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INTRODUCTION
The problem of transplant engraftment remains one 
of the concerns in transplantology. Transplantation 
is used in terminal organ failures, when other meth-
ods of treatment have proved ineffective. Allogenic 
transplantation activates the immune response, which 
leads to transplant rejection. Modern immunosup-
pressive protocols are not always able to prevent re-
jection. Therefore, it is necessary to search for other 
approaches to induce tolerance to transplants in re-
cipients. 

The critical role of the liver in the development of 
transplant tolerance has been known for a long time. 
Spontaneous liver allotransplant engraftment in re-
cipients mismatched from donors by the major histo-
compatibility complex (MHC) was revealed for outbred 
pigs [1], inbred lineages of mice [2], and rats [3]. Com-
bined transplantation of the liver and other organs led 
to better engraftment than when using single allografts 
[4–6].

Another key factor involved in the induction of 
transplant tolerance is the presence of immunocompe-
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of Kupffer cells increases in both phases with a shift in several days. The most noticeable changes take place in 
the second phase. The third day is characterized by a lower content of mononuclear cells expressing immunopro-
teasomes compared to the control value in native animals. Presumably, at this time point a “window of opportu-
nity” appears for subsequent filling of an empty niche with cells of different subpopulations and, depending on 
this fact, the development of tolerance or rejection. The results obtained raise the new tasks of finding ways to 
influence the cellular composition in the liver and the expression of immunoproteasomes on the third day after 
the beginning of DST induction to block the development of rejection.
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tent cells of donor origin within the liver. This is sup-
ported by studies showing that allograft tolerance is 
not induced after depletion of passenger leukocytes 
from the donor liver [7–9]. 

The method of inducing donor-specific tolerance 
(DST) is based on adherence to these two conditions. 
The induction is performed by transfusion of donor 
cells (splenocytes, lymphocytes, bone marrow cells) 
into the liver via the portal vein. This method leads to 
significant lifespan extension of allografts of the heart 
[10], kidneys [11], intestine [12], skin [13], pancreatic is-
lets [14], and trachea [15] in experimental models. How-
ever, the molecular-cellular mechanisms of induction 
and maintenance of DST have not been elucidated, al-
though many researchers stress the significant contri-
bution of hepatic macrophages (Kupffer cells) [16, 17].  

Multiple forms of immunoproteasomes that contain 
the immune subunits LMP2, LMP10, and/or LMP7 
with proteolytic activities have been regarded as po-
tential candidates for the role of messengers of immune 
response, which can direct the immune response either 
toward allograft acceptance or rejection. Immuno-
proteasomes participate in the formation of antigenic 
epitopes for the MHC molecules, the regulation of the 
expression of co-stimulatory molecules on antigen-
presenting cells (APCs), and the differentiation of T-
lymphocyte subpopulations [18–21]. 

We have found previously that the proportion of 
LMP2 and LMP7 immunoproteasome subunits changes 
in the liver and allografts of ovaries and thyroid after 
the induction of DST [22, 23]. Allograft engraftment was 
accompanied by a significant increase in the quantity of 
liver mononuclear cells expressing the immunoprotea-
some subunit LMP2 on the 30th day after DST induction. 

Previous experimental and clinical studies have 
shown that induction of DST fails in some cases [24, 25]. 
Moreover, 7–15% of recipients develop sensitization to 
donor antigens [26, 27]. Since the definite mechanism 
of DST induction is not yet known, it is impossible to 
predict the vector of the immune response as either 
transplant acceptance or rejection. This decreases the 
value of this method and restricts its use in clinical 
transplantology.  

It is evident that the immunological events occur-
ring in the liver of a recipient immediately after the 
administration of donor cells and that are related to the 
recognition and presentation of antigen can determine 
the development of tolerance. Therefore, the study of 
the cascade of cell-mediated reactions and the change 
in the pool of proteasomes at early stages after the ad-
ministration of a donor antigen is important for under-
standing the mechanism underlying DST induction.

 The aim of this study was to evaluate the level of 
immunoproteasomes and the quantity of resident mac-

rophages in a rat liver in the first two weeks after the 
beginning of DST induction.

