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Abstract 
Tumor cells exhibit deficient antigen presentation to T cells, significantly contributing to 

immune evasion and tumor genesis. Peptide pulsed Antigen-presenting cells (APCs) 

are commonly used in cancer immunotherapy to circumvent the defects of tumor cells in 

processing and presenting antigens to T lymphocytes. However, peptides do not always 

represent epitopes naturally processed by tumor cells, which might reduce the identifi-

cation of actual immunogenic antigens. Minigenes encoding concatenated immunogenic 

tumor epitope sequences offer a promising alternative to select tumor antigens naturally 

processed and presented to T cells. Hence, using APCs transfected with minigenes might 

contribute to immunotherapy’s effectiveness, avoiding non-naturally processed epitopes 

as vaccine candidates. This study evaluates APCs transfected with a minigene construct 

encoding HLA-A0201-restricted immunogenic antigens to stimulate antigen-specific CD8+ 

T lymphocytes in vitro. Artificial APCs (aAPCs) were also designed by co-transfecting 

the HEK293 cell line with plasmids encoding co-stimulatory molecules (CD80, CD83, 

CD137L) to assess CD8+ T cell activation efficiency, intracellular cytokine production, 

cytotoxic activity, activation and exhaustion marker expression. In this study, we success-

fully implemented a transfection methodology of HEK293 cells with a minigene encoding 

viral and tumor HLA-A * 0201 epitopes. These cells, used as aAPCs, allow studying the 

expansion and the phenotype of antigen-specific CD8+ T cells. However, our results 

indicate that epitope presentation alone is sufficient to activate CD8+ T cells, suggesting 

that the presence of co-stimulatory molecules may not be necessary for effective T cell 

activation. Considering that the use of HEK293 cells as aAPCs has yet to be explored and 

due to their high transfection efficiency with minigenes, the methodology implemented 

in this work enables their use to identify naturally processed immunogenic neoantigens. 

We believe our findings can contribute to selecting and designing personalized vaccines 

based on tumor neoantigens that are useful for cancer immunotherapy.
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Introduction
Immunotherapy has emerged as a promising strategy in cancer treatment, distinguished by 
its ability to enhance the immune response against tumors. The limitations of traditional 
approaches such as surgery, radiotherapy, and chemotherapy have led immunotherapy to 
become a new cornerstone in cancer treatment, increasing patients’ hope and quality of life 
[1]. The primary goal of immunotherapy is to enhance or restore the immune system’s ability 
to detect and destroy cancer cells, overcoming the evasion mechanisms developed by these 
cells to suppress the immune response [2]. The focus of this new pillar of cancer treatment has 
been to increase the frequency of tumor antigen-specific T lymphocytes through the admin-
istration of therapeutic vaccines based on dendritic cells, adjuvant treatment with cytokines 
such as IL-2, and adoptive transfer of Tumor-Infiltrating Lymphocytes (TILs) [3].

Particularly concerning therapeutic vaccines, their primary objective is to improve the 
quality of tumor-associated or tumor-specific antigen presentation to T cells to activate them 
and stimulate an anti-tumor responses [4]. Therapeutic vaccines based on dendritic cells 
(DCs) or other antigen-presenting cells (APCs) serve as antigen delivery systems stimulating 
anti-tumor T cells [5]. These cells present antigens in the major histocompatibility complex 
(MHC) context and act as adjuvants, releasing cytokines and chemokines to stimulate more 
comprehensive T-cell responses [6].

While trials using DCs in cancer vaccines have shown limited therapeutic utility, recent 
results of DCs pulsed with tumor neoantigens as a vaccine in the melanoma model may rep-
resent a new opportunity for DCs in cancer immunotherapy [7,8]. However, high production 
costs, the short lifespan of DCs, their variability among patients, storage and transportation 
difficulties, and issues related to antigen delivery to DCs continue to affect the implementa-
tion of DC-based vaccines [9]. Regarding antigen formulation, because of the relatively simple 
synthesis and low cost, DCs pulsed with synthetic peptides representing tumor antigens are 
often used for identifying T lymphocytes that recognize them both ex vivo and in vitro. How-
ever, synthetic peptides as antigens bypass the processing and presentation in the context of 
the MHC molecules exerted naturally by tumor cells or professional APCs that cross- 
present tumor antigens in vivo, which might lead to T cells that recognize synthetic peptides 
not necessarily generated in vivo [10]. This last limitation may bias the selection of immuno-
genic neoantigens for use in synthetic peptide format as vaccines and the reason why the iden-
tification of neoantigen-specific T cells in vivo in patients vaccinated with peptides reaches 
only 6% of those used as a vaccine [11]. This suggests that most of the tumor neoantigens 
predicted by bioinformatics tools are not processed or presented in MHC molecules naturally.

In this context, minigenes made of DNA sequences encoding minimal cytotoxic T lymphocyte 
(CTL) epitopes organized in tandem have emerged as an alternative to overcome the limitations 
of using peptides as antigens. Unlike complete proteins or synthetic peptides, minigenes allow the 
inclusion of multiple immunogenic epitopes with high affinity and good binding stability to MHC 
molecules, whose presentation depends on their natural processing by transfected APCs. [12].

Moreover, minigenes offer the possibility of evaluating a more significant number of can-
didates for immunotherapy and the advantage of being able to produce multiple copies of the 
antigen processed naturally [13]. Additionally, minigene-activated APCs can induce cytokine 
production, stimulating intracellular pattern recognition receptors (PRRs) [14] and favor the 
expression of co-stimulatory molecules, which are essential for inducing a robust anti-tumor 
T-cell response. In this context, this study aimed to construct a minigene encoding tumor- 
associated and viral antigens, co-transfected with plasmids encoding co-stimulatory mole-
cules, to evaluate the ability of the transfected cells, used as aAPCs, to effectively stimulate 
antigen-specific T lymphocytes [15].
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Overall, this study allowed us to examine the performance of aAPCs transfected with a 
multi-epitope minigene as an antigen delivery tool to APCs and the monitoring of LT-CD8+ 
specific to naturally processed antigens.

Materials and methods

Ethics statement
This research project is conducted in accordance with Resolution No. 008430 of 1993, which 
establishes the Scientific, Technical, and Administrative Standards for Health Research in 
Colombia. Chapter I addresses the ethical aspects of research involving human subjects. Based 
on Article 11b, this study is classified as Minimal Risk Research, as the samples used in this 
study were derived from Buffy coat units from healthy donors who voluntarily donated blood 
during campaigns organized by the District Institute of Science, Biotechnology, and Innova-
tion in Health (IDCBIS) in Bogotá.

IDCBIS regularly conducts blood donation campaigns at various locations throughout 
Bogotá. These blood samples are collected in blood bags containing anticoagulants and 
transported to the district blood center. Once collected, the blood undergoes a fractionation 
process, where the components necessary for patient transfusion are separated and stored. 
The fraction is not used for transfusion, in this case, the Buffy coat, is typically discarded.

Since all blood donors at IDCBIS sign an informed consent form at the time of donation, 
explicitly authorizing the use of their blood and its derivatives for research purposes, it was not 
necessary to obtain additional informed consent from the donors specifically for this study.

The project was approved and supervised by the Ethics Committee of the Faculty of Med-
icine at the Universidad Nacional de Colombia, as documented in Act No. 012, dated July 28, 
2022.

The procedures for sample collection, storage, transport, and processing were carried out 
in accordance with the protocols of the Immunology and Translational Medicine Laboratory 
at the Faculty of Medicine. Data handling remained strictly confidential from the moment of 
sample collection through to the publication of the results.

Cell lines and healthy donors
For the transfection of the minigene, HEK293 cells were utilized. These are a cell line derived 
from human embryonic kidney cells, widely known for their propensity to be transfected. 
Moreover, specific CD8+ T cell clones targeting the immunogenic epitopes of the CMV pp65 
protein and MART-1 were utilized. These clones were derived through limiting dilution. They 
were generously donated to the I&MT laboratory by Dr. Pedro Romero from the University of 
Lausanne, Switzerland.

The buffy coats were obtained through an agreement with the Instituto Distrital de Ciencia, 
Biotecnología e Innovación en Salud (IDCBIS) from their blood bank. This institute continu-
ously conducts blood donations at various locations throughout Bogotá. These blood samples 
are collected in blood bags containing anticoagulants and transported to the district blood 
center. Once the sample is obtained, a blood fractionation process is performed to store in the 
blood bank the fraction that will be used for patient transfusion. The fraction that is not used, 
in this case the buffy coat, is typically discarded. For this project, this waste was used to obtain 
PBMCs from healthy donors. Considering that the unused blood fraction from the blood bank 
samples was involved, it was not necessary to request additional consent from the healthy 
donors, as they had already signed the institute’s informed consent form, which authorizes the 
use of this fraction for other types of research. The samples were collected starting on October 
1, 2022, and ending on April 30, 2023.
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Cell cultures
Cell cultures of HEK293 cell line was conducted using Roswell Park Memorial Institute 1640 
(RPMI 1640) and Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% fetal 
bovine serum (FBS). Monocyte, Dendritic cells (DCs), Peripheral blood mononuclear cells 
(PBMCs) and T CD8+ clone cultures were performed in serum-free AIM-V medium. Mono-
cytes, PBMCs and clones were centrifuged at 700g for 10 minutes, while HEK293 cells were 
centrifuged at 200g for 5 minutes. All culture incubations were conducted at 37°C with 5% 
CO2, unless otherwise indicated in the respective section.

