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Abstract
Selective serotonin reuptake inhibitors (SSRIs) mediate their antidepressant effects by blocking
serotonin transporter (SERT) which, in turn, increases the extracellular serotonin [5-
hydroxytryptamine (5-HT)] at neuron synapse. Interestingly, Fluoxetine, one of the SSRIs have
been found to possess immune modulation effects. However, it remains unclear if SSRIs can
suppress the antigen-presenting function of dendritic cells (DCs). Therefore, Fluoxetine was
applied to a co-culture between Aggregatibacter actinomycetemcomitans (Aa)-reactive T cells
(×Aa-T) isolated from Aa-immunized mouse and DCs, which resulted in suppressing the
proliferation of ×Aa-T stimulated with Aa-antigen presentation by DCs. Fluoxetine increased the
extracellular 5-HT in the ×Aa-T/DC co-culture, whereas exogenously applied 5-HT promoted T
cell proliferation in the ×Aa-T/DC co-culture, indicating that extracellular 5-HT is not responsible
for Fluoxetine-mediated suppression of ×Aa-T/DC responses. Fluoxetine remarkably suppressed
the expression of co-stimulatory molecule ICOS-L on DCs. Blocking of ICOS-L expressed on
DCs with specific antibody down-modulated the antigen presentation from DCs to ×Aa-T cells.
These results suggested that Fluoxetine suppressed the ability of DCs to present bacterial antigens
to T cells and resulting T cell proliferation in a SERT/5-HT-independent manner and that
diminished expression of ICOS-L on DCs caused by Fluoxetine might be partially associated with
Fluoxetine-mediated suppressions on DC/T cell responses.
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Introduction
Selective serotonin [5-hydroxytryptamine (5-HT)] reuptake inhibitors (SSRIs) are a class of
antidepressant drugs used to treat major depression and other related neuronal disorders. In
recent years, Fluoxetine, a commonly prescribed SSRI that blocks the serotonin transporter
(SERT) in the brain, was revealed to possess host beneficial side effects represented by
peripheral anti-inflammatory and immunomodulatory properties (Yaron et al., 1999; Abdel-
Salam et al., 2003; Roumestan et al., 2007). It was reported that Fluoxetine down-regulates
the Th1-type cytokine productions and proliferation of human blood T cells stimulated with
a non-specific T cell mitogen, concanavalin A (Con A) (Diamond et al., 2006). Recently
published in vivo studies using rats demonstrated that SSRIs can down-regulate the
activation of T lymphocytes (Fazzino et al., 2009). Although antigen presentation to
memory T cells from DCs plays a critical role in the induction of adaptive immune
responses to non-self organisms, especially to bacteria, it remains unclear if Fluoxetine can
affect antigen presentation from DCs to effector T lymphocytes via T-cell receptor (TCR)/
MHC-class-II engagement.

Periodontal disease (PD) is a chronic inflammatory disease triggered by bacterial infection
that affects the attachment structures of the teeth. PD is one of the most important causes of
tooth loss and has been considered a modifying factor of the systemic health of individuals
(Seymour et al., 2007). The inflammatory products released by immune cells, such as
dendritic cells (DCs) and T cells, after bacterial challenge are strongly related to host tissue
destruction (Loesche & Grossman, 2001; Taubman et al., 2005). It is well documented that
antigen presentation by DCs plays a pivotal role in regulating the activation of T cells by
presenting bacterial antigens in the context of PD (Cutler & Jotwani, 2004; Cutler & Teng,
2007). DCs, which are well-equipped professional antigen-presenting cells, express higher
levels of major histocompatibility complexes (MHC) than other antigen-presenting cells,
along with permissive co-stimulatory molecules, for the induction of TCR/CD3 activation
(Banchereau & Steinman, 1998). In addition to their roles in presenting bacterial antigens to
T cells, DCs are also engaged in the production of important pro- and anti-inflammatory
cytokines (i.e., IL-12, IL-1β, TNF-α and IL-10) and chemokines (i.e., RANTES and
MIP-1α) in response to bacterial stimuli (Banchereau & Steinman, 1998). It has been
thought that immune response to periodontal pathogens is host protective. However, in the
chronic infection of PD, recent theory supports the idea that insufficiently controlled
immune responses elicited by DCs can cause collateral tissue damage by their production of
proinflammatory cytokines as well as by induction of overreacting T cells (Cutler & Teng,
2007). Given such possible pathogenic engagement mediated by DCs, they are considered to
be interesting targets for the development of pharmacological regimens for chronic
infection, especially PD.

Based on the above-noted evidence showing that Fluoxetine can affect DCs and T cells,
respectively, the aims of this study were to determine 1) whether Fluoxetine can affect the
ability of DCs to present bacterial antigens to T cells in the immune synapse involving TCR
and MHC-class-II and 2) whether blocking of SERT expressed in DCs by Fluoxetine is
responsible for its effects on antigen-presentation by DCs. Desipramine belongs to another
class of antidepressant drug known as Norepinephrine Reuptake Inhibitors (NRIs). Since
NRIs are also reported to possess immune suppressive effect (Roumestan et al., 2007;
Hashioka et al., 2009), Desipramine was included to compare its effects to Fluoxetine. In
this study, the periodontal pathogen Aggregatibacter actinomycetemcomitans (Aa) was used
as a model bacterium which can elicit periodontal tissue destruction via activation of
bacterial reactive T cells (Taubman et al., 2005; Teng et al., 2005; Kawai et al., 2007).
Contrary to our expectation, the results demonstrated that Fluoxetine suppresses the ability
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of DCs to present bacterial antigens to T cells and resulting T cell proliferation in a SERT/5-
HT-independent manner.

