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Abstract

Age-related immune dysfunction has been confirmed by many studies. All of these
changes  result  in  increased  susceptibility  to  infectious  diseases  and  pathological
conditions associated with inflammation or autoreactivity. To prevent these changes,
we used various model approaches as follows: (i) the models of hematopoietic stem cells
(HSCs) transplantation in irradiated chimeras, (ii) the model of heterochronic parabio‐
sis that provides regular physiological exchange by blood factors between partners, and
(iii) cocultivation of lymphoid cells and niche-forming cells in vitro to determine its
intercellular communication mechanisms. It  was shown that the old HSCs equally
effectively restore the immune system of young animals and their own. But, the young
hematopoietic cells behaved like old in the old organism. Parabiosis model demon‐
strated that regular exchange by blood factors between heterochronic partners does not
lead to the old system rejuvenation. And we observed impaired capacity of splenic
CD11c+  DC and macrophages from young heterochronic parabionts to co-stimulate
proliferation of T-cells in vitro with statistically significant decrease in nuclear factor-
kappa B (NFκB) p65 and increased expression of IκBα during early activation events.
These findings suggest that age-related changes in the immune system are multifactor
process, and whole-system environment of the organism plays a crucial role in the
occurrence of age-related immune system alterations.
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1. Introduction

The immune system is a powerful barrier that protects the organism from the damaging factors
of various origins: microorganisms, viruses, transformed cells, and tissues. Tumors, as well as
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damaged and aged cells, are damaging factors that appear throughout the life. It is known that
the incidence of various infectious diseases, autoimmune diseases, and cancer increases with
age. It is expected that these changes can be caused by age-related disorders of the immune
system. The relationship between the occurrence of age-related diseases with defects in the
immune system has led to the hypothesis that the aging of the immune system can trigger
development of most age-related diseases. For this reason, great emphasis is paid to study aging
processes of the immune system.

The aging of the immune system is the most striking example of the changes that occur in the
aging. Age-related changes in the immune system begin to develop very early, still in puberty
[1, 2]. Age-related disorders are observed in the functioning of many types of lymphoid cells,
but the most significant changes occur in the population of T-lymphocytes. It is known that
the T-cell response in the elderly is accompanied by breach of lymphocyte’s ability to transmit
intracellular signals, reduction in diversity repertoire of T-cell receptor, decrease the prolifer‐
ative response on antigen stimulation (response to antigens, mitogens, lectins, antibodies to
CD3, etc.), and changes in the repertoire of produced cytokines [1].

The study of age-related changes in the immune system certainly gives rise to the question:
due to what parts of the immune system are experiencing these violations? It is known that
immune function is carried out by cells that are continuously updated in the body, passing
through the stages of hematopoietic stem cells of bone marrow (BM) to highly differentiated
immunocompetent cells: different subpopulations of T-lymphocytes, B-lymphocytes, and
monocyte-macrophages. The lifespan of most of these cells depending upon the type and a
functional feature ranges from several days to several months or even years. But, the duration
of life is relatively short when compared with the duration of life of the organism in which
they function [3].

Investigation of age-related disorders in the function of hematopoietic stem cells has shown
that with aging the amount of B-lymphocyte progenitor cells reduces [4], such as diversity of
B-cell repertoire in the mouse bone marrow [5]. For T-cell, the main factor that contributes to
the reduction in T-lymphopoiesis with age is the thymic atrophy [1]. At the same time, more
recent studies have shown that reducing the production of naïve lymphocytes with age is also
dependent on intracellular changes in hematopoietic stem cells. It is known that old HSCs after
transplantation to the young lethally irradiated mice can restore hematopoiesis with “aged”
properties, including a reduced ability to generate T-cells [4, 6]. Reducing the number of B-
and T-lymphocyte progenitor cells changes the cellular composition of hematopoietic system,
which leads to the relative dominance of myeloid cells, often called age-dependent myeloid
skewed or offset [4, 6, 7].

It is assumed that trigger of the immune system dysfunction is age-related involution of the
thymus. T-progenitor cells that migrated to the thymus from the bone marrow pass difficult
way of “training” with a tight positive and negative selection. Only a small proportion of T-
lymphocytes differentiates and migrates from the thymus to peripheral lymphoid organs.
With aging, there is a loss of thymic epithelium, and as a result, defects occur in the maturation
and differentiation of progenitors of T-lymphocytes. Additionally, the thymus is a target for
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various pathogens that utilize it for their persistence and affect editing repertoire of naïve T-
cells [8].

With aging, there are several types of changes in the functioning of T-cells including the
decrease in the proliferative response after T-cell receptor (TCR)/cluster of differentiation 3
(CD3) activation, expansion memory cells, and simultaneous reduction in the number of naïve
T-cells and the accumulation of CD28-T-cells. Though the mechanism of age changes is not
fully known, the change in intracellular signaling associated with the TCR/CD3 complex is
regarded as the most significant damaging factor [9].

Key sources of the above factors, which regulate the functioning of T-cells, are elements of
their microenvironment (niche) in the lymphoid organs. Microenvironmental cells include
fibroblasts and antigen-presenting cells (APCs hereinafter), particularly macrophages and
dendritic cells (DCs hereinafter), which play a key role in the proliferation and function of T-
lymphocytes. It is known that the ability of dendritic cells to stimulate an immune response
to the antigens decreases with age. It also reduces the ability of dendritic cells and macrophages
to stimulate protective anti-tumor immune response. But information about age-related
changes in the co-stimulatory properties of lymphoid niche cells is now somewhat contradic‐
tory as a whole [10, 11].

