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exceptions to this rule, suggesting that the in vivo behavior of a
given T cell population may be unpredictable from its in vitro
cytokine secretion profile. For example, (i) anti-myelin basic
protein (MBP) Th2-type T cells can be not only inefficient
suppressors of experimental autoimmune encephalomyelitis
(EAE) induced by effector Th1 cells (7), but can cause EAE (8);
thus Th1 and Th2 cells can both transfer EAE; (ii) anti-MBP
Th0-type T cells (producing both Th1 and Th2 cytokines) can be
encephalitogenic and able to transfer EAE to naive mice (9); and
(iii) Th2-type T cells can induce pancreatitis and diabetes in
immune-compromised nonobese diabetic (NOD) mice (10).
Interestingly, from a different angle of the topic, it was recently
observed that that the cytokine secretion of the same T cell
population was different in the lymph nodes (producing both Th1
and Th2 cytokines) than in the central nervous system (CNS)
environment (producing only Th1 cytokines). This observation
suggested that within the CNS, specific factors (mainly IL-12
producing microglia acting as APCs, not neurons) can modulate
the cytokine secretion of T cells, can select Th1yTh2 pathway, and
can control effector CD41 T cell cytokine profile in EAE (9).
Based on these findings and others, I speculated that T cells
may be influenced, especially in the CNS, by effector molecules
other than their specific antigen or lymphocyte-derived factors.
Such influence may be manifested by an altered pattern of
cytokine secretion, that may further affect T cell-mediated processes in general, and determine whether autoimmune T cells
would become pathogenic or protective in particular.
In search for such nerve-secreted candidates that could directly
induce T cell cytokine secretion, I studied the direct effects of four
NPs: somatostatin (SOM), calcitonin gene-related peptide
(CGRP), neuropeptide Y (NPY), and substance P (Sub P). These
NPs are secreted from nerve endings in the peripheral and CNS,
as well as in all the lymphoid organs, where T cells reside (11).
Previous studies have shown that T cells carry specific
receptors for SOM, CGRP, Sub P, and vasoactive intestinal
peptide (12–17), and the three former, as well as NPY, were
found in a previous study (18) to directly affect T cell activation
and subsequent integrin-mediated adhesion to extracellular
matrix components via their specific T cell expressed NP
receptors.
In the present study, SOM, CGRP, NPY, and Sub P were
tested for their respective ability to directly induce cytokine
secretion from several autoimmune-related antigen-specific
Th0, Th1, and Th2 T cells, and NP-driven cytokine secretion
was compared with classical antigenic-stimulated cytokine
secretion.