MATERIALS AND METHODS

Reagents 
DMEM medium, collagenase and DNAse I (all manu-
factured by Sigma, USA), percoll (Pharmacia, Swe-
den), saponin (Calbiochem, USA), rabbit pAb to 
subunit LMP7, mouse mAb to subunit  LMP2 (both 
manufactured by Biomol International, United King-
dom), phycoerythrin-conjugated mouse mAb to 
macrophages (Anti-Rat Macrophage Marker, eBio-
science, USA), mouse mAb to β-actin (Santa Cruz 
Biotechnology, USA), Alexa 488-labeled anti-rabbit 
IgG (Invitrogen, USA), phycoerythrin-conjugated 
anti-mouse IgG (eBioscience, USA) were used in this 
study.

Animals 
The experiments were performed using 5- to 
6-month-old Wistar and August female rats. The do-
nors were Wistar rats, and the recipients were Au-
gust rats. All manipulations with the animals were 
performed in compliance with the European Con-
vention for the Protection of Vertebrate Animals 
used for Experimental and Other Scientific Purposes 
(Strasbourg, 1985). For the experiments, the following 
groups of animals were used: group 1 (n = 12) – intact 
control; group 2 (n = 48) – false-operated animals (an 
intraportal infusion of a physiological solution); and 
group 3 (n = 48) – animals with DST induction (an in-
traportal administration of splenocytes); group 4 (n = 
30) – animals with DST disruption (an intraperitoneal 
injection of gadolinium chloride GdCl

3
 (1 mg/100 g of 

body mass) and an intraportal administration of sple-
nocytes after 24 h).

Isolation of splenocytes and induction of DST
All the procedures were performed under sterile con-
ditions. Splenocytes were collected from the spleen of 
the Wistar rats according to a standard protocol [28]. 
Erythrocytes were removed through a three-time 
treatment of a cell suspension with a solution contain-
ing 154 mM of ammonium chloride, 10 mM sodium bi-
carbonate, and 0.082 mM ethylenediamine tetraacetic 
acid (EDTA). The collected cells were washed two times 
with a DMEM medium. The average vitality of the 
splenocytes, assessed with trypan blue staining, was 
around 90%. DST was induced by administration of 1 
ml of a sterile physiological solution containing 1 × 107 
splenocytes into the hepatic portal vein. The liver was 
studied on the 1st, 3rd, 5th, 7th, 10th, and 14th days after 
induction. 
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Isolation of liver mononuclear cells
The rat liver was perfused via the portal vein with a 
calcium-free buffer (5 mM EDTA per 0.1 M phosphate 
buffer saline, pH 7.4) for 5 min. The liver was then ex-
tracted and perfused with 0.1 M phosphate buffer sa-
line containing 0.4 mg/ml collagenase, 3.7 M CaCl

2
, 25 

ng/ml DNAse I, and 5 mM MgCl
2
 (pH 7.4) at 37°С for 

10 min. Afterwards, the tissue was grinded with scis-
sors and further incubated in collagenase buffer at 37°С 
for 30 min, disintegrated through pipetting, filtered 
through a nylon sieve, and centrifuged at 20 g at 4°С for 
2 min. The supernatant was collected and centrifuged 
at 400 g for 3 min. The pellet of cells was resuspended in 
30% percoll and centrifuged at 400 g for 30 min at 4°С. 
The cells were collected from the interface and washed 
two times with 0.1 М phosphate buffer saline at 4°С.

Phenotypical analysis of the cells 
using flow cytofluorimetry 
In order to identify subunits of immunoproteasomes, 
the isolated hepatic mononuclear cells were fixated in 
4% paraformaldehyde for 15 min and permeabilized 
for 15 min in a 1% saponin solution prepared with 0.1 
М phosphate buffer saline. The cells were treated with 
rabbit pAb to subunit LMP7 and mouse mAb to sub-
unit LMP2 overnight at 4°С in a sample containing 1 × 
106 cells and the corresponding antibodies (dilution 1 : 
600 per 0.1 М phosphate buffer saline with 1% bovine 
serum albumin). After washing, the cells were incu-
bated with secondary antibodies: Alexa 488-labelled 
anti-rabbit IgG or phycoerythrin-conjugated antibod-
ies to mouse IgG at a dilution of 1 : 500 for 30 min at 
room temperature.  

