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Background: Intracellular NAD� levels ([NAD�]i) regulate important cell functions.
Results: Lowering the [NAD�]i decreases, and increasing [NAD�]i enhances replenishment of ER Ca2� stores, mitogen-
induced [Ca2�]i increase, and functional responses in T cells through gating of TRPM2 by CD38-generated ADPR.
Conclusion: [NAD�]i regulates Ca2� homeostasis and immune responses in T cells.
Significance: Strategies aimed at increasing [NAD�]i in T lymphocytes can potentiate immune responses.

Intracellular NAD� levels ([NAD�]i) are important in regu-
lating humanT lymphocyte survival, cytokine secretion, and the
capacity to respond to antigenic stimuli. NAD�-derived Ca2�-
mobilizing second messengers, produced by CD38, play a piv-
otal role in T cell activation.
Here we demonstrate that [NAD�]imodifications in T lym-

phocytes affect intracellular Ca2� homeostasis both in terms
of mitogen-induced [Ca2�]i increase and of endoplasmic
reticulum Ca2� store replenishment. Lowering [NAD�]i by
FK866-mediated nicotinamide phosphoribosyltransferase
inhibition decreased the mitogen-induced [Ca2�]i rise in Jur-
kat cells and in activated T lymphocytes. Accordingly, the
Ca2� content of thapsigargin-sensitive Ca2� stores was
greatly reduced in these cells in the presence of FK866.When
NAD� levels were increased by supplementing peripheral
blood lymphocytes with the NAD� precursors nicotinamide,
nicotinic acid, or nicotinamide mononucleotide, the Ca2�

content of thapsigargin-sensitive Ca2� stores as well as cell
responsiveness to mitogens in terms of [Ca2�]i elevation were
up-regulated. The use of specific siRNA showed that the
changes of Ca2� homeostasis induced by NAD� precursors
are mediated by CD38 and the consequent ADPR-mediated
TRPM2 gating. Finally, the presence of NAD� precursors up-

regulated important T cell functions, such as proliferation
and IL-2 release in response to mitogens.

Nicotinamide phosphoribosyltransferase (Nampt)3 is the
rate-limiting enzyme in the salvage pathway of NAD� biosyn-
thesis from nicotinamide (NAM) in human cells (1–3). Using
NAM and 5-phosphoribosyl-1-pyrophosphate as substrates,
Nampt catalyzes the synthesis of nicotinamide mononucle-
otide (NMN) and inorganic pyrophosphate. In the next step
NAD� generation is catalyzed by NMN-adenylyltransferases
starting from NMN and ATP (4).
Nampt-mediated NAD� biosynthesis appears to be espe-

cially important in immune cells, as shown by several lines of
evidence. Nampt is up-regulated in T lymphocytes upon
encounter with activating stimuli (5–8). Selective Nampt dis-
ruption, obtained by generating a mouse strain expressing a
conditional Nampt allele in the lymphocyte lineage, results in
an early arrest of thymocyte development and in the absence of
mature T and B cells from peripheral lymphoid organs (9). In
addition, pharmacological Nampt inhibition with FK866 is
associated with lymphopenia in patients (10). In activated T
lymphocytes, the functional consequences of Nampt inhibition
by FK866 are exacerbated by the concomitant activation of
NAD� degrading enzymes, such as poly(ADP-ribose) polymer-
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ase (11). Hence, in these cells, massive NAD� depletion, mito-
chondrial proton gradient (��m) dissipation, ATP shortage,
and autophagic cell demise eventually result from protracted
Nampt inhibition (11). In addition to being required for T cell
survival, intracellular NAD� appears to promote cytokine
secretion, as already reported for TNF-� and IFN-� (11, 12). In
line with its effect on activated human T lymphocytes, FK866
reduces the clinical severity of experimental autoimmune
encephalomyelitis, a prototypical model of T-cell mediated
autoimmune disorder (11).
In addition to the salvage pathway from NAM, NAD� syn-

thesis in T lymphocytes can also take place starting from nico-
tinic acid (NA), which is substrate of the enzyme nicotinic acid
phosphoribosyltransferase (Naprt1). This enzyme is present in
human peripheral blood lymphocytes (PBLs) and, similarly to
Nampt, is up-regulated in response to mitogenic stimulation
(11, 13). Indeed, the addition of either NAM or NA rescues the
NAD� depletion caused by FK866 in human PBLs (11). Alto-
gether, the strong increase in Nampt and Naprt1 levels in
activated T lymphocytes (5–8, 11) and the fact that Nampt
inhibition by FK866 negatively affects T cell function and
survival (11) indicate that NAD� availability is critically
important for the capacity of human T lymphocytes to
respond to antigenic stimuli. Accordingly, strategies aimed
at lowering NAD� levels have been proposed to treat
immune disorders (11, 14).
Themechanisms throughwhichNAD� levels affectTcell func-

tion are complex, but NAD�-dependent signal transduction is
likelyoneof themost relevant.NAD�-derivednucleotides and the
activation of the signal transduction machinery that follows their
generation play a pivotal role in T cell activation (15–17). The
multifunctional ectoenzyme CD38 catalyzes the synthesis,
starting from NAD�, of the calcium-mobilizing second mes-
sengers cyclic ADP-ribose (cADPR) and ADP-ribose (ADPR).
The products of the CD38-catalyzed reactions regulate Ca2�

signal transduction in cell types as diverse as sea urchin oocytes
and mammalian cells (17–20). It is well established that the
control of intracellular free Ca2� concentration ([Ca2�]i) is
crucially important for the regulation of many immune cell
functions, including proliferation, cytokine production, cell
death, and apoptosis (21–27).
cADPR inducesCa2�mobilization from ryanodine receptor-

gated Ca2� stores in the endoplasmic reticulum (ER), and at
least in some cell types, it elicits extracellular Ca2� influx (17,
19). ADPR activates TRPM2, a non-selective, Ca2�-permeable
cation channel of the melastatin-related transient receptor
potential (TRPM) ion channel subfamily by binding to the cyto-
plasmic NUDT9 domain (28).
In this study we investigated whether modifications of

NAD� levels in T lymphocytes would affect the intracellular
Ca2� homeostasis both in terms of mitogen-induced [Ca2�]i
increase and of the state of ER calcium store replenishment.
Intracellular NAD� levels were lowered in these cells by
FK866-mediatedNampt inhibition. Alternatively, NAD� levels
were increased by supplementing cells with the NAD� precur-
sors NAM, NA, and NMN.

EXPERIMENTAL PROCEDURES

Materials—FURA-2AM and Fluo-3AM were obtained from
Calbiochem. FK866 was generously provided by the NIMH
Chemical Synthesis and Drug Supply Program. [14C]NAD�

was obtained from Amersham Biosciences. 8-Br-ADPR was
purchased from BioLog (Bremen, Germany). Coelenterazine n
was obtained from ANASPEC (Fremont, CA). All other chem-
icals were obtained from Sigma.
PBL Isolation—Buffy coats, prepared from blood of healthy

human volunteers and obtained from Galliera Hospital,
Genova, Italy, were diluted with an equal volume of phosphate-
buffered saline. Peripheral blood mononuclear cells were iso-
lated by density centrifugation over Ficoll-Paque Plus (GE
Healthcare), and contaminating erythrocytes were lysed by
resuspending cells for a few minutes in the lysing buffer (0.3 M