ABSTRACT
Searching for nervous system candidates that
could directly induce T cell cytokine secretion, I tested four
neuropeptides (NPs): somatostatin, calcitonin gene-related peptide, neuropeptide Y, and substance P. Comparing neuropeptidedriven versus classical antigen-driven cytokine secretion from T
helper cells Th0, Th1, and Th2 autoimmune-related T cell
populations, I show that the tested NPs, in the absence of any
additional factors, directly induce a marked secretion of cytokines [interleukin 2 (IL-2), interferon-g, IL-4, and IL-10) from
T cells. Furthermore, NPs drive distinct Th1 and Th2 populations to a ‘‘forbidden’’ cytokine secretion: secretion of Th2
cytokines from a Th1 T cell line and vice versa. Such a phenomenon cannot be induced by classical antigenic stimulation. My
study suggests that the nervous system, through NPs interacting
with their specific T cell-expressed receptors, can lead to the
secretion of both typical and atypical cytokines, to the breakdown
of the commitment to a distinct Th phenotype, and a potentially
altered function and destiny of T cells in vivo.
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T cells secrete various cytokines through which they affect a broad
spectrum of normal and pathological immune processes. The
current dogma is that T cells can be stimulated to secrete
cytokines mainly, if not solely, by antigens processed and presented by antigen-presenting cells (APCs), and by immunocytederived factors, such as cytokines and chemokines.
CD41 T cells can actually be divided into at least two major
mutually exclusive T cell subsets distinguished according to their
cytokine secretion profile. Upon antigenic-stimulation, T helper
1 (Th1) cells secrete interleukin 2 (IL-2), interferon-g (IFN-g),
and tumor necrosis factor-a (TNF-a), whereas Th2 cells release
IL-4 and IL-5, IL-6, and IL-10. Th1 cells are major players in
delayed-type hypersensitivity and pro-inflammatory responses,
whereas Th2 cells induce B cell growth and differentiation and
thus induce Ig production. Interestingly, the differentiation of
CD41 T cells from pluripotent precursor Th0 cells to either Th1
or Th2 cells is determined predominantly by the cytokine environment (primarily by the respective levels of IFN-g, IL-12 and
IL-4) (1). Moreover, the T cells themselves may participate in the
Th1yTh2 decision process, through autocrine activation loops (2).
Segregation of T cells to Th1yTh2 is based only on the level of
cytokine secretion because intracellular determination of cytokines show that the dichotomy is not necessarily absolute (2–4).
Cytokine secretion by helper T cells is particularly important in
autoimmunity (5) because chronic autoimmune diseases, such as
multiple sclerosis, diabetes, and rheumatoid arthritis are predominantly caused by Th1 cells. Th2 cells can antagonize Th1
functions (6) and in numerous autoimmune conditions prevent
andyor cure autoimmune diseases. However, recent studies found
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My results show that NPs, in the absence of any additional
molecules, directly induce a marked secretion of cytokines (IL-2,
IFN-g, IL-4, and IL-10) from T cells. Moreover, the tested NPs
were found to have the ability to drive distinct Th1 and Th2
populations to a ‘‘forbidden’’ cytokine secretion: secretion of Th2
cytokines from a Th1 T cell line and vice versa, a phenomenon
that could not be triggered by classical antigenic stimulation. This
breakdown of the strict commitment of T cells to a distinct Th1
or Th2 profile may result in a potentially altered function and
destiny of T cells in vivo.
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MATERIALS AND METHODS
Mice. SJLyJ female mice and NODyLt male mice were from
The Jackson Laboratory.
Materials. MBP87–99 peptide and NPY were synthesized by
