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ORIGINAL RESEARCH

CD8 T cell-mediated depletion of HBV surface-antigen-expressing, 
bilineal-differentiated liver carcinoma cells generates highly aggressive escape 
variants
Na Qiua,b#, Akshaya Srikantha#, Medhanie Mulawc, Umesh Tharehallia,d, Shanthiya Selvachandrana, Martin Wagnera, 
Thomas Seufferleina, Katja Stiftera, André Lechela*, and Reinhold Schirmbeck a*
aDepartment of Internal Medicine I, University Hospital Ulm, Ulm, Germany; bThe first Clinical College, Xuzhou Medical University, Xuzho, Jiangsu, China; cUnit 
for single-cell Genomics, Medical Faculty, Ulm University, Ulm, Germany; dDepartment of Pediatrics, University Medical Center Groningen, Groningen, The 
Netherlands

ABSTRACT
The expression of viral antigens in chronic hepatitis B virus (HBV) infection drives continuous liver inflamma-
tion, one of the main risk factors to develop liver cancer. HBV developed immune-suppressive functions to 
escape from the host immune system, but their link to liver tumor development is not well understood. Here, 
we analyzed if and how HBV surface antigen (HBs) expression in combined hepatocellular- 
cholangiocarcinoma (cHCC/iCCA) cells influences their antigenicity for CD8 T cells. We randomly isolated 
liver tumor tissues from AlfpCre+-Trp53fl/fl/Alb-HBs+ tg mice and established primary carcinoma cell lines 
(pCCL) that showed a bilineal (CK7+/HNF4α+) cHCC/iCCA phenotype. These pCCL uniformly expressed HBs 
(HBshi), and low levels of MHC-I (MHC-Ilo), and were transiently convertible to a high antigenicity (MHC-Ihi) 
phenotype by IFN-γ treatment. HBshi/pCCL induced HBs/(Kb/S190–197)-specific CD8 T cells and developed 
slow-growing tumors in subcutaneously transplanted C57Bl/6J (B6) mice. Interestingly, pCCL-ex cells, estab-
lished from HBshi/pCCL-induced and re-explanted tumors in B6 but not those in immune-deficient Rag1−/− 

mice showed major alterations, like an MHC-Ihi phenotype, a prominent growth-biased gene expression 
signature, a significantly decreased HBs expression (HBslo) and a switch to fast-growing tumors in re- 
transplanted B6 or PD-1−/− hosts with an unlocked PD-1/PD-L1 control system. CD8 T cell-mediated elimina-
tion of HBshi/pCCL, together with the attenuation of the negative restraints of HBs in the tumor cells, like ER- 
stress, reveals a novel mechanism to unleash highly aggressive HBslo/pCCL-ex immune-escape variants. 
Under certain conditions, HBs-specific CD8 T-cell responses thus potentiate tumor growth, an aspect that 
should be considered for therapeutic vaccination strategies against chronic HBV infection and liver tumors.
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Introduction

Risk factors such as chronic infection with hepatitis B virus (HBV) 
cause persistent liver damage, which can in turn drive the progres-
sion of liver cirrhosis, the development of hepatocellular carci-
noma (HCC), intrahepatic cholangiocarcinoma (iCCA) or 
combined cHCC/iCCA.1,2 In particular, combined cHCC/iCCA 
is a rare, highly aggressive malignancy that is difficult to diagnose 
and could arise from different precursors, e.g., through transdif-
ferentiation of hepatocytes, but also from cholangiocytes or puta-
tive hepatic stem/progenitor cells.1

Little is known about the mechanisms that fail to combat acute 
HBV infection and trigger the development of chronic infection in 
some patients.3 A vaccine, based on recombinant HBV surface 
antigen particles (HBs), protects recipients from future infections 
with HBV and reduces the risk of developing HBV-induced liver 
cancer.4 However, when HBV infection has reached a chronic 

stage, current immune therapies and vaccines are not successful.3 

A major problem is that the virus has developed various strategies 
to escape from the host immune system, at least in some patients. 
In particular, HBs display immune-suppressive functions and 
contribute to the pathogenesis of chronic infection, although 
HBs are a highly antigenic target for various arms of the immune 
system.5–8 Among others, endogenously expressed HBs in hepa-
tocytes cause ER-stress, persistent liver damage and various mole-
cular disorders that critically affect HBV transcription and 
replication,9–12 but might also promote tumor progression.8 

Furthermore, most of HBV-specific CD8 T and/or CD4 T cells 
are severely dysfunctional or exhausted in chronic HBV infection 
and various HBV mouse models, indicated among others by the 
upregulation of checkpoint molecules like PD-1 or CTLA-4.