Thus, the mechanism of changes in the functions of the immune system in aging involves three
main components that affect the function: age of hematopoietic stem progenitor cells, age of
lymphoid organs microenvironment, and the impact of the overall environment of the old
organism on the development of immune responses.

To isolate the effects of these components and to establish mechanisms of age dysfunction of
the immune system, we use artificial models of biological systems, composed of elements of
different ages, the so-called heterochronic chimeras. We used three main approaches to the
study of the mechanisms of age-related changes in the immune system: (1) study of the role
of the aging of hematopoietic stem cell disorders in the immune system on the model of lethally
irradiated heterochronic chimeras; (2) study of the role of the system environment on the model
heterochronic parabiosis, which provides a full exchange with growth, hormonal factors, and
blood cells between animals of different ages; and (3) study of disorders of the lymphoid cell
niche in reducing immune function with aging.

2. The aging of the immune system and approaches to its rejuvenation

2.1. Investigation of the effect of hematopoietic stem cells aging on the immune system
functions in lethally irradiated heterochronic chimeras

Animals that underwent lethal irradiation generally show 100% destruction of lymphoid and
hematopoietic stem cells in the organism and the complete immune dysfunction causes the
death within 10–14 days. Replacement of dead cells on donor hematopoietic stem cells results
in the restoration of HSCs pool in the bone marrow and immune system functions. All
lymphoid cells in thus chimeras are of donor origin.

The Rejuvenation of the Immune System: Physiological, Cellular, and Molecular Mechanisms
http://dx.doi.org/10.5772/64046

79



Thus, we used this model to identify the age differences of the regenerative properties of HSCs,
and to elucidate the ability of stem cells to restore the immune system of old animals.

Parameters Experimental groups

Y (n = 8) Yy (n = 10) Yo (n = 14) O (n = 7) Oy (n = 10) Oo (n = 7)

Thymus mass, mg 34.6 ± 2.1 18.1* ± 2.4 17.7* ± 3.8 12.5* ± 1.3 6.4**,# ± 0.3 8.2***,#,## ± 0.5

Thy 1.2+splenocytes, % 56.3 ± 2.3 49.4* ± 1.9 42.3*,** ± 2.1 35.2* ± 1.3 28.3**,# ± 3.2 37.3## ± 2.6

CD4+ splenocytes, % 39.3 ± 2.2 38.3 ± 2.3 32.8* ± 1.9 23.4* ± 1.2 22.7** ± 2.3 25.9 ± 2.6

CD8+ splenocytes, % 17.3 ± 1.4 13.3 ± 0.6 11.2*,** ± 0.5 15.1 ± 1.0 7.7**,# ± 0.5 15.3**,## ± 0.4

CD4+ CD44+ splenocytes, %1 27.5 ± 2.0 27.4 ± 0.7 33.0** ± 2.5 69.7* ± 5.2 61.2*,** ± 3.7 58.7*,*** ± 5.4

IgM+ splenocytes, % 37.8 ± 2.2 39.7 ± 2.0 47.5 ± 2.4 59.3* ± 3.6 57.6** ± 3.1 55.1 ± 2.4

Table 1. Thymus weight and number of lymphocyte subpopulations in the spleen of mice different experimental
groups, M ± SE.

Figure 1. Proliferative response of splenocytes after mitogen stimulation in vitro.The shaded bars, PHA response (10
μg/ml); dark bars, Con A response (5 μg/ml); the spotted bars, LPS response (30 μg/ml). Symbol of the experimental
groups: Y, young intact mice; Yy, young irradiated animals which were recovered of BM cells from young mice; Yo,
young irradiated animals which were recovered of BM cells from old mice; O, old intact mice; Oy, old irradiated ani‐
mals which were recovered of BM cells from young mice; Oo, old irradiated animals which were recovered of BM cells
from old mice. CBA/Ca female mice were irradiated and recovered of 15 × 106 BM cells at 4 (young) and 22 (old)
months of age. At 3 months after the recovering mice were euthanized and immune parameters were analyzed. *, P (t)
< 0.05 comparing young intact animals; #, P (t) < 0.05 comparing old intact animals. The mice number in each group is
at least 8.

Studies were conducted on female CBA/Ca mice, where the age of the recipients and donors
was 4 months (young) and 22 months (old) before the start of the experiment. For 3 h prior to
administration of HSCs, mice of recipients were irradiated with X-ray radiation dose of 8.5 Gy
(dose rate of 0.72 Gy/min). To eliminate mature T-lymphocytes, donor bone marrow cells were
treated with monoclonal antibodies to the Thy1.2 mouse antigen. Bone marrow cells were
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administered intravenously at a dose of 15 × 106 per mouse. Immunological parameters were
tested for 3 months after irradiation and bone marrow transplantation.

