCC Tissues and Patient Survival

Although higher expression of Ku70 and Ku80 indicated worse survival outcome in patients with HCC, they could be
good predictor for CTL-centered immunotherapies, as shown in solid tumors (Figure 1). We then decided to further
understand how the CTL-centered immunotherapies can benefit patients with high Ku70/Ku80 expression. Subsequently,
we analyzed Ku70, ku80 and the common CTL marker, CD8 (CDSA and CD8B).

As shown in the results from TCGA database, higher expression of Ku80 and Ku70 was risk factors for HCC patient
survival (Figure 1B and D). But higher CD8+ CTL signatures was protective factor for HCC prognosis (Figure S5). In
further combined analyses, higher Ku80 expression and lower CD8A expression indicated the worst survival outcomes
among all HCC patient subgroups (Figure 4A). In contrast, low Ku80 and high CD8A expression indicated the best
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Figure 4 Combined analysis of Ku70, Ku80, CD8+ T cells in TCGA database and their tissue expression pattern validated by co-localized immunofluorescence staining.
(A). Combined analysis showed the expression of Ku80 and CD8A and the survival outcomes in HCC patients (log-rank p=0.0014). High Ku80/low CD8A vs low Ku80/
high CD8A showed HR=2.64 (95% CI 1.532 to 4.549, log-rank p=0.0003). (B). Combined analysis showed the expression of Ku80 and CD8B and the survival outcomes
in HCC patients (log-rank p=0.0023). High Ku80/low CD8B vs low Ku80/high CD8B showed HR=2.504 (95% CIl 1.462 to 4.289, log-rank p=0.0002). (C). Combined
analysis showed the expression of Ku70 and CD8A and the survival outcomes in HCC patients (log-rank p=0.0023). High Ku70/low CD8A vs low Ku70/high CD8A
showed HR=2.713 (95% Cl 1.566 to 4.699, log-rank p<0.0001). (D). Combined analysis showed the expression of Ku70 and CD8A and the survival outcomes in HCC
patients (log-rank p=0.0019). High Ku70/low CD8B vs low Ku70/high CD8B showed HR=2.763 (95% Cl 1.566 to 4.877, log-rank p=0.0001). (E). immunofluorescence co-
localization showed the different expression patterns Ku70/CD8+ CTL and Ku80/CTL. Ku80/Ku70/CD8+CTLs/DAPI.
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survival among all HCC patient subgroups (Figure 4A). High Ku80/low CD8A vs low Ku80/high CD8A showed an HR
of 2.64 (Figure 4A).

Likewise, high Ku80 and low CD8B expression indicated the worst survival outcomes in all HCC patients
(Figure 4B), whereas low Ku80 and high CD8B expression indicated the best survival (Figure 4B). High Ku80/low
CDS8B vs low Ku80/high CD8B showed an HR of. 2.504 (Figure 4B).

High Ku70 and low CD8A expression indicated the worst survival outcomes in HCC patients (Figure 4C). In contrast,
low Ku70 and high CD8A expression indicated the best survival (Figure 4C). High Ku70/low CD8A vs low Ku70/high
CDS8A showed an HR of 2.713 (Figure 4C).

High Ku70 and low CD8B expression indicated the worst survival outcomes in HCC patients (Figure 4D), whereas
low Ku70 and high CD8B expression indicated the best survival (Figure 4D). High Ku70/low CD8B vs low Ku70/high
CDS8B showed an HR of 2.763 (Figure 4D).

To further investigate the expression pattern of Ku70, Ku80 and CD8" CTL in HCC tissues, co-localized immuno-
fluorescence staining was performed (Figure 4E). There were mainly two different expression patterns (scattered and
gathered) concerning the relative co-localization of the two Ku proteins and CD8" CTL in HCC tissues (Figure 4E).
Ku70 and Ku80 were mainly expressed in cancer cells, although they were also overexpressed in some of the CD8" CTL
(Figure 4E).

