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Effect of tyrosine hydroxylase gene silencing
in CD4* T lymphocytes on differentiation
and function of helper T cells
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Abstract

OBJECTIVES: We explored effect of gene silencing of tyrosine hydroxylase (TH),
a rate-limiting enzyme for synthesis of catecholamines (CAs), in CD4* T cells on
differentiation and function of helper T (Th) cells to provide more evidence for
functional significance of lymphocyte-derived CAs.

METHODS: CD4* T lymphocytes were isolated and purified from the mesenteric
lymph nodes of mice. Recombinant TH miRNA expression vector (pcDNA6.2-
GW/EmGFPmiR-TH) was constructed and transfected into concanavalin A
(Con A)-activated CD4+ T lymphocytes using nucleofection technology. After
incubated for 48 h, these cells were detected for TH gene and protein expres-
sion and CA content. Simultaneously, percentage of interferon-y (IFN-y)- and
interleukin-4 (IL-4)-producing cells and levels of IL-2, IFN-y, tumor necrosis
factor (TNF), IL-4 and IL-5 in culture supernatants of Con A-stimulated CD4+ T
cells were examined by flow cytometric analysis.

RESULTS: CD4* T lymphocytes with TH RNAi expressed less TH mRNA and
protein and synthesized less CAs including norepinephrine, epinephrine and
dopamine than control cells with mock transfection. The silencing of TH gene
in CD4* T lymphocytes reduced percentage of IL-4-producing cells and elevated
ratio of IFN-y-producing cells to IL-4-producing cells, although it did not alter
proportion of IFN-y-producing cells. The Th1 cytokines, IL-2, IFN-y and TNEF,
were increased, but the Th2 cytokines, IL-4 and IL-5, were decreased in the cul-
ture supernatants of Con A-stimulated CD4* T lymphocytes that were transfected
with TH miRNA.

CONCLUSION: TH gene silencing attenuates TH expression and CA synthesis in
CD4* T lymphocytes and promotes polarization of differentiation and function
towards Th1 cells.
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INTRODUCTION

It has been well known that tyrosine hydroxylase (TH),
a rate-limiting enzyme for synthesis of catecholamines
(CAs), is expressed in neurons and endocrine cells.
Therefore, the nervous and endocrine systems can syn-
thesize and release CAs, which as neurotransmitters or
endocrine hormones, regulate many functions includ-
ing immune response (Pacheco-Lépez et al. 2003; Ober-
beck 2006; Webster-Marketon & Glaser 2008). Over
recent decades, a new finding that lymphocytes can also
express TH and synthesize and secrete CAs, including
norepinephrine (NE), epinephrine (E) and dopamine
(DA), has been presented (Bergquist et al. 1994; Musso
et al. 1996; Qiu et al. 2004). These lymphocytes synthe-
sizing and releasing CAs include T, B and natural killer
(NK) cells (Cosentino et al. 2007). The lymphocyte-
derived CAs modulate many functions of the immune
system (Cosentino et al. 2007, 2009). Accordingly, the
immune system probably becomes the third catechol-
aminergic system besides the nervous and endocrine
systems (Leposavic¢ et al. 2008). Since immunomodu-
lation by lymphocyte-derived CAs is more direct and
quicker than neuron- or endocrine-originated CAs, the
findings of the third catecholaminergic system have
important significance for immunomodulation and
immune homeostasis.

We have reported that activated T lymphocytes
increase TH expression and CA synthesis and secretion
in comparison with resting lymphocytes, suggesting that
T cell-derived CAs are related to T cell function (Qiu et
al. 2004, 2005). Subsequently, we show that T lympho-
cyte-endogenous CAs inhibit T cell proliferation and
accelerate T cell apoptosis, demonstrating a functional
significance of T cell-derived CAs (Jiang et al. 2007,
2009). However, CD4* T lymphocytes, a largest class
of lymphocyte subsets accounting for 60% of periph-
eral T lymphocytes, still need to be further explored
about their expression of TH and synthesis of CAs.