Materials and methods
Chemicals

Fluoxetine hydrochloride and Desipramine hydrochloride were obtained from Sigma-
Aldrich (St. Louis, MO) and dissolved in water at a high concentration (1 mM,
respectively). The drugs were then diluted in fresh RPMI medium containing 10 % FBS to
reach final concentrations tested in the present study. Synthetic 5-HT (serotonin
hydrochloride) was purchased from Acros Organics USA (Morris Plains, NJ).

Animals
C57BL/6 wild type mice (6–8 weeks old, male, Jackson Laboratory, Bar Harbor, ME) were
housed in cages with water and food ad libitum in 12-hour dark-light cycles at constant
temperature and maintained in the animal housing facility of The Forsyth Institute. All
experiments were performed in compliance with protocols approved by the Forsyth
Institutional Animal Care and Use Committee (IACUC).

Bacterial antigens
Aa strain Y4 (ATCC, Manassas, VA) was cultured in trypticase soy broth supplemented
with 0.6% yeast extract (TSBY; Difco Laboratories, Detroit, MI) in humidified 5% CO2
atmosphere at 37°C. After cultivation, cells were fixed with formalin following the methods
published previously (Kawai et al., 2007).

Development of CD11c+ DCs ex vivo
To prepare primary culture of DCs, bone marrow was obtained from femurs and tibias of
normal C57BL/6 wild type mice. The bone marrow mononuclear cells were isolated by
density gradient centrifugation with Histopaque™ (Sigma, St. Louis, MO) and cultured ex
vivo with recombinant GM-CSF (20 ng/mL, Peprotech, Rocky Hill, NJ) in a complete
DMEM medium that contains 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA),
antibiotics (penicillin, streptomycin, and gentamicin; Invitrogen) and L-glutamine. At the
third day, the complete DMEM medium with GM-CSF was partially (50%) replaced. After
7 days, CD11c+ DCs were isolated from the cultures using MACS beads (Miltenyi Biotec,
Bergisch Gladbach, Germany). For all experiments, CD11c+ DCs were cultured in a RPMI
1640 medium supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA), 50
μmol/L of β-mercaptoethanol, antibiotics (penicillin, streptomycin, and gentamicin) and L-
glutamine in 24- or 96-well plates.

Cytotoxicity assay
For evaluation of the drugs’ cytotoxicity, DCs (2 × 104 cells/well in a 96-well plate) were
incubated with Fluoxetine or Desipramine at concentrations of 0.01, 0.1 or 1 μM for 24
hours in RPMI medium, and the colorimetric MTT assay was performed. The stock MTT
(3[4,5-dimethyl-thiazol-2yl]-2,5-diphenyl-tetrazolium bromide; Sigma-Aldrich) dissolved in
PBS at 5 mg/mL was added to all wells (MTT stock 20 μL/90 μL culture medium containing
DCs), followed by incubation for 4 hours at 37 °C to form formazan crystals. In order to
dissolve the crystals, 0.04 N HCl in propanol solution was added (120 μL/well). The plates
were read after 30 minutes at 570 nm. The percentage of viability was calculated based on
the control cells (non-treated) as having 100% of viability.
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Enzyme immuno-assay to detect 5-HT, cytokines and chemokines
In order to monitor the 5-HT produced during the co-culture between T cells and DC,
Serotonin EIA kit (Immuno Biological Laboratories, Inc., Minneapolis, MN) was utilized.
To detect the concentration of IL-12, IL-1β, TNF-α, IL-10, RANTES (regulated on
activation, normal T cell expressed and secreted or CCL5) and MIP-1α (macrophage
inflammatory protein 1α or CCL3), culture supernatants were subjected to ELISA (ELISA
development kits; PeproTech, Rocky Hill, NJ).

Detection of serotonin transporter (SERT) mRNA by RT-PCR
For RT-PCR analyses, total RNA was extracted from DCs cultures stimulated or not with
LPS for 6 hours as well as from mouse brain (positive control), using RNA-bee™ reagent
following the manufacturer’s protocol (Tel. Test, Inc., Friendswood, TX). RT-PCR was
performed as previously described (Han et al., 2009). Isolated RNA (1μg) was reverse
transcribed with SuperScript-II (Invitrogen, Carlsbad, CA) in the presence of random
primers. The resulting cDNA was used as the template DNA for the subsequent PCR
performed by the High Fidelity Expand System (Roche, Indianapolis, IN). Designs of
primers for serotonin transporter (SERT) and β-actin are as follows: SERT (forward, 5′-
acaacatcacctggacactccattc-3′ and reverse, 5′-ccgcatatgtgatgaaaaggaggct-3′), β-actin (forward
5′-gacggggtcacccacactgt-3′, and reverse, 5′-aggagcaatgatcttgatcttc-3′). PCR conditions were
as follows: 35 cycles of 94°C for 30 s; 55°C (β-actin) or 58°C (SERT) for 30 s (optimized
for each set of primer); 72°C for 1 min. PCR products were separated in 1.5% agarose gels
stained with SYBR Safe™.