Mice were divided into six groups: (1) young intact animals (Y), (2) young irradiated animals
that were administered BM cells from young mice (Yy), (3) young irradiated animals that were
administered BM cells from old mice (Yo), (4) old intact animals (O), (5) irradiated old animals
that were administered BM cells from young mice (Oy), and (6) old irradiated animals that
were administered BM cells from old mice (Oo). Functional status of the immune system was
evaluated by the following parameters: the weight of the thymus, the number of leukocytes
in the blood, the number of lymphocyte subpopulations in the spleen using flow cytometry
and antibodies to the mouse antigens CD4, CD8, IgM, CD44 (Sigma, USA), and the proliferative
activity of splenocytes in vitro in response to mitogens phytohemagglutinin (PHA), concana‐
valin A (Con A), and lipopolysaccharide (LPS).

It is known that the immune system of old animals is different from the young in many
investigated indices. Particularly, thymus weight and the number of white blood cells are
significantly reduced in old individuals. Moreover, the number of CD4+ cells and the CD4+/
CD8+ ratio in the spleen are decreased in aged animals. Lymphocytes with a phenotype of
memory T-cells (CD4 +CD44+) increases in old animals are approximately twice higher. These
changes in subpopulations of T-cells significantly affect their functional properties. For
instance, lymphocytes of old animals respond poorly to T-lymphocyte antigens PHA response
and Con A response. Response to LPS response (B-lymphocyte-specific mitogen) also signifi‐
cantly reduced with age, despite the high content of B-cells in the spleens of old mice CBA/Ca.
Other authors [1, 5] also observed similar changes in the composition and functions of the
spleen cells of old mice. We performed the experiments of heterochronic transplantation of
BM cells with irradiated CBA/Ca mice. The results are shown in Table 1 and Figure 1. We can
find out the following interesting changes.

First, the changes were caused by transplantation procedure itself. Significant reduction in
thymus weight to all exposed mice was observed possibly as a result of the effect of prolonged
stress and radiation damage (Table 1). In young recipients, the number of T-cells in the spleen
was also decreased (Table 1). Otherwise, in old recipients, transplantation of BM cells
(irrespective of donor age) led to an increase in the proliferative response to mitogens. For
example, the splenocyte response to Con A and LPS in old recipients reached the level of young
mouse (Figure 1).

The second type of changes has occurred in an organism the young recipients after injection
the old BM cells (Yo group). In particular, we observed a decrease in the content of Thy 1.2+
lymphocytes perhaps by increasing the number of CD8+ cells in the spleen (Table 1). Yo group
showed an increased content of IgM+ cells and increased number of CD4+CD44+ memory-like
cells in the spleen (Table 1). These data are confirmed by many other studies, which reveal
HSCs dysfunctions with age [7, 8].

CBA/Ca female mice were irradiated and recovered of 15 × 106 BM cells at 4 (young) and 22
(old) months of age. After 3 months, the recovering mice were euthanized and subjected to
immune parameter analysis. Symbol of the experimental groups: Y, young intact mice; Yy,
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young irradiated animals that were recovered of BM cells from young mice; Yo, young
irradiated animals that were recovered of BM cells from old mice; O, old intact mice; Oy, old
irradiated animals that were recovered of BM cells from young mice; and Oo, old irradiated
animals that were recovered of BM cells from old mice.

*, P (t) < 0.05 comparing young intact animals.

**, P (t) < 0.05 comparing young irradiated animals recovered of young BM cells.

***, P (t) < 0.05 comparing young irradiated animals recovered of old BM cells.

#, P (t) < 0.05 comparing old intact animals.

##, P (t) < 0.05 comparing old irradiated animals recovered of young BM cells.

###, P (t) < 0.05 comparing old irradiated animals recovered of old BM cells.

It should be noted that we did not detect the rejuvenation effect of a young bone marrow cells
on the old immune system functions. The third change is caused by the systemic factors of
organism. Major parameters—thymus mass, number of T-cells in the spleen, contents of
CD4+ lymphocytes, response to T-cell mitogens, number of IgM+, and CD4+CD44+ lymphocytes
—in young recipients remained as high as those in young intact individual. Mice of Oy group
showed lower weight of the thymus and decreased number of CD8+ cells in the spleen
compared to animal group Oo (Table 1 and Figure 1). The obtained data may suggest that
young hematopoietic cells may decrease the ability for their comprehensive development in
old recipients compared to their own old hematopoietic cells (Table 1 and Figure 1). Further‐
more, an increased level of CD4+CD44+ splenocytes in Oy mice is an interesting fact. It is known
that the number of T-cells with memory phenotype steadily increases with age. It is supposed
that the differentiation of naïve T-lymphocytes in memory T-cells can be induced by repeating
antigenic load as well as a chronic inflammation (inflammaging) in the old body [9]. Therefore,
high level of memory-like cells in old recipient may suggest that the macroenvironment of old
organism can specifically stimulate the differentiation and accumulation of cells with memory
phenotype, regardless of the “age” of hematopoietic stem cells.

The results of this study not only confirmed the known information about the changes of the
immune system with aging but also gave new information about the possible mechanisms of
age-related dysfunction. It should be noted that the residence of young cells/tissues in an old
body leads to a deterioration of their functional properties in most studies using heterochronic
chimeras [12–15].

