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Abstract: To ensure protection from external invaders, mitigate collateral damage from
immune reactions, and prevent immune system responses against self, the immune response
is highly regulated by the sympathetic nervous system, cytokines, together with both adaptive
and innate regulatory T cells. Moreover, the generation and function of adaptive and innate
regulatory T cells is also under strong regulation by the sympathetic nervous system. Here we
consider modulation of regulatory T cells by the sympathetic nervous system and cytokines
that could lead to strategies for the enhancement of an immune response, or the prevention
or mitigation of autoimmune diseases.
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“A well-regulated militia” (US Bill of Rights)

The immune system of “higher” vertebrates has evolved as a powerful protective force
that protects the host from invaders, both foreign and domestic. Although the immune
system is selective in its response to immunogens, “collateral damage” to healthy
tissue can occur. Accordingly, like any defense organization in a complex society, the
immune system must be highly regulated. Such regulation occurs at several levels:

e The elimination of self-reactive lymphocytes during development.

e The creation of “immune privileged” sites where immune reactions are less likely
to occur. Such sites are particularly critical for sensitive tissue such as the eye and
the brain.

e The generation of regulatory cells that eliminate or inhibit cells that respond to
self antigens.

Therefore, regulatory T cells are a defense organization within a defense organiza-
tion. Although many cells of the immune system can perform a regulatory function,
there are essentially three T cell types that comprise the “adaptive” regulatory (cell) sys-
tem (Table 1): CD4*, CD25*T cells that express the forkhead box P3 transcription factor
(FoxP3*, regulatory T Cells [Treg]), T cells expressing a marker for “natural killer” cells
(NKT cell) and CD8* T cells. The induction, function and properties of these cells has been
recently reviewed extensively.' CD4*, FoxP3* T cells occur without antigenic stimulation
(so-called natural Treg) and are also induced by transforming growth factor-3
(TGF-). The suppression mediated by CD4, FoxP3* T cells is not antigen-specific
and requires sensitivity to TGF-P (please see below). Regulatory NKT cells and CD4*
T cells, induced by antigen participate in the activation of CD8" regulatory T cells,
that are antigen-specific and, (unlike CD4", FoxP3* Treg), suppress “activated” T cells.
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Table | Immunoregulatory T cells'*

Cell Antigen Induce Restriction  Cytokines
specificity CD8 Treg

CD4/CD25  — +— - TGF-B

FoxP3

NKT +— + CDlI TGF-B IL-4
IL-10

CD4 + + MHCII TGF-B
IL-10

CD8 + N Qa-1 TGF-B

Abbreviations: NKT, natural killer T cells; TGF-B, transforming growth factor-f3;
MHC, major histocompatibility complex; IL, Interleukin.

CDS8" regulatory T lymphocytes were first described in the
1970’.>¢ Ironically today, CD8* regulatory T cells are con-
sidered a relatively new and incompletely understood group
of regulatory T cells whose function is still being unraveled.
These cells are subject to regulatory influences known to
impact on T and B lymphocytes that affect protective defense
mechanisms. Moreover, regulatory T cells may be expanded
during an immune response and since some of these cells are
specific to the inducing antigen, these antigen-specific regu-
latory T cells, can make a specific “pre-emptive response”
to prevent a potentially damaging immune response. In that
regard, such a regulatory response can be a “double-edged
sword” as pointed out by the late JW Streilein.” Therefore, like
any immune response, the regulatory response must be finely
balanced for effective results that do not compromise protec-
tion. To date, such “regulation of the regulators™ is becoming
apparent. Factors that regulate the immune system in general,
impact on the regulatory immune system. Within the host,
these factors may be derived from the immune system itself
and/or influences “external” to the immune system.

In addition to physiological factors that influence all
aspects of function (eg, nutrition), the immune system is
regulated internally by itself, through regulatory cells and
cytokines, and externally by the central and peripheral ner-
vous system.” !¢ Although the influence of the sympathetic
nervous system (SNS) and cytokines on the effector immune
system has been reviewed extensively,’'* here we consider
SNS-regulatory T cell interactions and the influence of
cytokines on “regulatory T cells,” as these impact on overall
immune homeostasis.