Flow cytometry to evaluate expression profile of cell surface molecules on DCs
The effects of Fluoxetine or Desipramine on the expression profiles of MHC-class II (I-Ab),
CD80, CD86 ICOS-L and PD-L1 on immature DCs were determined using flow cytometry.
The ex vivo-developed immature DCs were incubated in the presence or absence of
Fluoxetine or Desipramine (1 μM) for 36 hours. After incubation, 5 × 105 cells re-suspended
in PBS containing 1% BSA and 0.02% NaN3 were incubated with fluorescein
isothiocyanate-conjugated anti-mouse CD11c (FITC-CD11c, BD Pharmingen, San Diego,
CA, USA) along with phycoerythrin (PE)-conjugated anti-mouse MHC-class II (PE-I-Ab),
PE-conjugated anti-mouse CD80 (PE-CD80) or PE-conjugated anti-mouse CD86 (PE-
CD86) MAbs (all MAbs were from BD Pharmingen), with each antibody concentration at
10 μg/mL. After 1 hour of incubation, cells were washed twice and fixed with 2.5% formalin
in PBS. For the staining of ICOS-L and PD-L1, the DCs were reacted with rat anti-mouse
ICOS-L and anti-mouse PD-L1 MAbs (ICOS-L-MAb and PD-L1-MAb; eBioscience, San
Diego, CA), followed by PE-conjugated anti-rat IgG (PE-anti-rat IgG; BD Pharmingen).
After removal of PE-anti-rat IgG by washing DCs, FITC-CD11c were reacted to the DCs.
Control isotype-matched rat IgG, PE-rat IgG and FITC-rat-IgG antibodies were also used to
determine nonspecific staining. The expression profile of each molecule on DCs was
determined by flow cytometry.

Co-culture of DCs and T cells
The Aggregatibacter actinomycetemcomitans (Aa)–reactive T cells were developed using
C57BL/6 mice following the method published by our group (Kawai et al., 2007). The
mononuculear cells were isolated from cervical lymph nodes of mice that received
immunization with formalin-fixed Aggregatibacter actinomycetemcomitans (Aa) Y4
(injected 109 bacteria/100 μL in saline, subcutaneously (s.c.) at dorsal skin on days 0, 2 and
4) followed by booster immunization of subcutaneous injection into cheek region (109

bacteria/100 μL in saline on day 10). Mononuclear cells were isolated by density gradient
centrifugation with Histopaque™ 1083 (Sigma, St. Louis, MO), and the resulting cells were
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passed through a nylon- and glass-wool column to enrich T cells. Aa-reactive T cells were
co-cultured in the complete RPMI medium along with DCs in the presence or absence of Aa
antigen (107 fixed bacteria/mL/well). The CD11c-positive DCs used in the co-cultures were
obtained as described above (3. Development of CD11c-DC) and submitted to one of the
following treatments: (1) Pre-treatment with drugs: DCs were pretreated with Fluoxetine or
Desipramine (1 μM) for 36 h before culturing with T cells. After the pre-treatment period of
36 h, the DCs were treated with mitomycin C (MMC; 20 μg/ml, 1 h, 37°C). It is important
to note that MMC treatment (20 μg/ml, 1 h, 37°C) did not change the cell surface
expressions of MHC-II and other co-stimulatory molecules (CD80, CD86, ICOS-L and PD-
L1) expressed on DCs, as determined at 36 hours after the incubation in complete
RPMI1640 medium (cf. Fig 1). After extensive washing, the DCs were co-cultured (2 × 104

cells/well) with Aa-reactive T cells (4 × 105 cells/well) for 3 days. (2) Post-treatment with
drugs: DCs (2 × 104 cells/well), which were not pretreated with drugs, were incubated with
MMC (1 h, 37°C) and co-cultured with Aa-reactive T cells (4 × 105 cells/well) in the
presence or absence of Fluoxetine or Desipramine (1 μM) for 3 days. As noted above, Aa
(107 fixed bacteria/mL/well) was applied to these co-culture systems as T cell antigen. After
3 days, the supernatants were collected for the measurement of cytokine production (TNF-α
and IL-10) or serotonin by T cells. Proliferation of T cells was assessed as described
previously (Kajiya et al., 2009). Briefly, [3H] thymidine (0.5 μCi) was added to each well
during the last 16 hours of a total 4-day culture. Cells were harvested, and the incorporated
radioactivity in the cells under proliferation (cpm) was measured by a scintillation counter.

Statistical analysis
Results were assessed using Student’s t test. Values of P < 0.05 were considered statistically
significant.

Results
Effects of Fluoxetine on the antigen-specific T cell proliferation induced by DCs

The effects of Fluoxetine and Desipramine on the Aa-reactive T cell proliferation induced by
co-culture with bone marrow-derived DCs and Aa-antigen were examined (Figure 2). The
lymph node T cells isolated from control non-immunized mice showed little or no
proliferation response to the co-culture with DCs and Aa-antigen (Figure 2A). However, in
the presence of Aa-antigen, co-culture between DC and the lymph node T cells isolated from
Aa-immunized mice showed significantly elevated proliferative response. On the other hand,
the addition of Fluoxetine and Desipramine suppressed such ×Aa-T cell proliferation in a
dose dependent manner (Figure 2A). Moreover, in response to antigen-presentation by DC,
×Aa-T cells produced TNF-α (Figure 2B), but not IL-4 (data not shown). Importantly,
Fluoxetine and Desipramine suppressed the TNF-α production from ×Aa-T cells co-cultured
with DC and Aa-antigen (Figure 2B).