standard 9-fluorenylmethoxycarbonyl chemistry and purified by
HPLC. Recombinant Hsp-65 and Cop 1 were prepared as
described, respectively (19, 20). SOM, CGRP, and Sub P were
from Sigma.
Initiation and Propagation of Antigen-Specific T Cell Lines.
Numerous anti-MBP87–99 T cell lines were established from
lymph nodes of mice injected in both hind foot pads with
MBP87–99 peptide (100–200 mgymouse) emulsified (1:1, volyvol)
either in 4 mgyml of Mycobacterium tuberculosis, complete
Freund’s adjuvant (Difco), or incomplete Freund’s adjuvant. Ten
to twenty days postimmunization, lymph nodes were removed,
cultured, and selected in vitro by using the immunizing peptide
(5–10 mgyml) as described (20). Following four to six rounds of
antigenic stimulation, and periodically afterwards, the cells were
analyzed for their specificity to MBP87–99 peptide in a proliferation assay and for their cytokine secretion by ELISA. Cells were
used for experiments, typically 1 week after stimulation.
Proliferation Assay. For antigenic stimulation, T cells (1–5 3
104) were incubated in round-bottom 96 well plates (Nunc) with
their antigen (5–10 mgyml) and irradiated (3,000 rad) syngeneic
spleen cells as APCs (5 3 105).
For NP-induced stimulation, T cells were incubated only with
one NP at 1028 M for 48-hr incubation, pulsed with 1 mCi
[3H]thymidine (1 Ci 5 37 GBq), and harvested 12 hr later. Results
are expressed as mean 6 SD cpm thymidine incorporation for six
replicate wells.
Cytokine Determination by ELISA. Cytokine levels were measured in supernatants removed after 20 hr from cultures set up in
parallel (and in the same conditions) to the proliferation assays
by a quantitative sandwich ELISA by using pairs of antibodies
obtained from PharMingen, according to the manufacturer instructions. Results are expressed in pgyml as mean 6 SD concentration of duplicate culture supernatants, measured in duplicate wells by ELISA.
Cytokine Determination by Enzyme-Linked Immunospot
(ELISPOT). Sterile immobilon 96 wells plates (MultiScreen,
Millipore) were coated (overnight, 4°C) with 100 ml of 2 mgyml
purified rat anti-mouse cytokine antibody (PharMingen) in coating buffer, washed four times with sterile double distilled water,
and blocked (1 hr, 37°C) with RPMI 1640 medium containing 3%
BSA, washed again and seeded with T cells at six dilutions (5 3
1025, 2.5 3 1025, 5 3 1024, 1 3 1024, 2 3 1023, and 4 3 1022
cellsywell).
Given NPs (1028 M in PBS) were then added for overnight
incubation (in 5% CO2, 37°C incubator). Control plates were
supplemented only with PBS. Supernatants were then discarded,
the plates washed (four times for 10 min) with PBS-T (PBSy
0.05% Tween), and then exposed to 100 ml of 2 mgyml (in 10%
FCSyPBS) of biotin-conjugated anti-murine cytokine antibody
(PharMingen) (overnight, 4°C). The plates were then washed (six
times for 10 min) with PBS-T, incubated (30 min at room
temperature) with 1:250 dilution of peroxidase-conjugated ExtraAvidin (Sigma), and washed again (eight times for 10 min).
One tablet of 3-amino-9-ethylcarbazole (Sigma) was then dissolved in 2.5 ml of dimethylformamide and added to 47.5 ml of
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0.2 M acetate buffer. H2O2 (25 ml) was then added, and 100
mlywell of this developing solution was added for 25 min (room
temperature). The reaction was stopped by rinsing with running
distilled water, and the plates were left up side down up to a
complete dry. After 24 hr, spots in all cell dilutions were counted
(inverted light binocular microscope, Zeiss) and summed up. The
spot counts in parallel nonstimulated control cultures were
subtracted from the NP-stimulated assay spot counts (A. Canaan
and Y. Reisner, personal communication).
Statistical Analysis. Statistical significance was analyzed by the
Student’s t test.

