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ARTICLE INFO ABSTRACT
Affic{e history: ) Cytotoxic T lymphocyte antigen-4 (CTLA-4) is the major negative regulator of T-cell responses, although
Received 7 April 2010 growing evidence supports its wider role as an immune attenuator that may also act in other cell lineages.
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- ) Here, we have analyzed the expression of CTLA-4 in human monocytes and monocyte-derived dendritic cells
Available online 2 August 2010

(DCs), and the effect of its engagement on cytokine production and T-cell stimulatory activity by mature DCs.
CTLA-4 was highly expressed on freshly isolated monocytes, then down-modulated upon differentiation

g{VAVi:dS' toward immature DCs (iDCs) and it was markedly upregulated on mature DCs obtained with different
DC stimulations (lipopolysaccharides [LPS], Poly:IC, cytokines). In line with the functional role of CTLA-4 in T
Cytokine secretion cells, treatment of mDCs with an agonistic anti-CTLA-4 mAb significantly enhanced secretion of regulatory
T-cell proliferation 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.
1. Introduction activation status, CTLA-4 is expressed at different levels, both on

the surface and in the cytoplasm. Although numerous reports have
addressed the CTLA-4 inhibitory role in T cells, its functional signif-
icance in different cell types so far has not been widely explored.

CTLA-4 inhibitory function in T cells mainly occurs upon en-
gagement with the B7 ligands (CD80/CD86) [12] expressed on
antigen presenting cells, which results in the inhibition of both
cytokine production and T-cell proliferation [13,14]. Several mech-
anisms have been proposed to explain CTLA-4 inhibitory function,
including indirect effects such as competition for CD80/CD86 bind-
ing by the related molecule CD28, and/or direct effects such as
binding to signaling molecules (PI3K, SHP2, PP2A), interference
S with TCR activation pathway and lipid rafts formation, inhibition of
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Cytotoxic T lymphocyte antigen-4 (CTLA-4; CD152) is one of
the most extensively studied inhibitory co-receptor within the
T-cell-mediated immune response. Its expression was initially re-
stricted to activated T lymphocytes [1-3] and subsequently ex-
tended to a subset of T cells with immunoregulatory properties
(regulatory T cells [Tregs]) [4]. CTLA-4 expression has also been
documented in a variety of non-T cells, either normal or neoplastic,
including activated B cells [5], monocytes [6], placental fibroblasts
[7], muscle cells [8], leukemic cells [9], and breast and melanoma
tumor cells [10,11]. In these cells, depending on the cell type and/or
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viewed by Teft et al. [15]. The binding of CTLA-4 with anti—-CTLA-4
mAbs or CD80 ligand was shown to inhibit IL-2 production and
proliferation of primary CD4* T cells [14,16] and IL-4 and IFN-y
production of T-cell clones [17]. In addition, the inhibitory signal
transduced by CTLA-4 binding is able to increase IL-10 and TGF-,
showing an additional effect in regulating this pathway [18].

Besides inhibiting directly T-cell activation, CTLA-4, either in its
membrane-bound or soluble form, may also down-modulate T-
cell-mediated immune response through the interaction with B7
ligands expressed by mature dendritic cells (DCs). In fact, as sug-
gested by studies in animal models of transplant tolerance [19,20],
B7 engagement by a soluble CTLA-4 fusion protein (CTLA-4-Ig) or
CTLA-4 expressed by Tregs may induce activation of the indoleam-
ine 2,3-dioxygenase (IDO) enzyme and initiate tryptophan catabo-
lism in DCs, thus reducing T-cell proliferation and survival [19,21].

Therefore, CTLA-4 may exert its immunoregulatory role through
a bidirectional signaling between CTLA-4 on T cells and B7 on DCs
that results in attenuation of ongoing immune response and main-
tenance of T-cell homeostasis. Although previous reports have
shown constitutive or inducible expression of B7 molecules also on
resting or activated human and murine T cells [22,23], suggesting a
possible T-T interaction, expression of CTLA-4 by human DCs has so
far not been demonstrated.

In this study, we report that CTLA-4 expression can be induced
on matured human monocyte-derived DCs. We demonstrate that
treatment of mDCs with an agonistic anti—-CTLA-4 antibody has
functional effects as it modulates cytokine secretion and decreases
mDC-induced antigen-specific CD4" T-cell proliferation, the latter
being caused at least partially by an increase in IL-10 production
upon CTLA-4 engagement on mDCs.

