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Abstract

Background: A search for efficient graft rejection modulation techniques for the promotion of durable engraftment remains to be a
matter of close study all over the world. Despite the variety of immunosuppressive drugs, the schemes currently used show a lack of
selectivity and have a number of side effects. Here we investigated an approach for the induction of antigen-specific tolerance in a human
“stimulator-responder” model in vitro, using dendritic cells (DCs) transfected with designed DNA constructs encoding the stimulator’s
major histocompatibility complex (MHC) epitopes. Methods: The object of the study is peripheral blood mononuclear cells (PBMCs)
from 10 healthy donors. To induce antigen-specific tolerance, personalized DNA constructs were created for five responder–stimulator
pairs, based on the sequences of donors’ and recipients’ MHCs. DNA sequencing was performed to select epitopes for incorporation into
genetic constructs. A mixed lymphocyte culture assay was used (i) to assess the proliferative response in both directions for all possible
stimulator–responder pairs (90 reactions) and (ii) to assess the tolerogenic properties of the generated transfected DCs (5 reactions).
Results: A significant increase in the amounts of FoxP3+ CD4+CD25+ cells and in IL-10 production was shown in culture of donor
mononuclear cells after co-cultivation with the responder’s dendritic cells transfected with donor-specific plasmids. The tolerogenic
cultures generated using tolerogenic DCs transfected with MHC epitopes had a significantly greater ability to inhibit the proliferation of
autologousMNCs in response to an allogeneicMHC stimulus. Conclusions: The produced DCs transfected with DNA constructs against
HLA stimulating epitopes exhibited tolerogenic properties and may be used to develop antigen-specific tolerance. Thus, we proposed a
perspective approach to the induction of antigen-specific tolerance, which should subsequently be studied for use in clinical practice.

Keywords: mediated immune suppression; mixed lymphocyte culture; T regulatory cells; tolerogenic dendritic cells; DNA constructs;
HLA; MHC; alloantigens

1. Introduction

The issues of transplanted organ rejection and graft
versus host disease (GVHD) reaction remain topical despite
modern methods for antigenic matching of donor and re-
cipient tissues and immunosuppressive drug therapy. For
example, according to published data, 60 out of 315 kid-
ney allografts developed an acute rejection reaction [1],
and 1921 out of 2813 bone marrow cell transplantations
were associated with an acute graft versus host disease re-
action [2]. Allograft rejection is controlled by two main
immunological mechanisms: innate nonspecific reactions
with proinflammatory signals and donor-specific adaptive
responses. The adaptive response results from the presen-
tation of alloantigens by antigen-presenting cells, mainly
dendritic cells (DCs), and their allorecognition by recipient
T-cells [3–6].

Currently available immunosuppressive drugs do not
exhibit sufficient selectivity and their use may cause side

effects including suppression of IFN-gamma production,
hematopoiesis inhibition leading to the development of
leukopenia, thrombocytopenia, anemia, and even pancy-
topenia, impairment of defense functions of the body, the
activation of secondary infection, septicemia, and neopla-
sia [7]. Therefore, reducing the dependence on immuno-
suppressive drug therapy and inducing tolerance to donor
antigens are themain purposes of studies on transplantation,
and technologies for inducing antigen-specific tolerance are
now considered innovative strategies to promote durable
engraftment [8]. Various cell types are used to induce sup-
pression, including mesenchymal stem cells in bone mar-
row transplantation [9], regulatory T cells [10], myeloid
regulatory cells (macrophages, dendritic cells, myeloid sup-
pressors) [11], regulatory B cells [12], and apoptotic donor
cells [13]. Dendritic cells link innate and acquired immune
responses and control immunity and tolerance, and there-
fore are key components for the modulation of graft rejec-
tion. To induce antigen-specific immunological tolerance,

https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/j.fbl2706170
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


dendritic cells are loaded with an antigen to which toler-
ance is to be generated. Currently, a donor cell lysate [14]
or vesicles derived from donor tissue [15] are used to load
tolerogenic DCs with alloantigens. However, this method
does not ensure the long-term presence of an antigen in den-
dritic cells; therefore, DC-induced antigen-specific toler-
ance may disappear when transferred to a recipient [16].
In this study, we investigated the potential of generat-
ing antigen-specific tolerance in stimulator–responder pairs
using DNA constructs encoding major histocompatibil-
ity complex (MHC) epitopes of stimulators as an antigen
source for dendritic cells as responder cells, as well as the
induction of non-specific suppression associated with the
expression of the immunoregulatory cytokine IL-10.

2. Materials and Methods
2.1 Donor Blood Samples

Peripheral blood samples from healthy donors (n = 10)
were used in the study. The donor group included six fe-
males and four males with a mean age of 35.3 years. Whole
blood samples were obtained from Blood Procurement Sta-
tion No. 1 of the State-Government-financed Institution
of Public Health of the Novosibirsk Region (Novosibirsk
Blood Center). Voluntary informed consent was obtained
from all donors. The study followed the principles outlined
in the Declaration of Helsinki for all human and animal ex-
perimental investigations andwas approved by the local Re-
search Institute of Fundamental and Clinical Immunology
(RIFCI) ethics committee.