RESULTS
CGRP Induces Cytokine Secretion from a Th0-Type AntiMBP87–99 T Cell Line. To explore the possibility that a NP can
directly induce T cell cytokine secretion, I treated a Th0 antiMBP87–99 T cell line (Mi-BP-Th0–4) with CGRP at a physiological concentration of 1028 M (18). Fig. 1 A–D show that CGRP,
in the absence of any additional factor, caused the secretion of
cytokines at levels comparable in magnitude to those measured
upon antigenic stimulation.
CGRP-induced cytokine secretion was not correlated with an
increased proliferation of the T cells (Fig. 1E), as with antigenic
stimulation.
The effects of CGRP, SOM, Sub P, and NPY on the cytokine
secretion of two other Th0 lines (data not shown) are summarized
in Table 1.

FIG. 1. CGRP induces cytokine secretion from Th0-type antiMBP87–99 T cell line, without an effect on cell proliferation. A Th0
anti-MBP87–99 T cell line (Mi-BP-Th0–4) was stimulated either with
its antigen (10 mgyml) and syngeneic APCs, or only with CGRP (1028
M), and 20 hr postincubation the supernatants were collected and the
levels of IL-2 (A), IFN-g (B), IL-4 (C) and Tnf-a (D) measured by
ELISA. Proliferation assays were performed within the same experiment (E). The cytokine results are of one experiment out of two
performed and are expressed in pgyml as mean 6 SD concentration
of duplicate culture supernatants, measured in duplicate wells in the
ELISA plates. Results of control cultures are expressed as background
(BG).
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NPs Induce Secretion of Th1 and Th2 Cytokines from a Th1
T Cell Line. To investigate whether other NPs besides CGRP can
directly induce T cell cytokine secretion, and to compare the
respective NP- and antigen-induced cytokine release profiles, I
used antigen-specific T cell lines already committed to a specific
Th1 or Th2 cytokine secretion profile. A Th1-type anti-MBP87–99
T cell line (Mi-BP-Th1–1) was stimulated either with its antigen
and syngeneic APCs or with either one of the following NPs:
CGRP, SOM, NPY, and Sub P (1028 M). As seen in Fig. 2 A–D
(Insets), following a classical antigenic-stimulation, this Th1-type
T cell line secreted substantial amounts of IFN-g and low levels
of IL-2, but no IL-4 or IL-10, thus confirming its Th1 phenotype.
Stimulation with the different NPs indicated that NPY evoked
the secretion of IFN-g and IL-2 (Fig. 2 A and B) to '50% of the
levels of these cytokines induced by antigenic stimulation (Fig. 2
Insets). SOM induced only the release of IL-2, whereas Sub P did
not evoke the secretion of any cytokine. However, the most
striking phenomenon observed was that both CGRP and NPY
induced a substantial release of IL-4 (Fig. 4C), a Th2-type
cytokine, not secreted at all upon antigenic stimulation. Furthermore, upon stimulation of these Th1 cells with both the antigen
and either one of the NPs, the atypical IL-4 secretion was now
induced by all four NPs (Fig. 2E). This observation suggests that
whereas CGRP and NPY can induce the atypical secretion of a
Th2 cytokine (IL-4) from a resting nonactivated Th1-type T cells,
Sub P and SOM can induce such a secretion only from antigenactivated cells. Taken together, these results showed that the NPs
studied are able to directly induce the secretion of both typical
and atypical cytokines from Th1 T cells. The cytokine secretion
induced by the NPs was not accompanied by an effect on T cell
proliferation (Fig. 2F).
NPs Induce Secretion of Th2 and Th1 Cytokines from a Th2
T Cell Line. To further investigate the phenomenon of NPinduced cytokine secretion from antigen-specific T cells, I repeated the experiment described above with a Th2-type antiMBP87–99 T cell line (termed Mi-BP-Th2–3). Fig. 3 A–D (Insets)
shows that upon stimulation with the antigen, this Th2 T cell line
secreted the typical cytokines expected: high levels of IL-4 and
IL-10, but no IL-2 or IFN-g. In comparison, direct stimulation
with NPs (in the absence of antigen and APCs) showed a very
different pattern (Fig. 3 A–D): Although SOM and CGRP could
directly induce the secretion respectively of IL-4 and IL-10, which
Table 1.

are typical Th2 cytokines, the four NPs induced the secretion of
IFN-g, a Th1-type cytokine that is not secreted upon antigenic
stimulation. Following stimulation with SOM and CGRP, minute
amounts of atypical IL-2 were also released. Strikingly, though
the antigen did not induce any IL-2 secretion, the atypical IL-2
secretion was significantly more pronounced when the Th2 cells
were stimulated with both the antigen and some of the NPs (Fig.
3E). This phenomenon was most pronounced with regards to Sub
P, which upon incubation with the resting Th1 T cells evoked no
IL-2 secretion (Fig. 3A), but when applied together with antigen,
which by itself had no atypical effect, evoked a 35-fold increase
in IL-2 secretion (Fig. 3E).
The NPs-Induced Secretion of Th1 Cytokines from Th2 Cells
Is Detected by an ELISPOT Assay. To confirm by an additional
method the phenomenon of NP-driven atypical cytokine secretion, I further employed the enzyme-linked immunospot (ELISPOT) assay (21–24). This sensitive and quantitative assay detects
cytokine molecules secreted in the vicinity of the cell from which
they are derived. Each spot in the read-out represents a ‘‘footprint’’ of the original cytokine-producing cell, and the assay units
are therefore termed spot-forming cells (SFCs). I thus analyzed
whether IL-2 and IFN-g SFCs can be detected following treatment of the Th2-type anti-MBP87–99 T cell line (Mi-BP-Th2–3)
with SOM, CGRP, NPY, or Sub P.
Fig. 3 F and G shows that following a 24-hr-long treatment of
these Th2 T cells with NPs, both IL-2 and IFN-g SFCs were
detected, the most prominent being CGRP-induced IL-2, and
SOM-induced IFN-g SFCs.
Taken together, the results show that NPs by themselves can
induce the secretion of both typical and atypical cytokines from
Th2 T cells, and that such secretion can be detected by both
ELISA and ELISPOT.
NPs Induce “Forbidden” Secretion of Th1 Cytokines from
Th2-Type Anti-Copolymer-1 (Cop-1) T Cell Clone. I further
wished to study whether the phenomenon of NP-induced atypical
T cell cytokine secretion is more general, and occurs with other
non-MBP-directed antigen-specific T cells. In addition, because T
cell lines are likely to be composed of a heterogeneous cell
population, I wanted to investigate whether NPs can induce an
atypical cytokine secretion from an antigen-specific T cell clone,
representing a homogeneous population derived from one single
cell. For these two purposes, I employed a mouse CD41 T cell
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T-cell lineyclone
Th2