In our study of young hematopoietic cells were also unable to improve any of the investigated
parameters of the immune system in old animals. Thus, we examined the number of antibody-
forming cells to sheep red blood cells (SRBCs). The immune response to thymus-dependent
antigens is not affected by the age of HSCs, but depended on the age of the recipients
(Figure 2). In young recipients, on the contrary, the immune response of Yy and Yo showed
similar strength to that of young intact mice (Y). This fact may suggest that the age-related
change of HSCs functions is not a key factor in the occurrence of age-related dysfunction of
the immune system.
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Figure 2. The number of antibody-forming cells to SRBCs in the spleen of immunized CBA/Ca experimental mice.Sym‐
bol of the experimental groups: Y, young intact mice; Yy, young irradiated animals which were recovered of BM cells
from young mice; Yo, young irradiated animals which were recovered of BM cells from old mice; O, old intact mice;
Oy, old irradiated animals which were recovered of BM cells from young mice. CBA/Ca female mice were irradiated
and recovered of 15 × 106 BM cells at 3 (young) and 24 (old) months of age. At 3 months after the recovering mice were
immunized of 108 SRBCs intraperitonealy. Four days after animals were euthanized and subjected to immune parame‐
ter analysis. *, P (t) < 0.05 comparing young intact animals; #, P (t) < 0.05 comparing old intact animals. The mice num‐
ber in each group is at least 8.

Consequently, we could identify the following age-related differences in the regenerative
properties of HSCs. HSCs of old mice have a reduced ability to produce Thy 1.2+ cells, CD4+,
and CD8+ cells but fully recovered the ability to develop an immune response to SRBCs in
young recipients. Transplantation of HSCs of old mice results in the opposite effect in old
individuals: it led to accumulation of more Thy 1.2+ and CD8+ cells, and more significant
proliferative response of splenocytes to PHA was observed (Figure 1 and Table 1). However,
these changes do not result in the restoration of immune response to SRBCs. These results may
suggest that the differentiation of HSCs is affected by some factors present in the microenvir‐
onment of lymphoid organs, where HSCs are maturated. To elucidate this hypothesis, we used
another model—heterochronic parabiosis—which is described in the next chapter.

2.2. Study of the mechanisms of age-related changes in the immune system on the model
heterochronic parabiosis

The parabiosis model represents a pair of animals in which the common blood circulation is
established by a surgical procedure. In fact, this model allows creating Siamese twins surgically
in experimental conditions [16]. The model of parabiosis is actively studied in recent years. It
was shown that the mutual exchange of progenitor cells of fibroblast/myofibroblasts [17, 18],
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hematopoietic [19, 20] and non-hematopoietic stem cells [21], and the endothelial progenitor
cells [22] actively occurs between partners due to the general bloodstream.

We evaluated the status of the immune system in heterochronic parabionts 3 months after the
operation [23]. We assumed that the migration of young stem cells in combination with young
serum factors will contribute to restoration of the structure and function of the thymus in old
animals. The rejuvenation of the thymus, in turn, will lead to restoration of function and the
repertoire of T-cells in peripheral lymphoid organs and the rejuvenation of the immune system
of old parabiotic partners.

Disturbances of thymic function with age are well known. It is found that the age-induced
thymus atrophy is accompanied by a reduction in thymocyte number and a decrease in T-cell
progenitors in the bone marrow. These disturbances can be induced by changes in the
hormonal balance, for example, increased levels of sex steroids with age [24]. When using the
model heterochronic parabiosis, we suggested that the young blood will improve the function
of the thymus in the old animals. As a result, we have not found improved indices in thymus
parameters of old partners. Furthermore, we obtained a decrease in thymus weight in young
heterochronic partner without significant changes in thymocyte subpopulation number [23].

To assess changes in the T-cell functions, we evaluated the parameters that are most signifi‐
cantly changed during aging: CD4 and CD8 T-cell subpopulations in the spleen, and the
proliferative activity of splenocytes in response to mitogens in vitro [25]. It was shown that the
proliferative activity of splenocytes in response to PHA in vitro was not restored in old
heterochronic partners, and decreased in the young ones after 3 months of coexistence. Similar
changes have been identified in the CD4+ and CD8+ T-cell subpopulation numbers in the spleen.
The CD4/CD8 ratio did not change the spleen of old partners and significantly decreased in
the young ones. Furthermore, it has been shown that the amount of the cells with memory
phenotype (CD44+) was increased in young partners to the level of old animals (Table 2).

Parameters Experimental groups

Young isochronic
(n = 8)

Young heterochronic
(n = 8)

Old heterochronic (n =
8)

Old isochronic (n =
10)

Splenocytes number, 106 153.60 ± 16.56 150.00 ± 11.21 118.80 ± 9.60 90.80 ± 12.53a

Bone marrow cell number, 106

per femur
17.38 ± 1.05 14.88 ± 1.39 14.81 ± 2.26 17.81 ± 1.06

Proliferative activity in vitro,
stimulation index

1.71 ± 0.15 1.32 ± 0.13* 1.59 ± 0.25 1.39 ± 0.07a

Phagocytic macrophages, % 63.00 ± 2.57 50.00 ± 3.32** 48.38 ± 3.75 52.40 ± 2.17aa

CD4+ cell number in the
spleen, %

22.10 ± 0.91 19.16 ± 1.93 22.54 ± 2.36 20.63 ± 2.16

CD8+ cell number in the
spleen, %

9.75 ± 0.91 16.23 ± 1.75** 15.34 ± 0.54 12.70 ± 1.22
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Parameters Experimental groups