Isolation of PBMCs from buffy coats of healthy donors
The isolation of PBMCs from healthy donors (between 18 and 30 years old without oncologic, 
autoimmune, or recent infectious diseases) was carried out using buffy coats from the blood 
bank, obtained under the agreement with the Instituto Distrital de Ciencia, Biotecnología e 
Innovación en Salud (IDCBIS).

The buffy coat was distributed into 50 mL polypropylene tubes containing 25 mL of sterile 
0.9% saline solution and centrifuged at 700 g for 10 minutes, without brake. This process was 
repeated 3 or 4 times to remove the anticoagulant. PBMCs were isolated using Lymphoprep™ 
Density Gradient Medium (STEMCELL™ Technologies), which implements the density 
gradient separation method. Once separated, cell counting, and viability assessment were 
performed using a Neubauer chamber with trypan blue staining. The cells were cryopreserved 
in freezing medium (RPMI-1640 50%, FBS 40%, and dimethyl sulfoxide (DMSO) 10%) and 
stored at -70°C for 48 hours. After this period, they were transferred to a liquid nitrogen tank 
for later use in immunological assays. Remaining cellular fractions were discarded following 
the technical regulations for the disposal of biological waste.

Minigene design and vector selection
Six viral or tumor antigens were selected to be distributed in the construct: FLU (58-66), CMV 
(495-503), Mart-1 (26-35), NY-ESO (157-165), Her2-neu (369-377/435-443). In addition to 
the antigens, a spacer sequence recognized by proteins such as furin protease was added to the 
construct to separate one antigen from another, allowing them to be hydrolyzed correctly [8]. 
Codon optimization was performed using the EMBOSS Backtranseq software. The construct 
was then analyzed with the ProP 1.0 program to determine the optimal order of the antigens 
that maximizes the probability of furin protease recognizing the spacer and hydrolyzing it spe-
cifically. The construct was analyzed using Addgene’s Sequence Analyzer program to deter-
mine which restriction sites were present in the minigene sequence. Finally, BamHI and XbaI 
restriction enzyme sequences were positioned at the ends of the minigene to facilitate cloning 
of the construct (S1 Table). The minigene was synthesized by Integrated DNA Technologies 
(IDT). The selected vector was pcDNA 3.1-N-eGFP.

Plasmid amplification
A bacterial transformation was performed using the E. coli JM109 strain. The bacteria were 
subjected to heat shock to increase membrane permeability for plasmid entry. Subsequently, 
they were plated on LB agar containing ampicillin and incubated for 24 hours to select col-
onies that grew on this selective medium, indicating successful plasmid uptake by the bac-
teria. The obtained colonies were then transferred to LB agar with ampicillin once again for 
isolation and further incubation for another 24 hours. After this period, they were inoculated 
into LB ON (Over Night) medium for storage in 30% glycerol at -80°C to establish a reserve of 
plasmid-producing bacteria.
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Minigene cloning into the pcDNA 3.1-N-eGFP vector
To clone the minigene into the pcDNA 3.1-N-eGFP plasmid, restriction enzymes BamHI 
and XbaI (New England Biolabs) were used, which have recognition sites at the ends of the 
minigene and the multiple cloning sites of the plasmid to create cohesive ends. Subsequently, 
both the minigene and the plasmid were digested separately for 4 hours with the two enzymes 
at 37°C, and the enzymes were then inactivated for 20 minutes at 80°C. Following this, liga-
tion was carried out using T4 DNA ligase (Invitrogen) for 1 hour at room temperature. For 
the extraction of genetic material, the QIAprep Miniprep kit from Qiagen was utilized. The 
minigene cloning was confirmed by PCR using a forward primer annealing to a section of the 
plasmid (5’-TAATACGACTCACTATAGGG-3’) and a reverse primer annealing to the end of 
the minigene (5’-GAGAATATGCGCCATTGTG-3’). Another PCR was performed with a for-
ward primer annealing to the start of the minigene (5’- AACTTGCAGGTATAGGAATC-3’) 
and a reverse primer annealing to a section of the plasmid located downstream of the mini-
gene (5’-CAGGAAACAGCTATGACCATG-3’). This process confirmed that the minigene 
was inserted into the plasmid in the correct orientation.

Production of mature dendritic cells derived from monocytes
Monocyte isolation from buffy coat was performed using a negative selection method employ-
ing the RosetteSep™ kit (STEMCELL™ Technologies). To achieve this, the buffy coat was  
incubated with 50 µ L/mL of the reagent and underwent density gradient separation using 
Lymphoprep™ reagent. The purity percentage of isolated monocytes was estimated via flow 
cytometry using the CD14-FITC marker (BioLegend).

For DCs derivation, monocytes were cultured at a concentration of 200,000 cells/well in 
a 96-well U-bottom plate in AIM-V medium supplemented with 800 U/mL of rhIL-4 (1000 
U/mL) and GM-CSF (1000 U/mL) (CellGenix®) and incubated at 37°C for 48 hours. Sub-
sequently, fresh AIM-V medium supplemented with 800 U/mL of GM-CSF and 40 U/mL of 
IL-4 was added for another 48 hours. Finally, fresh AIM-V medium supplemented with IFN-γ 
and LPS was added to induce maturation, and incubated for 24-48 hours at 37°C.

Stimulation of monocyte-derived dendritic cells with different antigen 
formulations
To stimulate mDCs with different antigen formulations, they were cultured in a 96-well plate with 
AIM-V medium as mentioned before. Antigens were incorporated into the culture medium as 
follows: the short peptide (10 μg/mL) was added two hours after initiating the maturation stim-
ulus, whereas both the long peptide (20 μg/mL) and the recombinant protein (30 μg/mL) were 
incorporated 24 hours before applying the maturation stimulus. As a negative control, a culture 
of mDCs was not exposed to any antigen format. Specific assays employed short peptides, long 
peptides, and recombinant proteins corresponding to the pp65 CMV and MART1 antigens, as 
detailed in each experiment. Table 1 presents the sequences of the short and long peptides used.
The recombinant proteins used to stimulate the DCs were:

•	 Recombinant Cytomegalovirus pp65 recombinant protein (Abcam Cat # ab43041) – 63kDa

•	 Recombinant Human MelanA protein (Abcam Cat # ab114312) – 39kDa

Minigene transfection into HEK293 cells
For transfection, Lipofectamine 3000 from Invitrogen was used. HEK293 cells were cultured 
to 70-90% confluence in 24 or 48-well plates. In a 1.5 ml polypropylene tube (Eppendorf), 
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3 µ L of lipofectamine was diluted in 50 µ L of OptiMEM medium. In another tube, 2 µg of 
DNA and 3 µ L of the p3000 reagent contained in the kit were diluted in 50 µ L of OptiMEM 
medium, and this was mixed with the former dilution in a 1:1 ratio. The resulting solution was 
incubated for 30 minutes, and the lipid-DNA complex was subsequently added to the wells.

Construction of artificial antigen-presenting cells
Artificial antigen-presenting cells (aAPCs) were constructed by transfecting HEK293 cells 
with cDNAs encoding for HLA-A * 02:01, co-stimulatory molecules CD137-L, CD80, and 
CD83 along with the minigene, using Lipofectamine 3000. Transfection was performed 
following the parameters described above. Upon transfection, GFP protein expression in cells 
was confirmed via fluorescence microscopy. Additionally, the expression of co-stimulatory 
molecules and GFP was monitored using flow cytometry with anti-HLA-A2-PE, CD80-PE, 
CD83-APC-Cy7, and CD137L-APC antibodies (BioLegend).

Donor selection for immunological assays
Processed Buffy coats underwent screening for the HLA-A2 haplotype using flow cytometry. 
For this, 100 µ L of blood samples were taken, and anti-HLA-A2-PE antibody (BioLegend) 
was added, followed by incubation at 4ºC in the dark. Subsequently, 1 ml of diluted cell lysis 
reagent (BD FACS Lysing solution) was added, incubated for 5 minutes at room tempera-
ture, and washed with PBS 5% FBS at 700g for 7 minutes. From each positive sample, 125μL 
of buffy coat were deposited onto Protein Saver 903 Whatman® cards. The cards were sent 
for high-resolution HLA-A typing (2x Exons 2 and 3) to Histogenetics LLC. Donors carrying 
the HLA-A * 02:01:01 haplotype, whether homozygous or heterozygous, were selected for the 
immunological assays.