Validating the Clinical Implications of Ku70, Ku80 and CD8" CTL in HCC Tissues and

Patient Survival from Our Center

We then validated the correlation between Ku70, Ku80 and CD8" CTL and their clinical implications in patients with
HCC from our center. General characteristic of the 120 patients with HCC was presented (Table 1). High expression of
Ku70, Ku80 and CD8" CTL was an independent risk factor for post-surgical HCC patients, according to the univariate

and multivariate analyses (Table 2).

Table | General Characteristics of the 120 hCC Patients in Our Center

Variables Number of Percentage of
Patients Patients (%)
Age 260y 45 375
<60y 75 62.5
Sex Female 26 21.7
Male 94 783
Tumor size Diameters <5cm 64 533
Diameters 25cm 56 46.7
AFP >20ng/mL 70 58.3
<20ng/mL 50 41.7
Multiple tumors (22) Yes 39 325
No 8l 67.5
MVI Yes 70 58.3
No 50 41.7
Pathological stage | 54 45
-1V 66 55
cirrhosis Yes 92 76.7
No 28 233
(Continued)
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Table | (Continued).

Variables Number of Percentage of
Patients Patients (%)
BCLC stage A 100 833
B 20 16.7
Viral hepatitis Yes 103 85.8
No 24 14.2
LN metastasis Yes 12 10
No 108 90
ALT >80U/L 43 35.8
<80U/L 77 64.2
Total bilirubin >1.0mg/dL (17.1pmol/L) 43 35.8
<1.0mg/dL (17.1pmol/L) 77 64.2
Albumin <35g/L 22 18.3
235g/L 98 8l1.7
Child-Pugh A 120 100
B 0 0
Post-operative TACE treatment Yes 78 65
No 42 35

Table 2 Univariate and Multivariate Analysis for Overall Survival, the 120 hCC Patients in Our Center

Univariate analysis | Multivariate analysis

Overall Survival Overall Survival

p value p value | HR 95.0% CI

Lower | Upper
Age, 260y vs <60y 0.183 NA NA NA NA
Sex, Female vs Male 0.875 NA NA NA NA
Tumor size, DM, <4cm vs 24cm 0.89 0.934 1.033 | 0.482 2211
AFP, >20ng/mL vs <20ng/mL 0.577 0.213 1.628 | 0.756 3.506
Multiple tumors (22), Yes vs No 0.177 0.131 1.878 | 0.829 4254
MVI, Yes=1 vs No <0.001 0.005 3.598 | 1.474 8.787
Pathological stage, | vs II-IV 0.014 NA NA NA NA
Cirrhosis, Yes vs No 0.23 0.002 5.284 | 1.826 15.289
BCLC stage, B vs A <0.001 0.084 2.466 | 0.887 6.858
Viral hepatitis, No vs Yes 0.789 NA NA NA NA
LN metastasis, Yes vs No 0.219 0.833 1.127 | 0.372 3415
ALT, >80U/L vs <80U/L 0.208 NA NA NA NA
Total bilirubin, >1.0mg/dL (17.1pmol/L) vs <1.0mg/dL (17.Ipmol/L) | 0.929 NA NA NA NA
Albumin, <35g/L vs 235g/L 0.719 NA NA NA NA
Child Pugh, B vs A NA NA NA NA NA
TACE, Yes vs No 0.191 0.195 0.626 | 0.308 1.272
Ku80, high vs low 0.003 0.041 2.325 | 1.035 5.221
Ku70, high vs low 0.002 0.035 2.328 | 1.062 5.101
CDS8, high vs low 0.023 0.007 0.355 | 0.168 0.749
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Ku80 and Ku70 expression in HCC tissues significantly correlated with the number of CD8" CTL (Figure SA-B).
Patients with HCC were divided into three groups according to Ku80 and Ku70 expression (Figure 5C-D). The number
of CD8'CTL was significantly higher in patients with high Ku80 (Figure 5C) and Ku70 expression (Figure 5D).

