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D

endritic cells (DCs)3 are professional APCs able to generate strong primary immune responses (1, 2). Under normal
conditions, they reside as immature DCs in peripheral tissues where, upon Ag uptake and exposure to proinflammatory cytokines, they undergo maturation and migrate to local lymph nodes
(LNs) (3). This process is accompanied by functional and immunophenotypic changes characterized by up-regulation of MHC classes
I–II and costimulatory molecules, as well as by neo-expression of
CD83, a DC maturation marker (4). In the last years, different methods for the generation of large numbers of DCs from blood precursors
such as CD14⫹ monocytes (5) or CD34⫹ cells (6) have been described, thus offering the opportunity to use DCs as natural adjuvants
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in cancer immunotherapy (7–10). Typically, monocyte-derived DCs
are generated in vitro using GM-CSF and IL-4 (5).
Type I IFNs are potent antiviral cytokines produced in large
amounts in response to viral infections by a subset of cells commonly
known as plasmacytoid dendritic cells (pDCs) (11, 12) and, at a much
lower extent, by B cells, monocytes, and macrophages (13). Beyond
antiviral effects, type I IFNs have been shown to have important anticancer properties, including antiproliferative and antiangiogenic effects (14, 15). Clinically, type I IFNs, and particularly IFN-␣, are
widely used as immune response modifiers in several diseases, including hepatitis C and B virus infections (16, 17), as well as in malignancies such as chronic myeloid leukemia, cutaneous T cell lymphoma, renal cancer, and melanoma (18 –20).
Increasing bodies of evidence shows that type I IFNs modulate DC
biology at different levels. Used in combination with classic cytokines
such as GM-CSF ⫹ IL-4 (21–24) or GM-CSF alone (25–27), type I
IFNs influence DC generation and maturation. Numerous papers
show a promoting effect of type I IFNs on DC generation (21, 23–27),
but an inhibitory effect has also been reported (22, 28, 29). Even
though blood and tissue resident cells can be exposed to high levels of
type I IFNs during IFN-␣ therapy (14, 30, 31) or viral infections (11,
32, 33), to our knowledge the effects of type I IFNs on monocytes
have never been studied in the absence of other cytokines. To this end,
we investigated the effects of IFN-␣ on PBMC or on purified monocytes in terms of DC differentiation and function. The immunophenotype of monocytes infiltrating varicella skin lesions where IFN-␣ is
highly produced was also investigated.

Materials and Methods
Antibodies
The following unconjugated or FITC- or PE-conjugated mouse mAbs were
used: anti-HLA-DR (L243, IgG2a), anti-lineage cocktail 1 (Lin-1; CD3,
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IFN-␣ is a well-known agent for treatment of viral and malignant diseases. It has several modes of actions, including direct
influence on the immune system. We investigated IFN-␣ effects on PBMC in terms of dendritic cell (DC) differentiation, as PBMC
are exposed to high IFN-␣ levels during treatment of infections and cancers. We show that in vitro IFN-␣ exposure induced rapid
and strong up-regulation of the DC-maturation markers CD80, CD86, and CD83 in bulk PBMC. Consistently, IFN-␣ induced
up-regulation of these molecules on purified monocytes within 24 h. Up-regulation of CD80 and CD83 expression was IFN-␣
concentration-dependent. In contrast to GM-CSF ⴙ IL-4-generated DCs, most of the IFN-␣-challenged CD83ⴙ cells coexpressed
the monocyte marker CD14. Despite a typical mature DC immunophenotype, IFN-␣-treated monocytes conserved phagocytic
activity and never acquired a dendritic morphology. In mixed lymphocyte reactions IFN-␣-treated monocytes were less potent
than GM-CSF ⴙ IL-4-generated DCs but significantly more potent than untreated monocytes to induce T cell proliferation in bulk
PBMC. However, only GM-CSF ⴙ IL-4-generated DCs were able to induce a significant proliferation of naive CD4ⴙ T cells.
Notably, autologous memory CD4ⴙ T cells proliferated when exposed to tetanus toxoid-pulsed IFN-␣-treated monocytes. At
variance with untreated or GM-CSF ⴙ IL-4-exposed monocytes, those challenged with IFN-␣ showed long-lasting STAT-1 phosphorylation. Remarkably, CD83ⴙCD14ⴙ cells were present in varicella skin lesions in close contact with IFN-␣-producing cells.
The present findings suggest that IFN-␣ alone promptly generates nondendritic APCs able to stimulate memory immune responses. This may represent an additional mode of action of IFN-␣ in vivo. The Journal of Immunology, 2008, 181: 2999 –3008.
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CD14, CD16, CD19, CD20, CD56), anti-CD3 (HIT3a, IgG2a), anti-CD4
(RPA-T4, IgG1), anti-CD8 (RPA-T8, IgG1), anti-CD11c (BLy6, IgG1),
anti-CD14 (M5E2, IgG2a), anti-CD19 (HIB19, IgG1), anti-CD56 (NCAM;
16.2, IgG1), anti-CD80 (L307.4, IgG1), anti-CD83 (HB15e, IgG1), and
anti-CD86 (2331 FUN-1, IgG1) from BD Biosciences; anti-ICAM-1
(P2A4, IgG1) from Chemicon International; anti-ICAM-3 (CBR-IC3/1,
IgG1) and anti-CD11a (R7.1, IgG1) from Bender MedSystems; antiCD11b (ICRF44, IgG1) from Serotec; and anti IFN-␣ (MMHA-2, IgG1)
from PBL Biomedical Laboratories. For unconjugated primary mAbs, secondary FITC-, PE-, or Cy5-conjugated goat or rabbit anti-mouse Abs were
from DakoCytomation.

