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A B S T R A C T

Cytotoxic T lymphocyte antigen–4 (CTLA-4) is the major negative regulator of T-cell responses, although
growing evidence supports its wider role as an immune attenuator that may also act in other cell lineages.
Here, we have analyzed the expression of CTLA-4 in humanmonocytes andmonocyte-derived dendritic cells
(DCs), and the effect of its engagement on cytokine production and T-cell stimulatory activity bymature DCs.
CTLA-4 was highly expressed on freshly isolated monocytes, then down-modulated upon differentiation
toward immature DCs (iDCs) and it was markedly upregulated on mature DCs obtained with different
stimulations (lipopolysaccharides [LPS], Poly:IC, cytokines). In line with the functional role of CTLA-4 in T
cells, treatment of mDCs with an agonistic anti–CTLA-4 mAb significantly enhanced secretion of regulatory
interleukin (IL)–10 but reduced secretion of IL-8/IL-12 pro-inflammatory cytokines, as well as autologous
CD4� T-cell proliferation in response to stimulation with recall antigen purified protein derivative (PPD)
loaded-DCs. Neutralization of IL-10 with an anti–IL-10 antibody during the mDCs-CD4� T-cell co-culture
partially restored the ability of anti–CTLA-4–treated mDCs to stimulate T-cell proliferation in response to
PPD. Taken together, our data provide the first evidence that CTLA-4 receptor is expressed by human
monocyte–derived mDCs upon their full activation and that it exerts immune modulatory effects.

� 2010 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.
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. Introduction

Cytotoxic T lymphocyte antigen–4 (CTLA-4; CD152) is one of
he most extensively studied inhibitory co-receptor within the
-cell–mediated immune response. Its expression was initially re-
tricted to activated T lymphocytes [1–3] and subsequently ex-
ended to a subset of T cells with immunoregulatory properties
regulatory T cells [Tregs]) [4]. CTLA-4 expression has also been
ocumented in a variety of non-T cells, either normal or neoplastic,
ncluding activated B cells [5], monocytes [6], placental fibroblasts
7], muscle cells [8], leukemic cells [9], and breast and melanoma
umor cells [10,11]. In these cells, depending on the cell type and/or

* Corresponding author.
s
E-mail address: mariapia.pistillo@istge.it (M.P. Pistillo).

.L. and P.C. contributed equally to this work.

198-8859/10/$32.00 - see front matter � 2010 American Society for Histocompatibility
oi:10.1016/j.humimm.2010.07.007
ctivation status, CTLA-4 is expressed at different levels, both on
he surface and in the cytoplasm. Although numerous reports have
ddressed the CTLA-4 inhibitory role in T cells, its functional signif-
cance in different cell types so far has not been widely explored.

CTLA-4 inhibitory function in T cells mainly occurs upon en-
agement with the B7 ligands (CD80/CD86) [12] expressed on
ntigen presenting cells, which results in the inhibition of both
ytokine production and T-cell proliferation [13,14]. Several mech-
nisms have been proposed to explain CTLA-4 inhibitory function,
ncluding indirect effects such as competition for CD80/CD86 bind-
ng by the related molecule CD28, and/or direct effects such as
inding to signaling molecules (PI3K, SHP2, PP2A), interference
ith TCR activation pathway and lipid rafts formation, inhibition of
yclin D3, cyclin-dependent kinases (cdk4/cdk6), and nuclear tran-

cription factors (nuclear factor–�B [NF-�B], NF-AT, AP-1), as re-

and Immunogenetics. Published by Elsevier Inc. All rights reserved.
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iewed by Teft et al. [15]. The binding of CTLA-4 with anti–CTLA-4
Abs or CD80 ligand was shown to inhibit IL-2 production and
roliferation of primary CD4� T cells [14,16] and IL-4 and IFN-�
roduction of T-cell clones [17]. In addition, the inhibitory signal
ransduced by CTLA-4 binding is able to increase IL-10 and TGF-�,
howing an additional effect in regulating this pathway [18].
Besides inhibiting directly T-cell activation, CTLA-4, either in its

embrane-bound or soluble form, may also down-modulate T-
ell–mediated immune response through the interaction with B7
igands expressed by mature dendritic cells (DCs). In fact, as sug-
ested by studies in animal models of transplant tolerance [19,20],
7 engagement by a soluble CTLA-4 fusion protein (CTLA-4-Ig) or
TLA-4 expressed by Tregs may induce activation of the indoleam-
ne 2,3-dioxygenase (IDO) enzyme and initiate tryptophan catabo-
ism in DCs, thus reducing T-cell proliferation and survival [19,21].

Therefore, CTLA-4may exert its immunoregulatory role through
bidirectional signaling between CTLA-4 on T cells and B7 on DCs
hat results in attenuation of ongoing immune response andmain-
enance of T-cell homeostasis. Although previous reports have
hown constitutive or inducible expression of B7molecules also on
esting or activated human andmurine T cells [22,23], suggesting a
ossible T-T interaction, expression of CTLA-4 by humanDCs has so
ar not been demonstrated.