Th0
anti-MBP87–99

Th1,
anti-MBP87–99

Anti-MBP87–99

Anti Cop-1

Anti-Hsp-65

SOM

IL-2
IFN-g
IL-4
IL-10

IL-2
0
0
0

IL-2
IFN-g
IL-4
IL-10

0
IFN-g
0
IL-10

0
IFN-g
ND
ND

CGRP

IL-2
IFN-g
0
0
0

0
0
ND
IL-4
0

IL-2
IFN-g
ND
ND
IL-10

IL-2
0
ND
0
IL-10

0
0
ND
ND
ND

NPY

0
0
0
0

IL-2
IFN-g
IL-4
0

0
IFN-g
0
0

IL-2(?)
IFN-g
0
0

IL-2
0
ND
ND

Sub P

0
0
0
0

0
0
0
0

0
IFN-g
0
0

IL-2
IFN-g
0
0

0
0
ND
ND

ND, not done.
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FIG. 2. Cytokine secretion profile of a Th1-type anti-MBP87–99 T
cell line, following antigenic and NPs stimulation. A Th1-type antiMBP87–99 T cell line (Mi-BP-Th1–1) was stimulated either with its
antigen and syngeneic APCs, or with CGRP, SOM, NPY, or Sub P
(1028 M) or simultaneously with both the antigen and APCs and a
given NP (E). Following 18 hr incubation, supernatants were collected
and the levels of IL-2 (A), IFN-g (B), IL-4 (C), and IL-10 (D) were
measured by ELISA. A proliferation assay was performed in parallel
(F).The cytokine results are of one experiment out of two performed
and are expressed in pgyml as mean 6 SD concentration of duplicate
culture supernatants, measured in duplicate wells in the ELISA plates.
The proliferation results are expressed in CPM as mean 6 SD of six
replicates.

clone termed S-22-1, directed against the synthetic Cop-1 (20).
Upon antigenic stimulation, this Th2-cell clone secretes IL-4 and
IL-10, but no IL-2 or IFN-g, and suppresses EAE in vivo (20). I
stimulated these cells in parallel with either the antigen (Cop-1)
and APCs, or one of the NPs.
The cytokine secretion following antigenic stimulation was
indeed typical of a Th2 phenotype (Fig. 4 A–C, Insets), displaying
a very robust secretion of IL-10, but no IL-2 or IFN-g. Direct
stimulation with SOM, and to a lesser extent with CGRP, induced
the typical secretion of IL-10, at levels equivalent to around 75%
and 15%, respectively, of those secreted upon antigenic stimulation. Furthermore, SOM, Sub P, and to a much lesser extent NPY,
induced an atypical IFN-g secretion at levels comparable to those
secreted by the Th0 T cell line (Fig. 1B), but lower than those
secreted by the Th1 T cell line (Fig. 2B).
Taken together, the results show that the direct interaction
between the NPs and the Th2-type anti-Cop-1 T cells, resulted in
a secretion of both typical (IL-10) and atypical (IFN-g) cytokines.
NPs Induce Atypical Th1 Cytokine Secretion from an AntiHsp-65 Th2-Type T Cell Clone. I next investigated the NPinduced cytokine secretion of an additional T cell clone of a
different specificity: a mouse (NOD) anti-human Hsp-65 T cell
clone termed C9, previously causing diabetes in NOD recipient
mice (19), and at present secreting IL-4 and IL-10, but no IL-2 or
IFN-g (data not shown). I stimulated the C9 clone either with the
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FIG. 3. Cytokine secretion profile of a Th2-type anti-MBP87–99 T
cell line, following antigenic and NPs stimulation. A Th2-type antiMBP87–99 T cell line (Mi-BP-Th2–3) was stimulated either with its
antigen and syngeneic APCs, or with CGRP, SOM, NPY, or Sub P
(1028 M) or simultaneously with both the antigen and APCs and a
given NP. Following 20 hr incubation, supernatants were collected and
the levels of IL-2 (A), IFN-g (B), IL-4 (C), and IL-10 (D) were
measured by ELISA. Results of the antigenic stimulation alone are
shown in A–D Insets. T cells in the same experiment were stimulated
simultaneously with the antigen, syngeneic APCs, and either one of the
four NPs, and the levels of all cytokines mentioned above were
measured, of which only IL-2 is shown (E). Incubations of T cells with
APCs only served as controls (BG). The same T cell line was
stimulated with either one of the NPs (1028 M) and the secretion of
all four cytokines, of which only IL-2 (F) and IFN-g (G) are shown,
was detected by ELISPOT. The results are of one experiment out of
two performed, and are expressed in SFCs.