Cell cultures

Human materials
All human tissue samples were obtained upon informed consent, according
to the principles of the Helsinki Declaration. PBMC from peripheral blood
of melanoma patients under IFN-␣ therapy were obtained as described
above. Blood collection was performed the day after IFN-␣ injection (3 or
5 ⫻ 106 IU IFN-␣-2a; Roferon-A3, Roche) three times per week. Varicella
skin punch biopsies were performed on the edge of lesions.

Flow cytometry analysis
All mAb dilutions and washing steps were performed in PBS containing
2% FCS and 2 mM EDTA. Isotype-matched mAbs were used as negative
control. Flow cytometry was performed using FACSort and data were analyzed using CellQuest (both from BD Biosciences). 7-Aminoactinomycin
D (7-AAD; Viaprobe, BD Biosciences) was used to exclude dead cells
from analysis.

Immunohistochemistry and immunofluorescence
Lesional skin biopsies were snap-frozen in liquid nitrogen and stored at
⫺80°C. Representative five to seven serial cryostat sections were stained
with anti-IFN-␣ according to the APAAP (alkaline phosphatase antialkaline phosphatase) technique. For immunofluorescence studies, slides
were preincubated 1 h with 20 mg/ml BSA in PBS/Triton X-100 0.3%
(both from Sigma-Aldrich) and then 2 h with anti-CD83 mAb. A subsequent incubation (1 h) with Alexa-594 goat anti-mouse secondary Ab (Molecular Probes) allowed binding visualization. A subsequent incubation
with FITC-conjugated anti-CD14 mAb was performed for double labeling.
Immune detection specificity was established by omission of the primary
Ab. Cells were observed with an inverted Nikon fluorescence microscope.

Western blotting
Monocytes in culture were exposed for different times (1–12 h) to saline
solution, GM-CSF ⫹ IL-4, IFN-␣, or IFN-␥. Cells were lysed with 50 mM
Tris (pH 7.4), 1 mM EDTA, 1 mM PMSF, 4 g/ml aprotinin and leupeptin,
1% SDS. Total proteins were measured according to standard techniques,
and 20 – 40 g of protein/lane was loaded. After 4 –20% SDS-PAGE and
blotting, membranes (Hybond-ECL, Amersham Biosciences) were blocked
with PBS containing 0.1% Tween 20 and 5% skimmed milk (TPBS/5%
milk) and incubated overnight with either polyclonal antiphospho-STAT-1 (Tyr701) (Cell Signaling Technology) or polyclonal antiIFN responsive factor (IRF)-1 (Santa Cruz Biotechnology), both diluted
1/1000 in T-PBS/5% BSA. Membranes were then incubated 1 h with the
corresponding peroxidase-conjugated secondary Ab (1/2000) in T-PBS/5%
milk. Bands were visualized by ECL (Amersham Biosciences).

Electron microscopy
ST-DC and IFN-MO were fixed in Karnowsky’s solution at room temperature, osmicated, and embedded in Epon 812. Ultrathin sections stained

FIGURE 1. IFN-␣ up-regulates expression of CD80, CD86, and CD83
on PBMC. Total PBMC were cultured for 24 h in complete medium alone
(control), in the presence of GM-CSF (103 U/ml) and IL-4 (103 U/ml), or
in the presence of IFN-␣ (103 U/ml) and then analyzed by flow cytometry.
A, Comparison of CD80, CD86, and CD83 expression on total PBMC. B,
IFN-␣-treated PBMC double stained with Abs against CD83 and Lin-1
revealed two populations of CD83-positive cells, one negative (R3) and the
other positive for Lin-1 (R2). C, PBMC were double stained using an Ab
against CD83 and the single-lineage markers as indicated. Gating on the
CD83⫹ cell populations, the analysis revealed that cells were negative for
CD3, CD19, and CD56 and positive for CD14. One representative experiment out of three is shown. Filled histograms represent isotype controls.
with uranyl acetate and lead citrate were examined under a JEM 1010
electron microscope (JEOL) at 80 kV.

Phagocytic assay
Phagocytic activity of ST-DC, IFN-MO, and monocytes was examined as
follows: 4 ⫻ 105 cells were resuspended in 10% FCS RPMI 1640 medium
and equilibrated at 37°C or 0°C for 10 min. Cells were then pulsed with
FITC-conjugated dextran (1 mg/ml, 40,000 molecular mass; Molecular
Probes) for 45 min at 37°C or 0°C. After incubation, cells were washed
four times with cold PBS buffer containing 0.01% sodium azide
(Sigma-Aldrich) and 1% FCS and analyzed by flow cytometry. Results are
expressed as mean fluorescence intensity (MFI). Background is represented
by cells incubated at 0°C.

T cell proliferation assay
ST-DC, IFN-MO, and monocytes were tested for their capability to
induce proliferation of allogeneic T cells in a MLR. On day 3 cells were
irradiated with 20 Gy and cocultured with allogeneic CD14⫹-depleted
PBMC (105 cells/well) in complete medium. After 5 days, cells were
pulsed with 0.5 Ci/well [3H]thymidine (Amersham Pharmacia Biotech), harvested after 18 h, and [3H]thymidine uptake was measured
using a scintillation counter.
T cell proliferation assays were also performed by coculturing STDC, IFN-MO and monocytes with CFSE (Molecular Probes Europe)labeled allogeneic CD14⫹-depleted PBMC (ratio 1:5) for 5 days. Cells
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Complete medium was RPMI 1640 supplemented with 1% penicillin/streptomycin, 1% sodium pyruvate, 10% FCS (all from EuroClone), and 2%
glutamine (Sigma-Aldrich). PBMC were isolated from buffy coats by density gradient centrifugation with Lymphoprep (Axis-Shield) and cryopreserved in 10% DMSO-FCS. Monocytes were isolated from PBMC using
MACS anti-CD14 microbeads and a MidiMACS device (both from Miltenyi Biotec). Monocytes (88 –95% purity) were cultured in petri dishes
(Costar) at 37°C and 5% CO2 in complete medium alone or with GM-CSF
(103 U/ml; Leucomax, Sandoz-Wander Pharma) and IL-4 (103 U/ml; R&D
Systems), indicated as standard-DC (ST-DC), or with different IFN-␣-2a
concentrations (101 to 105 U/ml; Roferon-A3, Roche), indicated as IFNMO. LPS from Escherichia coli 026:B6 (1 g/ml; Sigma-Aldrich) was
used as DC maturation stimulus. Cell morphology was documented with an
inverted microscope (Nikon TMS-F) and a Nikon F70 camera. Cell viability and recovery were assessed by the trypan blue exclusion test.
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Table I. The percentage of CD80⫹, CD86⫹, and CD83⫹ cells
increases in PBMC upon IFN-␣ treatmenta