NH4Cl and 20 mM KHCO3). Peripheral blood mononuclear
cells were resuspended in RPMI 1640, supplemented with 100
units/ml penicillin and 0.1 mg/ml streptomycin, and then cul-
tured for 4 h. Non adherent (i.e. monocyte-depleted) PBLs
(�70% CD3� T cells) were recovered, resuspended at 2 � 106

cells/ml in RPMI 1640 supplemented with 100 units/ml peni-
cillin, 0.1 mg/ml streptomycin, and 10% FBS (complete
medium) and used for subsequent experiments. Nicotinamide
is present in RPMI 1640 medium at a 8 �M final concentration.
Cell Culture—The Jurkat T cell leukemia cell line was

obtained fromATCC (LGC Standards s.r.l. Milano, Italy). Cells
were grown in complete medium. The Bcl-2 overexpressing
Jurkat cells and the control cells transfected with the empty
vector were a gift of Dr. Claus Belka (LudwigMaximilians Uni-
versität München, Department of Radiation Oncology,
Munich, Germany) (29).
Viability Assays—PBL viability was determined as described

in Bruzzone et al. (11) by propidium iodide staining and flow
cytometry (FACS Calibur, BD Biosciences).
Fluorimetric Determination of Intracellular Calcium Levels—

PBL or Jurkat cells (2 � 106/ml), stimulated or not with phyto-
hemagglutinin (PHA) (5 �g/ml) and/or treated for 24 h in the
presence or absence of 33 nM FK866 or 0.1 mM NAM, NA, or
NMN, were loaded with 10 �M FLUO-3AM or Fura-2AM for
45 min at 37 °C in RPMI medium, washed with Ca2�-contain-
ing Hanks’ balanced salt solution (HBSS), and resuspended in
the same solution at 2 � 106 cells/ml. Alternatively, in some
experiments, cells were washed and resuspended in Ca2�-free
HBSS before thapsigargin (TG) addition. [Ca2�]i measure-
ments with Fluo-3-loaded cells were performed in 96-well
plates (105 cells/well). The basal fluorescence (excitation, 485
nm; emission, 520 nm) was adjusted to have a comparable
(within a�10% range) basal intensity in eachwell. Fluorescence
was measured every 3 s with a fluorescence plate reader (Fluo-
star Optima, BMG Labtechnologies GmbH, Offenburg, Ger-
many). The intensity of emitted light was plotted as a function
of time. Calcium changes were calculated for each trace using
the formula �/basal � 100, where � is the difference between
themaximal fluorescence upon the addition of stimulus and the
basal fluorescence (basal), normalized to the basal fluorescence
(basal).
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Fura-2-loaded cells were seeded on poly-L-lysine-coated,
glass bottom, cell culture dish (Greiner Bio-One, Fricken-
hausen, Germany) and incubated for 20 min at 37 °C. [Ca2�]i
measurements and calibrations were performed with a micro-
fluorimetric system (Cairn Research, Faversham, Kent, UK).
Determination of Intracellular NAD� and cADPR Levels—

PBL or Jurkat cells were cultured as described above for 24 h
and stimulated or not with PHA (5 �g/ml) in the presence or
absence of FK866 (33 nM), NAM (0.1, 1, or 10 mM), NA (0.1
mM), or NMN (0.1 mM). At the end of each incubation, 1 ml of
cells werewithdrawn and centrifuged for 15 s at 16,000� g. Cell
pellets were lysed in 0.3 ml of 0.6 M perchloric acid at 4 °C. Cell
extracts were centrifuged for 3 min at 16000 � g; the superna-
tants were collected, and an aliquot was diluted 200-fold in 100
mM sodium phosphate buffer, pH 8.0, for determination of
NAD� content, as described (30). Perchloric acid was removed
from the rest of the supernatant by mixing the aqueous sample
with 4 volumes of a solution containing 1,1,2-trichlorotrifluo-
roethane and tri-n-octylamine, and the cADPR content was
determined as described (30). NAD� and cADPR values were
normalized on protein concentrations, determined by the
Bradford assay.
Determination of IntracellularATPContent—PBLswere cul-

tured as described above for 24 h, stimulated or notwith PHA (5
�g/ml), in the presence or absence of FK866 (33 nM), NAM (0.1
mM), NA (0.1 mM), or NMN (0.1 mM). At the end of the incu-
bation, 1 ml of cells was withdrawn and centrifuged for 15 s at
16,000 � g. Cell pellets were lysed in 0.3 ml of 0.6 M perchloric
acid at 4 °C, and the neutralized extracts were analyzed by
HPLC (11). ATP values were normalized on protein concentra-
tions, determined by the Bradford assay.
Measurements of ER Ca2� Refilling—Freshly isolated PBLs

(5 � 106/cuvette) were transfected with the Nucleofector sys-
tem (Amaxa GmbH, Cologne, Germany) using the Nucleofec-
tor program X-005, solution V, with 4 �g of plasmid encoding
for the aequorin directed to the endoplasmic reticulum
(erAEQ) to measure the ER Ca2� concentration ([Ca2�]ER)
(31). After electroporation, PBLs were resuspended at 2 � 106
cells/ml in completemedium and incubated in 5%CO2 at 37 °C
in the presence or absence of 0.1mMNAMorNA. Twenty-four
hours after transfection, cells were incubated for 1 h at 4 °C in
KRB saline solution (Krebs-Ringer modified buffer: 125 mM

NaCl, 5 mM KCl, 1 mM Na3PO4, 1 mM MgSO4, 5.5 mM glucose,
20 mM HEPES, pH 7.4) supplemented with coelenterazine n (5
�M), theCa2� ionophore ionomycin (5�M), and 1mMEGTA to
obtain a drastic reduction of the lumenal Ca2�. At the end of
the incubation, cells werewashedwith KRB supplementedwith
2% BSA, resuspended in KRB, and rapidly transferred into a
well in a white 96-well plate (2.5 � 105 cells/well) set in a lumi-
nescence plate reader (Fluostar Optima, BMGLabtechnologies
GmbH). CaCl2 (5 mM final concentration) was added, and the
recording was immediately started. The instrument setting was
as follow: well-mode, 1.00-s measurement interval time, 1.00-s
interval time).
Production and Purification of [14C]ADPR—[14C]NAD�

(1�Ci/100 �l) was incubated with 0.5 milliunits/ml NAD�ase
(Sigma) for 6 h. The enzyme was then removed by filtration
with amultiscreen vacuummanifold using Immobilon-Pmem-

brane plates (Millipore, Bedford, MA), and the incubation was
subjected to an analytical phosphate HPLC analysis performed
on a C18, 150 � 4-mm, 5-�m column (Waters, Milano, Italy)
using the same conditions (buffers, gradient and flow rate) as in
Basile et al. (32). Fractions were collected everyminute, and the
radioactive fraction (eluting at the same time of standard
ADPR) was collected, dried, resuspended in water, and used as
tracer in the determination of intracellular ADPR content.
Determination of Intracellular ADPR Content—PBLs (30 �

106) were cultured as described above for 24 h in the presence
or absence of 0.1 mM NAM, NA, or NMN. Cells were with-
drawn and centrifuged for 5 min at 300 � g. Cell pellets were
lysed in 0.2 ml of 5% trichloroacetic acid at 4 °C. Cell extracts
were centrifuged for 3 min at 16,000 � g; and the supernatants
were collected and neutralized with diethyl ether extractions.
[14C]ADPR (10000 cpm) was added to the extracts, which were
then injected into a first HPLC analysis; the column was a PL-
SAX (50� 4.6mm, 8�m; CPSAnalitica,Milano, Italy), solvent
A was 0.02 M NH4HCO3, pH 7.5, and solvent B was 0.5 M