Sympathetic regulation

of regulatory T cells

Cells that participate in adaptive and “natural” immunity
express receptors for neuropeptides,”'>!* suggesting that
sympathetic neuropeptides could influence the immune

response.The influence of the SNS on the immune response
has been demonstrated by ablation of peripheral sympathetic
neurons by the neurotoxin 6-hyrdoxydopamine (6-OHDA)
that when administered peripherally depletes norepineph-
rine (NE) levels in the lymphoid organs by more than
90%.1%12 Since 6-OHDA does not cross the blood brain
barrier (BBB),'*" peripheral administration does not cause
any reduction in the levels of central nervous system (CNS)
catecholamines, although peripheral catecholamine levels are
depleted. Peripheral administration of 6-OHDA enhances the
production of some antibodies.!*!” Although the production
of cytokines that promote cell-mediated immunity may be
affected by chemical sympathectomy,'>!%2° the activation
of cells that effect delayed-type hypersensitivity (DTH) in
mice may not be affected by acute sympathectomy with
6-OHDA. '8 However, the DTH reaction exemplified by the
swelling of tissue that follows challenge with antigen does
not occur in 6-OHDA -treated mice.'”!® Therefore the lack of
swelling at the site challenged by the antigen in immunized,
6-OHDA -treated mice'”'® may be due to the influence of the
SN on the vascular exchange of fluids.?!

The injection of 6-OHDA directly into the CNS of rats
induces cells that transfer the suppression of humoral immunity,
or induces an increase in OX8" cells concomitant with the
suppression of experimental autoimmune encephalomyelitis
(EAE).? Peripheral administration of 6-OHDA prevents the
generation of antigen-specific CD8" splenic regulatory T cells
induced by an injection of antigen into the anterior chamber."”
The number of regulatory hepatic NKT cells are diminished
in 6-OHDA - treated mice'’** as well as the ability of thymic
NKT cells to induce the generation of splenic CD8*regulatory
T cells after the injection of antigen into the anterior chamber
of an eye.!” Because the maintenance of hepatic NKT cells
requires NE,* the loss of NE due to sympathectomy with 6-
OHDA should impact on thymic and peripheral NKT cells
that are necessary to induce the CD8* regulatory T cells
after the intracameral injection of an antigen.”® A recent
report’® demonstrated the selective removal of sympathetic
innervation of the eye, by surgical removal of the cervical
sympathetic ganglion, reduced levels of TGF-f in the aque-
ous humor and prevented the induction of suppression of
delayed-type hypersensitivity, induced by an intracameral
injection of antigen. Here the sympathectomy is localized to
the eye suggesting that the elimination of ocular sympathetic
innervation affects a site that generates circulating cells that
induce the activation of peripheral CD8* regulatory T cells.

The influence of the SNS on regulatory T cells could be
direct via NE,'22°22 neuropeptide Y?’ or tissue plasminogen

42 submit your manuscript

Dove

International Journal of Interferon, Cytokine and Mediator Research 2010:2


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Regulation of regulatory T cells

activator (tPA)* by converting inactive plasminogen into
plasmin that modulates inflammation (Figure 1). Because
chemical sympathectomy with 6-OHDA prevented the gen-
eration of antigen-specific CD8* regulatory T cells induced
by the intracameral injection of antigen,'” we investigated
the effect of systemic sympathectomy of mice on the
number and activity of peripheral CD4*, FoxP3* Treg.'
Two days after the injection of 6-OHDA recipient mice
had a nearly two-fold increase in functional splenic and
lymph node CD4*, FoxP3* regulatory cells. This increase
in splenic and lymph node Treg appears to be due to an
increase in TGF-P in the spleen and lymph nodes because
6-OHDA treatment did not induce an increase in CD4",
FoxP3* Treg in mice resistant to TGF-B. Moreover,
the induction of EAE is inhibited or reduced in mice
that received 6-OHDA before immunization with the
encephalitogenic myelin oligodendrocyte glycoprotein
(MOG) peptide 35-55. CD4*, FoxP3* Treg recovered
from mice that received 6-OHDA reduced the induction
of EAE." These observations are consistent with those
demonstrating that Tregs express tyrosine hydroxylase
and catecholamines.?* Moreover, the latter report showed
a catecholamine-dependent reduction in Treg. That chemi-
cal sympathectomy has also been reported to inhibit or

—

: Induces/hepls in induction

enhance EAE could be due to the timing of sympathectomy
versus immunization. An increase in CD4*, FoxP3* Treg
at the time of, or before immunization, would inhibit the
induction of EAE. However, inhibition of the induction
of CD8" Treg could enhance EAE because this population
of regulatory T cells more effectively suppresses activated
T cells.

Cytokine regulation of regulatory
T cells

Communication between the many elements of the immune
system is a function (in part) of cytokines and chemokines
produced by immunocytes and other cells. These cytokines
could influence “natural” regulatory T cells that are present
without an apparent immune response. Additionally, some
cytokines could amplify the number or activity of regulatory
T cells. For example, interleukin (IL)-2 could amplify Treg or
effector T cells because most activated cells express receptors
for IL-2. However, CD4 or CD8" effector T cells induced/
amplified by an immune response can also be “converted” to
a regulatory phenotype in vitro by TGF-B.3%3 Accordingly,
the entry of CD4" effector T cells into the anterior chamber
of an eye may “convert” some of the effector cells to a Treg
phenotype because of the TGF-f in the aqueous humor

Inflammation

) Is converted to

Figure | Influence of the sympathetic nervous system and cytokines on effector and regulatory T cells. Sympathetic neurons are a source of neuropeptide Y (NPY) and
norepinephrine that influence regulatory T cells and effector T cells directly or indirectly through an influence on the production of cytokines that influence the production of
IFN-y. Norepinephrine may influence directly effector T cells, regulatory T cells such as NKT cells, B cells and antigen presenting cells. Norepinephrine may also influence the
production of TGF-f by other cells. Tissue plasminogen activator (tPA) converts plasminogen to plasmin that plays a role in inflammation.
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(please see below). The effects of cytokines on regulatory
T cells has been reviewed extensively.>**> Table 2 summa-
rizes these effects although the data is not all-inclusive. The
influence of cytokines on regulatory T cells is factored into
activation/conversion or effector function. Most cytokines
have a positive stimulating or supportive effect although
some downregulate the regulatory cell. Here care should
be taken as to whether the downregulation effect is on the
regulatory cell or does the cytokine render the effector cell
“target” resistant to suppression.

Direct conversion of effector T cells

to regulatory T cells

Treatment of CD4 or CD8" effector T cells with TGF-B in
vitro “converts” these cells to a regulatory phenotype.30-333
The increase in mRNA for TGF-B in lymph nodes and
spleen in 6-OHDA-treated mice is associated with the
increase in CD4*, FoxP3*" Treg in these organs.'® The
exposure of CD4* effector T cells to TGF-3 and o-melano
stimulating hormone in aqueous humor may well convert
these cells to CD4, FoxP3* regulatory T cells.*® This conver-
sion could occur in any immune privileged site that contains
TGF- or in the presence of TGF-B-producing cells such
as some tumor cells. Similarly, IL-17, in conjunction with
TGF-B also promotes the conversion of effector T cells to a
Treg phenotype.*® Additionally, CD8" cytotoxic T cells are
“converted” to a regulatory phenotype by incubation in vitro
with TGF-B.>'-* However, such a “conversion” in vivo has
not been demonstrated. Although TGF-f converts effector
T cells to a regulatory phenotype, regulatory T cells can
be generated in vivo in mice resistant to TGF-B.%” There-
fore, T cell sensitivity to TGF-B is not obligate to generate
regulatory T cells. However, effector T cell sensitivity to
TGF-B is required for the effector cells to be suppressed
by CD8" regulatory T cells themselves induced by the
intracameral injection of antigen’’ and by CD4, FoxP3*

regulatory T cells.*® Although the suppressive mechanism
of CD4, FoxP3* regulatory T cells is not clear, direct evi-
dence suggests that TGF- is a suppressive mechanism for
some CD8* regulatory T cells.’”** In addition to TGF-j,
agonist antibodies to 4-1BB “convert” CD8* cytotoxic
T cells to a suppressor phenotype that suppress other T
cells by the production of TGF-f.3° Therefore, it is likely
that 4-1BBL* is an additional means to generate CD8"
regulatory T cells. This is consistent with observations that
4-1BB and OX40 promote the maintenance of CD4, FoxP3*
regulatory T cells.*!

Although the direct “conversion” of effector T cells to a
regulatory phenotype can be accomplished in hours in vitro,
the generation of some regulatory T cells in vivo may take
days if some effector T cells generated during an immune
response are then converted to a suppressive phenotype.
Therefore, the environment may influence the induction of
regulatory T cells or macrophages that induce regulatory
T cells. For example, F4/80" monocytes in the anterior
chamber are converted to a regulatory phenotype that induces
antigen-specific regulatory T cells by TGF-B in aqueous
humor.>** Effector cells that encounter these monocytes in
the anterior chamber are probably converted to a suppressive
phenotype.

Cytokines and regulatory function
of CD4", FoxP3* regulatory T cells

The effector mechanisms of CD4*, FoxP3* regulatory T cells
are controversial. It appears unlikely that some Tregs func-
tion via the secretion of anti-inflammatory cytokines such as
TGF-P or IL-10. However, since T cells resistant to TGF-[3
are not suppressed by CD4*, FoxP3* Treg*® Treg may not
secrete TGF-[, but present this cytokine as a membrane
protein. CD4", FoxP3* T regulatory cells found in fat tissue
suppress effector T cells via IL-10.** Given various suppres-
sive mechanisms, it is likely that CD4* regulatory T cells,

Table 2 Cytokines required for regulatory T cell activation, maintenance or function

Cytokine Induce/maintain Required for regulatory function Induce
Regulatory T cells Regulatory T cells Regulatory
CD4' FoxP3 cDs8* CD4* FoxP3* cDsg* macrophage

TG F_ﬁ +30 +3 1,32 +38 +3 1,39 +3.7,35

IL-10 435 451 4= /3544 44251

IL-2 +3° N.T. N.T. N.T. N.T.

IFN-y - - - 3446 -

4-1BBL N.T. 43941 — - N.T.

Notes: References in brackets
Abbreviations: NT, not tested, IL, interleukin
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depending on whether they are induced or “natural,” may
suppress by different mechanisms.

CD8* regulatory T cells

Because there are several types of CD8* regulatory T cells,*
it is likely that this diverse group of cells has several suppres-
sive mechanisms and external influences on function. CD8*
regulatory T cells induced by culture with agonist antibodies
to 4-1BB* or induced by the injection of antigen into the
anterior chamber of the eye®” produce TGF-P and use this
cytokine as a suppressive mechanism. Suppression effected
by CD8" regulatory T cells is not bystander suppression.*
Therefore, it is likely that this antigen-specific suppression
is effected in the immediate environment of the cells being
suppressed (cell contact?). CD8* regulatory T cells recovered
from interferon (IFN)-y—/— mice do not suppress antigen-
induced proliferation by immunized T cells in vitro*® or the
DTH reaction in immunized mice unless IFN-y is provided
to the regulatory T cells.*® However, IFN-y does not suppress
the DTH reaction. The mechanism of this requirement for
IFN-y is not known. Because the CD8" effector function of
the regulatory T cells is restricted by the expression of Qa-1
by the effector cells,*” perhaps IFN-y influences the expres-
sion of effector cell Qa-1 or the receptor for Qa-1 that is
expressed and required by the CDS8 regulatory T cells.

Resistance to suppression

In 1981, aresistance to adaptive (cell-mediated) immunosup-
pression was described as “contrasuppression.”* The notion
of a resistance to suppression was met, at that time, with some
derision. In fact, the entire area of adaptive immunoregulation
fell by the scientific wayside until the description of CD4*,
FoxP3* regulatory T cells.’** That there may be resistance
to suppression has received attention more recently. It is
evident that cytokines exert a strong influence on the acti-
vation and/or function of many regulatory T cells. Indeed,
these cells are often a product of an immune response. In
that regard, the SNS will also influence the activation and/or
function of regulatory T cells since the SNS exerts a strong
influence on various cellular and physiological aspects of an
immune response. Accordingly, a downregulation of the SN'S
may mitigate some aspects of adaptive immunoregulation.
In contrast, upregulation of the SNS, as occurs in an acute
sympathetic response, (that would occur in a “fight or flight”
response), enhances a cell-mediated immune response.*® In
addition to a direct influence on regulatory T cells, cytokines
and the environment may also affect the susceptibility of
effector T cells to suppression. Thus, the so-called “tuned

suppression”' would have a strong impact on an immune
response. As described above, some CD8" regulatory T cells
effect suppression by the production of TGF-3. Mice resistant
to TGF-P due to a lack of a functional receptor or ubiquitin
ligase are resistant to suppression by CD4*, FoxP3* Treg or
CDS8" regulatory T cells induced via the injection of antigen
into the anterior chamber.’’* Therefore, any agent that
inhibits TGF-P signaling, or blocks the receptor for TGF-f3
will likely render an effector cell resistant to suppression by
these cells. We have observed the generation of resistance to
the suppression of a DTH reaction, mediated by CD8* sup-
pressor T cells, induced by the injection of antigen into the
anterior chamber of an eye. The presence of T cells resistant
to suppression is consistent with the suggestion that such
resistance could occur in autoimmunity.”!

Coda

At the outset we emphasized that the immune system militia
is highly regulated by the SNS and by the immune system
itself (Figure 1). The peripheral SNS has a profound influence
on immune homeostasis by participating in the maintenance
and activation of T cells that regulate both humoral and cell-
mediated immune responses. SNS neuropeptides such as
neuropeptide Y and NE promote the production of IFN-y that
is required by CD8* suppressor T cells to effect suppression.
The SNS either regulates the production of TGF-f via NE
or produces this cytokine. TGF-B produced by other cells,
influenced by the SNS or perhaps derived from the SNS,
may convert effector T cells to a suppressor phenotype.
In addition, NE-dependent NKT cells that participate in
the induction of CD8" suppressor T cells require an intact
SNS. In aggregate, the SNS and the immune system interact
to provide the homeostasis necessary for defense and the
prevention of autoimmunity.
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