
Aspartate-β-hydroxylase Induces Epitope-specific T Cell 
Responses in Hepatocellular Carcinoma

Yoshito Tomimaru†, Sasmita Mishra‡, Howard Safran‡, Kevin P. Charpentier§, William 
Martin¶, Anne S. De Groot¶, Stephen H. Gregory‡, and Jack R. Wands†,‡

†Liver Research Center, Rhode Island Hospital, and The Warren Alpert Medical School of Brown 
University, Providence, RI 02903, USA

‡Department of Medicine, Rhode Island Hospital, and The Warren Alpert Medical School of 
Brown University, Providence, RI 02903, USA

§Department of Surgery, Rhode Island Hospital, and The Warren Alpert Medical School of Brown 
University, Providence, RI 02903, USA

¶EpiVax, Inc., Providence, RI 02903, USA

Abstract

Hepatocellular carcinoma (HCC) has a poor prognosis due to high recurrence rate. Aspartate-β-

hydroxylase (ASPH) is a highly conserved transmembrane protein, which is over expressed in 

HCC and promotes a malignant phenotype. The capability of ASPH protein-derived HLA Class I 

and II peptides to generate antigen specific CD4+ and CD8+ immune responses is unknown. 

Therefore, these studies aim to define the epitope specific components required for a peptide based 

candidate vaccine. Monocyte-derived dendritic cells (DCs) generated from the peripheral blood 

mononuclear cells (PBMCs) of HCC patients were loaded with ASPH protein. Helper CD4+ T 

cells and CD8+ cytotoxic T lymphocytes (CTLs) were co-incubated with the DCs; T cell 

activation was evaluated by flow cytometric analysis. Immunoinformatics tools were used to 

predict HLA class I- and class II-restricted ASPH sequences, and the corresponding peptides were 

synthesized. The immunogenicity of each peptide in cultures of human PBMCs was determined 

by IFN-γ ELISpot assay. ASPH protein-loaded DCs activated both CD4+ and CD8+ T cells 

contained within the PBMC population derived from HCC patients. Furthermore, the predicted 

HLA class I- and class II-restricted ASPH peptides were significantly immunogenic. Both HLA 

class I- and class II-restricted peptides derived from ASPH induce T cell activation in HCC. We 

observed that ASPH protein and related peptides were highly immunogenic in patients with HCC 

and produce the type of cellular immune responses required for generation of anti-tumor activity.
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INTRODUCTION

Hepatocellular carcinoma, the third most common cause of cancer-related death worldwide, 

is characterized by a very poor prognosis and a high mortality rate [1, 2]. Available 

therapeutic modalities are largely inadequate. Currently, surgical resection is considered the 

optimal treatment approach. Only a small proportion of patients qualify for treatment, 

however, and a recurrence of disease is common following surgery [3, 4]. Therefore, the 

development of new treatment strategies is a priority.

Aspartate-β-hydroxylase (ASPH, also known as aspartyl-asparaginyl-β-hydroxylase) is a 

type 2, 758 amino acid, transmembrane protein that belongs to the α-ketoglutarate-

dependent dioxygenase family [5]. It is a highly conserved enzyme, which catalyzes the 

hydroxylation of aspartyl and asparaginyl residues in epidermal growth factor-like domains 

of proteins including Notch and homologs [6–8]. ASPH is over expressed in HCC compared 

to normal liver tissue; over expression produces a malignant phenotype characterized by 

increased cell motility, invasion and metastasis [6, 9]. The level of ASPH protein expression 

in HCC correlates significantly with postoperative prognosis [10]. ASPH is not expressed in 

normal liver or regenerating nodules. Indeed, most if not all HCC cells within a given tumor 

highly express ASPH and not the surrounding uninvolved liver [11].

Previous studies demonstrated that immunization with ASPH protein-loaded dendritic cells 

(DCs) exerted a substantial anti-tumor effect in an experimental murine model [12, 13]. 