NH4HCO3, pH 7.5. The solvent program was a linear gradient
starting at 100%A and increasing to 100%B in 30min; flow rate
was 0.5 ml/min. Fractions were collected every min, and the
radioactive fraction (the ADPR elution time was 14.5 min) was
dried, resuspended in 0.25 ml of water, and subjected to the
analytical phosphate HPLC analysis described above (the
ADPR elution time was 30 min). A representative chromato-
gram of each one of the two HPLC analyses is shown in Fig. 6B.
siRNA Transfection—Transient transfection of human PBLs

was performed using the Nucleofector System. Freshly isolated
PBLs (5 � 106) were transfected using the Nucleofector pro-
gram X-005, solution V, with 2 �M CD38-targeting StealthTM
duplex short interference RNA (CD38-siRNA), 2 �M TRPM2-
targeting StealthTM duplex short interference RNA (TRPM2-
siRNA), or with 2 �M StealthTM Negative Control (control
siRNA). After transfection, PBLs were resuspended in 2.5 ml
completemedium and incubated in 5%CO2 at 37 °C. All exper-
iments were performed 24 h after transfection.
The CD38- and TRPM2-targeting StealthTM siRNAs for

humans (siRNA#1, CD38-HSS101578; siRNA#2, TRPM2-
HSS110995) were obtained from Invitrogen; the negative con-
trol siRNA for transfection of human cells was also from
Invitrogen.
Real Time PCR—Total RNAwas extracted from human PBL

and Jurkat cells using the RNeasy micro kit (Qiagen, Milano,
Italy) according to the manufacturer’s instructions and reverse
transcribed into cDNAusing the iScriptTM cDNASynthesis Kit
(Bio-Rad). The cDNA was used as the template for real-time
PCR analysis; reactions were performed in an iQ5 real-time
PCR detection system (Bio-Rad). The human specific primers

TABLE 1
Human specific primers for real-time PCR analysis

Human gene Sequence, 5�-3�

CD38 Forward GGACACGCTGCTAGGCTACC
Reverse CATCACATGGACCACATCACAGG

TRPM2 Forward GTCTTCCACCTGAACATCCTCTCC
Reverse CCGCATCTCCTCGCACACC

GAPDH Forward CCTGTTCGACAGTCAGCCG
Reverse CGACCAAATCCGTTGACTCC
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were designed by using Beacon Designer 2.0 software (Bio-
Rad), and their sequences were as shown in Table 1.
Each samplewas assayed in triplicate in a 25-�l amplification

reaction containing 25 ng of cDNA, 0.2�Mconcentrations each
of sense and antisense primers, and 10�l of 2� iQ SYBRGreen
Supermix Sample (Bio-Rad). The amplification program
included 40 cycles of two steps, each comprising heating to 95
and to 60 °C. Fluorescent productswere detected at the last step
of each cycle. To verify the purity of the products, a melting
curve was produced after each run. Values for human genes
were normalized to GAPDH mRNA expression. Statistical
analysis of the quantitative real-time PCR was obtained using
the iQ5 Optical System Software Version 1.0 (Bio-Rad) based
on the 2���Ct method, which calculated relative changes in
gene expression of the target normalized toGAPDH.Thequan-
titative PCR efficiencies were determined by a series of 5-fold
dilutions for each experiment and each gene and were always
between 90 and 95% (33, 34).
Western Blot—Jurkat or Bcl2-Jurkat cells, resting or PHA-

activated PBLs were incubated (or not) with 33 nM FK866 for
24 h.Cellswere then lysed in 50mMTris-HCl, 150mMNaCl, 1%
Nonidet P-40, pH 8, containing amixture of protease inhibitors
(lysis buffer). 15 �g of total proteins were then loaded on a 10%
SDS-PAGE. The level of Bcl2 expression was determined by
Western blot using the anti-Bcl2 mouse monoclonal Ab (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA).
Twenty-four hours after transfection with the CD38- or

TRPM2-targeting siRNAs, PBLs were lysed in lysis buffer, and
15 �g of total protein were then loaded on a 10% SDS-PAGE.
The level of CD38 or TRPM2 expression was determined by
Western blot using the anti-CD38 mouse monoclonal Ab
(Sigma) or the anti-TRPM2polyclonalAb (Bethyl Laboratories,
Inc., Montgomery, TX), respectively.
Bioluminescence intensity of Bcl2, CD38, or TRPM2 was

estimated by the Chemidoc System (Bio-Rad) and normalized
in each sample to the level of actin expression (revealed with an
anti-actin polyclonal Ab from Santa Cruz Biotechnology).
Proliferation Assay—Cell cultures incubated with the indi-

cated stimuli either in the presence or absence of drugs were
analyzed for the adenosine triphosphate (ATP) content with
the ATPLite one step kit from PerkinElmer Life Sciences fol-
lowing the manufacturer’s instruction. Briefly, 100 �l of cell
culture were incubated with ATPLite one step solution, and
luminescence was evaluated using VictorX5 (PerkinElmer Life
Sciences). ATP content and luminescence were directly pro-
portional to cell number in a given cell culture. Preliminary
experiments performed by labeling cell cultures with [3H]thy-
midine in parallel with determination of ATP content indicated
that these two methods were equally adequate to evaluate cell
proliferation (35).
IL-2 Release—PBLs (107/ml)were incubated (or not)with 0.1

mM NAM, NA, or NMN for 24 h and then incubated for a
further 24 h in the absence or in the presence of 5 �g/ml
concanavalin A (ConA). IL-2 concentration in cell superna-
tants was determined with the IL-2 DuoSet ELISA kit (R&D
Systems, Minneapolis, MN) according to the manufacturer’s
instructions.

Statistical Analysis—All parameters were tested by paired t
test or by or by a one-way analysis of variance. p values �0.05
were considered significant.

RESULTS

Nampt Inhibition by FK866 Down-regulates Anti-CD3 mAb-
mediated [Ca2�]i Increase in Jurkat Cells and in Activated T
Lymphocytes—We reported previously that activated, but not
resting T lymphocytes as well as T lymphocyte cell lines
undergo massive NAD� depletion upon FK866-mediated
Nampt inhibition. As a consequence, proliferation was
impaired, IFN-� and TNF-� production were reduced, and
eventually autophagic cell demise occurred (11).
Here we sought to establish whether these dramatic effects

can be accounted for by a perturbed homeostasis of cellular
Ca2�. Jurkat or PBLs were incubated with FK866, and cell via-
bility was verified by propidium iodide staining. In line with our
previous data (11), a 24-h incubation with 33 nM FK866 did not
significantly affect cell viability (97 � 8% of untreated cells).
As shown in Fig. 1A, stimulation with an anti-CD3monoclo-

nal antibody (anti-CD3mAb) (JT3A, Ref. 35) did not evoke any
Ca2� increase in Jurkat cells that were pretreated with FK866
for 24 h. Similarly, no Ca2� increase was observed in FK866-
treated Jurkat cells stimulated with themitogen PHA or conca-
navalin A (Fig. 1A).
Next, we investigated the effect of FK866-mediated Nampt

inhibition on resting PBLs. Anti-CD3 mAb- or ConA-stimu-
lated [Ca2�]i increase was not affected by FK866-treatment
(Fig. 1B). Conversely, treatment with FK866 strongly inhibited
the anti-CD3mAb- or ConA-induced [Ca2�]i increase in PBLs
that had been preactivated with PHA for 24 h (Fig. 1B). In par-
allel, we confirmed that intracellular NAD� content in PHA-
preactivated PBLs and Jurkat cells was greatly decreased by a
24-h incubation with 33 nM FK866 (5.42� 1.49 and 0.22� 0.12
nmol/mg in untreated and FK866-treated, PHA-activated
PBLs, respectively, n 	 5, p � 0.0001; 6.61 � 0.52 and 0.12 �
0.05 nmol/mg in untreated and FK866-treated Jurkat cells,
respectively, n 	 5, p � 0.0001), in agreement with published
results (11). These results indicate that intracellular NAD�

depletion strongly affects cell responsiveness in terms of
[Ca2�]i increase in Jurkat cells and in activated PBLs.