In this study, we report that CTLA-4 expression can be induced
n matured human monocyte-derived DCs. We demonstrate that
reatment of mDCs with an agonistic anti–CTLA-4 antibody has
unctional effects as it modulates cytokine secretion and decreases
DC-induced antigen-specific CD4� T-cell proliferation, the latter
eing caused at least partially by an increase in IL-10 production
pon CTLA-4 engagement on mDCs.

. Subjects and methods

.1. Isolation of peripheral blood cells and DC generation

Human peripheral heparinized blood samples were obtained
rom voluntary healthy donors upon informed consent, according
o institutional procedures and the Declaration of Helsinki. Periph-
ral blood mononuclear cells (PBMCs) were purified by density
radient centrifugation (Ficoll; Biochrom, Berlin, Germany) and
ubjected to immunomagnetic positive selection with an antibody
gainst monocytes (CD14; Miltenyi Biotec, Auburn, CA). Monocytes
ere �98% pure as determined by anti-CD14mAb staining. Monocyte-
erived DCs were generated by culturing CD14� cells for 6 days in
4-well plates (5�105 cells/ml) with RPMI 1640 (Cambrex Bio
cience, Verviers, Belgium) supplementedwith 10%heat-inactivated fe-
al calf serum (Cambrex) (complete medium). To induce immature
Cs, recombinant human IL-4 and recombinant human GM-CSF
Euroclone, Milan, Italy) were added at days 0 and 2 at final con-
entrations of 25 and 20 ng/ml, respectively.
On culture day 4, half of the medium was replaced with fresh

omplete medium containing IL-4, GM-CSF, and different DC-
aturation stimuli including Escherichia coli lipopolysaccharide

LPS; St. Louis, MO) at 100 ng/ml, PolyI:C (Calbiochem, DBA, Milan,
taly) at 25 �g/ml, or cocktail of cytokines, including IL-6, IL-1�,
NF-� (all from Euroclone) and PGE2 (Sigma-Aldrich, Milan, Italy),
t 10 ng/ml for 2 days, to stimulate complete mDCs. To study the
ffects of CTLA-4 binding, iDC were cultured for 48 hours in the
resence of the agonistic anti–CTLA-4 mAb 3D5 [5,18], kindly pro-
ided by A. Lanzavecchia (Institute for Research in Biomedicine,
ellinzona, Switzerland), coated on a plastic plate, and cells were
ollected for cell surface phenotyping and functional tests.
In addition, PBMCs were cultured in complete medium in the

resence or not of phytohemaglutinin A (PHA; Life Technologies,
ilan, Italy) at a final concentration of 2 �g/ml for 48 hours at 37�C.

D4� T lymphocytes were isolated from PBMCs by positive selec- r
ionwithmagnetic beads coatedwithmAb to CD4 (MACS, Miltenyi
iotec).

.2. Flow-cytometric analysis of cell surface markers and
TLA-4 expression

Analysis of cell surface markers and CTLA-4 on monocytes and
endritic cellswas performed by direct immunofluorescence stain-
ng using the following murine monoclonal antibodies (mAbs):
eridinin-Chlorophyll-Protein Complex (PerCP)–conjugated anti-
LA-DR (L247 clone), Phycoerythrin-conjugated anti-CD14 (M5E2
lone) (all from BD PharMingen, San Diego, CA), PE-conjugated
nti-CD83 (HB15a clone) (Immunotech-Coulter, Fullerton, CA,
SA), PE-conjugated anti-CD11c and Phycoerythrin Cyanin 5
PC5)–conjugated anti-ILT3. For surface CTLA-4, the following two
ntibody reagents were used in independent experiments: the FITC-
onjugated anti–CTLA-4 mAb 48815 [24,25] and PE-conjugated goat
nti–CTLA-4 polyclonal antibody (both from R&D Systems, Minne-
polis, MN).
Direct immunofluorescence was performed by staining, for 30min-

tes at 4�C, 1�105 cells/sample with the fluorochrome-coniugated
Abs preparations containing 1 mg/ml purified human �-globulin

human therapy grade, Biotest SRL, Milan, Italy) to prevent
onspecific binding to Fc-gamma receptor. Cells were washed
wice in phosphate-buffered saline plus 2% fetal calf serum (FACS
uffer) and analyzed by flow cytometry.
Analysis of intracellular CTLA-4 expression was performed by

ndirect immunofluorescence staining with the anti–CTLA-4 mAb
4D3 [26,27] (from eBioscence, San Diego, CA), for 30 minutes at
�C, 4�105 cells/sample after cell fixation with 2% paraformalde-
yde and permeabilization with 0.1% saponin. After washing in
ACS buffer, a FITC-conjugated isotype-specific goat anti-mouse
gG secondary antibody (Southern Biotechnology, Birmingham, AL)
as added and incubated for 30 minutes at 4�C. After two final
ashes, cells were analyzed by flow cytometry. Negative controls

ncluded directly labeled and unlabeled isotype-matched irrele-
ant mAbs.
Flow-cytometric analysis was performed with a FACSCalibur

ytometer (Becton Dickinson, San Jose, CA) using CellQuest soft-
are (Becton Dickinson). For gating on viable cells, we used TO-
RO-3 iodide (Invitrogen, Milan, Italy), a membrane-impermeable
NA binding dye, added to samples (0.5 �Mfinal concentration), in
ddition to forward and side scatter characteristics of each cell
ype. A total of 10,000 gated events were acquired for each matu-
ation and antibody condition. Results were expressed as mean
atio of relative fluorescence intensity (MRFI), calculated on the
ame cell fractions, as follows: mean fluorescence intensity of
TLA-4 staining/mean fluorescence intensity of irrelevant isotype-
atched mAb staining.