2.2 Plasmid DNA Constructs
The following plasmid DNA constructs were used

in the study. (i) Five personalized DNA constructs were
created for five responder–stimulator pairs, based on the
sequences of donor and recipient major histocompatibil-
ity complexes. The constructs produced for each of the
five donor-recipient pairs are hereinafter designated as the
“pMLC”. (ii) pIL-10, a pmax-pIL-10 construct encoding
human IL-10, was used to stabilize the tolerogenic pheno-
type of DCs. Artificial genes were designed usingGeneDe-
signer 2.0 software (DNA2.0, ATUM, Newark, CA, USA),
utilizing the developed amino acid sequences of human
IL-10. (iii) A control plasmid DNA construct based on
the DNA-vector pDNAVACCultra5 without inserts of im-
munogenic peptides is hereinafter designated as the “p5”.

2.3 Generation of Immature DCs from Adherent
Mononuclear Cells

Peripheral blood was drawn from donors into vacuum
tubes containing EDTA as an anticoagulant (Improvacuter,
China). Peripheral blood mononuclear cells (PBMCs)
were isolated from whole blood samples using a conven-
tional Ficoll–Urografin density gradient method [17] (Fi-
coll: PanEco, Moscow, Russia; Urografin: Schering AG,
Germany). Briefly, peripheral blood was diluted with an

equal volume of RPMI-1640 medium (Biolot, BerliMed,
S.A., Spain), then layered on a Ficoll-Urografin solution (ρ
= 1.077 g/L) and centrifuged at 400× g and room temper-
ature for 40 min. Mononuclear cells were collected from
an opalescent layer located at the phase boundary over the
entire tube cross-section. The RPMI-1640 medium sup-
plemented with 10% fetal calf serum (FCS) (Biowest, Nu-
aillé, France), 2 mM L-glutamine (Biolot, Saint Petersburg,
Russia), 5 × 10−4 M 2-mercaptoethanol (Sigma-Aldrich,
St. Louis, MO, USA), 25 mM HEPES (Biolot, Saint Pe-
tersburg, Russia), 80 µg/mL gentamicin (KRKA, Novo
mesto, Slovenia) and 100 µg/mL benzylpenicillin (Biolot,
Saint Petersburg, Russia) (hereinafter designated the cul-
ture medium) was used for PBMCs cultivation. The adher-
ent PBMCs (monocyte fraction) were isolated by incuba-
tion on plastic Petri dishes (Nunc, Roskilde, Denmark) in
10 mL of culture medium under a humid atmosphere at 37
°C and 5% CO2 for 30 min since we had shown previously
that incubation on untreated surfaces for 30 min yielded the
highest numbers of monocytes (CD14+ cells) from PBMCs
of healthy donors [18]. The non-adherent PBMC fraction
(hereinafter designatedMNCs) was decanted and stored for
future use. To stimulate monocyte differentiation of the
adherent PBMC fraction into immature DCs, the adherent
cell fraction was cultured at a concentration of 1 × 106
cells/mL in culture medium in CELLSTAR 48 Well Cell
Culture Multiwell Plates (Greiner Bio-One, Kremsmünster,
Austria) under a humid atmosphere at 37 °C and 5% CO2

in the presence of 100 ng/mL GM-CSF (R&D Biosystems,
Minneapolis, MN, USA) and 50 ng/mL IL-4 (R&DBiosys-
tems, Minneapolis, MN, USA) for 96 h.

2.4 Generation of Tolerogenic Dendritic Cells using an
IL-10-Encoding Plasmid

The immature dendritic cells were generated as de-
scribed above. Then the DCs were harvested, washed with
PBS, and transfected with a DNA plasmid encoding IL-
10 (pIL-10) to achieve the tolerogenic phenotype using the
DC electroporation method. The transfection of dendritic
cells with the DNA constructs of interest was performed
by an electroporation method using the BTX ECM 830
square-wave electroporator (BTX, Holliston, MA, USA)
with a pulse strength of 260 V; pulse duration of 10 ms;
and plasmid DNA concentration of 60 µg/mL. For elec-
troporation, DCs were placed in cold OptiMem medium
(Thermo Fisher Scientific, Waltham, MA, USA) at concen-
tration 10× 106/mL. 0.2 cm–gap sterile electroporation cu-
vettes (Bio-Rad, CA, USA) were used, the final volume of
one dose of cell suspension for electroporation was 100 µL.