antigen and APCs or with SOM, CGRP, NPY, or Sub P. The
results obtained confirmed that the antigenic stimulation of the
C9 clone does not induce the secretion of any Th1-cytokine (data
not shown). In contrast, treatment with NPY (in the absence of
any additional factor) led to the release of IL-2 (Fig. 5A), at a level
comparable to that secreted by the Th1 anti-MBP87–99 T cell line
(Fig. 2 A). Interestingly, the simultaneous stimulation of the C9
clone with the antigen, APCs and either of the NPs, revealed that
SOM and Sub P induced an atypical IL-2 secretion (Fig. 5B),
although neither the antigenic stimulation alone nor the SOM or
Sub P-induced stimulation alone succeeded in evoking such a
secretion.
These results suggest that SOM and Sub P can induce atypical
IL-2 secretion from antigen-activated Th2 cells, but not from
resting cells.
When the NPs were incubated in control cultures only with the
APCs for control, no cytokine secretion was detected (data not
shown).
Finally, ELISPOT assays done with the C9 clone showed that
SOM induced atypical secretion of IFN-g (Fig. 5C) not detected
by ELISA.
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FIG. 4. Cytokine secretion profile of a Th2-type anti-Cop-1 T cell
clone following antigenic and NP-driven stimulation. A Th2-type
anti-Cop-1 T cell clone (SS-22–1) was stimulated in parallel with either
the antigen (Cop 1) and APCs (A–C, Insets) or with one of the
following NPs: SOM, CGRP, NPY, and Sub P (1028 M). Following 20
hr incubation, supernatants were collected and the levels of IL-2 (A),
IFN-g (B), and IL-10 (C) were measured by ELISA. The results are
of one experiment out of two performed and are expressed in pgyml
as mean 6 SD concentration of duplicate culture supernatants,
measured in duplicate wells in the ELISA plates.

DISCUSSION
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Nerve fibers that release NPs are widespread in the mammalian
central and peripheral nervous systems, in certain endocrine
tissues, and in all the primary and secondary lymphoid organs
(11).
The targets of NPs include T cells because the latter express on
their surface specific receptors for various neuropeptides such as
SOM, CGRP, Sub P, and vasoactive intestinal peptide (12–17).
Combining the presence of peptidergic neurotransmitters at
numerous locations where T cells reside or pass through, with the
occurrence of their specific receptors on T cells, strongly suggest
a functional correlation.
Studies performed in recent years have yielded an increasing
body of evidence suggesting that the NPs play a role in regulation
of the immune response (25–30, 34). However, not much is known
on the direct effects of NPs on T cell function.
In a study aiming to explore whether specific neuropeptides can
directly affect T cell function, my colleagues and I have recently
found that SOM, CGRP, and NPY directly induce, whereas Sub