9-Day culture of total PBMCs for expansion of antigen-specific T cells from 
healthy donors
To obtain antigen-specific T cells against the antigens encoded in the minigene, PBMCs 
obtained from HLA-A * 02:01 healthy donors were used in a 9-day culture system employ-
ing with IL-21 (30 ng/mL), IL-7 (5 ng/mL), and IL-15 (5 ng/mL) (CellGenix®) to stimulate 
the expansion of antigen-specific CD8+ T cells. This methodology was standardized at the 
I&MT [4,18].

For this purpose, 1x106 cells/well of total PBMCs were cultured in U-bottom 96-well 
plates in AIM-V medium supplemented with IL-21 on day 0 and pulsed (stimulated) or not 
(unstimulated) with 10 μg/mL of CMV pp65495-503 (NLVPMVATV) peptide (21st Century 
Bio-chemicals, Inc, Marlborough, Massachusetts, USA). The plate was incubated for 72 hours 
under normal culture conditions, and the culture medium was changed every 2 or 3 days with 
fresh AIM-V supplemented with IL-7 and IL-15. On day 9, the cells were evaluated by flow 
cytometry to detect antigen specific CD8+ T cells or were used for the evaluation of intracellu-
lar cytokine production or expression of activation and exhaustion markers.

Table 1.  Sequences of long and short peptides utilized in immunological assays.

Antigen Short peptide sequence1 Long peptide sequence2

CMV pp65 NLVPMVATV 495-503 LARNLVPMVATVQGQ 492-506 [16]
MART-1 ELAGIGILTV 26-35 GHGHSYTTAEELAGIGILTVILGVL 16-40 [17]
1Manufactured by 21st Century Biochemicals (USA).
2Manufactured by Fundación Salud de los Andes.

https://doi.org/10.1371/journal.pone.0321392.t001

https://doi.org/10.1371/journal.pone.0321392.t001
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Identification of antigen specific T cells by flow cytometry using tetramer 
staining
The identification of antigen-specific CD8+ T cells was conducted by labeling with 
HLA-A * 02:01 tetramers (Tetramershop) loaded with the target antigens (short peptides from 
pp65 CMV, MART-1). Empty tetramers were individually loaded with the corresponding 
peptides at a concentration of 200 µ M for 30 minutes at 4°C.

After 9 days of culture, PBMCs were harvested from the culture plate and washed at 700 g 
for 7 minutes. Subsequently, cells were labeled for 15 minutes at 37°C with 5ul of the assem-
bled tetramer with the antigens of interest, then they were stained with Zombie Aqua (BioLeg-
end) (1:1000 in PBS) for 30 minutes at room temperature and washed at 700 g for 7 minutes in 
PBS with 2% FBS. PBMCs were stained with CD3-PB and CD8-PE-Texas Red, resuspended in 
100 µ L of PBS, and analyzed by flow cytometry. Each sample reading comprised a minimum 
of 30,000 events per experiment, using the FACS Aria IIIu System at the Universidad Nacio-
nal de Colombia – Facultad de Medicina, and the results were analyzed with FlowJo v10.0.7 
software (Treestar Inc). The graphics were generated using Prism v8 software (Graph Pad).

Measurement of intracellular cytokines by flow cytometry
After 9 days of culture, PBMCs were harvested from the culture plate and washed at 700 g 
for 7 minutes. They were then co-cultured in a 1:1 ratio with: i) thawed autologous PBMCs 
stimulated with CMV short peptide or unstimulated PBMCs; ii) HEK293 cells transfected 
with Co-stimulatory Molecules and pcDNA3.1-N-EGFP-Minigene encoding a fusion protein 
GFP-Minigene, HEK293 cells transfected with GFP-Minigene, HEK293 cells transfected with 
GFP and untransfected HEK293 cells; iii) autologous mDCs stimulated with short CMV pep-
tide, long CMV peptide or recombinant pp65 CMV protein, and autologous mDCs unstim-
ulated. Antigen specific CD8+ T cell clones (CMV + , Mart-1+) were thawed one day prior to 
use to allow for overnight recovery in AIM-V medium. The next day, they were co-cultured at 
a 6:1 ratio (antigen-presenting cells:clone) with the same cells described before.

The presenting PBMCs were thawed and pulsed for 16 hours with the peptides of interest 
at a concentration of 10 µg/mL and stained with CFSE (1:5000 dilution) or CellTrace™ Far Red 
(1:1000 dilution) to differentiate them from the PBMC population derived from the 9-day lin-
eage or from the antigen specific CD8+ T cell clones during sample reading by flow cytometry.

At 1.5 hours post-co-culture initiation, Brefeldin A 1X (BioLegend) was introduced to each 
well, followed by a 4.5-hour incubation period. Subsequently, cells were harvested, and their 
viability was assessed using Zombie Aqua. Surface markers CD3-PB and CD8-PE-Texas Red 
(BioLegend) were then stained. Cells were further fixed and permeabilized for intracellular 
staining using the IntraStain kit from Dako, followed by staining of intracellular cytokines 
with anti-TNF-α-FITC and IFN-γ-PE antibodies (BioLegend). Flow cytometry analysis was 
conducted with a minimum of 30,000 events per experiment.

Evaluation of activation and exhaustion phenotypes in CD8+ T cells
PBMCs from the cell line were collected on day 9 or the antigen specific CD8+ T cell clones 
were thawed one day prior to use and subsequently, they were co-cultured at a 1:1 or 6:1 
ratio with the following: i) thawed autologous PBMCs stimulated with CMV short peptide 
or unstimulated PBMCs; ii) HEK293 cells transfected with Co-stimulatory Molecules and 
pcDNA3.1-N-EGFP-Minigene encoding a fusion protein GFP-Minigene, HEK293 cells trans-
fected with GFP-Minigene, HEK293 cells transfected with GFP and untransfected HEK293 
cells; iii) autologous mDCs stimulated with short CMV peptide, long CMV peptide or recom-
binant pp65 CMV protein, and autologous mDCs unstimulated.
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After 24 hours of culture, PBMCs or antigen specific CD8+ T clones were harvested, and 
their viability was assessed using Zombie Aqua staining. Surface markers CD3-PB, CD8-PE/
Texas-Red, CD137-PE-Cy5, CD25-APC-Cy7, CD69-BV-650, OX40-BV-711, CTLA-4-
PE-Cy7, PD-1-PerCP-Cy5.5, LAG-3-BV786, CD62L-AF700, and CD45RO-FITC were also 
labeled. Additionally, the CD154-PE marker was added to the culture medium in the corre-
sponding wells at the time of co-culture establishment. Each sample reading consisted of a 
minimum of 30,000 events per experiment.

Statistical analysis
Statistical analysis was conducted using GraphPad Prism v8 software. Between-group com-
parisons were assessed using the Mann-Whitney and Kruskal-Wallis tests, as appropriate. Sig-
nificant differences are depicted in the graphs, and the corresponding p-values are provided in 
the figure legends.

Results

Construction of artificial antigen presenting cells (aAPCs) using HEK293 
cells
HEK293 cells (Human Epithelial Kidney) are epithelial-origin cells derived from human 
embryonic kidney cells. They are widely recognized for their utility in viral vector replication 
and production; these cells exhibit notable traits such as high transfection efficiency and accu-
rate translation of proteins encoded by transfected DNA.

Flow cytometry analysis of the immunophenotype of HEK293 cells revealed the expres-
sion of several markers, including the co-stimulatory molecule CD80, as well as HLA-DR 
and CD14, commonly found on the membrane of myeloid-derived antigen-presenting cells 
(APCs) like monocytes and macrophages. Notably, the expressions of CD83 and CD40, which 
are characteristic of professional APCs such as dendritic cells (DCs), were absent (S1 Fig). 
Additionally, staining with the BB7 antibody, which recognizes a significant subset of HLA 
A * 02:01 alleles (referred to as HLA-A2), demonstrated notable surface staining of HEK293 
cells (S2 Fig).

This surface molecule expression pattern led to the use of HEK293 cells as a platform for 
investigating their usefulness in engineering “artificial” APCs (aAPCs). HEK293 cells were 
transfected using Lipofectamine 3000 with the pcDNA3.1-N-EGFP-Minigene plasmid, which 
encodes a fusion protein comprising GFP and a minigene containing well-known viral and 
tumor-derived A2-restricted epitopes (referred from now on as GFP-Minigene). Addition-
ally, cells were transfected with the pcDNA3.1-N-EGFP plasmid, which encodes GFP alone 
(referred to as GFP) and the GFP expression levels were measured via flow cytometry.