Moreover, recombinant ASPH protein stimulated a significant increase in antigen-specific 

CD4+ T cells in PBMC cultures derived from both healthy volunteers and HCC patients 

[12]. These findings suggest that ASPH may serve as a potential target for immunotherapy 

since it is expressed on the cell surface. The response of human, cytotoxic CD8+ T 

lymphocytes to ASPH protein, however, remains to be determined. In the present study, we 

first demonstrated that full-length ASPH protein induced significant activation of CTLs, as 

well as CD4+ helper T cells, obtained from individuals with HCC before and after depletion 

of Treg cells. Next, immunoinformatics tools were used to predict 15 HLA-DRB1-restricted 

immunogenic consensus sequences (ICS, each composed of multiple epitopes) contained 

within ASPH. These predicted ICS were synthesized as peptides and their capacities to bind 

multiple HLA-DRB1 alleles were determined. Thirty HLA class I-restricted ASPH epitopes 

were also predicted and synthesized. Subsequently, each HLA class I- and class II-restricted 

peptide was evaluated for immunogenicity in HCC patients.
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MATERIALS AND METHODS

Recombinant ASPH and ASPH peptides

Full-length human ASPH (GenBank Accession No. 583325) was cloned into the EcoRI site 

of the pcDNA vector (Invitrogen, Carlsbad, CA). Recombinant protein was produced in a 

Baculovirus system (Invitrogen) according to the manufacturer’s instruction [12, 13].

ASPH ICS were predicted using methods previously described [14, 15]. Briefly, the entire 

ASPH protein was parsed into overlapping nine amino acid frames (9-mers), which 

constitute the length of the peptide chain that fits into the binding grooves of HLA class I 

and class II molecules. Each frame was then evaluated using EpiMatrix for its potential to 

bind a panel of eight common HLA-DRB1 alleles (DRB1*0101, DRB1*0301, DRB1*0401, 

DRB1*0701, DRB1*0801, DRB1*1101, DRB1*1301, and DRB1*1501), which represent 

>95% of the MHC diversity in the human population [16]. HLA-DRB1-restricted ICS were 

constructed from those frames that exhibited potential binding activity using EpiAssembler, 

an algorithm that maximizes epitope density by assembling immunogenic 9-mers into 18–25 

amino acid stretches (ICS) [17]. Each “promiscuous” ICS that resulted was comprised of 

multiple epitopes capable of binding more than one HLA-DRB1 allele. Additionally, all 

parsed 9-mers were scored for their potential to bind a panel of six common class I 

“supertype” alleles; A*0101, A*0201, A*0301, A*2402, B*0702, and B*4403, which cover 

over 95% of the human population [18]. Based upon these predictions, the peptide 

sequences were synthesized using FMOC chemistry and purified >85% by HPLC (21st 

Century Biochemicals, Marlboro, MA); each was dissolved in 100% DMSO (100 mg/ml) 

and stored at –80°C. Stock peptide solutions were diluted 1:1,000 in medium just prior to 

culture; 0.1% DMSO in medium alone served as the negative control. The amino acid 

sequences of the HLA-DRB1-restricted peptides and HLA class I-restricted peptides are 

shown in Table I and Table II, respectively.

Healthy blood donors and HCC patients

Blood samples were obtained from 12 HCC patients (HCC #1–12) and 5 healthy blood 

donors (HD #1–5). The peripheral blood mononuclear cells (PBMCs) were purified from 

whole blood of the HCC patients as previously described [12]. Hartford Hospital 

Transplantation Research Laboratory (Hartford, CT) performed HLA typing on DNA 

extracted from each sample.

De-identified whole-blood leukocyte reduction filters (blood filters; Sepacell RZ-2000, 

Baxter Healthcare Corporation, Irvine CA), obtained after use from the Rhode Island Blood 

Center (Providence, RI), served as the source of PBMCs derived from blood donated with 

informed consent by healthy volunteers. The PBMCs were recovered by back-flushing the 

filters according to the methods of Meyer et al. and purified by centrifugation on Ficoll-

Paque Plus (1.077; Pharmacia, Uppsala, Sweden) gradient as we described previous [19, 

20]. The Rhode Island Hospital Institutional Review Board approved this study.
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Epitope-specific T cell induction

Epitope-specific T cells were induced according to methods we described previously [21]. 