CD80
CD86
CD83

Control

GM-CSF ⫹ IL-4

IFN-␣

2.9 ⫾ 1.1
1.4 ⫾ 0.6
1.2 ⫾ 0.5

3.8 ⫾ 1.3
1.8 ⫾ 0.7
1.3 ⫾ 0.5

8.3 ⫾ 1.2**
3.2 ⫾ 0.8*
4.3 ⫾ 1.3**

a
Cells were treated as described in Fig. 1 legend. Values represent percentages
expressed as means ⫾ SD. ⴱⴱ, p ⬍ 0.05 vs GM-CSF ⫹ IL-4 and control. ⴱ, p ⬍ 0.05
only vs control.

Statistical analysis
The values reported throughout the text are expressed as means ⫾ SD of
at least three different experiments. Data were analyzed using the two-sided
Student’s t test.

Results

IFN-␣ exposure increases the number of CD80⫹, CD86⫹, and
CD83⫹ cells in cultured PBMC
IFN-␣ has been previously used in combination with GM-CSF
or GM-CSF ⫹ IL-4 to generate monocyte-derived DCs. To
study the effects of IFN-␣ alone, total PBMC were cultured in
absence or presence of GM-CSF ⫹ IL-4 or IFN-␣. After 24 h,
the percentage of CD80⫹, CD86⫹, and CD83⫹ cells cultured in
the presence of IFN-␣ was higher than that of cells cultured
with GM-CSF ⫹ IL-4 or complete medium alone (Fig. 1A and
Table I). By using anti-CD83 and a cocktail of mAbs directed
against the lineage markers, two subpopulations of CD83⫹ cells
were identified in PBMC treated with IFN-␣: a minor popula-

FIGURE 2. Expression of CD80 and CD83 molecules
on IFN-MO is concentration-dependent. IFN-␣ induces
expression of CCR7. A, CD14⫹-purified monocytes were
cultured in complete medium (control), GM-CSF ⫹ IL-4,
or IFN-␣ at the indicated concentrations for 3 days. Thereafter, cells were double stained for CD80/CD86 and
CD83/HLA-DR and analyzed by flow cytometry. Numbers represent the percentage of double-positive cells. One
representative experiment out of three is shown. B, Flow
cytometry analysis of CCR7 expression on fresh monocytes (T0) and 24 h-treated monocytes with 103 U/ml
IFN-␣. One representative experiment out of four is
shown.

IFN-␣ induces CD80, CD86, and CD83 expression in cultured
monocytes
To understand whether the IFN-␣ directly acted on monocytes or
through other cells present in PBMC, we sorted CD14⫹ monocytes
and exposed them to different concentrations of IFN-␣, defined as
IFN-MO, or GM-CSF ⫹ IL-4, defined as ST-DC.
As low as 10 U/ml of IFN-␣ was sufficient to up-regulate CD80,
CD86, and CD83 on IFN-MO. At this concentration the percentage of CD80⫹CD86⫹ IFN-MO was higher than that of ST-DC
(61.4 ⫾ 9.2% and 38 ⫾ 7.6%, respectively, p ⬍ 0.05) (Fig. 2A).
Similarly, the percentage of CD83⫹HLA-DR⫹ IFN-MO was significantly higher than that of ST-DC (16 ⫾ 4.6% and 3.7 ⫾ 2.2,
respectively, p ⬍ 0.05). Higher IFN-␣ concentrations caused a
gradual increase of double-positive cells (Fig. 2A), reaching a
maximum at 103 U/ml IFN-␣ (77 ⫾ 14.1% and 68 ⫾ 12.3% for
CD80/CD86 and CD83/HLA-DR double-positive cells, respectively). Indeed, the increase of double-positive cells was mainly
due to the up-regulation of CD80 and CD83, as well as to a lesser
extent of CD86 and HLA-DR (Fig. 2A).
Of note, IFN-␣ concentrations of 105 U/ml resulted in a decrease of mean fluorescence intensity and double-positive cells, as
well as in a concomitant increase of 7-AAD incorporation, thereby
suggesting cytotoxicity (data not shown). Therefore, subsequent
experiments were conducted using 103 U/ml IFN-␣.
CCR7 represents an additional DC maturation marker that mediates migration of DC toward lymph nodes in response to MIP3␤/EBI1-ligand chemokine (ELC) and 6Ckine/secondary lymphoid chemokine (SLC) (3). When culturing IFN-MO for 24 h,
CCR7 up-regulation could be detected on 14.2 ⫾ 8.8% of cells. In
contrast, no CCR7 could be found on freshly isolated monocytes
(Fig. 2B).
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were thereafter stained with anti-CD4 and anti-CD8 mAbs and analyzed
by flow cytometry. CFSE-labeled PBMC alone were used as negative
control and percentage of proliferating cells was calculated using
CellQuest software. To verify whether the different APC subsets were
also able to activate naive CD4⫹ T cells, we performed MLR using
purified CD4⫹ naive T cells as responders (MACS naive CD4⫹ T cell
isolation kit; Miltenyi Biotec).
ST-DC, IFN-MO, and monocytes were tested for their capability to
induce autologous CD4⫹ T cell proliferation using tetanus toxoid (TT;
Calbiochem) as recall Ag. Cells were pulsed overnight with TT (1 g/
ml) at different time points and cocultured with CFSE-labeled autologous purified CD4⫹ T cells (MACS CD4⫹ T cell isolation kit II; Miltenyi Biotec).