.3. RT-PCR analysis of CTLA-4 transcripts

Total cellular RNA was extracted using RNeasy Mini Kit (Qia-
en, Milan, Italy) following the manufacturer’s instructions; re-
idual DNA was removed by DNAse digestion. A 2-�g quantity of
otal RNA was reverse transcribed into first-strand cDNA using
he SuperScript II Reverse Transcriptase (Invitrogen). Amplifica-
ion of CTLA-4 transcripts was performed in a reaction mix, final
olume of 20 �l, containing 100 ng of cDNA, 0.1 mmol/l dNTPs, 1
AmpliTaq Gold (Applied Biosystems, Roche, Milan, Italy), its

pecific buffer with 1.5 mmol/l MgCL2, and 0.25 �mol/l of each
rimer (sense: 5= GACTCTACATCTGCAAGGT 3= and antisense: 5=
TCAGCTCTTGGAAATTG 3=).
Cycling conditions were 12 minutes at 95�C followed by 45

ycles of 94�C for 30 seconds, of 55�C for 30 seconds, 72�C for 30
econds, and a final cycle at 72�C for 10 minutes. Polymerase chain

eaction (PCR) products were separated by standard electrophore-
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is on a2.5% agarose gel containing ethidiumbromide. Specificity of
TLA-4 PCR products was confirmed by direct sequencing analysis,
n both directions, using an ABI-PRISM 3130 (Applied Biosystems,
oster City, CA).

.4. Cytokine production

The agonistic anti–CTLA-4 mAb 3D5 (IgG1) was coated over-
ight at 4�C on flat-bottom plates and iDCs were plated at 1�106

ells/ml on coatedplates in the presence of LPS (100ng/ml). Culture
upernatantswere collected after 24 and 48 hours of culture and all
amples were tested in duplicate for the presence of IL-8/CXCL8,
L-10 and IL-12p70 cytokines by enzyme-linked immunosorbent
ssay (ELISA) following the manufacturer’s instructions (Bender
edSystems, Milan, Italy). An anti-CD31 mAb was used as IgG1

sotype-matched control mAb as previously described [28].

.5. Apoptosis detection

Immature DCs were cultured on plates coated with the anti–
TLA-4 agonistic mAb or with the IgG1 isotype-matched control
Ab in the presence of LPS (100 ng/ml). Mature DCswere collected
fter 24 and48hours to evaluate apoptosis byflowcytometry using
nnexin V binding and TO-PRO-3 uptake. Briefly, mDCs were col-
ected, washed in annexin V binding buffer and resuspended at
–10�105 mDCs/ml in 50 �l of staining buffer containing 1 �l of
nnexin V (MBL International, Woburn, MA) at 250 �g/ml, 5 �l of
O-PRO-3 iodide (Invitrogen), 1mmol of solution, for 15minutes in
he dark at room temperature. Cells were analyzed by flow cytom-
try with a FACSCalibur cytometer (Becton Dickinson) using
ellQuest software.

.6. CD4+ T lymphocyte proliferation assays

Both mDCs and CD4� T lymphocytes were obtained as de-
cribed above. mDCswere pretreatedwith anti–CTLA-4 andwith
gG1 isotype control mAbs on 24-well, flat-bottom coated plates
or 30minutes at 4�C, collected by pipetting, washed, and pulsed,
t 3�105/ml, with the recall antigen purified protein derivative
PPD) from Mycobacterium tuberculosis (Statens Serum Insitut,
openhagen, Denmark) at a final concentration of 5 �g/ml. Pro-
iferative responses were measured by culturing 3�104 pre-
reated mDCs in the presence of 105 CD4� autologous T lympho-
ytes in 0.2 ml of complete medium, in 96-well, flat-bottom
icrotiter plates.
In another set of experiments, neutralizing anti-IL-10 mAb or

ontrol IgG2b isotype mAb were added to the co-cultures. All
ultures were pulsed with 0.5 �Ci of [3H] thymidine (Amersham
iosciences, Cologno Monzese, Italy) on day 4 and harvested 18
ours later. Dry filters with scintillation fluid were counted in a
amma counter (Beckman-Coulter). Counts represent mean val-
es of triplicates.