Briefly, 2.5 × 105 PBMCs/200 µl X-VIVO 15 medium supplemented with 1 mM L-

glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, and 50 U/ml recombinant human 

IL-2 (R&D Systems) in round-bottom 96-well plates were cultured for 2 weeks with 10 

µg/ml individual peptide.

Alternatively, ASPH-specific T cells were generated by co-culturing purified T lymphocytes 

with protein-pulsed DCs in accordance with methods we also reported previously [12]. 

Briefly, monocytes were isolated from PBMCs using anti-CD14 microbeads (Miltenyi 

Biotec, Auburn, CA) and cultured for 5 days in X-VIVO 15 medium (Lonza, Walkerville, 

MD) supplemented with human GM-CSF (R&D Systems, Minneapolis, MN) and IL-4 

(R&D Systems). ASPH protein (1 µg/ml) was added on day 5; TNF-α (R&D Systems) was 

added on the following day to stimulate DC maturation, and the cells were incubated for 

another 48 hours. DCs incubated with α-fetoprotein (AFP; Zynaxis Cell Science, Malvern, 

PA) or alone served as the control. Mature, epitope-expressing DCs were collected at the 

end of the incubation period.

T cells were isolated from PBMCs by negative selection using the Pan T Cell Isolation Kit II 

(Miltenyi Biotec). Regulatory T(reg) cells were removed by the addition of anti-CD25 

microbeads (Miltenyi Biotec) where indicated. Treg cell-depleted or non-depleted T 

lymphocytes (2.4 × 106) were co-cultured for 8 days with 4 × 104 mature DCs loaded with 

relevant antigen in 24-well plates [12].

Enzyme-linked immunospot (ELISpot) assay

Human IFN-γ ELISpot assays were performed as we described previously using a kit 

purchased from eBioscience (San Diego, CA) to determine T cell immune-reactivity [21]. 

Cells (5 × 104/well) collected after induction were added to ELISpot plates (Millipore, 

Bedford, MA) pre-coated with anti-IFN-γ capture antibody and incubated with peptides (10 

µg/ml) for 20 hours. Subsequently, the plates were washed and incubated sequentially with 

biotinylated IFN-γ detection antibody then avidin-HRP. The plates were developed by 

adding substrate, 3-amino-9-ethyl carbazole, and the number of spots/well was quantified 

using a CTL-immunospot S5 UV Analyzer (Cellular Technology Limited, Shaker Heights, 

OH).

Blocking of T cell response

To demonstrate the contribution of HLA molecules to ASPH peptide-dependent T cell 

activation, the cells were incubated with antibodies specific for HLA class I (clone W6/32; 

BioLegend, San Diego, CA) or HLA-DR (clone L432; BioLegend) (15 µg/ml) for 1 hour at 

37°C prior to analyses.

Flow cytometric analysis

Flow cytometric analysis was conducted as previously described [12]. Intracellular cytokine 

staining was performed to evaluate T cell activation. Conjugated mouse monoclonal 

antibodies specific for the following determinants were used: CD4 (clone OKT4; 
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BioLegend, San Diego, CA), CD8a (clone RPA-T8; BioLegend), CD137 (clone 4B4-1; BD 

Biosciences, San Diego, CA), CD154 (clone TRAP1; BD Biosciences), and IFN-γ (clone 

B27; BD Biosciences). Appropriate isotype controls were included in each analysis.

Enzyme-linked immunosorbent assay

ELISAs were performed to quantify IFN-γ in cell culture supernatants using a human IFN-γ 

ELISA kit (eBioscience) as previously described [12].

Statistical analysis

Data analyses were performed using StatView (version 5.0; SAS Institute Inc., Cary, NC). 

Differences were assessed using the Mann-Whitney U test for unpaired samples and the 

Wilcoxon signed rank tests for paired samples. A p value < 0.05 was considered statistically 

significant.