CD4* T lymphocytes function mainly by helper
T (Th) cells. By antigen stimulation, ThO cells are
mostly differentiated into Th1 and Th2 cells. Th1 cells
are mainly involved in cellular immune response by
secretion of cytokines, such as interleukin-2 (IL-2),
interferon-y (IFN-y), and tumor necrosis factor (TNF).
These cytokines activate inflammatory cells and there-
fore lead to tissue damage (D’Ambrosioa et al. 2000).
Th2 cells mainly mediate humoral immune response
and have anti-inflammatory effect by secretion of IL-4,
IL-5, IL-6, and IL-10 (D’Ambrosioa et al. 2000). In the
body, there is fine regulation of Thl- and Th2-type
immune responses to maintain normal immune bal-
ance (Kidd 2003). Shift of Th1/Th2 balance is a root
of certain dysfunctions and diseases, such as microbial
infection, tumors, and autoimmune diseases (Infante-
Duarte & Kamradt 1999; Ruschpler & Stiehl 2002; Dolff
et al. 2011; Bleotu et al. 2012; Block et al. 2011). Exog-
enous CAs from the sympathetic and adrenal tissues

regulate CD4* T cells, with the effects of decrease in
secretion of pro-inflammatory cytokines and increase
in release of anti-inflammatory cytokines by the CD4*
T lymphocyte (Elenkov & Chrousos 2002; Sanders et al.
2002; Salicru et al. 2007). These findings suggest that
CAs derived from nervous and endocrine systems pro-
mote a shift of differentiation and function of Th1 cells
towards Th2 type. Nevertheless, there still is no direct
evidence to show effect of CD4* T cell-derived CAs on
differentiation and function of Th cells. Thus, we in
the present study explored this effect by using TH gene
interference in CD4+ T cells to better understand func-
tional significance of CAs derived from CD4+ T cells.

MATERIALS AND METHODS
Purification and culture of CD4+ T lymphocytes

CD4+ T cells were purified from the mesenteric lymph
nodes of 4 to 6 week-old mice by using CD4+* T-cell iso-
lation kit according to the manufacturer’s instructions
(BD Biosciences, USA). The purity of the isolated cells
was more than 98%, as determined by staining and flow
cytometry (data not shown). CD4* T lymphocyte were
resuspended in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum, 2 mM glutamine,
and 100 U/ml penicillin/streptomycin, at the final con-
centration of 1.25x10° cells/ml. Concanavalin A (Con
A) was added into the cultures with the concentration
of 5pug/ml to induce the cell proliferation. The cultures
were incubated at 37 °C in a moist atmosphere with 5%
CO, for 24 h.

Construction of recombinant plasmid

The recombinant TH miRNA expression vector
(pcDNA6.2-GW/EmGFPmiR-TH, pcDNA/miR-TH)
that targets mouse TH gene was constructed by using
BLOCK-iT Pol II miR RNAI expression vector kit with
EmGFP according to the manufacturer’s instruction
(Invitrogen, USA). We cloned four double-stranded
oligonucleotides with TH miRNA target sequence into
vectors containing Pol II promoters. For each double-
stranded oligonucleotide, we firstly designed two sin-
gle-stranded DNA oligonucleotides (32 bp for each),
and then they were annealed to generate a double-
stranded oligonucleotide (64 bp). The double-stranded
oligonucleotides were cloned into pcDNA6.2-GW/
EmGFPmiR (Invitrogen, USA), which constituted TH-
targeting miRNA expression vector with green fluores-
cent protein. Sequence analysis showed that all of the
four double-stranded oligonucleotides with TH miRNA
were correctly cloned into pcDNA6.2-GW/EmGFPmiR
vectors.

Transfection of TH miRNA expression vector

The four TH miRNA expression vectors (pcDNA/
miR-TH) were transfected into CD4* T lympho-
cytes using nucleofection technology (Amaxa Bio-
systems, Germany). By detection of interference
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efficiency of the four vectors, we found the most
effective one and therefore it was used in the pres-
ent study. The sequences of the single-stranded
oligonucleotides were as follows: 5-TGCTGATAG-
GAAGACAGCAGCCCTGCGTTTTGGCCACTGAC-
TGACGCAGGGCTGGTCTTCCTAT-3’ for top chain
and 5’-CCTGATAGGAGGACAAGCCCTGCGTCAG-
TCAGTGGCCAAAACGCAGGGCTGCTGTCTTCC-
TATC-3’ for bottom chain. The transfection protocol
followed the instructions of mouse T cell nucleofec-
tor kit (Amaxa Biosystems, Germany). Briefly, after
incubated with Con A for 24 h, CD4*+ T cells were
resuspended in 100l of T cell nucleofector solution.
Plasmid of 4ug was added to 100ul of 5x106 CD4*
T cell suspension. The mixtures were subsequently
transferred to an electroporation cuvette with alumi-
num electrodes and placed in the nucleofection device
(Amaxa Biosystems, Germany). Nucleofection of these
cells were accomplished using X-001 program, and the
samples were immediately transferred to 12-well plates
containing 2 ml pre-warmed media. Control experi-
ments were performed by processing CD4* T cells in
the same way, but without adding plasmid to the cells.
The efficiency of TH miRNA transfection in CD4+*
T cells was determined by GFP-tagged recombinant
plasmid under a fluorescence microscope (Leica, Ger-
many). Number of GFP-labeled cells was approximately
50% to 70% (data not shown).