For the identification of Kupffer cells, 1 × 106 cells 
were resuspended in 0.25 ml of phosphate buffer saline 
containing 10% fetal bovine serum and incubated for 30 
min with phycoerythrin-conjugated anti-mouse mAb 
(Anti-Rat Macrophage Marker, dilution 1 : 50).

The cells were analyzed using the BD FACSCalibur 
flow cytometer (BD Bioscience, USA) and the Cell-
QuestPro software.

Western blotting
The relative contents of proteasome subunits and 
β-actin were evaluated in clarified liver homogenates 
using mouse mAb to subunit LMP7, subunit LMP2, and 
β-actin as described previously [23].

Statistical analysis was performed using the Excel and 
Statistica 7.0 software packages. The data are given 
as a median; the difference significance between the 
samples was estimated using a nonparametric Manne–
Whitney test with a significance level of 0.05. A Bon-
ferroni correction was used for multiple comparisons.

RESULTS AND DISCUSSION 

Content of the immunoproteasome subunits 
LMP2 and LMP7 in cells of the rat liver 
after intraportal infusion of splenocytes
A Western-blot analysis revealed an elevated level of 
proteasome subunits in the clarified liver homogenates 
of five of the six rats with induction of DST (group 3) 
on the 7th day after the beginning of DST induction 
compared to the false-operated controls (Fig. 1). It is 
evident that the mechanisms that facilitate the DST 
effect were impaired in one animal. In the false-operat-
ed animals there were no differences in the content of 
immune subunits at all studied stages after the admin-
istration of the physiological solution. No differences 
were also revealed in the content of immune subunits 
in the animals of the 4th group with gadolinium chloride 
infusion. Hepatic mononuclear cells were studied us-
ing flow cytofluorimetry in order to establish whether 
these changes in the immunoproteasome pool are asso-
ciated with hepatic mononuclear cells. 

Figure 2A shows histograms derived during the anal-
ysis of the rat hepatic mononuclear cells stained with 
antibodies to the immune subunits LMP2 and LMP7. 
The quantity of cells expressing the subunits LMP2 and 
LMP7 after the beginning of DST induction was found 
to change (Fig. 2B). It was established that as early as on 
the 1st day, the quantity of LMP7-positive cells increased 
1.8 times in the rat livers of both groups with intraportal 
injection of splenocytes  (groups 3 and 4) and the content 
of LMP2-postivie increased by 3 times compared to the 
false-operated controls (group 2). 

Gadolinium chloride is a widely used specific inhibi-
tor of the antigen presenting the function of Kupffer 
cells [29]. As shown previously, introduction of this 
compound to experimental animals 24 h before intra-
portal infusion of splenocytes abrogates the DST induc-
tion phenomenon [13, 16]. 

We established that the quantity of cells containing 
the subunits LMP2 and LMP7 in the animals treated 
with GdCl

3
 (group 4) did not differ significantly on the 

1st day from the quantity of cells in the animals of the 
3rd group (without injection of GdCl

3
), but it was ele-

vated compared to the false-operated animals (group 2) 
(Fig. 2B). 

Taking into account the rich composition of hepatic 
APCs, which, in addition to Kupffer cells and a liver si-
nusoidal endothelial cell (LSEC), includes dendritic and 
stellate cells [30], it is logic to conclude that an increase 
in the number of cells expressing the immune subunits 
LMP2 and LMP7 can also occur during an inhibition 
of the macrophage function. However, in this case the 
quantity of cells containing LMP2 and LMP7 should 
differ between the 3rd and 4th groups: group 4 should 
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contain fewer of these cells than group 3. The absence 
of significant differences indicates that the increase in 
the quantity of cells expressing LMP2 and LMP7 on 
the 1st day was mostly due to a transfer of donor sple-
nocytes containing immune proteasomes into the liver. 
Macrophages, even if they contribute to the total num-
ber of mononuclear cells enriched in immunoprotea-
somes in this period, do so in minimal fashion and the 
contribution does not influence the outcome.  

The quantity of mononuclear cells containing im-
munoproteasomes in the liver of the animals of the 
3rd group decreased on the 3rd day compared to the 1st 
day (Fig. 3). This could be a result of donor splenocytes 
leaving the liver of a recipient and migrating to region-
al lymph nodes [31]. It is also possible that they were 
eliminated as a result of the activation of recipient cy-
totoxic CD8+ Т-lymphocytes [32]. 