FIG. 5. NP-induced secretion of Th1 cytokines from a Th2-type
anti-Hsp-65 clone. Anti-Hsp-65 T cell clone (C9) was stimulated for 20
hr with either SOM, CGRP, NPY, or Sub P (1028 M) (A) or with the
antigen and APCs (B), or simultaneously with the antigen, APCs, and
either of the four NPs (B), and the level of IL-2 (A and B) was
determined by ELISA. IFN-g secretion from the same clone, induced
by direct stimulation with either of the NPs, was detected by ELISPOT
(C).
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P fully blocks, integrin-mediated adhesion of T cells to components of the extracellular matrix (ECM). These effects are
mediated through specific receptors for these neuropeptides
expressed on T cells (18).
In the present study, I examined whether SOM, CGRP, NPY,
and Sub P can directly induce T cell cytokine secretion in the
absence of any additional factors. The results obtained show that
the four NPs tested directly induce the secretion of cytokines from
antigen-specific T cell cultures of Th0, Th1, and Th2 subsets.
Further conclusions also emerge: (i) NP-induced T cell cytokine
secretion is not correlated with increased cell proliferation, as is
the case with antigen-driven cytokine secretion; (ii) although
some NPs can directly activate resting T cells and drive them to
secrete cytokines, others, such as Sub P, induce cytokine secretion
mainly from antigen-activated T cells and thus exert an immunomodulatory mode of action (25); (iii) the ability of a specific NP
to induce the secretion of a given cytokine can vary from one T
cell subset to the other (Table 1), probably as a result of the
background secretion of the specific cells and their differentiation
history; and (iv) some NPs can drive distinct Th1 and Th2 subsets
into an atypical (forbidden) cytokine secretion not observed
under classical antigenic stimulation. Thus, certain NPs may
induce simultaneously the secretion of both Th1 and Th2 cytokines from either Th2 or Th1 cells.
The NP-induced atypical cytokine secretion raises questions as
to the stability of the Th1 and Th2 phenotypes in vivo and as to
the legitimacy to rigidly classify T cell populations to either one
of these two subsets only according to the profile of in vitro
assayed antigen-driven stimulation.
In fact, NP-induced cytokine secretion may now create the
need for a new classification.
As to the mechanism by which NPs can drive T cell populations
to deviate from their typical cytokine release profiles, one could
speculate that such deviation can reflect changes occurring either
on a population level or on a single cell level. In favor of the
’population phenomenon’ is the fact that the anti-MBP87–99 T cell
lines (unlike the anti-Hsp-65 and anti-COP-1 T cell clones) used
in this study are likely to consist of a mixture of antigen-specific
T cells that may differ in several parameters including the
presence, density, and state of various receptors. It is therefore
possible that NPs awake a dormant subpopulation of Th1 cells
within a Th2 T cell line (or vice versa), or even stimulate, via NP
receptors, silent cells that partially or completely lack a T cell
receptor and are therefore refractory to antigenic stimulation
(leading to cytokine secretion). However, the fact that the
NP-induced atypical cytokine secretion was observed here not
only in distinct T cells lines, but also in two T cell clones, lead me
to favor the hypothesis that the phenomenon can occur on a
single-cell level. Moreover, from the quantitative point of view,
the ability of NPs to induce in some cases the secretion of atypical
cytokines at levels comparable to those secreted upon antigenic
stimulation (Figs. 2C and 4C) suggests that these NPs might be
activating more than just a minor dormant fraction of cells within
the T cell population.
On the basis of these arguments, I speculate that NPs may have
the ability to break the commitment of single Th1 and Th2 cells
already engaged in a distinct pattern of cytokine secretion.
However, further experiments are needed to elucidate the precise
mechanism(s) leading to the NP secretion of atypical cytokines.
Be the mechanism as it may, it is of small relevance (if at all)
to the potential outcomes of the NP-induced cytokine secretion.
Once released, the atypical cytokines are expected to affect
various cells in their vicinity, including the same cells that secreted
them (through autocrine regulatory loops) and consequently
affect immune function.
When considering the plausible consequences of the NPinduced cytokine secretion, it comes to mind that the CNS and
the peripheral organs such as the endocrine and immune organs
are interconnected and exchange reciprocal information. In the
context of inflammation, for instance, the migration, adhesion,
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and extravasation of T cells into inflamed sites, as well as the
immigration of CD41 T cells into the CNS, are greatly influenced
by cytokines, and the release of some of them could be under the
control of NPs.
NP-induced T cell cytokine secretion may also be of particular
relevance to autoimmune diseases, in which the functionality and
pathogenicity of CD41 T cells have been correlated with secretion of particular cytokines. Known examples are (i) the human
multiple sclerosis and its animal model EAE, both correlating
with an increased expression of the pro-inflammatory cytokines
such as IFN-g and TNF-a, and the latter also with a lack of
detectable IL-4 and IL-10 (5, 9); (ii) T cell-mediated insulindependent diabetes mellitus in humans and in NOD mouse,
where the development of peri-insulitis, insulitis, and b cell
destruction are associated with TNF-b, IFN-g, and IL-2 (28).
Based on the above, one may speculate that upon encounter
with NPs, whether in the periphery or in the CNS, autoimmune
Th1 and Th2 T cells can be directly triggered to secrete both
typical and atypical cytokines. The NP-induced atypical cytokine
secretion may subsequently tilt the fine balance determining
whether such autoimmune T cells will lead to disease or rather to
its suppression. Moreover, pre-exposure of autoimmune T cells to
NPs in vivo, especially in the CNS, could also modulate the
outcome of their subsequent encounter with the specific antigen,
possibly shifting the balance between pathogenicity, protection,
or ineffectiveness. Such an hypothesis could explain why the in
vivo destiny of autoimmune T cells cannot be predicted only from
their in vitro-determined Th phenotype and why the cytokine
profile of the same T cells can differ in the periphery and in the
CNS, as recently observed (8).
The NP-mediated secretion of both typical and atypical T cell
cytokines may also have a role in T cell differentiation. It is
currently believed that the differentiation of pluripotent CD41 T
cells into the Th1 and Th2 phenotype is mainly regulated by the
cytokine environment (1, 31). IFN-g and IL-12 are the major
cytokines promoting Th1 phenotype, whereas IL-4 has the greatest influence in driving Th2 differentiation. Interestingly, my
results, showing that SOM, CGRP, NPY, and Sub P can all lead
to IFN-g secretion, whereas SOM, CGRP, and to a lesser extent
NPY cause IL-4 release, make these NPs good candidates to
affect T cell differentiation.
Recent studies have shown that a single population of precursor T cells (Th0) can give rise to both Th1 and Th2 effector cells
(1, 32). Accordingly, if one assumes that the process by which
some NPs drive Th1 and Th2 cells to secrete atypical cytokines
occurs at the single cell level, then such a process can possibly be
viewed as a de-differentiating event rather than as a shift from
one subset to the other. Thus, the commitment of differentiated
T cells to an exclusive Th1 or Th2 subtype would be reversed into
a Th0 state because of direct interaction with NPs. Similar
conversion to a Th0-like phenotype, was shown recently to be
inducible by removing IL-12 from Th1 cells and subsequently
treating them with IL-4 plus antigen (making them IL-4 producers), and by removing IL-4 from Th2 cells and treating them with
IFN-g and IL-12 (making them IFN-g producers) (33). Thus,
fixed Th1 or Th2 phenotypes can be reversed in vitro exclusively
by the combinatorial effect of at least two specific cytokines in the
presence of antigen and APCs.
My results suggest that NPs, through the activation of their
specific T cell expressed receptors, can directly induce the same
type of phenomenon, probably by neutralizing the transcriptional
or translational inhibition of forbidden genes. Such inhibition (or
shut off) was reported to occur in the Th0-type uncommitted
precursor cells, which transcribe both IL-4 and IFN-g, during
their polarization and differentiation, ending in a commitment to
either Th1 or Th2 phenotype (32).
If NPs can indeed induce the de-differentiation of already
committed cells, or bias the ongoing differentiation of young
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pluripotent T cells into one specific T cell subset under in vivo
conditions (which has still to be proven), one can speculate that
they may serve the immune system as a plasticity tool to adapt its
T cell armory to changing conditions or insults. Thus NPs
secreted at the command of the nervous system may drive T cells
into the secretion of specific sets of cytokines, that would in turn
influence the phenotype of further recruited T cells.
Taken together, the results of the present study contribute to
a better understanding of the neuro-immune interactions and of
the factors that may influence T cell cytokine secretion in vivo,
and may thus provide means for possible therapeutic interventions in T cell-mediated dis-regulations and disorders.
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