2. Subjects and methods
2.1. Isolation of peripheral blood cells and DC generation

Human peripheral heparinized blood samples were obtained
from voluntary healthy donors upon informed consent, according
to institutional procedures and the Declaration of Helsinki. Periph-
eral blood mononuclear cells (PBMCs) were purified by density
gradient centrifugation (Ficoll; Biochrom, Berlin, Germany) and
subjected to immunomagnetic positive selection with an antibody
against monocytes (CD14; Miltenyi Biotec, Auburn, CA). Monocytes
were >98% pure as determined by anti-CD14 mAb staining. Monocyte-
derived DCs were generated by culturing CD14* cells for 6 days in
24-well plates (5x10° cells/ml) with RPMI 1640 (Cambrex Bio
Science, Verviers, Belgium) supplemented with 10% heat-inactivated fe-
tal calf serum (Cambrex) (complete medium). To induce immature
DCs, recombinant human IL-4 and recombinant human GM-CSF
(Euroclone, Milan, Italy) were added at days 0 and 2 at final con-
centrations of 25 and 20 ng/ml, respectively.

On culture day 4, half of the medium was replaced with fresh
complete medium containing IL-4, GM-CSF, and different DC-
maturation stimuli including Escherichia coli lipopolysaccharide
(LPS; St. Louis, MO) at 100 ng/ml, Polyl:C (Calbiochem, DBA, Milan,
Italy) at 25 pg/ml, or cocktail of cytokines, including IL-6, IL-1,
TNF-« (all from Euroclone) and PGE, (Sigma-Aldrich, Milan, Italy),
at 10 ng/ml for 2 days, to stimulate complete mDCs. To study the
effects of CTLA-4 binding, iDC were cultured for 48 hours in the
presence of the agonistic anti-CTLA-4 mAb 3D5 [5,18], kindly pro-
vided by A. Lanzavecchia (Institute for Research in Biomedicine,
Bellinzona, Switzerland), coated on a plastic plate, and cells were
collected for cell surface phenotyping and functional tests.

In addition, PBMCs were cultured in complete medium in the
presence or not of phytohemaglutinin A (PHA; Life Technologies,
Milan, Italy) at a final concentration of 2 ug/ml for 48 hours at 37°C.
CD4" T lymphocytes were isolated from PBMCs by positive selec-

tion with magnetic beads coated with mAb to CD4 (MACS, Miltenyi
Biotec).

2.2. Flow-cytometric analysis of cell surface markers and
CTLA-4 expression

Analysis of cell surface markers and CTLA-4 on monocytes and
dendritic cells was performed by direct immunofluorescence stain-
ing using the following murine monoclonal antibodies (mAbs):
Peridinin-Chlorophyll-Protein Complex (PerCP)-conjugated anti-
HLA-DR (L247 clone), Phycoerythrin-conjugated anti-CD14 (M5E2
clone) (all from BD PharMingen, San Diego, CA), PE-conjugated
anti-CD83 (HB15a clone) (Immunotech-Coulter, Fullerton, CA,
USA), PE-conjugated anti-CD11c and Phycoerythrin Cyanin 5
(PC5)-conjugated anti-ILT3. For surface CTLA-4, the following two
antibody reagents were used in independent experiments: the FITC-
conjugated anti-CTLA-4 mAb 48815 [24,25] and PE-conjugated goat
anti-CTLA-4 polyclonal antibody (both from R&D Systems, Minne-
apolis, MN).

Direct immunofluorescence was performed by staining, for 30 min-
utes at 4°C, 1x10° cells/sample with the fluorochrome-coniugated
mAbs preparations containing 1 mg/ml purified human y-globulin
(human therapy grade, Biotest SRL, Milan, Italy) to prevent
nonspecific binding to Fc-gamma receptor. Cells were washed
twice in phosphate-buffered saline plus 2% fetal calf serum (FACS
buffer) and analyzed by flow cytometry.

Analysis of intracellular CTLA-4 expression was performed by
indirect immunofluorescence staining with the anti-CTLA-4 mAb
14D3 [26,27] (from eBioscence, San Diego, CA), for 30 minutes at
4°C, 4x10° cells/sample after cell fixation with 2% paraformalde-
hyde and permeabilization with 0.1% saponin. After washing in
FACS buffer, a FITC-conjugated isotype-specific goat anti-mouse
IgG secondary antibody (Southern Biotechnology, Birmingham, AL)
was added and incubated for 30 minutes at 4°C. After two final
washes, cells were analyzed by flow cytometry. Negative controls
included directly labeled and unlabeled isotype-matched irrele-
vant mAbs.

Flow-cytometric analysis was performed with a FACSCalibur
cytometer (Becton Dickinson, San Jose, CA) using CellQuest soft-
ware (Becton Dickinson). For gating on viable cells, we used TO-
PRO-3 iodide (Invitrogen, Milan, Italy), a membrane-impermeable
DNA binding dye, added to samples (0.5 uM final concentration), in
addition to forward and side scatter characteristics of each cell
type. A total of 10,000 gated events were acquired for each matu-
ration and antibody condition. Results were expressed as mean
ratio of relative fluorescence intensity (MRFI), calculated on the
same cell fractions, as follows: mean fluorescence intensity of
CTLA-4 staining/mean fluorescence intensity of irrelevant isotype-
matched mAb staining.