S3 Fig shows the transfection results, where an expression of GFP was observed when 
cells were transfected with GFP alone and with GFP-Minigene. However, cells transfected 
with GFP-Minigene exhibited lower GFP expression compared to those transfected with 
GFP alone, suggesting that the presence of the minigene may exert a toxic effect on GFP 
expression.

To optimize antigen presentation to CD8 T-cells, we co-transfected HEK293 cells with the 
minigene and plasmid encoding the co-stimulatory molecules CD80, CD83, and CD37L, which 
are typically expressed by professional antigen-presenting cells. To evaluate the impact of trans-
fection on the expression of these molecules, the plasmids were co-transfected with the GFP. 
We found a statistically significant increase in CD80, CD83, and CD137L expression in cells 
co-transfected with plasmids encoding these molecules along with GFP-Minigene (Fig 1 A - C). 
Regarding GFP expression, as observed before, there was a statistically significant difference 
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Fig 1.  Expression of co-stimulatory molecules in HEK293 cells co-transfected with different plasmids. HEK293 
cells were simultaneously co-transfected with plasmids encoding CD80, CD83, CD137L with the pcDNA 3.1 -  
N-eGFP-Minigene plasmid (Molecules-GFP-Minigene). The expression of each marker was measured in cells 
co-transfected with all markers and the minigene (Molecules-GFP-Minigene), cells co-transfected solely with the 
minigene (GFP-Minigene), cells transfected only with the GFP plasmid (GFP), and non-transfected cells. The bars 
indicate the mean +  SEM for 6 replicates. Statistical analysis was performed using Kruskal-Wallis tests with a p-Value 
<  0.05. Data are representative of 6 replicates.

https://doi.org/10.1371/journal.pone.0321392.g001

https://doi.org/10.1371/journal.pone.0321392.g001
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in cells transfected solely with GFP (Fig 1D). However, GFP expression was also significantly 
higher in cells transfected with the GFP-Minigene construct compared to non-transfected cells 
(Fig 1D). These results support the use HEK293 cells transfected as antigen-presenting cells in 
subsequent functional assays with CD8+ T cells.

Screening of PBMCs from HLA-A * 0201 healthy donors having CD8 T cell 
precursors for CMV
To identify CD8+ T cell precursors to the short epitope of pp65 CMV, we screened PBMCs 
from HLA-A02:01 healthy donors. PBMCs were cultured in a round-bottom 96-well plate for 
nine days with IL-21, IL-7, and IL-15. On day nine, the non-adherent fraction of PBMCs was 
collected and stained with a tetramer loaded with the corresponding peptide. To standardize 
this methodology, a CMV peptide (a 9-amino acid epitope of the pp65 protein, recognized by 
HLA-A * 0201-restricted CD8+ LT cells) was used.

Out of the 17 screened healthy HLA-A * 0201 donors, 10 exhibited a population of CMV 
pp65-specific CD8+ T tetramer-positive cells (S2 Table). To confirm the specificity of these 
cells, we used two tetramers loaded with the same antigen but with two different fluoro-
chromes. Fig 2 shows the mean percentage of significant expansion of a CMV-specific CD8+ 
T cell population from 10 screened donors in response to peptide and cytokine stimulation for 
nine days in vitro, as described in the Materials and Methods section.

HEK293 cells transfected with the minigene efficiently stimulate 
polyfunctional CD8+ T cell populations in PBMCs from healthy donors
To evaluate the ability of minigene-transfected HEK293 cells to stimulate antigen-specific 
CD8 + T cells, we assessed the intracellular production of IFN-γ and TNF-α by CD8 + T 
cells in PBMCs from healthy donors with detectable CMV-specific CD8 + T cells precursors. 

Fig 2.  Identification of CMV-specific CD8+ LT cells for the HLA-A * 0201 epitope. Representative bar graph 
showing the expansion of CMV-specific CD8 + LT cell populations in 10 evaluated donors after 9 days of stimulation 
with CMV peptide and IL-21, IL-7, and IL-15 (Stimulated), compared to unstimulated cells (Unstimulated). The anal-
ysis was performed using the Mann-Whitney test (n =  10); p < 0.05. Error bars represent mean +  SEM.

https://doi.org/10.1371/journal.pone.0321392.g002

https://doi.org/10.1371/journal.pone.0321392.g002


PLOS ONE | https://doi.org/10.1371/journal.pone.0321392  April 7, 2025 11 / 30

PLOS ONE Assessment of antigen immunogenicity formulated in minigenes transfected into antigen-presenting cells

PBMCs underwent a 9-day stimulation protocol, initially by pulsing them with the short 
CMV peptide in AIM-V medium supplemented with IL-21, IL-7, and IL-15. Subsequently, on 
day 9, cultures were re-stimulated for 6 hours with HEK293 transfected with the minigene as 
aAPCs in the presence of brefeldin A. Following this incubation period, cells were harvested, 
and CD8 + T cells expressing these two intracellular cytokines were quantified using flow 
cytometry.

The first donor analyzed was 042, who is homozygous for HLA-A * 02:01. After nine days, 
the expansion of the CMV-positive CD8 + T cells tetramer population was assessed using 
HEK293 cells as aAPCs, revealing a proportion of 15.9% CMV + CD8 + T cells (Fig 3A). 
Notably, cotransfection with plasmids encoding the co-stimulatory molecules resulted in 
1.4-fold lower population of IFN-γ+ TNFα+ CD8+ T cells compared to HEK293 cells trans-
fected with the GFP-Minigene construct alone. Similarly, the IFN-γ+ CD8+ T cell population 
stimulated by GFP-Minigene-transfected cells was 1.2 times greater than that observed with 
Molecules-GFP-Minigene-transfected cells. No IFN-γ- TNF-α+ CD8+ T cell population was 
detected (Fig 3B). Cytokine production was dependent on antigen presentation, as co-cultures 
with HEK293 cells lacking minigene transfection failed to elicit expansion of CD8+ T cells 
specific for the encoded epitopes (Fig 3B).

As sum up for these experiments, Fig 4 illustrates the fold change in IFN-γ+ TNFα+ CD8 + 
T cells derived from the PBMCs of four healthy donors following stimulation with transfected 
HEK293 cells (S3 Table). The analysis revealed no significant differences between cells cocul-
tured with Molecules-GFP-Minigene-transfected cells and those with GFP-Minigene- 
transfected cells. Additionally, S4 Fig presents data for the IFN-γ+ TNFα- CD8+ T cell  
population, confirming that IFN-γ expression in T cells is antigen-specific. Significant differ-
ences were observed when comparing cells transfected with Molecules-GFP-Minigene and 
GFP-Minigene to those transfected only with GFP. However, no significant differences were 
detected between cells transfected with Molecules-GFP-Minigene and those with GFP- 
Minigene, indicating that co-stimulatory molecule transfection does not enhance intracellular 
cytokine production in healthy donors. Furthermore, no significant differences were noted 
between the CD8 + T cells specific to CMV cocultured with minigene-transfected HEK293 
(acting as aAPCs) and those stimulated with peptide-pulsed PBMCs (used as positive con-
trols). S3 Table provides a summary of the fold change in IFN-γ +  TNF-α +  T cells and IFN-γ 
+  TNF-α – T cells cultured with HEK293 transfected cells, observed in the different intracellu-
lar cytokine assays.

Antigen-specific CD8+ T cell clones exhibit a cytotoxic profile when co-
cultured with HEK293 cells transfected with the minigene
After using transfected HEK293 cells as aAPCs to stimulate T cells precursors present in 
PBMCs from healthy donors, we extended our approach to antigen-specific CD8 + T cell 
clones for CMV and MART-1. This allowed us to evaluate the potential impact of co- 
stimulatory molecules on a larger population of antigen specific CD8+ T cells.

For these experiments, antigen-specific T cell clones were thawed one day before use and 
were left in AIM-V culture medium overnight. The next day, intracellular cytokine evalua-
tion was carried out as mentioned earlier. Following staining with specific CD8+ T tetram-
ers against the CMV epitope, a population close to 80% of CMV-specific CD8+ T cells was 
found (Fig 5A).

When these cells were co-cultured with aAPCs co-transfected with plasmids encoding the 
co-stimulatory molecules CD80, CD83, CD137L, along with the GFP-Minigene fusion  
(Molecules-GFP-Minigene), a 1.19-fold increase in IFN-γ+ cells (15.5%) was observed compared 
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Fig 3.  Intracellular cytokine expression by CD8+ T cells from 042 donor upon restimulation with aAPCs. A) The expansion of the tetramer-positive CD8+ 
T cell population achieved after the stimulation for nine days of PBMCs with the short pp65 peptide from CMV was compared to the expansion achieved in 
cultures of non-stimulated cells. B) Intracellular cytokine expression by CD8+ T cells cocultured with HEK293 cells transfected with Molecules-GFP-Minigene; 
the GFP-Minigene and with GFP alone or with non-transfected HEK293 cells. Autologous PBMCs pulsed with the short pp65 peptide from CMV were used as a 
positive control, while unstimulated PBMCs and non-transfected HEK293 cells served as negative controls.

https://doi.org/10.1371/journal.pone.0321392.g003

https://doi.org/10.1371/journal.pone.0321392.g003
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to co-cultures with HEK293 cells transfected with GFP-Minigene (13%). In contrast, the popu-
lation of IFN-γ+ TNF-α+ cells was higher in co-cultures with GFP-Minigene-transfected APCs 
(52.9%) than in those with Molecules-GFP-Minigene-transfected aAPCs (28.5%).