In this study, we established the AlfpCre+-Trp53fl/fl/Alb- 
HBs+ tg mouse model to determine if and how HBs influence 
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the antigenicity of liver carcinoma cells for CD8 T cells. The 
entire coding region of the three HBV surface proteins, i.e., the 
large (S1-S2-S), the middle (S2-S) and the small surface (S) 
antigen, was used to generate Alb-HBs13 and AlfpCre+- 
Trp53fl/fl/Alb-HBs+ tg mice. This leads to a high expression 
of filamentous lipoprotein particles in hepatocytes, which are 
inefficiently secreted, accumulate in the ER and cause ER-stress 
with its associated constraints on the cell phenotype and 
metabolism.11,13–15 Alb-HBs tg mice almost exclusively 
develop HCC.13 In contrast, intrahepatic deletion of the 
tumor suppressor gene Trp53 in AlfpCre+-Trp53fl/fl/Alb- 
HBs+ tg mice leads, in addition to the development of HCC- 
type tumor areas, also to a pronounced development of iCCA 
(about 5%) and cHCC/iCCA (about 20%) and, similar to 
human HBV-related TP53-mutant liver carcinoma, to 
a worsened survival, confirming that the loss of Trp53 facili-
tated cHCC/iCCA tumor formation.16–18 To determine func-
tional tumor/CD8 T-cell interactions, primary HBs-expressing 
liver carcinoma cell lines (pCCL) were randomly generated ex 
vivo from tumor tissues of AlfpCre+-Trp53fl/fl/HBs+ tg mice. 
We noticed an exclusive outgrowth of cHCC/iCCA-type liver 
carcinoma cells that were subsequently used to determine the 
specific changes in the cell surface phenotype (MHC-I expres-
sion), the overall gene expression signature, the induction of 
HBs/(Kb/S190–197)-specific CD8 T-cell responses and the 
growth properties in subcutaneously transplanted hosts. In 
pCCL-transplanted B6 mice, we showed a quantitative CD8 
T cell-mediated conversion of HBs-expressing HBshi/pCCL to 
HBs-deficient HBslo/pCCL-ex tumor variants, which were no 
longer recognized by HBs-specific CD8 T cells. HBs-specific 
CD8 T cells thus played a crucial role in generating immune- 
escape variants that lose or down-regulate HBs expression.

Materials and methods

Mice

Young (2–3 months) male and female PD-1-deficient (PD1−/ 

−), B6.129S7-Rag1tm1Mom/J (RAG1−/−), C57BL/6J, HBs tg mice 
(C57BL/6J-Tg(Alb1HBV)44Bri/J; JAX stock #002226),13 

AlfpCre+-Trp53fl/fl tg (AlfpCre × B6.129P2-Trp53tm1Brn/J; 
JAX stock #008462)17 and AlfpCre+-Trp53fl/fl/Alb-HBs+ tg 
mice were obtained from our in-house breeding colonies at 
the Animal Care Facility of Ulm University. Mice were routi-
nely housed in our animal facility under standardized patho-
gen-free (SPF) conditions. All experiments were performed in 
accordance with the National Animal Welfare Law and 
approved by the Committee on the Ethics of Animal 
Experiments of the University of Ulm and the 
Regierungspräsidium Tübingen.

Cell lines

To generate primary liver carcinoma cell lines (pCCL), ran-
domly isolated liver tumors developed in different AlfpCre+- 
Trp53fl/fl/Alb-HBs+ tg mice were washed with PBS, cut into 
small pieces and cultured on collagen-coated plastic plates in 
DMEM, supplemented with 20% FCS and 1% Penicillin/ 
Streptomycin (#P06–07100; PanBiotech) for 1–2 weeks. Four 

pCCL were independently generated from randomly isolated 
tumor tissues developed in different AlfpCre+-Trp53fl/fl/Alb- 
HBs+ tg mice, which were expanded for 3–5 passages before 
using them in the experiments. 1 × 106 pCCL cells (in 100 μl 
PBS) were subcutaneously transplanted into hosts, and the 
outgrowing tumors were re-explanted to generate pCCL-ex. 
Briefly, the subcutaneous tumors were isolated, cut into small 
pieces, digested with trypsin, passed through a 40 µm cell 
strainer and cultured in DMEM supplemented with 10% FCS 
and 1% Penicillin/Streptomycin. All cell lines were routinely 
confirmed ‘mycoplasma free’ using a commercial PCR-based 
mycoplasma test, according the supplier’s instructions (cat no. 
A3744, AppliChem GmbH, Germany).

