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Interferon-a disables dendritic cell precursors: dendritic cells derived
from interferon-a-treated monocytes are defective in maturation and
T-cell stimulation
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SUMMARY

Dendritic cells (DC) can be derived from monocytes in vitro by culture with granulocyte—
macrophage colony-stimulating factor (GM-CSF) and interleukin-4 (IL-4). It is unknown
whether this regimen reflects DC differentiation from blood precursors under physiological
conditions. Induction of DC development from monocytes by interferon-o (IFN-a) may occur
in vivo during infection or inflammation and thus may represent a more physiological
approach to DC differentiation in vitro. Here, we show that incubation of GM-CSF-cultured
monocytes with IFN-a does not induce DC differentiation: cells maintain their original
phenotype and cytokine secretion pattern. Even after stimulation with pro-inflammatory or
T-cell-derived activation signals, IFN-a-treated monocytes do not develop DC characteristics.
Addition of IL-4 during stimulation of IFN-a-treated monocytes results in the rapid devel-
opment of DC-like cells expressing co-stimulatory molecules, CD83 and chemokine receptor
CCR?7, indicating that some degree of developmental plasticity is preserved. However, DC
pre-activated with IFN-« are less effective in inducing allogeneic or antigen-specific auto-
logous T-cell proliferation, produce less IL-12 and express lower levels of CCR7 compared to
DC generated by culture with GM-CSF and IL-4. Incubating GM-CSF-cultured monocytes
simultaneously with IFN-« and IL-4 does not affect phenotypic maturation of DC, but reduces
IL-12 production upon pro-inflammatory activation. We conclude that: (1) IFN-« fails to
induce DC differentiation and thus cannot replace IL-4 in generating DC from monocytes in
vitro; and (2) the presence of IFN-a prior to or during differentiation of DC from monocyte
precursors alters their response to maturation stimuli and may affect their capacity to

stimulate T helper type 1 immune responses in vivo.

INTRODUCTION

Dendritic cells (DC) are highly specialized antigen-presenting
cells (APC) playing a key role in the induction and regulation of
immune responses.! Immature DC reside in peripheral tissues
where they take up and process antigen for presentation on
major histocompatibility complex (MHC) molecules. Pathogen-
derived components or pro-inflammatory cytokines produced at
sites of infection or inflammation induce DC maturation. During
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the maturation process, DC alter the pattern of chemokine
receptor expression thus enabling them to migrate to secondary
lymphoid organs where they home to T-cell zones to initiate
antigen-specific immune responses.>*> Mature DC express high
levels of co-stimulatory molecules and secrete interleukin-12
(IL-12), a key cytokine in the activation of both the innate and
the adaptive immune system.*

Though it has been reported that DC maturation from
monocytes can be induced by transendothelial trafficking,’
the mechanisms involved in DC differentiation from monocytes
under physiological conditions are not fully understood. In
vitro, DC can be derived from monocytes or CD34" progenitor
cells.®” Culture of monocytes for 5-7 days with granulocyte—
macrophage colony-stimulating factor (GM-CSF) and IL-4
induces the development of immature DC that have to be
stimulated with microbial, pro-inflammatory or T-cell-derived
stimuli to develop full T-cell-stimulatory capacity.® Whether
this regimen reflects an in vivo process is unclear and it has even
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been suggested that IL-4-treatment may result in the generation
of ‘disabled” DC as a result of interference of IL-4 with the
prostaglandin metabolism.’

Type I interferons (IFNs; interferon-a and interferon-f3) are
not only key mediators of the innate immune system,'® but also
influence proliferation, functions and survival of different T-cell
subsets'"'? and regulate IL-12 synthesis by professional
APC."*"7 More than 18 genes encoding for IFN-« are known
while there is only a single IFN-B gene.'® Recently, a subset of
peripheral blood DC capable of producing large amounts of type
I IFN after microbial stimulation, so-called ‘natural IFN-produ-
cing cells’, has been identified.'” The capability of these cells,
also called ‘plasmacytoid DC’, to promote T helper cell type 1
(Th1) immune responses hints at a role of type I IFNs as linking
elements of the innate and the adaptive immune system.>”