Young isochronic
(n = 8)

Young heterochronic
(n = 8)

Old heterochronic (n =
8)

Old isochronic (n =
10)

CD4/CD8 ratio in the spleen 2.51 ± 0.42 1.27 ± 0.20* 1.49 ± 0.18 1.62 ± 0.05aa

CD4+44+ cell number in the
spleen, %

14.32 ± 1.34 21.58 ± 0.34** 23.86 ± 1.29 18.74 ± 1.38a

CD8+44+ cell number in the
spleen, %

0.96 ± 0.23 2.21 ± 0.66* 2.42 ± 0.40 1.87 ± 0.25a

CD4+25+ cell number in the
spleen, %

2.41 ± 0.25 1.81 ± 0.38 1.93 ± 0.47 3.25 ± 1.25

CD4+25+FoxP3+  cell number in
the spleen, %

0.17 ± 0.06 0.09 ± 0.04 0.06 ± 0.03* 0.48 ± 0.25

Table 2. Effects of heterochronic parabiosis on the immunological parameters of CBA/Ca mice, M ± SE.

For the parabiosis, CBA/Ca male mice were typically joined at 2–3 (young) and 22–23 (old)
months of age. At 3 months after the parabiosis initiation, mice were euthanized and subjected
to immune parameter analysis. All pairs with tumors were excluded from the study. *, p(t) <
0.05 comparing isochronic animals of the same age; **, p(t) < 0.01 comparing isochronic animals
of the same age, a, p(t) < 0.05 comparing young isochronic animals; aa, p(t) < 0.01 comparing
young isochronic animals.

The most optimistic result in such a pessimistic picture was shown by regulatory T-cells—their
number decreased significantly in the old heterochronic partners to young level (Table 2).

Thus, at this stage of study it was found that the mutual exchange of blood between hetero‐
chronic partners did not result in recovery of the thymus, the peripheral T-cell number, and
immune functions normalizing in aged parabiotic partners. Major changes have been observed
in young partners. There was a decrease of thymus weight, disorders of peripheral T-cell
repertoire, and a decrease in PHA-stimulated lymphocyte proliferation in vitro. In fact, we
observed age-related changes in the immune system of young heterochronic partners in
accelerated rate.

This model of accelerated aging of the immune system has provided us with a unique
opportunity to trace the dynamics of the appearance of age-related changes in the immune
system. We examined the changes in immune functions in young heterochronic partners at
different time points—3, 6, and 12 weeks after surgery. We found that the first change, which
occurs in young heterochronic partners, was doubling number of CD8+44+cells in the spleen 3
weeks after surgery. After 6 weeks, the rate of this index remained at a high level, and there
was also a significant decrease in CD4/CD8 ratio in the spleen. At the 12th week of coexistence,
a decrease in the proliferative response of T-cells in response to PHA, as well as significantly
decreased number of phagocytic cells in the spleen, was found [23].

Increasing the number of CD8+44+ memory-like cells in the spleen is the first change of a young
partner. The study of lymphoid cell migration between the heterochronic partners has shown
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that an increasing number of CD8+44+ cells may be mediated by an increase in the number of
young CD8+44+ cells in the spleen, bone marrow, and thymus of old partners [23]. We hy‐
pothesized that these changes may have multiple mechanisms of occurrence: the migration of
young CD8+44+ cells to the old partner, or the proliferation of young cells into the old body
through antigen-specific or homeostatic proliferation. However, we cannot assert which of the
proposed mechanisms is the key in age-related changes on the basis of the obtained results.

The population of CD8+44+ memory-like cells is short-lived and quickly proliferating. It is
assumed that a shorter time CD8+44+ T-cell recycling relative to naïve CD8+ T-cells is associated
with the higher speed of their homeostatic proliferation [26]. At the same time, in aged mice,
the reduction in the turnover of memory-like CD44+CD8+ cells was found. The authors
suggested that the reduced turnover of aged CD44+ CD8+ cells reflected an inhibitory influence
of the aged environment, including APCs [27–29]. The presented data may indicate that the
old lymphoid microenvironment can induce changes in the differentiation and functioning of
CD8+ T-cells. We suggested that the rapid growth of the number of CD8+44+ cells in young
heterochronic partners may result from the mutual influence of the two environments—young
for fast proliferation and old for CD8+44+ memory cell differentiation.

The obtained data indicate that our hypothesis—that the mechanisms of the immune aging
can be mediated by dysfunctions of lymphoid cells and organs (thymus, bone marrow) or
insufficient production of some factors (hormones, cytokines, and growth factors)—is un‐
founded. The obtained results showed that the general circulation between partners of
different ages, which provides a mutual exchange of hematopoietic stem cells, naïve lympho‐
cytes, hormones, cytokines, and growth factors, does not lead to the restoration of the old
immune system functioning. On the contrary, it was found that the common bloodstream from
the old to the young partner is able to induce the aging of a young immune system. It is assumed
that changes in the proliferation and differentiation of young CD8+ T-cells, which presumably
enhanced by their homeostatic proliferation, appear due to the influence of the old lymphoid
niches. To test this hypothesis, we used the model of heterochronic cocultivation of lympho‐
cytes with cells that form spleen lymphoid niche (macrophages or CD 11c+ dendritic cells).