Determination of HBs-specific CD8 T-cell frequencies

Mice were immunized i.m. with 100 μg pCI/S DNA, and Kb 

/S190–197-specific IFN-γ+ CD8 T-cell frequencies in the spleen 
were determined as described previously,19 using a high- 
affinity HB-Kb/S190–197 variant (AVWLSVIWLM) and control 
Kb/OVA257–264 (SIINFEKL) peptides (JPT, Berlin, Germany) 
for stimulation. The frequencies of CD8+ IFN-γ+ T cell fre-
quencies were determined by flow cytometry (FCM) using an 
Attune NxT machine.

Immunofluorescence

Cells were grown on glass coverslips and fixed with % PFA at 
4°C. Unspecific binding of antibodies was blocked with 3% 
BSA/PBS w/wo 0.3% Triton-X 100 at RT for 1 h. 
Subsequently, cells were incubated with the primary antibodies 
(#70-HG15S, Fitzgerald; #181598, Abcam; #sc374229, Santa 
Cruz) at 4°C overnight, washed and incubated with the corre-
sponding secondary antibodies AP106C (Millipore), A21206 
(Thermo Fisher) and A10037 (Sigma) for 1 h and mounted 
with Prolong Gold antifade reagent (Invitrogen). The cells 
were imaged with a fluorescence microscope (Keyence BZ 
X810).

PCR and qRT-PCR

cDNA was amplified on an ABI 7500 real-time PCR system 
(Applied Biosystems, Foster City, USA) using iTaq Universal 
SYBR Green Supermix (Bio-Rad). The primers 5’- 
GCTCGTGTTACAGGCGGGGTTTTTC-3’ (forward) and 5’- 
GGTTCCTTGAGCAGGAGTCGTG-3’ (reverse) were used to 
amplify HBs. Primers 5’-CATCACTGCCACCCAGAAGACTG 
-3’ (forward) and 5’TGCCAGTGAGCTTCCCGTTCAG-3’ 
(reverse) were used to amplify GAPDH. The fold change of HBs- 
specific expression was determined by the ΔΔCT method.

PCR was performed in a C1000 Touch Thermal Cycler, and 
the products were run on 1.5% agarose gels.

Gene expression analysis

Total RNA was isolated from the indicated tumor cell lines 
with RNeasy® Mini Kit (Qiagen, Germany) according to the 
manufacturer’s protocol. The sample quality was analyzed 
using a bioanalyzer (Agilent Technologies, Santa Clara, USA) 
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with the RNA6000 Nano kit (Agilent Technologies, Santa 
Clara, CA, USA) according to the manufacturer’s guidelines. 
Samples with an RIN (RNA integrity number) higher than 7.0 
were used for further analysis. Gene expression analysis was 
carried out using the SurePrint G3 Mouse Gene Expression 8 ×  
60 K Microarray (Design ID 028005; Agilent Technologies, 
Santa Clara, CA, USA). Samples were labeled with the Low 
Input Quick Amp Labeling Kit (Agilent Technologies) accord-
ing to the manufacturer’s guidelines. Slides were scanned in 
a G2565CA microarray scanner and extracted with the Feature 
Extraction Software (v.10.7.3.1, Agilent Technologies).

Bioinformatic analyses

Raw microarray data were background corrected and quantile 
normalized using the R and Bioconductor package limma 
(https://www.R-project.org). Gene Set Enrichment Analysis 
(GSEA) was performed using a standalone Java implementa-
tion of the package.20 Differences in gene expression were 
considered to be significant at a Benjamini–Hochberg (BH) 
adjusted p-value smaller than 0.05. Pathway network analysis 
was performed within GSEA, and the plot was generated using 
Cytoscape.21 Genesets were considered significantly enriched 
at an FDR q-value of <25%. Heatmaps were generated using 
Heatplus (Ploner a. 2021. Heatplus: Heatmaps with row and/or 
column covariates and colored clusters; R package version 
3.2.0; https://github.com/alexploner/Heatplus).