tion (0.13 ⫾ 0.04%) of lineage marker-negative cells corresponding to classic DCs, and a larger population (4.4 ⫾ 0.92%)
of lineage marker-positive cells (Fig. 1B). Further analysis
showed that this latter cell population was negative for CD3,
CD19, and CD56 but expressed the monocyte marker CD14
(Fig. 1C). Flow cytometry analysis performed on day 3 gave
similar results (data not shown).
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Kinetics of IFN-␣-induced expression of CD80, CD86,
and CD83
We next studied the expression kinetics of CD80/CD86 and CD83/
HLA-DR in ST-DC and IFN-MO during a 7-day culture. While on
day 1 ST-DC were still adherent to the flask (and therefore not
analyzed), the number of CD80/CD86- or CD83/HLA-DR-positive ST-DC was low on day 3, intermediate on day 6, and further
augmented after LPS-induced maturation (Fig. 3A and Table II).
Importantly, IFN-MO exhibited an opposite expression kinetic. As
early as 24 h after the challenge, the number of CD80/CD86- or
CD83/HLA-DR-positive cells highly increased. The number of

double-positive cells remained high at day 3 and underwent a gradual down-regulation until day 7 (Fig. 3A and Table III). We then
sought to understand whether the observed decrease of the number of
CD80/CD86- and CD83/HLA-DR-positive cells was due to downregulation of surface molecules or merely to cell death. We found that
trypan blue-positive cells were similar in IFN-MO cultures compared
with ST-DC on day 1 (74.5 ⫾ 22.3% vs 75.8 ⫾ 20.2%, respectively).
However, a significant decrease of viable IFN-MO compared with
ST-DC was observed on day 3 (24.9 ⫾ 13.3% vs 60.9 ⫾ 24.3%; p ⬍
0.01), day 6 (18.8 ⫾ 9.7% vs 52.8 ⫾ 16.8%; p ⬍ 0.05), and day 7
(10.2 ⫾ 4.4% vs 47.7 ⫾ 22.5%; p ⬍ 0.05). Nevertheless, as shown

Table II. Expression of CD83, HLA-DR, and costimulatory molecules
on ST-DC upon 7 days culture analyzed by flow cytometrya

Table III. Expression of CD83, HLA-DR, and costimulatory molecules
on IFN-MO upon 7 days culture analyzed by flow cytometrya

CD80/86
CD83/HLADR

Day 1

Day 3

Day 6

Day 7

n.a.
n.a.

9.1 ⫾ 1.6
1.3 ⫾ 0.5

11.6 ⫾ 0.9
3 ⫾ 0.3

88.1 ⫾ 6.1*
80.1 ⫾ 4.1*

a
Cells were treated as described in Fig. 3 legend. Values are expressed as
means ⫾ SD. On day 1, cells were still adherent in the GM-CSF ⫹ IL-4 culture and
were therefore not analyzed (n.a.). ⴱ, p ⬍ 0.001 vs ST-DC on day 3 and on day 6.

CD80/86
CD83/HLADR

Day 1

Day 3

Day 6

Day 7

92.5 ⫾ 2.2
76.1 ⫾ 5.3

91.5 ⫾ 6.1
67.7 ⫾ 6.1

51 ⫾ 2.5
8.9 ⫾ 1.2

15 ⫾ 0.9*
4.5 ⫾ 1.2*

a
Cells were treated as described in Fig. 3 legend. Values are expressed as
means ⫾ SD. ⴱ, p ⬍ 0.001 vs IFN-MO on day 1 and on day 3 and p ⬍ 0.05 vs
IFN-MO on day 6.
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FIGURE 3. Time course analysis of costimulatory
molecules, CD83 and HLA-DR expression on ST-DC
and IFN-MO. A, Monocytes were cultured in GM-CSF
⫹ IL-4 (ST-DC) or IFN-␣ (103 U/ml; IFN-MO) for 6
days and thereafter stimulated with LPS for 24 h.
IFN-MO (on days 1, 3, 6, and 7) and ST-DC (on days 3,
6, and 7) were double stained for CD80/CD86 and
CD83/HLA-DR and analyzed by flow cytometry (see
Results). Numbers indicate the percentages of doublepositive cells. One representative experiment out of
three is shown. B, Monocytes were primed for 24 or
48 h with IFN-␣. After the priming, cells were washed
in PBS and cultured in complete medium (CM) until
day 3 and compared with cells cultured throughout 72 h
with IFN-␣. Additionally, cells treated for 48 h with
IFN-␣ were stimulated for the last 24 h with LPS (1
g/ml). On day 3 cells were double stained for CD80/
CD86 and CD83/HLA-DR and analyzed by flow cytometry. One representative experiment out of three is
shown.
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FIGURE 4. IFN-␣-treated monocytes undergo a
rapid cell aggregation but do not acquire a dendritic
morphology. Monocytes were cultured in GM-CSF ⫹
IL-4 (ST-DC) or IFN-␣ (103 U/ml; IFN-MO) for 6 days
and thereafter stimulated with LPS for 24 h. A, Flow
cytometry analysis of adhesion molecules expression,
CD11a, ICAM-1, and ICAM-3 on IFN-MO compared
with fresh monocytes on day 1. One representative experiment out of three is shown. Filled histograms represent isotype controls. B, Representative phase-contrast images of ST-DC and IFN-MO cultures on day 1
(original magnification ⫻200). C, Flow cytometry analysis of ST-DC and IFN-MO showing the side scatter
(SSC) and forward scatter (FSC) features on days 1 and
3 as well as after LPS-induced maturation on day 7. D,
Representative electron microscopy images of ST-DC
and IFN-MO on day 3 (original magnification ⫻5000;
bar ⫽ 2 m).