Conflicting experimental data on the effects of type I IFNs on
APC differentiation from monocyte-precursors have been report-
ed. While some of the data indicate that type I IFN-induced
monocyte-derived DC are potent stimulators of Thl type
immune responses in vitro and in vivo,>'~* others have reported
inhibitory effects of type I IFNs on DC differentiation and IL-12
production.zs‘26 These divergent findings are paralelled by
therapeutic effects of type I [FNs in such diverse disease entities
as viral infections, malignant diseases, or multiple sclerosis.?’ >’
Although the exact mechanisms involved in clinical responses
to IFN-treatment are not completely defined, there is increasing
evidence that type I IFNs influence APC function in vivo.
Blanco et al. have recently shown that DC differentiation from
monocytes is induced in patients with systemic lupus erythe-
matosus dependent on the level of IFN-« serum concentration.*®

We were interested to discover whether incubation of GM-
CSF-cultured monocytes with IFN-a could induce DC devel-
opment and how pretreatment with IFN-a influenced the
response of monocytes to different DC maturation stimuli.
To this end, IFN-a-activated monocytes were compared to
immature DC obtained by culture of monocytes with GM-
CSF and IL-4 for expression of maturation markers and
lymph-node-directing chemokine receptor CCR7, and capacity
to activate allogeneic and autologous T cells, as well as cytokine
secretion upon stimulation with pro-inflammatory and T-cell-
derived activation signals.

MATERIALS AND METHODS

Reagents

The recombinant cytokines were obtained as follows: GM-CSF
was purchased from Novartis (Basel, Switzerland), IL-4 from
Promega (Madison, WI), tumour necrosis factor-a (TNF-a)
from R & D Systems (Wiesbaden, Germany) and IL-6 from
Amersham (Buckinghamshire, UK); IFN-o, IFN-v, and IL-1f3
were obtained from Strathmann Biotech (Hannover, Germany).
Prostaglandin E, (PGE,) and fluorescein isothiocyanate (FITC)
—dextran were purchased from Sigma-Aldrich (Steinheim, Ger-
many), [*H]thymidine was supplied by Amersham Buchler
(Freiburg, Germany).

Cell culture

All cultures of human peripheral blood mononuclear cells
(PBMC) were maintained in RPMI-1640 medium (Biochrom,
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Berlin, Germany) supplemented with 2% human AB serum
(BioWhittaker, Walkersville, MD), 2 mM L-glutamine (Life
Technologies, Paisley, UK), and 50 U/ml penicillin (Sigma,
Munich, Germany), hereafter referred to as complete medium.

Isolation and culture of cells

DC were generated as described.>'** In brief, PBMC were
isolated from the peripheral blood of healthy donors by Ficoll-
Hypaque gradient centrifugation and subsequently allowed to
adhere in culture flasks for 60 min. Initially adherent cells were
harvested after overnight incubation and transferred into six-
well plates (0-5 x 10°—1-5 x 10° cells/ml) in fresh complete
medium supplemented with 1000 U/ml GM-CSF alone, GM-
CSF plus either 500 U/ml IL-4 or 500 U/ml IFN-«, or GM-CSF
plus IFN-a and IL-4. For some experiments, monocytes were
purified (purity > 90%) using the MACS CD14 isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany). After 6 days of
culture, DC were washed extensively, resuspended in complete
medium containing GM-CSF (1000 U/ml) and subsequently
incubated either with a combination of pro-inflammatory cyto-
kines (1000 U/ml TNF-co, 10 ng/ml IL-13, 10 ng/ml IL-6 plus
1 mM PGE,) or with CD40 ligand (CD40L) -transfected and
irradiated (30 Gy) 3TC cells (ratio APC to 3TC was 10 : 1) plus
IFN-vy (1000 U/ml) in the presence or absence of IL-4 (500 U/
ml) for 48 hr. CD40L-transfected 3TC cells were kindly pro-
vided by H. Engelmann, Insititute of Immunology, University of
Munich, Germany. Autologous T cells were purified from
monocyte-depleted PBMC by negative selection using the
Pan T Cell Isolation Kit (Miltenyi Biotech).