Interestingly, the quantity of mononuclear cells con-
taining immune proteasomes decreases on the 3rd day 
not only compared to the 1st day of DST induction, but 

also relative to their basal level in the control animals 
of the 1st group. Taking into account the fact that im-
munoproteasomes are expressed mainly in APCs and 
immunocompetent cells, this fact indirectly points to 
a decrease in their quantity in the liver on the 3rd day 
after the beginning of induction. This can be associ-
ated with the apoptosis of activated Т-lymphocytes 
observed in the liver during the initiation and mainte-
nance of the tolerance status [31]. However, regardless 
of the mechanisms involved, the quantity of mononu-
clear cells enriched in immunoproteasomes in the liver 
is minimal at this time point, which creates a kind of 
“window of opportunity” for the subsequent filling of 
an empty niche with cells of different subpopulations 
and, depending on this, the development of allospecific 
tolerance or rejection.  

On the 7th day after the infusion of splenocytes, the 
maximum rise in the content of mononuclear cells 
expressing immunoproteasomes was observed in 
the liver of animals of the 3rd group, which exceeded 

Fig. 1. Content of the proteasome subunits LMP7 and LMP2 in clarified homogenates of false-operated rat liver on the 
7th day after the introduction of a physiological solution (1) and in rat liver on the 1st day (2), 7th day (3), and 14th day 
after the beginning of DST induction (4) with preliminary injection of GdCl

3
 and without it. A, C – Western blots of sub-

units LMP7, LMP2 and β actin. B, D – Relative quantity (optical density of blots) of subunits LMP7 and LMP2 normalized 
to β actin content. The subunit quantity in the samples of false-operated animals was taken as 100%; means ± SEM are 
shown; significant difference at р < 0.05 and n = 5–6 in comparison with the false-operated control is indicated (*).
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the values for the control group almost 100 times for  
LMP2, and 200 times for  LMP7 (Fig. 3). This excel-
lent response could be rooted in both the transfer of 
immunocompetent cells into the liver in response to 
the infusion of donor splenocytes and the activation 
of the resident APC pool in the liver itself, which is 
accompanied by an increase in the content of immune 
subunits [33, 34]. In the subsequent days, the quan-
tity of cells expressing immune subunits gradually 
decreased. 

On the whole, the results of flow cytofluorimetry are 
consistent with Western blot findings that indicate a 
burst in immunoproteasome expression in the liver on 
the 7th day after DST induction. In addition, the dis-

covery of this effect not in all the animals supports the 
hypothesis of the different possibilities of niche filling 
after the 3rd day that is critical for the development of 
tolerance or rejection. 

In animals treated with GdCl
3
, there was no similar 

noticeable increase in the amount of cells enriched in 
immunoproteasomes. The quantity of LMP7-positive 
cells did not differ from their quantity in false-operat-
ed animals, and the number of LMP2-positive cells on 
the 7th day exceeded the control values only four times. 
The difference between groups 3 and 4 indirectly indi-
cates that the inhibition of Kupffer cells influences the 
processes dependent on the immunoproteasomes that 
occur in the early stages of DST induction.  

Fig. 2. Cytofluorimetric analysis 
of the expression of the LMP7 
and LMP2 subunits in rat liver 
mononuclear cells. A – In the 
dotted graph of forward (FSC) 
and side (SSC) light scattering, 
the subpopulation of analyzed 
cells is highlighted by oval. In 
the right part, the histograms 
of LMP7 and LMP2 expression 
in the analyzed cell subpopu-
lation of the liver of the 2nd, 
3rd and 4th rat groups on the 
1st day after the beginning of 
DST induction are presented. 
B – Per cent of mononuclear 
cells expressing the LMP2 and 
LMP7 subunits in the liver of 
the 2nd, 3rd and 4th rat groups 
on the 1st day. In histograms: 
solid line – isotypical control, 
dashed line – experiment. The 
quantity of cells containing the 
LMP2 and LMP7 subunits in 
samples of the 1st group was 
taken as 100%. Significant 
difference at р < 0.05 and 
n = 5–6 in comparison with the 
2nd group is indicated (*).
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Relationship between the content of Kupffer 
cells and the change in the expression of 
immunoproteasomes during DST induction 
Our results led to a need for a direct assessment of the 
Kupffer cell content in different periods after sple-
nocyte infusion. We used monoclonal antibodies that 
recognize ED2-like antigens on the membranes of rat 
resident macrophages, including Kupffer cells [35]. 