2.3. The study of age-related changes of lymphoid niche cells in the model of heterochronic
parabiosis

It is well known that peripheral T-cell functions are regulated by multiple extrinsic factors, in
particular by the microenvironment of lymphoid organs, where T-cells usually form special
zones such as a periarteriolar lymphoid sheath in the spleen. T-cell activities in these zones are
regulated by cells of their niche. Lymphoid niche includes fibroblastic reticular cells, which
organize T-cell zones and antigen-presenting cells. APCs are important T-cell regulators and
include a broad variety of different cell types such as dendritic cells, B-cells, and macrophages.
Dendritic cells are professional APCs and regulatory cells, and are able to either induce
tolerance or stimulate profound immune response in an organism [30]. Macrophages can also
display some DC-like features [31]. APCs are composed of a very heterogeneous population
of cells and they all can significantly affect T-cell functions. APCs can regulate T-cell functions
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through multiple mechanisms, particularly through the action of paracrine factors (cytokines)
and through co-stimulatory or inhibitory surface molecules.

The study of DC and macrophage functions is a very difficult task, since in situ these cells are
part of an extremely complex structure, forming lymphoid organ stromal microenvironment.
It makes it almost impossible to evaluate their native functions in vivo. Therefore, we have
created in vitro system to assess the co-stimulatory properties of individual types of lymphoid
stromal cells. For investigation, we chose macrophages and DC of the spleen, which are able
to influence the antigen-specific and homeostatic proliferation of T-cells. To assess its func‐
tions, we have chosen the model of coculturing APCs with purified T-cells in vitro after
stimulation by PHA. To determine the overall effect of heterochronic parabiosis on APCs, we
evaluated PHA-mediated T-cell stimulation in the presence of a particular type of APCs—
either total population of CD11c+ splenic dendritic cells or enriched macrophage population
(splenic adherent cells).

T-cells are stimulated via binding of PHA (T-cell superantigen) with T-cell receptor, which
results in polyclonal activation of T-cells. The procedure is simple and reliable to determine
T-cell antigen-induced proliferation because it mimics the binding of presented antigen with
T-cell receptor [32] which does not involve direct artificial activation of intracellular signal
cascades.

T-cells were isolated from the total suspension of splenocytes using columns with nylon wool
(Polyscience, Inc.) according to the manufacturer’s instruction. Flow cytometry analysis of
enriched T-cell suspension (stained by anti-CD3-FITC monoclonal antibody (Pickcell Labora‐
tory, the Netherlands) indicated 90–95% purity. Dendritic cells were isolated from the spleen
by a CD11c+ selection magnetic separation kit EasySep (Stemcell Technology) according to the
manufacturer’s instruction. The total population of enriched splenic macrophages was
harvested from the splenocytes by adhesion to plastic according to the routine method [23].

Coculturing experiments were carried out to examine the capability of total splenic macro‐
phages and dendritic cells to co-stimulate T-cell proliferation. Coculture experiments included
the following combinations: (1) purified splenic T-cells from control young intact mice were
cocultured with enriched population of splenic dendritic cells of parabionts, (2) purified
splenic T-cells from control young intact mice were cocultured with enriched population of
splenic macrophages of parabionts, (3) purified splenic T-cells from parabionts were cocul‐
tured with enriched population of autologous splenic dendritic cells, and (4) purified splenic
T-cells from parabionts were cocultured with enriched population of autologous splenic
macrophages.

The results of experiment are shown in Figure 3. First, we tested PHA-mediated proliferative
response of native splenocytes or purified T-cells alone to check the background values, and
observed significant differences between young and old isochronic parabionts (Figure 3A and
B, P(t) < 0.05). The splenocyte proliferation rate in young and old heterochronic parabionts (Yo
and Oy) did not differ from the rates of young or old isochronic controls (Yy and Oo).
Otherwise, we observed a decrease in proliferative capacity of purified splenic T-cells in the
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heterochronic parabionts (Yo and Oy) compared to young isochronic control (Yy) (Figure 3B,
P(t) < 0.05).

Figure 3. Proliferative response of purified splenic T-cells after PHA stimulation in vitro.Symbol of the experimental
groups: Yy, young isochronic animals; Yo, young heretochronic animals; Oy, old heterochronic mice; Oo, old isochron‐
ic mice. CBA/Ca female mice at 1.5 months after the parabiosis initiation was euthanized and subjected to analysis. All
pairs with tumors were excluded from the study. A. Proliferative activity of native splenocytes. B. Proliferative activity
of purified splenic T-cells. C. Proliferative activity of purified young control T-cells cocultivated with CD11c+ DC from
mice of different experimental groups. D. Proliferative activity of purified young control T-cells cocultivated with ad‐
herent splenic cells from mice of different experimental groups. E. Proliferative activity of purified splenic T-cells co‐
cultivated with autologous CD11c+ DC from experimental mice. F. Proliferative activity of purified splenic T-cells
cocultivated with autologous adherent splenic cells from experimental mice. *, P (t) < 0.05 comparing young isochronic
animals; #, P (t) < 0.05 comparing old intact animals. The mice number in each group is at least 8.
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Although the interaction of T-cells usually involves great number of soluble and surface co-
stimulatory molecules, we examined the effect of cocultivation of splenic DCs and macro‐
phages on PHA-induced T-cell activation.