The Ca2� response to anti-CD3 mAb stimulation was previ-
ously shown to involve the production of the NAD�-derived
second messenger cADPR (23). In FK866-treated Jurkat cells,
intracellular cADPR levels were strongly decreased as com-
pared with the untreated cells (4.3 � 0.7 and 29.5 � 2.4 pmol/
109 cells, respectively, n 	 3, p � 0.0001), and anti-CD3 mAb
addition (20 ng/ml for 30 min at 37 °C) did not stimulate
cADPR production (4.8� 0.9 pmol/109 cells, n	 3, p� 0.05 as
compared with FK866-treated cells). Therefore, these data sug-
gest that that a lack of cADPR generation could be responsible
for the reduced Ca2� response to mitogens in FK866-treated
cells.
Nampt Inhibition by FK866 Depletes Thapsigargin-sensitive

Ca2� Stores in Jurkat and in Activated T Lymphocytes—Be-
causemitogens failed to induce a full [Ca2�]i increase in FK866-
treated Jurkat and in pre-activated, FK866-treated PBLs, we
investigated the effect of FK866 on the repletion state of the
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TG-sensitive Ca2� stores in these cells. TG is known to empty
the cADPR- and inositol 1,4,5-trisphosphate-sensitive ERCa2�

stores by inhibiting the ATP-dependent Ca2� pumps of the ER
(36). As a consequence, the depletion of intracellular Ca2�

stores activates Ca2� influx through a store-operated Ca2�

entry mechanism (37).
In PHA-preactivated PBLs, incubated with 33 nM FK866 for

24 h, the TG-sensitive stores, as measured in Ca2�-free
medium, were depleted by FK866 by 
70% (not shown). The
TG-induced [Ca2�]i rise in PHA-preactivated PBLs, measured

in Ca2�-containing medium, was also strongly reduced by
FK866 (Fig. 1C). Conversely, the TG-induced [Ca2�]i rise was
not modified by FK866 in resting PBLs (Fig. 1C), in line with
results obtained on the anti-CD3 mAb- and ConA-induced
[Ca2�]i increase (Fig. 1B).
In FK866-treated Jurkat cells, the addition of TG in a Ca2�-

free medium resulted in a remarkably lower (by 
65%) Ca2�

release, as compared with untreated cells (Fig. 2A). Similarly,
the addition of TG in a Ca2�-containing medium also resulted
in a strongly reduced (by 85%) Ca2� rise, demonstrating that
Ca2� influx was greatly impaired in FK866-treated Jurkat cells
(Fig. 2B), having a reduced Ca2� content in TG-sensitive ER
stores.
Altogether, these results indicate that in Jurkat and in acti-

vated, but not in resting PBLs, NAD� synthesis through the
“salvage pathway” is required to maintain the state of replen-
ishment of ERCa2� stores necessary to ensure the full response
to mitogens in terms of Ca2� increase.

In FK866-treated Jurkat and in activated PBLs, the decrease
in intracellular NAD� content was followed by a decrease (by

20%) in ATP content, in line with Bruzzone et al. (11). Con-
versely, we found here that in resting PBLs, incubation of cells
with FK866 did not affect the intracellular ATP content (27.8�
9.5 and 26.7� 8.3 nmol/mg of protein in control and in FK866-
treated resting PBLs, respectively, n 	 3, p � 0.05). Thus, ATP
shortage as well as NAD� shortage requires T cell activation to
occur, probably as a consequence of the up-regulation of
NAD�-consuming enzymes (11).
We previously found that Bcl2-overexpressing Jurkat cells

(Bcl2-Jurkat) do not show any ATP decrease upon treatment
with FK866, although FK866 efficiently depletes their intracel-
lular NAD� (11). Indeed, the major function of Bcl2 and of the
related anti-apoptotic Bcl2 familymembers is to preservemito-
chondrial integrity, thus maintaining ATP synthesis and inhib-
iting release of proapoptotic factors (38). The inhibition of
Ca2� release from the ER is thought to be one of the mecha-
nisms whereby Bcl2 preserves mitochondria integrity and
inhibits apoptosis (39). In an attempt to investigate the role of
ATP shortage in FK866-mediated impairment of Ca2�

responses, we chose to compare the effect of FK866 on the
repletion state of TG-sensitive stores in Jurkat and in Bcl2-
Jurkat cells. The effect of Bcl2-overexpression per se on the ER
Ca2� content is controversial (39, 40, 41). In our cells, the TG-
induced Ca2� increase, both in Ca2�-free and in Ca2� contain-
ing buffer, was not significantly different in untreated Jurkat
and in untreated Bcl2-Jurkat (Fig. 2,A and B), in line with Han-
son et al. (41). However, consistent with Hanson et al. (41) and
Rong et al. (42),mitogenic stimulation induced a lower (by 40�
7%, n	 4) [Ca2�]i increase in Bcl2-Jurkat than in regular Jurkat
cells (not shown).When assessing FK866 capability to affect the
replenishment status of TG-sensitive Ca2�-stores in Jurkat and
in Bcl2-Jurkat, we found that the Ca2� content was only
reduced in the former but not in the latter (Fig. 2, A and B). In
addition, the [Ca2�]i increase induced by anti-CD3mAb, PHA,
or ConAwas not affected by FK866 in Bcl2-Jurkat (not shown).
We confirmed by Western blot analysis the higher level of

Bcl2 expression in Bcl2-Jurkat (Fig. 2C). The level of Bcl2
expressionwas not affected by FK866 treatment either in Jurkat

FIGURE 1. FK866 prevents the [Ca2�]i increase induced by different mito-
gens and reduces the Ca2� content of TG-responsive Ca2� stores in Jur-
kat and in activated PBLs. A, Jurkat cells were incubated (or not, control)
with 33 nM FK866 for 24 h and loaded with Fluo-3. Cells were then stimulated
with 20 ng/ml anti-CD3 mAb (white bars), 5 �g/ml PHA (gray bars), or 5 �g/ml
ConA (black bars) in HBSS. Inset, shown are representative traces of control
(black trace) or FK866-treated (gray trace) Jurkat cells upon the addition of
PHA. B, freshly isolated human PBLs were activated (or not, resting) with 5
�g/ml PHA for 24 h. PBLs were then incubated (or not, control) with 33 nM