Scanning electron microscopy

Scanning electron microscopy was performed in co-operation
with Prof. Dr U. Welsch (Institute for Anatomy, University of
Munich). Cells were spun onto standard microscopy glass slides
and fixed with 2-5% glutaraldehyde in phosphate-buffered
saline (pH 7-4). Following dehydration through graded ethanol,
cells were critical-point-dried in CO, and gold coated by
sputtering. Samples were examined using a JSM-35-CF scan-
ning electron microscope (JEOL, Tokyo, Japan). After electron
microscopy, prints were scanned using ADOBE PHOTOSHOP
software (Adobe Systems, version 3-0).

Endocytic activity

Endocytic activity was assessed by adding FITC—dextran
(0-5 mg/ml) to the culture medium for 30 min at 37° (unspecific
binding of dextran to cell surfaces was determined by incuba-
tion on ice). Thereafter, cells were extensively washed and
dextran uptake was quantified as mean fluorescence intensity
(MFI) using flow cytometry.

Flow cytometry and monoclonal antibodies

The following monoclonal antibodies were used for fluores-
cence-activated cell sorter (FACS) analysis: TU39 (anti-HLA
DR, DP, DQ, FITC-conjugated), L307-4 (anti-CD80, phycoery-
thrin-conjugated), 2331/FUN-1 (anti-CD86, APC-conjugated),
HB15e (anti-CD83, FITC-conjugated), MSE2 (anti-CD14, APC-
conjugated) and HI149 (anti-CD1a, phycoerythrin-conjugated)
were all from Pharmingen, San Diego, CA. CCR7 expression
was determined by incubation with anti-CCR7 mAb (clone
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Figure 1. IFN-a treatment does not induce DC differentiation from GM-CSF-cultured monocytes. Monocytes were cultured with
GM-CSF (1000 U/ml) and either IL-4 or IFN-a (each 500 U/ml). At day 6, the two different APC preparations were harvested and
immunophenotype was determined by FACS analysis. For determination of surface molecule expression, viable DC were analysed
after gating as indicated in the FSC/SSC panels. One representative experiment out of five is shown.

3D12; kindly provided by R. Forster, Munich). Apoptosis was
detected by staining with annexin V-FITC in combination with
propidium iodide according to the manufacturer’s instructions
(Bender Med Systems, Vienna, Austria). Cells were analysed on
a FACS-Calibur flow cytometer (Becton Dickinson, Heidelberg,
Germany). Data were analysed using CELLQUEST software
(Becton Dickinson, version 3.2-1). All FACS data are shown
for viable DC after gating on forward and side scatter as
indicated in Fig. 1.

Cytokine measurements

On day 6, APC were incubated for 48 hr with the different
stimuli. Subsequently, supernatants were collected for IL-12,
IL-10 and TNF-a measurement using commercial enzyme-
linked immunosorbent assay (ELISA) kits. IL-12 was deter-
mined using an assay that detects both IL-12 p40 and the
bioactive p70 heterodimer (Bender Med Systems, Vienna,
Austria). IL-10 and TNF-a were measured using OptEIA
human IL-10 and human TNF-a sets (all from Pharmingen,
San Diego, CA).

Proliferative T-cell response

T-cell proliferation assays were peformed in co-operation with
Professor R. Wank (Institute of Immunology, University of
Munich). Proliferative T-cell responses were measured as pre-
viously described with minor modifications.*!** To determine
allostimulatory capacity, APC were harvested and co-cultured
in complete medium with a constant number of allogeneic non-
adherent PBMC (2 x 10°/200 pl) in 96-well round-bottom
microtitre plates at ratios ranging from 1:20 to 1: 80 in
triplicates. To determine antigen-specific proliferation of auto-

logous T cells, the different APC preparations were incubated
with tetanus toxoid at day 5 at a concentration of 5 wg/ml. After
24 hr of stimulation with pro-inflammatory mediators at day 6,
APC were harvested and co-cultured in complete medium with
a constant number of autologous T cells (2 x 10%/200 pl) in
96-well round-bottom microtitre plates at ratios ranging from
1:20to 1 : 320 in triplicates. On day 5 of co-culture, the cells
were pulsed with [3H]thymidine (1 nCi/well) and harvested
after 18 hr onto a filtermate. The amount of incorporated
[*H]thymidine was analysed in a liquid scintillation counter
(Wallac, Turku, Finland).

