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Abstract: The only available vaccine against tu-
berculosis is Mycobacterium bovis Bacillus
Calmette Guérin (BCG), although its efficacy in
preventing pulmonary tuberculosis is controver-
sial. Early interactions between dendritic cells (DC)
and BCG or Mycobacterium tuberculosis (Mtb) are
thought to be critical for mounting a protective anti-
mycobacterial immune response. Recent studies
have shown that BCG and Mib target the DC-specific
C-type lectin intercellular adhesion molecule-3-grab-
bing nonintegrin (DC-SIGN) to infect DC and inhibit
their immunostimulatory function. This would occur
through the interaction of the mycobacterial manno-
sylated lipoarabinomannan to DC-SIGN, which would
prevent DC maturation and induce the immunosup-
pressive cytokine interleukin (IL)-10 synthesis. Here,
we confirm that DC-SIGN is expressed in DC derived
from monocytes cultured in granulocyte macro-
phage-colony stimulating factor (GM-CSF) and 1L-4
and show that it is not expressed in DC derived from
monocytes cultured in GM-CSF and interferon-a
(IFN-a). We also demonstrate that DC-SIGN™ DC
cultured in GM-CSF and IFN-« are able to phagocy-
tose BCG and to undergo a maturation program as
well as DC-SIGN™ DC cultured in IL-4 and GM-CSF.
We also show that BCG causes the impairment of
IL-12 and the induction of IL-10 secretion by DC,
irrespective of DC-SIGN expression. Finally, we
demonstrate that the capacity to stimulate a mixed
leukocyte reaction of naive T lymphocytes is not
altered by the treatment of both DC populations with
BCG. These data suggest that DC-SIGN cannot be
considered as the unique DC receptor for BCG inter-
nalization, and it is more interesting that the myco-
bacteria-induced immunosuppression cannot be at-
tributed to the engagement of a single receptor. J.
Leukoc. Biol. 78: 106-113; 2005.
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INTRODUCTION

Estimates indicate that one-third of the world’s population is
infected with Mycobacterium tuberculosis (Mtb), but infection
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does not usually lead to active disease [1, 2]. In fact, in most
cases of primary Mtb infection, the individual is asymptomatic
and noninfectious, although infected by dormant mycobacteria.
This clinical latency often extends for the lifetime of the
individual. Acute, active tuberculosis (TB) can result in a small
percentage of tuberculin-positive, latently infected individuals,
probably as a result of the lack of initiation/maintenance of an
appropriate immune response [3]. Reactivation of latent infec-
tions can occur in response to perturbations of the immune
response, thus ensuing active TB. However, in many cases of
active TB, an obvious immunodeficiency is not found [1]. The
immune response limiting and switching the infection off dur-
ing primary TB is presumably initiated when upon exposure to
Mib, the efficient antigen-capturing tissue immature (Im) den-
dritic cells (DC) [4] are transformed into strongly T cell-
stimulatory, mature (m)DC, which migrate with high efficiency
into draining lymph nodes. In these compartments, the stimu-
latory capacity of mDC ultimately leads to effector T cell
differentiation and memory T cell expansion, which in turn,
confer protection against Mtb in the lung [2, 5-7]. Mtb may
persist by suppressing microbicidal activities of host macro-
phages and by ultimately subverting cell-mediated immune
responses capable of eradicating the infection, but these latter
mechanisms are still not understood completely [8, 9]. As DC
are of fundamental importance in establishing a protective
immune response against Mtb, it is conceivable that DC may
represent strategic targets of Mtb immune evasion mecha-
nisms. We have shown previously that Mth can alter the
differentiation of monocytes into DC capable of promoting a T
helper cell type 1 response [10—12] and hypothesized that this
phenomenon could represent an escape mechanism explaining
the diversion of the recall immune response during reactiva-
tion TB.