.7. Statistical analyses

Statistical analyses were performed to compare: (1) CTLA-4
xpression levels on mDCs, iDCs and monocytes, (2) cytokine pro-
uction by anti–CTLA-4–treated and isotype control-treated
DCs, and (3) CD4� T-cell proliferation in co-culture experiments
ith mDCs treated with anti–CTLA-4 and anti–IL-10 mAbs or with
he irrelevant control mAbs. All results are presented as mean �

tandard error of themean. Differences between groupswere eval-
ated by paired two-tailed Student’s t tests. All p values (signifi-
ance level �0.05) were further adjusted with Bonferroni correc-
ion for multiple comparisons and are indicated as “pc.” Statistical
nalyses were carried out using the SPSS package, version 17.0 for

indows (SPSS Inc., Chicago, IL). l
. Results

.1. CTLA-4 is expressed by human mature DCs

To study CTLA-4 expression by human monocyte-derived DCs,
eripheral blood monocytes were isolated by positive selection
ith anti-CD14 antibody-coated-magnetic beads (purity of CD14�

ells was �98%), cultured with GM-CSF�IL-4 to differentiate into
mmature DCs and further stimulated with different maturation
timuli to generate mature DCs. CTLA-4 expression in the various
ell populations was evaluated by immunofluorescence staining
nd flow cytometry with a panel of well-validated anti–CTLA-4
pecific antibodies (see Subjects and methods).

CTLA-4 was found to be constitutively expressed on the surface
f freshly isolated monocytes when tested immediately after col-
ection from different donors, but disappeared within 24 hours of
ultures in the presence of GM-CSF�IL-4 and remained below
etectable levels up to 72 hours of culture. Matured CD83� DCs
btained by in vitro stimulation of iDCs with different maturation
timuli, including LPS (bacterial), PolyI:C (viral), and cytokine cock-
ails (inflammatory), similarly resulted in a significant upregulation
f CTLA-4 cell surface expression (Fig. 1A, Table 1). Remarkably,
urface CTLA-4 expression onmDCs remained stable for at least 48
ours after different stimulations.
High levels of CTLA-4 were detected in the cytoplasm of mono-

ytes, iDCs, andmDCs obtained with different stimuli, as shown by
he flow-cytometric intracellular stainings (Fig. 1B). This pattern is
onsistent with the well known T-cell intracellular compartimen-
alization of CTLA-4 that is mainly localized in vesicles of the Golgi
pparatus and is released to the cell surface during T-cell activation
29,30]. In agreement with previous reports [9,10], CTLA-4 expres-
ion was detected in the cytoplasm of both resting and PHA-
ctivated PBMCs used as controls and on the surface of only
HA-activated PBMCs (Fig. 1C). As the different stimuli used re-
ulted in similar CTLA-4 expression on activated DCs, we next
nalyzed CTLA-4 expression and its biologic effects only in LPS-
atured DCs (LPS-mDCs). We compared the levels of CTLA-4 ex-
ression in LPS-mDCs with those in iDCs or monocytes derived
rom seven individual donors, by measuring the mean ratio of
elative fluorescence intensity (MRFI). CTLA-4 expression resulted
pregulated in LPS-mDCs, from six of seven donors examined (Ta-
le 1), showing MRFI values significantly higher than those in iDC
amples (p � 0.001, pc � 0.002), but not significantly different from
hose in freshly isolated monocytes (p � 0.074, pc � 0.222). On the
ontrary, MRFI values in iDC samples were significantly lower than
hose in freshly isolated monocytes (p � 0.016, pc � 0.048).

Thus, our data demonstrate that upon in vitro maturation with
ifferent stimuli, human monocyte-derived mDCs upregulate
TLA-4 suggesting that this molecule can be expressed during DC
aturation process.

.2. CTLA-4 TM transcript variant is expressed by humanmatureDCs

CTLA-4 expression was confirmed at transcriptional level by
T-PCR analysis carried outwith a set of primers that identifies two
lternative variants of CTLA-4, namely the 348-bp fragment corre-
ponding to the transcript variant 1orCTLA-4TM(GenBankaccession
umber NM-005214) and the 238-bp fragment corresponding to the
ranscript variant 2 or CTLA-4delTM/soluble CTLA-4 (GenBank acces-
ion numbersNM-001037631). The transcriptional patterns shown
Fig. 1D) refer to representative freshly isolated humanmonocytes
MOs), iDCs, LPS-mDCs, and resting and PHA-activated PBMCs, the
TLA-4 expression pattern of which is shown by flow cytometry
Fig. 1A–C).

The results showed that freshly isolated human MOs, as well as
DCs, express both CTLA-4 transcript variants with iDCs expressing

ower levels of CTLA-4delTM compared with CTLA-4 TM transcript
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Fig. 1D). LPS-mDCs showed similar expression of CTLA-4 TM but
ndetectable, or barely detectable, level of CTLA-4delTM transcript
Fig. 1D).

The expression pattern of these transcripts, which was also
onfirmed using another set of primers encompassing the 3= of
xon 1 (signal peptide) and exon 2 (nt243-nt343; data not shown),
esembles the one previously described [10] for resting and PHA-
ctivated PBMCs used here as positive controls of the CTLA-4 tran-
cript variants (Fig. 1D).