RESULTS

Immunogenic response to ASPH

Experiments were undertaken to determine the capacity of ASPH to activate CD8+ CTLs, as 

well as helper CD4+ T cells, contained in the PBMC populations derived from HCC 

patients. The experimental procedure for evaluating ASPH-specific T cell activation was 

optimized in a previous investigation using PBMCs derived from a healthy donor [12]. In 

that study, pan T cells were co-cultured with autologous, ASPH protein-pulsed DCs; T cells 

co-incubated with AFP-pulsed or non-pulsed DCs served as controls. After 8 days culture, 

the T cells were collected and re-incubated with freshly prepared DCs pre-loaded with the 

same antigen; antigen-specific T cell activation was evaluated by flow cytometric analysis. 

In addition to IFN-γ, the expression of CD154 and CD137 was used as surrogate markers for 

antigen-specific activation of CD4+ T cells and CD8+ CTLs, respectively [22, 23]. These 

experiments revealed significant increases in the activation of both CD4+ T cells and CTLs 

in response to ASPH protein compared to AFP or no antigen (Supplementary Figure S1). 

Moreover, they support the concept that immunization with ASPH protein may activate 

specific CD4+ and CD8+ T cells in HCC patients.

Using the same experimental approach, ASPH-specific T cell activation was evaluated in 

PBMCs derived from five HCC patients (HCC #1–5) characterized in Supplementary Table 

S1. As shown in Figures 1A and B, incubation with ASPH protein-pulsed DCs resulted in 

significant increases in CD4+CD154+ and CD4+IFN-γ+ T cells compared to incubation with 

AFP-pulsed or non-pulsed DCs. CD4+ T cells expressing both IFN-γ and CD154 were also 

expanded significantly. In addition, the percentage of CD8+ CTLs expressing CD137 and 

IFN-γ was significantly higher in co-cultures that contained ASPH protein-pulsed DCs 

compared to co-cultures that contained AFP-pulsed or non-pulsed DCs (Figures 2A and B). 

Moreover, in accordance with the published results of other investigators, Treg cell depletion 

using anti-CD25 microbeads prior to co-culture enhanced ASPH protein-specific T cell 

activation [24]. These results demonstrate the ASPH-specific generation of CD4+ and CD8+ 

T cells among PBMCs derived from HCC patients.
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Prediction and validation of HLA-DRB1-restricted ASPH peptide sequences

The demonstrated immunogenicity of ASPH affords the potential development of an ASPH 

epitope-based immunotherapeutic approach. Both MHC class II-restricted (CD4+) and MHC 

class I-restricted (CD8+) T cells are absolutely required for sustained anti-tumor immunity 

[25, 26]. Initially, HLA-DRB1-restricted ICS composed of multiple epitopes and covering 

full-length human ASPH were predicted and constructed using bioinformatics tools [14, 15]. 

Fifteen promiscuous ISC, each capable of binding multiple HLA-DRB1 alleles representing 

>95% of the human population, were synthesized (Table I) [16].

The validity of these predicted ASPH epitopes (ICS) was documented by demonstrating 

their ability to induce the response of naïve T cells contained within PBMC populations 

derived from 5 healthy blood donors (HD #1–5). The PBMCs obtained from each donor 

were transferred to triplicate wells in a 96-well round bottom plate and cultured with a 

single, ASPH peptide sequence. After 2 weeks, the capacity each sequence to induce a 

peptide-specific response was evaluated by IFN-γ ELISpot assay. As shown in Figure 3, 

each peptide sequence induced a statistically significant increase in IFN-γ producing cells, 

albeit, the response to any single sequence varied among donors. While these ICS are 

promiscuous and bind multiple HLA-DRB1 alleles, it is likely that differences in the donors’ 

MHC backgrounds contribute to this varied response. Notably, however, all the ASPH 

peptides exhibited immunogenicity in at least one healthy blood donor, and p322 (ID #4, 

Table I) was immunogenic for all 5 donors.

To quantify and characterize the IFN-γ-producing cells, the PBMCs derived from HD #1 

following induction by p52 (ID #1, Table I) were stained and evaluated by flow cytometric 

analysis. As predicted, essentially all HLA-DRB1-restricted, p52-reactive, IFN-γ-producing 

cells expressed CD4 (Figure 4A). In addition, CD154 expression was assessed as a measure 

of CD4+ T cells activation following incubation with each ASPH peptide (Figure 4B). The 

pattern of CD154 expression was consistent with the IFN-γ ELISpot data presented above. 