Statistical analysis

Data analysis was performed with the GraphPad Prism version 
8. For calculating statistical significance, differences were 
examined by unpaired t-test, one-way ANOVA with Tukey’s 
multiple comparisons test. Data are presented as the mean ±  
standard error. A value of p < 0.05 (*), p < 0.01 (**), p < 0.001 
(***), p < 0.0001 (****) was considered statistically significant.

Results

Characterization of liver carcinoma cells

AlfpCre+-Trp53fl/fl mice were crossed with Alb-HBs tg mice to 
generate the AlfpCre+-Trp53fl/fl/Alb-HBs+ tg mouse model that 
represents continuous liver damage through overexpression of 
HBs in the liver, particularly in the Endoplasmic Reticulum (ER) 
of transgenic cells, indicated by elevated serum alanine transa-
minase (ALT) levels in the blood.11,13 As compared to Alb-HBs 
tg mice, the depletion of Trp53-/- in AlfpCre+-Trp53fl/fl/Alb- 
HBs+ tg mice resulted in an accelerated development of liver 
tumors (Figure 1a) composed of HCC (76.5%), but also of iCCA 
(4.9%) and cHCC/iCCA (18.6%) (Figure 1b).

Liver tumor tissue was isolated from different AlfpCre+- 
Trp53fl/fl/Alb-HBs+ tg mice, and primary carcinoma cell 
lines (pCCL) were established in vitro as described in 
M&M. These pCCL (e.g., pCCL-1) showed a bilineal differ-
entiation, indicated by the co-expression of the hepatocyte 
marker HNF4α and the cholangiocyte marker CK7 
(Figure 1c). Furthermore, pCCL showed a low antigenicity 
surface phenotype with low levels of MHC-I (H2-Kb) and 

basal levels of co-inhibitory PD-L1 (Figure 1d). This MHC- 
Ilo phenotype was maintained during prolonged cell culture 
in vitro (Fig. S1A). The dysregulated MHC-Ilo expression in 
the pCCL was not defined by genetic alterations and could 
be transiently reconstituted for 4–6 d by treating them for 
20 h with 20 ng/ml recombinant IFN-γ (pCCL-IFNγ; 
Figure 1e).19

Generation of MHC-Ihi HBslo/pCCL-ex variants.

Subcutaneously transplanted pCCL was efficiently grafted as solid 
tumors in B6 mice, though the growth rate was low and tumor 
sizes of 10 mm were not reached even after 40–60 d post trans-
plantation (Figure 2a). When carcinoma cells were re-isolated 
from these tumors, the corresponding pCCL-ex showed an altered 
MHC-Ihi phenotype, while PD-L1 expression remained at basal 
levels (Figure 2b). In contrast to the transient, IFNγ-induced 
MHC-Ihi phenotype in pCCL-IFNγ (Figure 1e), the upregulation 
of MHC-I expression was stable during prolonged cell culture of 
pCCL-ex (Figure 2b; Fig. S1B). As compared with B6 mice, equal 
numbers of pCCL-1 grew much faster in transplanted Rag1−/− 

mice, which lack mature B and T lymphocytes, and cell lines 
derived from re-isolated tumor explants, like the pCCL-1-ex- 
Rag, still expressed the MHC-Ilo phenotype (Figure 2 a-d). In 
conclusion, the adaptive immune system in B6 mice might play 
a prominent role in generating MHC-Ihi tumor cells.

pCCL-ex show an enhanced aggressiveness in 
re-transplanted hosts.

We next investigated whether the MHC-Ihi phenotype in 
pCCL-ex and/or in pCCL-IFNγ has an impact on their 
outgrowth in transplanted B6 mice. Equal numbers of sub-
cutaneously transplanted pCCL-1-IFNγ or pCCL developed 
into solid tumors with a similar kinetics, but pCCL-1-ex 
grew much faster than pCCL-1 or pCCL-1-IFNγ and 
reached a tumor diameter of 10 mm between day 20–30 
post transplantation in B6 mice (Figure 2e). This strongly 
indicated that pCCL-1 and pCCL-1-IFNγ, but not pCCL- 
1-ex interact with the immune system to retard tumor 
growth in vivo.