2.5 Phenotyping of Tolerogenic DCs and Assessment of
Their Functional Activity

The phenotype ofDCs transfectedwith the pIL-10was
evaluated by flow cytometry according to the expression
of the surface markers CD11c (PeCy7), HLA-DR (FITC),
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CD83 (APC), CD86 (PE), CD80 (Brilliant Violet 421), and
CCR7 (APC-Cy7) at 6, 24, and 48 h after transfection, us-
ing corresponding monoclonal anti-mouse antibodies (Bi-
oLegend, USA). Production of IL-10 by transfected DCs
was determined in the supernatant of cultured cells at 1,
2, 3, 6, 24, and 48 h after transfection by ELISA using
the Interleukin-10-EIA-BEST kit (Vector-Best, Novosibirk,
Russia).

To evaluate the possible effects of pIL-10-transfected
tolerogenic DCs on a culture of mononuclear cells, the
pIL-10-transfected DCs were co-cultured with autologous
mononuclear cells (non-adherent PBMC fraction) at a 1:10
ratio at 6 h after transfection.

The production of IL-10 was assessed by ELISA, us-
ing the Interleukin-10-EIA-BEST kit. To determine the
number of T-regulatory cells, a flow cytometry analysis
of the joint “MNCs+DCs” culture was performed after 48
h of co-cultivation, using monoclonal antibodies to CD45
(PerCP), CD4 (PeCy7), CD25 (PE), and FoxP3 (Alexa 488)
(BioLegend, San Diego, CA, USA) T-regulatory cells were
identified as CD4+CD25highFoxP3+ cells.

The level of intracellular IL-10 was measured by in-
tracellular staining of IL-10 via flow cytometry using mon-
oclonal antibodies to human IL-10 (PE) (BioLegend, San
Diego, CA, USA).

2.6 Identification of the most Responsive Pairs
“Stimulator-Responder” amongst Donors’ PBMCs (MLC
Assay)

PBMCs were isolated from whole blood samples as
described above. Amixed lymphocyte culture (MLC) assay
was performed to assess the proliferative response in both
directions for all possible inducer–responder pairs (90 re-
actions). The MLC assay was performed in 96-well round-
bottom plates (TPP, Trasadingen, Switzerland) in triplicate
for each reaction. Responder PBMCswere added at 2× 105
cells/well. To block the proliferative activity of the stimu-
lator PBMCs, they were treated with mitomycin C at a con-
centration of 50 µg/mL for 60 min, washed three times with
the culture medium, and added to the responder PBMCs at 2
× 105 cells/well. Cell cultures were incubated in 200 µL of
the culture medium at 37 °C, 5% CO2, and 100% humidity
for 7 days. Then, H3-thymidine (Isotope, Saint Petersburg,
Russia) was added (1µCi per well) and cells were incubated
for 18 h. Next, the cells were transferred to filters, and the
uptake of H3-labeled thymidine was evaluated using a β

counter for measuring the radioactivity in DNA recovered
from the cells, thus determining the extent of cell division
that has occurred in response to the addition of stimulator
cells. Themean value for each reaction was calculated from
the results of three repetitions.

2.7 DNA Sequencing and Generation of Genetic
Constructs

Blood samples were frozen at –20 °C and transferred
to the Dmitry Rogachev National Research Center of Pedi-
atric Hematology, Oncology, and Immunology of the Min-
istry of Health of the Russian Federation (Moscow, Rus-
sia) for the DNA sequencing of MHC loci. DNA sequenc-
ing was performed using NGS on an Illumina MiSeq® se-
quencer (Illumina, San Diego, CA, USA) with a TruSight
HLA v2 Sequencing Panel kit (Illumina, San Diego, CA,
USA) according to the manufacturer’s instructions. The
DNA sequence data were used to analyze sequences and
select epitopes for incorporation into genetic constructs.

A software product was developed to generate the con-
structs of interest, which enabled the personalized selection
of major histocompatibility complex epitopes chosen based
on a complex analysis of the responder and stimulator HLA
sequences. The design of artificial genes encoding target
constructs, cloning of the artificial genes into the pmax-Ub
vector, and production of final genetic constructs encoding
target protein products were carried out. Then, genetic con-
structs encoding target protein products were amplified and
purified from endotoxins.

Therefore, personalized DNA constructs were cre-
ated for five responder–stimulator (recipient–donor) pairs,
based on the sequences of donor and recipient major
histocompatibility complexes. Artificial genes were de-
signed usingGeneDesigner 2.0 software (DNA2.0, ATUM,
Newark, CA, USA) using the developed amino acid se-
quences of target immunogens. Human codon frequencies
were used to optimize the codon composition. The recog-
nition sites of restriction endonucleases AgeI, BamHI, and
SacI were excluded from the nucleotide gene sequences for
further possibility of cloning into the pmax-Ub vector.