We validated the clinical implications of Ku70, Ku80 and CD8" CTL in HCC. The combined analysis showed that
high Ku80 expression and fewer CD8+CTL indicated the worst survival outcomes in HCC patients (Figure 5E). In
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Figure 5 Combined analysis of Ku70, Ku80 and CD8+ T cells in HCC samples from our center. Clinicopathological analysis of 120 patients was performed according to the
total expression of Ku70 and Ku80 and the number of CD8+CTL under immunofluorescence staining. (A). correlation of the expression of Ku80 and the number of CD8+
CTL (Spearman r=0.4975 p<0.0001, n=120). (B). correlation of the expression of Ku70 and the number of CD8+ CTL (Spearman r=0.4653 p<0.0001, n=120). (C). the
number of CD8+CTL in three groups of HCC patients divided according to the expression of Ku80. (D). the number of CD8+CTL in three groups of HCC patients divided
according to the expression of Ku70. (E). Combined analysis showed the expression of Ku80 and the number of CD8+CTL and the survival outcomes in HCC patients (log-
rank p=0.0014, n=120). High Ku80/low CD8+CTLs (n=25) vs low Ku80/high CD8+CTL (n=32) showed HR=8.482 (95% CI 3.259 to 22.07, log-rank p<0.0001). (F).
Combined analysis showed the expression of Ku70 and the number of CD8+CTL and the survival outcomes in HCC patients (log-rank p=0.001, n=120). High Ku70/low
CD8+CTL (n=28) vs low Ku70/high CD8+CTL (n=38) showed HR=5.402 (95% Cl 2.346 to 12.44, log-rank p=0.0001). *, p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001.
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contrast, low Ku80 expression and a higher number of CD8'CTL indicated the best survival (Figure 5E). High Ku70
expression and few CD8'CTL indicated the worst survival outcomes in HCC patients (Figure 5F), while low Ku70
expression and a higher number of CD8 CTL indicated the best survival (Figure 5F).

Discussion

We performed a complete analysis of the roles of Ku80 and Ku70 in the HCC immune microenvironment and their
contribution to immunotherapy. In our study, Ku80 and Ku70 expression positively correlated with the enrichment of
most immune cell markers. These included myeloid cell markers of neutrophils and eosinophils and lymphocyte markers
of CD8 CTL, regulatory T cells and NKCs, etc. Therefore, a high expression of Ku80 and Ku70 indicates a hot immune
infiltration signature in HCC. Meanwhile, up-regulation of Ku80 and Ku70 also indicated better anti-PD1 and anti-PDL1
treatments outcomes, but did not correlate with the anti-CTLA4 treatment. Higher Ku70/Ku80 expression combined with
a low number of CD8 CTL indicated the worst survival outcomes in patients with HCC. Low Ku70/Ku80 expression
combined with a high number of CD8+CTLs indicated the best survival.

The fact that the two Ku proteins are correlated with hotter immune signatures can be attributed to their many
regulatory roles in the immune system. Mechanistically, genomic stresses and DNA damage are frequent events that
occur during the rapid activation and proliferation of immune cells, which often requires DNA repairing by Ku80, Ku70
and NHEJ components.”® Both Ku molecules are closely involved in the activation of several immune responses. For
example, the DNA-binding ability of Ku proteins can trigger potent cyclic GMP-AMP synthase (cGAS)/stimulator of
interferon response camp interactor 1 (STING) inflammatory pathway, which is responsive to DNA-mediated immune
reactions.®*? In addition, Ku proteins regulate different immune cell types by correcting the enormous DNA disruptions
happening during the maturation and functions of these cells,® including both myeloid cells and lymphocytes.*® In
contrast, activation of Ku80 and Ku70 triggers immune response via transcriptional up-regulation of various pro-
inflammatory factors, such as TNF-a, IL-1f and IL-6."%3%3! These pro-inflammatory cytokines are known to recruit
and activate the many immune cell elements in cancer and causes subsequent effects on target immune cells.** >
Therefore, Ku80 and Ku70 show pervasive pro-inflammatory effects in HCC.