Next, we transplanted equal numbers of pCCL-1, pCCL- 
1-IFNγ and pCCL-1-ex into PD-1−/− mice, as we expected that 
the destruction of the PD-1/PD-L1 co-inhibitory pathway could 
enhance effector CD8 T-cell functions and thereby facilitate the 
elimination of transplanted tumor cells.19 Indeed, pCCL-1-IFNγ 
were efficiently rejected in transplanted PD-1−/− mice, and also 
the growth of parental pCCL-1 was impeded in the absence of 
PD-1/PD-L1 co-inhibition (Figure 2f). In clear contrast, pCCL- 
1-ex developed tumors in PD-1−/− and B6 mice with a similar 
kinetics (Figure 2e,f), suggesting that the immune system interacts 
with pCCL-1 and pCCL-1-IFNγ, but not with pCCL-1-ex tumors.

Analysis of intrinsic gene expression signatures in pCCL-ex

Gene expression analysis was performed to identify differen-
tially expressed genesets that could explain the increased 
aggressiveness of pCCL-ex. Unsupervised hierarchical cluster-
ing-based heatmaps of significantly differentially expressed 

ONCOIMMUNOLOGY 3

https://www.R-project.org
https://github.com/alexploner/Heatplus


genes showed that pCCL and pCCL-IFNγ were more similar as 
compared to pCCL-ex (Figure 3a; Table S1A,B). As expected, 
the comparison between pCCL versus pCCL-IFNγ showed 283 
significant differentially expressed genes, of which 281 genes 
were upregulated, and only 2 genes were downregulated in 

pCCL-IFNγ (Figure 3b; Table S1A,B).19 In clear contrast, 
pCCL versus pCCL-ex showed a higher number of significant 
differentially expressed genes, i.e., 1163 genes, of which 710 
genes were upregulated, and 453 genes were downregulated in 
pCCL-ex (Figure 3b; Table S1A,B). Sixty-one genes were found 

Figure 1. Characterization of liver carcinoma cell lines. (a) Tumor-free survival curve of Alb-HBs+ (n = 79) and AlfpCre+-Trp53fl/fl/Alb-HBs+ tg mice (n = 22). (b) Pie charts 
representing the specific distribution of liver carcinoma differentiation in Alb-HBs+ and AlfpCre+-Trp53fl/fl/Alb-HBs+ tg mice. (c) Primary liver carcinoma cells (pCCL) were 
established from liver tumors developed in AlfpCre+-Trp53fl/fl/Alb-HBs+ tg mice and analyzed for coexpression of HNF4α and CK7 by immunofluorescence as described 
in M&M. One representative photograph of each staining is shown. Scale bar: 20 μm. (d) A representative pCCL-1 was treated with 20 ng/mL recombinant mouse IFNγ 
for 20 h or remained untreated, followed by FCM of MHC-I (H2-Kb) and PD-L1 expression. One representative histogram out of three independent experiments is shown. 
(e) Similarly, pCCL-1 were treated with 20 ng/mL IFNγ for 20 h, washed with PBS and cultured for up to 7 d. The surface expression of MHC-I (open circles) and PD-L1 
(closed squares) was measured by FCM at the indicated time points. One representative histogram out of three independent experiments is shown. MFI, Mean 
Fluorescent Intensity.
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Figure 2. Growth of pCCL in transplanted B6 mice. (a–d) Equal numbers (1 × 106) pCCL-1 were subcutaneously transplanted into the left flank of B6 (a) or Rag1−/− mice 
(c) (n = 3), and tumor growth was monitored. (b,d) Tumors were explanted from these transplanted mice and cultured in vitro, generating pCCL-ex and pCCL-ex-Rag, 
respectively. The cell surface expression of H2-Kb and PD-L1 was assessed at passages 6 and 45, respectively (c,d). A representative histogram (out of three 
independently generated pCCL-ex and pCCL-ex-Rag) is shown. (e,f) Equal numbers (1 × 106) of pCCL, pCCL-IFNγ (pCCL pretreated for 20 h with 20 ng/mL IFNγ) and 
pCCL-ex were subcutaneously transplanted into B6 (n = 3–6) (e) and PD1−/− mice (n = 5) (f) and tumor growth was monitored.
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to be significantly upregulated in common between pCCL- 
IFNγ and pCCL-ex and contained among other genes involved 
in antigen presentation like TAP1 (Figure 3b; Table S1C).