In a separate assay, within the range of concentrations selected (0.1 – 10.0 μM), Fluoxetine
and Desipramine did not affect the cell viability of DCs (Supplement Figure 1). It is
noteworthy that viability of T cells was not also affected by the same concentrations (0.1 –
10.0 μM) of Fluoxetine or Desipramine (data not shown). These results indicated that the
diminished antigen-specific T cell proliferation mediated by Fluoxetine and Desipramine did
neither result from the cytotoxicity of these two drugs to DCs nor T cells.

Pre-treatment of DCs with Fluoxetine attenuated their ability to present antigen to T cells
When the DCs were pre-treated with Fluoxetine or Desipramine prior to the co-culture with
×Aa-T cells, antigen-specific T cell proliferation, as well as their TNF-α production, induced
by such drug-pretreated DCs were still significantly suppressed compared to the control DCs
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that were pre-incubated in the culture medium in the absence of drugs (Figure 3A and 3B),
suggesting that the change of immunological property of DCs caused by Fluoxetine and
Desipramine resulted in the diminished ability of DCs to present bacterial antigen to T cells.

Lack of association of 5-HT in the Fluoxetine-mediated suppression of antigen-specific T
cell proliferation induced by DCs

Recent findings revealed that activated DCs express SERT (O’Connell et al., 2006), and that
ligation of 5-HT receptors expressed on T cells can activate T cells (Aune et al., 1993; Leon-
Ponte et al., 2007). Following these two cutting-edge findings, production of 5-HT and
effects of exogenously applied 5-HT on the co-culture between Aa-reactive T cells and DCs
were examined in the following experiments.

The co-culture between Aa-reactive T cells and DCs in the presence of Aa increased the
level of extracellular 5-HT compared to the co-culture in the absence of Aa, suggesting that
antigen-presentation from DCs induced 5-HT production by Aa-reactive T cells (Figure 4A).
Fluoxetine increased 5-HT production from co-culture with or without Aa-antigen, while the
presence of Aa-antigen showed higher 5-HT production than no-Aa control. The addition of
Desipramine also enhanced 5-HT production from the co-culture, while the presence or
absence of Aa did not alter the level of 5-HT (Figure 4A).

The expression of SERT mRNA was confirmed in LPS-stimulated DCs, but not control non-
stimulated DCs (Figure 4B), corresponding to the previous report (O’Connell et al., 2006).
Very importantly, exogenously applied synthetic 5-HT to the ×Aa-T/DC co-culture showed
up-regulation of ×Aa-T cell proliferation induced by DCs (Figure 4C), indicating that 5-HT
provided a co-stimulatory, instead of a suppressive, signal to the ×Aa-T cells.

These results suggested, in turn, that while Fluoxetine can increase extracellular 5-HT in the
co-culture between T cells and DCs, such increased 5-HT was not associated with
Fluoxetine-mediated suppression of DCs’ ability to present bacterial antigens to T cells and
resulting T cell proliferation, because it was shown that elevated 5-HT can up-regulate the
proliferation of T cells, rather than suppressing it.

Effects of Fluoxetine on the production of cytokine and chemokine by DCs
The effects of Fluoxetine and Desipramine on expression of immune-suppressive cytokine,
IL-10, along with other proinflammatory cytokines from LPS-stimulated DCs were
monitored. In particular, LPS was used to stimulate DCs, because Aa is a Gram (-) pathogen
which produce LPS and we reported that LPS can elicit in vivo antigen presentation to Aa-
reactive T cells (Kawai et al., 2000). The non-stimulated DCs showed modest basal
expression of IL-1β, IL-12, MIP-1α and RANTES, whereas TNF-α and IL-10 expression
were lower than the detection limit of the ELISA system. Both Fluoxetine and Desipramine
suppressed basal level expression (non-stimulated) of IL-12 and RANTES, but not IL-1β, or
MIP-1α. Furthermore, while LPS stimulation markedly increased the production of TNF-α,
IL-1β, IL-12, RANTES and MIP-1α in the DCs, addition of either Desipramine or
Fluoxetine to the cultures resulted in significant suppression (Figure 5). The production of
immune suppressive cytokine IL-10 induced by LPS was only suppressed by Desipramine,
but not by Fluoxetine (Figure 5). These results showed that both Fluoxetine and
Desipramine can suppress the LPS-induced production of anti- and proinflammatory
cytokines as well as chemokines from DCs. In terms of the question addressed in this assay,
Fluoxetine and Desipramine did not increase IL-10 expression from DCs irrespective of
LPS-stimulation, indicating that IL-10 produced from DCs may not be associated with the
Fluoxetine- or Desipramine-mediated suppression of proliferation of antigen-specific T cells
induced by DCs.
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Effects of Fluoxetine on IL-10 production from the co-culture of T cells and DCs
It was conceivable that Fluoxetine or Desipramine may act on T cells or DCs with
regulatory property to induce their expression of IL-10, which, in turn, down regulated the
antigen-specific T cell proliferation induced by DCs. However, the addition of Fluoxetine
into the co-culture between DCs and Aa-reactive T cells did not alter the production of IL-10
in the culture (Figure 6). In fact, Desipramine suppressed the production of IL-10 in this co-
culture system (Figure 6). These results show that neither Fluoxetine nor Desipramine 1)
promoted IL-10 expression from DCs (Figure 5) or 2) increased IL-10 production from co-
culture of DCs and Aa-reactive T cells (Figure 4), suggesting that IL-10 produced by either
T cells or DCs may not be associated with the drug-mediated suppression of antigen-specific
T cell proliferation induced by DCs.