The profile of the dynamics of ED2-positive cells 
also had two maximums (Fig. 4), with the first peak oc-
curring with a two-day shift and the second peak with 
a three-day shift later compared to the peaks in the 
content of the total mononuclear cell pool expressing 
immunoproteasomes (Figs. 3 and 4). This shift can be 
accounted for by the fact that, at first, APCs present a 
foreign alloantigen with the participation of immuno-
proteasomes. This process is accompanied by a release 
of mediators of the immune response, which serve as a 
signal for the proliferation of Kupffer cells [36, 37]. 

In animals of the 4th group, there were no bursts in 
the quantity of macrophages in the liver, probably be-
cause of the absence or defect stage of antigen presen-
tation after the infusion of GdCl

3
.

The results make it possible to state that induction 
of portal tolerance is an active process that affects sev-
eral subpopulations of liver APCs and makes it possible 
for the rearrangements in the intracellular protea-
some pool to be involved in the mechanisms of antigen 
processing and presentation. In addition, in the early 
stages of DST development, two waves were observed: 
the first (1–3 days) was associated with the transfer of 
donor immune system cells into the liver; the second 
(7–10 days) – with the activation of a response in the 
liver of a recipient involving Kupffer cells. 

Does the expression profile of the inducible subunits 
LMP2 and LMP7 change in Kupffer cells after intra-
portal alloantigen infusion?

In order to answer this question, we studied the 
changes that occurred in the proteasome pool of ED2-
positive cells in rat liver with DST induction (group 3) 
in different periods after the administration of donor 
splenocytes (Fig. 5). First, two peaks of an increase in 
the quantity of the subunits LMP2 and LMP7 – on 
the 1st and 7th days – were revealed. Second, it was re-
vealed that the proportion of LMP2 and LMP7 subunit 
expression in ED2-positive cells changes with time af-
ter DST induction. During the first 5 days, the quantity 
of LMP2 increased more noticeably than that of LMP7; 
the level of both immune subunits was similarly high 
on the 7th day.  

The time changes in the content of ED2-positive cells 
and immunoproteasomes were characterized by two 
phases. In the first phase, the quantity of LMP2 and 
LMP7 increased on the 1st day, similar to the one in the 

total pool of mononuclear cells, while the quantity of 
ED2-positive cells increased on the 3rd day (Figs. 3–5). 
In the second phase, all these events occurred in the 
same sequence: a peak in the expression of immunopro-
teasome subunits in ED2-positive cells was observed on 
the 7th day, similar to that in the total mononuclear cell 

Fig. 3. Change in the quantity of mononuclear cells con-
taining the proteasome LMP2 subunit (filled symbols) and 
LMP7 subunit (empty symbols) in different time intervals 
after the beginning of DST induction in the liver of the 3rd 
(lines 1 and 2) and 4th rat groups (lines 3 and 4). On x axis, 
days after the beginning of DST induction are shown. The 
quantity of cells containing the LMP2 and LMP7 subunits 
in samples of the 1st group was taken as 100%. Significant 
difference at p < 0.05, n = 5 in comparison with basal 
level (group 1) (*). 

Q
ua

nt
it

y
 o

f c
e

lls
 c

o
nt

ai
ni

ng
 

LM
P7

 a
nd

 L
M

P2
, 

%

1
2
3
4

Days

2500

2000

1500

1000

500

0

0	 1	 3	 5	 7	  10	 14

ED
2-

p
o

si
ti

ve
 c

e
lls

, 
%

14

12

10

8

6

4

2

0
0	 1	 3	 5	 7	 10	 14

Days

group 3
group 4

Fig. 4. Cytofluorimetric analysis of cells expressing the 
macrophage ED marker in the 3rd and 4th rat groups at 
different stages after introduction of donor splenocytes. 
On x axis, days after the beginning of DST induction are 
shown. The quantity of cells in samples of the 1st group 
was taken as 100%. Significant difference at p < 0.05, 
n = 5 in comparison with basal level (group 1) (*). 