HLA blocking experiments confirmed the dependence of ASPH peptide-induced IFN-γ 

production on HLA-DRB1 expression. IFN-γ production by the ASPH peptide-responsive 

cells was significantly abrogated by the presence of anti-HLA-DR, but not anti-HLA-class I, 

antibody (Figure 4C). Titration experiments revealed dose-dependent increases in IFN-γ 

production following ASPH peptide stimulation (Figure 4D). Together, these results 

substantiate the HLA-DR-restricted, dose-dependent CD4+ T cell responses induced by the 

ASPH peptides. IL-4 production was not observed following incubation with any of the 

ASPH peptide sequences indicating that these sequences induced Th1-like CD4+ T cell 

responses (data not shown).

ASPH peptide-specific T cell activation in HCC patients

Based upon the results demonstrating the HLA-DRB1-restricted, ASPH ICS-specific T cell 

response of healthy blood donors, the response of CD4+ T cells derived from seven HCC 

patients (HCC #6–12) to the same peptides was evaluated. Each HLA class II-restricted 

peptide sequence induced a statistically significant increase in IFN-γ producing cells, though 

the response to individual peptides varied among patients (Figure 5). In this regard, none of 

the peptides elicited a significant response in HCC patient #6. All the predicted ASPH 
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peptides exhibited immunogenicity in at least one HCC patients, however, a pattern similar 

to that found in the healthy blood donors shown above.

CD8+, as well as CD4+, T cells are required for anti-tumor immunity. As such, HLA class I-

restricted ASPH protein-derived epitopes were also predicted and 30 HLA-A- and HLA-B-

restricted peptides were synthesized (Table II). The response of CD8+ CTLs derived from 

the HCC patients to the peptides compatible with their HLA class I alleles was subsequently 

evaluated. All the HLA class I-restricted peptides induced significant increases in IFN-γ 

producing cells albeit, as in the case of those restricted by HLA-DRB1, the response to 

individual peptides varied substantially among patients (Figure 6). HCC patient #6, for 

example, failed to exhibit a significant response to any peptide among a panel of 11 HLA-

A*01/*03- and 5 HLA-B*07-restricted peptides. HCC patient #12, on the other hand, 

responded to 85% of the peptides compatible with his HLA background.

DISCUSSION

The scientific rationale for immunotherapy resides in the fact that tumors are replete with 

potential antigens. With respect to HCC, TAAs fall into the following three categories [27–

29]: (1) proteins with increased expression in tumor cells, such as α-fetoprotein, human 

telomerase reverse transcriptase (hTERT), glypican-3, and other cancer-associated antigens 

including melanoma antigen gene (MAGE) family and NY-ESO-1; (2) proteins whose gene 

is mutated in HCC cells, such as p53; (3) non-cellular proteins encoded by hepatitis viral 

genomes, such as HBx, HCV core, and HCV NS5. In this context, naturally occurring 

cellular immunity against α-fetoprotein, hTERT, MAGE, and NY-ESO-1 has been 

demonstrated in patients with HCC [30–33]. Although these findings suggest that these 

antigens are immunogenic, the immune responses to these antigens fail to control tumor 

growth. Inducible cellular immunity against α-fetoprotein, glypican-3, mutant p53, and 

proteins derived from hepatitis viruses have been demonstrated in human subjects as well as 

in mice studies [34–39], but there are few reports regarding clinical trials of vaccines that 

employ these antigens. The only antigen that has been used in a clinical HCC treatment 

paradigm is α-fetoprotein. However, these investigations revealed that immunization with α-

fetoprotein had only minimal impact on patients’ outcome [34, 40]. On the other hand, 

several studies successfully showed prolonged overall survival when patients were 

immunized with tumor or formalin-fixed HCC tissue lysates [41–43]. These studies indicate 

that unidentified antigen(s) may be present in HCC cells that induce antitumor immunity and 

therefore there is an opportunity to discover and employ novel TAAs for immunotherapy.