We next performed geneset enrichment (GSEA) and 
pathway network analyses between significantly enriched 
genesets in pCCL versus pCCL-ex (Figure 3c). This allowed 
us to assess whether the relative ranking of genes provides 
evidence of a nonrandom aggregation and skewness toward 
the top list of either the upregulated or downregulated 
ranks of genes and thus highlights their enrichment in 
biological networks.21 As compared with pCCL, 31 genesets 
were upregulated and 5 genesets downregulated in pCCL- 
ex (Table S1D) and showed a prominent enrichment of 
genesets in networks associated with an enhanced tumor 

growth profile, like DNA synthesis or G1-S-specific tran-
scription (Figure 3c, Table S1F). Confirmatory, equal num-
bers of pCCL-1-ex showed a faster tumor growth in vivo in 
transplanted Rag1−/− mice than pCCL-1 (Fig. S2). The pCCL- 
ex also showed an enhanced expression of genesets associated 
with interferon signaling and antigen presentation that 
matched with the increased cell surface expression of MHC- 
I molecules (Figure 3c, Table S1F) but did not reach the highly 
focused enrichment of the interferon signaling network in 
pCCL-IFNγ versus pCCL (Fig. S3; Table S1E,G).19 Overall, 
these analyses could explain, at least in part, why pCCL-ex 
developed fast growing tumors upon re-transplantation in B6 
mice, but did not explain why the immune system failed to 
control the growth of this MHC-Ihi phenotype pCCL-ex.

Figure 3. Gene expression signatures of different tumor cell lines. (a) The gene expression pattern was determined in four independently generated pCCL, IFNγ 
pretreated pCCL-IFNγ and pCCL-ex, respectively. Unsupervised hierarchical clustering based on significant differentially expressed genes in pCCL, pCCL-IFNγ and pCCL- 
ex is shown. The red label indicates upregulated genes, while the blue label indicates downregulated genes. (b) The Venn diagram shows the number of significant 
differentially expressed genes in the pCCL-ex versus pCCL and pCCL-IFNγ versus pCCL comparisons. Furthermore, the numbers of up- and down-regulated genes are 
indicated. (c) GSEA and reactome pathway network analysis were performed on the 1163 significantly differentially expressed genes, determined in the comparison of 
pCCL-ex versus pCCL. The significantly enriched and differentially regulated pathway-associated genesets are described in detail in Table S1D,F.
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The pCCL-ex variants lose overexpression of HBs

Endogenously expressed HB are a strong cellular antigen in 
immune-competent B6 mice. Both, pCCL and pCCL-IFNγ 
efficiently expressed HBs transcripts, while pCCL-ex showed 
a significantly decreased expression (Figure 4 A,Ba,b). 
Furthermore, immunofluorescence analyses confirmed that 
the HBs protein was strongly reduced in pCCL-ex as compared 
to parental pCCL (Figure 4 Cc), while the co-expression of CK7 
and HNF4α was maintained (Fig. S4). As compared to parental 
pCCL, HBs expression was preserved in pCCL-ex-Rag that 
were established from pCCL-induced tumors in immune- 
deficient Rag1−/− mice (Fig. S5; Figure 4Cc). This further 
indicated that HBs-specific immune responses were involved 
in the generation of HBslo/pCCL-ex. Confirmatory, B6 mice 
transplanted with equal numbers of pCCL or pCCL-IFNγ, but 
not with pCCL-ex elicited a HBs/(Kb/S190–197)-specific CD8 
T-cell response (Figure 4Dd). The level of HBs-expression in 
pCCL and pCCL-IFNγ but not in pCCL-ex was thus sufficient 
to cross-prime HBs/(Kb/S190–197)-specific CD8 T cells by cell- 
based immunization. Furthermore, HBs/(Kb/S190–197)-specific 
CD8 T cells primed in B6 mice by pCI/S DNA vaccination 
(Figure 4Ee) rejected subcutaneously transplanted HBshi/ 
pCCL-1 but not HBslo/pCCL-1-ex (Figure 4Ff). The prominent 
decrease of HBs-expression in HBslo/pCCL-1-ex thus pre-
vented priming of HBs-specific CD8 T cells as well as their 
recognition by HBs-specific CD8 T cells.