Real-time quantitative PCR

Total RNA were extracted from CD4* T lymphocytes,
which had been transfected and incubated for 48 h,
with Trizol reagent (Bio Basic Inc., Canada), as recom-
mended by the manufacturer. After RNA content was
determined by spectrophotometric analysis at 260 nm,
2pg of total RNA was used for cDNA synthesis with
M-MLV reverse transcriptase (Invitrogen, USA). The
PCR reaction was performed in a Rotor-Gene 3000
Real-Time Cycler (Corbett Research, Australia) and
the detection was made by measuring the binding of
the fluorescence dye SYBR Green I (Molecular Probe)
to double-stranded DNA. Each 20ul reaction mix-
ture contained 1pl ¢cDNA, 2ul PCR buffer, 3.0mM
MgCl,, 0.2 mM of each dNTP, 0.2uM of oligonucle-
otide primer and 1 U Taq DNA polymerase. The
sequences of oligonucleotide primers for amplifica-
tion of specific TH gene (130 bp, NM_009377.1) were
5-CGGAAGCTGATTGCAGAGAT-3 (sense) and
5-GGGTAGCATAGAGGCCCTTC-3 (antisense).

The reaction procedures were as follows: an initial step
at 95°C for 5 min, 40 cycles of 94°C for 1 min, 68°C
for 1 min and 72°C for 1 min. Analysis was performed
by standard curve method. To verify the specificity
of the amplification reaction, melting curve analysis
was performed. Relative expression level of the target
gene was expressed as a ratio to value of B-actin, a
house keeping gene. The primer sequences for f-actin
gene (218bp, NM_007393) were 5-CTGTCCCTG-
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TATGCCTCTG-3* (sense) and 5-ATGTCACGCAC-
GATTTCC-3’ (antisense).

Western blot analysis

Total protein was extracted from CD4* T cells having
transfected with TH miRNA for 48 h. Cells were
homogenized in lysis buffer and centrifuged at 4°C and
12,000 g for 10 min. The supernatants containing 20 ug
of total cellular protein were mixed with sample buffer
and boiled for 5 min. Then the cellular protein was sep-
arated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvi-
nylidine difluoride membrane (Pall, Port Washington)
using a semi-dry transfer apparatus. After blocking
nonspecific binding with 5% (w/v) nonfat dry milk, the
membranes were probed for rat anti-mouse TH mono-
clonal antibody (1:900; Sigma, USA) at room tempera-
ture for 4°C overnight, followed by incubation with a
horseradish peroxidase-conjugated secondary antibody
and visualization with electro-chemi-luminescence
reagent. Then the chemiluminescence was exposed to
X-ray film. Blots were reprobed with p-actin antibody
(1:5000; Sigma, USA) to confirm equal protein load-
ing. The molecular weight and relative quantity of the
protein bands were determined by an image analysis
system (SynGene GeneTools software, UK).

High performance liquid chromatography with electro-
chemical detection

For detection of CAs in CD4* T lymphocytes having
transfected with TH miRNA expression vector, the cul-
tures were centrifuged and the cell pellets were resus-
pended in 0.2 ml of 0.4 N HCIO, and disrupted by
ultrasonication. The mixtures were then centrifuged for
15 min at 12,000 g at 4 °C. The supernatants were recov-
ered, filtered and stored at —80°C until analysis. Each
extract of 20 ul was injected into a high performance
liquid chromatography (HPLC) apparatus equipped
with a reverse-phase column (Altantis TM dC18, 5um,
100 A; Waters) to quantify DA, E and NE. The mobile
phase was pumped at a flow rate of 1.0 ml/min. NE,
E and DA in the samples were quantified by using the
peak areas of a standard curve.