While the TNF-α+ CD8+ T cell population was smaller compared to the two populations 
previously described, an increase in TNF-α expression is observed in cocultures of T cell 
clones with HEK293 cells transfected with either Molecules-GFP-Minigene or GFP-Minigene, 
compared to peptide-pulsed PBMCs used as positive control APCs. An important aspect to 
note is that when coculturing CD8+ T cells with non-transfected HEK293 cells, no expression 
of any of these cytokines was observed. (Fig 5B).

To further investigate antigen presentation by transfected HEK293 cells, CD8 + T cell 
clones specific for MART-1 were analyzed (Fig 6A). Following the protocol mentioned for 
CMV clones, we observed that APCs transfected with Molecules-GFP-Minigene stimulate 
a smaller population of IFN-γ+ (21.1%) than those transfected with GFP-Minigene alone 
(32.6%). The TNFα+ population followed a similar trend (4.10% vs 2.61%), unlike the 
observations made with T CD8+ CMV + cells. Furthermore, the IFN-γ+ population in both 
cases were greater than that observed when using peptide-pulsed PBMCs (positive control). 
The double-positive population remains similar in both conditions (approximately 15%) 
and was higher than that observed in the positive control (12.5%) (Fig 6B, upper panel). This 
suggests that HEK293 cells exhibit a higher efficiency of presentation than APCs present in 
PBMCs. However, as observed in previous experimental results measuring the expansion 

Fig 4.  Intracellular cytokine expression in CD8+ T cells from healthy donors cocultured with HEK293 cells as 
aAPCs. Bars representing the fold change of populations of IFN-γ+ TNFα+ CD8+ T cells from 4 healthy donors 
cocultured with HEK293 cells transfected with Molecules-GFP-Minigene, GFP-Minigene, GFP alone, untransfected 
cells, compared to the positive control (PBMCs stimulated with the CD8 epitope from CMV) and the negative control 
(unstimulated PBMCs). Statistical analysis of the groups was conducted using the non-parametric Kruskal-Wallis test, 
n = 4, (p < 0.05). The bars represent independent experimental replicates +  SEM.

https://doi.org/10.1371/journal.pone.0321392.g004

https://doi.org/10.1371/journal.pone.0321392.g004
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Fig 5.  Expression of IFN-γ +  TNF-α +  by CD8-CMV + in co-culture with APCs transfected with Minigene and co-stimulatory molecules. A) Tetramer- 
positive population of CMV-specific CD8 + T clones compared to unstimulated PBMCs. B) Intracellular cytokine expression of CMV-specific CD8 + T cells 
co-cultured with HEK293 cells transfected with Molecules-GFP-Minigene, GFP-Minigene, GFP alone and untransfected HEK293 cells. Autologous PBMCs 
pulsed with the short peptide pp65 of CMV were used as positive controls, while unstimulated PBMCs served as negative controls.

https://doi.org/10.1371/journal.pone.0321392.g005

https://doi.org/10.1371/journal.pone.0321392.g005
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Fig 6.  Expression of IFN-γ +  TNF-α +  by CD8-Mart-1 + in co-culture with APCs transfected with Minigene and co-stimulatory molecules. A) Tetramer- 
positive population of T CD8 + Mart-1 + clones compared to unstimulated PBMCs. B) Intracellular cytokine expression of T CD8 +  Mart-1 +  cells co-cultured 
with HEK293 transfected with Molecules-GFP-Minigene, with GFP-Minigene, GFP only and untransfected HEK293 cells. Autologous PBMCs pulsed with the 
short peptide of Melan-A were used as positive control, and unstimulated PBMCs as negative control.

https://doi.org/10.1371/journal.pone.0321392.g006

https://doi.org/10.1371/journal.pone.0321392.g006
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of antigen-specific T CD8+ , no clear benefit could be attributed to the co-transfection of 
HEK293 cells with a plasmid encoding co-stimulatory molecules when used as aAPCs.

Furthermore, no nonspecific response was found with the use of transfected HEK293 cells 
since no reactive population of CD8+ T cells was evident in the co-culture with GFP- 
transfected APCs or non-transfected APCs (Fig 6B, lower panel).

Finally, the cytotoxic capacity of Mart-1-specific CD8+ T cells was evaluated by assessing 
Granzyme B production. A Granzyme B + CD8+ T cell population was identified, comprising 
40% of those co-cultured with HEK293 cells transfected with the Molecules-GFP-Minigene 
and 49% of CD8+ T cells co-cultured with cells transfected with GFP-Minigene. These results 
suggest that the cytotoxic phenotype of this clone, as evidenced in these experiments, was 
antigen-dependent, as Granzyme B production was 6.9-fold and 9.3-fold higher in co-cultures 
with the minigene-transfected HEK293 cells compared to GFP-transfected or non-transfected 
cells, respectively (Fig 7).

Stimulated PBMC-derived CD8+ T cells with artificial antigen-presenting 
cells express markers of activation and exhaustion
The donor 042, who was used to assess intracellular cytokine production, was employed to 
examine the immunophenotype of T CD8+ in co-culture for 24 hours with aAPCs. Activa-
tion immunophenotype was evaluated by the expression of activation markers CD25, CD137, 
CD154, and CD69, while exhaustion immunophenotype was assessed through the expres-
sion of CTLA-4, PD-1, and LAG-3 using flow cytometry. Three replicates were performed, 
followed by a Cluster Identification, Characterization, and Regression (CITRUS) analysis. 
CITRUS analysis is a multidimensional analysis system for flow cytometry data designed to 
discover populations with statistically significant biological signatures. This analysis compared 
co-cultures with HEK293 cells transfected with Molecules-GFP-Minigene versus GFP- 
Minigene, aiming to determine whether co-transfection with co-stimulatory molecules influ-
ences CD8+ T cell activation and phenotype.

Three populations of CD3+ CD8+ cells showed statistically significant differences accord-
ing to the Prediction Analysis Microarray (PAM) model, a predictive tool used to identify 
associations between the properties (phenotype of the cells) of the calculated clusters and a 
specific response. The phenotype of all cell groups regarding activation and exhaustion mark-
ers are shown in S5A Fig, whereas yellow histograms correspond to high, green correspond to 
medium, and blue to low or no marker expression. In S5B Fig, the populations highlighted in 
red (particularly 291107, 291100, and 291110) demonstrated a significant difference.

Fig 8A shows the abundances of these three populations on a base-10 logarithmic scale. 
It is observed in box plots that CD8+ T cells co-cultivated with HEK293 cells transfected 
with Molecules-GFP-Minigene (blue) express more activation and exhaustion markers than 
CD8+ T co-cultivated with HEK293 cells transfected with GFP-Minigene (red), although it is 
important to note that in two out of three populations (291107 and 291110), lymphocytes are 
also activated in the absence of the co-stimulatory molecules.

In Fig 8B, the phenotype of these three CD8 + T populations is shown, the first (291107) 
being CD3 + CD8 + CD69 + LAG-3 + CD154 + , the second (291100) CD3 + CD8 + CD25 + 
CD69 + LAG-3 + CD154 + CD137 + CTLA-4 + , and the third (291110) CD3 + CD8 + CD69 + 
LAG-3 + PD-1 + . These populations exhibited differential expressions of the activation 
and exhaustion markers mentioned. Interestingly, the LAG-3 marker is present in all three 
clusters. According to the literature, this is a marker expressed after the expression of PD-1 
or CTLA-4. Additionally, all three populations expressed CD69, which is an early activation 
marker of T lymphocytes. It is interesting that the results of the automated analysis allowed 
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demonstrating that, as expected, the use of co-stimulatory molecules induces greater stimula-
tion of lymphocytes.