Expression profile of DCs surface molecules after exposure to Fluoxetine
The effects of Fluoxetine and Desipramine on the cell surface molecules that are considered
to be involved in the antigen presentation by CD11c+ DCs to T cells were monitored using
flow cytometry (Figure 1). In the control non-stimulated DCs, the majority (more than 85%)
of CD11c cells were positive for CD80, MHC-class-II, ICOS-L and PD-L1, whereas about
30% of CD11c cells expressed CD86, indicating that these CD11c+ DCs induced in ex vivo
culture display characteristics of immature DCs. The prevalence of CD86-positive cells in
the CD11c+ DCs was increased by addition of Fluoxetine and Desipramine. However, at the
same time, among the increased number of total of CD86-positive DCs induced by both
drugs, population size of CD86Low cells increased, whereas that of CD86High cells remained
same or even diminished (L; CD86Low and H; CD86High, Figure 1), suggesting that both
drugs promoted the proportion of immature DCs compared to the mature DCs. Although
both drugs appeared to possess marginal effects on the expression of MHC-class-II, PD-L1,
and CD80, which showed slight increase, noticeable suppression of ICOS-L was induced by
Desipramine and Fluoxetine (Figure 1).

It was questioned if ICOS-L expressed on DCs provides the costimulatory signals to ×Aa-T
cells. To test such possibility, Aa–reactive T cells were co-cultured with DCs in the presence
or absence of Aa-antigen with or without anti-ICOS-L MAb or anti-CD80/CD86 MAbs.
Anti-ICOS-L MAb suppressed antigen-specific T cell growth, albeit to a lesser extent
(Student t test, P < 0.05) when compared to anti-CD80/CD86 MAbs that suppressed
antigen-specific T cell growth remarkably (Student t test, P < 0.01) (Figure 7A). TNF-α
production from Aa–reactive T cells that were co-cultured with DCs and Aa antigen was
diminished by anti-CD80/CD86 MAbs, but not by anti-ICOS-L MAb (Figure 7B). These
results indicated that down-regulation of ICOS-L expressed on DCs by the anti-depressant
drugs might be associated with the drugs’ effects to suppress antigen-specific T cell
proliferation, but not the production of TNF-α.

Effects of Fluoxetine on the TCR/CD28-activated T cells responses
Finally, there is a possibility that these drugs also affect T cells directly and suppress their
response to antigen-presentation by DCs through TCR/MHC-class-II engagement. Indeed,
Fluoxetine and Desipramine significantly inhibited the proliferation of T cells as well as
their production of TNF-α in response to TCR/CD28 stimulation (Figure 8). Furthermore,
the addition of 5-HT (10 μM) to the TCR/CD28-stimulated T cells did up-regulate T cell
proliferation in response to stimulation with anti-TCR/CD28 MAbs (Supplement Figure 2),
suggesting that 5-HT can provide additional co-stimulation to the T cell activation induced
by TCR/CD28 engagement, but that 5-HT is not responsible for the drug-mediated
suppression of TCR/CD28-activated T cells. These results indicated that Fluoxetine and
Desipramine appear to down-regulate not only the antigen presenting function of DCs but
also suppress the TCR/CD28 elicited T cell activation process by overwhelming the T cell
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co-stimulatory effects of extracellular 5-HT produced and accumulated by drug-mediated
inhibition of 5-HT from SERT.

Discussion
The present study demonstrated that Fluoxetine suppresses the ability of DCs to present
bacterial (Aa) antigens to Aa-reactive T cells (×Aa-T cells) in a SERT/5-HT-independent
manner, as monitored by T cell proliferation and their production of TNF-α, although
activated T cells and DC expressed 5-HT and SERT, respectively. SERT/5-HT
independency is important, because of following evidence supported that Fluoxetine
mediated SERT/5-HT system is vitally affecting the interaction between ×Aa-T cells and
DCs; 1) ligation of 5-HT receptors expressed on T cells is reported to activate T cells (Aune
et al., 1993; Leon-Ponte et al., 2007), 2) activated DCs express SERT (Figure 4B)
(O’Connell et al., 2006), and 3) Fluoxetine increase 5-HT in the co-culture between ×Aa-T
cells and DC (Figure 4A), and 4) it is based on the finding that synthetic 5-HT applied to the
co-culture of ×Aa-T cells and DCs increased the proliferation and TNF-α production from
×Aa-T cells (Figure 4C), indicating that extracellular 5-HT in the ×Aa-T/DC co-culture can
up-regulate T cell proliferation. However, Fluoxetine applied to ×Aa-T/DC co-culture
suppressed T cell proliferation and their production of TNF-α by overwhelming the co-
stimulatory effects of extracellular 5-HT on T cell response to antigen-presentation by DCs.
Similar to Fluoxetine, Desipramine, one of the NRI drugs, also demonstrated suppressive
effects on the antigen-presentation function by DCs, supporting a still undefined common
nature among antidepressant drugs in the role they play to suppress the ability of DC to
present bacterial antigens in a SERT-independent manner. Immune suppressive cytokine
IL-10 appeared not to be associated with Fluoxetine- or Desipramine-mediated suppression
of proliferation of bacteria-reactive T cells induced by antigen-presentation by DCs because
neither drug increased the level of IL-10 produced in the ×Aa-T/DC co-culture. Diminished
expression of co-stimulatory molecule ICOS-L on DCs caused by Fluoxetine, as well as
Desipramine, appeared to be partially associated with their suppression of antigen-
presenting function by DCs.