The goal of cancer immunotherapy is to induce an effective immune response that 

specifically targets tumor cells [44]. Success is predicated upon the existence of a tumor-

associated antigen (TAA), which is over expressed in tumor tissue and not healthy organs, 

and elicits a specific immune response in the tumor-bearing host. As examples, several 

HCC-related TAAs have been identified: AFP, glypican-3, and NY-ESO-1 [45–48]. While 

T cell responses specific for these TAAs are often observed, however, they are not 

sufficiently robust to affect clinical outcomes. Although the factors that contribute to these 

outcomes are poorly understood and require further exploration, one condition in common 

was a diminished CD4+ helper T cell response. It is well established that both activated 
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CD4+ T cells and CD8+ CTLs are absolutely required to maintain a sustained anti-tumor 

response [25, 26]. Here, we demonstrated that ASPH protein elicits antigen-specific 

activation of CD4+ and CD8+ T cells among human PBMCs indicating that ASPH possesses 

both HLA class I- and class II-restricted epitopes which makes it an attractive candidate for 

HCC immunotherapy.

The responses observed to total protein raised the possibility of an ASPH epitope-based 

immunotherapeutic approach for HCC consisting of a combination of peptides (epitopes) 

capable of eliciting robust anti-tumor responses generated by CD4+ and CD8+ T cells. 

Toward this end, immunoinformatics tools were used to predict 30 ASPH protein-derived 

HLA class I-restricted and 15 class II-restricted epitopes. These epitopes induced both CD8+ 

CTL and CD4+ T cell responses in six out of seven HCC patients suggesting that such 

identified ASPH peptides may be useful for HCC immunotherapy. One patient (HCC #6), 

however, failed to respond to any of the epitopes compatible with the HLA background 

suggesting that the individual would not be a good candidate for this vaccine formulation.

In addition to selecting the ideal TAA to target, strategies to optimize anti-tumor immunity 

may also require additional approaches to prevent the escape of tumor cells from immune 

recognition. A myriad of reports address the mechanisms that underlie cancer cell escape, 

e.g., cell surface inhibitory molecules and immunoregulatory cells including Treg and 

myeloid-derived suppressor cells [49–52]. Indeed, our findings demonstrated an enhanced T 

cell response to ASPH protein following CD25+ Treg cell depletion. Moreover, we 

previously reported that residual tumor cells still expressed cell surface ASPH in a murine 

model following immunization with ASPH protein-loaded DCs implying the existence of 

tumor cells that escape immunotherapy [13]. Thus, ASPH-based immunotherapy in 

combination with other approaches (e.g., antagonizing Treg cell function) may be required to 

circumvent immune escape and achieve a successful clinical outcome [53]. Low doses of 

cyclophosphamide, for example, reportedly decrease the number and inhibitory activity of 

Treg cells by suppressing the expression of important functional markers: forkhead box P3 

and glucocorticoid-induced TNF-receptor-related protein [54]. In a tumor-bearing mouse 

model, cyclophosphamide treatment suppressed Treg cell function and augmented the 

immune response and tumor eradication [55]. Similarly, sorafenib (a multi-targeted anti-

angiogenic tyrosine kinase inhibitor used to treat patients with advanced HCC) reduced Treg 

cell function and enhanced anti-tumor immunity in mice bearing established orthotropic 

HCC [56].

Other options such as transarterial embolization or local ablation therapy could also be used 

to augment ASPH-based HCC immunotherapy. Transarterial embolization, for example, not 

only induced tumor necrosis directly, but also expanded the T cell-mediated immune 

response [57]. Additionally, Nobuoka and co-workers reported that radiofrequency HCC 

ablation induced peptide-specific CTLs [58]. Such studies provide a rationale for combining 

ASPH-based immunotherapy with additional approaches to optimize treatment of HCC.

Our results suggest that Treg cells comprise a component of the T cell population activated 

by the entire ASPH protein sequence. Additional studies are required to explore this effect 

further and to identify the epitope(s) that induces Treg cell function. This observation, 
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however, demonstrates a major advantage of peptide-based, versus whole protein-based, 

immunotherapy, i.e., Treg cell epitopes can readily be identified and omitted.