At the gene 5′-end, before the codon encoding the first
immunogen amino acid, we inserted the ACCGGTCGC-
CACCATGCAGGGATAT nucleotide sequence (AgeI re-
striction endonuclease recognition site (ACCGGT) for
cloning into pmax-Ub and produced a genetic construct
variant where a MQ dipeptide is attached to the N-terminus
of the target amino acid sequence; BamHI restriction en-
donuclease recognition site (GGATCC) for cloning into
pmax-Ub and producing a genetic construct variant where
ubiquitin is attached to the N-terminus of the target amino
acid sequence). At the gene 3′-end, after the codon en-
coding the last immunogen amino acid, we inserted the
GGGAGCTC nucleotide sequence (SacI restriction en-
donuclease recognition site (GAGCTC) for cloning into
pmax-Ub and producing a genetic construct variant where
the C-terminal signal peptide is attached to the C-terminus
of the target amino acid sequence).
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2.8 Induction of Immunological Tolerance in a Human
Mixed Lymphocyte Culture

Human dendritic cells were generated from peripheral
blood mononuclear cells in the presence of rhGM-CSF and
rhIL-4 as described above. The resulting immature den-
dritic cells were harvested and transfected, using electropo-
ration, with the DNA plasmids encoding epitopes of stimu-
lators’ MHCmolecules (the pMLC constructs). The IL-10-
encoding plasmid was also used in a part of samples to sta-
bilize the tolerogenic phenotype of DCs. Next, transfected
dendritic cells were co-cultured with autologous mononu-
clear cells for 96 h. Then the number of T-regulatory cells
and IL-10 production were determined in the joint culture
using the methods described above. After co-cultivation,
the MLC assay was performed on joint cell cultures to as-
sess the ability of generated tolerogenic DCs to restrict the
activation of autologous MNCs in response to stimulation
by MHC alloantigens. For this, the joint cultures of trans-
fected DCs and autologous MNCs were seeded as respon-
dent cells into a flat-bottomed plate at 1× 105 cells/well in
100 µL. The stimulator MNCs at 10 × 106 cells/mL were
treated with mitomycin C (50 µg/mL) for 60 min, washed
three times with ice-cold medium, and then added to the re-
sponder cells at 1 × 105 cells/well in 100 µL. After 96 h of
co-cultivation, the proliferation level of culture was evalu-
ated by measuring the optical density using a PreMixWST-
1 kit according to the manufacturer’s instructions.

2.9 Statistical Analysis
Statistical analysis was performed using Prism 7.0

(GraphPad Software, La Jolla, CA, USA). Statistical sig-
nificance was determined using the nonparametric Kruskal-
Wallis test with Dunn’s multiple comparison test. Values of
p ≤ 0.05 were considered statistically significant.

3. Results
A tolerogenic response can be induced by suppressive

cytokines, such as IL-10 and TGF-beta. One technique to
preserve the immature DC phenotype after in vivo deliv-
ery is the genetic modification of DCs with viral vectors
expressing IL-10 and TGF-beta, because the continuous ex-
pression of these cytokines prevents the maturation of DCs.
In our study, the pIL-10 plasmidwas used to induce a stable,
nonspecific, and tolerogenic phenotype of dendritic cells.
The supernatants of cultured dendritic cells were collected
at 1, 2, 3, 6, 24, and 48 h after transfection to determine the
content of IL-10 using an enzyme-linked immunosorbent
assay. IL-10 production upon cultivation of transfected
DCs increased as early as the first hours after transfection
and up to 24 h. Cytokine production reached a plateau be-
tween 24 and 48 h (Fig. 1). The control plasmid p5 did not
induce IL-10 production. Similarly, we previously showed
that the data obtained in mouse models were consistent with
previous studies using the plasmid encoding murine IL-10
[19].

Fig. 1. Production of IL-10 by transfected dendritic cells (n =
8). The x-axis corresponds to the number of hours after the pIL-
10DC transfection. Data are presented asmedian and interquartile
range.

Results of flow cytometry assessment of intracellular
IL-10 in dendritic cells in 1, 2, 3, 6. 24 and 48 h after trans-
duction (Fig. 2) showed that the relative number of cells ex-
pressing intracellular IL-10 increased significantly on hour
2 after transduction. The relative number of dendritic cells
transfected by control p5 plasmid was under 5% during 48
h after the transfection.

Fig. 2. Intracellular production of IL-10 by transfected den-
dritic cells (n = 6). The x-axis corresponds to the number of hours
after the pIL-10 DC transfection. Data are presented as median
and interquartile range.

The phenotype of DCs transfected with the IL-10-
encoding plasmid was evaluated by the expression of sur-
face markers including CD83, CD86, CD80, and CCR7 at
6, 24, and 48 h after transfection. CD80 marker expres-
sion was significantly increased on the surface of trans-
fected DCs. CCR7 expression was increased on the sur-
face of transfected DCs 6 h after transfection, after which
it decreased but remained elevated compared with non-
transfected DCs. Expressions of CD83 and CD86 were de-
creased on the surface of transfected DCs and remained sta-
ble for 48 h of cultivation. Therefore, a stable tolerogenic
phenotype with preserved cell migration potential was pro-
duced in transfected dendritic cells (Fig. 3).