Initially, the ICOS co-stimulatory molecule was implicated to play a role in Th2-prone T
cell activation based on the study using an ICOS-knockout mice (Dong et al., 2001;
McAdam et al., 2001; Tafuri et al., 2001). However, subsequent studies demonstrated that
ICOS co-stimulation is, indeed, required for both Th1 and Th2 responses (Ozkaynak et al.,
2001; Rottman et al., 2001; Smith et al., 2003; Smith et al., 2006). Furthermore, other
reports indicated a role of ICOS in supporting memory and effector T cell responses (Shiao
et al., 2005; Mahajan et al., 2007). Most recent studies revealed that CXCR5(+)ICOS(+)
follicular helper T cells (TFH), a novel T cell subset, play a key helper function to induce B
cell differentiation into plasma cells and memory B cells, which, in turn, result in antigen-
specific antibody production by B cells (Haynes, 2008). Especially, ICOS expression by
CD4 T cells at the time of DC priming is required for TFH differentiation (Crotty, 2011).
Knowing that the elevated level of pathogen-specific serum IgG antibody (Ebersole, et al.,
1986; Mouton, et al., 1981) and infiltration of RANKL+ B cells in the bone resorption lesion
(Kawai, et al., 2006) is characteristic to the periodontal disease, TFH cells are speculated to
be involved in the onset and progression of potentially pathogenic B cell-rich lesion in the
context of periodontal disease. If such premise, i.e. involvement of TFH in development of
pathogenic B cell-rich lesion, is true, Fluoxetine- or Desipramine would offer a novel
therapeutic approach for periodontal disease.

Co-stimulation via CD80 and CD86, which interact with CD28 and CTLA-4, is essential for
full T-cell activation (Janeway & Bottomly, 1994). Therefore, optimal activation of CD4+ T
cells requires the antigen presentation by mature DCs that express MHC-class-II along with
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sufficient level of CD80/CD86 expression (Harding, et al., 1992). The low level of CD80/
CD86 expression is thought to be responsible for diminished antigen presentation capacity
to T cells by immature DCs, compared to that mediated by mature DC (Verhoeven, et al.,
2000; Delgado, et al., 2004). Immature CD86Low DCs has weaker antigen presenting
capacity than mature CD86High DCs (Jin, et al., 2004). Our group also showed that local
antigen-specific activation of Th1-type T cells by CD80/CD86 (B7) costimulation appeared
to trigger inflammatory bone resorption in a rat model of periodontal disease, whereas
inhibition of CD80/CD86 expression by CTLA4-Ig can abrogate the bone resorption
induced by Th1-type T cells (Kawai et al., 2000). The results showing that both drugs
promoted the proportion of CD86Low DCs compared to CD86High DCs (Figure 1) implicate
that increased incidence of immature CD86Low DCs caused by Fluoxetine or Desipramine
may be associated with the diminished antigen presentation by the drug-treated DCs to ×Aa-
T cells.

Fluoxetine displayed inhibitory effects on the production of TNF-α, IL-1β and IL-12 by
immature DCs which were stimulated with LPS (Figure 5). Similar suppressive effects were
also detected when Desipramine was applied to the LPS-stimulated immature DCs (Figure
5). Since ×Aa-T cells were Th1 type and since overactivation of Th1-type T cells is
associated with RANKL-mediated periodontal bone loss (Taubman et al., 2005), drug-
mediated suppression of IL-12, which functions to promote the development and activation
of the Th1 type T cells, is considered to contribute to the down-regulation of pathogenic Th1
type responses. These results of Fluoxetine- and Desipramine-mediated suppression of
proinflammatory cytokine production by DCs were in accordance with data from previous
studies evaluating the influence of NRIs or SSRIs on immune cells (Xia et al., 1996; Maes et
al., 1999; Kubera et al., 2001; Roumestan et al., 2007; Guemei et al., 2008). It was also
reported that these two drugs can down-regulate the production of pro-inflammatory
cytokines from LPS-stimulated monocytes (Roumestan et al., 2007). However, effects of 5-
HT on cytokine production by DCs are rather complex. For example, 5-HT decreased TNF-
α and IL-12, but promoted IL-1β production, in human DCs (Idzko et al., 2004), which
cannot account for the Fluoxetine- and Desipramine-mediated suppression of all three
proinflammatory cytokines, i.e., TNF-α, IL-1β, and IL-12, produced by DCs (Figure 4).
Indeed, some studies have suggested that there is another possible mechanism inducing
Fluoxetine suppression of immune responses in a 5-HT-independent manner (Diamond et
al., 2006; Frick et al., 2008). We support the latter theory, i.e., that Fluoxetine suppresses
proinflammatory cytokine production from activated DCs in a 5-HT-independent fashion
because the addition of exogenous 5-HT to LPS-stimulated DCs did not alter their
expression pattern of TNF-α and IL-1β (data not shown).