FK866 for a further 24 h and loaded with Fluo-3. PBLs were then stimulated
with either anti-CD3 mAb (white bars) or ConA (black bars). Inset, shown are
representative traces of PHA-activated PBLs, incubated (gray trace) or not
(black trace) with FK866 and then stimulated with anti-CD3 mAb in HBSS.
C, freshly isolated human PBLs were activated or not (resting) with 5 �g/ml
PHA for 24 h. PBLs were then incubated (or not, control) with 33 nM FK866 for
24 h and loaded with Fluo-3. PBLs were then treated with 10 �M TG in HBSS.
Inset, shown are representative traces of PHA-activated PBLs, incubated (gray
trace) or not (black trace) with FK866 and then treated with TG. Fluorescence
changes were recorded with a fluorescence plate reader. Results are the
mean � S.D. from five determinations (A) or from determinations with cells
from five (B) or four (C) different subjects. *, p � 0.005; **, p � 0.0001 com-
pared with the corresponding control.
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FIGURE 2. FK866 reduces the Ca2� content of TG-responsive Ca2� stores in Jurkat cells but not in Bcl2-Jurkat cells. A, Jurkat (white bars) or Bcl2-Jurkat
cells (black bars) were incubated (or not, control) with 33 nM FK866 for 24 h and loaded with Fura-2. Cells were then treated with 10 �M TG in Ca2�-free HBSS.
Changes in the [Ca2�]i were recorded with a microfluorimetric system. Results are the mean � S.D. from five determinations. Inset to panel A, shown are
representative traces of control (black trace) or FK866-treated (gray trace) Bcl2-Jurkat cells upon the addition of TG in Ca2�-free HBSS (TG was added at time 0).
B, Jurkat (white bars) or Bcl2-Jurkat cells (black bars) were incubated (or not, control) with 33 nM FK866 for 24 h and loaded with Fluo-3. Cells were then treated
with 10 �M TG in HBSS. Fluorescence changes were recorded with a fluorescence plate reader. Results are the mean � S.D. from five determinations. Inset to
panel B, shown are representative traces of control (black trace) or FK866-treated (gray trace) Jurkat cells upon the addition of TG in HBSS (addition at time 0).
C, Jurkat or Bcl2-Jurkat cells were incubated (or not, control) with 33 nM FK866 for 24 h. Cells were then lysed; Bcl2 expression level was evaluated by Western
blot and normalized against actin levels in the same sample. A representative blot and a graph with the mean � S.D. from n 	 3 different experiments are
shown. D, freshly isolated human PBLs were activated or not (resting) with 5 �g/ml PHA for 24 h. Cell lysates were then run in parallel with a Jurkat cell lysate.
Bcl2 expression level was evaluated by Western blot and normalized against actin levels in the same sample. A representative blot and the graph with mean �
S.D. from n 	 3 different experiments are shown. *, p � 0.05; **, p � 0.005 compared with the corresponding control.
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or in Bcl2-Jurkat (Fig. 2C). In addition, PBL activation did not
significantly modify the level of Bcl2 expression (Fig. 2D), and
FK866 treatment did not influence Bcl2 expression either in
resting or in PHA-activated PBLs (not shown). These results
seem to be consistent with the hypothesis that FK866-induced
ATP shortage is likely to down-regulate Ca2� storage and Ca2�

signaling by impairing SERCA pump activity. Nevertheless,
other explanations, beside the lack of FK866-induced ATP
shortage might exist to justify the different behavior of Bcl2-
Jurkat and resting PBLs, in response to NAD� depletion. Nota-
bly, PBL activation did not significantly modify Bcl2 levels (Fig.
2D), thus ruling out the possibility that a different susceptibility
to FK866 may reflect different Bcl2 levels in activated versus
resting PBLs.
Increased NAD� Content in Human PBLs Enhances Ca2�

Response to Mitogens—In an attempt to investigate whether a
correlation exists between [NAD�]i levels and Ca2� responses
to anti-CD3 mAb, PHA, or ConA, PBLs were incubated in the
presence of different concentrations of NAM for 24 h. Intracel-
lular NAD� content was significantly increased at all concen-
trations tested, with 100 �M NAM being already sufficient to
determine a significant increase (Fig. 3A). The intracellular
NAD� content was also significantly increased by a 24-h incu-
bation with 100 �M NA or NMN (Fig. 3A). We then analyzed
theCa2� responses to stimulationwith anti-CD3mAb, PHA, or
ConA in PBLs that had been pretreated with the various NAD�

precursors and that accordingly showed higher NAD� levels. A
24-h preincubationwithNAMdetermined an
2-fold increase
of the anti-CD3 mAb- or ConA-induced [Ca2�]i increase and
an 
1.5-fold increase of the PHA-induced [Ca2�]i increase
(Fig. 3, B–D). Similar results were obtained with PBLs preincu-

bated with NA or NMN before stimulation with mitogens (Fig.
3B). These results indicate that the levels of intracellular NAD�

affect PBL responsiveness to mitogens.
Increase of NAD� Content in PBLs Determines Ca2� Increase

in TG-sensitive Stores—Next, the state of replenishment of TG-
sensitive Ca2� stores was evaluated in PBLs preincubated or
not (control) with NAM,NA, or NMN for 24 h. The addition of
TG in the absence of extracellular Ca2� determined a greater
Ca2� release in PBLs treated with NAD� precursors as com-
pared with control cells (Fig. 4, A and B), indicating that the
Ca2� content of the TG-responsive stores was significantly
increased in PBLs treated withNAD� precursors. The addition
of TG in the presence of extracellular Ca2� determined a
greaterCa2� increase in PBLs treatedwithNAD�precursors as
comparedwith control cells (Fig. 4,C andD). Thus, the levels of
intracellular NAD� seem to regulate Ca2� content in intracel-
lular stores.
No significant changes in the [ATP]iwasmeasured after pre-

incubation of PBLs with 100 �M NAM, NA, or NMN for 24 h;
namely, the ATP levels, relative to untreated PBLs, were 1.09�
0.17, 0.98� 0.07, and 1.11� 0.06-fold inNAM-,NA-, orNMN-
treated cells, respectively (n	 4). This is not surprising consid-
ering that NAD� synthesis is an ATP-consuming process (4).

The fact that the [ATP]iwas not increased in PBLs incubated
with NAD� precursors argued against the possibility that an
increased ATP availability to the SERCA pumps could be
responsible for the increased Ca2� content of the TG-sensitive
stores. To this purpose, i.e. to estimate the activity of SERCA
pumps, PBLs expressing erAEQwere incubated in the presence
of coelenterazine n in a buffer that depletes the ER Ca2� stores
(see “Experimental Procedures”). Ca2� was then readmitted to

FIGURE 3. Preincubation with NAM, NA, or NMN increases the intracellular NAD� content and the mitogen-induced [Ca2�]i rise in PBLs. A, freshly
isolated PBLs were incubated in the presence of 0 (control), 0.1, 1, or 10 mM NAM (white bars) or of 0.1 mM NA (gray bar) or of 0.1 mM NMN (black bar) for 24 h,
and intracellular NAD� content was evaluated on cell extracts. Results are the mean � S.D. from determinations with cells from seven different subjects. *, p �
0.01; **, p � 0.0001 compared with control. B, PBLs were incubated (or not, control) with 0.1 mM NAM, NA, or NMN for 24 h and loaded with Fluo-3. PBLs were
then stimulated with 20 ng/ml anti-CD3 mAb (white bars), 5 �g/ml PHA (gray bars), or 5 �g/ml ConA (black bars) in HBSS. Fluorescence changes were recorded
with a fluorescence plate reader. Results are the mean � S.D. from determinations with cells from five different subjects. *, p � 0.05; **, p � 0.01 compared with
control. C and D, representative traces, obtained in experiments described in panel B, of control (black traces) or NAM-treated (gray traces) PBLs upon the
addition of PHA (C) or ConA (D).
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promote store refilling. The kinetics of ER refilling were not
significantly different in PBLs preincubated for 24 h in the pres-
ence of NAM (Fig. 5A) or NA (not shown) compared with con-
trol PBLs. Data were fitted with the best fitting polynomial
curve to extract the EC50, i.e. the time required to reach half-
maximal refilling. EC50 values were 82.5 � 8.2, 81.7 � 9.5, and
83.4 � 7.9 s in untreated and NAM- or NA-treated cells,
respectively. ER refilling was inhibited in the presence of TG
(Fig. 5B). These results suggest that a higher intracellular
NAD� level does not determine an increase of the SERCA
pump activity.
NAD�-induced Ca2� Increase in TG-sensitive Stores Is

Dependent on ADPR-mediated TRPM2 Gating—The ectoen-
zyme CD38 catalyzes the conversion of NAD� to the calcium-
mobilizing second messengers cADPR and ADPR. Both signal
metabolites, by regulating the [Ca2�]i, control different
immune cell functions (17, 19).