Statistical analysis

Data are expressed as means ==SEM. Statistical significance was
determined using the unpaired two-tailed Student’s #-test. Dif-
ferences were considered statistically significant for P < 0-01.
Significance is presented for individual experiments (asterisks
in figures). Statistical analysis was performed using STAT-VIEW
4-51 software (Abacus Concepts, Calabasas, CA).

RESULTS

IFN-a does not induce DC differentiation from monocytes
cultured with GM-CSF

The adherent fraction of PBMC was cultured for 6 days either
with GM-CSF (1000 U/ml) alone or GM-CSF plus IFN-a
(500 U/ml), GM-CSF plus IL-4 (500 U/ml), or GM-CSF plus
IFN-o and IL-4. As expected, cells cultured with GM-CSF
alone maintained monocytic morphology as well as CD14
expression and did not up-regulate co-stimulatory molecules
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or CD83 (data not shown). GM-CSF/IL-4-cultured cells differ-
entiated into immature DC with typical large cell bodies and
blunt cytoplasmic projections showing adherence to the plastic
surface and cluster formation. GM-CSF/IFN-a-incubated cells
showed fewer morphological changes: cells remained smaller,
were less adherent and did not show much cluster formation
compared to GM-CSF/IL-4-cultured cells; cytoplasmic projec-
tions were barely visible. FACS analysis revealed a distinct
pattern of forward scatter (FSC) and side scatter (SSC) of GM-
CSF/IFN-a-treated cells forming a homogeneous population of
smaller and less granular cells (Fig. 1, left and bottom). GM-
CSF/IL-4-cultured cells displayed the typical immunopheno-
type of immature DC with a high percentage of
CDla" CD83~ CDI14  cells (Fig. 1, top; middle and right).
In contrast, GM-CSF/IFN-a-treated cells showed a different
pattern of surface marker expression, indicating maintenance of
a population of monocyte-/macrophage-like cells: cells did not
express CD1a and more than 40% cells remained CD14™" after
6 days of culture (Fig. 1, bottom; middle and right). GM-CSF/
IFN-a-incubated cells also showed significantly less expression
of MHC II and the co-stimulatory molecules CD80 and CD86
compared to GM-CSF/IL-4-cultured cells (data not shown).
Cells cultured with GM-CSF plus IFN-a and IL-4 showed no
differences in morphology or surface marker expression com-
pared to GM-CSF/IL-4-cultured cells, indicating that IFN-a did
not interfere with phenotypic DC differentiation induced by IL-
4 (data not shown).
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Figure 2. IFN-o-treated monocytes take up soluble FITC-labelled
dextran. On day 6 of culture, the two different APC preparations
(differentiated with GM-CSF plus IL-4 or IFN-a) were incubated with
FITC-conjugated dextran (0-5 mg/ml) at 37° for 30 min (controls on
ice) followed by FACS analysis. Data represent the mean MFI + SEM
of three independent experiments.

IFN-a-treated monocytes efficiently take up soluble
FITC-labelled dextran

Potent APC are characterized by their capacity to take up
and process antigen for presentation in the context of MHC
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Figure 3. 1L-4 facilitates rapid development of DC-like cells from IFN-a-treated monocytes. At day 6, the two different APC
preparations (differentiated with GM-CSF plus IL-4 or IFN-a) were stimulated with TNF-a, IL-18, IL-6 and PGE, in the presence or
absence of IL-4 as indicated. Cells were analysed by scanning electron microscopy and FACS analysis after 48 hr. Viable DC were
analysed after gating as indicated in Fig. 1. Results of a representative FACS analysis out of five independent experiments are shown.
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Figure 4. DC-like cells derived from IFN-a-treated monocytes in the
presence of IL-4 are phenotypically mature. On day 6, the different APC
preparations (differentiated with GM-CSF alone, GM-CSF plus IFN-a
or IL-4, GM-CSF plus IFN-a and IL-4) were stimulated for 48 hr with
TNF-a, IL-1B, IL-6 and PGE, in the presence or absence of IL-4.
Expression of CD14, CD86 and CD83 was determined by flow cyto-
metry on day 8. Viable DC were analysed after gating as indicated in
Fig. 1. Results are expressed as means =SEM of three experiments with
different donors.

molecules.® To evaluate their capacity to take up soluble antigen
by micropinocytosis, cells cultured with the different cytokine
combinations (GM-CSF plus IFN-a or GM-CSF plus 1L-4)
were incubated with FITC-conjugated dextran at 37° for 30 min
(controls on ice) at day 6 followed by FACS analysis. Despite
the observed differences in morphology, IFN-a-treated cells
showed equal endocytic capacity compared to cells cultured
with IL-4 (more than 10-fold increase in FITC-MFI, Fig. 2).

Presence of IL-4 during pro-inflammatory stimulation
facilitates rapid development of dendritic-like cells from
monocytes cultured with GM-CSF and IFN-a

After 6 days of culture with IL-4 or IFN-a (both with GM-
CSF), cells were incubated for 48 hr with a combination of pro-
inflammatory mediators (TNF-a, IL-1B, IL-6 plus PGE,)
known to induce DC maturation.* Cells cultured with GM-
CSF alone or cells cultured with GM-CSF plus IFN-a and 1L-4
were used as controls. After stimulation, GM-CSF/IL-4-cul-
tured cells displayed typical mature DC morphology showing
fine cytoplasmic projections and homogeneously expressed the
mature DC marker CD83 as well as co-stimulatory and MHC 11
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Figure 5. DC-like cells derived from IFN-a-treated monocytes secrete
low levels of IL-12 and express low levels of the chemokine receptor
CCR?7. On day 6, the different APC preparations (differentiated with
GM-CSF alone, GM-CSF plus IFN-a or IL-4, GM-CSF plus IFN-a and
IL-4) were left untreated (b, control) or stimulated for 48 hr with TNF-
o, IL-1p3, IL-6 and PGE; in the presence or absence of IL-4 as indicated.
On day 8, IL-12 secretion was measured by ELISA (a) and CD83/CCR7
co-expression was determined by flow cytometry (b). For FACS ana-
lysis, viable DC were analysed after gating as indicated in Fig. 1. One
representative experiment out of three is shown.

molecules (Fig. 3, left; Fig. 4). In contrast, GM-CSF/IFN-a-
treated cells remained small, did not form cytoplasmic projec-
tions and remained CD83™ after stimulation (Fig. 3, middle).
Cells cultured with GM-CSF alone and GM-CSF/IFN-a-treated
cells showed a similar pattern of surface marker expression after
stimulation indicating the preservation of a monocytic pheno-
type: cells remained CD14" and expressed only low levels of
CD83 as well as the co-stimulatory and MHC II molecules
(Fig. 4, data not shown). Cells cultured with GM-CSF plus IFN-
o and IL-4 for 6 days matured similarly to cells incubated with
GM-CSF and IL-4 only, indicating that the presence of IFN-o
during differentiation of DC did not prevent phenotypic matura-
tion upon pro-inflammatory activation (Fig. 4).

Next, we were interested if the presence of IL-4 — which is
known to suppress macrophage differentiation from monocytes
expanded with GM-CSF — could alter the response of the two
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Figure 6. IFN-a-pretreated DC are defective in inducing allogeneic or antigen-specific autologous T-cell proliferation. (a) To
determine allostimulatory capacity, the two different APC (differentiated with GM-CSF plus IL-4 or IFN-a) were stimulated at day 6
with TNF-a, IL-18, IL-6 and PGE, in the presence or absence of IL-4 and co-cultured after 24 hr with the non-adherent fraction of
allogeneic PBMC for 5 days. (b) To determine capacity to stimulate autologous T cells, the two different APC (differentiated with GM-
CSF plus IL-4 or IFN-a) were loaded with tetanus toxoid (TT; 5 pg/ml) at day 5 and subsequently stimulated with TNF-o, IL-1(3, IL-6
and PGE, in the presence of IL-4 to induce DC maturation. After 24 hr, APC were co-cultured with purified autologous T cells. GM-
CSF-cultured monocytes incubated for 6 days with IL-4 or IFN-a or unloaded, stimulated APC (differentiated with IL-4 or IFN-a)
were used as controls. Cells were pulsed with [*H]thymidine at day 5 of co-culture and incorporation was measured 18 hr later. Results

are representative of two experiments with different donors.

different APC preparations (cells cultured with GM-CSF and
either IFN-a or IL-4) to the pro-inflammatory mediators. While
the continued presence of IL-4 (500 U/ml) had no effect on the
phenotype of activated GM-CSF/IL-4-cultured DC (data not
shown), addition of IL-4 during pro-inflammatory stimulation
of GM-CSF/IFN-a-treated cells facilitated rapid DC matura-
tion: increase in cell size and granularity, formation of cyto-
plasmic projections and intensive cell clustering within only
24 hr could be observed; a large proportion of cells (= 60%)
expressed CD83, CD14 was down-regulated and expression of
co-stimulatory and MHC II molecules increased approximately
fourfold (Fig. 3, right; Fig. 4).