2.3. RT-PCR analysis of CTLA-4 transcripts

Total cellular RNA was extracted using RNeasy Mini Kit (Qia-
gen, Milan, Italy) following the manufacturer’s instructions; re-
sidual DNA was removed by DNAse digestion. A 2-ug quantity of
total RNA was reverse transcribed into first-strand cDNA using
the SuperScript Il Reverse Transcriptase (Invitrogen). Amplifica-
tion of CTLA-4 transcripts was performed in a reaction mix, final
volume of 20 ul, containing 100 ng of cDNA, 0.1 mmol/l dNTPs, 1
U AmpliTaq Gold (Applied Biosystems, Roche, Milan, Italy), its
specific buffer with 1.5 mmol/l MgCL,, and 0.25 umol/l of each
primer (sense: 5" GACTCTACATCTGCAAGGT 3’ and antisense: 5’
CTCAGCTCTTGGAAATTG 3').

Cycling conditions were 12 minutes at 95°C followed by 45
cycles of 94°C for 30 seconds, of 55°C for 30 seconds, 72°C for 30
seconds, and a final cycle at 72°C for 10 minutes. Polymerase chain
reaction (PCR) products were separated by standard electrophore-
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sisona2.5% agarose gel containing ethidium bromide. Specificity of
CTLA-4 PCR products was confirmed by direct sequencing analysis,
in both directions, using an ABI-PRISM 3130 (Applied Biosystems,
Foster City, CA).

2.4. Cytokine production

The agonistic anti-CTLA-4 mAb 3D5 (IgG1) was coated over-
night at 4°C on flat-bottom plates and iDCs were plated at 1x10°
cells/ml on coated plates in the presence of LPS (100 ng/ml). Culture
supernatants were collected after 24 and 48 hours of culture and all
samples were tested in duplicate for the presence of IL-8/CXCLS,
IL-10 and IL-12p70 cytokines by enzyme-linked immunosorbent
assay (ELISA) following the manufacturer’s instructions (Bender
MedSystems, Milan, Italy). An anti-CD31 mAb was used as IgG1
isotype-matched control mAb as previously described [28].

2.5. Apoptosis detection

Immature DCs were cultured on plates coated with the anti-
CTLA-4 agonistic mAb or with the IgG1 isotype-matched control
mAD in the presence of LPS (100 ng/ml). Mature DCs were collected
after 24 and 48 hours to evaluate apoptosis by flow cytometry using
annexin V binding and TO-PRO-3 uptake. Briefly, mDCs were col-
lected, washed in annexin V binding buffer and resuspended at
5-10x10°> mDCs/ml in 50 wl of staining buffer containing 1 ul of
annexin V (MBL International, Woburn, MA) at 250 ug/ml, 5 ul of
TO-PRO-3 iodide (Invitrogen), 1 mmol of solution, for 15 minutes in
the dark at room temperature. Cells were analyzed by flow cytom-
etry with a FACSCalibur cytometer (Becton Dickinson) using
CellQuest software.

2.6. CD4+ T lymphocyte proliferation assays

Both mDCs and CD4* T lymphocytes were obtained as de-
scribed above. mDCs were pretreated with anti-CTLA-4 and with
IgG1 isotype control mAbs on 24-well, flat-bottom coated plates
for 30 minutes at 4°C, collected by pipetting, washed, and pulsed,
at 3x10°/ml, with the recall antigen purified protein derivative
(PPD) from Mycobacterium tuberculosis (Statens Serum Insitut,
Copenhagen, Denmark) at a final concentration of 5 ug/ml. Pro-
liferative responses were measured by culturing 3x10% pre-
treated mDCs in the presence of 10° CD4* autologous T lympho-
cytes in 0.2 ml of complete medium, in 96-well, flat-bottom
microtiter plates.

In another set of experiments, neutralizing anti-IL-10 mAb or
control IgG2b isotype mAb were added to the co-cultures. All
cultures were pulsed with 0.5 uCi of [*H] thymidine (Amersham
Biosciences, Cologno Monzese, Italy) on day 4 and harvested 18
hours later. Dry filters with scintillation fluid were counted in a
gamma counter (Beckman-Coulter). Counts represent mean val-
ues of triplicates.