Short IFN-␣ priming prompts long-standing maintenance of
monocytes in a maturation state
It is known that in vitro-generated mature DCs maintain expression of costimulatory molecules and CD83 even after withdrawal

of GM-CSF ⫹ IL-4. We therefore tested whether pulsed exposures
to IFN-␣ also trigger long-lasting expression of these proteins. As
shown in Fig. 3B, the challenge with IFN-␣ for 24, 48, or 72 h
induced similar increases in the number of cells expressing CD80,
CD86, CD83, and HLA-DR on day 3. Although LPS exposure did
not modify the expression of DC maturation markers when added
on day 6 to IFN-MO (Fig. 3A), we wondered whether earlier LPS
stimulation (i.e., on day 3, after 48 h treatment of IFN-␣) could

FIGURE 5. IFN-␣ enhances the stimulatory activity
of monocytes and induces STAT-1 activation. A,
STAT-1 phosphorylation and IRF-1 expression do not
occur in freshly isolated (0) or saline solution- or GMCSF ⫹ IL-4-treated monocytes. STAT-1 phosphorylation is detectable in IFN-␣-treated monocytes at 1 and
6 h, while IRF-1 expression is not induced by IFN-␣.
IFN-␥ triggers STAT-1 phosphorylation and strong expression of IRF-1 (used as positive control; ␤-actin as
loading control). One blot representative of two separate
experiments is shown. B, MLRs for ST-DC, IFN-MO,
and monocytes (MO) performed with PBMC (left
panel) or with naive CD4⫹ T cells (right panel) as responders. Each point represents mean ⴞ SD of a representative experiment conducted in triplicate. ⽧ and
ⴱ, Statistically significant difference ( p ⬍ 0.05) between
IFN-MO vs ST-DC and between IFN-MO vs MO, respectively. C, Cells were stained with anti-CD4 and antiCD8 after coculturing with CFSE-labeled allogeneic
CD14-depleted PBMC. CFSE fluorescence decrease
was measured using flow cytometry, and proliferating
cells were expressed as percentage of total cells. One
representative experiment out of eight is shown.
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in Fig. 3A, where dot plots refer to viable cells, also a time-dependent down-regulation of surface molecules occurred in
IFN-MO in addition to cell death.
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modify the immunophenotype. Data shown in Fig. 3B demonstrate
that earlier LPS stimulation significantly increased CD83 but not
expression of costimulatory molecules.
IFN-␣ up-regulates adhesion molecules on monocytes
ST-DC undergoing in vitro maturation start to form clusters on
days 3 and 4 thanks to the expression of several adhesion molecules. This is considered an important step toward the maturation
stage (3). Hence, expression of integrins CD11a, CD11b, and
CD11c as well as of ICAM-1 and ICAM-3 was examined on IFNMO. Compared with freshly isolated monocytes, a significant MFI
increase for CD11a (from 321.1 ⫾ 85.2 to 581.7 ⫾ 116.3; p ⬍
0.05), ICAM-1 (from 62.7 ⫾ 18.3 to 617.2 ⫾ 173.2; p ⬍ 0.01),
and ICAM-3 (from 396.8 ⫾ 164.7 to 785.2 ⫾ 140.2; p ⬍ 0.05)
was observed in IFN-MO after 24 h incubation (Fig. 4A). Expression of CD11b and CD11c were not significantly increased (data
not shown).
Morphology
We then analyzed possible morphological differences between
ST-DC and IFN-MO during the in vitro maturation process (7
days). On days 1 and 2, most ST-DC were adherent to dishes (Fig.
4B), while on day 3, cells floating and clustered were observed
(data not shown). Size and dendriticity of ST-DC gradually increased until day 7, indicated by the forward scatter (FSC) and side
scatter (SSC) features, respectively (Fig. 4C). ST-DC showed a