The phenotypes of the remaining populations outlined in S5B Fig are shown in S6 Fig These 
clusters predominantly exhibited a CD3 + CD8-CD69 + CD154 + PD-1 + phenotype, which were 
primarily stimulated by HEK293 cells transfected with Molecules-GFP-Minigene. The marker 
expression tree revealed that nearly all CD8– clusters displayed moderate to high expression levels 
of CD154. The preferential stimulation of these populations by the co-culture of T lymphocytes 

Fig 7.  Evaluation of Granzyme B expression in CD8+ Mart-1 + co-cultured with transfected HEK293 cells. The population of T CD8+ Mart-1 + cells 
co-cultured with HEK293 cells transfected with Molecules-GFP-Minigene, GFP-Minigene and GFP only expressing Granzyme B intracellularly assessed by flow 
cytometry. This was compared with CD8+ Mart-1 + co-cultured with untransfected HEK293 cells.

https://doi.org/10.1371/journal.pone.0321392.g007

https://doi.org/10.1371/journal.pone.0321392.g007
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Fig 8.  Phenotype of activation and exhaustion of CD8 T lymphocytes present in PBMCs from donor 042 using CITRUS. A) Box and whisker plot of the 
abundance of each CD3+ CD8+ population present in PBMCs co-cultured with HEK293 cells transfected with Molecules-GFP-Minigene (blue) and CD3+ CD8+ 
present in PBMCs co-cultured with HEK293 cells transfected with GFP-Minigene (red). B) Expression histograms of markers in populations identified in panel 
C (red), comparing background expression (blue).

https://doi.org/10.1371/journal.pone.0321392.g008

https://doi.org/10.1371/journal.pone.0321392.g008
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with HEK293 cells transfected with genes encoding co-stimulatory molecules, alongside min-
igenes encoding CD8 epitopes, suggests an advantage in using these cells for monitoring the 
phenotype of CD8 + precursor cells epitope-specific present in PBMC samples of healthy donors.

Transfected HEK293 cells process and present antigens more efficiently 
than mDCs stimulated with the full protein antigen
In addition to the results obtained from healthy donors, the ability of autologous DCs pulsed 
with short and long peptides and the recombinant protein (See specifications in Table 1)  
containing the HLA-A * 0201 epitope of CMV to stimulate populations of cytokine- 
producing intracellular CD8 + T cells was evaluated. This was compared with the perfor-
mance of HEK293 cells transfected with minigene and co-transfected with plasmids encoding 
co-stimulatory molecules. Monocytes obtained as described in the methodology were cultured 
in AIM-V medium supplemented with GM-CSF and IL-4 for 5 days, adding fresh medium 
when necessary to derive DCs. On this day, immature DCs (iDCs) were pulsed with the 
long peptide and the complete pp65 protein of CMV and incubated for 24 hours, then fresh 
AIM-V medium supplemented with LPS and IFN-γ was added to achieve DC maturation, and 
2 hours later, they were pulsed with the short peptide.

Once maturation of DCs (mDCs) was achieved, they were co-cultured for 6 hours with the 
non-adherent fraction of PBMCs that had been stimulated with the short peptide of CMV 
nine days before, in the presence of Brefeldin A. Then cells were collected and evaluated by 
flow cytometry for the expression of surface markers CD3 and CD8, and intracellular produc-
tion of IFN-γ and TNF-α.

Autologous PBMCs stimulated with the short peptide of CMV were used as positive con-
trols, while unstimulated autologous PBMCs, unstimulated mDCs, HEK293 cells transfected 
with GFP, and untransfected HEK293 cells were used as negative controls.

In donor 042, it was observed that HEK293 cells transfected with the GFP-Minigene fusion 
protein and HEK293 cells co-transfected with Molecules-GFP-Minigene stimulated a popula-
tion of polyfunctional CD8+ T cells almost nine times greater than the population of CD8 + T 
cells stimulated by mDCs pulsed with the complete pp65 protein of CMV (Fig 9A). Further-
more, the populations of single-cytokine-producing CD8+ T cells stimulated by co-culture 
with transfected HEK293 cells were also larger than those stimulated by mDCs pulsed with 
short and long peptides of CMV (Fig 9A). It is noteworthy that the presence of untransfected 
HEK293 cells or cells transfected only with the plasmid encoding GFP did not stimulate popu-
lations of non-specific CD8 + T cells.

Fig 9B displays polyfunctional CD8+ T cell populations from three healthy donors, where 
similar observations were made; it was found that co-culture with HEK293 cells transfected 
with GFP-Minigene and with Molecules-GFP-Minigene stimulated significantly larger 
populations of IFN-γ+ TNFα+ CD8+ T cells than those stimulated with mDCs pulsed with 
the protein. Additionally, no significant differences were found between the populations of 
double-positive CD8 + T cells stimulated by HEK293 cells as aAPCs and mDCs pulsed with 
short and long peptides. The population of TNFα+ CD8+ T cells and IFN-γ+ CD8+ T cells are 
shown in S7 Fig.

Summing up these results, it can be stated that the presentation efficiency of mDCs was not 
significantly higher than aAPCs, and that HEK293 cells transfected with the minigene favor 
the natural processing of epitopes, in this case, CMV, over the processing of the complete 
protein by mDCs.

After using PBMCs from healthy donors to compare the epitope processing and presen-
tation capacity of aAPCs with autologous mDCs to stimulate cytokine-producing T precur-
sors, it was decided to use CD8 + antigen-specific clones for MART-1 to evaluate in a more 
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Fig 9.  Expression of intracellular cytokines by CD8+ T cells from healthy donors co-cultured with autologous or artificial 
APCs. A) Expression of intracellular cytokines by CD8+ T cells from donor 042 co-cultured with autologous mDCs (green box) 
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refined model which APC was more efficient. The clones were thawed one day before use, 
left in AIM-V culture medium overnight, and the next day, intracellular cytokine evaluation 
was conducted as mentioned earlier. These were co-cultured with HEK293 cells transfected 
as described earlier and with mDCs pulsed with short, long, and pp65 recombinant protein of 
Mart-1 (Fig 10). It was evidenced that HEK293 cells transfected with Molecules-GFP- 
Minigene and GFP-Minigene stimulated a larger, statistically significant population of IFN-γ+ 
TNF-α+ CD8 + T cells compared to that stimulated by mDCs pulsed with the recombinant 
protein (Fig 10). Like the case of PBMCs from healthy donors, mDCs were not significantly 
better antigen-presenting cells than HEK293 cells in regards of short and long peptide stimuli.

Discussion
Identifying tumor antigens of immunological significance for cancer immunotherapy heav-
ily relies on detecting tumor-reactive T cells. This process is hampered by several factors, 

Fig 10.  Intracellular cytokine expression of Mart-1+ CD8+ T cells cocultured with autologous or artificial APCs. Intracellular cytokine expression of 
Mart-1 + CD8+ T cells cocultured with autologous mDCs (green box) co-cultured with short and long peptide, and Mart-1 complete protein, and with unstimu-
lated mDCs. They were also co-cultured with HEK293 cells (blue box) transfected with Molecules-GFP-Minigene, GFP-Minigene, GFP only, and untransfected 
cells. Autologous PBMCs pulsed with MART-1 short peptide were used as positive control (red box), and unstimulated PBMCs as negative control.

https://doi.org/10.1371/journal.pone.0321392.g010

stimulated with the short, long, and pp65 recombinant protein of CMV peptides and with unstimulated mDCs. They 
were also co-cultured with HEK293 cells (blue box) transfected by lipofectamine with Molecules-GFP-Minigene, with 
GFP-Minigene, only with GFP, and with untransfected cells. Autologous PBMCs pulsed with the short peptide of 
CMV were used as positive control (red box), and unstimulated PBMCs were used as negative control. B) Represen-
tative bar graphs of fold changes in populations of CD8+ T cells producing IFN-γ+ TNF-α+ from 3 healthy donors 
co-cultured with the cells mentioned in section A of the figure. Statistical analysis of groups was performed using the 
non-parametric Kruskal-Wallis test, n = 3, (p < 0.05). Bars represent independent experimental replicates +  SEM.

https://doi.org/10.1371/journal.pone.0321392.g009

https://doi.org/10.1371/journal.pone.0321392.g010
https://doi.org/10.1371/journal.pone.0321392.g009
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including (i) the low number of T cell precursors in the repertoire that recognize them [19], 
and (ii) tolerance mechanisms in T cells promoted by the tumor microenvironment [20]. Over 
time, various strategies have been employed to expand antigen-specific T cells to detectable 
levels using assays such as cell proliferation, measurement of cytolytic activity, and intracellu-
lar cytokine production [21].

In T cells, this expansion largely depends on the quality of the activation signal. Activation 
of functional T cells requires three signals: (i) TCR stimulation by an antigen-loaded MHC, 
(ii) co-stimulation involving interactions between molecules on the surface of APCs and 
T cells [22], and (iii) secretion of soluble cytokines crucial for signaling, proliferation, and 
differentiation of activated T cells into effector cells [23]. Signal ii can activate T cells when 
mediated by co-stimulatory molecules like CD28:CD80/86 or inhibit effector functions when 
mediated by co-inhibitory receptors such as CTLA-4:CD80/86; PD1:PDL1, TIM3, LAG3.