Thus, we investigated whether cADPR and/or ADPR, pro-
duced by CD38 starting from NAD�, could be responsible for
the Ca2� accumulation in TG-sensitive Ca2� stores in PBLs
where [NAD�]i is increased (Fig. 3A). The intracellular cADPR
concentration was not significantly modified in PBLs treated
with 100 �M NAM for 24 h (1.08 � 0.23 and 1.24 � 0.31
pmol/mg in control PBLs and in PBLs treated with 100 �M

NAM for 24 h, respectively, n 	 3, p � 0.05). Conversely, the
intracellular ADPR concentration was increased by 
2-fold in
PBLs incubated with NAM or NA and by 
1.5-fold when cells
were incubated with NMN (Fig. 6, A and B).
To assess a possible role of CD38-generated ADPR in the

NAM- or NA-induced Ca2� accumulation in TG-sensitive
stores, CD38 expression was silenced in PBLs by transfection
with specific anti-CD38 siRNA or with scrambled control
siRNA. After 24 h, CD38 mRNA levels in cells transfected with
anti-CD38 siRNA were decreased to 
15% of those in control

FIGURE 4. Preincubation with NAM, NA, or NMN increases the Ca2� content of TG-sensitive stores in PBLs. Freshly isolated PBLs were incubated in the
presence of 0.1 mM NAM, NA, or NMN for 24 h and then loaded with Fluo-3 (A and C) or with Fura-2 (B and D). A, TG (10 �M) was then added to Fluo-3-loaded
PBLs in Ca2�-free HBSS. B, Fura-2-loaded PBLs were challenged with TG (addition at time 0) in Ca2�-free HBSS. Representative traces of three different
experiments are shown: black trace, control PBLs; gray trace, PBLs incubated with NAM for 24 h; light gray trace, PBLs incubated with NA for 24 h. C, TG (10 �M)
was then added to Fluo-3-loaded PBLs in HBSS. D, Fura-2-loaded PBLs were challenged with TG (addition at time 0) in HBSS. Representative traces of three
different experiments are shown: gray trace, control PBLs; black trace, PBLs incubated with NAM for 24 h. In A and C, fluorescence changes were recorded with
a fluorescence plate reader. In B and D, changes in the [Ca2�]i were recorded with a microfluorimetric system. Results are the mean � S.D. from determinations
with cells from five different subjects. *, p � 0.05 compared with control.
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cells (Fig. 7A). Accordingly, Western blot analyses revealed a
65� 10% (n	 3) down-regulation of the CD38 protein level, as
quantified by evaluating the bioluminescence intensity of the
CD38 band, normalized to the �-actin expression level (Fig.
7B). Twenty-four hours after transfection, viability of cells
transfected with anti-CD38 siRNA or with scrambled control
siRNA was not significantly different (75 � 8 and 73 � 11% of
untransfected cells for anti-CD38 siRNA or scrambled control
siRNA, respectively, n 	 3). CD38-silenced cells were incu-
bated for a further 24 h in the presence (or absence) of NAMor
NA. Treatment with either NAM or NA failed to increase the
Ca2� content of TG-responsive stores in CD38-silenced PBLs
(Fig. 7C). Moreover, in CD38-silenced PBLs, the PHA- or
ConA-induced [Ca2�]i increase was not potentiated by prein-
cubation of the cells in the presence of NAM or NA (Fig. 7C).

ADPR is a known TRPM2 agonist (28, 43–45). To assess a
potential role for TRPM2 in theNAM- orNA-induced increase

of Ca2� content in theTG-sensitiveCa2� stores, the expression
of this channel was down-regulated by transfecting a specific
siRNA. Twenty-four hours after transfection with an anti-
TRPM2 siRNA, TRPM2mRNA levels were decreased to
15%
of those in control cells (Fig. 7A). Accordingly, Western blot
analyses revealed a 75 � 12% (n 	 3) down-regulation of the
TRPM2 protein (Fig. 7B). TRPM2-silenced cells were incu-
bated for a further 24 h in the presence (or absence) of NAMor
NA. Treatment with either NAM or NA failed to increase the
Ca2� content of TG-responsive stores in TRPM2-silenced
PBLs (Fig. 7D). Moreover, also in TRPM2-silenced PBLs, pre-
incubation of the cells in the presence of either NAM or NA
failed to enhance the PHA- or ConA-induced [Ca2�]i increase
over untreated controls (Fig. 7D).
To gain further evidence that TRPM2mediates theNAM- or

NA-dependent increased Ca2� content of the TG-sensitive
Ca2� stores, we made use of 8-Br-ADPR, a TRPM2 antagonist
(45). Partida-Sanchez et al. (45) tested the ability of 8-Br-ADPR
in antagonizing ADPR-mediated Ca2� entry in TRPM2-over-
expressing Jurkat cells. They also demonstrated the specificity
of this compound towardADPR; 8-Br-ADPRdid not inhibit the
Ca2� responses induced by cADPR, NAADP, or inositol 1,4,5-
trisphosphate. Importantly, 8-Br-ADPR did not affect the Ca2�

entry occurring through the store-operated Ca2� entry mech-
anism. PBLs were incubated in the presence of the NAD� pre-
cursors, NAM or NA, without or with 8-Br-ADPR, and the
extent of Ca2� release triggered by TG in Ca2�-free buffer was
compared. Indeed, 8-Br-ADPR abrogated the potentiating
effect of NAM or NA (Fig. 7E) on the state of repletion of the
TG-sensitive stores. 8-Br-ADPR also abrogated the potentiat-
ing effect of NAM (not shown) or NA (Fig. 7F) on the TG-
induced Ca2� rise in a Ca2�-containing medium. Altogether,
these results indicate a key role of both CD38 and the ADPR-
gated cation channel TRPM2 in regulating the repletion state of
TG-responsive Ca2� stores in human T lymphocytes.

In addition to its role as a plasmamembrane channel, it has
been demonstrated that TRPM2 also functions as a Ca2�-re-
leasing channel activated by intracellular ADPR in a lysosomal
compartment (46). To discriminate whether NAD� mediates
the increase in Ca2� responses by mobilizing it from lysosomal
stores or enhancing its influx from the extracellular medium,
we performed experiments in extracellularCa2�-free condition
or using bafilomycin A1, an inhibitor of V-type H�-ATPase
(47). Because cell culture in the absence of extracellular Ca2� or
in the presence of bafilomycin cannot be maintained for 24 h,
we preemptively explored whether a 2-h preincubation with
NAD�precursorswas sufficient to determine an increase in the
NAD� content and in the ER Ca2� content. Indeed, the intra-
cellular NAD� content was increased by 
1.5-fold in PBLs
incubated for 2 h in the presence ofNAMorNAcomparedwith
controls (Fig. 8A). Notably, the NA- or NAM-induced NAD�

increase was not abolished in the presence of bafilomycin A1 or
in the absence of extracellular Ca2� (Fig. 8A). As shown in Fig.
8B, a 2-h preincubation with NAM or NA increased the Ca2�

content of ER stores, as measured by the addition of TG in a
Ca2�-free medium. This increase was abolished if cells were
incubated with NAD� precursors in the presence of an extra-
cellular Ca2� chelator but not by bafilomycin A1 (Fig. 8B). Sim-