Discussion

Many tumors develop mechanisms to escape from recogni-
tion and elimination by CD8 T cells22. This is highly relevant 
for virus-induced tumors, in which viral antigens are foreign 
and efficiently recognized by the cellular immune system. 
Here, we describe a CD8 T cell-mediated escape mechanism 
for HBs-expressing bilineal differentiated cHCC/iCCA liver 
carcinoma cells (HBshi/pCCL), established from sponta-
neously developing liver tumors in AlfpCre+-Trp53fl/fl/Alb- 
HBs+ tg mice (Fig. S6). Upon transplantation into B6 mice, 
HBs-expressing HBshi/pCCL grew into solid subcutaneous 
tumors and primed HBs/(Kb/S190–197)-specific CD8 T cells. 
Concomitantly, these CD8 T cells interacted with the trans-
planted HBshi/pCCL that finally resulted in the quantitative 
accumulation of HBslo/pCCL-ex in the tumors, a scenario 
not seen in pCCL-transplanted Rag1−/− mice lacking T- and 
B-cells (Fig. S6). The HBslo/pCCL-ex were no longer acces-
sible to HBs-specific CD8 T cells and unleashed an aggres-
sive phenotype in secondary transplanted hosts, though they 
expressed a co-induced MHC-Ihi phenotype (Fig. S6). 
However, the origin of HBslo/pCCL-ex is unknown. We 
showed that strong interferon signals, which often down-
regulate promoter activities,23 did not affect the albumin 
promoter-driven expression of HBs in HBshi/pCCL-IFNγ. 
HBslo/pCCL-ex thus arise in response to HBs-specific CD8 
T cells in HBshi/pCCL-transplanted B6 mice, e.g., by events 
that might change the overall DNA methylation status.24 The 
significantly decreased expression of HBs in HBslo/pCCL-ex 
apparently rescued them from the HBs-induced continuous 
ER-stress and correlated with a change in the specific gene 

expression signature toward enhanced tumor growth. In 
particular, geneset networks involved in DNA synthesis and 
G1-S transcription were upregulated in HBslo/pCCL-ex, as 
compared with parental HBshi/pCCL, and correlated with an 
enhanced tumor growth in immune-deficient Rag1−/− mice. 
Noticeable, pre-existing HBs-specific CD8 T cells in pCI/ 
S-immunized mice quantitatively eliminated transplanted 
HBshi/pCCL. This suggested that transplantation of pCCL 
into B6 mice induced a functionally and/or temporally 
balanced HBs-specific CD8 T-cell response, likely with the 
interplay of immune suppressive cell types, which regulate 
the selective outgrowth of HBslo/pCCL-ex in developing 
tumors. Concordantly, HBslo/pCCL-ex unleashed their high 
aggressiveness in secondary transplanted hosts, but not in 
the initial pCCL-transplanted B6 hosts.

The CD8 T cell-mediated generation of HBs-deficient tumor- 
escape variants, like the HBslo/pCCL-ex in this study, could 
impact novel immunotherapies against HBV-induced liver carci-
noma. For example, particularly HBs was used as tumor-specific 
antigen to target HBV-induced HCC by novel T-cell 
therapies.25,26 Redirected T cells expressing engineered high- 
affinity T-cell receptors, e.g., specific for the viral HBs, showed 
a promising efficacy in patients with primary HBV-induced HCC 
or HBV-induced HCC recurrence after liver transplantations.25,26 

Immune-mediated loss of HBs expression in a subset of liver 
tumor cells would thus complicate this strategy.

HBshi-induced ER-stress in hepatocytes could contribute to 
various immune-suppressive events or molecular disorders 
that keep up persistent HBV infection and the progression to 
liver tumors.8–12 The high amount of HBs produced in infected 
hepatocytes and released into circulation is most impressive for 
chronic HBV infection. HBs consist primarily of noninfectious 
lipoprotein particles and filaments, which could reach quanti-
ties of up to >300 µg/ml.27 HBs particles efficiently target and 
pass cell membranes and directly interfere with cell surface- 
associated as well as endogenous signaling pathways.5,7,28 For 
example, HBs particles were efficiently taken up and processed 
for MHC-I-restricted presentation in various cell types.29 This 
could lead to an (over)presentation of HBs-specific MHC-I 
epitopes on different nonprofessional antigen-presenting cells 
(APCs) including the tolerogenic milieu of the liver that ‘over-
stimulate’ or exhaust potential de novo primed HBs-specific 
CD8 T cells. Furthermore, the clearance of HBs from chroni-
cally infected patients is usually associated with the appearance 
of anti-HBs antibodies (seroconversion) and increased HBV- 
specific T-cell responses.30 This exemplified that overexpres-
sion of HBs negatively affects the immune system. However, 
clearance of circulating HBs in a HBV replication-competent 
transgenic mouse model, either via spontaneous seroconver-
sion or therapeutic monoclonal antibodies, had only a minimal 
effect on the expansion and functionality of naive, HBV- 
specific CD8 T cells undergoing intrahepatic priming.31 This 
indicates that HBs is not the sole regulator of anti-viral 
immune responses in humans, as chronic HBV infection 
causes many dysfunctions in the adaptive and innate immune 
system, involving very different cell types like myeloid-derived 
suppressor cells, regulatory CD4 Treg cells or T cells.