In summary, we demonstrated that ASPH protein elicited antigen-specific CD4+ T cell and 

CD8+ CTL activation, and that ASPH-derived HLA class I- and class II-restricted peptides 

can activate CD4+ T cells and CD8+ CTLs derived from HCC patients. The average 

responses of the healthy donors and the HCC patients to the HLA-DRB1-restricted ASPH 

peptides (shown in Figures 3 and 5, respectively) are summarized and compared in Figure 7. 

In the case of normal healthy volunteers, it is presumed that naïve T cells represent the vast 

majority of induced, antigen-specific T cells. The composition of the antigen-specific T cell 

population induced in cultures derived from HCC patients is much less clear, however, it is 

likely comprised of both naïve cells, as well as cells previously sensitized. This contention is 

supported by the relative increased response of HCC patients to 14 of the 15 peptides tested. 

Notably, the sample sizes are small and the responses of individuals comprising either 

population to the same peptide/epitope are extremely variable although all the peptides 

promoted a response in more than one individual. Undoubtedly, a number of factors 

contribute to the varied responses observed. While the 15 ICS are promiscuous in their 

ability to bind multiple DRB1 alleles, for example, it is not known whether each allele 

capable of binding an ICS and distinguishing individuals within a group is equally capable 

in inducing a response. Taken together, these findings provide a rationale for development 

of prophylactic (to prevent or reduce micrometastases following surgical removal of HCC) 

or therapeutic peptide based approach that may require augmentation with other agents to 

generate optimal anti-tumor responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

HCC hepatocellular carcinoma

ASPH aspartate-β-hydroxylase

DCs dendritic cells

PBMCs peripheral blood mononuclear cells

CTLs cytotoxic T lymphocytes

ICS immunogenic consensus sequences
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Treg cell regulatory T cell

AFP α-fetoprotein
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Figure 1. ASPH protein-specific CD4+ T cell response in HCC patients
CD25-depleted or non-depleted, pan T cells purified from the PBMCs of HCC patients 

(HCC #1–5) were co-cultured with monocyte-derived DCs loaded with recombinant ASPH 

protein, AFP or no antigen (control). After 8 days incubation, the T cells were collected and 

re-stimulated by co-culture with DCs loaded with the same antigen. The response of CD4+ T 

cells was evaluated by quantifying the percentage of CD154+, IFN-γ+, and IFN-γ+CD154+ 

cells (A: representative flow cytometric analyses; B: summary of the analyses of 5 HCC 

patients). The percentages of responsive cells in the ASPH sample are significantly greater 
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than the percentages found in the AFP sample or antigen control; the Treg cell-depleted and 

non-depleted ASPH samples are significantly different from each other, p < 0.05.
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Figure 2. ASPH protein-specific CD8+ CTL response in HCC patients
The response of CD8+ CTLs present in the same DC-purified T cell co-cultures described in 

Figure 1 was evaluated by quantifying the percentage of CD137+ and IFN-γ+ cells (A: 

representative flow cytometric analyses, B: summary of the analyses in 5 HCC patients). 

The percentages of responsive cells in the ASPH sample are significantly greater than the 

percentages found in the AFP sample or antigen control; the Treg cell-depleted and non-

depleted ASPH samples are significantly different from each other, p < 0.05.
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Figure 3. The response of healthy donors to predicted ASPH immunogenic consensus sequences
PBMCs isolated from healthy donors (HD #1–5) were cultured with the single HLA-DRB1-

restricted ASPH peptide (10 µg/ml) enumerated according to the list in Table I. The cells 

were collected after 2 weeks and the peptide-specific response was quantified by IFN-γ 

ELISpot assay. Values are expressed as the means ± SD of triplicate determination. The 

dotted lines represent the level of control (0.1% DMSO). *Significantly greater than the 

control, p < 0.05.
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Figure 4. Characterization of ASPH peptide-specific T cell responses
PBMCs obtained from patient HD #1 were cultured with the ASPH peptides indicated. After 

2 weeks incubation, the cells were collected and re-cultured with the corresponding peptides 

for 20 hours, followed by analyses. p52-reactive PBMCs were stained and the percentage of 

IFN-γ+CD4+ T cells was determined by flow cytometric analysis (A). The percentage of 

CD154-expressing CD4+ T cells assessed by flow cytometric analysis was determined as a 

measure of the response of cells to the ASPH peptide listed in accordance with Table I (B). 