The present study also analyzed the effects of Fluoxetine and Desipramine on the production
of chemokines. Fluoxetine and Desipramine reduced the RANTES and MIP-1α production
by LPS-stimulated DCs. RANTES and MIP-1α are produced by variety of immune cells
including DCs (Lore et al., 1998), and these two chemokines in concert with other
chemotactic factors control chemotaxis of T cells and other leukocytes (Miller andKrangel,
1992; Dieu-Nosjean et al., 1999). Furthermore, chemotaxis of lymphocytes induced by
chemokines appears to be engaged in the antigen presentation from DCs to T cells (Caux et
al., 2000; Vicari et al., 2004). Therefore, diminished expression of RANTES and MIP-1α
from activated DCs in response to Fluoxetine and Desipramine may be also associated with
the drug-mediated suppression of antigen-presentation from DCs to T cells.

Based on evidence that 1) antigen-presentation is the key rate-limiting step in the generation
of an immune/inflammatory response (Yoshimura et al., 2001) and 2) over-activation of
bacteria-reactive Th1-type T cells possibly results in host periodontal tissue destruction
(Kawai et al., 2007), regulation of antigen-presenting by DCs, which are the most robust
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antigen-presenting cells, might be a valid strategy for the down-regulation of tissue
destruction caused by immune-associated periodontal disease (Cutler & Jotwani, 2004). The
present study demonstrated that Fluoxetine and Desipramine can be potent drugs in down-
regulating the activation of bacteria-reactive T cells by suppressing the antigen-presenting
function of DCs. Furthermore, Fluoxetine and Desipramine were able to suppress T cell
responses induced by TCR/CD28- ligations (Figure 8). Our preliminary study also showed
that systemic administration of Fluoxetine inhibited the development of periodontal bone
resorption along with the suppression of immune response elicited to oral bacteria
(Pasteurella pneumotropica) induced in a mouse model of periodontal disease following the
previously published protocol (Kawai et al., 2007).

In conclusion, the present study demonstrated that Fluoxetine and Desipramine suppressed
the ability of DCs to present bacterial antigens to T cells and down-regulated the resulting T
cell proliferation in a SERT/5-HT-independent manner and that diminished expression of
ICOS-L on DCs caused by these two drugs appeared to be partially associated with their
suppression of antigen-presenting function by DCs. These findings clearly suggest an
interesting potential of such drugs for modulation of the T cell immune responses to
bacterial infection in the context of periodontal disease and other conditions, e.g., colitis,
where overreaction of T cells to bacteria is thought to be related to host tissue damage.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Influence of Fluoxetine and Desipramine on co-stimulatory molecules expressed on DC
DCs were developed from bone marrow cells by incubation ex vivo in the presence of GM-
CSF for 7 days. The developed DCs were treated with or without Fluoxetine or Desipramine
for 24 hr. The MHC-class-II and co-stimulatory molecules expression pattern on CD11c+
DCs were monitored using flow cytometry. Without separation of CD11c+ cells using
MACS beads, whole bone marrow cell culture containing developed DCs was subjected to
flow cytometry. CD11c+ cells were labeled by PE, while remaining cell markers, MHC-
class-II, PD-L1, CD80, CD86, and ICOS-L, were labeled with FITC. # shows the non-
stained control Bone marrow cells. The open histogram indicates the FITC staining of PE
positive (CD11c+) DCs incubated in medium alone. The solid histograms display the FITC
staining of PE positive (CD 11c+) DCs stimulated with Fluoxetine (upper panel) or
Desipramine (bottom panel), respectively. C: no drug treated control group. F: Fluoxetine
treated group. D: Desipramine treated group. The arrows (L and H) shown in CD86-stained
cells indicate CD86Low and CD86High populations, respectively.
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Figure 2. The effects of Fluoxetine and Desipramine on the bacteria (Aa)-antigen-reactive T cell
(×Aa-T) responses induced by DCs
(A and B) The effects of Fluoxetine and Desipramine on the Aa-antigen-specific ×Aa-T cell
proliferation induced by co-culture with bone marrow derived DCs (treated with MMC) and
Aa-antigen were examined. The lymph node T cells isolated from control non-immunized
mice or Aa-immunized mice (4 × 105 cells/well, respectively) were co-cultured with DCs (2
× 104 cells/well, pretreated with MMC) in the presence or absence of Aa-antigen (2 × 106