In addition, the interaction of structural components of my-
cobacteria such as Mth and Bacillus Calmette Guérin (BCG)
with DC-specific intercellular adhesion molecule-3-grabbing
nonintegrin (DC-SIGN) has been proposed recently as crucial
to the infection of DC and to potentially determine immuno-
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suppression [13, 14]. DC-SIGN is a type Il transmembrane
protein that belongs to the C-type lectin family, and it is
expressed by monocyte-derived DC, as well as by tissue DC of
virtually all body compartments [15, 16]. DC have been shown
to interact with several pathogens including virus, bacteria,
fungi, and protozoa through DC-SIGN [17]. In particular, the
interaction of Mth or BCG with DC-SIGN has been reported as
one of the major examples of how this receptor can influence
DC function [13, 14]. However, most of the studies have been
conducted using DC derived from monocytes cultured with
granulocyte macrophage-colony stimulating factor (GM-CSF)
and interleukin (IL)-4 [18, 19]. This is a relevant issue, as it
has been demonstrated that DC-SIGN expression during DC
differentiation is primarily induced by IL-4, and transforming
growth factor-f, interferon-a (IFN-a), or dexamethasone pre-
vent its IL-4-dependent induction on monocytes [20]. The
possibility exists that alternative in vitro methods of DC gen-
eration, which may reflect different in vivo microenvironments,
lead to the differentiation of DC with different expression or
function of DC-SIGN. In particular, GM-CSF plus IFN-« is a
method that may mimic the in vivo DC differentiation from
monocytes recruited in an inflammatory milieu, where type |
IFN is released as a danger signal [21]. Given the known
capability of IFN-a to prevent DC-SIGN expression, in this
study, we investigated the kinetics of DC-SIGN expression and
the functional consequences of the interaction of mycobacteria
with DC derived from monocytes cultured with GM-CSF and
IFN-a.

MATERIALS AND METHODS

Reagents

Recombinant IL-4 was purchased by from R&D Systems (Minneapolis, MN),
IFN-a from Alfa Wasserman S.p.A. (Alanno PE, Italy), and GM-CSF (Leuco-
max) from Sandoz (Basel, Switzerland). Tritiated thymidine was from Amer-
sham (Little Chalfont, UK). Phorbol 12-myristate 13-acetate, ionomycin, and
brefeldin-A were from Sigma Chemical Co. (St. Louis, MO). RPMI 1640
(Euroclone Lid., UK) was used, supplemented with 100 U/ml kanamycin, 1
mM glutamine, 1 mM sodium pyruvate, 1% nonessential amino acids, and 10%
fetal bovine serum (Hyclone, Logan, UT; complete medium).

Growth of mycobacteria

BCG (ATCC 27291) was grown in Middlebrook 7H10 agar (Difco Laboratories,
Detroit, MI) at 37°C under a humidified 5% CO, atmosphere for 2 weeks.
Bacterial suspensions were prepared by dispersing colonies with glass beads in
RPMI 1640. The tubes were vortexed and allowed to stand for 30 min to let
larger particles settle. The upper supernatant was stored at —80°C until use.
Colony-forming units were counted by the standard viable count technique in
Middlebrook 7H10 agar plates [12].

Monocyte isolation, BCG infection, and DC
generation

Peripheral blood mononuclear cells were purified from heparinized blood
obtained by healthy donors on a density gradient (Lymphoprep, Nycomed
Pharma AS, Oslo, Norway) as described previously [22].

Monocytes were sorted using anti-CD14-labeled magnetic beads (magnetic
cell sorter, Miltenyi Biotec, Germany) according to the manufacturer’s instruc-
tions and cultured for 6 days at the concentration of 4 X 10°cells/ml in
complete medium containing GM-CSF (50 ng/ml) and IFN-a (1000 U/ml) or
GM-CSF and IL-4 (1000 U/ml). Infection of DC generated with GM-CSF plus
IL-4 (IL-4 DC) or with GM-CSF plus IFN-a (IFN-a DC) was performed at day
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5 of culture with single-cell suspensions of BCG at the multiplicity of infection
(MOI), DC:mycobacterium, of 1:6. The efficiency of infection was quantitated
by counting intracellular mycobacteria in cells stained with the Kinyoun
method [23] after overnight (o/n) incubation. When indicated, on day 5, DC
were stimulated o/n with 0.1 pg/ml lipopolysaccharide (LPS) from Escherichia
coli (Sigma Chemical Co.) to induce their maturation.