RESEARCH ARTICLES

  VOL. 9  № 3 (34)  2017  | ACTA NATURAE | 77

pool, followed by an increase in the quantity of ED2-
positive cells on the 10th day. 

It is likely that differences exist in the mechanisms 
underlying the increase in the expression of immu-
noproteasome subunits in the total mononuclear cell 
pool in the first and second phases. The first peak of 
expression of LMP2 and LMP7 subunits reflects mostly 
the transfer of splenocytes enriched in immunoprotea-
somes. At the same time, to a greater or a lesser extent 
the second peak can be associated with de novo LMP2 
and LMP7 subunit synthesis in mononuclear cells of a 
recipient’s liver, including in Kupffer cells. This syn-
thesis is induced in the first phase, resulting from the 
encounter of splenocytes with hepatic APCs. LSEC are 
known to cross-present a foreign antigen immediately 
to CD8+ Т-lymphocytes [38], and the process requires 
an insignificant quantity of stimulatory biomaterial 
(< 1 nM). This process takes several hours [39] and is 
accompanied by the release of cytokines [40, 41] that 
send signals for expression upregulation of the induc-
ible subunits LMP7 and LMP2 [21, 42]. The hypothesis 
of a de novo immunoproteasome synthesis in the second 
phase is also supported by the fact that the expression 
of immunoproteasome subunits in response to cyto-
kines reaches a peak only in 5–7 days [43, 44]. The first 
peak of an increase in the level of proteasome subunits 
in Kupffer cells can reflect the initial stage of their de 
novo synthesis.

The proportion of proteasome immune subunits in-
fluences the activation of macrophages and their po-
larization into either an ED1- or ED2-phenotype [45]. 
Therefore, the change in LMP2 and LMP7 subunit 

levels in cell subpopulations can be associated with 
the activation of macrophages type 2. This in turn ex-
plains the prevalence of processes in the liver that are 
involved in the prevention of rejection reactions due 
to the fact that ED2-macrophages belong to the anti-
inflammatory functional phenotype, which is charac-
terized by the secretion of the cytokines IL-10, IL-4, 
and TGF-β [46].

The established dynamics of immunoproteasome ex-
pression in hepatic mononuclear cells reflects the chang-
es in the reactivity of their subpopulations in response 
to the introduction of foreign antigens. Previous data 
showed the appearance of peaks reflecting cell activa-
tion within the liver after peptide antigen administra-
tion or adoptive transfer of lymphocytes. For example, 
the proliferation of donor cells occurred on the 2.5th and 
6th days after adoptive transfer of CD8+ Т-lymphocytes 
in the liver of a recipient [47]. An eight-fold expansion of 
the CD8+ Т-lymphocyte subpopulation on the 2nd day 
after their intraportal infusion, followed by a gradual 
decline by the 4th day, was also revealed [48]. Stimula-
tion with antigenic peptide SEFLLEKRI led to a 100-fold 
expansion of the mononuclear cell pool within the liver, 
starting from the 2nd day, followed by response extinc-
tion by the 6th day [49]. It is interesting to note that the 
lymphocyte proliferation peaked on the 4th day and the 
dynamics of the rest subpopulations was biphasic, with 
peaks on the 1st and 4th days. 

Thus, a strong immunologic basis underlies the bi-
phasic pattern of immune reactivity of the liver in re-
sponse to intraportal infusion of a donor antigen (Fig. 
6). In the first phase, LSEC and Kupffer cells encounter 
donor cells, which, due to the specific ability of the liver 
to retain activated CD8+ Т-lymphocytes [48], remain 
there for a sufficient time for antigen presentation. Af-
ter processing and antigen presentation with the in-
volvement of immunoproteasomes, the proliferation of 
donor leukocytes and resident hepatic immunocompe-
tent cells is triggered. Antigen presentation and activa-
tion of lymphocytes are accompanied by the release of 
cytokines, which play a leading role in the recruiting of 
the macrophages and lymphocytes of a recipient into 
the liver [50, 51]. This results in the appearance of the 
second peak in the dynamics of the hepatic immuno-
proteasome pool after DST induction. 