well-differentiated phenotype with long, multiple plasma membrane processes and a diameter of 12–15 m (Fig. 4D). Consistent
with expression of adhesion molecules, as early as 24 h after addition of IFN-␣, most IFN-MO were in suspension joined in clusters on day 1 (Fig. 4B). At variance with ST-DC, no change in cell
size and dendriticity could be observed throughout the 7 days (Fig.
4C). IFN-MO were smaller (9 –11 m in diameter) than ST-DC
with only few, coarse membrane protrusions (Fig. 4D).
IFN-␣ triggers STAT-1 activation but not IRF-1 expression in
cultured monocytes
JAK kinase-dependent STAT-1 transcription factor activation is
central in IFN class I and II signaling. We therefore evaluated the
effect of IFN-␣ or GM-CSF ⫹ IL-4 on STAT-1 phosphorylation.
As shown in Fig. 5A, neither freshly isolated monocytes nor those
maintained in saline solution for different times showed appreciable STAT-1 phosphorylation. Similarly, STAT-1 phosphorylation
levels in monocytes exposed to GM-CSF ⫹ IL-4 were below detection limit. Conversely, in monocytes treated with IFN-␣, STAT-1
phosphorylation occurred 30 min after exposure (data not shown) and
was further augmented at 1 and 6 h (Fig. 5A); notably, STAT-1 phosphorylation was still present at 12 h (not shown). We next sought to
determine whether IFN-␣ triggered expression of IRF-1, a transcription factor typically involved in IFN signaling downstream to
STAT-1 phosphorylation. Consistent with lack of STAT-1
activation, IRF-1 was not expressed in saline- or GM-CSF ⫹
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FIGURE 6. IFN-MO are able to uptake, process, and
present exogenous Ags. A, Cells were challenged with
FITC-dextran at 0°C and 37°C for 45 min at the time
points indicated. Cells were then rinsed extensively in
PBS and analyzed by flow cytometry. One representative experiment out of three is shown. B and C, APC
were pulsed with tetanus toxoid (1 g/ml) overnight at
different time points of the culture. Cells were then
cocultured with CFSE- labeled CD4⫹ T cells for 5 days.
Afterwards, cells were analyzed by flow cytometry, and
results are expressed as percentage of proliferating T
cells. B, To determine background staining and unspecific proliferation, T cells alone and T cells stimulated
by unpulsed ST-DC were also analyzed. B refers to day
3. One representative experiment out of three is shown.
C, T cell proliferation induced by IFN-MO (䡺) and
ST-DC (f) at different days of cultures. Bars represent
the means ⫾ SEM of three independent experiments.
ⴱ and ⴱⴱ, Statistically significant difference ( p ⬍ 0.05
and p ⬍ 0.01, respectively) between IFN-MO vs
ST-DC.
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IL-4-stimulated monocytes. Unexpectedly, however, IRF-1 expression was not detected even in cells treated with IFN-␣ for 6
and 12 h (Fig. 5A and data not shown). STAT-1 phosphorylation
as well as IRF-1 induction occurred in monocytes exposed to
IFN-␥, which was used as positive control (Fig. 5A).
IFN-␣ increases the stimulatory activity of monocytes

Ag uptake, processing, and presentation by IFN-␣-treated
monocytes
Next, we investigated whether IFN-MO were able to uptake, process, and present exogenous Ags to T cells. To this aim, we first
analyzed their phagocytic activity by means of the FITC-dextran
assay. Freshly isolated monocytes were not able to phagocytose
(MFI ⫽ 3 ⫾ 0.4; Fig. 6A), while phagocytic activity in cultured
monocytes developed after 12 h and remained constant throughout
the 3 days in culture (MFI ⫽ 6 ⫾ 3.3, 5.7 ⫾ 3.4, and 5.4 ⫾ 3.2 at
12, 36, and 72 h, respectively; Fig. 6A). On the contrary, IFN-MO
showed a more pronounced activity at 12 h, which increased until
day 3 (MFI ⫽ 7.9 ⫾ 3.3, 12.6 ⫾ 5.6, and 18.6 ⫾ 4.9 at 12, 36, and
72 h, respectively; p ⬍ 0.01; Fig. 6A). Phagocytic activity of
ST-DC was even higher (MFI ⫽ 7.7 ⫾ 0.9, 21.5 ⫾ 0.8, and 35 ⫾
7 at 12, 36, and 72 h, respectively; p ⬍ 0.001; Fig. 6A). The
phagocytic activity of IFN-MO decreased on day 6 and even more
on day 7, after LPS addition, because of the high cell death rate
(data not shown). As expected, LPS-treated ST-DC showed very
low phagocytic activity (data not shown).
Then, we examined the ability of IFN-MO to process and
present exogenous Ags to autologous T cells using tetanus toxoid,
a common recall Ag. As shown in Fig. 6B, at 3 days IFN-MO and
ST-DC were equally effective in inducing T cell proliferation and
were more effective than untreated monocytes. Given that ST-DC
and IFN-MO exhibited an opposite expression kinetic in terms of
maturation marker and costimulatory molecules (Fig. 3A), we
speculated that also the ability to stimulate T cells had different
kinetics during a 7-day culture. Consistent with the immunophenotype profile, IFN-MO showed the highest stimulation activity on
days 1 (2.3 ⫾ 0.2%) and 3 (1.8 ⫾ 0.6%), which then decreased
significantly (0.8 ⫾ 0.4% on day 6 and 0.4 ⫾ 0.2% on day 7; p ⬍
0.05), while ST-DC were characterized by a low stimulation ability on days 1 (1.1 ⫾ 0.6%) and 3 (2 ⫾ 0.7%), which then increased

FIGURE 7. Detection of IFN-␣ proteins and CD83⫹CD14⫹ cells in
varicella skin lesions. A, Representative cryostat serial sections of varicella
skin lesions were stained with anti-IFN-␣ (MMHA-2) according to the
APAAP (alkaline phosphatase anti- alkaline phosphatase) technique. Positive cells with a plasmacytoid, round shape morphology are indicated by
arrows, while asterisks indicate the fibroblast- and macrophage-like ones
(original magnification ⫻200). B, Sections of varicella skin lesions were
double stained with anti CD83-PE and CD14-FITC and analyzed by fluorescence microscopy (original magnification ⫻400).

significantly until day 7 after LPS addition (3 ⫾ 0.7% on day 6 and
4 ⫾ 0.9% on day 7; p ⬍ 0.05) (Fig. 6C).
In vivo detection of CD83⫹CD14⫹ cells
To address the possible relevance of these findings in vivo, we
analyzed two clinical settings where the presence of IFN-␣ might
generate CD83⫹CD14⫹ cells: 1) PBMC from patients under
IFN-␣ therapy, and 2) varicella skin lesions. FACS analysis of
PBMC from melanoma patients under both low- and high-dose
IFN-␣ therapy did not detect CD83⫹CD14⫹ cells (not shown). In
varicella skin lesions there is a massive recruitment of pDCs producing a high amount of IFN-␣/␤ as shown by the strong MxA
staining (34). MxA is an IFN-␣/␤-inducible intracellular protein,
well established as a surrogate marker for local type I IFN production (34 –36). Herein, we analyzed the presence of IFN-␣ in
varicella skin lesion sections by immunohistochemistry. A high
number of IFN-␣⫹ cells were identified in the upper dermis (Fig.
7A). Consistently, several of these cells exhibited a plasmacytoid,
round-shape morphology, whereas others showed a fibroblast- and
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A hallmark of DCs is their ability to induce a strong proliferation
of allogeneic T cells in a MLR. We therefore assessed in a MLR
the stimulatory ability of IFN-MO in comparison to ST-DC and
untreated monocytes using PBMC as responders. Remarkably, T
cell proliferation triggered by IFN-MO was higher than that
prompted by untreated monocytes, but lower than that triggered by
ST-DC (Fig. 5B, left panel).
Next, we analyzed the ability of IFN-MO to stimulate proliferation of naive T cells, a unique ability of professional APCs. Of
note, we found that only ST-DC induced significant cell proliferation, while that prompted by IFN-MO did not differ from that
induced by untreated monocytes (Fig. 5B, right panel).
Although CD4⫹ T cells are the predominant proliferating cells
in MLR, IFN-␣ reportedly promotes DC-dependent CD8⫹ T cell
proliferation (24). We therefore analyzed the ability of IFN-MO
and ST-DC to induce proliferation of CD8⫹ or CD4⫹ allogeneic T
cell populations. Phenotype analysis of proliferating T cells revealed that ST-DC were more efficient than IFN-MO in inducing
CD4⫹ T cell proliferation (3.8 ⫾ 1.1% and 2.5 ⫾ 0.8%, respectively; p ⬍ 0.05) (Fig. 5C), whereas IFN-MO and ST-DC triggered
equal proliferation of CD8⫹ T cells (0.7 ⫾ 0.5% and 0.6 ⫾ 0.4%,
respectively; p ⫽ 0.66) (Fig. 5C).
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macrophage-like appearance (Fig. 7A). To identify the possible
presence of CD83⫹CD14⫹ cells, sections of varicella skin lesions were double stained with mAb anti-CD83 and anti-CD14
and analyzed by fluorescence microscopy. Strikingly, coexpression of CD83 and CD14 was observed on numerous large,
round cells localized in the dermis, in close proximity to
IFN-␣⫹ cells (Fig. 7B).