The results are the means ± SD of triplicate determinations; dotted lines represent the 

control (0.1% DMSO) values. *Significantly greater than control, p < 0.05. PBMCs cultured 

2 weeks with the peptides listed were not treated or pretreated with anti-HLA-A, B, C or 

anti-HLA-DR for 1 hour; the same corresponding peptide (10 µg/ml) was then added and 

IFN-γ in the culture supernates collected after 5 days was quantified by ELISA (C). Results 

are the means ± SD of triplicate determinations. *Significantly less than non-antibody or 

anti-HLA-A, B, C-treated; p < 0.05 Peptide titration assay for the immune response of 

ASPH peptides-specific cells (D). PBMCs, cultured 2 weeks with the ASPH peptides listed, 

were collected and reincubated with increasing concentrations of the same peptide. IFN-γ in 

the culture supernates collected after 5 days was quantified by ELISA.
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Figure 5. HCC patients respond to HLA-DRB1-restricted ASPH peptides
PBMCs obtained from 7 HCC patients (HCC #6–12) were cultured for 2 weeks with HLA-

DRB1-restricted ASPH peptide enumerated in accordance with Table I. Peptide-specific T 

cell recognition was evaluated by IFN-γ ELISpot assay. Values are the means ± SD of 

triplicate determination. The dotted lines represent the level of control (0.1% DMSO). 

*Significantly greater than the control, p < 0.05.
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Figure 6. HCC patients respond to HLA-class I-restricted ASPH peptides
PBMCs obtained from 7 HCC patients (HCC #6–12) were cultured for 2 weeks with HLA-

class I-restricted ASPH peptides enumerated in accordance with Table II and compatible 

with the patients’ HLA background (indicated in parentheses). Peptide-specific T cell 

recognition was evaluated by IFN-γ ELISpot assay. Values are the means ± SD of triplicate 

determination. The dotted lines represent the level of control (0.1% DMSO). *Significantly 

greater than the control, p < 0.05.
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Figure 7. Summary and comparison of the responses of the healthy donors and HCC patients to 
HLA-DRB1-restricted ASPH peptides
The responses (IFN-γ spots/106 PBMCs) of 5 healthy donors (#1–5) and 6 HCC patients 

(#7–12) to the 15 individual HLA-DRB1-restricted peptides shown in Figures 3 and 5, 

respectively, were combined and averaged; the background, DMSO control was subtracted.
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Table I

Predicted, HLA-DRB1-restricted ASPH immunogenic consensus sequences

Peptide ID# Peptide name AA position AA sequence

  1 p52 52–71 TSFFTWFMVIALLGVWTSVA

  2 p103 103–117 AKVLLGLKERSTSEP

  3 p148 148–166 KEQIQSLLHEMVHAEHVEG

  4 p322 322–337 QKAKVKKKKPKLLNKF

  5 p415 415–432 PADLLKLSLKRRSDRQQF

  6 p427 427–444 SDRQQFLGHMRGSLLTLQ

  7 p437 437–452 RGSLLTLQRLVQLFPN

  8 p443 443–458 LQRLVQLFPNDTSLKN

  9 p492 492–509 VHYGFILKAQNKIAESIP

10 p557 557–576 ASVWQRSLYNVNGLKAQPWW

11 p581 581–597 TGYTELVKSLERNWKLI

12 p588 588–607 KSLERNWKLIRDEGLAVMDK

13 p725 725–738 HEVWQDASSFRLIF

14 p731 731–747 ASSFRLIFIVDVWHPEL

15 p740 740–758 VDVWHPELTPQQRRSLPAI

ASPH, aspartate-β-hydroxylase; AA, amino acid
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