2.7. Statistical analyses

Statistical analyses were performed to compare: (1) CTLA-4
expression levels on mDCs, iDCs and monocytes, (2) cytokine pro-
duction by anti-CTLA-4-treated and isotype control-treated
mDCs, and (3) CD4" T-cell proliferation in co-culture experiments
with mDCs treated with anti-CTLA-4 and anti-IL-10 mAbs or with
the irrelevant control mAbs. All results are presented as mean +
standard error of the mean. Differences between groups were eval-
uated by paired two-tailed Student’s t tests. All p values (signifi-
cance level <0.05) were further adjusted with Bonferroni correc-
tion for multiple comparisons and are indicated as “p..” Statistical
analyses were carried out using the SPSS package, version 17.0 for
Windows (SPSS Inc., Chicago, IL).

3. Results
3.1. CTLA-4 is expressed by human mature DCs

To study CTLA-4 expression by human monocyte-derived DCs,
peripheral blood monocytes were isolated by positive selection
with anti-CD14 antibody-coated-magnetic beads (purity of CD14*
cells was >98%), cultured with GM-CSF+IL-4 to differentiate into
immature DCs and further stimulated with different maturation
stimuli to generate mature DCs. CTLA-4 expression in the various
cell populations was evaluated by immunofluorescence staining
and flow cytometry with a panel of well-validated anti-CTLA-4
specific antibodies (see Subjects and methods).

CTLA-4 was found to be constitutively expressed on the surface
of freshly isolated monocytes when tested immediately after col-
lection from different donors, but disappeared within 24 hours of
cultures in the presence of GM-CSF+IL-4 and remained below
detectable levels up to 72 hours of culture. Matured CD83" DCs
obtained by in vitro stimulation of iDCs with different maturation
stimuli, including LPS (bacterial), Polyl:C (viral), and cytokine cock-
tails (inflammatory), similarly resulted in a significant upregulation
of CTLA-4 cell surface expression (Fig. 1A, Table 1). Remarkably,
surface CTLA-4 expression on mDCs remained stable for at least 48
hours after different stimulations.

High levels of CTLA-4 were detected in the cytoplasm of mono-
cytes, iDCs, and mDCs obtained with different stimuli, as shown by
the flow-cytometric intracellular stainings (Fig. 1B). This pattern is
consistent with the well known T-cell intracellular compartimen-
talization of CTLA-4 that is mainly localized in vesicles of the Golgi
apparatus and is released to the cell surface during T-cell activation
[29,30]. In agreement with previous reports [9,10], CTLA-4 expres-
sion was detected in the cytoplasm of both resting and PHA-
activated PBMCs used as controls and on the surface of only
PHA-activated PBMCs (Fig. 1C). As the different stimuli used re-
sulted in similar CTLA-4 expression on activated DCs, we next
analyzed CTLA-4 expression and its biologic effects only in LPS-
matured DCs (LPS-mDCs). We compared the levels of CTLA-4 ex-
pression in LPS-mDCs with those in iDCs or monocytes derived
from seven individual donors, by measuring the mean ratio of
relative fluorescence intensity (MRFI). CTLA-4 expression resulted
upregulated in LPS-mDCs, from six of seven donors examined (Ta-
ble 1), showing MRFI values significantly higher than those in iDC
samples (p < 0.001, p. = 0.002), but not significantly different from
those in freshly isolated monocytes (p = 0.074, p. = 0.222). On the
contrary, MRFI values in iDC samples were significantly lower than
those in freshly isolated monocytes (p = 0.016, p. = 0.048).

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

3.2. CTLA-4 T™ transcript variant is expressed by human mature DCs

CTLA-4 expression was confirmed at transcriptional level by
RT-PCR analysis carried out with a set of primers that identifies two
alternative variants of CTLA-4, namely the 348-bp fragment corre-
sponding to the transcript variant 1 or CTLA-4 TM (GenBank accession
number NM_005214) and the 238-bp fragment corresponding to the
transcript variant 2 or CTLA-4delTM/soluble CTLA-4 (GenBank acces-
sion numbers NM_001037631). The transcriptional patterns shown
(Fig. 1D) refer to representative freshly isolated human monocytes
(MOs), iDCs, LPS-mDCs, and resting and PHA-activated PBMCs, the
CTLA-4 expression pattern of which is shown by flow cytometry
(Fig. 1A-C).