.3. CTLA-4 engagement on human mature DCs downregulates IL-8
nd IL-12 but upregulates IL-10 production

It has been reported that CTLA-4 plays a role in regulating
ytokine production by both activated T [18] and B cells [5]. We
hus investigated whether binding of CTLA-4 expressed by mDCs
ith an agonistic anti–CTLA-4 mAb exerts a similar effect on DCs.

ig. 1. CTLA-4 expression in human peripheral blood monocytes, immature DCs, m
ourse experiment of CTLA-4 surface expression on peripheral blood monocytes, f
mmature DCs (iDCs) were stimulated with different stimuli, including LPS (100 ng
ours to obtainmature DCs (mDCs). Cell sampleswere stained, by direct immunofluo
ytometry. Results shown are from one representative experiment obtained with th
taining patterns. The insets in the histograms of iDCs and differently inducedmDCs
nalyzed in peripheral blood monocytes, freshly isolated and differentiated to iD
mmunofluorescence, with the anti–CTLA-4 mAb or the isotype control mAb after
ashing, an FITC-conjugated goat anti-mouse IgG secondary antibody was added
xpression analyzed in control resting andPHA-activated PBMCsby stainingwith the
ontrol mAbs. Filled histograms in panels A–C represent staining with anti–CTLA-4
xperiment among seven performed is shown. (D) RT-PCR analysis of CTLA-4 express
nd activated-PBMCs. Total RNA was isolated, reverse transcribed and PCR amplifi
membrane isoform) of 348 bp and the CTLA-4-delTM (soluble isoform) of 238 bp. Ex
HA-activated PBMCs from the representative experiment the CTLA-4 expression o
o this end, iDCs were cultured on plates coated with the anti– (
TLA-4 mAb 3D5 [5,18] or with the IgG1 isotype-matched control
Ab in the presence of LPS. Supernatants were collected after 24
nd 48 hours of culture to measure the levels of the pro-inflammatory
ytokines IL-8/CXCL8 and IL-12p70 and the regulatory cytokine
L-10. We analyzed the first two cytokines, as they represent the
ain cytokines involved in T-cell recruitment and Th1-immune

esponse polarization [31–34] and IL-10 for its suppressive activity
n T-cell proliferation and cytokine production [35,36].
In three independent experiments usingmDCs fromdonors 1, 2,

nd3,weobserved thatCTLA-4engagementby theagonisticmAbsig-
ificantly reduced IL-8/CXCL8 production by an average of 79.8% at
4 hours (p � 0.001, pc � 0.007), whereas significativity at 48 hour
as lost after Bonferroni correction (p � 0.047, pc � 0.28). CTLA-4
ngagement also decreased the production of IL-12p70, but this
eduction did not reach statistical significance at both 24 and 48
ours (p� 0.024, p � 0.144 and p� 0.077, p � 0.462, respectively)

DCs, resting and PHA-activated PBMCs, by flow cytometry and RT-PCR. (A) Time
isolated and after 24 hours of culture with GM-CSF�IL-4. At day 4 the resulting
olyI:C (25 �g/ml), IL-6, IL-1�, TNF-�, and PGE2 cytokine cocktail (10 ng/ml), for 48
nce,with two anti–CTLA-4mAbs, or the isotype controlmAbs, and analyzed by flow
-conjugated anti–CTLA-4 mAb as the other anti–CTLA-4 polyclonal Ab gave similar
the flow-cytometric profiles of CD83 expression. (B) CTLA-4 cytoplasmic expression
d mDCs obtained with the above stimuli. Cell samples were stained, by indirect
xation with 2% paraformaldehyde and permeabilization with 0.1% saponin. After
analysis was performed by flow cytometry. (C) CTLA-4 surface and cytoplasmic
conjugated anti–CTLA-4mAband the anti–CTLA-4mAb, respectively, or the isotype
; open histograms represent staining with isotype control mAbs. A representative
freshly isolated peripheral bloodmonocytes (MOs), iDCs, LPS-maturedDCs, resting
th primers specific for the two alternative CTLA-4 transcript variants, CTLA-4-TM
ion of CTLA-4 transcripts is shown forMOs, iDCs, LPS-mDCs, and control resting and
h is shown by flow cytometry in panels A–C. Mw, molecular weight marker.
ature
reshly
/ml), P
resce
e FITC
show
Cs an
cell fi
and
FITC-
mAbs
ion in
ed wi
c c

Fig. 2A). At the same time, CTLA-4 engagement significantly in-
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reased IL-10 secretion by an average of 47.2% at 48 hours (p �
.001, pc � 0.008), whereas significativity at 24 hours was not
etained after Bonferroni correction (p � 0.021, pc � 0.126) (Fig.
A). The cytokine levels produced by anti–CTLA-4-treated mDCs
ere compared with those produced by mDCs treated with the

sotype-matched control mAb. These results suggest a functional
ole of CTLA-4 signaling pathway in the regulation of cytokine
ecretion by human mDCs.

