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CD4 T helper (TH) cells orchestrate the immune response
and play a pivotal role in infection, inflammation, and
autoimmunity. CD4 TH cells can be subdivided into different
subsets, which are defined based on a specific network of
transcriptional regulators and unique cytokine profiles. This
model despite its limitation has proven to be useful to
understand the complexity of the immune system and its rela-
tionship to different types of immunemediated inflammatory
diseases. Interestingly recent findings indicate that some TH
cell subsets have a certain degree of plasticity. They can share
characteristics typical of other types of TH cells and poten-
tially lose their original features to convert into another TH
cell subset. This has been shown for all known TH cell subset
but best studied for TH17 cells [1, 2]. Thus TH17 cells have the
capacity to acquire aTH1 phenotype under chronic inflamma-
tion [3, 4] but can also convert to regulatory T cells [5–9] and
participate in the resolution of the immune response [5, 7–9].

These basic aspects of TH cell lineages and plasticity are
discussed by J. E. Belizário et al. who focused on thymic
and postthymic regulation of näıve CD4+ T cell lineage fates
in humans and mouse models. Furthermore M. L. Diller et
al. described the link between TH17 and regulatory T cells
highlighting the mechanisms driving TH17 cells plasticity
and discussed the biologic consequences of their unique
relationship.

T helper cell plasticity seems to play a key role in ampli-
tude of diseases. Accordingly L. Barbarash et al. analyzed

T cell response in patients with implanted biological and
mechanical prosthetic heart valves. Their findings suggest
that altered composition of T cell subsets correlates with the
development of xenograft rejection. Furthermore A. Ni et al.
studied TH17 cell response following motor nerve injury in
mice. They found that motor nerve injury exacerbates TH17
cell responses, which may contribute to the development
of amyotrophic lateral sclerosis. J. Ruhnau et al. reported
reduced numbers and impaired function of regulatory T cells
in peripheral blood of ischemic stroke patients. C. F. Krebs
and O. M. Steinmetz review the role of CD4+ T cell fate in
glomerulonephritis. Interestingly, TH17 cells seem to have a
relatively stable phenotype and regulatory T cells show het-
erogeneity rather than plasticity during glomerulonephritis.
These findings suggest that the environment plays a key role
during T helper cell plasticity.

In conclusion, we hypothesize that the study of TH cell
plasticity could pave the way for future therapies aiming
to steer an immune response towards the desired outcome.
However, it is unclear at which stage of maturation TH cells
will lose their potential plasticity and if T cell plasticity plays
an essential role during physiological immune responses or
whether it is merely a tolerable “mistake” which does not
provide any physiological advantage. If this latter point would
turn out to be true, this will not exclude the possibility of
reprogramming the immune system but this reprogramming
will probably lead to more side effects.
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Nevertheless, it is now obvious that we have to enlarge
the original frame of the monolithic model of T helper cell
subsets in order to fully comprehend the biology of CD4 T
cells. Establishing a simplified model, which integrates the
original knowledge and the new findings regarding plasticity,
will help to predict T helper cell behavior and it will be
essential to overcome the current boundaries limiting the
potential clinical applications of this knowledge.

Samuel Huber
Nicola Gagliani

William O’Connor Jr.
Jens Geginat

Flavio Caprioli
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Multiple studies have identified CD4+ T cells as central players of glomerulonephritis (GN). Cells of the Th1 and Th17 responses
cause renal tissue damage, while Tregs mediate protection. Recently, a high degree of plasticity among these T cell lineages was
proposed. During inflammation, Th17 cells were shown to have the potential of transdifferentiation intoTh1, Th2, or alternatively
anti-inflammatory Tr1 cells. Currently available data from studies in GN, however, do not indicate relevant Th17 to Th1 or Th2
conversion, leaving theTh17 cell fate enigmatic. Tregs, on the other hand, were speculated to transdifferentiate intoTh17 cells. Again,
data fromGN do not support this concept. Rather, it seems that previously unrecognized subspecialized effector Treg lineages exist.
These includeTh1 specific Treg1 as well asTh17 directed Treg17 cells. Furthermore, a bifunctional Treg subpopulation was recently
identified in GN, which secrets IL-17 and coexpresses Foxp3 together with the Th17 characteristic transcription factor ROR𝛾t.
Similarities between these different and highly specialized effector Treg subpopulations with the corresponding T helper effector
cell lineages might have resulted in previousmisinterpretation as Treg transdifferentiation. In summary, Th17 cells have a relatively
stable phenotype during GN, while, in the case of Tregs, currently available data suggest lineage heterogeneity rather than plasticity.

1. Introduction

Glomerulonephritides (GNs) comprise a group of complex
and heterogeneous disease entities, caused by many different
underlying conditions. These include primary forms, for
example, IgA nephropathy or membranous GN, as well as
secondary forms developing as a consequence of systemic
diseases as lupus nephritis and ANCA-associated vasculitides
[1]. However, regardless of their etiology, GNs have in
common the fact that they are the result of misdirected
immune responses. Therefore, in most forms of GN, a
pronounced renal glomerular and often also tubulointerstitial
inflammatory cell infiltrate is found. Numerous studies from
the past have shown that CD4+ T cells are crucial mediators
of most forms of GN [2].

It has been shown that especially cells of the Th1 and
Th17 responses are highly nephritogenic [3–8]. Dysregulated
systemic Th1 and Th17 immunity was proven to be central
for development of autoimmunity and initiation of GN. In
addition, both T helper cell lineages are important mediators

of local renal tissue injury as well [9–11]. In contrast to
pathogenicTh1 andTh17 responses, regulatory T cells (Tregs)
were proven to be potent anti-inflammatory players in GN.
Several studies of the past have highlighted their protective
effects [7, 12–14].

Given the central roles of T helper effector and T regula-
tory cells in GN, it is well worthwhile to study their biology
and function in detail. Interestingly, increasing evidence
suggests that systemic expansion and renal infiltration of
different CD4+ T cell subtypes follow a concerted time
course. Th17 cells were shown to be involved very early
in inflammation [15–17]. After rapid renal and systemic
expansion, their percentages, however, steadily decrease over
time and often decline to reach baseline levels. Cells of Th1
polarization, in contrast, occur later during renal inflamma-
tion. They expand at a somewhat slower rate than Th17 cells,
but their numbers seem to persist at high levels [16]. Finally,
Tregs were shown to steadily expand in a continuous process
until a stable equilibriumwith their proinflammatoryTh1 and
Th17 counterparts is established [12, 17].
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This defined time course of renal infiltration, which is
initially dominated by Th17 cells, followed by Th1 cells and
Tregs at later stages, has led to speculations of possible
transdifferentiation of Th17 cells into another cell type. One
possibility, which has been suggested, is reprogramming of
Th17 cells to acquire a Th1 phenotype [18, 19]. Alternatively,
Th17 cells could lose their pathogenic properties and might
be reprogrammed to become Foxp3+ Tregs.

2. Concept of CD4+ T Cell Plasticity

The change in characteristics of single CD4+ T cells, that is,
plasticity, has been addressed using different methods over
the past decade in human and mouse. In vitro approaches
as well as transfer experiments using highly purified pop-
ulations of CD4+ T cell subsets have established the view
that CD4+ T cells can change their polarity under certain
conditions [18, 20–26]. To follow the fate of single CD4+ T
cells, lineage-tracing systems using Cre-recombinase expres-
sion under the control of key cytokines or transcription
factors and subsequent permanent fluorochrome expression
have been established [19, 27–29]. These “fate reporter”
mice overcome technical limitations in single cell tracing,
which were present in transfer experiments using highly
purified or even bulk populations of in vitro polarized T cell
subsets.

In very elegant studieswith IL-17A-Cre fate reportermice,
Hirota et al. have established the concept that encephalito-
genic Th17 cells have a high degree of plasticity into the Th1
phenotype in experimental autoimmune encephalomyelitis
(EAE), the mouse model for multiple sclerosis [19]. Further-
more, studies in these mice have revealed that, in specialized
environments, namely, intestinal Peyer’s Patches, Th17 cells
potentially develop into T follicular helper cells (Tfh) and
drive antigen-specific IgA responses in germinal center B cells
[30]. Moreover, regulatory type 1 cells (Tr1), an intriguing
T cell subtype with potent immunosuppressive properties,
have only recently been recognized as important players
in intestinal inflammation. Accumulating evidence suggests
that, upon the right stimuli, Th17 cells can transdifferentiate
to acquire the ability of IL-10 secretion and become cells
with a Tr1 phenotype [31]. A high degree of heterogeneity
within certain T cell subsets was also apparent in studies
that performed single cell sequencing of Th17 cells from
EAE and from in vitro culture [32, 33]. Plasticity of human
CD4+ T cells, on the other hand, can be addressed by
using T cell receptors (TCR) as an endogenous barcoding
system. Sequencing of TCR revealed a great diversity in the
phenotype of cells that presumably descend from a single
CD4+ T, cell indicating potential transdifferentiation [34, 35].
Studies that focus on plasticity of human CD4+ T cells have
been reviewed recently in detail by DuPage and Bluestone
[36].

In summary, increasing data suggest instability or plas-
ticity, especially, of Th17 cells. However, to complicate things,
numerous studies have also postulated a diametrically oppo-
site concept; namely, Th17 cells might derive from trans-
differentiation of Foxp3+ Tregs [29, 37–40]. The following

paragraphswill summarize our current knowledge of CD4+ T
cell plasticity with a particular focus on glomerulonephritis.

3. The Fate of Th17 Cells
in Glomerulonephritis

Given the high nephritogenic potential of Th17 cells [6,
41], their plasticity in renal autoimmune disease is of great
clinical interest. Two opposing fates have been proposed:
transdifferentiation into Th1 cells [19] or alternatively into
anti-inflammatory Tr1 cells [31]. Thus, the question clearly
arises, if therapeutic interventions targeting Th17 T cells
might be of dual benefit, since these could also hamper
development of Th1 responses. On the other hand, blockade
ofTh17 cell development might also interfere with generation
of regulatory T cell subsets and thus impede resolution of
tissue injury. However, until now only limited data have
been published on the potential plasticity of Th17 cells in
glomerulonephritis. In a previous study, we have transferred
in vitro polarizedTh1 andTh17 cells into T cell deficient RAG1
knockout mice and analyzed the pathogenicity of these cell
types in a planted-antigen model of GN [42]. Analysis of
systemic immune responses revealed that only IFN𝛾 but no
IL-17 or IL-4 was produced by splenocytes after the transfer
of Th1 cells. In contrast, some IFN𝛾 was also produced by
spleen cells after the transfer of Th17 cells, indicating that
some Th17 cells might have adopted a Th1 phenotype. It is,
however, important to note that T cell pathogenicity rather
than plasticity was the primary focus of this study. As a result,
certain restrictions limit the interpretation of the results.
In particular, the in vitro polarized Th17 cells contained a
relevant fraction of IFN𝛾 producing Th1 cells even before
transfer, which clearly limits analysis. Furthermore, only
systemic but not organ specific T cell responses in the kidney
were addressed. In summary, this study indicates stability
of splenic Th1 cells, without significant Th1 to Th17 or Th2
plasticity but suggests some degree ofTh17 cell transdifferen-
tiation into cells of theTh1 type during GN.More recent data,
however, do no support this latter concept. Tulone et al. traced
the fate of in vitro Th17 polarized cells in another planted-
antigen model of GN [43]. These authors evaluated cytokine
expression of splenic and renal T cells after transfer and
found somewhat lower Th17 cell frequencies than expected.
Importantly, however, they did not detect sizeable fractions of
Th1 cells. These findings therefore indicate partial loss of the
Th17 effector phenotype but do not support significant Th17
toTh1 transdifferentiation.

In a recent study, we have addressed the plasticity of
renal Th17 cells in more detail [44]. After transfer of highly
purified in vitro polarized Th17 cells from fluorescence
reporter mice [45] and subsequent induction of crescentic
glomerulonephritis, reanalysis of T cells from the kidney
displayed a relatively high degree of stability. Moreover, using
IL-17A fate reporter mice [19], these findings were confirmed
in immunocompetent mice in two models of experimental
glomerulonephritis. Importantly, in these studies, no relevant
transdifferentiation intoTh1 orTh2 cells was detected among
ex-Th17 cells [44], leaving their fate unknown. In this context,
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Figure 1: The fate of Th17 cells during glomerulonephritis remains unknown. While some Th17 cells conserve their phenotype, a relevant
fraction of Th17 cells seems to change their fate. Currently available data, however, do not support predominant conversion into either Th1
cells or Foxp3+ Tregs. An intriguing possibility that remains might be adoption of a Tr1 phenotype.

it is important to note that Th17 cells have been reported to
have a high rate of instability and conversion intoTh1 cells in
nonrenal models of autoimmune diseases [19].This indicates
that the kidney provides a unique environment that supports
the stability of Th17 cells.

Since Th17 cells are pathogenic in crescentic glomeru-
lonephritis [6, 41], we aimed at actively interfering with their
stability. We thus treated mice with a monoclonal anti-CD3
antibody [46], which resulted in induction of a tolerogenic
phenotype, characterized by IL-10 coexpression, in otherwise
stable renal Th17 cells. The great therapeutic potential of
this finding for the treatment of renal autoimmune diseases
clearly warrants further exploration.

Since renal Th17 cells do not seem to acquire either Th1
or Th2 phenotypes, an alternative scenario would be Th17
transdifferentiation into anti-inflammatory Foxp3+ Tregs.
However, available data from renal disease do not support
this notion either. In a recent study, we have transferred Treg
depleted spleen cells into RAG1-deficient mice and induced a
model of accelerated crescentic glomerulonephritis [7]. Inter-
estingly, flow cytometry of splenocytes revealed persistent
absence of FoxP3+ cells at the end of the experiment. This
finding indicates that there is no transdifferentiation of non-
Treg T cell subsets, including Th17 cells, into FoxP3+ Tregs
in this model. Furthermore, in another study, we transferred
highly purified Th17 cells into lymphocyte intact mice and
traced their fate during GN, using a congenic marker system.
Interestingly, most of the transferred Th17 cells had lost their
ROR𝛾t expression. Importantly, though, none of these ex-
Th17 cells had upregulated Foxp3 in kidneys or spleens, which
excludes transdifferentiation into Tregs [17]. In summary,
increasing evidence supports some degree of Th17 instability
during GN, which, however, does not lead to generation

of Th1 cells or Tregs. On possible scenario would thus be
that Th17 cells adopt a Tr1 phenotype as has recently been
suggested [31]. An overview is given in Figure 1. Further
studies are, however, clearly needed.

4. Treg Stability: A Matter of Debate

Another much discussed aspect of CD4+ T cell plasticity is
the hypothesis that Foxp3+ Tregs might possess the capacity
to transdifferentiate into T effector cells. This notion was
supported by early experiments, in which Tregs were highly
purified from Foxp3 fluorescence reporter mouse strains
and transferred into different T cell deficient recipients [37].
Surprisingly, around half of the transferred Tregs had lost
Foxp3 expression, as well as other Treg hallmark molecules
as CD25 and CTLA-4. Assessment of their function revealed
loss of suppressive capacity, and even more suggestive of
transdifferentiation, these ex-Tregs had started to produce
inflammatory cytokines as IL-17 and IFN𝛾. Further rounds
of experiments, however, made clear that this observed
high degree of instability was overestimated due to the
lymphopenic environment in the recipient mice.When Tregs
were cotransferred with T helper effector cells or transferred
into lymphocyte intact recipients, only few Tregs lost their
phenotype [37, 40, 47]. This new and refined view on Treg
plasticity was confirmed by later elegant studies using Foxp3
fate reportermice.These studies fromdifferent groups consis-
tently reported a high degree of Treg stability with, however,
minor populations of between 5 and 10% showing loss of
Foxp3 [29, 48–50].The fate of these ex-Foxp3 cells is currently
unsolved and remains a highly discussed topic [51]. Another
observation adds further complexity to Treg biology. While
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most Tregs seem to stably maintain Foxp3 expression, sub-
stantial fractions were found to coexpress master transcrip-
tion factors and key cytokines of T helper effector cell lineages
[52–54]. Four possible scenarios regarding these T cells with a
hybrid phenotype are currently under debate. Firstly, effector
T helper cells could transiently coexpress Foxp3 during early
stages of activation [49, 55, 56]. Secondly, they could be Tregs
transdifferentiating into T helper effector cells. Alternatively,
Tregs might be upregulating classical T helper effector cell
transcription factors to gain certain functional characteristics
and, last but not least, they could be independent and
previously unrecognized T cell lineages. To date, not many
published data support the first and second concepts. In
contrast, an increasing body of evidence, including data from
human and experimental glomerulonephritis, points towards
the third hypothesis [57–60]. In analogy to lineage diversity
among T helper effector cells, different corresponding Treg
subtypes might exist. Lineage specificity of these Th1-, Th2-
, or Th17-type Tregs seems to be achieved by sharing some
transcription factors with their respective T helper effector
counterpart [14, 61–63]. Th1 specific Treg1 cells coexpress the
Th1 master transcription factor T-bet [53, 60] and Treg17
cells, targeting Th17 responses, rely on coactivation of Stat3
[52, 57, 58]. Finally, very recent data suggest existence of a
third and independent T cell lineage, different from T helper
effector cells and conventional Tregs, which coexpresses the
unusual combination of the Treg master transcription factor
Foxp3with theTh17 characteristic ROR𝛾t [17, 54, 64, 65].The
following paragraphs will summarize available data on Treg
diversification and their subphenotypes and stability in GN.

5. Lineage Specific Tregs: One Size Does Not
Fit All

Landmark studies by Chaudhry et al.’s group have suggested
that Tregs can coactivate theTh17 characteristic transcription
factor Stat3 [52]. This prompted the question whether Stat3
and Foxp3 double positive cells might be Tregs transdif-
ferentiating into Th17 cells or even bifunctional Treg/Th17
hybrids. If either of these concepts was true, preventing Stat3
activation in Tregs should result in reduced Th17 immunity.
However, this was not the case. In contrast, specific deletion
of Stat3 in Tregs surprisingly resulted in spontaneous exac-
erbation of Th17 immunity and development of fatal colitis
[52]. This indicated control of Th17 responses, specifically
by a subset of Tregs, which coexpresses Stat3. Furthermore,
this finding supported previously unrecognized Treg hetero-
geneity, rather than instability or transdifferentiation. Since
nothing was known about the role of theseTh17 specific Stat3
dependent Treg17 cells in inflammatory diseases, our group
studied their function in experimental GN. In line with the
data by Chaudhry et al., we found that loss of Stat3 in Tregs
significantly enhanced type-17 immunity and aggravated
renal disease in models of acute crescentic GN [52] and
chronically developing systemic lupus erythematosus [58].
Importantly, the enhanced levels of IL-17 were not a result of
cytokine production by Tregs but rather by Foxp3 negative
Th17 cells. Furthermore, Treg numbers and percentages in

blood and spleens were not reduced, indicating preserved
Treg stability. Interestingly, however, we found significantly
impaired Treg accumulation in the inflamed kidneys. As
an underlying mechanism, we could identify lack of the
chemokine receptor CCR6 on Stat3 deficient Tregs. This
trafficking receptor is characteristically found on Th17 cells
and mediates their infiltration into inflamed kidneys [11].
Stat3 mediated expression of CCR6 on Tregs therefore
enables their trafficking into areas of Th17 inflammation and
facilitates close cell contacts which optimizes direct immuno-
suppression. Importantly, this mechanism seems to be con-
served across species. Studies in humans confirmed close
colocalization of CCR6 positive Tregs with CCR6 positive
Th17 cells in kidneys of patients with ANCA-associated GN.
Furthermore, analyses of blood from patients with Hyper-
IgE Syndrome (HIES), caused by dominant negative Stat3
mutations, showed normal Treg percentages but significant
reduction of Treg expressed CCR6 [57]. Collectively, these
observations indicate that Stat3 activation, both in mice
and in humans, does not reflect Treg reprogramming or
instability but rather specialization for counterregulating
Th17 immunity.

Similar to activation of the Th17 characteristic transcrip-
tion factor Stat3, pioneering studies by Koch et al. have noted
coexpression of Foxp3 with the Th1 master inducer T-bet
[53]. Again, the question arose whether this might represent
transdifferentiation of Tregs into Th1 cells. This hypothesis
was supported by the observation that T-bet+ Tregs express
large amounts of the Th1-type cytokine IFN𝛾. However, the
opposite was the case. Elaborate transfer studies, using Tregs
from T-bet pan knockout mice, showed that T-bet confers
Tregs with the capacity to effectively downregulate type-1
immunity. Absence of Treg1 cells resulted in overshootingTh1
responses, underlining their regulatory rather than proin-
flammatory function [53]. In analogy to the shared expression
of CCR6 by Stat3 positiveTh17 and Treg17 cells, T-bet positive
Th1 and Treg1 cells were shown to share the chemokine
receptor CXCR3, which facilitates their colocalization [53].
Importantly, Treg1 cells arose from T-bet negative uncom-
mitted Tregs, which activated T-bet during inflammation and
not from transient promiscuous upregulation of Foxp3 inTh1
cells. Taken together, T-bet expressing Tregs do not seem to
be transdifferentiating intermediates on their way to a Th1
phenotype but rather constitute a Th1 specialized suppressor
population. Not much is known regarding Treg1 cells in
renal disease. Our group therefore addressed this question
and induced experimental crescentic GN in mice with a
Treg selective defect in T-bet activation. If T-bet expression
in Tregs resulted in transdifferentiation towards Th1 cells,
Treg numbers in these mice should increase, while Th1
responses should be diminished. However, Treg homeostasis
was not impaired and systemic Treg frequencies were normal.
Furthermore, instead of reduced numbers of Th1 cells, mice
with a Treg specific defect of T-bet activation developed sig-
nificantly overshooting Th1 immunity and showed worsened
glomerular disease [60].These observations clearly refute the
concept of Treg/Th1 transdifferentiation and support the view
of T-bet+ Tregs as effector Treg population, specialized for the
control of pathogenic Th1-type inflammation. Taken together
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Figure 2: (a) Naive T helper cells can acquire a Th1 phenotype by activating the transcription factors Stat1 and Stat4 together with T-bet. A
Th17 phenotype requires activation of Stat3 in combination with ROR𝛾t. (b) In analogy to T helper cell fate, a naive Foxp3+ Treg can activate
T-bet under inflammatory conditions. This process does not result in Treg/Th1 transdifferentiation but rather induces a Treg1 phenotype,
which optimizes Treg properties for control of Th1 responses. Likewise coactivation of Stat3 with Foxp3 generates Treg17 cells, which are
tailor made to suppress Th17 immunity.

the available data from studies of GN suggest Treg lineage
heterogeneity and specialization during organ inflammation
rather than instability or plasticity. An illustration of this
concept is shown in Figure 2.

6. ROR𝛾t+ Tregs: The New Cells on the Block

The observation that Tregs can coactivate certain transcrip-
tion factors of T helper effector cell lineages has led to
the discovery of cells, expressing Foxp3 together with the
Th17 master transcription factor ROR𝛾t [54]. These ROR𝛾t+
Tregs were found to be present not only in mice but also in
healthy humans as well as in many inflammatory conditions
[66–68].