fixed bacteria/well) for 4 days. Proliferation of T cells was determined by adding [3H]
thymidine (0.5 μCi) to each well during the last 16 hours of a total 4 day culture (A). Culture
supernatants were collected 3 days after co-culture for the measurement of TNF-α
production by ELISA (B). Results are expressed as the mean ± SD of incorporated [3H]
thymidine (cpm) or concentration of TNF-α (pg/mL). One representative result from three
different experiments is shown. #, significantly higher than non-immunized mice by Student
t test (P < 0.01). *, significantly lower than control cultured with Aa by Student t test (P <
0.01).
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Figure 3. The effects of pre-treatment of DC with Fluoxetine or Desipramine on DC’s ability to
present antigen
(A and B) DCs were pre-treated with Fluoxetine (1 μM) or Desipramine (1 μM) for 24
hours. Subsequently, those DCs were further treated with MMC and co-cultured with ×Aa-T
cells in the presence and absence of Aa antigen. Antigen-specific T cell proliferation (A) and
their TNF-α production (B) were monitored following the protocol described in Figure 1.
Results are expressed as the mean ± SD of incorporated [3H] thymidine (cpm) or
concentration of TNF-α (pg/mL). One representative result from three different experiments
is shown. *, significantly lower than control (Control) cultured with Aa by Student’s t test (P
< 0.01).
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Figure 4. Expressions of 5-HT and SERT in ×Aa-T and DC as well as the effects of synthetic 5-
HT on the proliferative response of ×Aa-T cells
(A) ×Aa-T cells (4 × 105 cells/well) were co-cultured with DCs (2 × 104 cells/well,
pretreated with MMC) in the presence and absence of Aa (107 fixed bacteria/mL/well). In
addition, Fluoxetine or Desipramine (1 μM) was applied to the co-culture. After 3 days, the
supernatants were collected for the measurement of 5-HT. *, higher than control co-culture
with Aa (Student’s t test, P < 0.05), #, there is significant difference between the culture
with and without Aa (Student’s t test, P < 0.05). (B) mRNA for SERT expressed in DCs was
monitored using RT-PCR. Total RNA isolated from DCs incubated with or without LPS for
24 hours was subjected to RT-PCR using PCR primer set specific to SERT orβ-actin. As a
positive control, brain tissue isolated from normal C57BL/6 mice was used. (C) Effects of
synthetic 5-HT on the proliferative response of ×Aa-T cells in the co-culture with DC were
evaluated. ×Aa-T cells (4 × 105 cells/well) were co-cultured with DCs (2 × 104 cells/well,
pretreated with MMC) in the presence and absence of Aa (107 fixed bacteria/mL/well).
Synthetic 5-HT (1 and 10 μM) was applied to the co-culture. [3H] thymidine (0.5 μCi) was
applied to each well during the last 16 hours of a total 4-day culture. #, there is a significant
difference between the culture with 5-HT (10 μM) and without 5-HT (Student’s t test, P <
0.05)
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Figure 5. Effects of Fluoxetine and Desipramine on the production of cytokines and chemokines
by LPS-stimulated DC
DCs were stimulated with or without LPS (1μg/mL) in the presence or absence of
Fluoxetine or Desipramine (1 μM) for 24 hours. The concentrations of TNF-α, IL-1β, IL-12,
RANTES, MIP-1α and IL-10 in the culture supernatant were measured using ELISA.
Results are expressed as the mean ± SD of cytokines/chemokines concentrations (pg/mL) of
triplicate cultures. One representative result from three different experiments is shown. *,
significantly lower than no drug treatment by Student’s t test (P < 0.01).
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Figure 6. Effects of Fluoxetine and Desipramine on IL-10 production from antigen-specific T cell
proliferation induced by DCs
×Aa-T cells (4 × 105 cells/well) were co-cultured with DCs (2 × 104 cells/well, pretreated
with MMC) in the presence or absence of Aa (107 fixed bacteria/mL/well). In addition,
Fluoxetine or Desipramine (1 μM) was applied to the co-culture. After 3 days, the
supernatants were collected from the co-culture for the measurement of IL-10 using ELISA.
Results are expressed as the mean ± SD of IL-10 (pg/mL) of triplicate cultures. *,
significantly lower than control without drug by Student’s t test (P < 0.01).
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Figure 7. Engagement of ICOS-L co-stimulatory molecule in the ×Aa-T cell responses induced
by antigen presentation from DCs
×Aa-T cells (4 × 105 cells/well) were co-cultured with DCs (2 × 104 cells/well, pretreated
with MMC) in the presence or absence of Aa (107 fixed bacteria/mL/well). In addition, anti-
mouse MHC-class II Ab MAb (10 μg/mL), anti-ICOS-L MAb (10 μg/mL), a mixture of anti-
CD80 MAb and anti-CD86 MAb (10 μg/mL, respectively), or control rat IgG (10μg/mL)
was applied to the co-culture. Antigen-specific T cell proliferation (A) and their TNF-α
production (B) were monitored following the protocol described in Figure 1. *, **,
significantly lower than control cultured with Aa by Student’s t test (P < 0.05, P < 0.01,
respectively).
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Figure 8. Effects of Fluoxetine and Desipramine (1 μM) on T-cell proliferation induced by
immobilized anti-TCR MAb and anti-CD28 MAb
Naïve T cells isolated from cervical lymph nodes of C57BL/6 mice were stimulated with
immobilized anti-TCRβ MAb (clone: H57-597, Pharmingen) and anti-CD28 MAb (clone:
37.51, Pharmingen) on 9-well culture plate in the presence or absence of Fluoxetine or
Desipramine. To measure the proliferation of T cells via engagement of TCR/CD28
activation, 3H-thyimidine was applied to each well for the last 16 hours of a total 4 day
culture, and the radio-activities incorporated into the cells under mitosis was monitored by a
scintillation counter. TNF-α production from naive T cells stimulated by TCR/CD28
activation was monitored in the culture supernatant harvested after 72 h incubation in the
presence of absence of Fluoxetine or Desipramine, using an ELISA for mouse TNF-α.
Results are expressed as the mean ± SD of 3H thymidine incorporated into cells (c.p.m.) or
cytokines concentrations (pg/mL) of triplicate cultures. No statistical difference was
detected between no drug control and the group received each drug. *, significantly lower
than control without drug by Student’s t test (P<0.01).
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