Transfected DCs were co-cultured with mononuclear
cells at a 1:10 ratio 6 h after transfection, and the produc-
tion of IL-10 and the number of T-regulatory cells were
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Fig. 3. Expression of DC maturation markers CD83 (A), CD86 (B), CD40 (C) and CCR7 (D) at 6, 24, and 48 h after transfection
with a plasmid encoding IL-10 (n = 8). DC (0) – non-transfected dendritic cells. Data are presented as median and individual values.
The arrows indicate statistically significant differences, p < 0.05.

evaluated after 48 h of co-culture. Co-cultivation of MNCs
and DCs transfected with the pIL-10 plasmid was accom-
panied by the stable production of IL-10, which promoted
the maintenance of tolerogenicity. Co-cultivation of MNCs
and DCs transfected with the IL-10 plasmid increased the
number of T-regulatory cells, which promoted the mainte-
nance of tolerogenicity (Fig. 4).

Therefore, the use of a DNA construct encoding IL-10
enabled stable cytokine production in DC cultures and the
generation of DCs with a tolerogenic phenotype. To assess
the maximal and minimal allogeneic responses, we con-
ducted mixed lymphocyte cultures from 10 healthy donors
and generated a panel of donor genotypes. To evaluate the
level of response, stimulation index (SI) was calculated that
is a result of dividing the average cpms of every donor to the
average control cpms of the corresponding donor (Fig. 5).
Control cpm was a result for the control probe that was
lymphocytes without stimulation. A SI greater than 2 was
considered as a max response. SI levels between 1.55 and
2 were considered as a medium response; SI levels below
1.55 were considered as a minimum response.

To identify which HLA genotypes were most ac-
tive regarding the stimulation and response to alloantigens,

genotype frequencies were determined in the first third of
the values, and to determine theweakest genotypes inMLC,
the genotype frequencies were determined in the last third
of the values (Tables 1,2). Thus, we selected the best re-
sponder genotypes (ID 1, 2, and 3) and the best stimulator
genotypes (ID 6 and 7). They formed potential responder–
stimulator pairs: 1–7, 1–6, 2–7, 2–6, and 3–6, the DNA se-
quences of which were further used for the calculation and
analysis of antigenic epitopes and subsequent synthesis of
DNA constructs.

The results of DNA sequencing are presented as lab-
oratory conclusions on the donor HLA genotype (summa-
rized in Table 3) and as FASTQ data files from an Illumina
MiSeq sequencer. The DNA sequence data were used to
develop a software product, analyze sequences, and select
epitopes for incorporation into genetic constructs.

A software product was developed for the generation
of constructs, which enabled the personalized selection of
major histocompatibility complex epitopes chosen based on
a comprehensive analysis of HLA sequencing of the pa-
tient and the donor, and the theoretical design and synthe-
sis of personalized DNA constructs for their transfection
into dendritic cells to suppress the graft rejection reaction
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Table 1. Determination of donors with the most pronounced proliferative response (most active responders).
Responder ID 1 2 3 4 5 6 7 8 9 10

Frequency of max. responses, counts 8 6 6 0 1 6 2 1 0 0
Frequency of max. responses, % 26.7 20.0 20.0 0.0 3.3 20.0 6.7 3.3 0.0 0.0
Frequency of min. responses, counts 0 1 2 6 3 1 4 6 5 3
Frequency of min. responses, % 0.0 3.3 6.7 20.0 10.0 3.3 13.3 20.0 16.7 10.0

Table 2. Determination of donors that most often cause the maximum proliferative response (most active stimulators).
Stimulator ID 1 2 3 4 5 6 7 8 9 10

Frequency of max. responses, counts 0 3 3 2 4 4 5 3 4 2
Frequency of max. responses, % 0.0 10.0 10.0 6,7 13.3 13,3 16.7 10.0 13,3 6.7
Frequency of min. responses, counts 5 2 2 5 3 3 2 4 3 4
Frequency of min. responses, % 16,7 6,7 6,7 16,7 10.0 10.0 6,7 13.3 10.0 13.3

Fig. 4. Tolerogenic properties of pIL-10-transfected cells. (A)
Production of IL-10 by MNCs in the presence of DCs transfected
with a plasmid encoding IL-10 (n = 8). (B) Relative numbers
of CD4+CD25highFoxP3+ cells in cocultures of MNCs and DCs
transfected with a plasmid encoding IL-10 (n = 8). Data are pre-
sented as median and individual values. The arrows indicate sta-
tistically significant differences, p < 0.05. MNCs – mononuclear
cells; MNCs + DCs (0) – mononuclear cells + non-transfected
DCs; MNCs + DCs (p5) – mononuclear cells + DCs transfected
with a control plasmid p5; MNCs + DCs (pIL-10) – mononuclear
cells + DCs transfected with a plasmid encoding IL-10.

were performed. Then, artificial genes encoding target con-
structs were designed, the artificial genes were cloned into

the pmax-Ub vector, and genetic constructs encoding target
protein products were generated, followed by the amplifi-
cation of genetic constructs encoding target protein prod-
ucts and their purification from endotoxins. Thus, person-
alized DNA constructs were generated for five responder–
stimulant (recipient–donor) pairs, based on these sequences
of the major histocompatibility complex.