We used two approaches to assess the activity of spleen dendritic cells and macrophages. The
first approach is to assess the age-related APC changes in spleen microenvironment, so we
studied the effect of DC and macrophages on the proliferation of intact young T-cells. As shown
in Figure 3C, we observed significant decrease in the proliferative capacity of enriched
population of young intact T-cells, which were cocultivated with CD11c+ DCs of young
heterochronic parabionts, but the value was almost same as the cells cocultured with old ones
(Figure 3C, P(U) < 0.05). Therefore, we observed the impairment of CD11c+ DC functions for
maintaining the proliferation of young T-cells in the group of young heterochronic parabionts.
When macrophages were cocultured, we found no similar changes (Figure 3D).

Second, we investigated the activation of T-cells by cocultivation with their own dendritic cells
or macrophages (autologous mouse) to determine which APC have an inhibitory effect on the
activation of T-cells in heterochronic parabionts. As shown in Figure 3E, a significant decrease
in the proliferation rate of T-cells from old isochronic parabionts cocultured with autologous
DCs was observed as compared to the young isochronic ones. Meanwhile, no decrease was
observed in the proliferation rate of T-cells cocultured with total splenic dendritic cells from
young heterochronic parabionts to the level of young isochronic parabionts. We also analyzed
the influence of the total population of splenic adherent cells from animals of different
experimental groups on the T-cell proliferation in vitro (Figure 3F). The proliferative capacity
of T-cells from young heterochronic partners, which were cocultured with their own splenic
adherent cells, was found to drop to the level of old animals as compared to young isochronic
partners (P(t) < 0.05). Thus, we suggest that the T-cell proliferative capacity can be strongly
impacted by niche-forming cells and their age-related changes can cause T-cell dysfunction.
Macrophages could act as T-cell dysfunction inducers in our experimental model of hetero‐
chronic parabiosis.

Finally, we examined key mechanisms of T-cell activation. It has been investigated as compli‐
cated mechanism which includes both the activation process and the apoptosis of activated
lymphocytes [32]. We examined the expression of RelA , IkBα, and caspase p20 during the
activation of T-cells.

Figure 4 shows the RelA, IkBα, and caspase p20 expression of splenic T-cells. The amount of
those proteins was determined by using Western blotting method. Coculture with macrophage
was used for the experiments because most significant differences were observed. By 2 h of
cocultivation of T-cell with macrophages from spleens of autologous donors, a decreased level
of RelA and caspase 3 p20 protein in old isochronic parabionts versus the young ones was
observed (Figure 4A and C, respectively, P(U) < 0.05). In young heterochronic parabionts, T-
cell cocultivation with macrophages led to another effect—the RelA level also reduced whereas
caspase 3, p20 protein remained unchanged in this group (Figure 4A and C, respectively, P(U)
<0.05). However, neither significant changes in the IκBα level (Figure 4B) nor any sign of
expression of the full (not active) form of caspase 3 in T-cells was detected (data not presented).
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Figure 4. Level of RelA, IkBα, and caspase p20 in purified splenic T-cells from parabiotic mice after 2 h of coculturing
with splenic macrophage-rich population of adherent cells from animals of the same experimental groups.The total
splenic T-cells from parabionts were isolated and 10 × 106 cells were cocultured with previously enriched total splenic
macrophages from 10 × 107 splenocytes of mice of the same experimental groups. PHA of 10 μg/ml was added to cell
suspensions, and they had been stimulated for 2 h. Then, cells were lysed, and the total cellular extract had been ana‐
lyzed with Western blotting for the main components of T-cell activation signalling: RelA (A), IkBα (B), caspase p20
(C). Data are presented from results of at least three experiments. *, P(U) < 0.05 compared to young isochronic para‐
bionts; #, P(U) < 0.05 compared to young heterochronic parabionts.

Moreover, the experiment of 18 h of cocultivation was performed. By 18 h, we observed
equalization of the RelA protein level between T-cells from all experimental groups. No
considerable changes in the expression level of the IκBα protein in activated T-cells from
different experimental groups were marked in this stage of activation. However, the level of
the activated form of caspase 3 (p20) was still considerably higher in T-cells from young
isochronic and young heterochronic parabionts in comparison with T-cells from either old
isochronic or heterochronic parabiotic animals [33].

The experiment focused merely on the key factors of T-cell activation during APC co-stimu‐
lation, and we found out considerable changes in the expression level of several key proteins
for T-cell mitogen-induced proliferation. We notice that splenic macrophages can impact T-
cell proliferation and mitogen-activated T-cell signaling.

3. Conclusions

Adaptive immune response most markedly declines with age and main reasons for that are
atrophy of the thymus that begins immediately after puberty, and massive changes in the T-
cell compartment of lymphoid organs [2]. Defects in T-cell functions greatly affect protective
capabilities of an organism so that it becomes more susceptible to different pathogens and
cancer [1, 34].

Numerous attempts to rejuvenate the immune system have shown that processes of age-
related changes in T-cell functions are rather complex. Moreover, an interchange between the
young immune system and the old one established via the common blood cell circulation
induced an age-related decline in the young immune parameters [13].
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In the present study, we examined the mechanisms of age-related dysfunction of the immune
system using various models of heterochronic chimeras, and analyzing the interaction of
various parts of the immune system: hematopoietic stem cells, lymphoid organ microenvir‐
onment, lymphocytes, and systemic factors that circulate in the blood.