Several authors had suggested before that some Treg
subpopulations might transdifferentiate intoTh17 cells, mak-
ing cells that coexpress Foxp3 with ROR𝛾t likely candidates
[29, 37–40, 48]. Our group therefore decided to address this
open question and studied origin, function, and plasticity of
ROR𝛾t+Foxp3+ T cells. During different models of GN, we
found that ROR𝛾t+ Tregs massively expanded systemically
and also in the nephritic kidneys, early during the course
of inflammation [17]. Interestingly, analysis of the ROR𝛾t+
Tregs cytokine profile revealed production of both, Treg
characteristic cytokines TGF-𝛽, IL-35/EBI-3, and IL-10 and
the Th17 hallmark cytokine IL-17A. Since this observation
indeed suggested that ROR𝛾t+ Tregs are cells undergoing
transdifferentiation, either from Th17 into Tregs or the
other way around, we performed transfer studies. Transfer
of highly purified ROR𝛾t+Foxp3− Th17 cells or ROR𝛾t−
Foxp3+ conventional Tregs into congenic lymphocyte intact
recipients revealed that none of the single transcription
factor positive cells upregulated the other transcription factor
during the course of experimental GN. This observation
surprisingly indicated that ROR𝛾t+ Tregs did not derive
from Treg/Th17 transdifferentiation but rather represent an

independent cell lineage. However, a second hypothesis,
explaining the origin of ROR𝛾t+ Tregs,might be transient and
promiscuous upregulation of Foxp3 during early activation
of Th17 cells [49, 55, 56]. In order to test this possibility, we
generated fate reporter mice, in which cells are permanently
marked, once they have upregulated Foxp3 at any state
of development. Antigen challenge of these mice, however,
showed that virtually all cells, which had activated Foxp3,
indeed remained Foxp3 positive during the following acti-
vation period of 7 days. We could thus exclude transient
Foxp3 upregulation in ROR𝛾t+ Th17 cells, as event leading
to generation of ROR𝛾t+Foxp3+ Tregs [17]. A third possible
scenario, underlying the origin of ROR𝛾t+ Tregs, however,
remained. Since ROR𝛾t is a downstream target of Stat3, we
wanted to evaluate whether ROR𝛾t+ Tregs might possibly
resemble Treg17 cells, which we had previously shown to
be induced by activation of Stat3 [57, 58]. Analysis of mice
with a Treg specific deficiency of Stat3 activation, however,
showed unaltered ROR𝛾t expression in Tregs in both spleens
and nephritic kidneys, excluding this possibility and further
underlining the independent nature of ROR𝛾t+ Tregs. Next,
we decided to generate mice with selectively impaired ROR𝛾t
activation in Foxp3+ Tregs. If ROR𝛾t+ Tregs were Treg to
Th17 transdifferentiating cells, this transdifferentiation would
be impaired in these mice and they should progressively
accumulate Tregs, while Th17 cell numbers should decline
over time. In case that bi-Tregs resembled Treg17 cells, Th17
responses should be overshooting in mice with deficient
ROR𝛾t activation in Tregs. Analyses at different time points
in different models of GN, however, revealed unchanged Treg
and Th17 cell homeostasis. Again, this observation indicated
an independent nature of ROR𝛾t+ Tregs, with no signs of
Th17 transdifferentiation or Treg17 specialization [17]. Finally,
we wanted to study the direct fate of ROR𝛾t+ Tregs. For
this purpose, they were highly purified by flow cytometric
sorting and subsequently transferred into congenic recipient
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Figure 3: The immune system gives rise to different CD4+ T cell lineages. Among these are Th effector cells (Teff), which can differentiate
into Th1 and Th17 cells during inflammation. Furthermore, there are conventional ROR𝛾t−Foxp3+ Tregs (cTreg), which have the potential
to develop into specialized Treg1 and Treg17 cells. Finally, a third and hitherto unrecognized independent Treg cell lineage exists, which is
characterized by simultaneous expression of ROR𝛾t and Foxp3. During inflammation, for example, glomerulonephritis, they rapidly expand
by proliferation and start to produce great amounts of pro- and anti-inflammatory cytokines. Subsequently, their population retracts by
downregulating both transcription factors, ROR𝛾t and Foxp3, to become ex-ROR𝛾t+ Tregs. The functional properties of these ex-ROR𝛾t+
Tregs remain elusive to date.

mice. 10 days after induction of GN, the transferred cells
were reanalyzed in spleens and nephritic kidneys. Our results
showed that the transferred ROR𝛾t+ Tregs had massively
expanded in both organs during inflammation. Much to
our surprise, the vast majority had lost both transcription
factors, ROR𝛾t and Foxp3, to become double negative (ex-
ROR𝛾t+ Tregs). Importantly, however, we did not observe
relevant transdifferentiation of ROR𝛾t+ Tregs into either
ROR𝛾t+Foxp3− Th17 cells or conventional ROR𝛾t−Foxp3+
Tregs, leaving the fate of ex-ROR𝛾t+ Tregs unknown [17].
Taken together, our studies thus support the following con-
cepts: (1) ROR𝛾t+ Tregs are not Tregs transdifferentiating into
Th17 cells, (2) ROR𝛾t+ Tregs are notTh17 cells on their way to
become Tregs, (3) ROR𝛾t+ Tregs are notTh17 cells transiently
expressing Foxp3 during activation, and (4) ROR𝛾t+ Tregs
do not resemble Th17 specific Treg17 cells. Rather, they
represent an independent effector Treg lineage, which rapidly
expands during inflammation and subsequently retracts
by as to yet unknown mechanisms. Based on currently
available data, we thus propose the concept outlined in
Figure 3.

The independent nature of ROR𝛾t+ Tregs has recently
been confirmed by three highly ranked studies [64, 65,
69]. After transfer into lymphopenic Rag mice, ROR𝛾t+

Tregs showed a high degree of stability with no relevant
transdifferentiation into Th17 cells or conventional Tregs
[69].

With respect to the function of ROR𝛾t+ Tregs, concepts
are, however, still evolving. Our studies have shown that
exogenously transferredROR𝛾t+ Tregswere highly protective
in a model of acute GN. However, endogenous ROR𝛾t+

Tregs had additional proinflammatory functions. Selective
inhibition of ROR𝛾t activation in Tregs resulted in complete
abrogation of their IL-17 production and ameliorated renal
tissue damage in acute GN [17]. In addition, the recent
landmark report by Ohnmacht et al. surprisingly showed
that ROR𝛾t expression in Tregs is crucial for suppression
of Th2 immunity [64]. Our own previous work in a model
of acute crescentic GN [7], and unpublished data using the
pristane model of murine SLE, strongly supports this obser-
vation. ROR𝛾t+ Tregs might thus be potent regulators of Th2
responses and could be important to protect from allergies
[64]. In summary, Foxp3 and ROR𝛾t coexpressing Tregs
are not Treg/Th17 transdifferentiating or Th17 specialized
Treg17 cells but represent a unique, stable, and independent
T cell lineage with both regulatory and proinflammatory
functions.
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7. Conclusions

A thorough understanding of CD4+ T cell plasticity is of high
clinical relevance in the light of newly emerging T helper cell
directed therapies. While Th1 cells display a relatively high
degree of stability in GN, Th17 cells may have different fates.
In several experimental models of nonrenal inflammatory
disease, most Th17 cells transdifferentiate into a Th1 pheno-
type. In GN, however, a significant proportion of Th17 cells
seems to be stable and maintains the differentiation status.
Another fraction, in contrast, appears to undergo functional
changes and loses Th17 characteristics. Nevertheless, cur-
rently available data do not support Th17 conversion into
Th1, Th2, or Treg cells during the course of GN, leaving the
nature of ex-Th17 cells unknown. Interestingly, however,Th17
cells can be pushed into a tolerogenic phenotype by anti-CD3
treatment, which represents a promising therapeutic strategy.
In the case of Tregs, data from GN underline a very high
degree of stability and show no hint for transdifferentiation.
Rather, a new paradigm is emerging, suggesting activation
and diversification of naive Tregs into different effector Treg
lineages as ROR𝛾t+ Tregs, T-bet+ Treg1, and Stat3+ Treg17
cells.
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CD4+ T cell compartments in mouse and man are composed of multiple distinct subsets each possessing unique phenotypic and
functional characteristics. IL-17-producing CD4+ T cells (Th17 cells) represent a distinct subset of the CD4+ T cell lineage. Recent
evidence suggests that Th17 cells carry out effector functions similar to cytotoxic CD8+ T cells and play an important role in
the clearance of extracellular pathogens and fungi. Th17 cell differentiation and function are closely related to the development
and function of regulatory T cells (TREG). The balance between these two cell populations is essential for immune homeostasis
and dysregulation of this balance has been implicated in a variety of inflammatory conditions including autoimmunity, allograft
rejection, and tumorigenesis. Emerging evidence reports a significant amount of plasticity between the Th17 and regulatory T
cell compartments, and the mechanisms by which these cells communicate and influence each other are just beginning to be
understood. In this review, we highlight recent findings detailing the mechanisms driving Th17 and TREG plasticity and discuss
the biologic consequences of their unique relationship.

1. Introduction

CD4+ T cells represent an important arm of the adaptive
immune response and upon activation differentiate into a
variety of subsets including Th1 and Th2 cells, follicular
helper (Tfh) cells, Th17 cells, and regulatory T cells (TREG).
The functions of the CD4+ T cell compartment are diverse,
ranging between activation of both immune and nonimmune
cells, direct cytolytic activity, and dampening of the immune
response [1]. While näıve CD4+ T cell differentiation was
previously thought to involve commitment to a specific
subset lineage, more recent data has identified significant
plasticity within the CD4+ compartment [2]. In particular,
recent studies have identified significant flexibility between
the Th17 and TREG compartments. Th17 cells are a distinct

CD4+ effector lineage and play important roles in host
defense against a variety of pathogens as well as in the patho-
genesis of several inflammatory conditions.While regulatory
T cells have been shown to attenuate both Th1 and Th2
responses, their impact on Th17 cell function is less clear.
In fact, the differentiation of Th17 cells appears to be closely
linked to the differentiation of TREG [3]. Both cell populations
require TGF-𝛽 for differentiation [3], and in vivo studies
have identified a subset of CD4+ T cells that dually express
elements of both the TREG and Th17 phenotypes (Diller et
al. manuscript submitted) [3, 4]. This paper will focus on the
mechanisms driving differentiation and development ofTh17
and regulatory T cells and the functional implications of their
uniquely flexible relationship.

Hindawi Publishing Corporation
Mediators of Inflammation
Volume 2016, Article ID 6309219, 8 pages
http://dx.doi.org/10.1155/2016/6309219

http://dx.doi.org/10.1155/2016/6309219


2 Mediators of Inflammation

Naïve CD4+

TGF𝛽

FoxP3
ROR𝛾t

FoxP3
FoxP3 ROR𝛾t

ROR𝛾t

+TGF𝛽

TGF𝛽

+IL-2

+IL-21
+IL-6

IL-10 IL-17

IL-2

IL-21
IL-21

IL-6
IL-2

IL-1𝛽

+mTORC1
+HIF1𝛼

Figure 1: Upon interaction with TGF-𝛽 within the periphery, näıve CD4+ T cells upregulate the transcription factors for both Th17 cells
(ROR𝛾t) and regulatory T cells (FoxP3). Differentiation of either lineage depends on amultitude of factors including the surrounding cytokine
environment, metabolic signalling pathways, and epigenetic modifications. These internal and external cues function together to allow for a
uniquely plastic relationship whereby transdifferentiation of Th17 cells and TREG can occur.

2. TGF-𝛽 Is Critical for Both Th17 and
TREG Development

All näıve CD4+ T cells share an initial pathway of acti-
vation, signalling, through the T cell receptor (TCR) and
costimulatory molecules induced the production of IL-2
leading to activation of STAT5 and entry into the cell cycle.
From here, lineage specific factors drive the differentia-
tion of distinct cell subsets. Both Th17 cells and periph-
erally induced TREG require TGF-𝛽 for differentiation and
development, introducing an elegant mechanism by which
these two compartments interrelate (Figure 1). While natural
TREG (nTREG) develop from the thymus and are TGF𝛽-
independent, induced TREG (iTREG) stem from extrathymic,
näıve T cell precursors and are TGF-𝛽-dependent [5]. TGF-
𝛽 promotes Th17 and iTREG development by inducing the

expression of the transcription factors retinoic-acid-receptor-
related orphan receptor 𝛾t (ROR𝛾t) and fork-head box P3
(FoxP3), respectively. Whether cells are shuttled towards a
proinflammatory Th17 phenotype or a regulatory phenotype
depends largely on the surrounding cytokine environment
(Figure 1).

IL-6 has been identified as an importantmediator driving
the development of Th17 cells via activation of STAT3 [6–8].
In vitro and in vivo studies demonstrated that upon initial
interaction with TGF-𝛽 näıve CD4+ T cells upregulate both
ROR𝛾t and FoxP3 [3, 9, 10]. Zhou et al. showed that in
this setting of cotransduction FoxP3 initially inhibits Th17
differentiation by physically binding to ROR𝛾t [3]. In the
absence of IL-6 and other proinflammatory cytokines, TGF-
𝛽 reinforces FoxP3-mediated inhibition of ROR𝛾t and favors
development of the TREG lineage [3]. In the presence of
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IL-6, STAT3 activation releases FoxP3 inhibition and the
receptor for IL-23 (IL-23R) is upregulated, inducing Th17
differentiation [3]. While APC-derived IL-23 plays a less
crucial role in the initiation of Th17 differentiation, it is
critical for the expansion and maintenance of the Th17-
committed lineage, further activating STAT3 and dampening
IL-10 production [8, 11]. It is important to note that TGF-𝛽-
induced Th17 differentiation can occur in the absence of IL-
6 provided there is sufficient IL-21 present. Human T cells
treated ex vivo with IL-21 and TGF-𝛽 led to an upregulation
of IL-23R and inhibition of FoxP3 expression via induction
of ROR𝛾t, an effect similar to that seen with IL-6 and TGF-𝛽
[12]. Upon differentiation, Th17 began secreting IL-21 which
functions in an autocrine loop to further promote Th17
development [13, 14].

3. Mediators of Metabolism Help
Shape the Balance between Th17 and
Regulatory T Cells

In addition to the surrounding cytokine milieu, T cell
metabolic reprogramming and the external cues signalling
metabolic pathways serve as important regulators of the
balance between Th17 cells and TREG. Näıve T cells have a
relatively low energy demand and therefore utilize glucose
oxidation via the tricarboxylic acid (TCA) cycle and the
oxidation of fatty acids to meet energy requirements [15].
Memory T cells and TREG have similar energy demands
and metabolic profiles to those of näıve T cells and are
metabolically distinct from effector T cells [15]. Upon T cell
activation, cells augment their metabolic program in order to
meet the demands of cell proliferation and growth and to fuel
the synthesis of cytokines, macromolecules, and intracellular
intermediates [16]. This metabolic reprogramming involves
downregulation of lipid oxidation and an increase in glucose
utilization via aerobic glycolysis and glutamine catabolism
[17].

The impact of metabolic reprogramming on T cell fate
and functionwas largely discovered through the investigation
of mTOR. mTOR serves as a central environmental sensor,
integrating signals such as growth factors, nutrients, oxy-
gen, and energy levels in order to orchestrate multiple cell
functions [18, 19]. Under steady state conditions, mTOR is
inhibited; however, upon antigen recognition by näıve T cells,
mTOR is activated, serving as a central regulator driving
T cell differentiation and function [15, 20]. mTOR exists as
two multiprotein complexes: mTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC2); and optimal activation of
these complexes results in the upregulation of glycolysis and
activation of stat signalling needed to support differentiation
into specific effector lineages.

Näıve CD4+ T cells that lack bothmTORC1 andmTORC2
fail to upregulate the necessary glycolytic machinery to
support effector function and instead take on a regulatory
phenotype [15]. Pharmacologic inhibition of mTOR fur-
ther exemplifies the opposing roles of mTOR in effector
versus regulatory T cell fate and function. Administration
of rapamycin, an mTOR inhibitor, induces de novo FoxP3

expression and also expands preexisting nTREG [21, 22]. Lack
of mTOR activation impacts the balance between regulatory
and Th17 cells specifically by increasing T cell sensitivity to
TGF-𝛽, overcoming the activating effects of proinflammatory
cytokines on STAT3 [23]. Follow-up studies utilizing a human
model of transplantation demonstrated that administration
of rapamycin exerted its regulatory effects by inhibiting
STAT3 and thus preventing development of the Th17 lineage
specifically while promoting TREG development [24]. The
effects of mTOR inhibition on the TREG :Th17 balance held
true under Th17 polarizing conditions in which human
PBMCswere cultured ex vivowith IL-6, IL-23, and IL-1𝛽 [24].

While complete inhibition of mTOR shifts naı̈ve CD4+
T cells away from a Th17 phenotype and towards a regu-
latory phenotype, blockade of the mTOR complexes indi-
vidually yields different results. mTORC1 appears to be
principally important in the generation of Th17 cells. Mice
lacking mTORC1 activity fail to generate Th17 responses [25,
26]. Conversely, when mTORC1 activity is maintained and
mTORC2 activity is suppressed,Th17 responses are preserved
[15, 19, 26]. The ability of mTOR and mTORC1 specifically to
generate the Th17 cell lineage stems in part from its ability
to induce hypoxia inducible factor 1𝛼 (HIF1𝛼). HIF1𝛼 is a
critical sensor of hypoxia and is responsible for initiating the
cell response to low oxygen levels. Importantly, many non-
hypoxic stimuli serve to upregulate HIF1𝛼, including TCR
activation [27]. HIF1𝛼 activates genes involved in glycolysis
and promotes upregulation of glucose metabolism. As such,
HIF1𝛼 serves as a critical mediator of Th17 development.

Th17 cells have been shown to rely more heavily on
glycolytic pathways than any other T cell subset [15]. Because
of its importance in the upregulation of glycolytic machinery,
HIF1𝛼 is highly expressed in cells committed to the Th17
lineage [28, 29]. HIF1𝛼 directly promotesTh17 differentiation
via activation of ROR𝛾t and regulation of Th17 signature
genes [29]. It was recently discovered that HIF1𝛼 also
functions to increase the microRNA miR-210, a signature
of hypoxia, and this molecule is highly expressed in Th17
cells [30]. Hypoxia synergizes with TCR and CD28 sig-
nalling to increase expression ofmiR-210 which subsequently
functions to inhibit HIF1𝛼 in a negative feedback loop
[30]. In concert with Th17 differentiation, HIF1𝛼 attenuates
TREG development by mediating FoxP3 degradation via
proteasomal degradation pathways, occurring under both
normoxic and hypoxic conditions [29]. As a result, HIF1𝛼
represents another key player in generating an inflammatory
environment via its direct effects on bothTh17 and regulatory
T cells.

Endogenous and environmental metabolites and toxins
also mediate differentiation along the Th17 and TREG axis,
in particular via their effects on the nuclear receptor aryl
hydrocarbon receptor (AHR). AHR is critical to protecting
hosts from environmental toxins and is activated by external
toxins such as tetrachlorodibenzo-p-dioxin (TCDD) and
endogenous ligands such as 6-formylindolo[3,2-b]carbazole
(FICZ) (a metabolite of tryptophan) [31]. Recent studies
have implicated AHR activation in both Th17 and TREG
development, depending on the activating ligand [31]. Studies
treating both human and mouse CD4+ T cells in vitro with
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FICZ enhanced IL-17 and IL-22 expression via activation of
AHR [32]. AHR appears to support Th17 differentiation via
its direct interaction with the Th17-inhibitory STAT1 [33].
Mechanisms underlying AHR induced TREG expansion are
less clear; however, studies have shown that external toxins
such as TCDD can generate human TREG in vitro and serve
as a substitute for TGF-𝛽 under certain conditions [34]. The
ligand-specific effect of AHR activation onTh17/TREG devel-
opment offers a unique target for therapeutic intervention,
and the mechanisms behind this receptor’s differential effects
are an important area of ongoing study.

4. Epigenetic Processes Control Th17
and TREG Differentiation and Allow for
Subset Redirection

Launching the differentiation of a specific T cell lineage
requires the conversion of cell extrinsic information into
cell intrinsic changes resulting in the augmentation of gene
expression patterns. Epigenetic processes allow for precise
control of gene expression, including imprinted control of
induced genetic programs in response to changing environ-
mental cues. Epigenetic processes do not induce changes in
the sequence of the DNA but instead involve modifications
such as DNA methylation and histone acetylation which
helps determine the gene expression patterns of a given cell.
The changes induced are phenotypic rather than genotypic;
thus epigenetic modifications and the information they
encode can be heritable but remain malleable [35].

Genomewide chromatin immunoprecipitation studies
(CHIP) have identified specific histone modifications associ-
ated with the activation and repression of genes within CD4+
T cells. The presence of both types of histone modifications,
termed bivalency, allows for a gene promoter to become
activated or silenced and is necessary for subset plastic-
ity. The Th17-specific transcription factor, ROR𝛾t, carries
bivalent epigenetic modifications, supporting the observed
capacity for subset redirection [36]. The Th17 lineage also
demonstrates marked DNA demethylation in the promoter
regions of Il17a, Il17f, and RAR-related orphan receptor C
(RORC) [37, 38]. A genomewide analysis of changes in the
DNA methylation patterns of näıve CD4+ T cells during
subset differentiation revealed thatTh17 cells aremore similar
to naı̈ve CD4+ T cells than Th1 cells [39]. Furthermore,
Th17 cells were found to display an even higher number
of demethylated regions when compared to näıve CD4+ T
cells, suggesting that these processes contribute to themarked
plasticity observed in theTh17 compartment [39].

In contrast to Th17 cells which represent a relatively
unstable T cell population, regulatory T cells are generally
stable under normal conditions [40]. Miyao et al. concluded
that TREG exist in a “committed state” secondary to specific
epigenetic modifications of the FoxP3 locus [41]. Genetic fate
mapping, which permanently marks FoxP3+ cells and their
progeny, has shown that FoxP3+CD4+ T cells are capable of
transiently losing their FoxP3 expression (termed “exFoxP3
cells”) [42, 43]. Miyao et al. identified a subset of exFoxP3
cells, “latent” TREG, which retained their regulatory memory

after downregulation of FoxP3 and robustly reexpressed
FoxP3 and suppressive function upon activation [41]. Con-
versely, a subpopulation of exFoxP3 cells was characterized by
a fully methylated TSDR and was unable to reexpress FoxP3
or reacquire regulatory function [41]. While there remains
some controversy regarding the phenotypic and functional
plasticity of exFoxP3 cells (discussed below), the epigenetic
processes guiding the differentiation of Th17 and regulatory
T cells play an important role in regulating the relationship
between these two compartments.

5. Th17 and Regulatory T Cells
Represent Highly Plastic Compartments
and Are Capable of Transdifferentiation

IL-2, a potent growth factor for both effector and regulatory
T cells, has previously been shown to potentiate the indirect
relationship that exists between regulatory and Th17 cells
[44, 45]. Studies utilizing mouse models have demonstrated
that IL-2 inhibits Th17 expansion via a STAT5 mechanism
[44]. Additionally, regulatory T cells induced by TGF-𝛽 in
the presence of IL-2 are resistant to Th17 conversion by IL-6
during in vitro cell cultures [46]. However, more recent data
calls into question the dichotomous effect of IL-2 on theTh17
and TREG compartments, and there is mounting evidence to
suggest that IL-2 may promote the conversion of TREG into
Th17 cells. In a human model of uveitis and scleritis, IL-
17 expression increased after in vitro stimulation with IL-2,
explaining in part the effectiveness of IL-2R blockade in the
treatment of certain autoimmune diseases [47]. In an in vivo
model of humanmelanoma, administration of high dose IL-2
(HDIL-2) led to expansion of both theTh17 and regulatory T
cell compartments, demonstrating increased cell counts and
frequencies early in the course of treatment [48].

Transdifferentiation of regulatory T cells into Th17 cells
may in part explain the unexpected stimulatory effect of IL-2
on theTh17 compartment. In vitro assays have demonstrated
that TREG stimulated under Th17 polarizing conditions in
the presence of exogenous IL-2 can be converted into IL-17
expressing CD4+ T cells [49]. The proposed mechanism for
TREG andTh17 interconversion in this model was dependent
on IL-1𝛽, a cytokine produced along with IL-6 by activated
monocytes. IL-1𝛽 was shown to induce downregulation of
FoxP3 as well as inhibit TREG suppressive function [49].
Support for this hypothesis can be drawn from in vivo human
models. FoxP3+IL-17+CD4+ T cells were present in the
peripheral blood of melanoma patients undergoing systemic
IL-2 therapy (Diller et al. manuscript submitted). More
importantly, this cell population coincided with peak TREG
frequencies and immediately preceded peakTh17 frequencies
(Diller et al. manuscript submitted).

As mentioned above, genetic fate mapping has led to
the identification of exFoxP3 cells and offers further support
for the proposed plasticity of FoxP3+CD4+ T cells. Zhou et
al. demonstrated that exFoxP3 T cells developed from both
natural and inducedTREG and exhibited an activatedmemory
cell phenotype, secreting the inflammatory cytokines IFN-
𝛾 and IL-17 [42]. Using similar techniques, Komatsu et al.
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identified IL-17-expressing exFoxP3 (exFoxP3 Th17) cells as
important mediators of inflammation in a mouse model of
autoimmune arthritis, demonstrating enhanced osteoclasto-
genic ability when compared to traditionally derived Th17
cells [50].

While these studies have shown that FoxP3+CD4+ T
cells are capable of transiently losing their FoxP3 expression
and go on to acquire inflammatory function, the findings
presented byMiyao et al. indicate that exFoxP3 T cells consist
of two distinct categories: those that acquire an inflammatory
phenotype versus those that retain their FoxP3 memory
(“latent” TREG). Miyao et al. concluded that TREG represent
a stable cell lineage, distinct from the subpopulation of
exFoxP3 cells which irreversibly lose their TREG function
and acquire a pathogenic phenotype [41]. This point remains
controversial and has been difficult to investigate fully due
to significant instability during in vitro restimulation ofTh17
cells. Utilizing a new model of fate mapping which enabled
analysis of cells expressing IL-17A, IL-10, and FoxP3 without
restimulation, Gagliani et al. circumvented this issue and
found that CD4+ T cells previously expressing IL-17A go on
to acquire an anti-inflammatory phenotype [51]. Acquisition
of a regulatory phenotypewas determined by changes in their
signature transcriptional profile and the acquisition of potent
suppressive functions, including the ability to prevent Th17-
mediated colitis in a mouse model [51].

6. The Th17 : TREG Balance Plays a Central Role
in Disease Pathogenesis

Th17 and regulatory T cells represent two arms of an immune
response, and their uniquely plastic relationship dictates the
flavor of their surrounding immune environment, allowing
for shifts between pro- and anti-inflammatory states. As such,
the balance between these two compartments is central to
the pathogenesis of various diseases and conditions including
but not limited to autoimmunity, transplant rejection, and
carcinogenesis.

The pathogenic role for Th17 cells was first highlighted
by studies involving animal models of experimental autoim-
mune encephalitis (EAE) [52]. Mice deficient in the receptor
for the Th1 effector cytokine IFN𝛾 developed enhanced EAE
[53]. Further experiments identified IL-23-driven Th17 cells
as central mediators of tissue damage in autoimmunity [54].
Both IL-23 and IL-17 defective mice show reduced suscepti-
bility to autoimmune and chronic inflammatory diseases [55].
IL-17 has since been shown to be elevated in patients with
rheumatoid arthritis,multiples sclerosis, inflammatory bowel
disease, and psoriasis [52, 56, 57]. Diminished TREG counts
and suppressor function often accompany Th17-mediated
autoimmunity, propagating inflammation and tissue destruc-
tion. Th17 : TREG ratios are elevated in patients with active
rheumatoid arthritis compared to healthy controls, highlight-
ing a role for Th17 : TREG imbalance in autoimmune-related
pathology [58].

Th17-mediated inflammation appears to play an impor-
tant role in both acute and chronic allograft rejection. IL-17
antagonism in a rat cardiac allograft model prolonged graft

survival, and in experimental models of lung transplanta-
tion rejection is associated with increased IL-17 and IL-23
transcripts at the site of rejection and within draining lymph
nodes [59–61]. Furthermore, in addition to propagating an
inflammatory cytokine milieu,Th17 cells are also responsible
for neutrophilic recruitment and allograft infiltration, an
additional mechanism contributing to transplant rejection
[60].

Host metabolic conditions as well as substrate availability
may serve as important factors generating the Th17 phe-
notype and driving Th17-mediated inflammation in trans-
plant rejection. Yuan et al. found that hyperlipidemic mice
demonstrated accelerated allograft rejection and this was
associated with increased serum levels of IL-2, IL-6, and IL-17
[62]. Hyperlipidemic mice demonstrated increased numbers
of Th17 cells in the periphery and in rejecting allographs
when compared to controls [62]. The inflammatory sig-
nals present in a rejecting allograft further propagate Th17-
mediated inflammation through the induction of TREG-Th17
interconversion, and the plasticity between theTREG andTh17
compartments poses a significant problem for TREG mediated
transplantation tolerance. Benghiat et al. showed that T
cell mediated rejection became Th17 biased upon adoptive
cotransfer of TREG with näıve monospecific antidonor T cells
[60]. Therefore, targeting in vivo inflammatory signals in
concert with the administration or induction of TREG will
likely be required to achieve desired results [63]. In all,
a multitude of host factors contributing to Th17-mediated
rejection offer new points of intervention for decreasing
inflammation and enhancing graft survival.

While the role of Th17 cells in inflammation and autoim-
munity is relatively well established, their function in tumor
immunity continues to be strongly debated [64–66]. Studies
examining the capacity of Th17 cells to promote or suppress
tumor growth directly have been conflicting. Proinflamma-
tory cytokines secreted by Th17 cells such as IL-17A have
been shown to impair immune surveillance and promote
tumor growth [67]. Conversely, Th17 cells have also been
reported to eradicate established melanoma tumors in mice
[68]. It is important to note however that Th17-mediated
tumor regression was shown to be critically dependent on
IFN𝛾 and not IL-17 [67]. Therefore, a potential hypothesis
for the opposing effects of Th17 cells on tumor growth is that
different types of tumors may induce the differentiation of
phenotypically distinct Th17 cells [66]. For example, natural
versus induced Th17 cells are regulated differently by Akt
and mTOR pathways [69]. Therefore, the impact of a specific
tumor on downstream signalling pathways would be critical
in determiningTh17 phenotype and function.

While Th17 cells themselves have been shown to demon-
strate both pro- and antitumorigenic properties, the balance
of Th17 to regulatory T cells appears critically important in
the process of tumor formation and progression. In a small
cohort of patients with advanced stage melanoma, Th17 cell
counts and frequencies increased in response to systemic
cytokine therapy regardless of response to treatment (Diller
et al. manuscript submitted) [48]. However, the ratio of Th17
to regulatory T cells was closely associated with response,
with high Th17 : TREG ratios directly correlating with tumor
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regression [48]. A thorough understanding of the tumor and
nontumor factors shaping the balance between Th17 and
TREG generates a variety of potential therapeutic targets and
could lead to the development of improved vaccine and T
cell-based therapies.

7. Conclusion

Th17 cells represent a unique population of effector CD4+ T
cells. They play an important role in a wide variety of host
defense mechanisms and are central mediators in diseases
of inflammation. Their relationship with regulatory T cells
emphasizes the remarkably plastic nature of these cell subsets
and brings to light novel mechanisms of T cell differentiation
and intercompartment interactions. Factors driving Th17
development and those shaping the balance between Th17
and regulatory T cells have significant biological implications
for the design and implementation of novel therapeutic
interventions.
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Our understanding of how thymocytes differentiate into many subtypes has been increased progressively in its complexity. At early
life, the thymus provides a suitable microenvironment with specific combination of stromal cells, growth factors, cytokines, and
chemokines to induce the bonemarrow lymphoid progenitor T-cell precursors into single-positive CD4+ and CD8+ T effectors and
CD4+CD25+ T-regulatory cells (Tregs). At postthymic compartments, the CD4+ T-cells acquire distinct phenotypes which include
the classical T-helper 1 (Th1), T-helper 2 (Th2), T-helper 9 (Th9), T-helper 17 (Th17), follicular helper T-cell (Tfh), and induced
T-regulatory cells (iTregs), such as the regulatory type 1 cells (Tr1) and transforming growth factor-𝛽- (TGF-𝛽-) producing CD4+
T-cells (Th3). Tregs represent only a small fraction, 5–10% in mice and 1-2% in humans, of the overall CD4+ T-cells in lymphoid
tissues but are essential for immunoregulatory circuits mediating the inhibition and expansion of all lineages of T-cells. In this
paper, we first provide an overview of the major cell-intrinsic developmental programs that regulate T-cell lineage fates in thymus
and periphery. Next, we introduce the SV40 immortomouse as a relevant mice model for implementation of new approaches to
investigate thymus organogenesis, CD4 and CD8 development, and thymus cells tumorogenesis.

1. Introduction

In the last decades, we have much learned about basic
fundaments for understanding the molecular mechanisms
by which immature bone marrow CD3−CD4−CD8− cells
rearrange their T-cell receptors in the thymus and are
successively programmed to become single-positive CD4+
T-, CD8+ T-, and CD4+CD25+ T-regulatory cells (Tregs)
[1]. During a pathological condition in peripheral lymphoid
organs, these T-cells become functionally and phenotypically
heterogeneous populations [2]. For instance, upon antigenic
stimulation by antigen-presenting cells (APCs), naı̈ve CD4+
T-cells (Th0) expand and differentiate into at least five effector
cell subsets referred to as Th1, Th2, Th17, IL-9-producing
CD4+ T-cells (Th9), and T follicular helper (Tfh) cells and
two regulatory/suppressive subsets referred to as induced
regulatory (iTreg) T-cells named IL-10-producing CD4+ T-
cells (Tr1) and transforming growing factor-𝛽- (TGF-𝛽-)
producing CD4+ T-cells (Th3). In addition, näıve CD4+ T-
cells (TN) will progress through central memory (TCM)

T-cells and then to effectormemory (TEM)T-cells and finally
to terminally differentiated effector memory (TEMRA) T-
cells. Expression of surface markers has been used to identify
human T-cells in these various states, including CD45RA,
CD45RO, CCR7, CD62L, CD27, CD28, and CD44.The CD8+
T-cell population also progress to centralmemory T-cells and
finally terminally differentiated effector memory (TEMRA)
T-cells [3]. All these T-cell populations are located in the
follicular regions of lymph nodes and spleen and will act
in coordinating the various aspects of immune response.
Several advances have recently been made in understanding
the signaling pathways that lead to these differentiation
programs, in particular the cross-regulated feedback loops
of cytokines and multiple transcription factors that facilitate
a balanced immune response to pathogens or infected cells
while avoiding chronic inflammation and autoimmunity. At
the first part of this paper, we will provide an update on the
complex intracellular signaling pathways and transcriptional
factors controlling the CD4+ T-cell differentiation processes
in thymus and peripheral lymphoid tissues. At the second

Hindawi Publishing Corporation
Mediators of Inflammation
Volume 2016, Article ID 9523628, 16 pages
http://dx.doi.org/10.1155/2016/9523628

http://dx.doi.org/10.1155/2016/9523628


2 Mediators of Inflammation

part, we will introduce the SV40 immortomouse as a mouse
model for new approaches and methods to examine differen-
tiation andmaturation of T-cells in the thymus and strategies
to generate thymic progenitor epithelial cells for therapeutic
applications.

2. Thymic Positive and Negative TCR-Based
Selection of Immature T-Cells

The thymus, a primary lymphoid organ, is crucially nec-
essary for T-cell development and immune responses [4,
5]. Through the actions of many hormones, cytokines, and
stroma factors, a näıve thymocyte progresses into several
phenotypically distinct stages, defined as double negative
(DN), double positive (DP), and single positive (SP), which
are characterized by the expression of the coreceptors or
cluster of differentiation (CD) named CD3, CD4, and CD8
on T-cell surface membrane. The DN subset is further
subdivided into four stages (DN1, DN2, DN3, and DN4/pre-
DP) by differential expression of the coreceptors CD44 and
CD25 [6, 7]. In addition, T-cell development is characterized
by expression and rearrangement of the T-cell receptor (TCR)
genes coding for 𝛾, 𝛿, 𝛼, and 𝛽 chains. This stochastic
process leads to V(D)J somatic recombination of TCR genes
to give rise to either 𝛾 and 𝛿 or 𝛼 and 𝛽 progenitors at
the CD4 and CD8 double-negative (DN) stage. This process
is analogous to immunoglobulin recombination in B-cells
that occurs in the bone marrow. TCR𝛾 and TCR𝛿 chains
are expressed by only 2–14% of peripheral T-lymphocytes.
T-cells bind to intrathymic antigen peptides presented by
major histocompatibility complex (MHC) class I and II
molecules on the surface of dendritic cells (DCs) and thymic
epithelial cells (TECs).The positive selection of CD4+ T-cells
depends on class I expressionwhereas that ofCD8+Tdepends
on class II expression in cortical epithelial cells. Thus, if
TCRs on T-cell membrane recognize with high affinity self-
antigens using class I MHC molecules, the cell eliminates
CD4 expression and remains TCR+CD3+CD8+. If its TCRs
recognize self-antigen using class II MHC, the cell eliminates
CD8 expression and remains TCR+CD3+CD4+ (Figure 1).
The positive selection rescues from apoptotic cell death all
thymocytes capable of self-peptide MHC recognition [8].
Next, the positively selected cell population undergoes nega-
tive selection that kills by apoptosis all thymocytes identified
by their ability to recognize self-peptide presented in the
context of MHC I and MHC II complexes, for example,
autoreactive cell clones. Among the molecules implicated in
T-cell apoptosis are Nur77 protein, a member of the orphan
nuclear receptor superfamily, and the Bim protein, a Bcl-2
family member [8]. There are various mechanisms operating
in these events to ensure tolerance to self, including clonal
deletion, clonal diversion, receptor editing, and anergy [7].
Negative selection saves self-reactive clones with suppressive
or regulatory activity based on self-reactive TCRs to self-
peptides, the expression of CD25 differentiation antigen,
and the associated transcription factor forkhead box P3
(Foxp3) [9].Thismechanism is essential for the establishment
of central and peripheral T-cell tolerance [7]. At the end,

a relatively small number (fewer than 5%) survive from pos-
itive and negative selection in the thymus and will constitute
the mature CD4+ and CD8+ population into periphery pool
[5].

A number of the transcription factors including the Th-
POK (T-helper-inducing POZ/Kruppel-like factor), GATA3
(GATA-binding protein 3), and RUNXs (Runt-related tran-
scription factor) are required for intrathymic differentiation
of T-cells precursors into specialized T-cell clones [10–
12]. CD4+ T-cells are MHC II restricted and exert helper
functions, whereas CD8+ T-cells are MHC I restricted and
exert cytotoxic functions.TheTh-POK gene is upregulated in
MHC II restricted thymocytes as they undergo CD4-lineage
differentiation. In contrast, MHC I restricted cells upregulate
Runx3 gene, as they undergo CD8-lineage differentiation
[11, 12]. In fact, some reports have also demonstrated that both
Th-POK and RUNX3 transcription factors are required for
the differentiation of a population of intraepithelial lympho-
cytes (IELs) known as CD4+CD8𝛼𝛼+ into the periphery pool.

3. Mosmann and Coffman’s
Polarization Signaling Model for CD4+

T-Cell Lineage Differentiation

In 1989, Mosmann and Coffman [13] proposed the orig-
inal Th1-Th2 paradigm to explain a natural tendency of
an immune response to become progressively polarized
and finally acquire an effector function. In both murine
and human immune systems, the Th1-to-Th2 differentiation
process requires distinct production of the autocrine growth
factors, cytokines, and their receptors that will exert suppres-
sive activities on each other’s development or antagonism
[14, 15]. Recent studies have shown that the populations of
effectors and memory lymphocytes formed in this process
are extremely heterogeneous in terms of phenotype, function,
and longevity [16, 17]. A naive CD4+ lymphocyte acquires
an effector function as T-helper cell 1 (Th1), Th2, Th9,
Th17, Tfh, and antigen-specific regulatory cells depending
on certain critical integrated signals derived from TCRs,
costimulatory molecules, and intense cytokine cross talk
[16–20]. The experimental observations from many studies
showing phenotypic diversity have been applied for the
development of a mathematical modeling approach to study
the CD4+ T-cell differentiation, plasticity, and heterogeneity
[21]. Next, we will shortly summarize current knowledge
on important signaling pathways and mechanisms for the
commitment of specific T-cell lineages.

4. Th1

Näıve CD4 T-helper cell-derived subsets are characterized
on the basis of the expression of one or more master
specific transcription factors and production and/or response
to specific set of cytokines (Figure 2). The transcription
factors T-bet and STAT1 (signal transducers and activators
of transcription family of transcription factor 1) are master
regulators for Th1 cell differentiation and expansion [18–20].
The Th1 cells are capable of producing IL-2, IL-18, IFN-𝛾,



Mediators of Inflammation 3

Positive
selection

Negative
selection

Low affinity/
avidity for

self-peptide
+ MHC

High affinity/
avidity for 
self-peptide

+ MHC

Apoptosis Apoptosis

Helper
T-cell

CTL

Subcapsular
zone Cortex Medulla

𝛾𝛿 T-cell

CD3+

CD4−CD8−

𝛾𝛿 TCR+

CD3−

CD4−CD8−

TCR−

CD3+

CD4+CD8+

𝛼𝛽 TCR+

CD3+

CD4+CD8+

𝛼𝛽 TCR+

CD3+

CD4+CD8−

𝛼𝛽 TCR+

CD3+

CD4−CD8+

𝛼𝛽 TCR+

Figure 1: Schematic representation of T-cell positive and negative selection along the differentiation and maturation of T-cell progenitors in
the thymus. Expression and rearrangement of the T-cell receptor (TCR) genes and upregulation of CD4 and CD8 give rise to CD4+CD8+
double-positive (DP) thymocyteswhoseT-cell receptor binds to self-antigens presented by cortical thymic epithelial cells (cTECs). Insufficient
affinity for self-MHCblocks intracellular signals for cell survival and leads to cell death and positive selection at the cortex.These cells migrate
to themedulla, where they bind to tissue-restricted antigens (TRA) presented bymedullary TECs (mTECs). Excessive affinity for self-peptides
in the context of MHCwill determine cell death of autoreactive T-cells and negative selection. Only a small fraction of T-cells survive and are
exported to the periphery.

andTNF-𝛽 (lymphotoxin).Th1 cells canmediatemacrophage
activation and delayed type hypersensitivity, which are collec-
tively termed cell-mediated immune responses. IFN-𝛾, TNF-
𝛼, IL-2, and lymphotoxin-𝛽 activate macrophages and CTLs
which kill intracellular (type 1) pathogens, such as Listeria
monocytogenes and Leishmania.

5. Th2

Th2 helper cell subset is characterized by the presence of
the master specific transcription factors GATA3 (GATA-
binding protein 3) and STAT6. IL-4 produced by activated
macrophages and DCs is the most important cytokine for
induction of these transcription factors and Th2 differenti-
ation. Th2 cells promote secretion of IgG1 and IgE by B-cells
and promote immediate-type hypersensitivity reactions, col-
lectively termed humoral immunity. The Th2 response leads
to antibody production and is associated with chronic infec-
tions, such as retroviral infections and various extracellular
(type 2) pathogens, including helminthes and nematodes.

The production of cytokines, including IL-4, IL-5, IL-10, IL-
13, IL-25, IL-31, and IL-33, by mast cells, eosinophils, and
NKT cells, shifts the balance from a Th1 to a Th2 response,
thereby leading to the activation of B-cell clones containing
the repertoires of antibodies for a specific immune response,
including the production of IgG1 and IgE [18, 19]. The Th2
response produces the suppressive cytokines IL-10 and TGF-
𝛽, which dampen the protective Th1 response [22]. Thus,
Th1 cells have been considered to be responsible for some
organ-specific autoimmune disorders, whereasTh2 cells have
been shown to be critical for the development of allergic
inflammation [23].

6. Th17

Th17 helper cell subset is characterized by the presence of the
master transcription factors ROR𝛾t (retinoic acid receptor-
related orphan receptor gamma t) and STAT3 [24, 25].
Th17 cells development from näıve T-cells is promoted by
IL-6 and TGF-𝛽 [24, 25], whereas early differentiation of
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Figure 2: Schematic representation of the cytokines and transcription factors controlling CD4+ T-cell differentiation. Upon antigenic
stimulation by antigen-presenting cells, naı̈ve CD4+ T-cells (Tho) expand and differentiate into at least seven effector cell subsets. Each of
these phenotypes is induced by a signature pattern of cytokines (pink box) andmultiple transcription factors (blue, nucleus) and regulated by
distinct cytokines (yellow box). Some cytokines promote the clonal expansion of näıve antigen-specific T-cells and the acquisition of T-cell
effector functions whereas others such as TGF-𝛽, IL-6, IL-9, IL-17, IL-22, and IL-23 avoid redifferentiation and conversion of Treg cells into
Th1/Th17 pathogenic phenotype. The phenotypic plasticity that drives conversion of some Th-subtypes to another Th-type is a mechanism
not yet fully understood.

Th17 cells is suppressed by IFN-𝛾 and IL-4 [23, 26, 27].
However, committed (mature)Th17 cells are resistant to IFN-
𝛾 and IL-4 suppression, and, likewise, mature Th1 and Th2
cells are resistant to IL-4 and IFN-𝛾 mediated suppression,
respectively [26, 27]. Vitamin A obtained from the diet is
converted into retinoic acid (RA) by CD11c+CD103+ lamina
propria dendritic cells [28]. RA is capable of inhibiting the
TGF-𝛽- and IL-6-driven induction of Th17 [29]. Th17 cells
are abundant in intestinal lamina propria cells andmesenteric
lymph nodes, where they have an important role in the
clearance of a variety of commensal bacteria [16, 30, 31].
The cytokines IL-6 and TGF-𝛽, at low concentrations, induce
Th17 differentiation (differentiation phase) [25]. Next, Th17
cells initiate the production of a large range of cytokines,
including IL-17A, IL-17A/F, IL-10, IL-21, and IL-22, which
contribute to the amplification phase of Th17 differentiation
[32]. IL-17 molecules secreted by Th17 cells activate stromal
cells, endothelial cells, and other cells to produce more
proinflammatory mediators, including IL-1𝛽, IL-6, IL-8,

TNF-𝛼, GM-CSF (granulocyte-macrophage colony stimulat-
ing factor), NO (nitric oxide), and metalloproteinases [27,
33].

The results of many studies have supported the
pathogenic role of Th17 in the course of various human
inflammatory diseases, including experimental autoimmune
encephalomyelitis (EAE), multiple sclerosis, collagen-
induced arthritis, and inflammatory bowel disease in murine
models [23].Th17 cells become pathogenic at later steps when
their production of cytokine IL-23 increases, promoting
the stabilization phase of Th17 differentiation [30, 34].
Nonetheless, there have been many debates questioning
the pathogenic role of Th17 cells in human patients with
autoimmune diseases mainly because of the results of
studies that compare mouse Th17 cells to human Th1 cells
producing IFN-𝛾 or IL-12 [16, 23, 32, 34–37]. The most
effective cytokines to enhance the generation or expansion
of human Th17 cells are IL-1𝛽 and IL-23, whereas IFN-𝛾,
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IL-4, and IL-27 suppress their generation [37, 38]. Overall,
these studies have reinforced the notion that the longevity,
stability, and plasticity of Th17 cells can be influenced by the
variations in the cytokine milieu as well as the presence of
stromal cells and Tregs cells [16, 20, 23, 35, 37]. In a recent
study, Gagliani and colleagues using different transgenic
mice models elegantly showed that Th17 transdifferentiate
into regulatory T-cells and contribute to the resolution
of inflammation [39]. Therefore, the development of new
biological approaches and animal models to evaluate key
regulatory drivers in the Th17 cell reprogramming will help
in understanding their role at physiological conditions and
in various immune-linked diseases.

7. Th9

Th9 or IL-9-producing CD4+ T-cell is a discrete T-helper
subset that develops from näıve T-cells in the presence of
TGF-𝛽 and IL-4 [40–42]. This new subset of the T-helper
population is characterized by their ability to produce large
quantities of IL-9. Their differentiation requires the expres-
sion of transcription factors STAT6 (signal transducer and
activator of transcription 6), PU.1, IRF4 (interferon response
factor 4), and GATA3 [40, 42]. Th9 cells are activated by
epithelial cell-derived cytokines, including IL-25 and IL-33,
which have been implicated in the initiation of asthma. Th9
acts as a major contributor to the onset and progression
of many types of allergies induced mouse models [42, 43].
This was confirmed using IL-9-producing reporter mice.
Licona-Limón and colleagues showed that Th9 is essential
to combat intestinal worm Nippostrongylus brasiliensis [44].
Interestingly, studies have also demonstrated that Th9 cells
have a protective role against tumor growth [43].

8. Tfh

CD4+ T-lymphocytes can also differentiate into special-
ized effector follicular helper (Tfh) T-cells which display
high levels of the surface receptors ICOS (inducible T-cell
costimulator), CD40L (CD40 ligand), CD134/OX40, PD-1
(programmed death ligand-1), BTLA (B- and T-lymphocyte
attenuator), and CD84, the cytokine IL-21, SAP (the cytoplas-
mic adaptor protein SLAM-associated protein), and the Bcl-6
(transcription factors B-cell lymphoma 6) and c-Maf (avian
musculoaponeurotic fibrosarcoma oncogene) [45, 46]. Tfh
cells induce the development and antibody isotype switching
in germinal centers (GCs) into lymph nodes where final B-
cell maturation occurs. T- and B-cell interactions increase
Bcl-6 expression in activated CD4+ T-cells. This in turn
increases the expression of the IL-6 receptor, IL-21 receptor,
and CXCR5 (receptor for the chemokine CXCL13), which are
the specific molecular markers of Tfh cells. CXCR5 ligand
CXCL13 drives T-cells to B-cell border and interfollicular
zones within GCs. Bcl-6 and c-Mafmay synergize to generate
Tfh cells by regulating the expression of critical factors such
as IL-21, IL-21 receptor, and CXCR5 [46]. Similar to Th17
cells, the ability of IL-6 to promote Tfh cell differentiation
depends on the action of IL-21. The expression of Blimp-1

(B-lymphocyte-induced maturation protein-1) may help to
maintain tolerance by inhibiting Bcl-6 expression and further
differentiation of Tfh cells [47]. The costimulatory receptor
ICOS signaling is very important for the differentiation of Tfh
cells since it induces the transcription factor c-Maf, which in
turn induces IL-21 expression. Finally, the natural follicular
Treg cells exist which limit GCs reactions by suppressing the
responses of both Tfh and GC cells [48].

9. Tregs

The regulatory CD4+ T-cells (Tregs) are defined by cellular
surface expression of CD4+ CD25+ (IL-2R 𝛼 chain receptor),
OX40/CD134, CD27, CTLA-4 (CTL-associated protein 4),
CD62-L, and TGF-𝛽 [1, 9, 18, 49–53].This natural Treg subset
(nTreg) develops continuously after 3-4 days after birth in
the mouse thymus from CD4+ CD8−CD25+ or CD4+ CD8−
CD25− thymocytes upon initiation of the expression of the
forkhead family transcription factor Foxp3 (forkhead box P3)
that is upregulated following stimulation by thymic stromal
derived lymphopoietin [19, 54]. Removal of the thymus from
3-day-old neonatal mice leads to multiple organ autoim-
mune disease in some strains of mice [54]. Besides nTreg,
a peripheral induced Treg (iTregs) population arises after
antigen priming under certain cytokine milieu in peripheral
lymphoid organs [18, 33, 50, 55]. The generation of iTregs
occurs under the environment rich in TGF-𝛽 and retinoic
acid [29, 56]. Retinoid acid can shut down the synthesis of
cytokines IFN-𝛾, IL-4, and IL-21, which in concert promote
an inhibitory effect on Foxp3 mRNA and protein induction
[29, 56]. The naturally arising Treg cells exert suppressor and
regulatory functions that are vital to maintain the delicate
balance between tolerance and protective immunity. Tregs
control autoimmune responses but also limit the onset of
effective antitumor immune responses. Tregs cells comprise
about 5–10% of the mature CD4 helper T-cell subpopulation
in mice and 1-2% of CD4+ helper T-cells in humans [18], but
cellular and molecular mechanisms of human Tregs remain
incompletely characterized [9, 19, 57]. It seems that the
same antigenic peptide can stimulate both CD4+ helper and
regulatory T-cells depending on peptide affinity, expression
level, and cytokine milieu.

The expression of Foxp3 is required for the expres-
sion of GITR (the glucocorticoid-inducible tumor necrosis
receptor), CTLA-4, KLRG1 (killer-cell lectin-like receptor
G1), CD25, and Blimp-1 (B-lymphocyte-induced maturation
protein-1) which are involved in the regulatory cell develop-
ment by controlling a genetic program that specifies this cell
lineage and by repressing alternative cell fates [18, 50–53].
Over 300 proteins are necessary to ensure the high expression
of Foxp3 protein and lineage stability of Tregs [1]. Foxp3-
induced inhibition of the gene for IL-2 and upregulation of
the gene for CD25 are due to its binding and repression to
the NF-𝜅B, AML1/Runx1, and NFAT transcription factors
[18, 51]. Generally, Tregs need to be activated to exert their
suppressive function due to their natural anergic state. Prior
to activation, the binding of IL-2, via IL-2 receptor CD25,
and also IL-4, IL-7, and IL-15 is responsible for survival and
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maintenance of Tregs, which divide continuously and acquire
an activated/memory phenotype.

Deficiency of Tregs causes autoimmune diseases and
predisposes to solid organ and hematopoietic stem cell
graft rejection. Several putative mechanisms by which Tregs
promote the suppression of effector T-cell response have been
investigated [9, 19, 55, 57].These include the Treg cell contact
inhibition of APCs and activated T-cells, Treg-induced killing
of either APCs or T-cells or both [18, 58], and Treg-induced
suppression of activated T-cell via expression of cytokines IL-
10 [15] and TGF-𝛽 [22, 59, 60] and overexpression of PD-
L1 and generation of DCs with reduced capacity to stimulate
effector T-cell responses [57]. TGF-𝛽 contributes, at least in
part, to the in vivo suppression of effector T-cell response.
Latent TGF-𝛽 and a latency-associated peptide (LAP) are
constitutively present on the surface of Tregs [22]. The
activation occurs after TGF-𝛽 cleavage by plasmin or other
alternative mechanisms [22]. TGF-𝛽 signals through the
T𝛽RI and T𝛽RII (type I and type II TGF-𝛽 serine-threonine
kinase receptors), which is followed by phosphorylation of
Smad 2/3 and Smad 4. Smad 7 and Smad ubiquitin regulatory
factors (Smurfs) exert negative feedback by inducing T𝛽RI
andT𝛽RII degradation, thereby stopping the binding of TGF-
𝛽 into its plasma membrane receptor [22, 60].

Many different in vivo and in vitro assays have been
used to investigate the mechanisms by which Tregs mediated
suppression of immune response [53, 55, 61]. They are
evaluated first by the ability to suppress conventional T-cell
proliferation at 1 : 2 to 1 : 4 Treg to conventional T-cell ratios
in the “classical” in vitro suppression assay. The granzyme-
dependent and perforin-dependent mechanism is the main
assay used to examine Tregs mediated killing of responder T-
cells [62]. Investigations in this pathway led to the discovery
that Tregs release nucleotide adenosine, a negative signal to
responder T-cells via upregulating intracellular cyclic AMP,
thereby reducing IL-2 production that causes inhibition of
T-cell proliferation. The pericellular adenosine is catalyzed
by CD39 (ectonucleoside triphosphate diphosphohydrolase
1) and CD73 (ecto-5-nucleotidase) which are preferentially
expressed by Tregs [63, 64]. Finally, Tregs stimulate DCs to
express the enzymes indoleamine 2,3-dioxygenase (IDO1)
and tryptophan 2,3-dioxygenase (TDO2). IDO1 is the rate-
limiting enzyme controlling the degradation of the essential
amino acid tryptophan into a series of metabolites named
kynurenines [65]. The exact cellular pathway by which IDO
leads to Treg differentiation is debatable [66]. Recently,
some studies have pointed to a strong role for the aryl
hydrocarbon receptor (AhR), a ligand-operated transcription
factor, in T-cell differentiation [67].The activation of the AhR
by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, dioxin), a
potent environmental toxicant, will lead to the differentiation
of näıve CD4+ T-cells into Foxp3 regulatory T-cells. There-
after, several reports described that L-kynurenine acts as
natural AhR ligand because of its capacity to phenotypically
alter DCs. Both of these APC modifying pathways appear
to be dependent on CTLA-4 (CD152), CD80, and CD86. T-
cells expressingCTLA-4 can downmodulate CD80 andCD86
expression, thereby impairing the function of DCs [55].

Tr1 is another Treg cell lineage that is induced by antigen
stimulation via an IL-10-dependent process in the periphery
[68, 69]. Tr1 secretion of the high levels of immunosuppres-
sive cytokine IL-10 and medium levels of TGF-𝛽 is required
to dampen autoimmunity and tissue inflammation. Tr1 is
characterized by the expression of the transcription factor
c-Maf, AhR, and the costimulatory receptor ICOS. c-Maf
activation leads to enhanced production of IL-21 whereas
ICOS promotes the expression of IL-27. IL-21 drives the Tr1
clone expansion whereas IL-27 drives the Tr1 differentiation.
In contrast, granzyme B and IL-10 expression mediate the
contact-dependent suppressive activity of Tr1 cells [70]. Con-
ventional DCs treated with immunomodulatory cytokines
such as IL-10, TGF-𝛽, IFN-𝛼, or TNF-𝛼 are converted to
tolerogenic type and induce the differentiation of Tr1 [71, 72].
In addition, the immunosuppressive drugs vitamin D3 and
dexamethasone are also able to induce the development of Tr1
cells [72].

The transforming growing factor-𝛽- (TGF-𝛽-) producing
CD4+ T (Th3) is a distinct Treg cell lineage that exerts sup-
pressive/regulatory activities that were originally identified in
mice after oral tolerance induction to myelin basic protein
[73]. They produce TGF-𝛽 together with various amounts
of IL-4 and IL-10. These cytokines influence the functional
activity of multiple cell types that probably have a major role
inmany aspects of immune regulation andT-cell homeostasis
[72].

A small subset of CD8+CD25+ T-cells sharing similar
characteristics with CD4+ CD25+ Treg have been detected in
human fetal and postnatal thymuses [74]. Both CD4+CD25+
and CD8+ CD25+ human thymocytes express Foxp3 tran-
scription factor and cell surface molecules GITR, CD103,
CCR8, and TNFR2 and cytoplasmic CTLA-4 proteins, which
are common features of mature Treg cells. Following activa-
tion, they do not proliferate or produce cytokines but express
surface CTLA-4 and TGF-𝛽1. CD8+ CD25+ Tregs suppress
the proliferation of autologous CD4+ CD25− thymocytes to
allogeneic stimulation by a contact-dependent mechanism
related to the combined action of surface CTLA-4 and TGF-
beta leading to the inhibition of the IL-2R alpha chain expres-
sion on target T-cells. Lastly, both CD4+ CD25+ and CD8+
CD25+ Treg thymocytes exert strong suppressive activity on
Th1, but much lower on Th2 cells, since these latter may
escape from suppression via their ability to respond to growth
factors other than IL-2.

It has been demonstrated that CD8+ Tregs are induced
in humans after different immunotherapy regimen in various
pathophysiological situations. These CD8+Foxp3 Treg cells
are able to suppress CD8+ responses far more effectively than
naive CD4+Foxp3 Treg [75, 76]. Conventional dendritic cells
(cDCs) and plasmacytoid DCs appear to play a critical role
in the induction of CD8+ Tregs in bone marrow allogeneic
transplantation and consequently graft-versus-host disease
(GVHD) in humans, mice, and rats [76]. In organ trans-
plantation, CD8+ Tregs were found in higher numbers in the
graft and spleen in vivo of donor-specific blood transfusion-
induced tolerance and anti-ICOS-treated mice [76].

Some mutations of Foxp3 gene, an X chromosome-
encoded gene mapped to chromosome Xp11.23-Xq13.3, cause
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a rare X-linked fatal autoimmune disease in humans named
IPEX syndrome which is associated with immune dysregu-
lation, polyendocrinopathy, enteropathy, and X-linked gene
[77, 78]. The fatal outcome of this autoimmune disease is
a cytokines storm including the release of TNF-𝛼 and IL-2
cytokines in high amounts and consequently a massive and
fatal aggressive myelo- and lymphoid proliferative syndrome.
The scurfy is amousemutant strain that displays an analogous
phenotype of human lymphoproliferative syndrome caused
by a similar mutation in the ortholog mouse Foxp3 gene
[79, 80]. Along the disease, mice present impaired devel-
opment of suppressive Treg cells which leads to diabetes
mellitus, exfoliative dermatitis, thyroiditis, enteropathy, and
inflammatory bowel disease [78, 79]. Transgenicmicemodels
bearing complete knockdown or conditional loss-of-function
mutation in the Foxp3 gene die at first weeks of age due to
lethal autoimmune syndrome [50]. The analyses of lymphoid
and myeloid tissues revealed massive proliferation of T-
cells specific for self- and environmental antigens as well as
huge accumulation of dendritic cells and granulocytes in the
tissues of transgenic animals [50].

Treg cellular therapy is an attractive new therapy for
autoimmune diseases and transplantation and many clinical
trials to validate Treg therapy in humans have been tested [81].
However, it is not yet technically possible to generate clinical
grade self-Ag specific Tregs and different technological issues
must be first evaluated. Treg manufacturing technology is
only capable of large-scale production of polyclonal antigen-
experienced effector Tregs. Different mechanisms operate for
thymic and peripheral Tregs development. The mTECs are
the most important thymic antigen-presenting cells for Treg
cell selection in the thymus [9]. Therefore, the development
and use of new mouse strain need to be explored as experi-
mental model that will allow direct assessment of factors that
drive Treg homeostasis, phenotypic conversion, expansion,
survival, and functional maturation, and evaluation of proof-
of-principle experiments for Treg-based therapies.

10. Transgenic Mice Models for
Investigating Thymic Functions

Various transgenicmicemodels have been created for expres-
sion or deletion of critical molecules and pathways of signal
transduction of CD4−CD8 lineage differentiation, negative
selection to tissue-specific antigens, T-cell-mediated autoim-
munity through central tolerance, and Treg cell generation
[82, 83]. The development of genetic engineering strategies
for creation of immunodeficient and chimaeras mice models
that successfully engrafted and developed human myeloid
and hematopoietic cells into host organs and tissues has
provided helpful assay system to model thymic processes
[82–85]. The NOD/scid/IL2rgnull mouse strain named NSG
mice, which lacks T-, B-, and NK cells, is the only one
that allows more complete human immune cell system
reconstitution as compared with other immune deficient
mice [86]. On the other hand, the oncogenic retroviruses-
and murine polyomavirus-induced transgenic models have

proven extremely successful to investigate host cells and viral
protein interactions in different tissues and cells [87].

The thymus is a pharyngeal organ formed by ectoderm
and endoderm layer cells derived from the neural crest that
is located in the chest directly behind your sternum and
between your lungs. The primary immunological function
of the thymus is the production of self-restricted and self-
tolerant T-cells. At embryonic stage E11.5, primordial TEC
progenitor cells meet hematopoietic cells through discrete
thymic microenvironment in the thymic anlage [4, 6, 88].
The interaction and network ofmesenchyme, epithelium, and
thymocytes result in early differentiation of epithelial cells
and the lymphostromal stroma. Wnt glycoproteins of the
int/Wingless family bind to complexes of cell membrane friz-
zled (fz) receptors leading to activation of 𝛽-catenin, which
translocate to the nucleus where 𝛽-catenin associates with T-
cell factor (TCF), a DNA-binding protein family, and activate
TCF and lymphoid enhanced factor (LEF) transcriptional
activities. The transcription factors autoimmune regulator
(AIRE) [89–91] and forkhead boxN1 (FOXN1) [92, 93] are the
most important transcription factors for thymic organogene-
sis and TECs differentiation. Expressed exclusively in thymic
and cutaneous epithelia, they are required for cortical (c) and
medullary (m) TECs differentiation and the establishment of
thymic stroma. Although the cortical and medullary TECs of
normalmouse express high levels ofMHC IImolecules, there
are substantial differences in the antigen-presenting pathways
by these cells [94].

Mice with deletion of AIRE gene developed Sjögren’s syn-
drome, a severe autoimmune disease driven by defective neg-
ative selection that results in the presence of autoantibodies
to 𝛼-foldrin in multiorgans [8, 82, 89, 90]. AIRE regulates the
antigen presentation by mTEC and medullary thymic den-
dritic cells during negative selection [95]. In human, AIRE
mutation is responsible for autoimmune polyendocrinopathy
candidiasis ectodermal dystrophy (APECED) [96].

FOXN1 is not required for thymus organogenesis but is
required for development of thymic epithelial cells. However,
in the absence of functional FOXN1, TECs are arrested at an
immature progenitor stage because of the absence of thymic
epithelial progenitor cells [97]. The athymic Nude mice
contain amutation at FOXN1 and do not develop intrathymic
T-cells but develop extrathymic T-cell differentiation [93, 98].
Mutations in FOXN1 gene in human cause alopecia and nail
dystrophy [99].TheDiGeorge Syndrome (DGS) is the human
prototype for severe defects in T-cell differentiation due to
thymic hypoplasia. This syndrome may arise frommutations
affecting the transcription factor TBX1 (T box 1) that controls
whether cells can become TECs.

The thymus undergoes a dramatic age dependent invo-
lution due to loss of epithelial-mesenchymal interactions
with TECs, dendritic cells, vasculature, and mesenchymal
cells that provide signals for their survival, proliferation, and
differentiation [100, 101]. The thymus produces all of your T-
cells along puberty and the peripheral T-cell expansion seems
to play a greater role in protecting older people from diseases.
Molecular analysis of signal-joint T-cell receptor (TCR)
excision circles (sjTRECs) in recent thymic emigrants (RTEs)
showed that they significantly decrease with increasing age in
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murine thymus tissue [102]. A mathematical model suggests
that decreases in T-cell repertoire are not associated with
thymic involution but rather with peripheral selection due
to accumulation of mutations and consequently a decline in
the TCR repertoire [103]. The rapid ageing process has been
associated with reduced production of growth factors such
as thymosin, the hormone of the thymus, fibroblast growth
factors (FGF-7 and FGF-10), insulin-like growth factor (IGF-
1), growth factor (GH), keratinocyte growth factor (KGF),
leptin, and cytokines IL-7, IL-10, and IL-22which are essential
for all adult TECs expansion and differentiation [102, 104].
On the other hand, it was shown that increased mRNA
expression of leukemia inhibitory factor (LIF), stem cell
factor (SCF), IL-6, and M-CSF correlated with age [105]. It
is interesting that androgen blockage or sex steroid ablation
(SSA) induces thymic regrowth with rapid changes of genes,
including genes of the Wnt pathway, which has an important
role in ageing and regeneration [106].

Immune system ageing (immunosenescence) occurs with
a significant decrease of germinal centers, CD8 T-cells,
näıve T-cells, and IgM-expressing B-cells [105]. The devel-
opment of novel pharmacological strategies for recovery of
immunosenescent cells using thymopoietic factors and stem
cell transplantation will have a significant impact on lifespan
and global public health [102, 104]. TECs progenitor cells
are characterized by two surface markers named Mts20 and
Mts24 and also keratin types 5 and 8 [97]. Because of their
capacity of self-renewal and differentiation potential, studies
have been done to explore their capability of repopulation
of the entire thymic epithelium into immunodeficient mice,
but definite proof of their application in humans is still
lacking [6, 97]. Investigations on alternative cellular and
molecular mechanisms leading to thymic defects and severe
combined immune deficiencies (SCID) in humans depend on
the creation of novel mice models which have been essential
for development of innovative and safe therapies.

11. Immortomouse

Immortomouse is a transgenic mouse strain that expresses a
simian virus 40 large T-antigen named tsA58 (Tag), a mutant
temperature-sensitive nuclear phosphoprotein involved in
viral replication [107]. The tsA58 transgene is located on
chromosome 16 at 1.4 kb upstream of the chromosomal
marker D16Mit30 and has a size of 6.9 kb [108].The transgene
expression is under the control of murine H-2Kb promoter
that is responsible for inducing the expression of MHC class
I antigen. Thus, the transgene is inducible by exposure to
interferon-𝛾 under permissive conditions of 33∘C [107]. We
have crossed immorto transgenic C57/BL10 hybrid mouse
strain with wild BALB/c mouse strain to over 20 generations
to generate a pure BALB/c immortomouse strain. The only
observable phenotype in the BALB/c mouse strain is the
thymus overgrowth that can weigh over two grams in both
homozygous and heterozygous adult mice at six months of
age [109], as it has been described in original work [107].
Both homozygous males and hemizygous females do not
succumb to any pathological disease within this period. In

fact, histological analysis showed that hyperplastic thymi had
a relatively normal organization and displayed no charac-
teristics of thymoma or thymic lymphoma (Figure 3). Our
immunohistochemistry study revealed that SV40 antigen is
expressed in the thymus tissue,mainly in T-cells (Figure 3). In
the first analysis of the phenotype of immortomouse, Jat and
colleagues concluded that the enlarged thymic histology and
T-cell repertoire and polyclonality expansion were normal in
transgenic animals.They did not observe tumor formation in
syngeneic recipients but could not exclude the late transfor-
mation of highly proliferative cells [107, 110].

It is well characterized that large T-antigen tsA58 immor-
talizing gene expression can overcome functional and dif-
ferentiation properties into target cells and stimulate cell
growth without oncogenic transformation [107, 110]. The
SV40 expression has been shown to freezing cells at lineage-
specific development, which allows a number of advantages.
Many conditionally immortalized cell lines directly derived
from tissues and organs have been isolated [110, 111]. The
growth of these cell lines is temperature-dependent since
they grow at 33∘C in the presence of IFN-𝛾 but arrest at
non-permissive (39∘C) temperatures [111]. The SV40 large
T-antigen (Tag) is a multifunctional protein that displays
DNA helicase, RNA helicase, and ATPase activities [112,
113]. Among several proposed mechanisms in the literature
for SV40 immortalization, the control of the cell cycle and
apoptosis via interaction and rapid degradation of p53 andRB
proteins is themost well established [112–114]. By inactivating
RB proteins (pRb, p130, and p107), Tag removes the normal
G1-phase to S-phase cell cycle checkpoint thereby facilitating
uncontrolled cycling and cell growth. In 2013, Sadasivam and
DeCaprio identified an 8-protein complex that specifically
interacts with the retinoblastoma-related proteins p130 and
p107 and named it DREAM (DP, RB-related, E2F, andMuvB)
[115]. The mammalian DREAM binds to the promoters of
all cell cycle regulated genes and promotes their repression
during cellular quiescence [115]. Large T-antigen directly
binds to DREAM associated proteins and can restore cell
cycle program [116].

To our knowledge, there have been no reports to date
examining the homeostatic expansion of lymphoid T-cell
subtypes in the tsA58 transgenic model. The presence of
CD3+, CD4+, CD8+, and Foxp3 lineages at early and late
time of thymic hyperplasia indicated that they are functional
(Figure 3). We cannot conclude whether T-cell lineages
did efficiently develop T-cell antigen receptor (TCR) in the
thymus in vivo (Figure 3). To confirm this, we performed
antigenic stimulation assays using T- and B-cell populations
collected from the spleen of immortomice. We observed
normal T and B proliferation stimulated by Concanavalin
A and lipopolysaccharide (LPS), respectively. On the con-
trary, T-cells underwent apoptosis when stimulated with
staurosporine or glucocorticoids (data not shown). Treg
cells comprise about 5–10% of the mature CD4+ and CD3+
subpopulation in the lymphoid organs. However, the rate
of CD4+ CD25+ Foxp3 population expanded 9-fold in the
hyperplasic thymus, as compared to population in the organs
from normal wild type mice (Figure 3).These results demon-
strated that Treg cells were converted to the effectors and
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Figure 3: Anatomic macroscopic and microscopic structures of a large thymus ((a), (b), (c), and (d)) obtained from an immortomouse at
three-month age.The panoramic view shows that the morphology and epithelial and lymphoid structures are preserved.The dense lymphoid
tissue in the thymic cortex andmedulla areas ((b) and (c)) indicates active germinal centers for T-cell differentiation.The tissues were stained
for immunohistochemistry with hematoxylin and eosin (c) and anti-large T-SV40monoclonal antibody (d).The phenotypic characterization
of the thymus and spleen CD4 lineages by fluorescent microscopy analysis of labeled cells ((e), (f), (g), and (h)) and flow cytometric analysis
((j), (k), and (l)) indicated that pre-T-cells progressed through their development to become specific subtypes CD4+, CD8, and double-
positive CD4+/CD8+ (j) as observed in the control mice (i). The rates of CD4/Foxp3 expression in T-cell populations expanded 9-fold in
the hyperplasic thymus (l) as compared to control (k). All cells were labeled using fluorescein-conjugated anti-mouse CD3, phycoerythrin-
conjugated anti-mouse CD4, and allophycocyanin- (APC-) conjugated anti-mouse CD8 mAbs and Alexa 488-conjugated anti-mouse Foxp3
mAbs (BD Biosciences). Numbers refer to percentages of cells in marker region after subtraction of other subpopulations.

memory cells. IFN receptors are expressed and IFN-𝛼 and
IFN-𝛽 are secreted in the thymus andmedulla in normal fetal
and postnatal thymus in the absence of infection [117]. We
hypothesized that IFN-𝛼/𝛽may have a direct role in stimula-
tion of the interferon inducible murine H-2Kb promoter and
consequently large T-antigen tsA58 gene expression in the
thymus tissue cells of immortomice. This and other in vitro
and in vivo studies are underway to delineate the molecular
and cellularmechanisms bywhich SV40 virus large T-antigen
regulates T-cell expansion and function.

A report in the literature described a transgenic mouse
model expressing cyclin D1 from keratin 5 promoter
(K5.CyclinD1) that resembles the immortomouse pheno-
type [118]. The offspring of cyclin D founder mice showed
dramatic and continuous growth that resulted in thymus
hyperplasia (∼2 g).The thymic tissue did not undergo ageing-
associated involution, and its large size caused the death of
mice due to severe respiratory distress [118]. The thymocytes
histology appeared to be normal and did not show evidence
of transformation [118]. Nonetheless, it is known that over-
expression of cyclin D1 is a common driver for uncontrolled
growth regulatory pathway in cancers [119].

An increasing number of targets of large T-antigens have
been identified including p53 and RB family of proteins Rb,
p130, and p107 [112–114]. Studies have shown that large T-
antigen inhibits p53 activity by binding to its ATP domain
[112]. LT recruits p130-E2F complexes via its LXCXE motif

so that hsc70 bound to the J domain can use energy from
ATP hydrolysis to free E2F that, in turn, binds to DNA to
drive gene expression, S-phase entry, and cell proliferation
[112, 114]. During viral-host cell protein interactions, five
proteins namedCUL7, CUL9, FBXW8,GLMN, and FAM111A
are recruited to LT [120]. Some of these proteins act as
cullin-RING ligases (CRLs) of an SCF (skp1, cullin, and F-
box) type E3 ubiquitin ligase complex that targets cellular
proteins for proteasomal degradation [121]. Recently, it was
described that stable expression of LT protein in human
fibroblasts is able to trigger the Rad3-related (ATR) kinase-
DNA damage response (DDR) and that this leads to pro-
duction of interferon and activation of the IFN regulatory
factor 1 (IRF) transcription factor [122]. ATR promotes the
expression of the p53 isoform Δp53, upregulation of the Cdk
inhibitor p21, and, consequently, the downregulation of cyclin
A-Cdk2/1 (AK) activity [123]. As a result, the host cells stay
in the replicative S-phase, which is critical for viral genome
amplification [123].

Recent studies have shown that overexpression of SV40
LT in mouse embryos fibroblasts (MEFs) leads to upreg-
ulation of transcription of many interferon stimulated
genes (ISGs) including ISG56, OAS (2-5-oligoadenylate
synthetase-1), Rsad2 (radical S-adenosyl methionine domain
containing 2), Ifi27 (interferon alpha-inducible protein 27),
and Mx1 (myxovirus resistance or interferon-induced GTP-
binding protein), GTPases, P200 gene family, and PKR
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(protein kinase R), as well as IRF-7, IRF-9, RIG-1, STAT1, and
STAT2 [124, 125]. STAT1 transcription factor was found to
be a critical transducer of interferon stimulated genes and
IFN-𝛽 in these SV40 expressing cell lines [122]. As expected,
two SV40 gene regions, the J domain and adjacent LXCXE
motif, were responsible for upregulation or downregulation
of ISGs genes [125]. However, it is not known whether
these biological events actually occur and what consequences
would they have on thymus functionality in the immorto-
mouse. We believe that MHC mediated antigen presentation
and cell death processes that control positive and negative
selection are normally occurring during thymopoiesis in the
immortomouse. We assume that the expansion of CD4+ and
CD8+ populations in the thymus could occur as a result
of interferon-𝛼/𝛽-induced genes and enhanced survival of
positively selected cells. The SV40 expressing T-cells may
preserve the initial phase of activation-induced cell death
(AICD) promoted by the Fas/CD95 proapoptotic pathway in
response to self-RNA/DNA stimulation. It is well known that
SV40 LT binds to p53 via core DNA-binding domain leading
to reduced expression of apoptosis genes while increasing the
expression of growth factor genes [112, 126, 127]. Currently, it
is unclear whether and/or how Bim andNur77 work together
for induction of apoptosis and consequently negative selec-
tion [8, 128].The cross talk between these signaling pathways
and p53 in cell death needs to be further investigated.

FOXN1 gene expression is required for differentiation of
the immature epithelial cells into functional cortical TECs
(cTECs) and medullary TECs (mTECs). A recent study has
shown that enforced expression of FOXN1 was capable of
reprograming primary mouse embryonic fibroblasts (MEFs)
into functional TECs [129]. Moreover, these induced TECs
were able to promote full T-cell development in vitro. It
seems that besides FOXN1 ectopic expression other stem
cell transcription factors might play a significant role in the
ensuing process. It is interesting that a subset of thymic
epithelial cells express the transcription factors Nanog, Oct4,
and Sox2 that are genes only expressed by totipotent stem
cell [90]. To date, no study has investigated TEC cell lines
derived from thymus of the tsA58 immortomouse which is
under the control of the interferon inducible murine H-2Kb

promoter. We supposed that expression of large T SV40 in
adult TEC progenitors will increase mTECs and extended
normal thymic regeneration and function, including the
development of both CD4+ and CD8+ cells and the expres-
sion of MHC class I and II antigens. Nude mice are athymic
and hairless because amutation at FOXN1 gene blocks thymic
epithelial cells patterning and differentiation in thymus and
keratinocyte differentiation in the skin [98]. To investigate
the possible roles of the embryonic thymic epithelial cells for
T-cell growth and hyperplasia in immortomouse, we crossed
a BALB/c immortomouse strain with Nude BALB/c mouse
strain. Mice bearing FOXN1 deficiency and overexpression
of SV40 Tag were healthy and developed normally and
males were fertile. We did not observe thymus hyperplasia
in the old mice. Further studies using these new transgenic
mouse strains will be necessary for interrogating the role of
cTEC and mTEC progenitors in the T-cell expansion and

the mechanism of homeostatic lymphocyte trafficking and
survival as well as the dynamic encounters of T-cells and
dendritic cells during T-cell development inside the thymus.

Finally, thymic-related carcinomas (derived from thymic
epithelial cells) are heterogeneous in types and difficult to
diagnose [119, 120, 126].Whereas tumor cells from thymomas
look similar to the normal cells of the thymus and do not
spread beyond the thymus, cells from thymic carcinoma grow
more quickly than thymomas and usually spread to other
parts of the body. Treatment protocols are not solidly estab-
lished, and new drugs and treatments are awaiting discovery.
The thymic hyperplasia observed in immortomouse is poorly
understood [107]. The polyomaviruses may induce various
types of cancers in animal models and humans, including B-
and T-cell lymphomas [119, 120, 126]. Transgenic expression
of c-terminal mutated forms of large T under the control of
lymphotropic papovavirus promoter is able to induce brain
tumors and thymic lymphomas in mice [130]. The cells lines
derived from transgenic thymuseswere homogeneous for one
of the mature T-cell subsets, either CD4+ CD8− or CD4−
CD8+ cells, which expressed the TcR/CD3 higher phenotype
[130]. In another study, McCarthy and colleagues analyzed
the role of SV40 T in apoptosis induced by p53 in positive and
negative selection [131]. They concluded that T-antigen did
not interfere with clonal deletion of thymocytes in transgenic
mice suggesting normal development and that the autoreac-
tive thymocytes were killed via p53-independent apoptosis
[131]. In one model to explain mouse predisposition of T-cell
lymphoma, it is proposed that T-antigen contributes to the
survival of cells that have undergone DNA damage due to
TCR gene rearrangement for positive and negative selection
[131]. We do not know whether these mechanisms are similar
in human tumors [119]. The tsA58 transgene is expressed
in very low amounts under physiological condition in the
immortomouse and only the thymus responds to its growth
effects [107]. The protein stability is temperature-sensitive
and stable at 33∘C but not at 39∘C, and experiments using
many functionally immortalized cell lines did not turn in
tumor formationwhen injected inNudemice [107, 111].Thus,
the immortomouse is a model that suits well experimental
research on induction of lymphomas and thymic carcinomas
after crossbreeding with other transgenic or knockout mice
bearing a candidate mutated oncogene or deleted tumor
suppressor gene.

12. Conclusions And Perspectives

Naive CD4+ T-cell interactions with antigen-presenting DCs
promote their commitment to specific effector lineages
named Th1, Th2, Th9, and Th17. The follicular helper (Tfh)
T-cells have emerged as a special T-cell subset defined by
CXCR5 and Bcl-6 expression that drive the differentiation
of cognate B-cells into memory and plasma cells, which
are required for the generation of T-cell-dependent B-cell
responses and antibodies production. The identification of
Tfh cells provides promise for novel strategies to improve
vaccine development and long-lived humoral protection
against infectious disease.
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Natural Treg from thymic origin and induced Treg cells
from periphery lymphoid tissues as well as the Treg cell
lineages Tr1 andTh3 can exert both beneficial and pathogenic
effects. In certain settings, the choice between immunity
versus tolerance depends on local or systemic responses
to inflammatory and immunologic signals. CD8+ Tregs are
induced after different immunotherapy regimen in various
pathophysiological situations. There is a lot of exciting work
to be done for a more comprehensive understanding of the
cellular and biochemical mechanisms by which Treg cells
exert their suppressive activities to control the relative balance
of Th1/Th17 cells. To do so, we need to advance in biological
methods to identify, isolate, and expand ex vivo generated
Treg cell lines in mouse transplant models.

In the future, we need to develop pharmaceutical inhib-
itors and monoclonal antibodies to suppress inflammatory
cytokines, such as TGF-𝛽, IL-6, IL-9, IL-17, IL-22, and IL-23,
dexamethasone, and vitaminD3 in clinical protocols to avoid
redifferentiation and conversion of Treg cells into Th1/Th17
pathogenic phenotype. Such knowledge will contribute to
the development of a more realistic strategy to avoid solid
organ graft rejection and acquired tolerance leading to cancer
progression or autoimmune diseases.

The immortomouse, or its immortalizing genetic ap-
proach, is one interesting mouse model for exploring the
thymus organogenesis andT-cell development toward under-
standing the Treg biology and its tolerogenic potential for
therapy in transplantation. The isolation and growth of
the embryonic stem cell-derived thymic epithelial cells is
one promising strategy to treat autoimmunity and thymus
involution in patients. Thus, unique humanized mice models
need to be designed and developed for investigating these
new therapeutic concepts.Therefore, the generation of hybrid
immortomice and humanized transgenic mice can enable
the development of novel approaches that could significantly
advance the development of T-cell subtypes and TECs-based
therapies.
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An increased risk of ALS has been reported for veterans, varsity athletes, and professional football players. The mechanism
underlying the increased risk in these populations has not been identified; however, it has been proposed that motor nerve
injury may trigger immune responses which, in turn, can accelerate the progression of ALS. Accumulating evidence indicates
that abnormal immune reactions and inflammation are involved in the pathogenesis of ALS, but the specific immune cells involved
have not been clearly defined. To understand how nerve injury and immune responses may contribute to ALS development, we
investigated responses of CD4+ T cell after facial motor nerve axotomy (FNA) at a presymptomatic stage in a transgenic mouse
model of ALS (B6SJL SOD1G93A). SOD1G93A mice, compared with WT mice, displayed an increase in the basal activation state
of CD4+ T cells and higher frequency of Th17 cells, which were further enhanced by FNA. In conclusion, SOD1G93A mice exhibit
abnormal CD4+ T cell activation with increased levels ofTh17 cells prior to the onset of neurological symptoms.Motor nerve injury
exacerbatesTh17 cell responses and may contribute to the development of ALS, especially in those who carry genetic susceptibility
to this disease.

1. Introduction

An increased risk of ALS is associated with certain popula-
tions who have a history of extensive physical contact such
as varsity athletics, professional soccer players, and military
veterans [1–3].Motor nerve injury as a trigger to degeneration
has been proposed in these populations, but the underlying
mechanism remains elusive. In order to investigate this
hypothesis, we utilized the motor nerve injury (facial nerve
axotomy (FNA)) in the ALS mouse model (SOD1G93A mice)

to evaluate the impact of FNA on motoneuron survival after
injury. We found that FNA-induced motor neuron loss is sig-
nificantly increased in SOD1G93A mice relative to WT mice.
Importantly, the increased motor neuron loss in SOD1G93A
mice can be prevented by adoptive transfer of immune cells
from wild-type mice [4]. These data suggest that individuals
with a genetic susceptibility to ALS are more vulnerable to
nerve injury-induced neurodegeneration. Because such vul-
nerability is impacted by the immune system, we hypothesize
that FNA may induce a more pronounced proinflammatory
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response in SOD1G93A mice than in WT mice, which in turn
impairs the function of neuroprotective immune responses
[4].

As the pivotal cell of immunoregulation, the CD4+ T
cell has been of a great interest in the investigation of the
pathogenesis of ALS. CD4+ T cells have several subsets
with distinct immunoregulatory functions. In late-stage ALS
patients, the total number of näıve CD4+ T cells is decreased
and CD4+ T cell infiltration in the spinal cord and brain is
significantly increased [5, 6]. In addition, elevated Th1 cells
in cerebrospinal fluid and elevated IL-17 and Th17-related
cytokines (IL-6, TNF-𝛼, IL-1, and IL-23) [7–9] in the serum
have also been observed in ALS patients. Furthermore, the
level of antineuroinflammatory subsets, Th2 and Treg cells
[10, 11], appear to regulate the speed of disease progression.
However, the roles of proneuroinflammatory subsets, Th1
and Th17 cells, in promoting ALS development has yet to
be established due to two challenges: late diagnosis and the
chronic nature of the disease. The late diagnosis makes it
difficult to conclude whether observed abnormal immune
response and inflammation are the cause or the result of the
disease. The chronic nature of ALS also makes it difficult
to determine the best timing for the detection of such
autoimmune responses.

We have previously demonstrated that FNA is capable
of inducing a readily detectable immune response in a
predictable time period (7–14 days) [12]. In the current study,
we performed FNA in presymptomatic B6SJL SOD1G93A
mice (8-week-old) and examined CD4+ T responses in a time
course after FNA. We found that abnormal CD4+ T cell acti-
vation with increasedTh17 cells is present in SOD1G93A mice
prior to the onset of neurological symptoms. FNA further
exacerbates CD4+ T cell activation and Th17 cell responses
in SOD1G93A mice.These results suggest that SOD1G93A mice
have impaired immunoregulatorymechanisms that normally
dampen injury-induced inflammatory responses and that
Th17 cell-promoted inflammation might contribute to the
increase in injury-induced motoneuron death in SOD1G93A
mice.

2. Materials and Methods

2.1. Animals and Surgical Procedures. Six-week-old female
B6SJL SOD1G93A and wild-type female B6SJLF1/J mice
were obtained from Jackson Laboratory (Sacramento, CA,
USA). All mice were housed and surgery was performed as
previously described [4, 12]. All surgical procedures were
completed in accordance with National Institutes of Health
guidelines on the care and use of laboratory animals for
research purposes.

2.2. Preparation of CD4+ T Cells. The right cervical lymph
nodes (draining cervical lymph node (dCLN)) were collected
from uninjured (control) or axotomized mice (𝑛 = 4/group)
at 7, 9, and 14 days postaxotomy (dpa). CD4+ T cells were
isolated via autoMACS using anti-CD4 magnetic beads as
previously described [4, 12].

2.3. Flow Cytometric Staining and Analysis. CD4+ T cells
separated from the draining cervical lymph node preparation
were incubated for 6 hours with phorbol myristate acetate
(PMA, 50 ng/mL) and ionomycin (500 ng/mL, P/I, Sigma,
St. Louis, MO) with brefeldin A (BFA, 10𝜇g/mL, Sigma,
St. Louis, MO) added during the final 2 hours. For the
intracellular staining, CD4+ T cells were permeabilized with
saponin (1mg/mL, Sigma, St. Louis, MO) and double-stained
with two of the following antigens: anti-CD4-eFluor 450,
anti-IFN-𝛾-Alexa Fluor-488, anti-IL-17A-PE-Cy7, anti-TNF-
𝛼-PE, anti-IL-10-PerCp-Cy5.5 and anti-IL-4-APC, or anti-
CD8-FITC. For the immune cells subsets identification,
freshly collected dCLN cells were stained with anti-CD3-PE,
anti-B220-APC-Cy7, anti-CD4-FITC, and anti-CD8-APC.
For identification of activation, cells were stained with anti-
CD4-eFluor 450, anti-CD69-PerCp-Cy5.5, anti-CD44-APC,
and anti-CD62L-FITC.The stained cells were analyzed using
a BD LSRFortessa� FACS machine with Flowjo software.
All antibodies were purchased from eBioscience (San Diego,
CA).

2.4. Statistical Analysis. Data are expressed as mean ± stan-
dard deviation (SD). A one-way ANOVAwith the Bonferroni
post hoc test was used for comparisons of two specific groups.
Differences were considered significant at 𝑝 < 0.05.

3. Results

3.1. Enhanced Immune Responses to Facial Nerve Injury in
SOD1𝐺93𝐴 Mice. Head injury is associated with an increased
risk for developing ALS [1–3], leading us to hypothesize
that inappropriate activation of the immune system from
prior injurymay underlie the development of ALS.Therefore,
in the current study, we used the FNA model of motor
neuron injury to compare immune responses in WT versus
SOD1G93A mice which serve as a mouse model of ALS
to examine underlying alterations in immune activation
and implications for disease development in SOD1G93A
mice (presymptomatic, 8-week-old B6SJL). As shown in
Figure 1(a), basal numbers (prior to the FNA) of total cells
recovered from one dCLNWTmouse were 6.13±0.44 (×106)
versus 12.1 ± 0.99 (×106) for SOD1G93A mice, suggesting that
SOD1G93Amice have greater baseline number of lymphocytes
than do WT mice. Following FNA, a transient increase in
the number of total cells recovered was noted in WT mice
and returned to basal levels at 14 days after FNA. In contrast,
SOD1G93A mice showed a progressive and sustained increase
in total cell numbers in the dCLN. Differences in cell counts
correlated with the size of dCLN in these mice (Figure 1(b)).

To further differentiate T cell subsets, we analyzed the
percentage of CD4+ versus CD8+ T cells (Figures 1(c)–1(e)).
Prior to the FNA, both WT and SOD1G93A mice had a
ratio of CD4 : CD8 that was approximately 2 : 1. Although
the ratio of CD4 : CD8 remained close to 2 : 1 in WT mice
following FNA, it decreased to a ratio approaching 1 : 1 in
SOD1G93A mice (Figures 1(c)-1(d)). However, because total
cell numbers in the dCLN increased after FNA, the absolute
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Figure 1: Continued.
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Figure 1: Inflammation and CD4 T cell activation in SOD1G93A mice. (a) Cervical lymph nodes were collected from uninjured (Con) and
axotomized WT and SOD1G93A mice at 7, 9, and 14 dpa. The average of total number of dCLN from one mouse was calculated and compared
(𝑛 = 4 mice/group). (b) dCLN from 3 individual mice in each group were collected and photographed on 7 dpa (the underline denotes the
horizontal dimension of each dCLN). (c) dCLN were gated on T cells (CD3+ cells) and further analyzed for their subsets: CD4+ and CD8+ T
cells. (d) the average of CD4+ and CD8+ T cell percentages in each group was calculated and compared. (e) The total numbers of CD4+ and
CD8+ T cells were calculated on the basis of the total number of corresponding dCLN and their percentages. (f) dCLN cells were gated on
CD4+ T cells and analyzed for CD69+ cells (in the square gate). (g) the average of CD69+ cell percentages in each group was calculated and
compared. (h)The total number of CD69+ cells was calculated on the basis of the total number of corresponding dCLN and their percentages.
(i) dCLN cells were gated on CD4+ T cells and analyzed for CD62LlowCD44high cells (in the square gate). (j) the average of CD62LlowCD44high
cell percentages in each group was calculated and compared. (k) The total number of CD62LlowCD44high cells was calculated on the basis of
the total number of corresponding dCLN and their percentages (data are presented as mean ± SD; 𝑛 = 4 mice/group, ∗𝑝 < 0.05; blue bars
represent uninjured animals, whereas gold bars represent animals that have been subjected to axotomy).

number of both CD4+ and CD8+ increased in both WT
and SOD1G93A (Figure 1(e)). These data suggest that an
enhanced basal level of inflammation in SOD1G93A mice
may impair immunoregulatory mechanisms that normally
dampen injury-induced inflammatory responses before the
onset of neurological symptoms.

3.2. Increased CD4+ T Cell Activation in Response to FNA.
CD4+ T cells play a crucial role in regulation of the immune
response. Accordingly, we examined further the activation
status of CD4+ T cell responses at 7 days after FNA, the
peak time of CD4+ T cell response [12]. In the WT mice, T
cells at both the early activation stage (CD69+, Figures 1(f)–
1(h)) and effector stage (CD62LlowCD44high, Figures 1(i)–
1(k)) were increased after FNA, as reflected by frequency
(Figures 1(g) and 1(j)) and total number (Figures 1(h) and
1(k)).The same patternwas also found in SOD1G93A mice, but
at a higher magnitude. In addition, FNA-induced activation
levels of CD4+ T cells in WT mice were comparable to
that of SOD1G93A mice prior to the FNA in terms of both
percentage and total number, suggesting that the FNA-
induced activation of T cells in WT mice may occur in a
similar manner as T cell activation in SOD1G93A mice, prior
to disease onset.

3.3. Th17 Cell Response in SOD1𝐺93𝐴 Mice. CD4+ T subsets
have distinct functions in terms of neuroprotective or neu-
rodestructive effects [10–15]. Therefore, we examined dCLN
CD4+ T subsets in WT and SOD1G93A mice at 7 days after
FNA by staining intracellularly for IFN-𝛾 (Th1 cells), IL-
17 (Th17 cells), TNF-𝛼 (pro-inflammatory cells), IL-4 (Th2
cells), and IL-10 (Treg cells). Following FNA, the frequency
ofTh1 cells in theWTmice was decreased, although the total
number did not significantly change. In contrast, both the
frequency and total number of Th1 cells were significantly
increased in SOD1G93A mice (Figures 2(a)-2(b), first column).
In addition, Th17 cells in the WT mice did not change in
frequency and increased only slightly in total number. In
contrast, SOD1G93A mice possessed both a greater frequency
and more total Th17 cells than did WT mice, regardless of
FNA state. In fact, the frequency of Th17 cells was 3-fold
higher (0.65 ± 0.05% versus 0.13 ± 0.03%) prior to injury
and was 4-fold higher (0.77 ± 0.02% versus 0.16 ± 0.02%)
after FNA (Figure 2(b), middle column) in SOD1G93A mice,
whereas the numbers of total Th17 cells were 9-fold higher
[2.8 ± 0.31 versus 0.28 ± 0.03 (×104)] prior to injury and 5-
fold higher [5.39 ± 0.61 versus 0.89 ± 0.14 (×104)] after FNA
(Figure 2(c) middle column) in SOD1G93A mice. In the WT
mice, the frequency and total number of Th1Th17 cells were
similar prior to and after FNA. In contrast, the frequency and
total number of Th1Th17 cells in SOD1G93A mice decreased
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Figure 2: Th17 cell responses in SOD1G93A mice. CD4+ T cells were isolated from dCLN from uninjured (Con) and axotomized WT and
SOD1G93A mice at 7 dpa (𝑛 = 4 mice/group). (a) Intracellular staining was performed for IFN-𝛾 and IL-17 and analyzed using FACS. (b)
The averaged percentages of Th1, Th17, and Th1Th17 cells in each groups were calculated and compared. (c) The averaged total number of
Th1, Th17, and Th1Th17 cells in each groups was calculated on the basis of the total number of corresponding dCLN and their percentages.
(d) Intracellular staining was performed for TNF-𝛼 and IL-17 and analyzed using FACS. (e) The averaged percentages of TNF-𝛼+ and TNF-
𝛼
+Th17 cells in each groups were calculated and compared. (f) The averaged total number of TNF-𝛼+ and TNF-𝛼+Th17 cells in each groups

was calculated on the basis of the total number of corresponding dCLN and their percentages (data are presented as mean ± SD; 𝑛 = 4
mice/group, ∗𝑝 < 0.05; blue bars represent uninjured animals, whereas gold bars represent animals that have been subjected to axotomy).
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after FNA. We did not find significant difference of Th2 and
Treg cells between WT and SOD1G93A mice prior to or after
FNA (data not shown).

Further analysis of TNF-𝛼 expression in CD4+ T cells
revealed that both frequency and percentage of TNF-𝛼-
single-positive cells were significantly increased in the WT
mice following FNA. However, in SOD1G93A mice, though
the percentage did not change after FNA, the total number
of TNF-𝛼+ cells significantly increased (Figures 2(e) and 2(f),
left column). TNF-𝛼-expressing Th17 (TNF-𝛼+Th17) in WT
mice was low in both frequency and total number and did
not significantly change after FNA. In contrast, TNF-𝛼+Th17
in SOD1G93A mice had a higher basal frequency and total
number which was further increased in response to FNA
(Figures 2(e) and 2(f), right column). These data suggest that
TNF-𝛼-expressingTh17 cells might be an important subset of
autoimmune cells involved in injury-induced inflammatory
damage in SOD1G93A mice.

4. Discussion

We have previously demonstrated that CD4+ T cells mediate
neuroprotection after nerve injury [4, 16]. In ALS, CD4+
T cells also play an important role in restricting disease
progression [13, 14]; however, this neuroprotection is in a
context- and subset-dependentmanner [10–15]. For example,
anti-inflammatory subsets of CD4+ T cells are generally
thought to be the types of neuroprotective immune cells
which support facial motoneuron survival after nerve injury
and may therefore slow down the disease progression in
ALS [10, 11]. Our previous studies revealed that multiple
subsets of CD4+ T cells develop following FNA in WT
mice, including both anti-inflammatory and proinflamma-
tory subsets of CD4+ T cells [12]. We hypothesize that the
balance between these subsets of CD4+ T is critical for the
resolution of necessary and beneficial inflammation as well
as induction of repair tissue and support mechanisms for
survival of damaged motoneurons. In the current work, we
used the SOD1G93A mice, an ALS mouse model, to show
that FNA induces significant motoneuron loss relative toWT
mice and that this loss is similar to that of immunodeficient
mice (Rag2−/− mice) [4, 16]. Exacerbation of FNA-induced
motoneuron loss in SOD1G93A mice may result from a poorly
controlled inflammatory response to injury, increased basal
levels of inflammation inherent to this model or perhaps to
failure of development of neuroprotective CD4+ T subsets
[4] as the current study revealed that there are significant
differences of FNA-induced immune responses betweenWT
and SOD1G93A mice.

First, we found that while WT mice mounted a well-
controlled immune response in the draining lymph nodes
following FNA, SOD1G93A mice had an enhanced and per-
sistent immune response as indicated by the enlarged size of
the draining lymph nodes as well as an increase in total cell
numbers. Further analysis for T cell subset responses revealed
that the ratio of CD4 : CD8T cells inWTmice did not change
in response to FNA,whereas the ratio decreased in SOD1G93A

mice. Because CD4+ T cells regulate CD8 T cell responses
and CD4+ T cells are the major type of T cells that impact
the neuronal survival after FNA, we focused on CD4+ T cell
responses in the analysis of T cell activation and subsets.
Our data indicate that activation of CD4+ T cells is higher
in SOD1G93A than WT mice. Regarding the subsets, we did
not find significant differences in anti-inflammatory T cell
subsets (Th2 andTreg cells) betweenWTand SOD1G93A mice
either prior to or after FNA; however, significant differences
were noted in the proinflammatory subsets (Th1 and Th17
cells) between these two types of mice. Without nerve injury,
Th1 cell frequency and total number were similar in WT and
SOD1G93A mice; however, FNA induced an increase in Th1
total number in SOD1G93A mice but not in WT mice. In the
uninjured state, both Th17 cell frequency and total number
were higher in SOD1G93A mice than in WT mice. Further
increases in Th17 cell frequency and total number were
noted in SOD1G93A mice but not in WT mice under FNA
injury conditions. Importantly, Th17 cells are also TNF-𝛼-
expressing cells in SOD1G93A mice but not inWTmice.These
data collectively indicate that feed-forward proinflammatory
response to injury occurs in SOD1G93A mice.

We recently demonstrated that whole splenocytes, but
not isolated CD4+ T cells, from WT mice can reduce FNA-
induced facial motor nucleus (FMN) loss in SOD1G93A mice
[4]. In addition, isolated CD4+ T cells, but not whole spleno-
cytes collected from SOD1G93A mice, are capable of support-
ing FMN survival in immunodeficient mice (Rag2−/−) [4].
These data suggest that the microenvironment in SOD1G93A
mice may direct CD4+ T cell differentiation into a neurode-
structive subset. Consistent with this hypothesis, the data
from the current study suggest that FNA-induced Th17 cell
responses in SOD1G93A mice may exacerbate neuroinflam-
mation, without a concomitant induction of the neural repair
phase, which in turn results in increased motoneuron death.

5. Conclusion

Enhanced CD4+ T cell activation and Th17 cell responses in
SOD1G93A mice exist prior to the onset of overt neurological
symptoms. Motor nerve injury further increases CD4+ T cell
activation and Th17 cell responses in SOD1G93A mice. We
therefore propose that cell-promoted inflammation may be
involved in the motoneuron death during ALS disease onset
and progression.

Abbreviations
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FNA: Facial nerve axotomy.



Mediators of Inflammation 7

Competing Interests

The authors declare that they have no competing interests.

Authors’ Contributions

Allen Ni and Tao Yang contributed to this work equally.

Acknowledgments

This work was supported by a grant from Muscular Dystro-
phy Association (MDA202906 to Junping Xin) and partially
by NIH grant (NIH 40433 to Kathryn J. Jones and Virginia
M. Sanders). Junping Xin was also supported in part by
grants fromNIH (R21-CA181970) and the Leukemia Research
Foundation (New Investigator Award, 8th Annual George
Richard Memorial Grant). Tao Yang was supported by a
grant from Gansu Chinese Medicine Administration (GZK-
2014-11). The authors thank Ms. Patricia Simms and Ms.
AshleyHess for assistancewith FACS analysis andDrs. Jiwang
Zhang, James Walter, Gwendolyn L. Kartje, William Wolf,
Keith Fargo, Haiyan Chen, and Cynthia Pervan for ongoing
professional support and collaborations, as well as scientific
suggestions and discussions.

References

[1] N. Scarmeas, T. Shih, Y. Stern, R. Ottman, and L. P. Rowland,
“Premorbid weight, body mass, and varsity athletics in ALS,”
Neurology, vol. 59, no. 5, pp. 773–775, 2002.
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Background and Purpose. Regulatory T cells (Tregs) have been suggested to modulate stroke-induced immune responses. However,
analyses of Tregs in patients and in experimental stroke have yielded contradictory findings. We performed the current study to
assess the regulation and function of Tregs in peripheral blood of stroke patients. Age dependent expression of CD39 on Tregs was
quantified in mice and men.Methods. Total FoxP3+ Tregs and CD39+FoxP3+ Tregs were quantified by flow cytometry in controls
and stroke patients on admission and on days 1, 3, 5, and 7 thereafter. Treg function was assessed by quantifying the inhibition of
activation-induced expression of CD69 and CD154 on T effector cells (Teffs). Results. Total Tregs accounted for 5.0% of CD4+ T
cells in controls and <2.8% in stroke patients on admission.They remained below control values until day 7. CD39+ Tregs weremost
strongly reduced in stroke patients. On day 3 the Treg-mediated inhibition of CD154 upregulation on CD4+ Teff was impaired in
stroke patients. CD39 expression on Treg increased with age in peripheral blood of mice and men. Conclusion. We demonstrate
a loss of active FoxP3+CD39+ Tregs from stroke patient’s peripheral blood. The suppressive Treg function of remaining Tregs is
impaired after stroke.

1. Introduction

Ischemic stroke-induced immune alterations (SIIA) are
thought to affect the outcome of stroke patients, in part by
enhancing their susceptibility to bacterial infection. This has
been shown in experimental stroke models and in patients
[1–3]. The alterations in the immune system are thought to
be mediated by rapid activation of the autonomic nervous
system and the hypothalamic-pituitary-adrenal (HPA) axis.
In stroke patients, plasma levels of stress hormones correlate
with the extent of immune alterations [4, 5].

In addition to the systemic immune-suppressive alter-
ations observed in the peripheral blood, a local inflammatory
immune response also develops. Within 24 h, leukocytes
accumulate in the ischemic brain region [6, 7]. Recent

observations suggest that lymphocytes but not granulocytes
can trespass the blood brain barrier and infiltrate the ischemic
lesion and the penumbra [8–10]. Todate, themechanisms that
regulate this local inflammatory response and the role of the
leukocyte subtypes involved are only partially understood.
In experimental stroke models, T cells sensitized to CNS
antigens have been transferred into mice lacking B and T
cells. These autoreactive T cells were found in the stroke
lesion, and their transfer enhanced the severity of stroke [11].
Furthermore, immunological tolerization of T cells to CNS
autoantigens has beneficial effects on experimental stroke
outcome [12]. Together, these data suggest that local inflam-
mation following stroke has some autoimmune properties.

Regulatory T cells (Tregs) are modulators of adaptive
immune responses and play an important role inmaintaining
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tolerance to self-antigens. Depletion of murine CD25+CD4+
Tregs or abrogation of their function exacerbates various
autoimmune diseases, including autoimmune gastritis, thy-
roiditis, and type 1 diabetes [13]. Thus, it has been hypothe-
sized that, in stroke, Tregs may dampen the immunological
cascades that result in secondary brain damage, which is
not directly caused by ischemia. This concept is supported
by the findings of Liesz et al., who used antibody-mediated
depletion of CD25+ cells to eliminate Tregs and reported
worse outcome in an experimental stroke model [14]. In
contrast, Kleinschnitz et al. have reported that depleting
FoxP3+ Tregs with an inducible diphtheria toxin receptor
construct under the control of the FoxP3 promoter decreased
brain damage [15]. Additional conflicting data have been
reported, wherein Treg depletion using a similar mouse
model in a different experimental stroke model did not alter
the infarct volume within the initial 4 days after stroke [16].
More recently, controversial data continue to be reported
from experimental stroke models. Boosting Treg function
with a superagonistic anti-CD28 antibody (CD28SA) 3 h after
middle cerebral artery occlusion (MCAO) reduced brain
damage and improved outcome, while pretreatment with
the same CD28SA antibody worsened clinical outcome and
treatment immediately after MCAO had no effect on the
ischemic brain volume in another study [17, 18]. In humans,
Treg enumeration and function in peripheral blood have also
yielded contradictory results. While Hug et al. were unable
to detect changes in Treg function in patients with ischemic
stroke [5], Yan et al. reported impaired function, but an
increased percentage of Tregs [19].

In part, these contradictory findings could result from the
fact that even FoxP3+ Tregs are not a homogenous popula-
tion; instead, they can be divided into several subgroups that
differ in function and can be distinguished by surface antigen
expression [20]. CD45RA is expressed on naive FoxP3+ cells.
Even in adulthood, some naive FoxP3+ cells can be found
in the circulation. Upon antigen stimulation, CD45RA+
Tregs lose their CD45RA expression, start to proliferate,
and differentiate to a more-suppressive Treg phenotype [13,
20]. CD39 is a rate-limiting ectonucleotidase that cleaves
the proinflammatory extracellular adenosine triphosphate
(ATP) [21, 22] to inhibitory and antiproliferative adenosine
monophosphate [23]. Indeed, expression of CD39 has been
shown to identify functionally active, suppressive Tregs in
rodents and humans [24].

We performed the current study to determine the regula-
tion of Treg subsets and Treg function in the peripheral blood
of human stroke patients.

2. Methods

2.1. Human Studies

2.1.1. Patients and Controls. Patients (age: >18 y) with acute
middle cerebral artery infarction were eligible for the study
within 12 h of disease onset. They were recruited at the
Department of Neurology of the University Medicine Greif-
swald if their National Institutes of Health Stroke Scale
(NIHSS) score was ≥6, they had no signs of infection

on admission, and their plasma levels of C-reactive pro-
tein (CRP) were ≤50mg/L and of procalcitonin (PCT)
≤0.5 ng/mL. Patients were excluded if they took immune-
suppressive drugs, suffered from knownmalignancies, or had
an NIHSS score of <6. Treatment complied with best medical
care standards and took place in a dedicated stroke unit.
Recombinant tissue plasminogen activator administration
and thrombectomy took place as clinically indicated. Control
subjects were either healthy or recruited from the Oph-
thalmology Clinics at the University Medicine Greifswald.
Control subjects were of similar age and had no known
neurological or immunological disorders and fulfilled the
same criteria for CRP and PCT as stroke patients. Patient and
control characteristics are listed in Table 1(a). In addition a
cohort of 32 younger healthy controls (age 21–79 years) was
recruited to analyze age dependency of CD39 expression on
Treg.

Patients were allocated into the stroke associated infec-
tion (SAI+) cohort if they had developed (a) clinical signs
of infection (pneumonia, urinary tract infections, and fever
of unknown origin); (b) serum concentrations of CRP
>50mg/L; and (c) PCT serum concentrations >0.5 ng/mL.
Only patients that matched none of the criteria throughout
the whole study period were considered free of infection
(SAI−). Patients who fulfilled some criteria but not all were
excluded from the comparison of stroke patients with and
without SAI. These criteria were designed to identify two
distinct populations of patients as published previously [3].
Details on SAI+ and SAI− patients are given in Table 1(b).

2.1.2. Ethics Statement. The study protocol was approved by
the ethics committee of the Medical Faculty, University of
Greifswald (No. III UV 30/01). All patients gave written
informed consent directly or through a surrogate where
appropriate.

2.1.3. CT Imaging. Routine cerebral CT images (sequen-
tial cCT native, 4.5mm slice thickness, and supra- and
infratentorial; mAs = 50; kV = 120) were acquired on a 16-
row multislice CT scanner (Somatom 16; Siemens Medical
Systems, Erlangen, Germany). To calculate lesion size, images
were analyzed with OSIRIX 5.6. Regions of interest were
defined manually, and the lesion volume was calculated
semiautomatically.

2.1.4. Blood Sampling. Blood samples were obtained imme-
diately upon admission and then between 6:00 a.m. and 8:00
a.m. on days 1, 3, 5, and 7. Investigators were not blinded for
control and stroke patient samples, but they were unaware of
stroke severity.

2.1.5. Phenotyping of Human Tregs. Aliquots of 200 𝜇L of
whole blood, anticoagulated with ethylenediaminetetraacetic
acid (EDTA), were incubated with appropriate combinations
of fluorescence-conjugated monoclonal antibodies to stain
surface molecules. After lysing of erythrocytes (Buffer A;
Human FoxP3 Buffer Set, BD Biosciences, Heidelberg, Ger-
many), cells were washed twice and prepared for intracellular
stainingwithout further stimulation. After 30min incubation
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Table 1: (a) Subjects characteristics, Treg phenotyping. (b) Participants characteristics of patients (SAI+) suffering from an infection and
patients (SAI−) who remained uninfected after stroke.

(a)

Total
number Age† NIHSS‡ Lesion volume (mm3)§ Localization of

infarction
Thrombolysis/
thrombectomy Male Female

Control
subjects 26 69,5 (51–88) NA NA NA NA 12 14

Stroke
patients 48 77 (55–93) 13 (23–6) 71,5 (4,99–1022) 45 MCA

3 MCA + anterior 17 16 32

(b)

Total
number Age† NIHSS‡ Lesion volume (mm3)§ Localization of

infarction
Thrombolysis/
thrombectomy Male Female

Noninfected
cohort (SAI−) 15 77 (62–93) 8 (6–23) 44,05 (4,99–1022) 15 MCA

1 MCA + anterior 4 5 10

Infected
cohort
(SAI+)

7 74 (55–87) 17,5 (13–19) 174,24 (18,52–318,27) 7 MCA 2 4 3

†Mean (range); ‡median (range); §median (range); NA: not applicable; MCA: middle cerebral artery; SAI: stroke associated infection.

with anti-FoxP3-antibodies coupled with Alexa Fluor 647
(BioLegend, San Diego, CA, USA) and an additional washing
step, cells were measured on a BD Canto II or BD LSR II flow
cytometer (BD Biosciences, San Jose, CA, USA).

Themonoclonal antibodies used to determine expression
of cell surface molecules were CD25-PE-Cy7, CD49d-FITC,
and CD4-V500 (BD Biosciences, Heidelberg, Germany) and
CD45RA-PerCP-Cy5.5 andCD39-PE (BioLegend, SanDiego,
CA, USA). Isotype control antibodies coupled to PE, PerCP-
Cy5.5, and Alexa Fluor 647 were from BioLegend and
those coupled to FITC, PE-Cy7, and V500 were from BD
Biosciences.

For each stroke patient or control sample six appropriate
fluorescence minus one (FMO) controls were prepared to
identify positive events by flow cytometry. To account for
any nonspecific binding of the epitope-specific antibody the
appropriate isotype control was added to each FMO control.

Tregs were quantified as CD4+CD49d−FoxP3+ cells.
Human proinflammatory effector cells can be transiently
FoxP3+ but bear CD49d. Therefore, CD49+ cells were
excluded from the FoxP3+ population [27]. Within this pop-
ulation of Tregs, expression of CD45RA was used to identify
naive Tregs, while CD39 surface expressionwas used to detect
activated Tregs. There were no CD39+CD45RA+ cells; how-
ever, there was a consistent population of CD39+CD45RA−
Tregs. Flow cytometry results were evaluated by FlowJo
software 7.6.5 (Tree Star Inc., Ashland, OR, USA).

2.1.6. Isolation of Human Tregs. Tregs were isolated with the
CD4+CD25+highCD127−/dim Regulatory TCell IsolationKit II
(human) (Miltenyi Biotec GmbH, Bergisch Gladbach, Ger-
many) according to the manufacturer’s instructions. In brief,
peripheral blood mononuclear cells (PBMCs) were isolated
with a Ficoll gradient (Biochrom AG, Berlin, Germany). The
CD4+CD25+CD127− T Cell Biotin-Antibody Cocktail II was
used to negatively enrich for CD4+CD127− cells followed by
a positive selection of CD25+ cells.

To assess the purity of these CD4+CD25+highCD127−/dim
cells, samples and PBMCs were tested by flow cytometry.
Hence, cells were incubated with the appropriate amount of
extracellular antibody and prepared for intracellular staining
with FoxP3-Alexa Fluor 647 (BioLegend) using the Human
FoxP3 Buffer Set (BD Biosciences). For extracellular stain-
ing, CD25-PE-Cy7, CD4-FITC (both BD Biosciences), and
CD127-Pacific Blue (BioLegend) were used. In all experi-
ments, the purity of CD4+CD25+highCD127−/dimFoxP3+ cells
was ≥95%.

2.1.7. Suppression Assay. Once the Tregs were isolated,
they were incubated with 100 000/well PBMCs in dif-
ferent ratios (Treg : PBMC: 1 : 1, 1 : 2, and 1 : 4) in a flat-
bottomed plate. In accordance with the instructions of the
BD FastImmune Human Regulatory T Cell Function Kit
(BD Biosciences), cells were activated with an appropriate
amount of CD3/CD28 beads (DynabeadsHumanTActivator
CD3/CD28; Invitrogen, Carlsbad, CA, USA) and incubated
with CD154-APC antibodies. After 7 h of incubation at 37∘C
and 5–7% CO

2
, cells were additionally stained with CD69-

PE-Cy7, CD4-FITC, CD25-PE, and CD3-PerCP-Cy5.5 (BD
FastImmune Human Regulatory T Cell Function Kit; BD
Biosciences). Hence, CD25 served to discriminate Tregs
from Teffs in this assay, since the molecule is constitutively
expressed on the former but not yet induced within the 7 h
activation period in the latter.

Samples were measured by flow cytometry on a BD
LSR II (BD Biosciences) in accordance with the company’s
advice. T cell activation was evaluated on two T effector
cell (Teff) populations, on CD25−CD3+CD4+ T helper cells
and on CD25−CD3+CD4− cells, which are mainly CD8+
T cells and are therefore referred to as cytotoxic T cells
within this paper. The suppressive capacity of the added
CD4+CD25+highCD127−/dim Tregs was determined as inhibi-
tion of CD69 and CD154 expression on the Teff populations.
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2.2. Animal Studies

2.2.1. Animals. All animal experiments were approved by
the local government authorities (Landesamt für Land-
wirtschaft, Lebensmittelsicherheit und Fischerei (LALLF),
Mecklenburg-Vorpommern). DEREG (Depletion of regula-
tory T cells) mice were bred in our animal facility (Zen-
trale Service- und Forschungseinrichtung für Versuchstiere
(ZSFV), Greifswald). DEREGmice carry aDTR-eGFP (DTR:
diphtheria toxin receptor, GFP: green fluorescent protein)
transgene under the control of an additional FoxP3 pro-
moter allowing Treg depletion by low dose diphtheria toxin
injection [25]. Here, we only took advantage of the eGFP
expression of Treg for the identification of the subset and did
not deplete Treg cells.

2.2.2. Ischemia Model. Male undepleted DEREG mice of
different ages (8–46 weeks) underwent left MCAO using the
filament model. Anesthesia was induced at 2.5% isoflurane
with 70% N

2
O/30%O

2
and maintained at 2% isoflurane

with 70% N
2
O/30%O

2
during surgery. Body temperature

was measured with a rectal probe and maintained using
a feedback-controlled heating pad for a body temperature
of 37∘C ± 0.5∘C. Briefly, the common carotid artery and
the external carotid artery were dissected and ligated. A
silicon-coated filament (Doccol Corporation, MA, USA) was
introduced into the common carotid artery and advanced
into the internal carotid artery until the origin of the middle
cerebral artery. The surgery time for ischemia induction did
not exceed 15 minutes. The filament was withdrawn after
45min occlusion time. Body weight and body temperature
were measured according to protocol.

2.2.3. Mouse MRI. For 7T-animal MRI (ClinScan, Bruker
Biospin, Ettlingen, Germany) mice were anesthetized with
1-2% isoflurane and 1 L/min oxygen. During brain scans
respiration was monitored and animals were kept warm
using an external water bath. For brain scans at day 1 after
MCAO a 3D-T2 weighted imaging (mouse brain coil, TR =
2000ms, TE = 37ms, FoV 19 × 25mm, thickness 0.45mm)
and additional diffusion weighted imaging for visualization
of the acute infarct were performed. For evaluation of T2
lesion volume of the brain MRI data were analyzed by two
independent investigators with respect to lesion location
and size. Regions of interest were selected manually and
the volume was calculated semiautomatically using OsiriX
software.

2.2.4. Flow Cytometry of CD39 Expression on Murine Treg.
CD39 expression was determined on FoxP3 expressing Treg
of naive (8–48 weeks old) and stroked undepleted DEREG
mice. TransientMCAOwas described before. Similar to naive
mice, on d3 following stroke blood was withdrawn directly
from the heart and anticoagulated with EDTA. Spleens were
then collected after transcardial perfusion with ice-cold 0.9%
saline in deeply anesthetized mice. After homogenization
and hypotonic lysis of red blood cells, the single cell sus-
pension was used for flow cytometric analysis of CD39
expression on CD4+ FoxP3+ Treg. Unwanted Fc receptor

staining was blocked by initial incubation of cell suspensions
with TruStainFcX13 (anti-mouse CD16/32, BioLegend, San
Diego, CA, USA). Tregs were identified by anti-CD4-Brilliant
Violet 605 antibody (BioLegend, San Diego, CA, USA) and
the transgenic expression of eGFP under control of the
FoxP3 promotor. CD39 surface expression was determined
on CD4+FoxP3+ lymphocytes by staining of CD39 with an
anti-CD39-PE antibody (BioLegend) and its isotype control
IgG2a PE (BioLegend, San Diego, CA, USA). Flow cytometry
was performed on a Becton Dickinson LSRII. Data were
analyzed using FlowJo (Tree Star Inc., OR, USA).

2.3. Statistical Analysis. All datasets were tested for devi-
ations from Gaussian distribution with the Kolmogorov-
Smirnov test. Data that passed the test were analyzed
by repeated-measures analysis of variance (ANOVA), with
Bonferroni’s multiple-comparison test as a posttest. Since
some of the data in each in vitro experiment failed the
normality test, we used nonparametric testing throughout.
The Kruskal-Wallis test, with Dunn’s multiple-comparison
test as a posttest, was used as appropriate. Posttests were only
performed if the initial testing revealed significant differences
between the groups. Correlations were determined by Pear-
son correlation analysis. Tests were performed with 95% con-
fidence intervals (two tailed). All analyses were carried out
with the software GraphPad-PRISM 5.0 (GraphPad Software
Inc., San Diego, CA, USA). A 𝑝 value of <0.05 was regarded
as significant.

3. Results

3.1. CD39 Expression on Tregs Increases with Age. Since it
is not known how age affects the CD39 subset of Tregs
we determined the age dependent expression of CD39 on
CD49−FoxP3+ Tregs. In our population the percentage of
Tregs of CD4+ T cells did not change significantly, while the
percentage of CD45RA expressing naive Tregs declined with
age (𝑟 = −0.8422; 𝑝 < 0.0001) (Supplemental Figure S1) (see
Supplementary Material available online at http://dx.doi.org/
10.1155/2016/2974605). CD39 expression increased with age
(𝑟 = 0.6612; 𝑝 < 0.0001) (Figure 1(a)).

3.2. Tregs Are Reduced in the Peripheral Blood of Stroke
Patients. Flow cytometric analysis confirmed the well-
described loss of lymphocytes in the peripheral blood of
stroke patients, which was highly significant on all days (𝑝 =
0.0035). The proportion of CD4+ T cells to total lymphocytes
was not significantly altered in this stroke patient cohort,
indicating that CD4+ T cells are lost in a similar quantity
from peripheral blood as CD4− lymphocytes (Figure 2).
Total Tregs, which accounted for 5.0% (median) (range 1.3–
10.2%) of CD4+ T cells in healthy controls, were reduced
in stroke patients to 2.8% (median) (range 0.03–8.1%) on
admission and remained below control values until day 7
(𝑝 = 0.0095). This reduction was due to a loss of CD39+
activated Tregs (𝑝 = 0.0335), which reached a minimum
of 1.2% (median) (range 0.2–7.1%) of all CD4+ T cells on
day 5. Naive Tregs, which express CD45RA, remained largely
unchanged (Figure 2(c)). In controls, 92.1% median (range
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Figure 1: CD39 expression on Treg correlates positively with age in man and mice. (a) Human, peripheral blood: the percentage of CD39
expression was determined on CD4+CD25+CD49d−FoxP3+ Treg and correlated to age for a total of 45 healthy controls (age from 21 to 88
years). Pearson 𝑟 = 0.6612, 𝑝 < 0.0001, and R squared = 0.4372. (b) Mice, blood: the percentage of CD39 expression was determined
on CD4+CD25+CD49d−FoxP3+ Treg and correlated to age for a total of 15 naive animals (age from 8 to 48 weeks). Pearson 𝑟 = 0.7895,
𝑝 < 0.0005, and R squared = 0.6233.

71.0–98.3%) of Tregs expressed the activation marker CD25.
In stroke patients, CD25 expression was not significantly
altered (𝑝 = 0.0600) (Supplemental Figure S2A).

We also assessed the percentage of CD4+CD25+ cells in
stroke patients, as this has been used previously as a marker
for Tregs; however, activated T cells also upregulate CD25
on their cell surface. Stroke patients had 30.4% (median)
(range 4.2–71.6%) CD4+CD25+ cells on the day of admission,
which did not differ significantly from control values 41.2%
(median) (range 5.1–73.7%) (𝑝 = 0.7886) (Supplemental
Figure S2B).

No differences were seen when we compared the Treg
populations between sexes. There was no robust correlation
between percentage of Tregs and their subpopulations with
respect to the neurological deficit or stroke size.

3.3. Age Dependent Regulation of CD39+ Treg in Mice. Using
nondepleted DEREG animals the GFP expression of FoxP3+
Treg was used to quantify peripheral blood Treg. In aged
mice the proportion of CD39 expressing Treg was increased
compared to young adult mice (Figure 1(b)). Induction of
cerebral ischemia by transient filament MCAO resulted in
similar infarct sizes in young and aged mice (Figure 3(a)).
Nevertheless CD39 expression on Treg in SIIA differed
between young and aged animals. While there was no effect
on CD39 expressing Treg in young mice the age related
increase in CD39 expression in peripheral bloodwas reversed
by MCAO in aged mice (Figure 3(b)).

3.4. Impaired Treg Function in Stroke Patients. Treg func-
tion was quantified by inhibition of the activation-induced
upregulation of CD69 and CD154 on the surface of Teffs. We
therefore compared this activation marker expression on T
helper cells and cytotoxic T cells derived from stroke patients
and controls. Directly ex vivo T helper cells from stroke
patients expressed more CD69 on their surface (𝑝 = 0.0243)

compared to controls, while CD154 expression did not differ
between the groups (𝑝 = 0.4140) (data not shown). There
was no difference in the expression of CD69 or CD154
on cytotoxic T cells from control versus stroke patients
(CD69, 𝑝 = 0.2238, and CD154, 𝑝 = 0.1449). Upon
CD3/CD28 activation in vitro, no differences in CD69 or
CD154 expression on the cell surface of either CD4+ T cells or
CD8+ T cells were seen between stroke patients and controls
(data not shown).

Treg-mediated inhibition of T helper cell activation was
impaired in stroke patients. At a ratio of 1 : 2 and 1 : 1
Tregs : PBMCs, the inhibition of CD154 expression on CD4+
effector cells was reduced in stroke patients compared to
healthy controls (𝑝 < 0.0001) (Figure 4(b)). Inhibition of
the early-activation marker CD69 on T helper cells remained
unaltered (Figure 4(a)).The effect of Tregs on cytotoxic T cells
was not altered in stroke patients (Figures 4(c) and 4(d)).

Since Yan et al. detected no changes in Treg in a cohort of
stroke patients that remained free of infection throughout the
hospital stay, we reanalyzed our data according to infection
status [19, 26]. As shown in Figure 5 the effect of stroke on
total Treg and subsets wasmore pronounced in those patients
that went on to develop SAI during their hospitalization.

4. Discussion

In this study, we found decreased numbers and impaired
function of Tregs in the peripheral blood of stroke patients.
The decrease in Tregs following stroke was detectable upon
admission and remained statistically significant through day
5. This reduction in Tregs was not evenly distributed among
all FoxP3+ Treg subsets but was most pronounced in the
active CD39+ Treg population.

The reduced efficacy of Treg-mediated Teff suppression
in stroke patients is in agreement with reports by Yan et al.,
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Figure 2: T helper cells and Tregs and their subpopulations. Cytometric analysis of nonstroke controls (white bars) and stroke patients (dark
grey bars) was performed for (a) lymphocytes (ncontrol,d0,1,3,5,7 = 15, 35, 35, 35, 32, 30, resp.), shown as the percentage of leukocytes. ∗𝑝 < 0.05,
∗∗
𝑝 < 0.01, and ∗∗∗𝑝 < 0.001. (b) CD4+ T helper cells (ncontrol,d0,1,3,5,7 = 15, 35, 35, 35, 32, 29, resp.), shown as the percentage of lymphocytes.

(c) Total Tregs (ncontrol,d0,1,3,5,7 = 15, 35, 35, 34, 32, 27, resp.) combined with their subpopulations. Naive Tregs (ncontrol,d0,1,3,5,7 = 15, 34, 35, 33,
31, 27, resp.) are shown by dark grey bars and activated Tregs (ncontrol,d0,1,3,5,7 = 14, 35, 34, 33, 32, 27, resp.) by light grey bars. Patient samples
were obtained on admission (d0), the next morning (d1), and on days 3, 5, and 7 (d3, d5, and d7, resp.). ∗∗𝑝 < 0.01 for Tregs in stroke patients
versus controls; #𝑝 < 0.05 and ##

𝑝 < 0.01 for activated Tregs in patients versus controls. Medians and interquartile ranges (a, b) are provided.

who found a similar suppression using proliferation as a read-
out [19, 26]. However, a study by Hug et al. was unable to
detect altered Treg function in stroke patients [5]. In this
previous study, no dose-response curve was obtained and
the suppression measurable using Tregs and Teffs of control
individuals was only 10%.Therefore, the conditions chosen by
Hug et al. for the assaymaynot have been sufficiently sensitive
to detect impaired Treg function. We applied an assay that is
based on activation marker expression on T responder cells
rather than proliferation. The validity of inhibition of CD154
expression on Teff as a marker for Treg suppressive activity
has been demonstrated [27]. This approach enabled us to
distinguish between the effect of Treg on CD4+ and CD4−
Teff.

Since all three studies used autologous Teff cells as
responder cells, an enhanced resistance of Teff to Treg-
mediated inhibition cannot be excluded. We observed a
predominant loss of CD39 expressing Tregs, which represents
the functionally active Treg subset, with a concomitant shift

in Treg composition toward the naive subset. It is therefore
plausible that Treg function rather than Teff susceptibility is
impaired in stroke patients.

Our data corroborate recent observations by Li et al.,
who detected a reduced percentage and suppressive activity
of Tregs in stroke patients, and extend their findings by
demonstrating that functionally active CD39+ Tregs are
predominantly reduced following stroke [28]. Furthermore,
to our knowledge, this is the first study to address the
inhibition of activation of cytotoxic Teffs in stroke patients. In
contrast to the impaired inhibition of T helper cells, reduction
of cytotoxic Teff activation was not altered in stroke patients.

Our quantitative findings, however, are in contrast to two
reports by Yan et al., who detected an increase in FoxP3+
Tregs following stroke [19, 26]. These differences may be
related to the stroke population recruited; in our study all
patients had MCA ischemia and an NIHSS ≥6, whereas Yan
et al. recruited all ischemic stroke patients, including those
who were less severely affected. More importantly, Yan et
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Figure 3:Age dependency of infarct volume andCD39 expression onTreg after experimental stroke inmice. (a)The infarct volume as assessed
by MRI in young adult and aged mice was compared on day 1 after transient middle cerebral artery occlusion. (b) The CD39 expression on
CD4+CD25+CD49d−FoxP3+ Treg in blood was compared between naive and stroked young adult and naive and stroked aged mice on day 3
after transient middle cerebral artery occlusion. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01. Means and SEM are provided.
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Figure 4: Suppressive activity of Tregs. Treg function was evaluated by measuring the CD4+CD25+CD127dim/− Treg-mediated inhibition of
CD69 (a, c) andCD154 (b, d) induction onT effector cells (Teff) after anti-CD3/anti-CD28 stimulation. Suppression is shown for T helper cells
(a, b) and cytotoxic T cells (c, d) in control subjects (white bars) versus stroke patients (dark grey bars) on day 3 with different Treg : PBMC
concentrations (Treg : PBMC = 1 : 4; 1 : 2; and 1 : 1). 𝑛control,stroke on day 3 = 11 and 10, respectively. ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 for stroke patients
versus controls. Medians and interquartile ranges are provided.
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Figure 5: Comparison of SAI− and SAI+ patients. On the day of
admission (d0) and day 7 after stroke (d7) the percentage of Treg
of CD4+ T helper cells was compared between patients without
poststroke infections SAI− (white bars; nd0,d7 = 14, 12, resp.) and
patients with poststroke infections SAI+ (grey bars; nd0,d7 = 7, 7,
resp.). ∗𝑝 < 0.05. Means and SD are provided.

al. excluded patients with “acute infections after stroke.”
Since SAIs are more likely to occur in patients with stroke-
induced immunosuppression [2], this approach is likely
to exclude patients with the most severe stroke-induced
immune alterations. In our study, we also excluded patients
with signs of infection on admission; however, patients with
subsequent SAIs were not excluded. To evaluate whether this
could account for the apparent contradiction, we performed a
subanalysis comparing patients with and without subsequent
infections.While failing to reach statistical significance, Tregs
appeared to be more strongly reduced in patients with SAI
compared to those without SAI.This supports our hypothesis
that the differences in patient populations may account for
the seemingly contradictory findings between our findings
and the data reported by Yan et al.

The major limitation of the study is the fact that our
analysis is restricted to the peripheral blood as other immune
compartments are not readily accessible in patients.Therefore
we cannot exclude that the active Tregs have migrated into
the tissues. Our animal data indicate that aged mice could
provide a suitable model to determine the fate of Treg subsets
following stroke. Immunosenescence has been shown to alter
the clinical course of diseases and also affect Treg subsets
[29–31]. We extend this knowledge by demonstrating that
the active Treg population circulating in the peripheral blood
increases with age.The role of Treg in regulating SIIA remains
disputed and differs between the experimental models [14–
18]. Our data suggest that Tregs are regulated differently
during immunosenescence, an aspect rarely reflected in
current experimental stroke models.

5. Conclusion

Our data demonstrate that CD4+CD49−Foxp3+ Tregs are
reduced in the peripheral blood of stroke patients. Among
those the active CD39+ Treg subset is the most affected,
a finding mirrored in functional studies demonstrating
impaired suppressive activity of stroke patient derived Treg
in vitro. Whether these alterations contribute to secondary

immune-mediated brain damage or whether reduced Treg
function is beneficial in stroke remains to be investigated.
The observation that the proportion of Treg expressing CD39
increases with age and is differentially regulated in young
adult and aged mice highlights the importance to consider
immunosenescence in the design of experimental stroke
models.
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The study was aimed at assessing T cell subsets of peripheral blood from recipients of long-term functioning (more than 60
months) biological and mechanical heart valve prostheses. The absolute and relative number of CD4 and CD8 T cell subsets was
analyzed: näıve (N, CD45RA+CD62L+), central memory (CM, CD45RA−CD62L+), effector memory (EM, CD45RA−CD62L−),
and terminally differentiated CD45RA-positive effector memory (TEMRA, CD45RA+CD62L−) in 25 persons with biological
and 7 with mechanical prosthesis compared with 48 apparently healthy volunteers. The relative and absolute number of central
memory and naı̈ve CD3+CD8+ in patients with biological prosthesis was decreased (𝑝 < 0.001). Meanwhile the number of
CD45RA+CD62L−CD3+CD8+ and CD3+CD4+ was increased (𝑝 < 0.001). Patients with mechanical prosthesis had increased
absolute and relative number of CD45RA+CD62L−CD3+CD8+ cells (𝑝 = 0.006). Also the relative number of CD3+CD4+ cells
was reduced (𝑝 = 0.04). We assume that altered composition of T cell subsets points at development of xenograft rejection reaction
against both mechanical and biological heart valve prostheses.

1. Introduction

At present, selecting a type of prosthetic heart valve for
surgical correction of acquired cardiac failure represents a
topical issue for modern medicine. Biological or mechanical
prosthetic heart valve are available options. In particular,
xenogeneic tissue treated by fixatives and preserving solu-
tions is applied in the former, whereas in the latter various
synthetic materials were applied (plastic, polymers, etc.).

Perhaps one of the criteria for selecting type of prosthesis
might be a response of immune system to implanted xeno-
geneic material. Indeed, a foreign body is literally placed into
the blood flow,which constantly contacts with blood cells and
surrounding tissues and could eventually cause inflammatory
and, perhaps, autoimmune reactions. Character and intensity
of such reactions are subject to thorough investigation in
order to, on one hand, select proper prosthetic heart valve
and, on the other hand, develop approaches for improving
prostheses and preventing complications and their dysfunc-
tions. Previously, it was found that biological compared to

mechanical prostheses may cause inflammatory complica-
tions [1]. Despite this, other data from long-term studies
revealed no significant differences between biological and
mechanical prostheses in terms of subsequent complications
[2].

Previously, types of immune response developed to
implanted prosthesis were discussed as well. For this, a
range of cells infiltrating prosthesis was examined. It was
demonstrated that T cells infiltrate pannuswhile investigating
removed biological and mechanical prostheses. Upon that,
quantity of the cells found inside infiltrate differed and varied
depending on intensity of local inflammatory response.
Cellular components were presented by CD4+ and CD8+ T
lymphocytes [3].

Examination of the removed mechanical prostheses
demonstrated that they contained more CD15+, CD68+,
CD3+, Factor VIII+ cells upon verified infectious etiology of
prosthetic failure compared to infection-free samples [4]. In
case of lacking infection accompanied by a marked fibrosis,
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inflammatory infiltrates mainly containing lymphocytes and
macrophages were developed.

Similar comparative examination of the removed bio-
logical prosthetic heart valves demonstrated that profound
infiltration of prosthetic tissues with macrophages (CD68)
andT cells (CD3) occurs in case of any prosthetic dysfunction
[5].

By analyzing 17 removed Medtronic Freestyle biopros-
theses with average implant duration of 71.1 ± 35.2 months
it was found that signs of chronic inflammatory reaction
affecting the xenograft arterial wall were observed in 15
cases. Infiltrates consisted of macrophages and lymphocytes
including B and T cells. During the study, it was concluded
that T cells responded to implanted foreign porcine tissues
with development of significant damage of host aortic wall.
It is assumed that inadequately fixed tissues of porcine aorta
resulting in subsequently retained antigenicity might be one
of potential causes of developing inflammation [6]. A hypoth-
esis is confirmed regarding causes underlying development of
immune reactions against implanted biological tissue related
to residual antigens of animal origin retained despite special
treatments and decellularization [7, 8].

It becomes evident that both mechanical and biological
prosthetic heart valves are associated with tissue reactions
developing against implanted foreign materials. Upon that,
macrophages, neutrophils, and T cells are themajor players of
cellular immunity in this process. However, dynamic changes
of their quantities in systemic blood flow, participation in
pathogenesis of responses against foreign materials, and
potential diagnostic importance were poorly investigated.

In connection with this, our study was aimed at assessing
T cell subsets of peripheral blood from recipients of long-
term functioning biological and mechanical heart valve
prostheses.

2. Materials and Methods

Current study was performed with 32 recipients of pros-
thetic heart valves. All patients underwent replacement of
mitral valve including 25 persons with biological and 7 with
mechanical prosthesis.There were used biological prostheses
prepared from swine aortic valve. Characteristics of patients,
etiology of heart defect, comorbidities, and duration of
prosthesis functioning are presented in Table 1. Surgical
treatment and follow-up were done at the Research Institute
For Complex Issues Of Cardiovascular Diseases (Kemerovo,
Russia). All patients underwent follow-up examination every
six months after surgical correction.

In comparison group 48 apparently healthy volunteers
were included. No differences in age and gender composition
were found between patients and healthy volunteers.

All persons enrolled to the study were properly notified
and signed an informed consent.

2.1. Collection of Blood Samples and Preparation. Samples
of peripheral blood from ulnar vein were collected from
patients and healthy volunteers into test tubes containing
P
3
EDTA. To characterize T cell phenotypes the following

Table 1: Clinical characteristics of patients.

Characteristics
Biological
prosthesis,
𝑛 = 25

Mechanical
prosthesis,
𝑛 = 7

Age of patient at the time of
primary surgery 53 (49; 57) 54 (28; 62)

Male/female (𝑛/𝑛) 7/18 1/6
% 28/72 14.3/85.7
Duration of prosthesis
functioning, month 100 (83; 116) 70 (64; 87)∗

Etiology of heart defect
Rheumatic heart disease 19 (76%) 6 (85.7%)

Infective endocarditis 3 (12%) 0

Connective tissue dysplasia 3 (12%) 1 (14.3%)

Functioning of prosthesis
Sustained 18 (72%) 7 (100%)

Signs of malfunction 7 (28%) 0

Heart failure (NYHA)
I 9 (36%) 2 (28.6%)

II0 16 (64%) 5 (71.4%)

Functional class of heart failure
1 1 (4%) 1 (14.3%)

2 19 (76%) 5 (71.4%)

3 4 (16%) 1 (14.3%)

4 1 (4%) 0

Cardiac dysrhythmia
Sinus rhythm 7 (28%) 4 (57.1%)∗∗

Paroxysmal atrial fibrillation 5 (20%) 3 (42.9%)∗∗

Permanent atrial fibrillation 12 (48%)
Ectopic heartbeat 1 (4%)

Hypertonic disease 7 (28%) 4 (57.1%)

Type 2 diabetes mellitus 3 (12%) 0

Chronic ischemic heart disease 2 (8%) 1 (14.3%)

Acute cerebrovascular accident 3 (12%) 1 (14.3%)
GI-tract diseases 13 (52%) 4 (57.1%)
Thyroid diseases 2 (8%) 1 (14.3%)
Diseases of the urinary system 5 (20%) 2 (28.6%)
Pulmonary diseases 3 (12%) 1 (14.1%)
Comments: ∗𝑝 = 0.011, ∗∗𝑝 = 0.03.

combinations of monoclonal antibodies (Beckman Coul-
ter, USA) were used: (1) anti-human CD45RA-FITC (cat.
A07782, clone J.33), anti-human CD62L-PE (cat. IM2214U,
clone DREG56), anti-human CD8-PC5.5 (cat. A99049, clone
T8), and anti-human CD3-APC (cat. IM2467, clone UCHT1);
(2) anti-human CD45RA-FITC (cat. A07782, clone J.33),
anti-human CD62L-PE (cat. IM2214U, clone DREG56), anti-
human CD8-PC5.5 (cat. A99049, clone T8), anti-human
CD3-APC (cat. IM2467, clone UCHT1), and anti-human
CD4-PC5.5 (cat. B16491, clone 13B8.2).



Mediators of Inflammation 3

LY

(Ungated)

TEMRA Naїve

EM CM

TEMRA Naїve

EM CM

A−+

A−−

CD3
+CD8

+

CD3
+CD4

+

(LY)

(LY)

A+−

A−+

A−− A+−

0

200

400

600

800

1000

FS
C

1000400 600 8002000

SSC

0

10
0

10
1

10
2

10
3

CD
8

-P
C5

.
5

10
1

10
2

10
3

20

CD3-APC
0

10
1

10
2

10
3

10
0

CD62L-PE

0

10
0

10
1

10
2

10
3

CD
4
5

RA
-F

IT
C

0
10

1

10
2

10
3

10
0

CD62L-PE

2
10

1

10
2

10
3

0

CD3-APC

−1

0

1

10
1

10
2

10
3

CD
4

-P
C5

.
5

0

10
0

10
1

10
2

10
3

CD
4
5

RA
-F

IT
C

(CD3
+CD8

+)

(CD3
+CD4

+)

Figure 1: Representative example of multicolor flow cytometry analysis after gating on CD4 or CD8 T cells from lymphocyte population.
Comments: näıve (N), central memory (CM), effector memory (EM), and terminally differentiated CD45RA-positive effectors (TEMRA).

Briefly, 100 𝜇L of peripheral blood cells was stained with
each combination of antibodies according to the manufac-
turer’s instructions for 15 minutes in the dark, at room tem-
perature, followed by lysing red blood cells with VersaLyse
Lysing Solution (cat. A09777, Beckman Coulter, USA). The
absolute number of leukocytes, lymphocytes, granulocytes,
and monocytes was counted by using hematology analyzer
MEK-6400 (Nihon Kohden, Japan).

2.2. Flow Cytometry Analysis. Stained samples were analyzed
by running a four-color flow cytometry with FACSCalibur
(Becton-Dickinson, USA) and Navios (Beckman Coulter,
USA). Mathematical processing of the flow cytometry data
was performed by using KaluzaTM v.1.2 (Beckman Coulter,
USA) software.

A threshold was set to a forward-scatter (FSC) parameter
to exclude cell debris. The SSC and FSC settings were done
with linear amplification and the logarithmic amplification
scale was used for the fluorescence channels and dot plot
analysis. Isotype-matched control abs. and “fluorescence-
minus-one” gating techniques were used to evaluate thre-
sholds for positivity of individual antibodies. The following
CD4 and CD8 T cell subsets were analyzed: naı̈ve (N,
CD45RA+CD62L+), centralmemory (CM,CD45RA−CD62L+),

effector memory (EM, CD45RA−CD62L−), and terminally
differentiated CD45RA-positive effector memory (TEMRA,
CD45RA+CD62L−) according to CD45RA and CD62L
expression.

Lymphocytic cells were gated according to forward-
scatter (FSC) and side-scatter (SSC) properties. Representa-
tive bivariate dot plots of the isolated lymphocyte popula-
tions from human peripheral blood samples are presented.
CD3+CD4+ T helper and CD3+CD8+ cytotoxic T cells are
shown on dot plots, respectively. Immunophenotyping was
done by analyzing flow cytometry data after costaining with
CD3 and CD4 or CD3 and CD8 cell surface markers on
FSC/SSC gated lymphocytes, respectively (Figure 1).

2.3. Statistical Analysis. Statistical analysis of the data was
done by using Statistica 7.0 and GraphPad Prism software.
The data are presented as median (VA) values and interquar-
tile range (25; 75%). Significance of differences between data
was evaluated by applying nonparametric Mann-Whitney 𝑈
test and𝑊-Wilcoxon test. A correlation analysis was done by
using Spearman 𝑟-test. Significance level was set at 𝑝 < 0.05.

Multivariate comparison was done by using discriminate
analysis. A stepwise analysis enumerating steps, 𝑝 value sig-
nificance level, and 𝐹-test were performed. A discrimination
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Table 2: Peripheral blood hemogram from patients with biological and mechanical heart valve prostheses and healthy volunteers.

Cell type Healthy volunteers, 𝑛 = 48 Biological prosthesis, 𝑛 = 25 Mechanical prosthesis, 𝑛 = 7
WBC 6.0 (5.1; 7.5) 6.0 (5.4; 7.0) 5.3 (3.9; 7.1)
Neutrophils 3.3 (2.8; 4.6) 3.5 (2.9; 4.7) 2.9 (2.0; 4.3)
Lymphocytes 1.9 (1.5; 2.3) 1.8 (1.6; 1.9) 1.6 (1.3; 1.7)
Monocytes 0.4 (0.3; 0.5) 0.5 (0.4; 0.6) 0.5 (0.4; 0.6)

Table 3: Profile of T cell subsets of peripheral blood from recipients with biological and mechanical heart valve prostheses and healthy
volunteers.

T cells populations Healthy donors, 𝑛 = 48 Biological prosthesis, 𝑛 = 25 Mechanical prosthesis, 𝑛 = 7
CD3+% 78.27 (73.07; 82.52) 69.87 (65.68; 76.34)∗∗ 69.96 (64.03; 71.72)∗

CD3+ abs. 1419.31 (1126.25; 1735.91) 1275.84 (1004.40; 1482.00) 1088.51 (977.34; 1185.92)
CD3+CD8+% 25.80 (20.64; 33.20) 24.28 (18.45; 27.32) 27.48 (24.58; 30.79)
CD3+CD8+ abs. 462.37 (349.70; 647.87) 412.00 (297.12; 597.77) 417.86 (351.00; 712.64)
CM Tcyt%. 11.50 (8.70; 16.38) 6.19 (3.93; 7.50)∗∗ 6.75 (3.39; 14.85)
CM Tcyt abs. 51.69 (36.70; 74.30) 22.28 (18.98; 30.64)∗∗ 24.63 (15.77; 69.37)
EM Tcyt% 31.82 (18.80; 43.55) 32.36 (19.75; 38.57) 24.14 (10.52; 33.38)
EM Tcyt abs. 122.56 (74.29; 196.04) 119.62 (74.36; 158.91) 94.26 (58.96; 139.48)
TEMRA Tcyt% 26.67 (19.58; 34.93) 49.41 (43.46; 58.83)∗∗ 36.72 (35.04; 59.20)∗∗∗∗

TEMRA Tcyt abs. 104.32 (72.94; 188.42) 193.40 (129.60; 332.12)∗∗ 220.78 (122.99; 270.64)
N Tcyt% 24.46 (16.51; 39.58) 13.08 (8.10; 15.63)∗∗ 13.75 (5.59; 38.64)
N Tcyt abs. 98.47 (56.29; 199.74) 43.46 (28.49; 61.35)∗∗ 83.67 (23.35; 135.62)
CD3+CD4+% 48.06 (41.04; 52.58) 40.74 (36.60; 48.37) 42.73 (41.01; 44.93)∗

CD3+CD4+ abs. 835.92 (624.17; 1096.10) 717.82 (580.50; 967.40) 697.17 (535.34; 755.99)
CMTh% 44.67 (38.42; 49.32) 39.60 (35.30; 46.42) 38.36 (30.46; 49.67)
CMTh abs. 338.29 (269.64; 484.11) 262.64 (227.73; 389.99)∗∗∗ 276.91 (182.58; 368.45)
EMTh% 24.02 (17.54; 30.71) 26.01 (18.83; 29.66) 20.13 (12.71; 28.25)
EMTh abs. 197.64 (150.63; 229.90) 167.11 (135.15; 234.18) 152.18 (91.37; 201.64)
TEMRATh% 0.82 (0.37; 1.67) 1.62 (0.94; 2.49)∗∗ 1.54 (0.32; 6.47)
TEMRATh abs. 6.17 (3.11; 13.58) 11.24 (6.24; 26.89)∗∗ 16.45 (2.22; 36.04)
NTh% 29.88 (19.81; 36.00) 30.91 (24.50; 36.61) 25.87 (19.65; 48.46)
NTh abs. 222.99 (145.88; 369.81) 211.18 (140.38; 343.04) 219.42 (136.99; 337.60)
CD4/CD8 2.01 (1.34; 2.44) 1.93 (1.39; 2.17) 1.49 (1.38; 1.81)
Comments: denoted T cell subsets: N: näıve, CM: central memory, EM: effector memory, TEMRA: terminally differentiated CD45RA-positive effector cells,
Tcyt: T cytotoxic (CD3+CD8+), and Th: T helper (CD3+CD4+). ∗Difference between values compared to healthy volunteers, 𝑝 = 0.04; ∗∗difference of
parameter compared to healthy volunteers, 𝑝 < 0.001; ∗∗∗difference between values compared to healthy volunteers, 𝑝 = 0.002; ∗∗∗∗difference between values
compared to healthy volunteers, 𝑝 = 0.006.

level was evaluated by assessing Wilks’ lambda. Significance
of an identifying criterion was determined after drawing
scatterplots of canonical values and calculating classification
value and Mahalanobis squared distance.

3. Results

Parameters of hemogram (WBC total, count of neutrophils,
lymphocytes, andmonocytes) were shown to lack differences
between patients with biological and mechanical heart valve
prostheses as well as healthy volunteers (Table 2).

While examining T cell arm of immunity it was found
that recipients with biological and mechanical heart valve
prostheses did not differ in terms of both relative and absolute
counts of all examined T cell subsets. At the same time, these

parameterswere shown to differwhen comparedwith healthy
volunteers (Table 3).

Recipients of both mechanical and biological heart valve
prostheses were found to have reduced counts of CD3+
cells compared to healthy volunteers. Patients with biolog-
ical prostheses had significantly lower relative and absolute
amounts of CM Tcyt and näıve Tcyt compared to healthy
volunteers; conversely, amount of TEMRA Tcyt and TEMRA
Th cells was elevated.

Patients with mechanical heart valve prostheses were
documented to have increased relative and absolute amount
of TEMRA Tcyt compared to healthy volunteers. In addition,
relative amount of Th (CD3+CD4+) cells was also found to
decline compared to healthy volunteers.

In contrast, no significant differences were found in
examined parameters of T cell subsets from patients with
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Table 4: Results of discriminate analysis assessing parameters of T cell subsets in patients with mechanical and biological heart valve
prostheses as well as healthy volunteers.

Parameter Wilks’ lambda Partial lambda 𝐹-remove (2,71) 𝑝 value
TEMRA Tcyt relative 0.429027 0.743609 12.24012 0.000027
CD3+ relative 0.424789 0.751029 11.76849 0.000039
Naive Th relative 0.374814 0.851165 6.20755 0.003277
EM Tcyt relative 0.373348 0.854507 6.04443 0.003766
CD3+CD8+ relative 0.380216 0.839072 6.80864 0.001972
Naive Tcyt abs. 0.373151 0.854960 6.02242 0.003838
TEMRATh relative 0.346166 0.921605 3.01974 0.055125
Comments: Step 7, 𝑛 of variants in the model 7; Wilks’ lambda = 0.3190287; 𝐹(14.142) = 7.814625, 𝑝 < 0.00001.

Table 5: Impact of diabetes to T cells populations in biological prosthesis recipients.

T cells populations Healthy donors, 𝑛 = 48 Diabetes, 𝑛 = 3 No diabetes, 𝑛 = 22 𝑝 value
CD3+% 78.27 (73.07; 82.52) 84.21 (65.83; 86.52) 69.26 (62.71; 74.10) 1–3 𝑝 < 0.001
CD3+ abs. 1419.31 (1126.25; 1735.91) 1515.78 (789.96; 1643.88) 1253.32 (1004.40; 1441.86) n/s
CD3+CD8+% 25.80 (20.64; 33.20) 24.95 (24.76; 38.91) 23.45 (18.07; 27.32) n/s
CD3+CD8+ abs. 462.37 (349.70; 647.87) 474.05 (297.12; 700.38) 408.55 (280.98; 597.77) n/s
CM Tcyt%. 11.50 (8.70; 16.38) 6.41 (2.71; 7.50) 5.99 (3.93; 7.94) 1–3 𝑝 < 0.001

1-2 𝑝 = 0.02
CM Tcyt abs. 51.69 (36.70; 74.30) 22.28 (18.98; 30.38) 23.45 (16.15; 31.72) 1–3 𝑝 < 0.001

1-2 𝑝 = 0.006
EM Tcyt% 31.82 (18.80; 43.55) 42.60 (26.71; 45.43) 30.56 (18.08; 35.61) n/s
EM Tcyt abs. 122.56 (74.29; 196.04) 187.07 (134.98; 201.94) 118.07 (66.12; 140.10) 2-3 𝑝 = 0.04
TEMRA Tcyt% 26.67 (19.58; 34.93) 43.62 (43.46; 68.62) 49.45 (40.86; 58.83) 1–3 𝑝 < 0.001

1-2 𝑝 = 0.009
TEMRA Tcyt abs. 104.32 (72.94; 188.42) 206.02 (129.60; 480.60) 189.40 (126.49; 332.12) 1–3 𝑝 = 0.007

N Tcyt% 24.46 (16.51; 39.58) 3.45 (1.96; 7.53) 13.49 (9.09; 15.83)
1–3 𝑝 < 0.001
1-2 𝑝 < 0.001
2-3 𝑝 = 0.006

N Tcyt abs. 98.47 (56.29; 199.74) 13.72 (10.25; 35.69) 45.06 (33.37; 64.76)
1–3 𝑝 < 0.001
1-2 𝑝 < 0.001
2-3 𝑝 = 0.02

CD3+CD4+% 48.06 (41.04; 52.58) 45.40 (37.69; 60.29) 40.72 (36.19; 48.37) 1–3 𝑝 = 0.04
CD3+CD4+ abs. 835.92 (624.17; 1096.10) 817.20 (452.28; 1145.51) 705.31 (580.50; 967.40) n/s
CMTh% 44.67 (38.42; 49.32) 47.82 (36.38; 48.95) 39.46 (35.23; 45.49) 1–3 𝑝 = 0.04
CMTh abs. 338.29 (269.64; 484.11) 297.29 (221.39; 547.78) 257.76 (227.73; 389.99) 1–3 𝑝 = 0.01
EMTh% 24.02 (17.54; 30.71) 34.39 (21.28; 43.80) 25.82 (17.82; 28.86) n/s
EMTh abs. 197.64 (150.63; 229.90) 243.76 (155.53; 357.93) 167.01 (123.98; 233.30) n/s
TEMRATh% 0.82 (0.37; 1.67) 2.26 (0.94; 3.17) 1.62 (0.90; 2.49) 1–3 𝑝 = 0.006
TEMRATh abs. 6.17 (3.11; 13.58) 18.46 (4.25; 36.31) 11.23 (6.24; 26.89) 1–3 𝑝 = 0.01
NTh% 29.88 (19.81; 36.00) 17.56 (15.72; 27.73) 33.39 (25.76; 39.09) 2-3 𝑝 = 0.03
NTh abs. 222.99 (145.88; 369.81) 143.50 (71.09; 317.64) 216.69 (140.38; 382.83) n/s
CD4/CD8 2.01 (1.34; 2.44) 1.52 (1.16; 2.41) 1.96 (1.39; 2.17) n/s
n/s: not significant.

biological heart valve prostheses versus healthy volunteers.
Moreover, no correlation between hemogramparameters and
duration of prosthesis functioning was revealed as well.

Representative distribution of T cell subsets among
patients with mechanical versus biological heart valve pros-
theses is shown in Figures 2 and 3.

A discriminant analysis done using a forward stepwise
model consisting of 7 steps demonstrated the highest signif-
icance level while verifying counts of TEMRA Tcyt relative,
CD3+ relative, näıveThrelative, EMTcyt relative, CD3+CD8+
relative, näıve Tcyt abs, and TEMRA Th relative (Table 4).

Partition of the examined groups based on the results of
discriminant analysis is depicted in Figure 4.

Only in group of biological prosthesis recipients it was
possible to analyze the effect of comorbidities to the changes
in T cell subpopulations. There were no significant changes
in patients with or without chronic ischemic heart disease,
diseases of the urinary system, pulmonary, and thyroid dis-
eases. All significant differences between biological prosthesis
recipients with comorbidities (diabetes, hypertonic disease,
acute cerebrovascular accident, and GI-tract diseases) are
presented in the Tables 5, 6, 7, and 8.
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Figure 2: Representative pattern of CD8 T cell subsets among patients with mechanical versus biological heart valve prostheses. ∗Significant
difference with healthy donors 𝑝 < 0.01.
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Figure 3: Representative pattern of CD4 T cell subsets among patients with mechanical versus biological heart valve prostheses. ∗Significant
difference with healthy donors 𝑝 < 0.01.
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Figure 4: Graphic distribution of patient groups according to
discriminate analysis.

4. Discussion

Among all surface markers used in our study, various CD45
isoforms had the longest history of practical application. As
early as in 1988 it was demonstrated that CD45R (now known
as CD45RA) protein may be considered as a marker for naı̈ve
or unprimed T cells, whereas UCHL1 antibody recognizing
CD45R0 binds to memory T cells [9]. Currently, it is known
that näıve T cells express CD45 molecules containing all
domains within its sequence; however, starting from antigen-
specific differentiation maturing T cells begin to express
their isoforms resulting from mRNA splicing within exon
A followed by exons B and C. Gene product containing
all these domains is known as CD45RA (molecular weight
220 kDa), whereas the product derived after final RNAmod-
ification and lacking all such domains is denoted as CD45R0
(180 kDa). Currently, functional significance of various CD45
isoforms remains poorly investigated, which is not true for
the rest of surface markers used for phenotyping main stages
of maturing T cells [10].

Picker et al. [11] first described CD62L (L-selectin) as a
molecule determining direction of migrating naı̈ve T cells
trafficking into peripheral lymphoid tissues. Moreover, they
also demonstrated that näıve T cells (CD45RAhigh

/R0low)
mainly expressedCD62L, whereasmorematureCD45RAlow

/

R0high might be separated as a cell population being both
CD62L+ and CD62L−. The latter subset bears adhesion
molecules responsible for cell migration into body peripheral
tissues. Currently, it is considered that bothCD62L andCCR7
markers determinemigration of CD3+CD4+ and CD3+CD8+
T cells from peripheral blood. By staining for CCR7 and
CD62Lmolecules on the cell surface it allows to denote naı̈ve
and central memory T cells within the pool of circulatory T
lymphocytes [12]. Lack of such surface markers on effector T
cells—effector memory and terminally differentiated effector

T cells (TEMRA)—is accounted for by the fact that these cell
subsets function within nonlymphoid tissues.

Central memory T cells are characterized by surface
expression of CD45R0 instead of CD45RA as well as CD62L,
CD27, CD28, and so forth. The main difference of this T cell
subset from näıve T cells is that they have already passed
through antigen-specific differentiation that occurred within
the secondary lymphoid tissues. Presence of CD62L on the
surface of these cells allows to distinguish them from effector
memory T cells with phenotype CD45RA−CD62L−. This
feature of Tcm allows them to circulate around the body for a
long period of time and determines their preferential location
inside the secondary lymphoid tissues. Upon antigenic stim-
ulation, antigen presenting cells possessing cognate surface
ligands allow to rapidly activate T cells with high expression
level of CD27 and CD28 followed by successful formation of
antigen-specific T cell clones [13]. Moreover, central memory
T cells better secrete IL-2, whereas effector memory T cells
are more effective in synthesizing effector cytokines [14].

Previously, a role for T cell subsets in rejecting grafted
organs was investigated. In particular, 47 out of 185 patients
with morphologically verified acute rejection reaction of
transplanted kidney also compared with healthy volunteers
were found to possess more differentiated T cells at terminal
stage of chronic renal failure. In addition, patients with acute
rejection reaction were noted to have signs of dysregulated T
cell profile and bear elevated amount of total T cells including
näıve T cells but lowered count of terminally differentiated
memory T cells. However, functional assays demonstrated
that the latter subset had upregulated proinflammatory and
cytotoxic capacity [15].

In another study, 131 patients with normally functioning
transplanted kidney were examined. Among them, increased
amount of terminally differentiated memory T cells in 45
patients was associated with restricted TCR V𝛽 repertoire
(CD45RA+CCR7−CD27−CD28−CD8+). In 47 patients graft
dysfunction (median age = 15 years) was documented. A
2-fold increased risk of developing graft dysfunction was
observed in patients with elevated amount of TEMRA CD8+
T cells [16].

It was found that patients at reactive stage of kidney graft
rejection had elevated relative count of memory CD4 (TEM)
and terminally differentiated CD8 (TEMRA) T cells com-
pared to patients at quiescence stage and healthy volunteers.
In case of acute rejection, a significant decrease in count of
CD8 TEMRA was documented [17].

High diagnostic significance of increased level of D8
TEMRA and reciprocally decreased naı̈ve T cells was
observed in patients after bone marrow transplantation and
development of chronic graft versus host disease [18].

Investigation of T cell subset repertoire in peripheral
blood from patients with implanted biological or mechanical
heart valve prostheses demonstrated that T cells strongly
responded to foreign material. At that, despite the fact that
no significant differences between all examined parameters
of T cell immunity were found in recipients of different types
of prostheses, some of them, however, significantly differed
when compared to healthy volunteers.
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Table 6: Impact of hypertonic disease on T cells populations in biological prosthesis recipients.

T cells populations Healthy donors, 𝑛 = 48 Hypertonic disease, 𝑛 = 7 No hypertonic disease, 𝑛 = 18 𝑝 value
CD3+% 78.27 (73.07; 82.52) 71.47 (62.71; 84.21) 69.26 (65.58; 74.10) 1–3 𝑝 < 0.001
CD3+ abs. 1419.31 (1126.25; 1735.91) 1515.78 (1003.36; 1643.88) 1204.92 (1004.40; 1327.53) 1–3 𝑝 = 0.04
CD3+CD8+% 25.80 (20.64; 33.20) 24.95 (23.07; 38.91) 22.28 (18.07; 27.32) n/s
CD3+CD8+ abs. 462.37 (349.70; 647.87) 474.05 (360.40; 715.17) 374.22 (259.48; 485.60) n/s

CM Tcyt%. 11.50 (8.70; 16.38) 6.41 (3.92; 7.50) 5.99 (3.93; 7.94) 1–3 𝑝 < 0.001
1-2 𝑝 = 0.006

CM Tcyt abs. 51.69 (36.70; 74.30) 30.38 (18.98; 46.34) 21.11 (13.17; 29.11) 1–3 𝑝 < 0.001
1-2 𝑝 = 0.01

EM Tcyt% 31.82 (18.80; 43.55) 33.21 (26.71; 42.60) 27.09 (15.97; 35.61) n/s
EM Tcyt abs. 122.56 (74.29; 196.04) 162.12 (134.98; 201.94) 115.56 (55.09; 130.77) 2-3 𝑝 = 0.003

TEMRA Tcyt% 26.67 (19.58; 34.93) 49.41 (43.46; 58.83) 49.07 (40.68; 60.38) 1–3 𝑝 < 0.001
1-2 𝑝 < 0.001

TEMRA Tcyt abs. 104.32 (72.94; 188.42) 206.02 (140.19; 443.37) 173.57 (112.81; 284.02) 1–3 𝑝 < 0.001
1-2 𝑝 = 0.004

N Tcyt% 24.46 (16.51; 39.58) 7.53 (3.45; 12.06) 14.00 (10.98; 15.85)
1–3 𝑝 = 0.004
1-2 𝑝 < 0.001
2-3 𝑝 = 0.007

N Tcyt abs. 98.47 (56.29; 199.74) 33.37 (13.72; 43.46) 46.67 (39.46; 64.74) 1–3 𝑝 < 0.001
1-2 𝑝 < 0.001

CD3+CD4+% 48.06 (41.04; 52.58) 40.74 (32.23; 54.46) 41.81 (36.60; 48.37) n/s
CD3+CD4+ abs. 835.92 (624.17; 1096.10) 817.20 (529.20; 1089.20) 705.31 (580.50; 948.64) n/s
CMTh% 44.67 (38.42; 49.32) 46.91 (36.38; 48.95) 38.68 (35.23; 44.05) 1–3 𝑝 = 0.03
CMTh abs. 338.29 (269.64; 484.11) 297.29 (221.39; 468.69) 251.99 (227.73; 340.65) 1–3 𝑝 = 0.01
EMTh% 24.02 (17.54; 30.71) 33.21 (21.28; 36.49) 24.28 (17.82; 28.74) n/s

EMTh abs. 197.64 (150.63; 229.90) 237.85 (155.53; 284.65) 162.54 (121.90; 187.07) 1–3 𝑝 = 0.04
2-3 𝑝 = 0.04

TEMRATh% 0.82 (0.37; 1.67) 2.26 (0.94; 3.17) 1.62 (0.90; 2.49) 1–3 𝑝 = 0.009
TEMRATh abs. 6.17 (3.11; 13.58) 18.46 (4.25; 33.43) 11.23 (6.24; 26.89) 1–3 𝑝 = 0.02
NTh% 29.88 (19.81; 36.00) 22.24 (16.52; 27.73) 35.46 (27.88; 39.09) 2-3 𝑝 = 0.01
NTh abs. 222.99 (145.88; 369.81) 159.70 (87.42; 317.64) 226.13 (140.38; 382.83) n/s
CD4/CD8 2.01 (1.34; 2.44) 1.52 (1.16; 2.41) 2.01 (1.47; 2.17) n/s
n/s: not significant.

We assume that altered composition of T cell subsets,
namely, decreased counts of CM Tcyt, naı̈ve Tcyt paralleled
with elevated amount of Emra Tcyt, and Emra Th, points
at development of xenograft rejection reaction against both
mechanical and biological heart valve prostheses. Impor-
tantly, a more pronounced rejection reaction was against
biological prostheses. It seems that despite special treatment
of biological material in graft tissues, quite a large amount
of xenogeneic tissue antigens still remains (swine valve
apparatus). T cells and monocytes become stimulated by
foreign antigens that also provoke their migration into donor
tissues and in situ activation resulting in release of huge
amounts of proinflammatory cytokines. In particular, a whole
set of such biologically active molecules may display proos-
teogenic activity not only supporting local inflammatory
reaction, but also leading to collagen degradation and depo-
sition of hydroxyapatites. Altogether, local inflammatory and
degenerative changes within prosthetic tissues may result in
prosthesis dysfunction [19].

Despite the fact that no correlation between changes in T
cell subset repertoire and signs of prosthesis dysfunctioning
as well as duration of prosthesis functioning was found,
however, it may be assumed that immune cells are involved
in developing local changes within prosthetic tissues. At the
same time, results of discriminant analysis suggest that T
cell subsets from recipients both of biological and mechan-
ical heart valve prostheses display distinguishing signs of
response against graft tissues.Moreover, in the future it might
be possible to determine diagnostically relevant parameters
of T cell subset properties to be used for early diagnostics of
host-versus-graft reaction.

Unfortunately there are only few articles describing peri-
pheral T cell subset changes in heart disease as well as in other
comorbidities. Nevertheless we tried to find out their impact
on T cell subset compositions.

Studying patients with acute myocardial infarction
undergoing primary percutaneous coronary intervention has
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Table 7: Impact of acute cerebrovascular accident to T cells populations in biological prosthesis recipients.

T cells populations Healthy donors, 𝑛 = 48 Acute cerebrovascular
accident, 𝑛 = 3

No acute cerebrovascular
accident, 𝑛 = 22 𝑝 value

CD3+% 78.27 (73.07; 82.52) 65.68 (62.34; 68.66) 71.84 (65.68; 76.38) 1-2 𝑝 = 0.005
1–3 𝑝 = 0.003

CD3+ abs. 1419.31 (1126.25; 1735.91) 853.84 (748.08; 1441.86) 1281.15 (1071.68; 1515.78) n/s
CD3+CD8+% 25.80 (20.64; 33.20) 19.96 (18.93; 33.45) 24.52 (18.07; 27.32) n/s
CD3+CD8+ abs. 462.37 (349.70; 647.87) 259.48 (227.16; 702.45) 413.12 (310.95; 597.77) n/s

CM Tcyt%. 11.50 (8.70; 16.38) 3.05 (1.61; 3.93) 6.30 (4.21; 7.94)
1-2 𝑝 < 0.001
1–3 𝑝 < 0.001
2-3 𝑝 = 0.01

CM Tcyt abs. 51.69 (36.70; 74.30) 8.92 (4.17; 21.42) 26.35 (19.22; 31.72) 1-2 𝑝 < 0.001
1–3 𝑝 < 0.001

EM Tcyt% 31.82 (18.80; 43.55) 15.97 (14.01; 57.57) 32.65 (22.67; 38.57) n/s
EM Tcyt abs. 122.56 (74.29; 196.04) 98.41 (41.43; 130.76) 120.99 (74.36; 162.12) n/s

TEMRA Tcyt% 26.67 (19.58; 34.93) 71.45 (26.89; 76.42) 49.03 (43.46; 56.58) 1-2 𝑝 = 0.04
1–3 𝑝 < 0.001

TEMRA Tcyt abs. 104.32 (72.94; 188.42) 185.39 (61.08; 536.81) 198.48 (129.60; 332.12) 1–3 𝑝 = 0.002

N Tcyt% 24.46 (16.51; 39.58) 10.98 (6.52; 11.61) 13.49 (8.10; 15.83) 1-2 𝑝 = 0.03
1–3 𝑝 < 0.001

N Tcyt abs. 98.47 (56.29; 199.74) 28.49 (26.37; 45.79) 43.90 (33.37; 64.74) 1-2 𝑝 = 0.005
1–3 𝑝 < 0.001

CD3+CD4+% 48.06 (41.04; 52.58) 36.60 (34.28; 40.70) 43.02 (37.69; 53.87) 1-2 𝑝 = 0.03
CD3+CD4+ abs. 835.92 (624.17; 1096.10) 529.10 (439.20; 719.88) 723.73 (631.84; 979.38) 1-2 𝑝 = 0.03
CMTh% 44.67 (38.42; 49.32) 46.42 (34.21; 48.77) 39.46 (35.30; 45.49) n/s

CMTh abs. 338.29 (269.64; 484.11) 245.60 (214.19; 246.27) 287.48 (227.73; 445.52) 1-2 𝑝 = 0.01
1–3 𝑝 = 0.04

EMTh% 24.02 (17.54; 30.71) 26.64 (22.92; 32.53) 25.82 (17.82; 29.66) n/s
EMTh abs. 197.64 (150.63; 229.90) 140.95 (100.66; 234.17) 169.64 (135.15; 237.85) n/s
TEMRATh% 0.82 (0.37; 1.67) 1.18 (0.44; 14.03) 1.64 (0.94; 2.49) 1–3 𝑝 = 0.003
TEMRATh abs. 6.17 (3.11; 13.58) 6.24 (1.93; 100.99) 11.71 (6.62; 26.89) 1–3 𝑝 = 0.008
NTh% 29.88 (19.81; 36.00) 25.76 (19.23; 27.88) 33.39 (24.50; 39.09) n/s
NTh abs. 222.99 (145.88; 369.81) 136.29 (122.44; 138.43) 231.64 (159.70; 382.83) 2-3 𝑝 = 0.04
CD4/CD8 2.01 (1.34; 2.44) 1.93 (1.02; 2.03) 1.81 (1.39; 2.41) n/s
n/s: not significant.

found that cytomegalovirus-seropositive patients demon-
strated a greater fall in the concentration of terminally
differentiated CD8 effector memory T cells in peripheral
blood during the first 30 minutes of reperfusion compared
with cytomegalovirus-seronegative patients. Moreover a sig-
nificant proportion of TEMRA cells remained depleted for
≥3 months in cytomegalovirus-seropositive patients. Hereby
myocardial ischemia and reperfusion in cytomegalovirus-
seropositive patients lead to acute loss of antigen-specific,
terminally differentiated CD8 T cells [20].

Type 1 diabetes is an autoimmune process and has other
pathogeneses pathways compared to type 2. Nevertheless
while studying 55 patients with type 1 diabetes it was
found that percentages and absolute numbers of CM and
N cells were reduced, whereas those of TEMRA cells were
markedly increased. The indices of intermediate- and long-
term glycaemic control were associated negatively with the
number of CM and N cells while positively with the number

of TEMRA cells. Authors conclude that considerable accu-
mulation of TEMRA T cells suggests lifelong stimulation
by protracted antigen exposure (viruses, other agents, or
residual self-antigens) or a homeostatic defect in the regula-
tion/contraction of immune responses [21].

Studying T-lymphocyte subsets in patients with severe
acute respiratory syndrome (SARS) investigators found that
cell count of näıve CD4+ (CD4+CD45RA+CD62L+) remark-
ably decreased during the 1st week after the infection. During
the 8th–12th weeks, the cell counts of näıve CD4+ subset were
still less than those of normal controls, while comparing with
those of the 1st week. Authors conclude that it will take more
than 8–12weeks forCD4+ cell andnäıveCD4+ subset to reach
to normal levels after SARS [22].

In our research all founded significant differences in
patients with and without comorbidities (diabetes, hyper-
tonic disease, acute cerebrovascular accidents, and GI-tract
diseases) had the common trend. We hypothesize that any
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Table 8: Impact of GI-tract diseases on T cells populations in biological prosthesis recipients.

T cells populations Healthy donors, 𝑛 = 48 GI-tract diseases, 𝑛 = 13 No GI-tract diseases, 𝑛 = 12 𝑝 value

CD3+% 78.27 (73.07; 82.52) 66.98 (62.34; 76.34) 70.67 (66.32; 76.92) 1-2 𝑝 = 0.002
1–3 𝑝 = 0.02

CD3+ abs. 1419.31 (1126.25; 1735.91) 1230.80 (941.04; 1526.80) 1281.15 (1122.01; 1461.93) n/s
CD3+CD8+% 25.80 (20.64; 33.20) 23.07 (18.02; 25.75) 26.84 (20.34; 36.02) 1-2 𝑝 = 0.04
CD3+CD8+ abs. 462.37 (349.70; 647.87) 360.40 (280.98; 464.44) 478.00 (327.14; 701.41) 1-2 𝑝 = 0.04

CM Tcyt%. 11.50 (8.70; 16.38) 6.44 (4.20; 7.94) 5.59 (3.21; 6.30) 1-2 𝑝 = 0.002
1–3 𝑝 < 0.001

CM Tcyt abs. 51.69 (36.70; 74.30) 22.28 (13.17; 38.49) 23.45 (19.23; 29.84) 1-2 𝑝 < 0.001
1–3 𝑝 < 0.001

EM Tcyt% 31.82 (18.80; 43.55) 32.94 (28.76; 42.60) 21.75 (13.0; 33.86) 𝑝 = 0.02

EM Tcyt abs. 122.56 (74.29; 196.04) 134.98 (116.62; 158.90) 108.44 (60.61; 147.64) n/s

TEMRA Tcyt% 26.67 (19.58; 34.93) 46.69 (43.46; 49.49) 59.60 (42.14; 68.43) 1-2 𝑝 < 0.001
1–3 𝑝 < 0.001

TEMRA Tcyt abs. 104.32 (72.94; 188.42) 140.19 (129.60; 206.02) 277.78 (144.12; 461.98) 1–3 𝑝 = 0.002

N Tcyt% 24.46 (16.51; 39.58) 12.06 (8.10; 14.28) 13.43 (7.45; 25.74) 1-2 𝑝 < 0.001
1–3 𝑝 = 0.02

N Tcyt abs. 98.47 (56.29; 199.74) 40.57 (26.37; 54.33) 45.06 (33.97; 106.42) 1-2 𝑝 < 0.001
1–3 𝑝 = 0.01

CD3+CD4+% 48.06 (41.04; 52.58) 40.74 (36.19; 54.41) 41.91 (38.31; 45.28) 1–3 𝑝 = 0.02
CD3+CD4+ abs. 835.92 (624.17; 1096.10) 729.64 (579.04; 999.13) 705.31 (646.06; 882.92) n/s
CMTh% 44.67 (38.42; 49.32) 44.05 (39.33; 47.82) 36.15 (34.83; 39.84) 1–3 𝑝 = 0.02
CMTh abs. 338.29 (269.64; 484.11) 330.65 (220.84; 449.51) 257.76 (245.93; 302.12) 1–3 𝑝 = 0.01
EMTh% 24.02 (17.54; 30.71) 25.64 (18.83; 28.86) 26.32 (15.97; 32.87) n/s
EMTh abs. 197.64 (150.63; 229.90) 167.11 (144.86; 233.30) 166.95 (122.94; 254.08) n/s
TEMRATh% 0.82 (0.37; 1.67) 1.49 (0.94; 2.05) 2.31 (0.97; 4.01) 1–3 𝑝 = 0.005
TEMRATh abs. 6.17 (3.11; 13.58) 10.34 (6.19; 15.86) 17.45 (6.58; 33.99) 1–3 𝑝 = 0.01
NTh% 29.88 (19.81; 36.00) 30.67 (24.50; 36.61) 33.39 (22.49; 41.32) n/s
NTh abs. 222.99 (145.88; 369.81) 211.18 (140.38; 382.83) 219.48 (140.96; 326.85) n/s
CD4/CD8 2.01 (1.34; 2.44) 2.06 (1.57; 2.98) 1.55 (1.09; 2.06) n/s
n/s: not significant.

chronic diseases could lead to changes in T cell populations
because of the participation of immune system. Mean-
while decreased relative and absolute number of central
memory and naı̈ve CD3+CD8+ and increased number of
CD45RA+CD62L−CD3+CD8+ and CD3+CD4+ in patients
with biological prosthesis were in the common trend regard-
less of the presence of any comorbidities. That is why we
assume that these changes are related to the development of
xenograft rejection reaction.

5. Limitations

Current study contains the following limitations: the number
of examined patients with implanted mechanical prostheses
was low (7 persons); duration of prosthesis functioning
was significantly shorter in this group compared to patients
with biological heart valve prostheses. Taking together these
limitations may lead to the loss of the significant differences
of the patients with mechanical prosthesis comparing with
recipients of biological prosthesis and healthy volunteers.
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