Responder dendritic cells were transfected with: (1)
DNA plasmids encoding epitopes of stimulator histocom-
patibility complex molecules; (2) an IL-10-encoding plas-
mid to induce nonspecific tolerance; and (3) two plasmids
simultaneously. After 96 h, significantly higher FoxP3 ex-
pression in CD4+CD25+ cells was found in the culture
of MNCs and transfected DCs compared with the initial
mononuclear cell culture. Significantly higher IL-10 pro-
duction was found in the culture of MNCs and transfected
DCs than that of control MNC cultures not cultured with
experimental DC groups. These findings indicate that the
dendritic cells performed a tolerogenic function through the
activation of regulatory T cells and their secretion of IL-10
(Fig. 6).

To assess the ability of cultures of transfected DCs and
MNCs (MNCs+DCs) to restrict the activation of autolo-
gous MNCs in response to stimulation by MHC alloanti-
gens, mixed lymphocyte cultures were performed. The
cultures of mononuclear cells from responder donors were
co-cultured with MNCs from stimulator donors pretreated
with mitomycin C. After 96 h of co-cultivation, the pro-
liferation level in cultures was evaluated, and the prolif-
eration suppression index was calculated ([proliferation of
MNC culture without allogeneic stimulation]/[proliferation
of culture upon addition of mitomycin C-treated allogeneic
MNCs from stimulator donors]). Therefore, the higher the
suppression index, the lower the proliferative response of
the culture to stimulation with alloantigens. The results
showed that cultures generated using tolerogenicDCs trans-
fected withMHC epitopes had a significantly greater ability
to inhibit the proliferation of autologous MNCs in response
to an allogeneic MHC stimulus. The results are presented
in Fig. 7.
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Table 3. Genotypes of ten healthy donors.
ID HLA genotype

A B C DPA1 DPB1 DQA1 DQB 1 DRB1 DRB3 DRB4 DRB5

1 01:01, 02:01 07:02, 18:01 07:01, 07:02 01:03 03:01, 04:01 (*03:01/124:01, 04:01/350:01) 01:02, 05:05 03:01, 06:02 15:01, 11:04 02:02 —– 01:01
2 11:01, 30:01 13:02, 35:01 04:01, 06:02 01:03 03:01, 04:01 (*03:01/124:01, 04:01/350:01) 01:02, 01:04 05:03, 06:04 13:02, 14:54 02:02, 03:01 —– —–
3 02:01, 29:02 39:01, 45:01 06:02, 12:03 01:03 02:01, 04:01 01:02, 05:05 03:01, 05:02 16:01, 11:01 02:02 —– 02:02
4 23:01, 25:01 35:01, 41:01 04:01, 07:01 01:03, 02:01 04:01, 13:01 (*13:01/107:01) 01:01, 01:02 05:01, 06:04 01:01, 13:02 03:01 —– —–
5 02:01, 23:01 08:01, 49:01 07:01 01:03 04:01 01:02, 05:01 02:01, 06:02 15:01, 03:01 01:01 —– 01:01
6 02:01, 03:01 15:01, 51:01 03:04, 15:02 01:03 03:01 01:03, 03:02 03:03, 06:03 13:01, 09:01 02:02 01:03 —–
7 02:01, 26:01 35:01, 58:01 04:01, 07:18 01:03 04:01, 04:02 (*04:01/126:01, 04:02/105:01) 01:01, 01:02 05:01, 05:02 01:01, 16:01 —– —– 02:02
8 01:01, 11:01 08:01, 35:02 04:01, 07:01 01:03, 02:01 04:01, 10:01 05:01, 05:05 02:01, 03:01 03:01, 11:04 01:01, 02:02 —– —–
9 24:02, 26:01 27:14, 35:03 (*35:03/279) 01:02, 04:01 01:03, 02:02 03:01, 13:01 (*13:01/107:01) 01:01, 01:03 05:01, 06:03 01:01, 13:01 01:01 —– —–
10 03:01 51:01, 56:01 01:02 01:03 04:01 01:01, 01:02 05:01, 06:02 01:01, 15:01 —– —– 01:01
—– – not identified genotype. * – possible genotype variant.
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Fig. 5. Proliferative response in 90 stimulator–responder pairs (mixed lymphocyte culture): results of H3-Thymidine incorpora-
tion assay. The data are presented as stimulation index donor (SI = mean CPM of test wells/mean CPM of control wells). The SIs for
each pair of donors (90 pairs) were sorted in descending order and divided into three groups: maximal (30 responses, SI ≥2), moderate
(29 responses, 1.55 < SI < 2), and minimal (31 responses, SI <1.55). Maximal responses (the highest proliferation level) in the MLC
reaction are highlighted with black blocks; the moderate proliferation level values are highlighted with gray blocks; minimal responses
in the MLC reaction are highlighted with white blocks.