Increased expression K80 and Ku70 expression indicates the clinical responsiveness to several immunotherapies. The
effects of immunotherapy depend largely on the active tumor-killing of CTLs. Under physiological conditions, the
activation and functions of lymphocytes are well under the regulation of Ku80 and Ku70.>® We have further confirmed
the relationships between Ku70/Ku80 and intra-tumoral lymphocytes, including T cells, B cells and NKCs. In previous
studies, lymphocyte diversity is found to be regulated by Ku80/Ku70 at different levels. For example, the activity of
Ku70/80 binding to DNA breaks and the level of phosphorylated Ku80 are most evident in naive T cells.” In addition,
during the development of immune cells, double strand breaks are commonly repaired by Ku proteins and NHEJ
elements, ensuring the generation of diverse immunoglobulins and T cell receptors. Therefore, the Ku 70/80 and NHEJ
pathway is an innate part of the variable—diversity—joining/V(D)J recombination and class switch process during
lymphocyte maturation.?'”*® From this point of view, it is reasonable to suggest that there are innate connections
between the high Ku70/Ku80 and enrichment of intra-tumoral lymphocytes. Such connections can partially explain the
favorable treatment outcomes of immunotherapies in patients with higher Ku70/Ku80 expression.

However, Ku proteins also play immune-hostile roles in cancer, which can explain why the patients with increased
Ku70/Ku80 expression but decreased CTL signatures bear the worst clinical outcomes in our study. For example, Ku80
participates in the process of DNA damage-induced apoptosis during the late phase of T cell activation, closely related to
T cell depletion.® Furthermore, increased Ku70 expression is a protective factor for tumor cells survival and immune
evasion.*® From another point of view, CTL can directly regulate the Ku proteins in cancer cells. For example, the
granzyme A from functional and activated CTL can on the other hand, cleaves and modifies Ku70, causing the caspase-
independent cell deaths in the target such as like cancer.*®*' Under such circumstances, the increase of Ku proteins in
HCC can reflect a decreased CTL functions or number, implicating a hostile immune microenvironment. To understand
such roles, more studies should be designed concerning the complicated mechanisms of Ku70 and Ku80 in regulating
different immune cells within HCC.
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To cope with such situations, inhibition of the NHEJ molecules has been developed as a strategy to overcome therapy
resistance and to boost intra-tumoral immunity, in cancers where there is a decrease in the number of CTL and increased Ku
proteins, such as in the triple negative breast cancer.”** The same strategy can also be adopted for HCC patients with
decreased CTL but high Ku80/Ku70 expression to maximize the efficacy of immunotherapy. However, as in the study, Ku70
and Ku80 are closely related to almost all immune elements within the HCC tumor tissues, indicating that simple inhibition or
activation of either molecule can bring off-target immune effects. In addition, the inappropriate application of immunotherapy
can trigger intrinsic DNA repair promoting tumor survival and poor patient outcomes.** Therefore, a careful selection of HCC
patients with specific Ku protein and immune signatures may lead to treatment success.

This study has several limitations. Because this study was designed to understand the correlation between Ku80/Ku70 and the
immune microenvironment in HCC, in-depth mechanistic studies are lacking. However, our data suggest that Ku protein
expression and CTL activation status could be detected in patients with HCC before receiving immunotherapy. Therefore, the
detection of Ku proteins should be a part of the clinical decision making, specifically for immunotherapy or chemoimmunother-
apy. Although there are strategies targeting Ku proteins and NHEJ, significant clinical success in patient treatment remains
elusive. In the results from recent clinical trials, treatments based on tyrosine kinase inhibitors plus immune checkpoint inhibitors
have shown an improved anti-tumor effect.** It is also noteworthy that the Ku proteins can contribute to the selection of more
suitable patients for the combined therapies, but more research is still needed. In future studies, the combination of Ku protein-
targeted therapy and immunotherapy should also be considered as combined therapy to regulate the tumor immune
microenvironment.

Conclusion

In sum, high Ku80 and Ku70 expression indicates a “hotter” immune infiltration signature in HCC. Patients with
increased expression of Ku80 and Ku70 and CD8CTL signatures benefit the most from CTL-centered immunotherapies.
However, novel therapies are needed to target Ku80/Ku70 and boost the CTL signatures in patient sub-groups with high
Ku70/Ku80 expression but low CTL signatures.
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