FIGURE 5. The kinetics of ER Ca2� refilling is not modified in NAM-prein-
cubated PBLs. Freshly isolated PBLs were transfected with erAEQ and incu-
bated in the presence or absence of 0.1 mM NAM. After 24 h, cells were incu-
bated for 1 h at 4 °C in KRB saline solution supplemented with coelenterazine
n, ionomycin, and EGTA. A, cells were then washed with KRB supplemented
with 2% BSA and resuspended in KRB, and CaCl2 was added to assess the
kinetics of store refilling. White square, control cells; black squares, NAM-
treated cells. B, NAM-treated cells were washed and resuspended as in A
(black squares) or resuspended in KRB containing 10 �M TG (gray squares)
before CaCl2 addition. Changes in the [Ca2�]ER were recorded with a lumines-
cence plate reader. Data were acquired every second and averaged every five
acquisitions. In panel A, values represent the difference between each point
and the basal value, normalized to the maximal difference (set as 1). In panel B,
values represent the difference between each point and the basal value.
Results are the mean � S.D. from determinations with cells from three differ-
ent subjects.
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ilar results were obtained when TG was added in a Ca2�-con-
taining buffer (Fig. 8C). Altogether, these results indicate that
plasmamembrane-localized, but not lysosomal, TRPM2 is
responsible for the increased Ca2� responses observed upon
supplementation with NAD� precursors.
Preincubation with NAM, NA, or NMN Increases Mitogen-

induced PBL Proliferation and IL-2 Release—The higher
[Ca2�]i increase in response to mitogens observed in PBLs pre-
incubated with the NAD� precursors prompted us to investi-
gate whether a preincubation with NAM, NA, or NMN would
also enhance mitogen-induced proliferation and IL-2 release.
Indeed, proliferation was significantly higher in PBLs pre-
treated with any of the NAD� precursors (Fig. 9A). Notably,
CD38 silencing abrogated the potentiation of the mitogen-in-
duced proliferation in response toNAD� precursor (Fig. 9B), in
line with the results obtained with the mitogen-induced Ca2�

increase (Fig. 7C).

Finally, in PBLs that were preincubated with NAM, NA, or
NMN, ConA-induced IL-2 release was up-regulated by 
1.3-,
1.8- and 1.6- fold, respectively (Fig. 9C). These results thus con-
firm that intracellular NAD� levels control PBLs responsive-
ness and activation.

DISCUSSION

In this study we show that the intracellular NAD� content is
a crucial regulator of Ca2� signaling and of key Ca2�-mediated
cell functions in human T lymphocytes. These effects are
achieved throughdifferentmechanisms, depending onwhether
cells experience NAD� shortage or NAD� abundance.
Lowering the NAD� content of activated PBLs by Nampt

inhibition with FK866 significantly diminished the Ca2�

response to mitogens (Fig. 1B) and to TG as well (Fig. 1C), the
latter finding reflecting the low state of replenishment of the ER
Ca2� stores. This effect is due to the FK866-induced ATP

FIGURE 6. Preincubation with NAM, NA, or NMN increases the [ADPR]i in PBLs. A, freshly isolated PBLs were incubated in the presence of 0.1 mM NAM, NA,
or NMN for 24 h, and intracellular ADPR content was evaluated on cell extracts. Results are the mean � S.D. from determinations with cells from six different
subjects. The basal [ADPR]i in human PBLs was 1.08 � 0.51 nmol/mg of protein (n 	 6). B, shown are representative chromatograms of the two HPLC analyses
for the quantification of ADPR in cell extracts. The circle indicates the fraction co-eluting with [14C]ADPR (added as tracer), collected, and submitted to a second
HPLC analysis (see “Experimental Procedures”).
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FIGURE 7. CD38 and TRPM2 mediate the potentiating effect of NAM or NA on the Ca2� responses triggered by mitogens or by TG. Twenty-four hours after
transfection, PBLs transfected with control siRNA or with TRPM2-siRNA or with CD38-siRNA were subjected to total RNA extraction and RT-PCR for CD38 or TRPM2
expression (n 	 3) (A), lysed in lysis buffer and subjected to Western blot analyses for TRPM2 or CD38 and actin expression (n 	 3); representative blots for CD38 or
TRPM2 expression levels are shown (B). Cells were incubated for a further 24 h in the absence (control) or in the presence of 0.1 mM NAM or NA
(C and D). Cells were then loaded with Fluo-3 and treated with either 10 �M TG or 5 �g/ml PHA or 5 �g/ml ConA; fluorescence was recorded with a plate reader. Panel
C, white bars, PBLs transfected with control siRNA; black bars, PBLs transfected with CD38-siRNA. Panel D, white bars, PBLs transfected with control siRNA; black bars,
PBLs transfected with TRPM2-siRNA. Results are the mean � S.D. from three different experiments; the Ca2� increase (calculated as �/basal � 100) is represented as
relative to the corresponding stimulated control. *, p � 0.05 compared with the corresponding PBLs transfected with control siRNA. E, PBLs were incubated with 0.1
mM NAM or NA without (white bars) or with 0.1 mM 8-Br-ADPR (black bars) for 24 h, loaded with Fluo-3, and treated with TG in Ca2�-free HBSS. Fluorescence was
recorded with a plate reader. Results are the mean � S.D. from five different experiments. F, PBLs were incubated with 0.1 mM NA in the presence or absence of 0.1 mM

8-Br-ADPR for 24 h, loaded with Fura-2, and treated with TG in HBSS. Changes in the [Ca2�]i were recorded with a microfluorimetric system. Light gray trace, TG addition
to untreated PBLs; black trace, TG addition to NA-treated PBLs; gray trace, TG addition to NA- and 8-Br-ADPR-treated PBLs. Incubation with 8-Br-ADPR alone did not
significantly modify the Ca2� increase induced by addition of TG (not shown). Representative traces of three different experiments are shown.
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depletion, as Jurkat cells overexpressing Bcl2, where the
[NAD�]i but not the [ATP]i levels are reduced (11), do not
undergo any change in their Ca2� responses upon FK866 treat-
ment (Fig. 2A). Similarly, in resting PBLs, FK866 does not affect
either the ATP content or the Ca2� responses (see “Results”

FIGURE 9. Preincubation with NAM, NA, or NMN increases mitogen-in-
duced PBL proliferation and IL-2 release. A, PBLs (106/ml) were incubated
(or not, white bars) with 0.1 mM NAM (light gray bars), NA (dark gray bars), or
NMN (black bars) for 24 h and then incubated for a further 5 days in the
absence (untreated) or in the presence of 5 �g/ml PHA or 20 ng/ml anti-CD3
mAb. Proliferation was evaluated as described under “Experimental Proce-
dures.” Results are the mean � S.D. from determinations with cells from four
different subjects. *, p � 0.05 compared with cells stimulated with PHA or
anti-CD3 mAb in the absence of NAD� precursors. B, 24 h after transfection,
PBLs transfected with control siRNA or with CD38-siRNA were incubated (or
not, white bars) in the presence of 0.1 mM NAM (light gray bars). After a further
24 h, cells were stimulated (or not) with anti-CD3. Proliferation was evaluated
after further 5 days of incubation. Results are the mean � S.D. from three
different experiments. *, p � 0.05 compared with cells stimulated with anti-
CD3 mAb, in the absence of NAM. C, PBLs (107/ml) were incubated (or not)
with 0.1 mM NAM, NA, or NMN for 24 h and then incubated for further 24 h in
the absence or in the presence of 5 �g/ml ConA. IL-2 release was evaluated as
described under “Experimental Procedures.” Results are the mean � S.D.
from determinations with cells from three different subjects. *, p � 0.05 com-
pared with cells stimulated with ConA, in the absence of NAD� precursors.