4. Discussion
Dendritic cells are a heterogeneous population classi-

fied in humans into myeloid DCs, plasmacytoid DCs, and
Langerhans cells, based on ontogenesis, phenotype, and
functionality [20,21]. Mature dendritic cells mediate im-
mune responses in inflammatory conditions, while immune
tolerance is induced by tolerogenic DCs with an immature
phenotype.

The development of antigen-specific tolerance, espe-
cially for donor antigens, is an urgent problem of transplan-
tology, the solution of which might reduce the immunosup-
pressive drug load and toxic effects on recipients as well as
increase the overall survival of patients after transplantation
[22,23].

The HLA locus is the most polymorphic region in
the human genome and is associated with various diseases.
HLA matching is a key factor in improving patient out-
comes after transplantation. HLA matching has tradition-
ally focused on HLA-A, -B, and -DR loci in solid organ
transplantation and on HLA-A, -B, -C, and -DRB1 loci
in hematopoietic cell transplantation [24]. Because of the
high diversity of HLA haplotypes, the search for a suitable
donor usually begins with close relatives, in particular sib-
lings. However, ideal donors are found only for 15%–30%
of recipients, and unrelated donors are often involved in
the search. Previously, matching for HLA-A, -B, -C, and
-DRB1 (8/8) alleles was demonstrated to correlate with bet-
ter survival rates, whilemismatcheswere associatedwith an

increased risk of acute GVHD and patient death [24]. Sin-
gle -DQ mismatches probably have no significant effect on
the outcome of transplantation, whereas -DP mismatches
slightly increased the risk of acute GVHD without compro-
mising overall survival [25].

Based on the mixed lymphocyte culture, donor pairs
with amaximum response to alloantigens and donors whose
cells maximally stimulated responses to alloantigens, were
identified. Among these donors, stimulator and respon-
der pairs with a maximum difference in HLA loci were se-
lected. These donor and recipient haplotypes would nor-
mally have an extremely high risk of transplant rejection
in the donor during the transplantation of solid organs or
hematopoietic cells. A software product for the personal-
ized selection of HLA epitopes was developed, which pro-
vides a comprehensive analysis of the recipient and donor
HLA sequences, selection and comparison of main his-
tocompatibility antigens of the donor and recipient, and,
based on the selected different antigens, the selection of epi-
topes of these antigens for the generation of a personalized
DNA construct. The generated DNA construct should en-
sure the recipient’s tolerance to donor cells; in this case,
there was no direct contact with allogeneic material, which
reduced the risk of infection and uncontrolled composition
(lysates or vesicles).

Various agents (IL-10, vitamin D3, dexamethasone
and rapamycin) have been used to induce sufficient num-
bers of ex vivo tolerogenic DCs for the effective suppres-
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Fig. 6. Tolerogenic properties of pIL-10- and pMLC-
transfected cells. Production of IL-10 (A) and a relative num-
ber of CD4+CD25highFoxP3+ cells (B) in co-cultures of MNCs
and DCs transfected with plasmids encoding IL-10 and main his-
tocompatibility complex antigens. Data are presented as median
and individual values. The arrows indicate statistically significant
differences, p < 0.05 (joint results from two repetitions, n = 5, n
= 5). MNCs – responder mononuclear cells; MNCs + DCs (pIL-
10) – responder mononuclear cells + DCs transfected with a plas-
mid encoding IL-10; MNCs + DCs (pMLC) – responder mononu-
clear cells + DCs transfected with a plasmid encoding HLA epi-
topes of the stimulator; MNCs + DCs (pMLC + pIL-10) – respon-
der mononuclear cells + DCs transfected with plasmids encoding
HLA epitopes of the stimulator and IL-10 epitopes.

sion of GVHD [26,27]. These DCs provide tolerance in
culture without reference to a specific antigen. In this study,
we compared the effects of DNA constructs on the de-
velopment of nonspecific immunosuppression (DNA con-
struct encoding IL-10) and antigen-specific tolerance (DNA
constructs encodingmajor histocompatibility complex anti-
gens), as well as their joint action. The stage of interac-
tion with mononuclear cells in vitro suggests that tolero-
genic DCs do not become immunogenic after their intro-
duction in vivo. Using five genetic constructs (three re-
sponders and two stimulators), respondent tolerogenic DCs
transfected with epitopes of the stimulator main histocom-
patibility complex decreased the proliferative activity of re-