Measurement of IFN-y- and IL-4-producing cells

CD4+ T cells were introduced with phorbol myristate
acetate (PMA, 10 ng/ml) and ionomycin (1uM) in
the presence of 1uM monensin for 6 h in order to
promote production of cytokines by these cells. The
cultured cells were washed twice in perm/wash buffer
(BD, Biosciences, USA) and then 250yl fixation/per-
meabilization solution was added into the pellets,
which were resuspended for 20 min at 4°C. After two
additional washes in perm/wash bulffer, the cells were
resuspended in perm/wash buffer to a concentration of
2x105 cells/ml. PE-conjugated anti-IFN-y or anti-IL-4
monoclonal antibodies were added to the cells at a con-
centration of 1 pg/ml, which was incubated for 30 min
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at room temperature. Analysis was performed with
FACS Calibur flow cytometer equipped with an argon
laser. Acquisition was analyzed with CellQuest software
(BD, Biosciences, USA).

Cytometric bead array

CD4* T cells were introduced with PMA (10 ng/ml)
and ionomycin (1 uM) for 6 h to promote production of
cytokines by these cells. The culture supernatants were
collected after the cultures were centrifuged. These
cytokines, IL-2, IFN-y, TNE IL-4, and IL-5, in the
supernatants were measured using a cytometric bead
array (CBA) kit (BD, Biosciences, USA). Briefly, the
supernatants of 50 ul were mixed with 50 ul of mouse
Th1/Th2 PE detection reagent consisting of PE-conju-
gated anti-mouse IL-2, IL-4, IL-5, TNE and IFN-y anti-
bodies and 50 pl of mixed capture beads. The mixtures
were incubated at room temperature for 3 h in the dark.
They were then washed once and resuspended in 300 pl
of wash buffer. Sample data were acquired using flow
cytometer and were analyzed with CBA analysis soft-
ware (BD Biosciences, USA).

Statistical analysis

Data were expressed as mean * standard deviation (M
+ SD). Statistical analysis was performed with Statistics
Package for Social Science (SPSS, 12.0). The data were
submitted to Student-t test and differences were consid-
ered statistically significant at p<0.05.

RESULTS

TH gene silencing in CD4+ T lymphocytes reduces TH
expression and CA content in these cells

RNAI expression plasmid targeting TH gene was con-
structed and then transfected into CD4* T lymphocytes
that had been activated by Con A. Expression of TH
mRNA and protein in CD4+ T lymphocytes transfected
with RNAi expression plasmid was markedly downreg-
ulated relative to that in control cells with mock trans-
fection (Figure 1). Moreover, content of CAs, including
NE, E and DA, in Con A-activated CD4* T lymphocytes
was significantly reduced by the TH gene silencing
compared with that of control cells with mock transfec-
tion (Figure 1). These data showed that TH gene silenc-
ing had an evident suppression of TH expression and
CA synthesis in Con A-induced CD4* T lymphocytes.

TH gene interference in CD4*+ T lymphocytes decreases
percentage of IL-4-producing cells and increases ratio of
IFN-yt/IL-4* cells

After incubated with Con A for 24 h, CD4+ T cells were
transfected with TH miRNA expression vector. The TH
gene silencing in CD4* T cells remarkably decreased
percentage of IL-4* cells in the presence of PMA and
ionomycin when compared with mock-transfected con-
trol cells (Figure 2). It indicated that TH gene silencing
reduced proportion of IL-4-producing cells. But the
TH miRNA did not significantly alter the percentage of
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Fig. 1. Effects of TH gene silencing on TH
expression and CA synthesis in CD4*
Tlymphocytes. CD4* T cells from the
mesenteric lymph nodes were purified
and activated with Con A, and then these
cells were transfected with TH miRNA
expression vector. After incubated with
the TH miRNA for 48 h, the CD4+ T cells
were measured for expression of TH gene
(A) and protein (B) and for content of
CAs including NE, E, and DA (C). The data
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IFN-y-producing cells in CD4* T cells. Therefore, the
ratio in number of IFN-y* to IL-4* cells was notably
more in CD4* T cells with TH gene interference than in
control cells with mock transfection (Figure 2).