Reverse transcriptase-polymerase chain reaction
(RT-PCR) and real-time PCR

Total RNA was extracted from 10° cells using an RNeasy mini kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions. Total RNA (0.5-3
pg) was treated with 8 units RQ1 DNase I (Promega, Madison, WI) in 40 mM
Tris-HCI (pH 8), 10 mM MgSO,, and 1 mM CaCl,, for 1 h at 37°C. RNA was
extracted with phenol-chloroform, ethanol-precipitated, and resuspended in
H,0. An aliquot of DNase-treated RNA was tested for DNA contamination
with B-actin primers. Total RNA was then reverse-transcribed 1 h at 42°C with
0.5 g random primers, 5 pl ImProm-II reaction buffer (Promega), 3 mM
MgCl,, and 0.5 mM each nucleotide and 1 pl ImProm-II RT (Promega) in a
final volume of 25 pl. PCRs were carried out in 20 pl reaction volume as
follows: a 3-min denaturation at 95°C, followed by 40 min at 95°C, 40 min at
62°C, and 90 min at 72°C. ¢cDNA was amplified for 25 cycles using human
B-actin sense (5 -TCCTGTGGCATCCACGAAACT-3") and antisense (5'-
GAAGCATTTGCGGTGGACGAT-3") primers for 36 cycles with DC-SIGN
sense (5'-AGAGTGGGGTGACATGAGTG-3') and antisense (5'-GAAGTTCT-
GCTACGCAGGAG-3") primers [24] and for 30 cycles with mannose receptor
(MR) sense (5'-GGTCGGATGGATGGCTCTG-3") and antisense (5'-GCTGAT-
GGACTTCCTGGTAAC-3") primers. All primers flanked introns for DNA-
genomic product discrimination. Serial 1:2 dilutions of ¢DNA from THP-1
cells were amplified with B-actin primers to establish the exponential range of
amplification. The PCR fragments were separated on 1.2% agarose gels. For
real-time quantitation, cDNA was amplified with the primers described above,
with the exception of DC-SIGN, which was amplified using a different sense
primer (5'-CACCCCTGTCCCTGGGAAT-3") to produce a shorter PCR product
(465 bp). PCR was performed in 20 wl with iQ SYBR Green Supermix
(Bio-Rad, Hercules, CA) in an iCycler 1Q (Bio-Rad) for 40 cycles as follows:
40 min at 95°C, 40 min at 62°C, and 60 min at 72°C. To verify the absence
of primer dimers in the reaction, a final melting curve was generated with
temperature increases from 55°C to 95°C. All amplifications were tested in
triplicate. A nontemplate control was run in every assay. Threshold cycle (C))
data were collected, AC, was calculated as the C, difference between the gene
of interest and the B-actin, and comparative gene expression was established
by the AAC, method. Finally, data were expressed as fold induction using the
2724 formula [25]. A standard curve for the three primer pairs was deter-
mined using known 1:10 serial dilutions of PCR products as starting material
to assess amplification efficiency over a wide range of template (data not
shown). P values were determined by uncoupled two-tailed Student’s i-test.

Fluorescein-activated cell sorter analysis

We used the following monoclonal antibodies (mAb): fluorescein isothiocya-
nate (FITC)-conjugated anti- DR, -CD1a, -CD83, and -CD86; phycoerythrin
(PE)-conjugated anti-CD14, -CD80, and -DC-SIGN, purified mouse immuno-
globulin G1 (IgG1) anti-CD11b, and appropriate isotypic controls, purchased
from PharMingen (San Diego, CA). [gG1 mAb (clone 3.29) anti-MR was kindly
provided by Antonio Lanzavecchia (Institute of Research in Biomedicine,
Bellinzona, Switzerland). Human adsorbed, PE-conjugated goat anti-mouse
IgG1 (Southern Biotechnology Assoc., Birmingham, AL) was used in associa-
tion with anti-CD11b and anti-MR. Cells were harvested and washed in
phosphate-buffered saline (PBS) containing 1% fetal calf serum (FCS) and
0.1% NaN, (staining buffer) and stained using the above-mentioned antibodies
or appropriate isotype controls for background determination.

Stained cells were analyzed by flow cytometry using a FACScan cytometer
(Becton Dickinson, Mountain View, CA) equipped with Cellquest software
(Becton Dickinson). Fluorescence intensity was evaluated by computerized
analysis of dot plots or histograms generated by at least 5000 viable cells.

Phagocytosis assay

IL-4 DC and IFN-a DC were incubated o/n with BCG at the MOI of 1:6 and
then washed by low-speed centrifugation (100 g). Cells were then transferred
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onto polylysine-coated culture slides (Falcon, Seattle, WA) for 1 h. Finally,
slides were stained by the Kinyoun or Giemsa method. In addition, capture and
internalization of BCG were evaluated using FITC-conjugated BCG. Briefly,
10? bacteria were labeled by incubation of 0.5 mg FITC/ml (Sigma Chemical
Co.) in PBS at room temperature for 1 h. BCG was then washed four times to
remove unbound FITC and resuspended in RPMI plus 10% FCS. 1L-4 DC and
IFN-a DC were incubated with FITC-conjugated BCG (MOI=1:6) and centri-
fuged at 100 g, and then the percentage of cells that bound FITC-conjugated
bacteria was measured by flow cytometry. Phagocytosis was determined by
comparing the intensity of green fluorescence (FITC) before and after trypan
blue quenching of membrane-bound, labeled bacteria [13].