The interaction of activated CD8+ Т-lymphocytes 
with Kupffer cells leads to their apoptosis due to the 
absence of adequate proinflammatory stimulation [48]. 
In addition to the direct interaction, Kupffer cells pro-
duce some proapoptotic substances, such as TNF-α, 
CD95-ligand, galectin-1, and indoleamine-dioxygenase 
[52, 53]. A reduction in lymphocyte quantity at the end 
of the first phase during DST induction leads to a de-
cline in the hepatic immunoproteasome pool. A further 

Fig. 5. Cytofluorimetric analysis of LMP7 and LMP2 subunit 
expression in ED2-positive cells of the liver of the 3rd rat 
group after the beginning of DST induction. On x axis, 
days after the beginning of DST induction are shown. The 
total quantity of ED2-positive cells was taken as 100%. 
Significant difference at p < 0.05, n = 5 in comparison with 
basal level (group 1) (*). 

Q
ua

nt
it

y
 o

f c
e

lls
, 

%

80
70
60
50
40
30
20
10

0
0	 1	 3	 5	 7	 10	 14

Days

LMP7+ ED2+
LMP2+ ED2+



78 | ACTA NATURAE |   VOL. 9  № 3 (34)  2017

RESEARCH ARTICLES

Fig. 6. Scheme of DST induction and development. 
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decrease in the quantity of immunoproteasomes in this 
period can occur due to the migration of donor cells into 
the blood flow of a recipient.  

The ability of immunocompetent hepatic cell subpop-
ulations of primary antigen presentation [51], which re-
sults in the deletion of alloreactive CD8+ Т-lymphocytes 
via apoptosis, in the absence of positive costimulation 
[48], presents an opportunity for the prevention of the 
development of an immune response in the first days 
(1–3) after the administration of donor cells.

The second phase is associated with the clonal expan-
sion and transfer of the activated T-lymphocytes and 
macrophages of a recipient into the liver. The pheno-
typical profile of the cells that fill the immunological 
niche of the liver in this phase likely contributes to either 
tolerance or rejection reactions. Activation of immune 
defense mechanisms in the liver directed towards elimi-
nating/alleviating inflammation can shift the balance 
in the side of tolerance. These mechanisms include the 
apoptosis of the activated Т-lymphocytes of a recipient 
[31], ED1-polarized macrophages and activated Т-cells 
in the presence of ED2-phenotype macrophages in the 
liver [54, 55], and the expansion of Treg-cells [56] in re-
sponse to antigen presentation in the liver.  

The repertoire of immune subunits influences the 
hierarchy of the presented antigenic epitopes on APCs. 
At least four forms of immune proteasomes have been 
described. One form contains all three proteolytic im-
mune subunits: LMP7, LMP2, and LMP10. Two forms 
contain two immune subunits and one proteolytic 
constitutive subunit: β5-LMP2-LMP10 and LMP7-
LMP2-β2. One form contains the immune subunit 
LMP7 and two constitutive subunits β1 and β2 [57–60]. 
The combination of subunits with proteolytic activity 
determines the changes in the conformation of sub-
strate-binding pockets [61], the preferable sites for pro-
tein hydrolysis and, therefore, the range of produced 
antigenic epitopes. Hence, the change in the balance of 
immune subunits in resident and transitory immune 
system cell subpopulations plays an important role in 
how a foreign antigen is presented, either as a “non-
self” molecule to cause rejection or as a “self” molecule 
to be accepted.  

CONCLUSIONS 
This paper has studied for the first time the changes 
that occur in the immunoproteasome pool of mono-
nuclear cells within the liver during the induction of 
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allospecific portal tolerance. Based on the findings, it 
is concluded that DST induction is an active process 
characterized by two phases wherein the proportion 
of the immunoproteasome subunits LMP2 and LMP7 
and the quantity of hepatic APCs, including Kupffer 
cells, change. Apparently, the balance of these param-
eters is important for the development of tolerance to 
transplanted tissues. The third day after the beginning 
of DST induction is the key point when a kind of “win-
dow of opportunity” opens for a subsequent filling of an 
empty niche with cells of different subpopulations and, 

depending on this factor, the development of either 
tolerance or rejection. The results present new tasks 
related to the search for ways to influence the cellular 
composition of the liver and the expression of immuno-
proteasomes on the 3rd day after the beginning of DST 
induction for blocking rejection. 
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