TH gene interference in CD4+ T cells elevates Thl-cyto-
kine but reduces Th2-cytokine secretion

In culture supernatants of CD4* T lymphocytes trans-
fected with TH miRNA expression vector, concentra-
tions of Th1 cytokines including IL-2, IFN-y and TNF
were all higher than in those of mock-transfected
control cells (Figure 3). On the contrary, the Th2
cytokines, IL-4 and IL-5, were lower in culture super-
natants of CD4* T cells with TH miRNA interference
than in those of CD4* T cells with mock transfection
(Figure 3). These data indicated that TH gene silenc-
ing in CD4* T cells elevated Th1-cytokine but reduced
Th2-cytokine secretion.

Effect of TH silencing in CD4+* T cells on Th cells

DISCUSSION

Studies from the other and our laboratories have shown
that human and rat lymphocytes can express TH and
synthesize and secrete CAs (Bergquist et al. 1994; Qiu
et al. 2004). The synthesis and secretion of CAs by lym-
phocytes are raised in response to antigen or mitogen
(Cosentino et al. 2002a, 2002b; Qiu et al. 2004, 2005).
Accordingly, in the current study we employed Con
A to activate CD4* T cells and to elevate basal levels
of CAs in these cells. We found that Con A-activated
CD4* T cells expressed TH and synthesized CAs and
that the expression and synthesis were both reduced
by TH miRNA in these cells. The results not only add
evidence for synthesizing CAs using the enzyme TH by
CD4+ T cells but also show the effectiveness of TH gene
interference with the TH miRNA expression vector on
reduction of CA synthesis.
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Fig. 2. Influences of TH gene interference on percentage of INF-y-producing and IL-4-producing cells in CD4+ T lymphocytes. CD4+ T

cellsisolated from the mesenteric lymph nodes and stimulated with Con A were transfected with TH miRNA expression vector. After
incubated with the TH miRNA for 48 h, the CD4+ T cells were determined for percentage of INF-y* cells (A) and IL-4+ cells (B) by flow
cytometric analysis. (C) denotes the ratio in number of INF-y* cells to IL-4+ cells. The data are mean and standard deviation of four
separate experiments. **p<0.01, compared with control cells with mock transfection.
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Fig. 3. Effects of TH gene silencing on secretion
of Th1- and Th2-type cytokines by CD4+
T cells. CD4* T cells were isolated from
the mesenteric lymph nodes of mice and
stimulated with Con A. These cells were then
transfected with TH miRNA expression vector,
which was incubated for 48 h. Concentrations
of Th1-type cytokines, including IL-2, INF-y
and TNF and Th2-type cytokines, including
IL-4 and IL-5, were examined in the culture
supernatants of CD4* T cells by CBA analysis.
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of eight respective experiments. *p<0.05,
*¥p<0.01, compared with control cells with
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The silencing of TH gene in CD4* T cells led to a
decrease in percentage of IL-4-producing cells and an
increase in ratio of IFN-y- to IL-4-producing cells,
although the number of IFN-y-producing cells was not
significantly affected by the TH gene interference. Since
IFN-y-producing and IL-4-producing cells represent
Th1 and Th2 cells, respectively, the reduction of IL-4-
producing cells and the augment of IFN-y*+/IL-4* cells
demonstrate a shift of Th cell differentiation towards
Th1 cells by the TH gene silencing in CD4* T cells.
These results also imply that normally synthesized CAs
by CD4* T cells can promote Th cell differentiation
towards Th2 direction. It has been reported that NE
exogenously added to lymphocyte cultures suppresses
IFN-y and TNF-a production by CD3* cells (Takay-
anagi & Osawa 2012) and shifts Th1/Th2 cytokine
balance towards a predominant Th2 profile (Sanders
& Straub 2002; Loza et al. 2006). These effects of exoge-
nous NE are similar to the present results obtained from
lymphocyte-endogenous CAs. Therefore, it is possible
that the effect of exogenous NE also reflects an action
of lymphocyte-derived NE, because lymphocytes have
been reported to secrete CAs out of the cells into extra-
cellular fluid by autocrine/paracrine pathways to exert
their regulation of lymphocytes (Musso et al. 1998;
Cosentino et al. 2000a).