Priming of naive T cells

DC were cultured at different cell numbers with 3 X 10* cord blood CD4" T
cells purified by indirect magnetic sorting with the CD4™" T cell isolation kit
by Miltenyi Biotec. The proliferative response was measured after 7 days by
3H-thymidine (0.5 wCi/well) incorporation.

Cytokine determination

After 5 days, the supernatant of DC cultures was removed for IL-4 determi-
nation, and cells were washed, adjusted to 4 X 10°cell/ml, and cultured in the
presence or absence of 0.1 pg/ml LPS or BCG (MOI=1:6) for an additional
24 h. Supernatants were examined for cytokines by enzyme-linked immunosor-
bent assay (ELISA) using commercially available kits (R&D Systems), accord-
ing to the manufacturer’s instructions. Detection limit of the assay was 15

pg/ml.
Statistical analysis

Data were analyzed using the Statview 4.1 program (Abacus Concepts, Berke-
ley, CA). The statistical significance of the difference between groups of data
with a normal distribution was determined by the ANOVA test with Bonferroni-
Dunn post-tests.

RESULTS

DC differentiated in IFN-a and GM-CSF do not
express DC-SIGN

To investigate DC-SIGN expression along DC differentiation,
monocytes were cultured for 5 days in the presence of 11.-4 DC
or IFN-a DC, and a kinetic analysis of receptor appearance
was performed. As shown in Figure 1, monocytes do not
express DC-SIGN, but the receptor is detectable on their
membrane, starting from 24 h of culture with GM-CSF and 11.-4
(data not shown) and reaching its highest intensity of expres-
sion after 48 h of culture. By contrast, monocytes that are
induced to differentiate into DC in the presence of IFN-« plus
GM-CSF do not express DC-SIGN at any time of the culture. To
determine whether the lack of DC-SIGN surface expression in
IFN-a0 DC was associated with decreased transcription, DC-
SIGN mRNA levels were measured in IL-4 DC and [FN-a DC
at different times of the culture. Figure 2 shows that DC-SIGN
mRNA levels are detected by RT-PCR in IL.-4 DC after 36
cycles. Quantitation by real-time RT-PCR showed barely de-
tectable DC-SIGN mRNA in [FN-a-treated DC: mRNA levels
after 12 h, 48 h, and 5 days were, in fact, 39.4, 44.6, and 43.3

times lower than in 11.-4 DC, respectively.

IFN-a DC phagocytose BCG

DC-SIGN has been considered the major receptor for Mth and
BCG on immature DC. For this reason, we asked if capture and
internalization of mycobacteria would occur in IFN-a DC
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Fig. 1. Kinetics analysis of DC-SIGN expression. Monocytes were cultured in
the presence of GM-CSF plus IL-4 or GM-CSF plus IFN-a and analyzed at
time 0 and after 12 h, 48 h, and 5 days of culture by flow cytometry. Cytometric
analysis was performed by surface staining with PE-conjugated anti-DC-SIGN
mADb (solid-line histograms). Dotted-line histograms indicate isotype control
mAb. One representative experiment out of three is shown.

lacking DC-SIGN expression with the same kinetics and effi-
ciency as IL-4 DC. As shown in Table 1, a lower percentage
of IFN-ae DC (37%) binds FITC-BCG after 2 h of incubation, as
compared with 1L.-4 DC (65%). However, trypan blue quench-
ing of noninternalized FITC-conjugated bacteria revealed that
the percentage of cells that internalize bound bacteria is com-
parable between the two DC populations (IL-4 DC=52.3% and
IFN-a0 DC=48.4%), suggesting that DC-SIGN may increase
the BCG binding rate, but other receptor(s) may also be in-
volved in BCG binding and internalization. Then, we tested the
ability of the two DC populations to phagocytose BCG after o/n
incubation by counting Kinyoun-stained bacteria in DC al-
lowed to adhere on polylysin-precoated slides. We observed