The results showed that freshly isolated human MOs, as well as
iDCs, express both CTLA-4 transcript variants with iDCs expressing
lower levels of CTLA-4delTM compared with CTLA-4 TM transcript
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Fig. 1. CTLA-4 expression in human peripheral blood monocytes, immature DCs, mature DCs, resting and PHA-activated PBMCs, by flow cytometry and RT-PCR. (A) Time
course experiment of CTLA-4 surface expression on peripheral blood monocytes, freshly isolated and after 24 hours of culture with GM-CSF+IL-4. At day 4 the resulting
immature DCs (iDCs) were stimulated with different stimuli, including LPS (100 ng/ml), Polyl:C (25 pg/ml), IL-6, IL-13, TNF-«, and PGE, cytokine cocktail (10 ng/ml), for 48
hours to obtain mature DCs (mDCs). Cell samples were stained, by direct immunofluorescence, with two anti-CTLA-4 mAbs, or the isotype control mAbs, and analyzed by flow
cytometry. Results shown are from one representative experiment obtained with the FITC-conjugated anti-CTLA-4 mADb as the other anti-CTLA-4 polyclonal Ab gave similar
staining patterns. The insets in the histograms of iDCs and differently induced mDCs show the flow-cytometric profiles of CD83 expression. (B) CTLA-4 cytoplasmic expression
analyzed in peripheral blood monocytes, freshly isolated and differentiated to iDCs and mDCs obtained with the above stimuli. Cell samples were stained, by indirect
immunofluorescence, with the anti-CTLA-4 mAD or the isotype control mAb after cell fixation with 2% paraformaldehyde and permeabilization with 0.1% saponin. After
washing, an FITC-conjugated goat anti-mouse IgG secondary antibody was added and analysis was performed by flow cytometry. (C) CTLA-4 surface and cytoplasmic
expression analyzed in control resting and PHA-activated PBMCs by staining with the FITC-conjugated anti-CTLA-4 mAb and the anti-CTLA-4 mADb, respectively, or the isotype
control mAbs. Filled histograms in panels A-C represent staining with anti—-CTLA-4 mAbs; open histograms represent staining with isotype control mAbs. A representative
experiment among seven performed is shown. (D) RT-PCR analysis of CTLA-4 expression in freshly isolated peripheral blood monocytes (MOs), iDCs, LPS-matured DCs, resting
and activated-PBMCs. Total RNA was isolated, reverse transcribed and PCR amplified with primers specific for the two alternative CTLA-4 transcript variants, CTLA-4-TM
(membrane isoform) of 348 bp and the CTLA-4-delTM (soluble isoform) of 238 bp. Expression of CTLA-4 transcripts is shown for MOs, iDCs, LPS-mDCs, and control resting and
PHA-activated PBMCs from the representative experiment the CTLA-4 expression of which is shown by flow cytometry in panels A-C. Mw, molecular weight marker.

(Fig. 1D). LPS-mDCs showed similar expression of CTLA-4 TM but
undetectable, or barely detectable, level of CTLA-4delTM transcript
(Fig. 1D).

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

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

It has been reported that CTLA-4 plays a role in regulating
cytokine production by both activated T [18] and B cells [5]. We
thus investigated whether binding of CTLA-4 expressed by mDCs
with an agonistic anti—-CTLA-4 mAb exerts a similar effect on DCs.
To this end, iDCs were cultured on plates coated with the anti—

CTLA-4 mAD 3D5 [5,18] or with the IgG1 isotype-matched control
mADb in the presence of LPS. Supernatants were collected after 24
and 48 hours of culture to measure the levels of the pro-inflammatory
cytokines IL-8/CXCL8 and IL-12p70 and the regulatory cytokine
IL-10. We analyzed the first two cytokines, as they represent the
main cytokines involved in T-cell recruitment and Th1-immune
response polarization [31-34] and IL-10 for its suppressive activity
on T-cell proliferation and cytokine production [35,36].

In three independent experiments using mDCs from donors 1, 2,
and 3, we observed that CTLA-4 engagement by the agonistic mAb sig-
nificantly reduced IL-8/CXCL8 production by an average of 79.8% at
24 hours (p = 0.001, p. = 0.007), whereas significativity at 48 hour
was lost after Bonferroni correction (p = 0.047, p. = 0.28). CTLA-4
engagement also decreased the production of IL-12p70, but this
reduction did not reach statistical significance at both 24 and 48
hours (p = 0.024, p. = 0.144 and p = 0.077, p. = 0.462, respectively)
(Fig. 2A). At the same time, CTLA-4 engagement significantly in-
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Table 1
CTLA-4 surface expression on freshly isolated monocytes, monocyte derived
immature DCs and mature DCs by flow cytometry?

Donor CTLA-4 expression (MRFI)°
pc = 0.222¢
pc = 0.048 pe = 0.002
Monocytes Immature DCs Mature DCs
Donor 1 5.50 1.20 2.85
Donor 2 4.30 1.90 2.30
Donor 3 4.60 1.46 2.25
Donor 4 4.90 2.10 3.80
Donor 5 2.10 2.50 3.60
Donor 6 6.50 0.80 1.68
Donor 7 ND 0.93 2.10
Means 4.28 + 0.62 1.55 £ 0.24 2.65 = 0.30

3CTLA-4 surface expression was evaluated by flow cytometry on freshly isolated
human peripheral blood monocytes, immature DCs and LPS-matured DCs, gener-
ated from seven independent donors (1-7). Cell samples were stained, by direct
immunofluorescence, with the FITC-conjugated anti—-CTLA-4 mAb or the isotype
control mAb.