In the support of these results, we found that con-
centrations of IL-2, IFN-y and TNF in culture super-
natants of Con A-activated CD4* T cells with TH gene
silencing were significantly higher but IL-4 and IL-5
levels were lower than those in control supernatants.
The concentrations of cytokines in culture superna-
tants represent secreted levels by CD4+ T cells. Conse-
quently, the secretion elevation of Th1-type cytokines,
IL-2, IFN-y and TNE, indicates an enhancement of Th1
cell function, and the secretion reduction of Th2-type
cytokines, IL-4 and IL-5, shows an attenuation of Th2
cell function. These results reveal that TH gene interfer-
ence in CD4* T cells brings a functional bias towards
Thl cells. It is also proposed that normally synthesized

CAs by CD4* T cells can facilitate Th cell function
towards Th2 polarization. These data are consistent
with those obtained at the profile of Th cell differentia-
tion. Thus, the present findings strongly show that CAs
in CD4* T cells regulate differentiation and function of
Th cells and accordingly they are actively involved in
the modulation of Th1/Th2 balance. CAs derived from
non-lymphocytes cause selective suppression of cellular
immunity and a shift towards Th2-mediated humoral
immunity (Elenkov et al. 2000; Kin & Sanders 2006).
These similar effects on Th cell differentiation and
function by lymphocyte-derived and non-lymphocyte-
derived CAs suggest a fine regulation of Th1/Th2 bal-
ance to maintain homeostasis of cellular and humoral
immune responses. This regulation is probably more
important by endogenous CAs derived from lympho-
cytes than by exogenous CAs arising from neurons or
endocrine cells, because lymphocyte-derived endog-
enous CAs have closer and more direct contact with
immune cells.

The Th1/Th2 balance is crucial in maintaining
homeostasis of immune system function. Some autoim-
mune diseases, such as rheumatoid arthritis, multiple
sclerosis, type 1 diabetes mellitus, autoimmune thyroid
disease, and Crohn’ disease, are closely related to Th1/
Th2 imbalance. In most states of these diseases, the bal-
ance is skewed towards Th1 cells and an excess of pro-
duction of pro-inflammatory cytokines, whereas Th2
activity and production of anti-inflammatory cytokines
are deficient (Maini et al.,1994; Wilder 1995; Elenkov
et al. 1997; Horwitz et al. 1998; Segal ef al. 1998; Lorton
et al. 2003). The shift of Th1/Th2 balance towards Th2
polarization by CAs in CD4* T cells presented in this
study explains a mechanism, by which CAs alleviate
autoimmune diseases. Therefore, a new therapeutic
strategy focusing on CAs derived from CD4+ T cells will
be significant for treatment of autoimmune diseases.

In summary, the TH gene silencing in CD4* T cells
by transfection of TH miRNA expression vector results
in a downregulation of TH mRNA and protein expres-
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sion and a reduction of synthesis of CAs including NE,
E and DA. Simultaneously, the TH gene interference
facilitates a shift of Th cell differentiation and function
towards Th1 cell polarization. These findings show that
CAs derived from CD4* T cells modulate Th1/Th2 bal-
ance in differentiation and function and also suggest
that normally synthesized CAs in CD4* T cells have an
effect promoting the shift of Th1/Th2 balance towards
Th2 predominance.

ACKNOWLEDGEMENTS

This work was supported by grants 30870929 from
the National Natural Science Foundation of China,
BK2010278 and BK2011386 from the Natural Science
Foundation of Jiangsu Province of China, BK2012014,
BK2012015 and CP12012003 from the Nantong
Applied Research Program of China, and a project
funded by the Priority Academic Program Develop-
ment of Jiangsu Higher Education Institutions.

REFERENCES

1 Bergquist J, Tarkowski A, Ekman R, Ewing A (1994). Discovery of
endogenouscatecholamines in lymphocytes and evidence for
catecholamineregulation of lymphocyte function via an auto-
crine loop. Proc Natl Acad Sci USA. 91: 12912-12916.

2 Bleotu C, Chifiriuc MC, Grigore R, Grancea C, Popescu CR, Anton
G, Cernescu C (2012). Investigation of Th1/Th2cytokine profiles
in patients with laryngo-pharyngeal, HPV-positive cancers. Eur
Arch Otorhinolaryngol. Online: DOI 10.1007/s00405-012-2067-7.

3 Block MS, Nevala WK, Leontovich AA, Markovic SN (2011). Dif-
ferential response of human and mouse dendritic cells to VEGF
determines interspecies discrepancies in tumor-mediated TH1/
TH2 polarity shift. Clin Cancer Res. 17: 1776-1783.