The inhibition of IL-8/CXCL8 and IL-12p70 cytokine production
as not due to alteration of DC viability, nor to mDC apoptosis, as

able 1
TLA-4 surface expression on freshly isolated monocytes, monocyte derived
mmature DCs and mature DCs by flow cytometrya

onor CTLA-4 expression (MRFI)b

pc � 0.222c

pc � 0.048 pc � 0.002

Monocytes Immature DCs Mature DCs

onor 1 5.50 1.20 2.85
onor 2 4.30 1.90 2.30
onor 3 4.60 1.46 2.25
onor 4 4.90 2.10 3.80
onor 5 2.10 2.50 3.60
onor 6 6.50 0.80 1.68
onor 7 ND 0.93 2.10
eans 4.28 � 0.62 1.55 � 0.24 2.65 � 0.30

CTLA-4 surface expression was evaluated by flow cytometry on freshly isolated
uman peripheral blood monocytes, immature DCs and LPS-matured DCs, gener-
ted from seven independent donors (1–7). Cell samples were stained, by direct
mmunofluorescence, with the FITC-conjugated anti–CTLA-4 mAb or the isotype
ontrol mAb.
Numbers representmean ratio of relative fluorescence intensity (MRFI), calculated
s described in Subjects and methods.
Differences in CTLA-4 expression amongmDC, iDC, andmonocytes were evaluated
y a two-tailed Student’s t test with a p value (significance level �0.05) further
djusted with Bonferroni correction for multiple comparisons (pc).

ig. 2. (A) Effect of CTLA-4 engagement on secretion of IL-8/CXCL8, IL-12p70, and IL
he anti–CTLA-4 agonistic mAb or with the IgG1 isotype-matched control mAb in th
easure the levels of IL-8/CXCL8, IL-12p70, and IL-10 cytokines by ELISA. The experi

esults are displayed, with bars representing the mean � SEM of three independent
test with a p value (significance level �0.05)) further adjusted with Bonferroni
PS-mDCs after CTLA-4 engagement. Immature DCswere cultured on plates coatedw
resence of LPS (100 ng/ml), and cells were collected after 24 and 48 hours to assa

isplay annexin V fluorescence versus TO-PRO-3 fluorescence with numbers indicating th
rom one representative of the three donors analyzed, whose cytokine production is repo
etermined by cytofluorimetry using annexin V staining and TO-
RO-3 uptake, at 24 and 48 hour of culture (Fig. 2B).
These results indicate that CTLA-4 signal in mDCs canmodulate

ytokine secretion without interfering with viability and pheno-
ypic maturation.

.4. CTLA-4 engagement downregulates the ability of human mature
Cs to stimulate Ag-specific CD4+ T-cell proliferation

We next investigated whether CTLA-4 engagement by the ago-
istic anti–CTLA-4 mAb 3D5 could affect the T-cell proliferation–
timulating ability of mDCs. Because CTLA-4 also inhibits T-cell
unction [1–3], to prevent a direct effect of CTLA-4 mAb on T
ymphocytes, mDCs from three independent donors were pre-
reated on plates coated with anti–CTLA-4 mAb or isotype-
atched control mAb, washed to remove unbound mAb, pulsed
ith PPD recall antigen, and then added to purified autologous
D4� T cells as specified in Subjects andmethods.Weobserved that
nti–CTLA-4 pretreated-mDCs significantly reduced the prolifera-
ion of CD4� T cells by 42% compared with mDCs treated with the
sotype-matched control mAb (p � 0.017, pc � 0.034) (Fig. 3).

Remarkably, CTLA-4 engagement by the agonistic mAb 3D5 did
ot affect the expression of DC maturation markers by human
PS-matured DCs as the expression of HLA-DR, CD83, CD80, and
D86 was similar in mDCs cultured, with or without the anti–
TLA-4mAb, at either 24 or 48 hours. Similarly, CTLA-4 binding did
ot affect the expression of either programmed death ligand PDL-1
r PDL-2 (data not shown).
As we observed that IL-10 production by mDCs was increased

pon CTLA-4 engagement by the agonistic mAb 3D5, we investi-
ated whether the addition of an anti–IL-10 neutralizing mAb, to
PD loaded DC-T cell co-cultures, could restore T-cell proliferation.
he results showed that addition of an anti–IL-10 mAb partially
estored the proliferation of antigen-specific CD4� T cells cultured
ith anti–CTLA-4-pretreated-mDCs compared with the culture

LPS-matured DCs (LPS-mDCs). Immature DCs were cultured on plates coated with
sence of LPS (100 ng/ml) and supernatants were collected after 24 and 48 hours to
s shown are with LPS-mDCs generated from three donors (donors 1, 2, and 3). ELISA
riments. Differences in cytokine secretion were analyzed by a two-tailed Student’s
ction for multiple comparisons (pc). (B) Flow-cytometric analysis of apoptosis in
e anti–CTLA-4 agonisticmAb orwith the IgG1 isotype-matched control mAb in the
tosis by flow cytometry using annexin V binding and TO-PRO-3 uptake. Dot plots
-10 by
e pre
ment
expe
corre
ith th

y apop

e proportion of cells present in the respective quadrant. Data are referred to mDCs
rted in panel A.
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ithmDCs treatedwith anti–CTLA-4mAb and an irrelevant control
Abhaving the same isotype (IgG2b) of the anti–IL-10mAb (Fig. 3).
lthough the increase in cell proliferation (25%) did not reach the
tatistical significance (p � 0.083, pc � 0.166), these data indicate a
rend towards restoring CD4� T-cell proliferation by IL-10 neutral-
zation. These results indicate that an increased release of IL-10
fter CTLA-4-binding of mDCs may be involved in the impairment
f antigen-specific T-cell proliferation induced by LPS-matured
Cs.