PNumbers represent mean ratio of relative fluorescence intensity (MRFI), calculated
as described in Subjects and methods.

Differences in CTLA-4 expression among mDC, iDC, and monocytes were evaluated
by a two-tailed Student’s t test with a p value (significance level <0.05) further
adjusted with Bonferroni correction for multiple comparisons (p,).

creased IL-10 secretion by an average of 47.2% at 48 hours (p =
0.001, p. = 0.008), whereas significativity at 24 hours was not
retained after Bonferroni correction (p = 0.021, p. = 0.126) (Fig.
2A). The cytokine levels produced by anti-CTLA-4-treated mDCs
were compared with those produced by mDCs treated with the
isotype-matched control mAb. These results suggest a functional
role of CTLA-4 signaling pathway in the regulation of cytokine
secretion by human mDCs.

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

A
350 _
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~ 300 - @ant-CTLA424h l
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g 250 @ anti-CTLA4 48h
S
s 200
T
8 150
=
[=]
(3]
c 100 1 Pe=0.007
£
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IL-8/CXCL8 IL-12p70

determined by cytofluorimetry using annexin V staining and TO-
PRO-3 uptake, at 24 and 48 hour of culture (Fig. 2B).

These results indicate that CTLA-4 signal in mDCs can modulate
cytokine secretion without interfering with viability and pheno-
typic maturation.

3.4. CTLA-4 engagement downregulates the ability of human mature
DCs to stimulate Ag-specific CD4* T-cell proliferation

We next investigated whether CTLA-4 engagement by the ago-
nistic anti-CTLA-4 mAb 3D5 could affect the T-cell proliferation-
stimulating ability of mDCs. Because CTLA-4 also inhibits T-cell
function [1-3], to prevent a direct effect of CTLA-4 mAb on T
lymphocytes, mDCs from three independent donors were pre-
treated on plates coated with anti-CTLA-4 mAb or isotype-
matched control mAb, washed to remove unbound mAb, pulsed
with PPD recall antigen, and then added to purified autologous
CD4™" Tcells as specified in Subjects and methods. We observed that
anti-CTLA-4 pretreated-mDCs significantly reduced the prolifera-
tion of CD4* T cells by 42% compared with mDCs treated with the
isotype-matched control mAb (p = 0.017, p. = 0.034) (Fig. 3).

Remarkably, CTLA-4 engagement by the agonistic mAb 3D5 did
not affect the expression of DC maturation markers by human
LPS-matured DCs as the expression of HLA-DR, CD83, CD80, and
CD86 was similar in mDCs cultured, with or without the anti-
CTLA-4 mADb, at either 24 or 48 hours. Similarly, CTLA-4 binding did
not affect the expression of either programmed death ligand PDL-1
or PDL-2 (data not shown).

As we observed that IL-10 production by mDCs was increased
upon CTLA-4 engagement by the agonistic mAb 3D5, we investi-
gated whether the addition of an anti-IL-10 neutralizing mAb, to
PPD loaded DC-T cell co-cultures, could restore T-cell proliferation.
The results showed that addition of an anti-IL-10 mAb partially
restored the proliferation of antigen-specific CD4* T cells cultured
with anti-CTLA-4-pretreated-mDCs compared with the culture
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Fig. 2. (A) Effect of CTLA-4 engagement on secretion of [L-8/CXCL8, IL-12p70, and IL-10 by LPS-matured DCs (LPS-mDCs). Immature DCs were cultured on plates coated with
the anti-CTLA-4 agonistic mAb or with the IgG1 isotype-matched control mAb in the presence of LPS (100 ng/ml) and supernatants were collected after 24 and 48 hours to
measure the levels of IL-8/CXCL8, IL-12p70, and IL-10 cytokines by ELISA. The experiments shown are with LPS-mDCs generated from three donors (donors 1, 2, and 3). ELISA
results are displayed, with bars representing the mean = SEM of three independent experiments. Differences in cytokine secretion were analyzed by a two-tailed Student’s
t test with a p value (significance level <0.05)) further adjusted with Bonferroni correction for multiple comparisons (p.). (B) Flow-cytometric analysis of apoptosis in
LPS-mDCs after CTLA-4 engagement. Immature DCs were cultured on plates coated with the anti-CTLA-4 agonistic mAb or with the IgG1 isotype-matched control mAb in the
presence of LPS (100 ng/ml), and cells were collected after 24 and 48 hours to assay apoptosis by flow cytometry using annexin V binding and TO-PRO-3 uptake. Dot plots
display annexin V fluorescence versus TO-PRO-3 fluorescence with numbers indicating the proportion of cells present in the respective quadrant. Data are referred to mDCs
from one representative of the three donors analyzed, whose cytokine production is reported in panel A.
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Fig. 3. Effect of CTLA-4 engagement and IL-10 neutralization on proliferation of autologous antigen-specific CD4* T lymphocytes induced by LPS-matured DCs (LPS-mDCs).
Peripheral blood monocyte-derived mature DCs were pretreated with the anti-CTLA-4 agonistic mAb or with the IgG1 isotype (y1) control mAb blocked on plastic plates,
collected, washed, and pulsed using the recall antigen-purified protein derivative (PPD). Subsequently, autologous CD4* T lymphocytes were included in the assay using new
plastic plates, in the presence of either neutralizing anti-IL-10 mAb or IgG2b isotype (y2b) control mAb. After 5 days culture, lymphocyte proliferation was measured by [>H]
thymidine uptake. Data are displayed, with bars representing the mean kcpm + standard error of the mean of three independent experiments. Differences in CD4" T-cell
proliferation were analyzed by a two-tailed Student’s t test with a p value (significance level <0.05) further adjusted with Bonferroni correction for multiple comparisons (p.).