4 Cosentino M, Bombelli R, Ferrari M, Marino F, Rasini E, Maestroni
GJ, Conti A, Boveri M, Lecchini S, Frigo G (2000). HPLC-ED mea-
surement of endogenous catecholamines in human immune
cells and hematopoietic cell lines. Life Sci. 68: 283-295.

5 Cosentino M, Marino F, Bombelli R, Ferrari M, Rasini E, Lecchini
S, Frigo GM (2002a). Stimulation with phytohaemagglutinin
induces the synthesis of catecholamines in human peripheral
blood mononuclear cells: role of protein kinase C and contribu-
tion of intracellular calcium. J Neuroimmunol. 125: 125-133.

6 Cosentino M, Zaffaroni M, Marino F, Bombelli R, Ferrari M, Rasini
E, Lecchini S, Ghezzi A, Frigo G (2002b). Catecholamine produc-
tion and tyrosine hydroxylase expression in peripheral blood
mononuclear cells from multiple sclerosis patients: effect of cell
stimulation and possible relevance for activation-induced apop-
tosis. J. Neuroimmunol. 133: 233-240.

7 Cosentino M, Fietta AM, Ferrari M, Rasini E, Bombelli R, Car-
cano E, Saporiti F, Meloni F, Marino F, Lecchini S (2007). Human
CD4+CD25* regulatory T cells selectively express tyrosine
hydroxylase and contain endogenous catecholamines subserv-
ing an autocrine/paracrine inhibitory functional loop. Blood.
109: 632-642.

8 Cosentino M, Marino F, Lecchini S (2009). Resistance of naturally
occurring regulatory T cells toward oxidative stress: possible link
with intracellular catecholamine content and implications for
cancer therapy. Blood. 114: 487-488.

9 D’Ambrosioa D, lellema A, Colantonioa L, Clissib B, Pardib R, Sin-
igagliaa F (2000). Localization of Th-cell subsets in inflammation:
differential thresholds for extravasation of Th1 and Th2 cells.
Immunol Today. 21: 183-186.

Effect of TH silencing in CD4+ T cells on Th cells

10 Dolff S, Bijl M, Huitema MG, Limburg PC, Kallenberg CGM, Abdu-
lahad WH (2011). Disturbed Th1, Th2, Th17 and Treg balance in
patients with systemic lupus erythematosus. Clin Immunol. 141:
197-204.

11 Elenkov 1), Hoffman J, Wilder RL (1997). Does differential neu-
roendocrine control of cytokine production govern the expres-
sion of autoimmune diseases in pregnancy and the postpartum
period? Mol Med Today. 3: 379-383.

12 Elenkov 1J, Wilder RL, Chrousos GP, Vizi ES (2000). The sympa-
thetic nerve—an integrative interface between two supersys-
tems: the brain and the immune system. Pharmacol Rev. 52:
595-638.

13 Elenkov |, Chrousos G (2002). Stress hormones, proinflammatory
and antiinflammatory cytokines, and autoimmunity. Ann N Y
Acad Sci. 966: 290-303.

14 Horwitz DA, Gray JD, Behrendsen SC, Kubin M, Rengaraju M,
Ohtsuka K, Trinchieri G (1998). Decreased production of interleu-
kin-12 and other Th1-type cytokines in patients with recenton-
set systemic lupus erythematosus. Arthritis Rheum. 41: 838-844.

15 Infante-Duarte C, Kamradt T (1999). Th1/Th2 balance in infec-
tion. Springer Semin Immunopathol. 21: 317-338.

16 Jiang JL, Peng YP, Qiu YH, Wang JJ (2007). Effect of endogenous
catecholamines on apoptosis of Con A-activated lymphocytes of
rats. J Neuroimmun. 192: 79-88.

17 Jiang JL, Peng YP, Qiu YH, Wang JJ (2009). Adrenoreceptor-cou-
pled signal-transduction mechanisms mediating lymphocyte
apoptosis induced by endogenous catecholamines. J Neuroim-
mun. 213: 100-111.

18 Kidd P (2003). Th1/Th2 Balance: The Hypothesis, its Limitations,
and Implications for Health and Disease. Altern Med Rev. 8:
223-246.