http://www.jleukbio.org
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Fig. 2. Analysis of DC-SIGN mRNA by RT-PCR and real-time PCR. RT-
PCR and real-time quantitative analysis of DC-SIGN mRNA expression in
monocytes incubated with GM-CSF and IL-4 (IL4) or GM-CSF IFN-a (IFNa).
Total RNA was extracted at time 0 (TO) and after 12 h, 48 h, and 5 days.
RT-PCR quantification was performed for 25 cycles for B-actin (Act) and 36
cycles for DC-SIGN, as described in Materials and Methods. Band sizes were
as expected from ¢DNA amplification: 315 bp for B-actin and 1237 bp for
DC-SIGN. SYBR Green real-time RT-PCR was performed for 40 cycles. Each
sample was tested in triplicate, and the AC, was calculated, normalizing to
B-actin. Differential gene expression was calculated by the AAC, method, and
values were expressed as fold induction compared with baseline levels, which
was IFN-a DC at 12 h for DC-SIGN, and DC-SIGN mRNA at TO was
undetectable. *** P < 0.01.

that IL-4 and IFN-o DC are equally associated with high
numbers of BCG (Fig. 3, A and D). In addition, Giemsa
staining of DC showed cytoplasmic vacuoli in BCG-infected
cells (Fig. 3, C and F) but not in uninfected cells (Fig. 3, B and
E), suggesting that bacteria are not only associated but also
ingested into phagosomes.

IFN-ao DC were also shown by flow cytometry to remain
DC-SIGN™ after infection with BCG, ruling out the possibility
that an o/n incubation with the mycobacterium would induce
DC-SIGN expression on these cells (data not shown).

These data indicate that I[FN-ae DC phagocytose BCG, irre-
spective of DC-SIGN expression, but internalization occurs
with a reduced efficiency in comparison with IL-4 DC.

IFN-a DC express MR and complement receptor
3 (CR3)

It has previously been demonstrated that Mtb and BCG use
different receptors to bind and enter cells of the innate immune
system [26, 27]. Among these molecules, the MR and CR3
were shown to be relevant for mycobacteria uptake and inter-
nalization. By cytometric analysis, we could demonstrate that

TABLE 1.  Flow Cytometric Evaluation of FITC-BCG Phagocytosis
IL-4 DC IFN-a DC
Surface-bound bacteria® 65 + 28 37 + 36.3
Internalized bacteria” 34 = 14.5 18 = 14.9
Ratio® 52.3 48.6

“ % Fluorescent DC; ® % fluorescent DC after trypan blue quenching of
external fluorescence; © % internalized/surface-bound bacteria.
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Fig. 3. Phagocytosis of BCG by IFN-a DC and 1L-4 DC, which were incu-
bated o/n with BCG at the MOI of 1:6 (A, C, D, and F) or left uninfected (B and
E) and then transferred onto polylysine-coated culture slides. After 1 h of
incubation to allow DC adherence, slides were stained by the Kinyoun (A and
D) or Giemsa (B, C, E, and F) method.

IFN-a0 DC express MR and CR3 with the same fluorescence
intensity as IL-4 DC (Fig. 4A). In particular, as the MR
expression was described previously, as strictly dependent on
IL-4 stimulation of monocytes [28, 29], we expanded our
investigation on MR expression in IFN-a DC by means of
conventional as well as real-time PCR and showed that MR
mRNA expression is comparable in IL-4 DC and IFN-a DC,
although the MR gene activation occurs early on DC differen-
tiation in the presence of IL-4. In particular, we detected MR
mRNA induction in IL-4 DC after 12 h of culture, which is 1.9
times higher than in IFN-a DC (Fig. 4B). However, at later
culture times, we observed that MR mRNA induction in IFN-o
DC is 2.9 and 1.9 times higher than IL-4 DC (at 48 h and 5
days, respectively). Last, at any time of the differentiation
cultures, we could measure IL-4 in GM-CSF and IFN-o-
treated monocytes (data not shown). This result ruled out the
possibility that IFN-a-cultured monocytes secrete 1L.-4, which
in turn, would induce MR expression.

Taken together, these data indicate that except for DC-
SIGN, IL-4 DC and IFN-a DC share the same pattern of
phagocytic receptors that could be involved in mycobacteria
uptake and internalization.