with mDCs treated with anti—-CTLA-4 mAb and an irrelevant control
mAD having the same isotype (IgG2b) of the anti-IL-10 mAb (Fig. 3).
Although the increase in cell proliferation (25%) did not reach the
statistical significance (p = 0.083, p. = 0.166), these data indicate a
trend towards restoring CD4™" T-cell proliferation by IL-10 neutral-
ization. These results indicate that an increased release of IL-10
after CTLA-4-binding of mDCs may be involved in the impairment
of antigen-specific T-cell proliferation induced by LPS-matured
DCs.

4. Discussion

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

Our data show that CTLA-4 is expressed by mature DCs obtained
with different stimulations (LPS, Poly:IC, cytokines), whereas it is
minimally, or not at all, expressed by immature DCs.

During kinetics studies of DC maturation, we observed that
freshly isolated monocytes constitutively express CTLA-4. This ob-
servation confirms previous data [6], although we detected higher
expression levels, probably because of the use of different anti-
CTLA-4 mAbs. This basal expression of CTLA-4 on monocytes might
avoid excessive cell activation and thus sustain immunologic
homeostasis.

Interestingly, CTLA-4 expressed by circulating monocytes is
rapidly down-modulated upon in vitro culture with GM-CSF+IL-4,
but significantly increases as they differentiate into mature DCs in
response to stimulation with LPS, Polyl:C, or cytokine cocktail. A
similar down-modulation induced by in vitro culture of circulating
human monocytes has been described for the expression of phos-
pholipase D (PLD) enzyme which, in turn, is strongly upregulated
by LPS [37]. Evidence for a functional link between PLD and CTLA-4
has been shown in T cells in which expression of CTLA-4 at the
plasma membrane is caused by CTLA-4 exocytosis from intracellu-
lar vesicles followed by rapid endocytosis [38]. It is noteworthy that
the exocytosis pathway of CTLA-4 in T cells is dependent on the

activity of PLD in addition to that of GTPase ADP ribosylation
factor-1 [39].

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

Our results demonstrate that binding of the agonistic anti-
CTLA-4 mAb to CTLA-4 expressed by mDCs does not affect the
expression of CD83 and HLA-DR, as well as that of the main co-
stimulatory molecules CD80 and CD86. By contrast, under the same
experimental conditions, it modulates cytokine secretion.

CTLA-4 engagement induced a marked down-modulating effect
on IL-8/CXCL8 production, which remained significant after Bon-
ferroni correction, whereas it showed only a trend toward a signif-
icant reduction for IL-12p70 release by mDCs. However, this latter
finding may be of relevance as reflecting a biologic phenomenon
that might reach statistical significance in larger experimental DC
studies. IL-8 is a member of the CXC chemokine family (CXCL8) and
plays an important role as a chemotactic factor for all known types
of migratory immune cells [31,32]. IL-12p70 heterodimer is the
major cytokine promoting TH1-cell-mediated immunity, by induc-
ing T-cell activation, cell proliferation, and production of cytokines,
such as IL-2 and IFN-+y [33]. Thus, CTLA-4 signal in mDCs, by reduc-
ing pro-inflammatory and chemoattractant factors such as IL-8 and
IL-12, could play an active role in modulating the immune re-
sponse. DCs can also produce IL-10, which downregulates their
own function as well as the ability to stimulate CD4* T-cell prolif-
eration [40].IL-10 is a pleiotropic cytokine that controls inflamma-
tory processes by suppressing the production of pro-inflammatory
cytokines that are known to be transcriptionally controlled by
NF-«B, including IL-8 and IL-12 [41]. As IL-10 has been found to
inhibit the activity of NF-«B in various cell types, including mono-
cytes/macrophages [42], the inhibitory effect observed on IL-8/
IL-12 cytokine production could be mediated through the IL-10
ability to inhibit NF-«B. IL-10 produced by mDCs was indeed signif-
icantly upregulated upon CTLA-4 binding.