. Discussion

Expression and function of CTLA-4 inhibitory receptor have
een investigated mainly in T lymphocytes [15], but recent obser-
ations have extended its negative regulatory role to other cell
ypes of the immune system [5,6]. In this study we demonstrate, at
protein and transcriptional level, that CTLA-4 receptor is ex-
ressed by human monocyte–derived mDCs. We also show that
TLA-4 triggering onmDCs increases IL-10 and reduces IL-8/CXCL8
nd IL-12p70 cytokine production, as well as T-cell antigen–
nduced proliferation.

Our data show that CTLA-4 is expressed bymature DCs obtained
ith different stimulations (LPS, Poly:IC, cytokines), whereas it is
inimally, or not at all, expressed by immature DCs.
During kinetics studies of DC maturation, we observed that

reshly isolated monocytes constitutively express CTLA-4. This ob-
ervation confirms previous data [6], although we detected higher
xpression levels, probably because of the use of different anti–
TLA-4mAbs. This basal expression of CTLA-4 onmonocytesmight
void excessive cell activation and thus sustain immunologic
omeostasis.
Interestingly, CTLA-4 expressed by circulating monocytes is

apidly down-modulated upon in vitro culture with GM-CSF�IL-4,
ut significantly increases as they differentiate into mature DCs in
esponse to stimulation with LPS, PolyI:C, or cytokine cocktail. A
imilar down-modulation induced by in vitro culture of circulating
uman monocytes has been described for the expression of phos-
holipase D (PLD) enzyme which, in turn, is strongly upregulated
y LPS [37]. Evidence for a functional link between PLD and CTLA-4
as been shown in T cells in which expression of CTLA-4 at the
lasmamembrane is caused by CTLA-4 exocytosis from intracellu-
ar vesicles followedby rapid endocytosis [38]. It is noteworthy that

ig. 3. Effect of CTLA-4 engagement and IL-10 neutralization on proliferation of aut
eripheral blood monocyte-derived mature DCs were pretreated with the anti–CTL
ollected, washed, and pulsed using the recall antigen-purified protein derivative (P
lastic plates, in the presence of either neutralizing anti–IL-10mAb or IgG2b isotype
hymidine uptake. Data are displayed, with bars representing the mean kcpm � st
roliferationwere analyzed by a two-tailed Student’s t test with a p value (significan
he exocytosis pathway of CTLA-4 in T cells is dependent on the [
ctivity of PLD in addition to that of GTPase ADP ribosylation
actor–1 [39].

To investigate the functional significance of CTLA-4 expressed
y mDCs, we analyzed the effect of CTLA-4 binding on DC pheno-
ype and functions.

Our results demonstrate that binding of the agonistic anti–
TLA-4 mAb to CTLA-4 expressed by mDCs does not affect the
xpression of CD83 and HLA-DR, as well as that of the main co-
timulatorymolecules CD80 and CD86. By contrast, under the same
xperimental conditions, it modulates cytokine secretion.
CTLA-4 engagement induced amarked down-modulating effect

n IL-8/CXCL8 production, which remained significant after Bon-
erroni correction, whereas it showed only a trend toward a signif-
cant reduction for IL-12p70 release by mDCs. However, this latter
nding may be of relevance as reflecting a biologic phenomenon
hat might reach statistical significance in larger experimental DC
tudies. IL-8 is amember of the CXC chemokine family (CXCL8) and
lays an important role as a chemotactic factor for all known types
f migratory immune cells [31,32]. IL-12p70 heterodimer is the
ajor cytokine promoting TH1-cell–mediated immunity, by induc-

ng T-cell activation, cell proliferation, and production of cytokines,
uch as IL-2 and IFN-� [33]. Thus, CTLA-4 signal in mDCs, by reduc-
ng pro-inflammatory and chemoattractant factors such as IL-8 and
L-12, could play an active role in modulating the immune re-
ponse. DCs can also produce IL-10, which downregulates their
wn function as well as the ability to stimulate CD4� T-cell prolif-
ration [40]. IL-10 is a pleiotropic cytokine that controls inflamma-
ory processes by suppressing the production of pro-inflammatory
ytokines that are known to be transcriptionally controlled by
F-�B, including IL-8 and IL-12 [41]. As IL-10 has been found to
nhibit the activity of NF-�B in various cell types, including mono-
ytes/macrophages [42], the inhibitory effect observed on IL-8/
L-12 cytokine production could be mediated through the IL-10
bility to inhibit NF-�B. IL-10 produced bymDCswas indeed signif-
cantly upregulated upon CTLA-4 binding.