BCG infection promotes phenotypic and
functional maturation of IFN-a DC

Next, we investigated the functional outcome of IFN-a DC
infection by BCG as compared with IL-4 DC. As summarized
in Table 2, both DC populations acquire a mature phenotype
after o/n incubation with BCG, as demonstrated by the in-
creased expression of major histocompatibility complex class
II, CD86, and to a lesser extent, CD80 molecules. Moreover,
both BCG-infected populations, when challenged in mixed
leukocyte reaction (MLR) with allogeneic, naive CD4™ T cells,
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Fig. 4. Expression of MR and CR3 on IFN-a DC and IL.-4 DC, which at day
5 of culture, were stained with purified mouse IgG1 anti-CR3 or anti-MR in
association with PE-conjugated goat anti-mouse IgG1. Dotted-line histograms
indicate isotype control mAb. One representative experiment out of four is
shown. RT-PCR and real-time quantitative analysis of MR mRNA expression
in monocytes incubated with GM-CSF and IL-4 (IL4) or GM-CSF and IFN-o
(IFNa). Total RNA was extracted at time O (T0) and after 12 h, 48 h, and 5
days. RT-PCR quantification was performed for 25 cycles for B-actin (Act) and
30 cycles for MR, as described in Materials and Methods. Band sizes were as
expected from ¢cDNA amplification: 315 bp for B-actin and 370 bp for MR.
SYBR Green real-time RT-PCR was performed for 40 cycles. Each sample was
tested in triplicate, and the AC, was calculated, normalizing to B-actin.
Differential gene expression was calculated by the AAC, method, and values
were expressed as fold induction compared with baseline levels, which was TO.
* P < 0.05.

induce T cell priming and proliferation (Fig. 5), indicating a
fully competent antigen-presentation function, which is a pre-
rogative of mature DC. These data suggest that BCG can infect
DC, irrespective of DC-SIGN expression, inducing the same
maturation program in [FN-a DC and IL-4 DC.

BCG-infected IFN-a DC and IL-4 DC exhibit a
similar cytokine profile

It has been demonstrated that Mtb and BCG target DC-SIGN to
infect DC and to induce 11.-10 production. Therefore, we asked
whether the lack of DC-SIGN could influence the cytokine
production pattern of IFN-ae DC after BCG infection. Although
the amount of IL-10 and IL-12 produced by LPS-stimulated
DC varies greatly among different donors, we could demon-
strate that 1L-4 DC secrete a higher amount of 1L-12 and a
lower amount of IL-10 than [FN-a DC when stimulated with
LPS (Fig. 6). However, if infected with BCG, IFN-a DC fail to
synthesize 11-12 as well as [L-4 DC. It is striking that upon
infection with BCG, IFN-a DC produce higher amounts of
IL-10 than IL.-4 DC (Fig. 6). It has been suggested that Mth and
BCG target DC-SIGN to suppress DC function through the
production of the anti-inflammatory cytokine IL-10. Our results
indicate that even in the absence of DC-SIGN, as in the case
of IFN-a DC, BCG infection induces an immunosuppressive
cytokine profile. These data further suggest that alternative
DC-mycobacteria interactions may be involved. This is also
true for IL-12 inhibition, which occurs indifferently in 1L.-4 DC
and IFN-a DC.

DISCUSSION

In this paper, we show that DC generated from monocytic
precursors using GM-CSF and IFN-a lack the expression of
DC-SIGN. We also demonstrate that DC-SIGN™ DC are able to
phagocytose BCG and to undergo a maturation program as well
as DC-SIGN™ DC cultured in TL-4 and GM-CSF. Moreover,
BCG causes the impairment of IL-12 and the induction of
IL-10 secretion by DC, irrespective of DC-SIGN expression.
These data suggest that DC-SIGN cannot be considered as
the unique receptor for BCG internalization, and it is more
interesting that it cannot be considered as the exclusive recep-
tor responsible for mycobacteria-induced immunosuppression.
DC-SIGN is a type Il transmembrane protein that belongs to
the C-type lectin family, and it is expressed by DC derived
from monocytes cultured with GM-CSF and IL-4, dermal DC,

TABLE 2. Flow Cytometric Analysis of DC Maturation Markers
IL-4 DC IFN-a DC
ImDC +LPS +BCG ImDC +LPS +BCG
DR” 59 = 0.7 150 £ 111* 168 * 96* 108 + 39 232 + 138* 200 * 101°*
CD83 4.2+ 2.0 14 = 5.9% 14 £ 6.4% 3.3 *21.0 7.3 £ 1.7*% 6.3 £ 1.1*
CD80 13 £4.6 76 = 38.7* 51 * 26% 16 = 6.8 63 = 31.8* 25 = 7.4%
CD86 42 + 7.6 252 = 111* 205 * 69%* 40 = 4.9 170 = 64* 120 = 53.2*

“ Values are reported as mean = SD of the mean intensity of fluorescence measured in seven independent experiments. * Values are statistically different from

the respective values of ImDC.
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Fig. 5. Priming of naive T cells by IL.-4 DC and IFN-a DC in a MLR. Immature IL-4 DC and IFN-a DC (DC imm), stimulated with LPS (DC+LPS) or infected
with BCG at MOI 1:6 (DC+BCG), were cultured at different cell numbers with 3 X 10* cord blood-purified CD4+ T cells. The proliferative response was measured
after 7 days by thymidine incorporation. The background proliferation of T cells alone was <1000 counts per minute (cpm). This experiment was performed with

five different donors, and one representative is shown.

and interstitial DC in the lungs, intestine, rectum, cervix,
placenta, as well as in lymph nodes [15, 16]. DC-SIGN was
originally proposed as a receptor for human immunodeficiency
virus involved in the DC-dependent lymphocyte infection [30].
DC-SIGN was further characterized as a binder for fucose and
mannose-containing carbohydrates, which are present on var-
ious other pathogens such as Ebola virus [31, 32], cytomega-
lovirus [33], hepatitis C virus [34], Leishmania [35], Schisto-
soma mansoni [36], Candida albicans [37], Helicobacter pylori
[38], and mycobacteria [14]. In particular, the interaction of
Mtb with DC-SIGN has been reported as one of the major
examples of how a pathogen can subvert the function of DC
through the interaction with a single receptor [13, 14]. In fact,
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it has been proposed that an indirect sign of immunosuppres-
sion caused by Mtb through DC-SIGN binding and signaling is
represented by the increased secretion of the immunosuppres-
sive cytokine IL-10 associated with a decrease secretion of
IL-12 [13].

It is interesting that in this paper, we show that DC derived
from monocytes cultured with GM-CSF and IFN-a do not
express DC-SIGN, and the expression of this receptor on
monocytes induced to differentiate into DC in the presence of
GM-CSF and IL-4 starts as early as 24 h after the beginning of
the culture and continues until day 5. These data were paral-
leled by the analysis of DC-SIGN mRNA by conventional as
well as real-time PCR, which confirmed the kinetics of DC-
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Fig. 6. Cytokine production by IL-4 DC and IFN-a DC. Immature 1L-4 DC and IFN-a DC at day 5 of culture were washed, adjusted to 3 X 10°cell/ml, and left
unstimulated (no stimulus), stimulated with LPS, or infected with BCG at MOI 1:6 for an additional culture of 24 h. Supernatants were examined for cytokines by

ELISA. Values indicate the mean = SD of eight independent experiments. Detection limit of the assay, 15 pg/ml. *, The secretion of IL-10 by IL-4 DC treated
with BCG versus IFN-a DC treated with BCG was significantly different (P<<0.05). **, The secretion of IL-12 by IFN-a DC treated with LPS versus IL-4 DC treated
with LPS was significantly different (P<<0.05). ***, The secretion of IL-12 by IFN-a DC or IL-4 DC treated with BCG versus IFN-a DC or IL-4 DC treated with

LPS was significantly different (P<<0.05).
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SIGN expression in IL-4 DC and its absence in IFN-a DC.
Conversely, we show that IFN-a DC express other receptors
involved in Mtb recognition and internalization, such as MR
and CR3, with the same fluorescence intensity as 1L-4 DC. It
is generally believed that the expression of MR is strictly
dependent on 11.-4 [28, 29, 39]. However, 11.-4 is not neces-
sarily secreted in those in vivo compartments in which mono-
cytes are required to differentiate into DC. Our data show that
MR is induced in DC, which derive from monocytes cultured
with [FN-a and GM-CSF, and provide the original demonstra-
tion that DC have the possibility to express MR in an IL-4-
independent manner. These findings are relevant, as IFN-a DC
are functionally equivalent to IL.-4 DC as antigen-presenting
cells (APC) and are candidates to renew the pool of tissue DC
during infections caused by viruses or bacteria, including Mth,
which cause the release of IFN-aw as a danger signal [40, 41].