Fig. 7. Suppression of proliferation in allogeneic mixed lym-
phocyte cultures (MLC) using tolerogenic human dendritic
cells transfected with personalized human DNA constructs
encoding HLA epitopes of stimulators. MNCs – responder
mononuclear cells. Data are presented as median and individual
values. The arrows indicate statistically significant differences,
p < 0.05 (joint results from three repetitions, n = 5, n = 5, n =
2). MNCs + DCs (pIL-10) – responder mononuclear cells + DCs
transfected with a plasmid encoding IL-10; MNCs + DCs (pMLC)
– responder mononuclear cells + DCs transfected with a plasmid
encoding HLA epitopes of the stimulator; MNCs + DCs (pMLC
+ pIL-10) – responder mononuclear cells + DCs transfected with
plasmids encoding HLA epitopes of the stimulator and IL-10 epi-
topes.

cipient cells in response to alloantigen (by almost 50%). In
this case, the use of a construct encoding only alloantigens
without the use of IL-10 suppressed proliferation in stimu-
lator cells, and the maximum suppression of proliferation in
this group was observed when cells from stimulator No. 6
were used. An analysis of IL-10 production in co-cultures
of MNCs and DCs transfected with plasmids encoding IL-
10 and major histocompatibility complex antigens revealed
a similar level of cytokine production in all groups, re-
gardless of the antigen specificity. An analysis of the T-
regulatory cell number showed that only the simultaneous
application of the IL-10-encoding plasmid and the plas-
mid encoding major histocompatibility complex antigens
led to a significant increase in target cells compared with
groups where only one of the plasmids was used. Tolero-
genic DCs control the differentiation of T-regulatory cells
that, in turn, modulate the phenotype and function of DCs.
This feedback between tolerogenic DCs and T-regulatory
cells is supported by the fact that weak, if any, CD80/CD86
co-stimulation is required to induce Foxp3+ T-regulatory
cells, and that IL-10 and TGF-beta secreted by T-regulatory
cells inhibit DC maturation and promote the maintenance
of DCs in the tolerogenic state [28]. In our study, trans-
fection of DCs with the IL-10-encoding plasmid led to the
production of the target cytokine after 3 h and an increase
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during the first days after transfection. In this case, there
was a decrease in the expression of costimulatorymolecules
CD83 and CD86, an increase in the number of T-regulatory
cells, and suppression of mononuclear cell proliferation.
Furthermore, IL-10 production by transfected DCs slightly
exceeded the reference values provided by the manufac-
turer of kits for PHA-stimulated cultures, which indicates
the stimulation of cytokine production within physiologi-
cal levels without a potential destructive effect on organs
and tissues of the potential recipient.

Therefore, the produced dendritic cells exhibited
tolerogenic properties and might be used to develop
antigen-specific tolerance. Since the formation of tolero-
genic properties is not associated with a long and high-
affinity interaction between DCs and T cells and actively
involves feedback mechanisms, the use of a plasmid en-
coding MHC antigens and the absence of maturing stim-
uli leads to the development of tolerogenic DCs and to the
manifestation of effects at a level comparable with the use
of a construct encoding IL-10. Thus, the co-application of
plasmids encoding IL-10 and MHC antigens does not lead
to a dramatic change in the studied effects. On the basis of
this study, we think that the generation of DNA constructs
enabling antigen-specific tolerance is no less effective than
constructs encoding only certain immunosuppression fac-
tors. Depending on the vector and promoter used, it is possi-
ble to generate a DNA construct with a very high production
of the target cytokine, cell death, and immune response sup-
pression caused by the hyperproduction of IL-10 or TGF-
beta. Therefore, DNA constructs encoding antigen-specific
epitopes will be free from this disadvantage.

In our previous study [19] using an in vivo mouse
model, we reported the suppression of GVHD reactions in
an allogeneic transplantation model and better engraftment
of a transplanted allogeneic skin flap using nonspecific and
specific DNA constructs encoding IL-10 or MHC antigens,
respectively. In this study, we demonstrated that the effec-
tiveness of antigen-specific DNA constructs encoding his-
tocompatibility complex antigens from a donor can be pre-
liminarily assessed in vitro, which, together with the data on
in vivo use suggests the potential clinical use of this method.
A preparation of transfectedDCs andmononuclear cells can
be produced before surgery or lymphadenopathy tested, and
then used during further treatment. The main application
of these DNA constructs is the transplantation of bone mar-
row, kidneys, and liver from a living donor, i.e., in cases
where the donor is known and available, and surgery is elec-
tive rather than urgent.

5. Conclusions
We demonstrated in vitro that human dendritic cells

transfected with DNA constructs against HLA stimulating
epitopes exhibited tolerogenic properties and may be used
to suppress proliferative activity against allogeneic cells.
Thus, we proposed a perspective approach to the induction

of antigen-specific tolerance, which should be further stud-
ied for possible use in clinical practice to prevent GVHD
reactions and graft rejection.
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