To demonstrate the stimulation of antigen specific CD8 + T cells, autologous DCs are 
often used as APCs because they express co-stimulatory molecules crucial for the survival and 
expansion of lymphocytes. However, their in vitro derivation is time-consuming, and their 
yields are not very high. To expand antigen specific CD8 + T cells against tumor antigens, 
some authors have proposed the creation of artificial APCs using cell lines that are easily 
co-transfectable with MHC-I haplotypes highly prevalent in the Caucasian population (e.g., 
HLA-A02:01, HLA-A24:02, and HLA-A * 03:01), plasmids encoding one or more co- 
stimulatory molecules, and minigenes encoding antigens of interest [24].

In this study, HEK293 cells were used as antigen presenting cells transfected with a mini-
gene encoding epitopes and co-transfected with plasmids encoding co-stimulatory molecules. 
A comparison was conducted to evaluate which cells efficiently stimulate specific CD8 + T 
cells for viral and tumor antigens. To achieve this, the expression of intracellular cytokines 
and activation and exhaustion markers was assessed in CD8+ T cells present in PBMCs from 
healthy donors as well as in antigen specific CD8+ T cell clones. To confirm minigene deliv-
ery, GFP expression was monitored as a reporter gene.

To construct the artificial antigen-presenting cells (aAPCs), HEK293 cells were used and 
co-transfected with plasmids encoding CD80, CD83, CD137L, and the minigene. These cells 
demonstrated high transfection efficiency and expression of both co-stimulatory molecules 
and GFP (Fig 4). An important aspect to highlight is that transfecting the GFP-Minigene 
fusion protein consistently reduced the ability of GFP to emit fluorescence, which we attribute 
to the presence of the minigene that translates into a fusion protein with GFP (Fig 3). How-
ever, using GFP as a reporter gene fused with the minigene allowed us to monitor its transfec-
tion since its expression was not completely lost.

To verify the efficiency of aAPCs presentation, PBMCs from healthy donors were initially 
used, followed by antigen specific CD8 + T cell clones, which allowed controlling the vari-
ability related to the number of precursors present in the PBMCs. The use of HEK293 cells as 
aAPCs clearly demonstrated the production of intracellular cytokines by lymphocytes stimu-
lated with these transfected aAPCs carrying the minigene and plasmids encoding co- 
stimulatory molecules. It was also evidenced that transfection with the minigene alone was 
able to stimulate an intracellular cytokine response equal to or greater than that presented 
with cells co-transfected with the co-stimulatory molecules and the minigene.

Within the evaluated intracellular cytokines was TNF-α (tumor necrosis factor alpha), 
which is a potent inflammatory cytokine capable of inducing a complex immune response 
and exerting antitumor effects by promoting apoptosis of cancer cells and destruction of 
tumor vasculature [25,26]. IFN-γ (interferon gamma) secretion was also assessed, which is a 
type II interferon that plays a crucial role in viral infections when viral mechanisms inhibit 
type I interferon function, in infection prevention, and in regulating inflammatory responses 
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[27–29]. Within the populations of CD8+ T cells, polyfunctional lymphocytes expressing IFN-
γ+ and TNF-α+ were observed. This is favorable for immunotherapy as they exhibit greater 
antitumor or antiviral efficacy by being able to perform multiple effector functions [29]. Addi-
tionally, populations of CD8+ T cells producing only IFN-γ+ were found to be dependent on 
the presence of HEK293 cells transfected with the minigene in the coculture, both in CD8 + T 
cells derived from PBMCs and from antigen specific clones.

Regarding populations of antigen-specific CD8+ T cells producing only TNF-α, a differ-
ence was observed between the response of CD8+ T cells expanded in PBMCs from healthy 
donors and in antigen-specific CD8 + T cell clones. While in PBMC-derived T cells there was 
non-specific expansion of the CD8 + TNF-α+ population when stimulated with HEK293 cells 
transfected only with GFP and in some cases in coculture with untransfected HEK293 cells, 
CMV + and Mart-1+ CD8+ T cell clones showed expansion of antigen-specific CD8 + T cells 
induced by aAPCs transfected with the minigene + /- co-stimulatory molecules, which was not 
observed when the clones were cocultured with untransfected HEK293 cells or cells trans-
fected only with GFP. The fact that non-specific expansion of the CD8+ TNF-α+ antigen was 
detected only in CD8 + T cells present in blood from healthy donors and not in antigen- 
specific CD8+ T cell clones may be attributable to the presence of cellular populations present 
in PBMCs that induced TNF-α+ expression only in CD8 + T cells in response to HEK293 cells, 
which were not present in the coculture of HEK293 cells with pure CD8+ T cell clones.

Furthermore, in the populations of Mart-1 + CD8+ T cells stimulated by transfected 
HEK293 cells, in addition to intracellular cytokine expression, secretion of Granzyme B was 
evaluated. This protease functions to eliminate virus-infected cells and tumor cells [30]. The 
combined expression of intracellular cytokines and production of Granzyme B by purified 
CD8 + T cell clones confirm the utility of using clones as a tool to demonstrate the high 
immunogenicity of aAPCs based on HEK293 cells transfected with the minigene.

Among the molecules used for co-stimulation is CD80, which is the ligand for CD28 and is 
part of signal 2 for T cell activation. It signaling is vital for the development of T cell responses 
[31]. Another molecule used was CD83, mainly found on the membrane of mDCs. When 
encountering its ligand, it is associated with the stimulation of cytotoxic functions, regulation 
of maturation, activation of other immune cells, and homeostasis [32,33]. The last of the mol-
ecules used was CD137L, the ligand for CD137 (4-1BB). In CD8 + T cells, CD137/CD137L is 
known to increase proliferation, IFN-γ production, cytotoxic function, and survival [34].

The inclusion of co-stimulatory molecules was expected to enhance the stimulation of 
antigen specific CD8 + T cells. However, the addition of these molecules did not provide an 
advantage for the cytotoxic response of lymphocytes. This result may be explained by the 
fact that signal 2 activation of T cells, i.e., the interaction between CD28:CD80/86, initiates 
the activation and response process [35]. Considering that HEK293 cells express some CD80 
(Fig 1), it is likely that increased CD80 expression does not necessarily translate into greater 
stimulation of CD8 + T cells; in other words, the signal from HEK293 cells may be sufficient 
to activate a response.

Hirano et al. (2006) mention that co-stimulatory molecules such as CD80/86, ICOS, 
4-1BBL, and OX40L are induced after T cell activation and may take several days after T cell 
activation to reach their peak levels. This delay in their expression supports the hypothesis 
that they are not closely related to priming but rather with maintaining the response over 
time, supporting effector cell survival [33]. Considering that the coculture evaluated for 
intracellular cytokine production lasted only 6 hours, a longer follow-up may be required to 
demonstrate the impact of co-stimulation. However, it should be noted that a longer culture 
period would affect the optimal culture conditions for CD8 + T cells as HEK293 cells have a 
very high replication rate and can take control of the co-culture.
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In addition to measuring intracellular cytokine expression, the expression of activation and 
exhaustion markers was evaluated. One of the markers studied was CD154 (also known as 
CD40L), which induces a potent signal for IL-2 production [36]. Therefore, the expression of 
this marker has been reported to play an important role in the expansion of CD8 + T cells in 
response to viral antigens [36].

It is well documented that the CD28:CD80/86 system is dependent on CD154 expression 
and upregulates markers such as CD25, CD137, and OX40 [37,38], which are activated T cell 
markers necessary for effector T cell function after stimulation and for the establishment of 
memory T cells [39]. In this work, through automated analysis tools, it was confirmed what 
some authors have suggested [40] that the use of co-stimulatory molecules in coculture favors 
CD154 expression in CD8 + T cells (Fig 8).

Another activation marker used was CD137 (4-1BB), which, when bound to CD137L, 
functions as a co-stimulatory signal, stimulating the proliferation of activated T cells, cytokine 
secretion, and anti-apoptotic signal [41]. These functions are mainly related to antiviral cyto-
toxic T cells [42]. Considering that its ligand was one of the co-stimulatory molecules used 
to transfect HEK293 cells, it makes sense that it was found in a higher proportion in CD8 + T 
cells present in PBMCs from healthy donors that were cocultured with aAPCs. However, since 
the expression of this marker is dependent on TCR activation, it also makes sense that it was 
found in CD8 + T cells stimulated with HEK293 cells transfected with the minigene [43].

CD25 was also used, which is considered one of the most important activation markers 
[44]. Its function is related to the activation of CD8 + T cells and IL-2 production [45]. It is 
known that it is expressed 24 hours after signal 1 and remains for several days [46]. Through 
automated analysis, it was found that the T cells did not express a large amount of CD25, 
possibly because the evaluation was conducted 24 hours after restimulation, and the peak 
expression of this marker may not have been reached.