Upon infection with BCG, IFN-a DC and IL-4 DC undergo
functional maturation, in terms of up-regulation of costimula-
tory molecules and higher capacity of T cell priming. However,
they acquire a peculiar cytokine production profile, character-
ized by an increase in IL-10 and absence of 1L-12 secretion.
The capacity of both DC populations to induce T cell priming
and proliferation is apparently in contrast with the high 1L-10
secretion by IFN-a DC. However, we investigated the capacity
of DC to stimulate naive T lymphocytes in a MLR to measure
their antigen-presentation capacity as a feature of mDC. The
role of cytokine(s) secreted by DC in this assay is underesti-
mated, as DC are washed extensively after o/n incubation with
BCG. However, this washing procedure allows a fine evaluation
of the APC function through the reproducible calculation of the
DC:T lymphocyte ratio and allows verification of whether DC
have ingested the mycobacteria and analysis of their phenotype
at the moment of T cell encounter.

In any case, if this subversion of cytokine production by DC
may be considered an indirect sign of immunosuppression, our
data indicate that this phenomenon is caused by mycobacteria
independently on DC-SIGN expression.

In addition, IFN-a and 1L.-4 DC were capable of binding and
internalizing BCG with the same efficacy, although IFN-a DC
showed a reduced efficiency. In fact, in short-term cytofluori-
metric tests, FITC-BCG was associated with and engulfed by a
higher percentage of IL-4 DC than IFN-a DC. However, after
o/n incubation, Kinyoun and Giemsa stainings revealed the
same degree of BCG phagocytosis by the two DC populations.
These data suggest that BCG can infect DC-SIGN™ DC through
the engagement of alternative receptors. As a consequence, the
indication of DC-SIGN as the unique Mtb receptor on DC
cannot be confirmed in our system, which suggests, instead, a
revaluation of the role accomplished by other receptors in the
uptake of mycobacteria by DC.

As DC are known to be low-permissive to Mtb growth [42],
it is to be underlined that an increase in mycobacterial inter-
nalization by DC should not necessarily be considered as a
negative phenomenon, i.e., a mechanism to enhance mycobac-
terial intracellular growth and replication. On the contrary, the
presence on DC of a high-affinity receptor for mycobacteria,
such as DC-SIGN, may be considered as a further tool for
antigen capture and presentation of mycobacterial antigens as
a result of the known ability of DC-SIGN to internalize its
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ligands and target them to late endosomes/lysosomes [43]. As
a consequence, after mycobacteria capture in the tissues, DC
would mature, with the down-regulation of CC chemokine
receptor 5 (CCR5) and expression of CCR7 [40], and migrate
toward draining lymph nodes, where they are known to play a
pivotal role in the priming of mycobacterial-specific T lympho-
cytes.

Conversely, the capacity of mycobacteria to modify the pro-
file of cytokine secretion by DC seems related to their capacity
to interact with DC independently on DC-SIGN expression.
Our results are in agreement with previous data showing that
the synthesis of IL-12 by DC derived from monocytes treated
with Mtb [12], BCG [10], or mannosylated lipoarabinomannan
(manLam) [44] is inhibited. As this effect could only be ob-
served if monocytes were incubated with mycobacteria or man-
Lam at the beginning of the culture, i.e., when monocytes do
not express DC-SIGN, these data further support the hypoth-
esis that mycobacteria and their manLam can induce the block
of IL-12 synthesis through signaling, not exclusively related to
DC-SIGN. In addition, it is to underline that it is difficult to
extrapolate whether the secretion of a certain cytokine array in
vitro may result in an immunosuppressive response in vivo. In
fact, we believe that the kinetics and the body compartments in
which mycobacteria-DC interactions occur in vivo should also
be considered in trying to understand the pathogen mecha-
nisms of virulence. The secretion of certain cytokines by DC
interacting with mycobacteria could influence the inflammatory
milieu in which the interaction occurs, but it is not clear
whether the same cytokines are secreted in the secondary
lymphoid organs by migrated DC, which could be functionally
exhausted and low-responsive to further stimuli provided by T
cells.

In conclusion, DC-SIGN represents an important receptor
for the recognition, internalization, and possibly presentation of
mycobacterial antigens, but our data indicate that it cannot be
considered as the target for the immunotherapy of mycobacte-
rial infections [13]. In fact, the role of DC-SIGN in the sup-
pression of DC function is not so fully defined to encourage
therapeutic approaches aimed at blocking its function, which
could result, instead, in a decreased presentation of mycobac-
terial antigen.
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