19 Kin NW, Sanders VM (2006). It takes nerve to tell T and B cells
what to do. J Leukoc Biol. 79: 1093-1104.

20 Leposavi¢ G, Pilipovi¢ |, Radojevic K, Pesi¢ V, Perisi¢ M, Kosec D
(2008). Catecholamines as immunomodulators: a role for adre-
noceptor-mediated mechanisms in fine tuning of T-cell develop-
ment. Auton Neurosci. 144: 1-12.

21 Lorton D, Lubahn C, Bellinger DL (2003). Potential use of drugs
that target neural-immune pathways in the treatment of rheu-
matoid arthritis and other autoimmune diseases. Curr Drug
Targets Inflamm Allergy. 2: 1-30.

22 Loza MJ, Peters SP, Foster S, Khan IU, Penn RB (2006). 3-Agonist
enhances type 2 T-cell survival and accumulation. J Allergy Clin
Immunol. 119: 235-244.

23 Maini RN, Elliott MJ, Charles PJ, Feldmann M, Semin S (1994).
Immunological intervention reveals reciprocal roles for tumor
necrosis factoralpha and interleukin-10 in rheumatoid arthritis
and systemic lupus erythematosus. Springer Semin Immuno-
pathol. 16: 327-336.

24 Musso NR, Brenci S, Setti M, Indiveri F, Lotti G (1996). Catechol-
amine content and in vitro catecholaminesynthesis in peripheral
human lymphocytes. J Clin Endocrinol Metab. 81: 3553-3557.

25 Musso NR, Brenci S, Indiveri F, Lotti G (1998). Acetylcholine-
induced, calcium-dependent norepinephrine outflow from
peripheral human lymphocytes. J Neuroimmunol. 87: 82-87.

26 Oberbeck R (2006). Catecholamines: physiological immuno-
modulators during health and illness. Curr Med Chem. 13:
1979-1989.

27 Pacheco-Lépez G, Niemi MB, Kou W, Bildhduser A, Gross CM,
Goebel MU, del Rey A, Besedovsky HO, Schedlowski M (2003).
Central catecholaminedepletion inhibits peripheral lympho-
cyte responsiveness in spleen and blood. J Neurochem. 86:
1024-1031.

28 Qiu YH, Peng YP, Jiang JM, Wang JJ (2004). Expression of tyrosine
hydroxylase in lymphocytes and effect of endogenous catechol-
amines on lymphocyte function. Neuroimmunomodulation. 11:
75-83.

29 Qiu YH, Cheng C, Dai L, Peng YP (2005). Effect of endogenous
catecholamines in lymphocytes on lymphocyte function. J Neu-
roimmun. 167: 45-52.

Neuroendocrinology Letters Vol.33 No.6 2012 « Article available online: http://node.nel.edu

649



650

Yan Liu, Yan Huang, Xiao-Qin Wang, Yu-Ping Peng, Yi-Hua Qiu

30 Ruschpler P, Stiehl P (2002). Shift in Th1 (IL-2 and IFN-gamma)
and Th2 (IL-10 and IL-4) cytokine mRNA balance within two new
histological main-types of rheumatoid-arthritis (RA). Cell Mol
Biol (Noisy-le-grand). 48: 285-293.

31 Salicru AN, Sams CF, Marshall GD (2007). Cooperative effects of
corticosteroids and catecholamines upon immune deviation of
the type-1/type-2 cytokine balance in favor of type-2 expres-
sion in human peripheral blood mononuclear cells. Brain Behav
Immun. 21: 913-920.

32 Sanders VM, Straub RH (2002). Norepinephrine, the B-adrenergic
receptor, and immunity. Brain Behav Immun. 16: 290-332.

33 Segal BM, Dwyer BK, Shevach EM (1998). An interleukin (IL)-10/
IL-12 immunoregulatory circuit controls susceptibility to autoim-
mune disease. J Exp Med. 187: 537-546.

34 Takayanagi Y, Osawa S (2012). Norepinephrine suppresses IFN-y
and TNF-a production by murine intestinal intraepithelial lym-
phocytes via the 1 adrenoceptor. J Neuroimmunol. 245: 66-74.

35 Webster-Marketon JI, Glaser R (2008). Stress hormones and
immune function. Cell Immunol. 252: 16-26.

36 Wilder RL (1995). Neuroendocrine-immune system interactions
and autoimmunity. Annu Rev Immunol. 13: 307-338.

Copyright © 2012 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu



