
Most research to date pertaining to neural influence on immune response 
involves immunosuppression via the anti-inflammatory pathway. However, there 
is emerging evidence indicating that neurotransmitters also have the ability to 
promote immune activation. Published work suggests that glutamate, serotonin, 
dopamine, and Substance P (SP) trigger immune responses such as cytokine 
secretion, integrin expression, and immune chemotaxis migration. Our 
observations confirm that T cells express high surface protein levels of the 
ionotropic glutamate receptor AMPA iGluR3, which is able to import calcium 
(Ca2+) and sodium (Na+). Calcium influx is important for T cell activation. We 
along with others have also found additional glutamate, serotonin (5HT7), 
Substance P (NK1) and Dopamine (DRD3) receptors to be present in moderate 
levels on lymphocytes through which they may support various levels of 
lymphocyte activation. This neural influence on immune activation has important 
clinical relevance. For example, overactivation of lymphocytes in multiple 
sclerosis is closely tied to the overexpression of AMPA GluR3 on T cells. We 
intend to explore whether neurotransmitters can modulate and/or activate T 
cell function in situations where immunosuppression is prevalent such as in the 
tumor microenvironment. This response must involve specific activation of 
lymphocytes to elicit cytolytic immune response, which is needed to cause tumor 
cell death. Our study aims to identify a neurotransmitter that is very efficient 
in promoting anti-tumor T cell cytolytic activity in tumor bearing mice.  
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Neural Modulation of Anti-Tumor Lymphocyte Activation 

Conclusions 

Using Renca-HA (kidney) and 4T1-HA (breast) cancer mouse models: 
 
!  Determine whether glutamate can restore T cell function in the 

presence of immunosuppressive agents commonly associated with 
tumors such as IL-10, PD-L1, and etc.  

!  Determine whether glutamate is able to spontaneously activate/
enhance immune function in vivo through increased lymphocyte 
activation, cytoxicity, tumor infiltration, and ultimately improve 
anti-tumor immunity 

  

 
Tumor Anti-Tumor  

Lymphocyte  
Functions 

Immunosuppressive 
factors 

Neurotransmitter-Induced Immune Activation 
!  Dopamine: Induces adhesion, spontaneous migration,   

and secretion of TNFα/IFNγ via DRD3(Pacheco et al 2009) 
!  Serotonin: Promotes DC maturation and T cell            

activation via 5HTR7 and 5HTR2B(Ahern 2011;Leon-Pointe,2007) 

!  Substance P: Chemoattractant for lymphocytes and 
upregulates integrins LFA-1 and VLA-1(Nessler et al 2006) 

 
 

!  Current immunotherapeutic strategies to enhance steps of 
immunity have shown little success. Neural immuno-
modulator could be a candidate to enhance tumor immunity. 

  

 
To elucidate immune modulatory effects of glutamate 
and determine whether it can serve as an adjuvant in 
cancer immunotherapy.  

 
We hypothesize that glutamate receptor signaling via 
mGluR1 on T cells can be modulated to improve T cell 
functional outcome in anti-tumor immunity.   

Principle 

Results 
Glutamate enhances T cell Activation during 

antigen presentation via mGluR1 

Dopamine, Glutamate, Serotonin, and Substance P 
receptors are present on T lymphocytes   

Gaps in Cancer Immunotherapy  
 

Immunosuppressive Tumor Environment 

  

Chen and Mellman. Immunity 39 (2013)  
 

use, their mode of delivery, the types of adjuvants required, and
the proximal characteristics of the desired T cell response
(Palucka and Banchereau, 2013). Second, the presence of the
immunostat in the tumor microenvironment may dampen or
disable antitumor immune responses before clinically relevant
tumor kill can occur. Thus, as long as these negative signals
are in place, the prospects for vaccine-based approaches
used alone are likely to be limited.
Although vaccination can accelerate the anticancer immunity

in the context of treatments that suppress negative regulators
(Palucka and Banchereau, 2013), a number of significant chal-
lenges need to be overcome. First is the identification of the
appropriate tumor antigens to include in any vaccine. A large,
monovalent antigen trial (using the C-T antigen MAGE-A3) is
currently under way (Kruit et al., 2013; Vansteenkiste et al.,
2013), yet it is not clear that any one candidate will necessarily

generate sufficiently robust T cell responses in all patients. More-
over, a single antigenic target, especially one not derived from a
protein that is an inherent oncogenic driver, seems more likely to
enable resistance by antigenic drift (immune editing) than a
multivalent vaccine (Palucka and Banchereau, 2013).
Decidinghow toconfiguremultivalent vaccines is itself adaunt-

ing challenge. It may be insufficient to rely entirely on sequencing
the expressed tumor genome looking for point mutations, trans-
location fusions, or C-T antigens. Not only might this vary from
patient to patient or even from cell to cell within a single patient’s
tumor, expressionat themessengerRNAorprotein level doesnot
assure that predicted antigenic peptides will be generated and
expressed as peptide-MHCI complexes, especially in the face
of the allelic complexity in the MHC. Several groups are actively
approaching this problem by using a combination of informatics
andmass spectroscopy of peptides eluted fromMHCImolecules
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Figure 2. Stimulatory and Inhibitory Factors in the Cancer-Immunity Cycle
Each step of the Cancer-Immunity Cycle requires the coordination of numerous factors, both stimulatory and inhibitory in nature. Stimulatory factors shown in
green promote immunity, whereas inhibitors shown in red help keep the process in check and reduce immune activity and/or prevent autoimmunity. Immune
checkpoint proteins, such as CTLA4, can inhibit the development of an active immune response by acting primarily at the level of T cell development and
proliferation (step 3). We distinguish these from immune rheostat (‘‘immunostat’’) factors, such as PD-L1, can have an inhibitory function that primarily acts to
modulate active immune responses in the tumor bed (step 7). Examples of such factors and the primary steps at which they can act are shown. Abbreviations are
as follows: IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; CDN, cyclic dinucleotide; ATP, adenosine triphosphate; HMGB1, high-mobility group
protein B1; TLR, Toll-like receptor; HVEM, herpes virus entry mediator; GITR, glucocorticoid-induced TNFR family-related gene; CTLA4, cytotoxic T-lympocyte
antigen-4; PD-L1, programmed death-ligand 1; CXCL/CCL, chemokine motif ligands; LFA1, lymphocyte function-associated antigen-1; ICAM1, intracellular
adhesionmolecule 1; VEGF, vascular endothelial growth factor; IDO, indoleamine 2,3-dioxygenase; TGF, transforming growth factor; BTLA, B- and T-lymphocyte
attenuator; VISTA, V-domain Ig suppressor of T cell activation; LAG-3, lymphocyte-activation gene 3 protein; MIC, MHC class I polypeptide-related sequence
protein; TIM-3, T cell immunoglobulin domain and mucin domain-3. Although not illustrated, it is important to note that intratumoral T regulatory cells, macro-
phages, and myeloid-derived suppressor cells are key sources of many of these inhibitory factors. See text and Table 1 for details.
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pathophysiological conditions such as in neurodegenerative
or cardiovascular diseases (Gortz et al., 2004).

Adaptive immune responses are initiated when the antigen
is presented to specific T cells by an APC and, consequently,
T cells become activated. DCs are the most potent APC
specialized in the initiation of immune responses by directing
the activation and differentiation of naïve T lymphocytes
(Banchereau and Steinman, 1998; Lanzavecchia and Sal-
lusto, 2001). Immature DC (iDC) reside in most tissues in
order to uptake antigen; they are engaged when exposed to
danger signals produced by microorganisms, inflammatory
cytokines, nucleotides, and cell damage (Gallucci and
Matzinger, 2001). Upon exposure to such factors, DC lose
their phagocytotic capacity, migrate to draining lymph nodes,
and undergo a maturation process, acquiring high levels of
membrane major histocompatibility complex (MHC) and co-
stimulatory molecules such as CD80 and CD86.

In the lymph nodes, mature DC (mDC) present the
captured and processed antigen to specific T cells, thereby
directing the initiation and development of immune
responses. Depending on the context, DC can stimulate the
polarized outgrowth of distinct T cell subsets, including T
helper 1 (Th1) and T helper 2 (Th2) (Banchereau and
Steinman, 1998; Lanzavecchia and Sallusto, 2001; Pacheco
et al., 2005). Th1 or Th2 polarization orchestrates the immune
effector mechanism most appropriate to combat the invading
pathogen. Th1 cells promote cellular immunity protecting
against intracellular infection and cancer, whereas Th2 cells
promote humoral immunity, which is highly effective against
extracellular pathogens, and play a role in tolerance
mechanisms and allergic diseases (Del Prete, 1998).

Recently, we have demonstrated that undergoing matura-
tion and during antigen presentation, DC release glutamate
via the Xc

! system (Pacheco et al., 2006). In agreement with

Fig. 2. Putative role of DC-released glutamate during T-cell-DC interaction in the lymph nodes. Left panel: When a non-cognate antigen is presented by DC to T
cells in the lymph nodes, glutamate released by DC (gray dots) via the cystine/glutamate antiporter (Xc

! system) stimulates the constitutively expressed mGlu5R
in resting T cells. The mGlu5R stimulation evokes an increase of intracellular cAMP, thus avoiding the erroneous T-cell activation (i.e. by inhibition of IL-6
production). On the other hand, stimulation of constitutively expressed iGlu3R by promoting an inhibition of IL-10 production, allows chemotactic migration of
resting T cells. In addition to DC-released glutamate, the macrophage-derived glutamate contributes to regulate glutamate levels in the microenvironment of
lymph nodes. Right panel: When cognate peptide is presented by DC to a T cell, the TCR-triggered pathway is strong enough to overcome the mGlu5R-triggered
inhibitory pathway and therefore T-cell activation begins. During cell activation, mGlu1R expression is induced in T cells and subsequently this receptor is
stimulated by extracellular glutamate inducing a bypass of mGlu5R-triggered pathway and promoting enhanced production of Th1 (IL-2 and IFN-!) and pro-
inflammatory cytokines (IL-6 and TNF-") as well as IL-10 (a). The increase of IL-2 and IFN-! levels further promotes a Th1 response, whereas IL-2 and IL-6
promote co-stimulation by parallel pathways. The mGlu1R-induced secretion of TNF-" establishes a positive feedback promoting enhanced glutamate secretion
(bold line arrows) by DC (b) as well as by macrophages (c). Also, the mGlu1R-induced potentiation of IL-10 secretion counteracts the iGlu3R-mediated effect on
chemotactic migration (d), thereby mediating T cell retention into lymph nodes during activation. Dotted lines with arrow heads represent stimulation/up-
regulation, while the flat heads represent inhibition/down-regulation. Solid line arrows represent glutamate flows.
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Evidence of Neurotransmitter Induced Immune Activation 
 

!  T-leukemias and lymphomas utilize glutamate for growth stimulation and 
facilitation of metastasis  

 

!   AMPA iGluR3 is upregulated in MS patients during relapse and glutamate 
promotes chemotactic migration of autoreactive T cells.   

 

!  Serotonin is implicated in allergic asthma and inflammatory bowel disease. 
Serves as a  chemoattractant to granulocytes and promotes Th17 response 

 

!  Dermatitis involves nerves’ release of SP during skin abrasions, which  
facilitates leukocyte recruitment to the target site. 

 

!
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iGluR3, mGluR1, and NR2B are upregulated when 
lymphocytes are activated with anti-CD3/CD28. Each  

contribute to glutamate induced T cell activation 

Balb/c Mouse Splenocytes 

mGluR1 is upregulated on activated CD4+ T cells 
secreting cytokine IFN-y  

!  Glutamate receptor expression on lymphocytes is altered 
upon T cell activation. More specifically, mGluR1 is 
upregulated upon TCR activation indicating its association 
with antigen dependent activation.  

!  Neurotransmitters may influence lymphocyte function and 
possibly their antitumor outcome. 

Support: U54 CA163069 (NCI), MeTRC: U54 MD007593-04 (NIMHD), VICC Lung SPORE: P50 CA 090949 (NCI), SC1 
CA182843-01A1 (NCI)/NIGMS. Meharry Rise Initiative 3R25GM059994-09S1 
All animals used in this research project were cared for and used humanely according to the following policies: 
the U.S. Public Health Service Policy on Humane Care and Use of Animals (2000); the Guide for the Care and Use 
of Laboratory Animals (1996); and the U.S. Government Principles for Utilization and Care of Vertebrate Animals 
Used in Testing, Research, and Training (1985). 
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experiments aimed to determine the role of group I mGluR in Th1,
Th2, and proinflammatory cytokine secretion during the T cell–DC
interaction were conducted. To determine the global effects of

glutamate in cytokine production, cocultures of SEA-pulsed DC
and T cells were treated with alanine transaminase plus pyruvate,
thereby depleting the medium of glutamate. Cytokine secretion

FIGURE 6. Effects of glutamate depletion and of group I mGluR antagonists on cytokine secretion during T cell–DC interaction. SEA-pulsed DC were
cocultured with autologous T cells for different time intervals and cytokine levels in the culture medium were determined as indicated in Materials and
Methods. A, Time course of cytokine production in the absence (control) or presence of 1 !g/ml alanine transaminase plus 5 mM pyruvate (ALT).
Representative data from one of three independent experiments are shown. Data represent the mean ! SD of triplicates. B, Cytokine production by
autologous cocultures obtained from six different healthy donors incubated for 2 days in the absence or presence of either 1 !M MPEP (open symbols)
or 100 !M CPCCOEt (solid symbols). Each symbol represents the value of the level of cytokine produced by cells from a healthy donor. Irrespective of
the donor, experiments conducted in the absence of T cells gave values of cytokine production lower than 20 pg/ml. In the absence of DC, cytokine levels
produced by T cells were lower than 20 pg/ml, except for IL-6, which ranged between 60 and 130 pg/ml. Variations on cytokine production promoted by
mGluR antagonists (MPEP or CPCCOEt) are expressed as the ratio of the values obtained in the presence vs in the absence of the compound. Average
values obtained after the treatment with MPEP (x) or with CPCCOEt(") are indicated. Statistical analysis was performed by unpaired (A) or paired (B)
Student’s t test (treated vs untreated; !, p # 0.05; !!, p # 0.01; !!!, p # 0.005; !!!!, p # 0.0005).

FIGURE 5. mGlu1R and mGlu5R expression in DC and T cells. A, iDC or DC matured with 1000 U/ml TNF-" for 48 h in glutamate-free medium
(mDC) were immunostained using 3 !g/ml primary anti-mGlu1/5R Ab F1-Ab (mGlu1/5R) or using 20 !g/ml anti-adenosine deaminase (ADA) Ab as a
positive control for DC surface expression, followed by incubation with a PE-conjugated goat anti-rabbit secondary Ab (dilution 1/20). As a positive control
for mGlu1/5R expression, activated T cells (T) were immunolabeled with F1-Ab followed by PE-conjugated goat anti-rabbit secondary Ab. Analysis was
performed by flow cytometry (white histograms). Negative controls (gray histograms) were obtained by using an irrelevant rabbit IgG (20 !g/ml) as primary
Ab. B, T cells were cultured with SEA-pulsed autologous DC in glutamate-free medium for different time intervals, and total RNA was isolated.
Quantitative RT-PCR analysis of mGlu1R and mGlu5R mRNA levels were performed as indicated in Materials and Methods. Data represent the mean !
SD of triplicates. Representative data from one of three independent experiments are shown.
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of neuronal AMPA-evoked responses. Two nonrelevant blockers
served for control: TTX, a Na! channel blocker, and PicTX, a
!-aminobutyric acid receptor antagonist (Table I). The results pre-
sented in Fig. 4D demonstrate that the activating effects of both
glutamate and AMPA are selectively blocked by CNQX and
NBQX, but not by any of the control blockers. Taken together,
these results show for the first time that glutamate can directly
activate a T cell function and that it induces T cell adhesion to
ECM components via the stimulation of specific AMPARs.

The glutamate-induced T cell adhesion to laminin is mediated
by the "6#1 integrins

To show that glutamate causes T cell adhesion to laminin by up-
regulating the function of the specific "6#1 laminin-binding inte-
grins of the T cell, we used mAbs specific to these integrin moi-
eties and control Abs directed against nonrelevant integrin
moieties (Table I). The results presented in Fig. 5 show that the
effect of glutamate was specifically blocked by anti-VLA-6 (anti-
"6 integrin chain), and anti-CD29 (anti-#1 chain) mAbs. In con-
trast, no blocking effect was exerted by the nonrelevant anti-
VLA-5 mAb (anti-"5 integrin chain, which does not bind laminin)
and by the anti-67-kDa nonintegrin LR mAb. These results dem-
onstrate that glutamate-induced T cell adhesion to laminin is me-
diated by specific recognition and binding of "6#1 integrins to
laminin.

Glutamate increases the in vitro chemotactic migration of
T cells

Alike adhesion to laminin and FN, the migration of T cells toward
a chemokine (chemotaxis) is a key immune event crucial in nu-
merous physiological and pathological conditions. It enables T
cells to migrate and extravasate in a directional and regulated man-
ner from the blood stream into chemokine-containing tissues. On
these grounds, we investigated whether glutamate can up-regulate
the chemotaxis of human T cells toward the potent and vital che-
mokine CXCL12/SDF-1. This chemokine and its specific receptor,
the CXC chemokine receptor 4 (CXCR4), are crucial for chemo-
taxis of leukocyte subsets and endothelial cells (33) and for he-
mopoiesis, and are key players in a variety of additional immune
functions. CXCL12/SDF-1 is constitutively expressed in bone
marrow, heart, liver, kidney, and most importantly in the brain
(34), where it is abundantly expressed and affects various neuronal
and glial functions, including neurotransmission, neuronal migra-
tion, and plasticity. Accordingly, it was even suggested that
CXCL12/SDF-1 is as essential to the nervous system as it is to the
immune system (35).

FIGURE 4. Glutamate (Glu) and AMPA receptor agonists induce ad-
hesion of human T cells to laminin and FN via AMPARs. A, Glutamate
causes the adhesion of T cells to laminin in a dose-dependent manner.
Normal human T cells were treated with 10"14–10"4 M glutamate and
tested for their adhesion to laminin as described. The results are presented
as means of four independent experiments, and expressed as fold in-
crease # SEM of the number of adhering cells (!, p $ 0.05 vs untreated
cells). B and C, Normal human T cells purified from blood samples of
different human donors were pretreated (30 min, 37°C) with glutamate,
AMPA, KA (10 nM), or PMA and tested for their adhesion to laminin (B)
or FN (C). The mean fold increase # SEM of adhesion to laminin or FN
from four independent experiments using T cells from four individuals is
shown. (!, p $ 0.05 vs untreated). D, T cell adhesion to laminin caused by
10 nM concentrations of either glutamate or AMPA is blocked by the
specific AMPAR antagonists CNQX or NBQX (both at 0.1 $M) but not by
the nonrelevant ion channel blockers TTX (1 $M) and PicTX (10 $M).
The results are presented as mean fold increase # SEM of the number of
cells that adhered to laminin. In repeated experiments using T cells from
different human donors, each blocker was examined at least twice for its
blocking effect. !, p $ 0.05 vs untreated; !!, p $ 0.05 vs glutamate alone;
!!!, p $ 0.05 vs AMPA alone.

Table I. Agonists, antagonists, blockers, and anti-integrin Abs used in
the study

Effector Function Target

AMPA Agonist AMPAR
Kainate Agonist Kainate/AMPAR
CNQX Antagonist AMPAR
NBQX Antagonist AMPAR
TTX Antagonist Na! channel
PicTX Antagonist GABARa
Anti-CD29 mAb Blocker #1 integrin chain (binds FN

and laminin)
anti-VLA-5 mAb Blocker "5 integrin chain (binds

FN)
Anti-VLA-6 mAb Blocker "6 integrin chain (binds

laminin)
Anti-67-kDa LR mAb Blocker? 67-kDa nonintegrin LR
a GABAR, !-aminobutyric acid receptor.
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Induces β-integrin binding to 
laminin for increased T cell 
migration and extravasation. 
(Ganor 2003) 

mGluR1 antagonist shows 
importance of mGluR1 in 
secretion of anti-tumor 
cytokines IL-2, IL-6,  
TNFα,and IFNγ         
(Pacheco 2006)  

system, we evaluated its effect on FasL expression and Fas-
induced T-cell death.
FasL expression was evaluated by direct immunofluores-

cence and cytofluorimetric analysis on activated T cells (day 8)
cultured for 18 h in the presence of GM6001 (3! 10"5M),
a broad spectrum matrix metalloproteinase inhibitor used
to maximize FasL expression (Meng et al., 2004) and in the
absence or presence of anti-CD3 mAb (10 mgml"1) and
L-glutamate (1! 10"6M). Results showed that stimulation of
activated T cells with anti-CD3 mAb increased FasL expres-
sion, but the upregulation was significantly higher in the
absence than in the presence of L-glutamate (MFI-R were
7.170.3 versus 4.270.8, respectively, Pp0.05; n# 4) (Figure
3a and b). In the same experiments, L-glutamate inhibited
AICD induced by anti-CD3 mAb at levels comparable to the
inhibition of FasL expression (cell loss in the absence and
presence of L-glutamate was 43.271.2 versus 21.172.4%,
Pp0.01; n# 4) (Figure 3c).
Fas-induced T-cell death was then evaluated by treating

activated T cells (day 8) with an anti-Fas mAb (1 mgml"1)
in the absence or presence of L-glutamate (1! 10"6M) and
counting surviving cells after 18 h as in the AICD assay.
L-Glutamate did not inhibit Fas-induced cell death (Figure 4),
which indicates that it does not affect Fas signalling.
These results suggest that L-glutamate protects T cells from

AICD by inhibiting FasL expression.

Expression of group I mGlu receptors by human
T lymphocytes

To verify whether L-glutamate-mediated inhibition of AICD
is directly exerted on T cells, we evaluated the expression
of mGlu1 and mGlu5 mRNA in resting and activated
PBMC, purified T cells, MDM (see Methods), several T cell
lines (FRO, SUP-T1, H9, HuT-78 and Jurkat), and the THP-1
monocytic cell line by RT–PCR (Figure 5). mGlu1- and
mGlu5-specific amplification fragments were obtained from
all samples, except for mGlu1 in the H9 line and mGlu5 in
the SUP-T1 line. Identity of the amplified fragments was
confirmed by direct sequencing (data not shown).

Discussion

This work shows that L-glutamate at low concentration range
(10"7–10"4M) protects T cells from AICD by acting on group I
mGlu receptors (mGlu1 and mGlu5 receptor subtypes). In fact:
(i) the protective effect was induced by (1S,3R)-ACPD, the
prototype agonist of mGlu receptors, but not by NMDA,
AMPA and kainate, specific iGlu receptor agonists; (ii) it was
induced by quisqualate, (S)-3,5-DHPG, and CHPG, group
I-selective mGlu receptor agonists, but not by L-CCG-I and
L-AP4, group II- or III-selective mGlu receptor agonists;
(iii) the protective effects of (1S,3R)-ACPD and quisqualate
were antagonized by AIDA, LY 367385, and MPEP, group
I-selective mGlu receptor antagonists (Kew & Kemp, 2005).
These results are in line with those of other authors showing
that T cells express mGlu1 and mGlu5 receptors (Pacheco et al.,
2004). Moreover, stimulation of group I mGlu receptors
protects neuronal and non-neuronal cells from apoptosis
induced by different insults (Copani et al., 1998; Allen et al.,
2000; Lin & Maiese, 2001; Pizzi et al., 2000; Rong et al., 2003).

Cell protection from AICD could be mediated by direct
activation of glutamate receptors expressed on T cells or on
bystander cells, such as, macrophages. However, the relative
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Figure 3 FasL expression in human T lymphocytes. Activated T
cells were stimulated with anti-CD3 mAb (10mgml"1; 18 h), in the
presence of GM6001 (3! 10"5M), and in the absence or presence of
L-glutamate (1! 10"6M). FasL expression evaluated by direct
immunofluorescence and cytofluorimetric analysis using a fluor-
escein isothiocyanate (FITC)-conjugated anti-FasL mAb (a). (b)
FasL expression of L-glutamate (1! 10"6M) untreated or treated T
cells expressed as MFI-R (see Methods) of total T lymphocytes.
Activated T cells were stimulated with anti-CD3 mAb (10 mgml"1;
18 h) in the presence of GM6001 (3! 10"5M) and in the absence or
presence of L-glutamate (1! 10"6M). Surviving cells were counted
by cytofluorimetric analysis after staining with Annexin V plus
propidium iodide (c). The results are expressed as the mean7s.e.m.
of cell death of at least four experiments. *Pp0.05, **Pp0.01 versus
anti-CD3 mAb-treated cells in the absence of L-glutamate.
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system, we evaluated its effect on FasL expression and Fas-
induced T-cell death.
FasL expression was evaluated by direct immunofluores-

cence and cytofluorimetric analysis on activated T cells (day 8)
cultured for 18 h in the presence of GM6001 (3! 10"5M),
a broad spectrum matrix metalloproteinase inhibitor used
to maximize FasL expression (Meng et al., 2004) and in the
absence or presence of anti-CD3 mAb (10 mgml"1) and
L-glutamate (1! 10"6M). Results showed that stimulation of
activated T cells with anti-CD3 mAb increased FasL expres-
sion, but the upregulation was significantly higher in the
absence than in the presence of L-glutamate (MFI-R were
7.170.3 versus 4.270.8, respectively, Pp0.05; n# 4) (Figure
3a and b). In the same experiments, L-glutamate inhibited
AICD induced by anti-CD3 mAb at levels comparable to the
inhibition of FasL expression (cell loss in the absence and
presence of L-glutamate was 43.271.2 versus 21.172.4%,
Pp0.01; n# 4) (Figure 3c).
Fas-induced T-cell death was then evaluated by treating

activated T cells (day 8) with an anti-Fas mAb (1 mgml"1)
in the absence or presence of L-glutamate (1! 10"6M) and
counting surviving cells after 18 h as in the AICD assay.
L-Glutamate did not inhibit Fas-induced cell death (Figure 4),
which indicates that it does not affect Fas signalling.
These results suggest that L-glutamate protects T cells from

AICD by inhibiting FasL expression.

Expression of group I mGlu receptors by human
T lymphocytes

To verify whether L-glutamate-mediated inhibition of AICD
is directly exerted on T cells, we evaluated the expression
of mGlu1 and mGlu5 mRNA in resting and activated
PBMC, purified T cells, MDM (see Methods), several T cell
lines (FRO, SUP-T1, H9, HuT-78 and Jurkat), and the THP-1
monocytic cell line by RT–PCR (Figure 5). mGlu1- and
mGlu5-specific amplification fragments were obtained from
all samples, except for mGlu1 in the H9 line and mGlu5 in
the SUP-T1 line. Identity of the amplified fragments was
confirmed by direct sequencing (data not shown).

Discussion

This work shows that L-glutamate at low concentration range
(10"7–10"4M) protects T cells from AICD by acting on group I
mGlu receptors (mGlu1 and mGlu5 receptor subtypes). In fact:
(i) the protective effect was induced by (1S,3R)-ACPD, the
prototype agonist of mGlu receptors, but not by NMDA,
AMPA and kainate, specific iGlu receptor agonists; (ii) it was
induced by quisqualate, (S)-3,5-DHPG, and CHPG, group
I-selective mGlu receptor agonists, but not by L-CCG-I and
L-AP4, group II- or III-selective mGlu receptor agonists;
(iii) the protective effects of (1S,3R)-ACPD and quisqualate
were antagonized by AIDA, LY 367385, and MPEP, group
I-selective mGlu receptor antagonists (Kew & Kemp, 2005).
These results are in line with those of other authors showing
that T cells express mGlu1 and mGlu5 receptors (Pacheco et al.,
2004). Moreover, stimulation of group I mGlu receptors
protects neuronal and non-neuronal cells from apoptosis
induced by different insults (Copani et al., 1998; Allen et al.,
2000; Lin & Maiese, 2001; Pizzi et al., 2000; Rong et al., 2003).

Cell protection from AICD could be mediated by direct
activation of glutamate receptors expressed on T cells or on
bystander cells, such as, macrophages. However, the relative
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Figure 3 FasL expression in human T lymphocytes. Activated T
cells were stimulated with anti-CD3 mAb (10mgml"1; 18 h), in the
presence of GM6001 (3! 10"5M), and in the absence or presence of
L-glutamate (1! 10"6M). FasL expression evaluated by direct
immunofluorescence and cytofluorimetric analysis using a fluor-
escein isothiocyanate (FITC)-conjugated anti-FasL mAb (a). (b)
FasL expression of L-glutamate (1! 10"6M) untreated or treated T
cells expressed as MFI-R (see Methods) of total T lymphocytes.
Activated T cells were stimulated with anti-CD3 mAb (10 mgml"1;
18 h) in the presence of GM6001 (3! 10"5M) and in the absence or
presence of L-glutamate (1! 10"6M). Surviving cells were counted
by cytofluorimetric analysis after staining with Annexin V plus
propidium iodide (c). The results are expressed as the mean7s.e.m.
of cell death of at least four experiments. *Pp0.05, **Pp0.01 versus
anti-CD3 mAb-treated cells in the absence of L-glutamate.
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Purpose 

Hypothesis 

potential of !76 mV. This value is very close to the calculated
potassium (K") reversal potential (EK" # !85.3) for our
recording solutions and away from that of chloride (Cl!)
(ECl! # !8.4 mV), indicative of a K"-selective conductance.
These Kv currents were completely blocked by 5 nM MgTx
(Garcia-Calvo et al., 1993) as well as by 5 mM 4-aminopyri-
dine (DeCoursey et al., 1984), consistent with their being
Kv1.3. Activation of KCa channels was avoided by keeping
intracellular (pipette) free calcium concentration at 100 nM,
well below the channel’s activation requirement (Cahalan et
al., 2001).

The recorded currents manifested cumulative inactivation,
a characteristic of Kv1.3 channels. Double-pulse experiments
to "40 mV with varying interpulse intervals showed that the
time needed for the currents to completely recover from in-
activation was 50 s. Thus, the activation characteristics of

these currents were evaluated by a sequence of step depolar-
izations (!80 to "70 mV) every 60 s, to avoid carried-over
inactivation. Current responses remained stable for more
than an hour, as determined by repeatedly subjecting a num-
ber of cells (n # 7) to the above protocol. The average peak
current at "40 mV was 420 $ 150 pA (data collected from 40
cells). Figure 1C1 shows IKv responses to depolarizations
physiologically relevant for the T cell (!80 to !5 mV). Under
these conditions, IKv started to activate in response to a
!35-mV depolarizing step (voltage activation threshold), and
its amplitude increased in a voltage-dependent way.

Extracellular Glu Potentiates Kv1.3 Currents at Con-
centrations below or within Normal Plasma Levels.
Application of 1 and 10 !M Glu to T lymphocytes, after 1 to
2 min, caused alterations in the macroscopic potassium cur-
rent characteristics. These currents were abolished when 5

Fig. 1. Glutamate alters Kv1.3 current responses in human T lymphocytes. A, time course and stability of Kv1.3 currents after the transition of T
lymphocytes to the whole-cell conformation. A cell constantly perfused with Glu-free solution was clamped to !90 mV and stepped every min to a test
pulse of !20 mV for 200 ms. Peak (E) and end (F) amplitudes of the recorded currents show that a period of 15 min is necessary for the currents to
stabilize. The vertical dotted lines refer to the times at which glutamate would be applied and removed from the bathing solution. B, addition of 1 !M
Glu to the bath accelerates current activation rate and increases its peak amplitude (B1). Glutamate was applied 20 min after going whole cell to
ensure Kv1.3 current stability (B2). The effect becomes maximal 2 min after Glu application and continues to persist despite prolonged washout with
Glu-free solution (see data points in B2). The washout trace in figure B1 was recorded 30 min after removal of Glu. C, Kv1.3 currents recorded from
a T-lymphocyte sequentially exposed to Glu-free solution (C1) and1 !M (C2) and 10 !M (C3) Glu. Current traces are in response to depolarizations
from !80 to !5 mV. D, Glu shifts g-V to more negative potentials. Values are either normalized to the maximum conductance of each treatment (D1)
or to the maximum conductance at Glu-free bath (D2). Each curve is the average of 11 different experiments and is fitted by a Boltzmann function.
The midpoint of activation is !31.3 $ 1.2 mV, !44.6 $ 1.5 mV, and !42.6 $ 1.7 mV for Glu-free (E), 1 !M (ƒ), and 10 !M (!) Glu, respectively.

858 Poulopoulou et al.

Low glutamate concentrations 
create a more negative 
membrane potential via Kv1.3 
channels allowing quicker T 
cell activation upon stimulus  

(Poulopoulou 2005) 

Glutamate prevents activation 
induced cell death of T cells via 
FasL downregulation         
(Chiocchetti 2006) 

!  Glutamate is the best candidate, possessing the 
most beneficial qualities for anti-tumor immunity 

Methods 

Naive CD3/CD28 Activated 

Flow Cytometry 
Harvested cells from lymph nodes and spleen of Balb/c mice "  
Incubated with anti-CD3/CD28 antibodies for 48 hours to induce TCR 
activation " restimulated with PMA/Ionomycin + Golgi Stop for 2 hours 
to capture cytokine release " Stained extracellular and intracellular 
with fluorescent antibodies " Acquired on Guava EasyCyte  and 
analyzed with FlowJo 

experiments aimed to determine the role of group I mGluR in Th1,
Th2, and proinflammatory cytokine secretion during the T cell–DC
interaction were conducted. To determine the global effects of

glutamate in cytokine production, cocultures of SEA-pulsed DC
and T cells were treated with alanine transaminase plus pyruvate,
thereby depleting the medium of glutamate. Cytokine secretion

FIGURE 6. Effects of glutamate depletion and of group I mGluR antagonists on cytokine secretion during T cell–DC interaction. SEA-pulsed DC were
cocultured with autologous T cells for different time intervals and cytokine levels in the culture medium were determined as indicated in Materials and
Methods. A, Time course of cytokine production in the absence (control) or presence of 1 !g/ml alanine transaminase plus 5 mM pyruvate (ALT).
Representative data from one of three independent experiments are shown. Data represent the mean ! SD of triplicates. B, Cytokine production by
autologous cocultures obtained from six different healthy donors incubated for 2 days in the absence or presence of either 1 !M MPEP (open symbols)
or 100 !M CPCCOEt (solid symbols). Each symbol represents the value of the level of cytokine produced by cells from a healthy donor. Irrespective of
the donor, experiments conducted in the absence of T cells gave values of cytokine production lower than 20 pg/ml. In the absence of DC, cytokine levels
produced by T cells were lower than 20 pg/ml, except for IL-6, which ranged between 60 and 130 pg/ml. Variations on cytokine production promoted by
mGluR antagonists (MPEP or CPCCOEt) are expressed as the ratio of the values obtained in the presence vs in the absence of the compound. Average
values obtained after the treatment with MPEP (x) or with CPCCOEt(") are indicated. Statistical analysis was performed by unpaired (A) or paired (B)
Student’s t test (treated vs untreated; !, p # 0.05; !!, p # 0.01; !!!, p # 0.005; !!!!, p # 0.0005).

FIGURE 5. mGlu1R and mGlu5R expression in DC and T cells. A, iDC or DC matured with 1000 U/ml TNF-" for 48 h in glutamate-free medium
(mDC) were immunostained using 3 !g/ml primary anti-mGlu1/5R Ab F1-Ab (mGlu1/5R) or using 20 !g/ml anti-adenosine deaminase (ADA) Ab as a
positive control for DC surface expression, followed by incubation with a PE-conjugated goat anti-rabbit secondary Ab (dilution 1/20). As a positive control
for mGlu1/5R expression, activated T cells (T) were immunolabeled with F1-Ab followed by PE-conjugated goat anti-rabbit secondary Ab. Analysis was
performed by flow cytometry (white histograms). Negative controls (gray histograms) were obtained by using an irrelevant rabbit IgG (20 !g/ml) as primary
Ab. B, T cells were cultured with SEA-pulsed autologous DC in glutamate-free medium for different time intervals, and total RNA was isolated.
Quantitative RT-PCR analysis of mGlu1R and mGlu5R mRNA levels were performed as indicated in Materials and Methods. Data represent the mean !
SD of triplicates. Representative data from one of three independent experiments are shown.
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