Another possible explanation for the inhibitory effect on cyto-
ine production could be a direct blocking of NF-�B or AP-1 tran-
cription factors that has been reported to occur in activated T cells
ponCTLA-4 ligation [6,43,44]. Thus, the inhibitory effect of CTLA-4
inding on pro-inflammatory cytokine secretion by mDCs is in
greement and extends previous reports on activated T cells

us antigen-specific CD4� T lymphocytes induced by LPS-matured DCs (LPS-mDCs).
gonistic mAb or with the IgG1 isotype (�1) control mAb blocked on plastic plates,
bsequently, autologous CD4� T lymphocytes were included in the assay using new
control mAb. After 5 days culture, lymphocyte proliferation wasmeasured by [3H]
d error of the mean of three independent experiments. Differences in CD4� T-cell
l�0.05) further adjustedwith Bonferroni correction formultiple comparisons (pc).
ologo
A-4 a
PD). Su
(�2b)
14,16], as well as B cells [5].
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In addition, CTLA-4 binding down-modulates CD4� T-cell pro-
iferation induced by LPS-matured DCs in response to the recall
ntigen PPD. Among the possiblemechanisms underlying this find-
ng, the PD-1 T-cell inhibitory signal has been proposed [45]; how-
ver we do not favor this hypothesis because, in our case, CTLA-4
inding did not affect PDL-1/PDL-2 expression on mDCs (data not
hown). This observation raised the possibility that IL-10 upregu-
ation, upon CTLA-4 engagement, may contribute to the inhibitory
ffect of PPD-specific CD4� T-cell proliferation in our experimental
odel. In this regard, IL-10 has been reported to inhibit antigen-

nduced proliferation and cytokine synthesis by T cells, most prob-
bly through its effects on antigen-presenting cells [46]. However,
t is likely that IL-10 synergizeswith other factors in reducing T-cell
roliferation because the addition of neutralizing anti-IL-10 mAb
nly partially restored mDC-induced T-cell proliferation in re-
ponse to PPD.

Thus, the CTLA-4 signal might be important in downregulating
he DC function bymodulating both secretion of pro-inflammatory
nd anti-inflammatory cytokines as well as DC-induced T-cell re-
ponse. In contrast, CTLA-4 signal probably does not affect the
ntigen presenting function of mDCs as the expression of costimu-
atory molecules CD80 and CD86 was not altered by CTLA-4
ngagement.
Furthermore, binding of CTLA-4 expressed by mDCs did not

ffect DC viability as indicated by annexin V/TO-PRO-3 staining,
uggesting that the observed inhibitory effects of CTLA-4 are not a
onsequence of reduced viability of mDCs.
The expression of other inhibitory receptors belonging, like

TLA-4, to the same immunoglobulin superfamily (IgSF), has
een described on human and murine DCs. They include the
mmunoglobulin-like transcript receptors (ILT2, ILT3, ILT4) [47],
hich can negatively regulate DC antigen presentation, T-cell co-
timulation, and cytokine production [48]; the leukocyte Ig-like
eceptor (LILRB1), which can decrease IL-12 production and DC-
nduced T-cell response [49]; and the DC-derived immunoglobulin
eceptor 2 (DIGR2), which mediates negative DC signaling both in
itro and in vivo [50].
Unlike these DC inhibitory receptors, CTLA-4 does not contain a

anonical immunotyrosine-based inhibitory motif (ITIM) [51] in
he cytoplasmic tail, which is responsible for the transduction of
he inhibitory signaling in DC receptors through the recruitment
f SHP1 tyrosine phosphatase [52]. Therefore, themode of action of
TLA-4may be indirect, thus differing from the other conventional
TIM-containing DC inhibitory receptors.

The expression of CTLA-4 on dendritic cells, to the best of our
nowledge not yet reported, is in line with the functional role of
TLA-4 in other CTLA-4-expressing cells studied to date. Therefore,
ur findings suggest a more general role of this molecule as an
ttenuator in the immune cell activation not restricted only to T
nd B cells. In this respect, the upregulation of CTLA-4 expressed by
atured DCs might be important as a negative feedback mecha-
ism to prevent the excessive activation of T cells. We propose that
his regulatory mechanism could result from the signaling deliv-
red by CTLA-4 to mDCs upon engagement with B7 molecules
xpressed bymDCs themselves, or alternatively,with B7molecules
xpressed by activated T cells. In addition, as B7 molecules ex-
ressed by T cells [53,54] are capable of transducing an inhibitory
ignal to T cells [53], interaction of B7, expressed on T cells, with
TLA-4, expressed by mDCs either in its CTLA-4TM or delTM iso-
orms, might represent an additional mechanism to terminate T-
ell responses [53,55]. Further biochemical and functional charac-
erizations of CTLA-4 signaling pathway inmDCswill be required to

xplore this hypothesis.
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