FIGURE 8. Extracellular Ca2� influx is required for the NAM- or NA-in-
duced increase of the Ca2� content in TG-sensitive stores in PBLs. Freshly
isolated PBLs were incubated (or not, white bars) for 2 h in complete medium
supplemented with 0.1 mM NAM (gray bars) or NA (black bars) in the presence
of 50 nM bafilomycin A1 or of 5 mM EDTA as indicated. A, the intracellular
NAD� content was evaluated on cell extracts. Results are the mean � S.D.
from determinations with cells from four different subjects. B and C, at the
end of the 2-h incubation, PBLs were loaded with Fluo-3, and TG (10 �M) was
added in Ca2�-free HBSS (B) or in HBSS (C). Fluorescence changes were
recorded with a fluorescence plate, and results are the mean � S.D. from
determinations with cells from four different subjects. *, p � 0.05 compared
with control (in the absence of NAD� precursors); #, p � 0.05 compared with
the corresponding NAM- or NA-treated cells in the absence of extracellular
EDTA or bafilomycin A1.
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and Figs. 1, B and C). Thus, in Jurkat cells and in preactivated
PBLs, decrease of intracellularATPprevents the replenishment
of TG-responsive ER Ca2� stores, which is mediated by ATP-
dependent, ER-associated Ca2� pumps (SERCA).

The mitogen-induced [Ca2�]i increase, which is due to an
early Ca2� release fromER stores followed by an influx of extra-
cellular Ca2� (15, 22), was impaired in FK866-treated cells as a
consequence, on one hand, of the depletion of the Ca2� stores
and, on the other hand, of the lack of generation of NAD�-
derived Ca2�-mobilizing second messengers due to [NAD�]i
decrease.
Nampt inhibition with FK866 has remarkable effects in

activated but not in resting PBLs (11), possibly reflecting the
fact that NAD� depletion in response to this drug is much
more pronounced in the former than in the latter. Accordingly,
incubation with FK866 did not alter the [ATP]i and Ca2�

homeostasis in resting PBLs (Fig. 1, B and C). These data sug-
gest the existence of a “threshold” level of [NAD�]ibelowwhich
the Ca2� content in TG-responsive stores becomes affected.
The fact that Jurkat cells exhibited the behavior of activated
PBLs with respect to FK866-induced changes in Ca2� homeo-
stasis indicates that the Jurkat cell line represents a suitable
model of activated T cells.
Interestingly, increasingNAD� levels by supplementing cells

with different vitamin B3 precursors of NAD� (NAM, NA, and
NMN - refs. 48–53) determined an increase of the Ca2� con-
tent in the TG-sensitive stores and an increase of the mitogen-
induced [Ca2�]i increase.
Although the uptake of NAM and NA certainly occurs in

intact cells (48, 53), the exact underlying mechanisms are not
known. Regarding extracellular NMN, it is still not clear how it
enhances the intracellular NAD� content, thereby improving
metabolism in diet- and age-induced type 2 diabetes in mice
(54). The existence of a transport mechanism for NMN on the
plasmamembrane of intact cells has not been directly demon-
strated so far. Although direct NMN influx might occur in cer-
tain cell types and tissues, the presence of ectoenzymes with
NMN-degrading activities, such as CD38 and CD73 (55, 56),
suggests the possibility that NMN-derived metabolites could
cross the plasmamembrane. Thus, in cells expressing CD38,
NMN can be rapidly degraded to NAM, thereby gaining access
into the cell and becoming a direct substrate for Nampt. In cells
expressing CD73, NMN would be degraded to nicotinamide
riboside, which has been suggested to cross the plasmamem-
brane through nucleoside transporters and to be intracellularly
phosphorylated to NMN by specific nicotinamide riboside
kinases (51, 53, 57, 58).
PBL incubation with NAD� precursors resulted in an

increased [NAD�]i and [ADPR]i (Figs. 3A and 6). Production of
intracellular ADPR is due to the enhanced NAD�-glycohydro-
lase activity of CD38 in the presence of an increased concentra-
tion of its substrate NAD�. Although CD38 is an ectoenzyme,
with the active site facing the extracellular environment (59,
60), its expression/activation in cells leads to the intracellular
accumulation of cADPR, the product of its ADP-ribosyl cyclase
activity (20, 61–63), and of ADPR, the product of its NAD�-
glycohydrolase activity (16, 45).

In previous studies the increased concentration of cADPR
uponCD38 activation or de novo expression in human cells was
associatedwith a [NAD�]i decrease due to overconsumption of
this dinucleotide (61).On the other hand, in this studywe found
that increased levels of the substrate NAD� determined a
higher production of ADPR. Similarly, in LPS-activated PBLs,
an increased [NAD�]iwas followed by an enhanced generation
of cADPR (30). Both in CD38-overexpressing HeLa cells and in
LPS-activated PBLs, accumulation of intracellular cADPR
resulted in a decreased Ca2� content of TG-sensitive Ca2�

stores (30, 61). Interestingly, our present findings suggest that a
CD38-dependent accumulation of intracellular ADPR results
in the opposite effect on ER Ca2� stores, i.e. in an increase of
their replenishment state.
These results implicate ADPR as the mechanistic link

betweenCD38 andTRPM2 inmediating theNAD�-dependent
changes of intracellular Ca2� homeostasis in T cells. Physiolog-
ical intracellular levels of ADPR are sufficient to trigger TRPM2
gating in human T cells (16). In addition, in the same cells it has
been demonstrated that TRPM2 represents the main, if not the
only, target of ADPR (16). TRPM2 is expressed in many differ-
ent organs and tissues and in different cell types, including
immune cells (neutrophils, megakaryocytes, monocytes/
macrophages, and lymphocytes). In addition, TRPM2-regu-
lated functions have been reported in different types of immune
cells. In T lymphocytes, ADPR-mediated gating of TRPM2 has
been implicated in the regulation of the [Ca2�]i increase and
subsequent cell death induced by high concentrations of ConA
(16); in B lymphocytes, ADPR-mediated gating of TRPM2
occurs in response to oxidative stress (64); in neutrophils, the
bacterial peptide formyl-methionyl-leucyl-phenylalanine
(fMLP)-inducedCa2� influx is regulated by a signaling pathway
involving CD38-ADPR-TRPM2 (45, 65). Thus, increasing evi-
dence points to TRPM2 as a central player for proper immune
cell activity.
We propose that the increased [ADPR]i generated by CD38

in PBLs that are preincubated with NAD� precursors triggers
TRPM2 opening, leading to extracellular Ca2� influx and sub-
sequent Ca2� accumulation in the ER stores. Notably, under
our conditions, TRPM2 activation seems to control cell prolif-
eration in response to mitogens.
In B cells, activation of the poly(ADP-ribose) polymerase

1/poly(ADP-ribose) glycohydrolase (PARG) system following
an oxidative stress has been demonstrated to determine the
opening of TRPM2 due to overproduction of ADPR (64). At
present, the possibility that the poly(ADP-ribose) polymerase
1/PARG system could in part be responsible for ADPR genera-
tion in PBLs incubated with NAD� precursors cannot be ruled
out.
In conclusion, our study indicates that [NAD�]i is a major

determinant of the level of replenishment of TG-sensitive
[Ca2�]i stores in T lymphocytes. Lowering [NAD�]i by Nampt
inhibitors will strongly affect Ca2� mediated responses in these
immune effectors, thereby contributing to the immunosup-
pressive activity of these agents. On the contrary, strategies
aimed at increasing [NAD�]i content, e.g. via supplementation
with selective NAD� precursors, may increase T cell respon-
siveness and thereby boost the immune response.
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