Using model of the irradiated chimera, we found that the old hematopoietic stem cells after 3
months residing in lethally irradiated young organism lead to the formation of a smaller
amount of CD4+ and CD8+ T-cells in the spleen of young animals than of young HSCs. These
data are confirmed by many other studies that reveal a violation of HSCs functioning with age
[4, 5]. But the purpose of our study was not to study individual changes of HSCs functions,
but the contribution of these changes to the age-related dysfunction of the immune system.
According to our findings, changes in the functional properties of old HSCs do not exercise a
significant influence on the amplitude of humoral immune response in young animals
(Figure 2, Yo group). This fact may suggest that the age-related changes in the HSCs cannot
cause age-related disorders of the immune system. This supposition is also confirmed by the
results, which show that old HSCs lead to a more significant proliferative response of spleno‐
cytes to PHA in old animals when compared with young HSCs (Figure 1).

Next, we used another model—heterochronic parabiosis. This model is characterized by a
common blood circulation between animals of different ages, allowing them to share not only
stem cells but also blood lymphocytes and circulated growth factors and hormones. But instead
of the regeneration of the immune system in old partner, we observed the progressive
reduction of the most immunological parameters in young ones in this model.

Accelerated aging of the immune system in young heterochronic partners gave us a unique
opportunity in a short time to study the trigger mechanism of these age-related changes. It
was determined that the first change appeared within 3 weeks after surgery is the doubled
number of CD8+44+ memory-like cells in the spleen of young heterochronic partners that
reached a level in old mice. Increasing the number of these cells may indicate that there is one
possible mechanism of age-related dysfunction of the immune system in heterochronic
parabiosis. Since the differentiation of CD8+44+ T-cells is provided by their homeostatic
proliferation in the peripheral lymphoid organs, we assume that these changes can occur as a
result of enhancing their homeostatic proliferation under the influence of old lymphoid niches.

It has been well known that the functioning of T-cells greatly depends on their niche, and APCs
being its most essential component. They include B-cells, macrophages, and dendritic cells.
The last is considered as the most potent antigen-presenting cell type [31]. A role of APCs in
T-cell functioning is hardly to be overestimated—they regulate activation and differentiation
of T-cells, shape the TCR repertoire, and assist in the cessation of unimportant immune
response. Interactions of APCs with T-cells include TCR-major histocompatibility complex
coupling, a contact through an array of surface molecules (adhesion, co-stimulatory, and co-
inhibitory molecules), and expression of multiple soluble molecules (interleukins and cyto‐
kines).

To determine the effect of heterochronic parabiosis on APC function, we have chosen a model
of PHA-mediated T-cell stimulation in the presence of total population of either CD11c+ splenic
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dendritic cells or macrophages. During this test, T-cells are stimulated via binding of PHA.
This way of T-cell stimulation is simple, reliable, and physiological instrument of measuring
T-cell antigen-induced proliferation because it mimics the binding of antigen with T-cell
receptor [31].

We observed the impairment of CD11c+ DCs for maintaining the proliferation of young T-cells
in the group of young heterochronic parabionts (Figure 4C).

It has been shown that the ability of splenic CD11c+ dendritic cells to affect the proliferation of
autologous T-cells varies slightly between young heterochronic and isochronic parabionts. But
these changes are more evident in the fast-renewing population of splenic macrophages. We
demonstrated decreased proliferative response of T-cells from young heterochronic parabionts
when they were stimulated in vitro in the presence of macrophage-rich population of autolo‐
gous splenocytes. Also, during stimulation in vitro in the presence of autologous macrophages,
T-cells from young heterochronic parabionts had a lower expression of NFκB p65 on early
stages of stimulation (2 h) and a higher expression of IκBα on later stages (18 h) of stimulation
when compared with T-cells from young isochronic parabionts. Observed data indicate the
induction of negative changes in functions of macrophage-rich population of splenocytes
during heterochronic parabiosis [33].

Summarizing, immune system aging has an extremely complex mechanism, the implementa‐
tion of which involved various cells, organs, and blood factors. Age-related changes give rise
to changes in the properties of hematopoietic stem cells, disruption of migration routes, and
differentiation mechanisms of immunocompetent T-cells, which ultimately leads to the
disruption of T-cell subpopulations of lymphoid organs and their dysfunctions. Attempts to
replace the old cells by young ones do not lead to the rejuvenation of the immune system. On
the contrary, all the young hematopoietic stem or immune cells that were differentiated in the
old organism very quickly become “old” both in its phenotype and on its functional charac‐
teristics. One of the main reasons for these changes is the microenvironment of lymphoid
organs, where there is a differentiation and proliferation of HSCs and naïve T-cells. DCs,
macrophages, fibroblasts, etc. are those cells which form the stroma of lymphoid organs (or
lymphoid niche), and have a significant impact on the differentiation of HSCs or naïve T-cells,
such as via the co-stimulatory molecules on the cell surface, as via cytokine production. And
the development of approaches to the correction of age-related changes of these cell types,
which form niche lymphoid organs, may help restore the age-related immune system dys‐
functions in the future.
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