CD69 was also evaluated as an early activation marker, and its function has been associ-
ated with a complex activating/regulating effect on the immune response. In this case, CD69 
did not allow for the differentiation of antigen specific CD8 + T cells as expression was found 
in all cocultures. This may be due to the complex function of CD69, which involves regulat-
ing the response and its basal expression in inactivated lymphocytes. Additionally, its peak 
expression is reached rapidly, so a non-specific response may have been observed at 24 hours 
due to the presence of HEK293 cells and not antigenic stimulation.

Moving on to the exhaustion phenotype of CD8 + T cells, the expression of programmed 
cell death-1 (PD-1) was evaluated. This is an immunological checkpoint that downregulates T 
cell activity [47]. It has been shown that PD-1 is also expressed at early stages of activation in 
viral infections, which is related to the regulation of the T cell immune response [48]. Another 
exhaustion marker evaluated was cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), 
which is also considered an immunological checkpoint. This is a homolog of CD28, so it binds 
to CD80/86 but with an affinity 20 times higher than CD28 and inhibits cell proliferation by 
interrupting TCR signaling [49,50]. Similar to PD-1, CTLA-4 is also transiently expressed in 
in vitro activated CD8 + T cells because inducing a deficiency in this exhaustion marker leads 
to fatal lymphoproliferation in mice [51], demonstrating that its early expression is necessary 
to regulate the potency of the immune response [52].

The last exhaustion marker evaluated was lymphocyte-activation gene 3 (LAG-3 or 
CD223). Like the other two exhaustion markers, its function is to regulate the homeostasis 
of CD8 + T cell proliferation and activation [53]. Its ligand is MHC-II and considering that 
HEK293 cells express it on their surface, CD8 + T cells stimulated with these cells transfected 
with the minigene + /- co-stimulatory molecules showed an increase in this marker. Simi-
lar to the other two markers described previously, LAG-3 is expressed early after CD8 + T 
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cell activation, as evidenced in mice transfused with LAG-3 knockout CD8 + T cells, which 
showed increased CD8 + T cell proliferation and cytokine production [54].

Exhaustion markers have traditionally been described as indicators of T cell dysfunc-
tion, representing cells that are exhausted and may not trigger an effective effector response. 
However, it has recently been shown that the expression of these markers may be associated 
with transcription factors involved in T cell activation and differentiation [55]. This explains 
why their presence was observed in a 24-hour coculture. It was observed that untransfected 
HEK293 cells stimulate a population of PD-1, which could be explained by the allogeneic 
nature of the coculture [56]. The expression of the other two markers was shown to be depen-
dent on the presence of the antigen.

On the other hand, a comparison was made between the performance of mDCs stimulated 
with short peptides, long peptides, and recombinant protein of HLA-A * 0201 antigens from 
CMV and Mart-1 with aAPCs based on HEK293 cells co-transfected with the minigene and 
with plasmids encoding co-stimulatory molecules. It was found that aAPCs present a higher 
efficiency in presenting antigens processed naturally compared to the use of mDCs stimulated 
with recombinant protein from CMV or Mart-1. Additionally, mDCs stimulated with short 
or long peptides of these antigens did not significantly outperform HEK293 cells transfected. 
This suggests that the methodology proposed in this work, involving the modification of 
HEK293 cells to be used as artificial APCs, could be beneficial for identifying CD8 + T cell 
precursors for immunogenic neoantigens due to the efficiency of these cells in presenting 
antigens processed naturally.

In summary, this study presents an innovative platform based on HEK293 cells transfected 
with a minigene encoding for immunogenic epitopes restricted to the HLA-A * 0201 haplo-
type. The main purpose of this platform is to identify populations of antigen specific CD8 + T 
cells. It is interesting to note that transfection with plasmids encoding co-stimulatory mole-
cules did not lead to a significant increase in intracellular cytokine expression, suggesting that 
antigen presentation is sufficient to stimulate a cytotoxic response. However, these molecules 
played an important role in stimulating the expression of activation and exhaustion markers 
in both CD8 + and CD4 + T cells.

This method has significant implications for identifying immunogenic neoantigens for 
cancer immunotherapy. The identification of CD8 + T cells using aAPCs transfected with 
minigenes in patient blood or tumor samples during the process of selecting tumor neoanti-
gens is likely to lead to better selection of candidates for inclusion in personalized therapeutic 
vaccines using mDCs pulsed with neoantigens.

Supporting information
S1 Fig.  Assessment of Markers Expressed by HEK293 Cells. The expression of HLA-DR 
and co-stimulatory molecules such as CD80 and CD83, along with CD14 and CD40 markers, 
was evaluated via flow cytometry using specific antibodies (Blue) compared to unmarked cells 
(Red).
(TIF)

S2 Fig.  HEK293 Cells Express HLA-A2. Representative histograms of HLA-A2 expression 
pattern in a) PBMCs and b) HEK293T cells labeled with the BB7 antibody (anti-HLA-A2) 
labeled with PE (red histogram) and unlabeled cells (blue).
(TIF)

S3 Fig.  Transfection using lipofectamine of HEK293T cells with pcDNA 3.1-N-eGFP 
plasmid. Bars showing MFI levels of GFP in HEK293 cells transfected with pcDNA 
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3.1-N-eGFP-Minigene plasmid encoding GFP-Minigene fusion protein (GFP-Minigene), 
pcDNA 3.1-N-eGFP plasmid encoding GFP alone (GFP) and untransfected HEK293 
cells. Bars represent mean +  SEM of 3 replicates, *  p-Value =  0.0046 (Kruskal-Wallis 
test).
(TIF)

S4 Fig.  Intracellular cytokine expression in CD8 + T cells from healthy donors cocultured 
with HEK293 cells as aAPCs. Bars representing the fold change of populations of IFN-γ+ 
TNFα- CD8 + T cells from 4 healthy donors cocultured with HEK293 cells transfected with 
Molecules-GFP-Minigene, GFP-Minigene, GFP alone, untransfected cells, compared to the 
positive control (PBMCs stimulated with the CD8 epitope from CMV) and the negative 
control (unstimulated PBMCs). Statistical analysis of the groups was conducted using the 
non-parametric Kruskal-Wallis test, n = 4, (p < 0.05). The bars represent independent experi-
mental replicates +  SEM.
(TIF)

S5 Fig.  Structure of the CITRUS analysis of CD8 T lymphocytes present in PBMCs from 
donor 042. A) Expression tree of activation and exhaustion markers. B) Clustering tree indi-
cating populations identified as statistically different by the program (red).
(TIF)

S6 Fig.  Results structure of the CITRUS analysis for CD8- T cells donor 042. A) Box 
and whisker plot of the abundance of each CD3 CD8- population of PBMCs cultured with 
HEK293 cells transfected with Molecules-GFP-Minigene (blue) and PBMCs cultured with 
HEK293 cells transfected with GFP-Minigene (red). B) Expression histograms of markers in 
the populations identified in panel c (red), comparing background expression (blue).
(TIF)

S7 Fig.  Intracellular Cytokine Expression of CD8 + T Lymphocytes from Healthy Donors 
Co-cultured with Autologous or Artificial Antigen-Presenting Cells. Representative bar 
charts of the fold change or increase times of populations of CD8 + T lymphocytes IFN- 
γ+TNFα- (a) and IFN-γ-TNFα+ (b) from 3 healthy donors co-cultured with HEK293 cells 
transfected with Molecules-GFP-Minigene, GFP-Minigene, GFP only, untransfected, mDCs 
stimulated with short peptide, long peptide, and complete CMV protein, and unstimulated 
mDCs. PBMCs stimulated with the CD8 epitope of CMV were used as positive controls, and 
unstimulated PBMCs as negative controls. Statistical analysis of the groups was performed 
using the non-parametric Kruskal-Wallis test, n = 3, (p < 0.05). Bars represent independent 
experimental replicates +  SEM.
(TIF)

S8 Fig.  Product of PCR colony after transforming JM109 with the plasmid pcDNA.3.1- 
N-eGFP-minigene. 1.5% agarose gel of colony PCR products from plasmid pcDNA.3.1- 
N-eGFP-Minigene ligated in two different ratios (4:1 and 6:1 PCR product: recipient plasmid) 
with Bam-HI – XbaI digestion. A 50 bp DNA ladder was used, ranging from 2000 to 50 bp in 
size.
(TIF)

S9 Fig.  Plasmid pcDNA 3.1-N-EGFP-Minigen sequencing at Macrogen. 440 ng/ µ L of the 
plasmid obtained after ligating the minigene to the vector were sent to Macrogen for sequenc-
ing using the Sanger method (CES) in a standard sequencing type. The section containing the 
minigene sequence is highlighted in black.
(TIF)
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S1 Table.  Selected CD8 Epitopes and Final Minigene Design with Furin Protease Spacer. 
(XLSX)

S2 Table.  Healthy donors HLA-A * 0201 CMV + by double tetramer staining. 
(XLSX)

S3 Table.  Summary of fold change in IFN-γ+ TNF-α+ cells and IFN-γ+ TNF-α- cells for 
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