Another possible explanation for the inhibitory effect on cyto-
kine production could be a direct blocking of NF-«B or AP-1 tran-
scription factors that has been reported to occur in activated T cells
upon CTLA-4 ligation [6,43,44]. Thus, the inhibitory effect of CTLA-4
binding on pro-inflammatory cytokine secretion by mDCs is in
agreement and extends previous reports on activated T cells
[14,16], as well as B cells [5].
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In addition, CTLA-4 binding down-modulates CD4™ T-cell pro-
liferation induced by LPS-matured DCs in response to the recall
antigen PPD. Among the possible mechanisms underlying this find-
ing, the PD-1 T-cell inhibitory signal has been proposed [45]; how-
ever we do not favor this hypothesis because, in our case, CTLA-4
binding did not affect PDL-1/PDL-2 expression on mDCs (data not
shown). This observation raised the possibility that IL-10 upregu-
lation, upon CTLA-4 engagement, may contribute to the inhibitory
effect of PPD-specific CD4* T-cell proliferation in our experimental
model. In this regard, IL-10 has been reported to inhibit antigen-
induced proliferation and cytokine synthesis by T cells, most prob-
ably through its effects on antigen-presenting cells [46]. However,
itis likely that IL-10 synergizes with other factors in reducing T-cell
proliferation because the addition of neutralizing anti-IL-10 mAb
only partially restored mDC-induced T-cell proliferation in re-
sponse to PPD.

Thus, the CTLA-4 signal might be important in downregulating
the DC function by modulating both secretion of pro-inflammatory
and anti-inflammatory cytokines as well as DC-induced T-cell re-
sponse. In contrast, CTLA-4 signal probably does not affect the
antigen presenting function of mDCs as the expression of costimu-
latory molecules CD80 and CD86 was not altered by CTLA-4
engagement.

Furthermore, binding of CTLA-4 expressed by mDCs did not
affect DC viability as indicated by annexin V/TO-PRO-3 staining,
suggesting that the observed inhibitory effects of CTLA-4 are not a
consequence of reduced viability of mDCs.

The expression of other inhibitory receptors belonging, like
CTLA-4, to the same immunoglobulin superfamily (IgSF), has
been described on human and murine DCs. They include the
immunoglobulin-like transcript receptors (ILT2, ILT3, ILT4) [47],
which can negatively regulate DC antigen presentation, T-cell co-
stimulation, and cytokine production [48]; the leukocyte Ig-like
receptor (LILRB1), which can decrease IL-12 production and DC-
induced T-cell response [49]; and the DC-derived immunoglobulin
receptor 2 (DIGR2), which mediates negative DC signaling both in
vitro and in vivo [50].

Unlike these DC inhibitory receptors, CTLA-4 does not contain a
canonical immunotyrosine-based inhibitory motif (ITIM) [51] in
the cytoplasmic tail, which is responsible for the transduction of
the inhibitory signaling in DC receptors through the recruitment
of SHP1 tyrosine phosphatase [52]. Therefore, the mode of action of
CTLA-4 may be indirect, thus differing from the other conventional
ITIM-containing DC inhibitory receptors.

The expression of CTLA-4 on dendritic cells, to the best of our
knowledge not yet reported, is in line with the functional role of
CTLA-4 in other CTLA-4-expressing cells studied to date. Therefore,
our findings suggest a more general role of this molecule as an
attenuator in the immune cell activation not restricted only to T
and B cells. In this respect, the upregulation of CTLA-4 expressed by
matured DCs might be important as a negative feedback mecha-
nism to prevent the excessive activation of T cells. We propose that
this regulatory mechanism could result from the signaling deliv-
ered by CTLA-4 to mDCs upon engagement with B7 molecules
expressed by mDCs themselves, or alternatively, with B7 molecules
expressed by activated T cells. In addition, as B7 molecules ex-
pressed by T cells [53,54] are capable of transducing an inhibitory
signal to T cells [53], interaction of B7, expressed on T cells, with
CTLA-4, expressed by mDCs either in its CTLA-4TM or delTM iso-
forms, might represent an additional mechanism to terminate T-
cell responses [53,55]. Further biochemical and functional charac-
terizations of CTLA-4 signaling pathway in mDCs will be required to
explore this hypothesis.
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