Discussion

nological roles. Similarly, while the expression of CD83 by
ST-DC is paralleled by a drastic reduction of the phagocytic activity, CD83⫹ IFN-MO showed an increased phagocytic activity
until day 3. Later on, the high cell death rate is responsible for the
observed reduction of phagocytosis.
In hematological malignancies IFN-␣ proved its efficacy by prolonging the survival of cancer patients and, at least for chronic
myeloid leukemia, induced a significant clinical remission (41,
42). In the presence of tumors, IFN-MO could present tumor-derived Ags in LNs, generating (or boosting) tumor-specific CTLs.
Consistent with this view, Molldrem et al. reported the presence of
functional tumor-specific CTLs in chronic myeloid leukemia patients in cytogenetic remission after IFN-␣ treatment but not in
IFN-resistant patients (43). These data are in line with the reported
increased capability shown by IFN-␣-treated DCs to stimulate
CD8⫹ effector T cells (24). In our study, IFN-MO and ST-DC
induced a similar level of proliferation of CD8⫹ T cells in a MLR.
However, in three out of eight donors, IFN-MO induced a significantly stronger CD8⫹ T cell proliferation than ST-DC (data not
shown), suggesting that IFN-induced CD8⫹ T cell proliferation
may be donor-dependent.
We report that the acquisition of a mature phenotype by
IFN-MO was dependent on the concentration of IFN-␣. Ten units
per milliliter was sufficient to induce a significant expression of
CD80, CD86, and CD83, which gradually increased, reaching the
highest levels at 103 to 104 U/ml and decreased at 105 U/ml. The
decreased expression at 105 U/ml could be due to IFN-␣ toxicity,
as indicated by the increased incorporation of the cytotoxicity
marker 7-AAD (see Results). Upon i.v. injection of IFN-␣, serum
levels can reach 5– 6 ⫻ 102 U/ml (44). We report herein that
monocytes exposed to these concentrations expressed high levels
of costimulatory molecules, HLA-DR and CD83, but also underwent cell death. Interestingly, in solid tumors such as melanoma,
a significant prolongation of both relapse-free survival and overall
survival induced by IFN-␣ treatment occurs only with a high-dose
regimen and associates to several toxic effects (18, 45). Collectively, these results suggest that upon IFN-␣ therapy, the high
cytokine concentrations in blood and/or tissues generate large
numbers of mature APCs, thereby supporting efficient antitumoral
immune response and positive clinical outcome, but they also trigger cytotoxicity, which underlies the frequent toxic side effects.
Recently, it has been shown that CD83 plays a fundamental role
both in DC maturation and DC-mediated T cell proliferation (46,
47). Of note, viruses can affect DC function by down-regulating
CD83 expression (48, 49), thus escaping the immune system (50).
In this regard, the rapid IFN-␣ production by pDCs in response to
viruses could generate a high number of CD83⫹ IFN-MO, which
may represent a valid defense mechanism against viral infection.
In good agreement with this hypothesis, we report that cells coexpressing CD14 and CD83 are present in the upper dermis of
varicella skin lesions (Fig. 7B), where numerous IFN-␣-producing
pDCs are present (Fig. 7A) (34). Dermal CD14⫹ cells are present
in normal skin (51–54) and represent a pool of target cells that can
rapidly differentiate into CD83⫹ APC upon IFN-␣ exposure. Evidence for CD14⫹CD83⫹ cells in varicella skin lesions strengthens
the clinical relevance of our findings. Although it is likely that also
circulating monocytes during IFN-␣ therapy may differentiate into
CD83⫹ APCs, we failed to detect them. A possible explanation is
that CD83⫹ IFN-MO may leave the bloodstream and enter the
lymph nodes as described for pDCs (11). This process is mediated
by CD62L (L-selectin) (55) and by CCR7 (3), a molecule mediating LN homing. Interestingly, CD62L is constitutionally expressed by monocytes (56), and CCR7 is induced by IFN-␣ (as
shown in Fig. 2B) and in monocyte-derived DCs cultured in the
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Several papers have demonstrated that type I IFNs, when added
together with other cytokines, influence the DC compartment both
in vitro (21, 23–29, 37) and in vivo (37, 38). Herein, we extended
these observations by showing that in the absence of other cytokines, IFN-␣ per se prompts immunophenotypical and functional
monocyte differentiation into nondendritic mature APCs. Indeed,
upon IFN-␣ exposure, monocytes quickly differentiate into cells
expressing CD80, CD86, HLA-DR, and CD83, a prototypical phenotype of mature DCs. Thus, IFN-␣ not only regulates DC differentiation triggered by other cytokines, but it suffices to prompt
monocyte differentiation into functional APCs. As circulating DCs
are estimated to be ⬍1% of total PBMC, whereas monocytes are
up to 10% of total PBMC, we reason that the effect of IFN-␣ on
monocytes might be of pathophysiological relevance. To our
knowledge, this is the first evidence that IFN-␣ suffices to differentiate monocytes into CD83⫹CD14⫹ nondendritic APCs.
We report herein that, in keeping with up-regulation of costimulatory molecules, the T cell stimulatory activity of IFN-MO was
increased compared with untreated monocytes in MLRs using bulk
PBMC as responders. However, given that IFN-MO did not stimulate adequate proliferation of naive CD4⫹ T cells (a property that
identifies professional APCs such as DCs), our data suggest that
IFN-MO are not able to induce primary immune responses (1, 2).
Consistently, it has been shown that the increased serum levels of
IFN-␣ in patients affected by systemic lupus erythematodes (SLE)
are responsible for the increased ability of their monocytes to induce strong MLR compared with monocytes from healthy donors
(39). In apparent contrast with our observation, however, monocytes treated with SLE serum are able to induce proliferation of
naive CD4⫹ T cells and develop DC morphology (39). This discrepancy may be due to the numerous cytokines (i.e., GM-CSF)
present in the SLE serum. Under our experimental settings, however, the possibility that exposure of monocytes to IFN-␣ resulted
in the production of GM-CSF is unlikely, because this would have
generated cells with a dendritic morphology (25–27).
Of note, we report herein that IFN-MO and ST-DC were equally
effective in the uptake, processing, and presentation of tetanus toxoid to memory autologous CD4⫹ T cells on day 3. Yet, the present
evidence that memory CD4⫹ T cell proliferation prompted by
IFN-MO or DCs showed different temporal kinetics (Fig. 6C)
points to specific roles of IFN-MO during Ag presentation to memory cells in vivo. It is tempting to speculate that IFN-MO play a
key role in rapidly activating memory T cells in vivo, a crucial
function in infective diseases.
The present finding that IFN-MO coexpress CD14 and CD83 is
original and of importance. Indeed, expression of CD83, a prototypical maturation hallmark, is normally paralleled by complete
down-regulation of CD14 in ST-DC. Thus, our finding along with
evidence that DCs generated in the presence of GM-CSF ⫹ IL-4
plus IFN-␣ coexpress CD83 and CD14 (40) suggest that type I IFN
allows monocyte maturation in the presence of CD14, and that
down-regulation of CD14 is not a prerequisite for expression of
maturation markers. Additionally, evidence that IFN-MO, at variance with ST-DC, coexpress CD14 with costimulatory molecules
hints that these cells have specific immunocompetence and immu-

IFN-␣ INDUCES CD83 EXPRESSION ON MONOCYTES
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presence of IFN-␣ (27). It is possible therefore that additional factors including adhesion molecules, which we found up-regulated
on IFN-MO, may play a role in monocytes homing in LNs. In line
with this hypothesis, the number of peripheral blood monocytes
decreases while serum neopterin (a monocyte activation marker)
increases upon IFN-␣ injection (31). Notably, the “maturing” effect of IFN-␣ we report herein was rapid, and 24 h priming was
sufficient to maintain the mature phenotype for 3 days. On these
bases, it is tempting to speculate that IFN-␣-dependent induction
of CD14⫹CD83⫹ monocytes may represent a fast, long-lasting
response to pathogens. In addition to viruses, bacterial components
such as LPS may further enhance the maturation of monocytes.
Indeed, LPS was able to increase CD83 expression if added to the
culture at an early differentiation stage (Fig. 3B). As for the signaling pathway(s) through which IFN-␣ triggers expression of costimulatory molecules, we report that STAT-1 transcription factor
was activated in monocytes exposed to IFN-␣. Remarkably,
STAT-1 binds the 5⬘-regulatory regions of the human CD86 gene
(57) and promotes expression of costimulatory molecules (58).
These findings suggest that STAT-1 activation underpins, at least
in part, IFN-␣-dependent monocyte differentiation into APCs.
In conclusion, this study originally shows that exposure to
IFN-␣ alone promptly generates a large pool of nondendritic mature APCs from monocytic precursors. The present results may be
of relevance to viral infections as well as IFN-␣ therapy, and they
represent a novel mechanism of action of IFN-␣ that could be
exploited for therapeutic strategies.
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