Despite the difficult diagnosis and low incidence rates, 
HBs-expression was detectable in 17–58% of cHCC/iCCA 
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Figure 4. Characterization of the HBs-specific antigenicity. The mRNA levels of HBs were measured in representative pCCL-1, pCCL-1-ex and pCCL-1-IFNγ in triplicates by 
conventional PCR and agarose gel electrophoresis (a) or by RT-qPCR (b) (n = 3–6/group). (c) Representative pCCL-1 and pCCL-1-ex were analyzed for HBs expression 
(red) by immunofluorescence staining. Scale bar: 20 μm. Furthermore, nuclei were stained with DAPI (blue). (d) B6 mice were injected with equal numbers (1 × 106) of 
pCCL-1, pCCL-1-ex or pCCL-1-IFNγ (n = 5) or remained untreated (n = 3). After 12 days, Kb/S190-197-specific IFN-γ+ CD8+ T-cell frequencies (±SD) in the spleen (%) are 
shown. The non-specific Kb/OVA257-264 frequencies, usually ≤0.2%, were subtracted from the presented values. (e) B6 mice were immunized with pCI/S (n = 4) or 
remained untreated (n = 3), and Kb/S190-197-specific IFN-γ+ CD8+ T cells were determined as described above. (f) B6 mice (n = 5) were immunized with pCI/S and, after 
12 days, subcutaneously transplanted with equal numbers (1 × 106) of pCCL-1 or pCCL-1-ex. Tumor growth was monitored. ns, not significant; *p < 0.05; **p < 0.01; 
****p < 0.0001.
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tumors,32,33 confirming a prominent proportion of HBV- 
induced cHCC/ICCA carcinoma. The continuous presence 
of secreted HBs or HBs-induced ER-stress could thus pro-
mote malignant progression of HBV-induced liver 
carcinoma.5,8,34 Defective HBs antigens with mutations, 
e.g., in the immunodominant HBs124–147 ‘a’ determinant 
or in the preS domain, are not or inefficiently targeted by 
anti-HBs serum antibodies and/or trigger a disturbed 
assembly and secretion of empty HBs particles and virions 
in the ER.5 In particular, mutations in the preS domain 
were associated with an increased risk of HCC.34 In con-
trast, spontaneous loss of HBs has been reported in patients 
with chronic HBV infection and assigned to functional 
anti-HBV immune responses, HBV cure and a trend 
toward a lower incidence in the development of liver 
tumors.30,35–37 For example, in a population-based cohort 
study with 1271 Alaska Native patients chronically infected 
with HBV and followed for an average of 19.6 y, it was 
shown that about 158 (12%) lost HBs.36 The incidence of 
HCC development after clearance of HBs over time was 
significantly lower than in the remaining HBs-positive 
patients. However, HBV DNA was still detectable in the 
sera of 28 (18%) of those who cleared HBs in a median of 
3.6 y after clearance.36 It is unknown if the loss of HBs in 
chronically HBV-infected liver tissues induces intrinsic 
alterations in the cells per se and/or affects their commu-
nication with the immune system that, at least partially, 
prevents HCC development. The cellular mechanisms 
induced by the loss of HBs thus might differ in HBV+ 

liver cells prone to developing liver tumors and in estab-
lished cHCC/iCCA tumor cells.

Conclusion

In summary, our data identified an immune-escape mechanism 
triggered primarily by the CD8 T cell-mediated eradication of 
HBshi tumor cells and the concomitant accumulation of highly 
aggressive HBslo cHCC/iCCA-type tumor cells. These findings 
could be helpful for the design of therapeutic vaccination stra-
tegies against chronic HBV infection and liver tumors, as we 
demonstrated that HBs-specific CD8 T-cell responses could 
potentiate tumor growth/escape.
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