IFN-a-treated monocytes secrete low levels of IL-12 and
express low levels of CCR7 upon pro-inflammatory
stimulation in the presence of 1L-4

IL-12 production by the different groups of APC activated with
pro-inflammatory mediators was determined to assess their
ability to initiate Thl type immune responses. As expected,
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DC differentiated with GM-CSF and IL-4 secreted large
amounts of IL-12 after stimulation (Fig. 5a). In contrast, cells
cultured with GM-CSF only and cells cultured with GM-CSF
plus IFN-a did not secrete IL-12 (Fig. 5a) correlating with the
lack of DC surface marker expression. If IL-4 was added during
stimulation of GM-CSF/IFN-a-treated cells, low levels of IL-12
could be induced. Interestingly, cells cultured with GM-CSF
plus IFN-a and IL-4 showed markedly reduced levels of IL-12
production compared to GM-CSF/IL-4-derived DC indicating
that the presence of IFN-a during differentiation could alter the
cytokine response of DC upon encounter with maturation
stimuli (Fig. 5a).

Maturing DC undergo a co-ordinated switch in chemokine
receptor expression, facilitating migration to secondary lym-
phoid organs via lymphatic vessels expressing CCR7 ligands.>
CCR7 expression by cells pre-activated with IFN-a also
required the presence of IL-4 during pro-inflammatory stimula-
tion (data not shown). However, only a minor proportion of IFN-
a-treated cells (20%) up-regulated CCR7 even when IL-4 was
added during activation, indicating incomplete maturation of
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IFN-a-pretreated DC (Fig. 5b). Interestingly, if IL-4 was added
temporarily for 24 hr at day 5 of culture and removed prior to
stimulation, IFN-a-treated cells also expressed DC activation
markers upon pro-inflammatory activation (data not shown)
indicating that IL-4 restored developmental plasticity rather
than acting as a maturation factor.

Dendritic-like cells derived from IFN-a-activated
monocytes show defective T-cell stimulatory capacity

Mature DC are the most potent stimulators of antigen-specific
T-cell responses. To assess the allostimulatory capacity of the
different day 6 APC, standard allogeneic mixed lymphocyte
reaction was performed after stimulation with pro-inflammatory
cytokines plus PGE, for 48 hr. Correlating with the expression
of DC activation markers, IFN-a-treated cells were poor sti-
mulators of allogeneic T cells unless DC maturation was
induced by stimulation in the presence of IL-4 (Fig. 6a, right).
However, even at high DC : T-cell ratios, IFN-o-pretreated DC-
like cells induced significantly lower levels of alloreactive T-
cell proliferation compared to IL-4-derived DC (Fig. 6a, left).

The capacity of the different APC to stimulate antigen-
specific T-cell responses was determined using the recall anti-
gen tetanus toxoid. IFN-a-treated monocytes or IL-4-cultured
DC —each loaded with tetanus toxoid at day 5 or left unloaded —
were stimulated with pro-inflammatory mediators at day 6 in the
presence of IL-4 to induce DC maturation. After 24 hr, the
different DC preparations were co-cultured with autologous T
cells. Tetanus toxoid-loaded DC preactivated with IFN-a were
able to induce antigen-specific autologous T-cell proliferation
(Fig. 6b, right). However, levels of T-cell proliferation were
markedly reduced compared to those induced by IL-4-cultured
DC (Fig. 6b, left)

Monocytic cytokine production is preserved in DC
pretreated with IFN-«

Next, we were interested in how the cytokine environment
during differentiation (IL-4 versus IFN-a) influenced the cyto-
kine production in response to different modes of activation.
Day 6 APC were stimulated with pro-inflammatory mediators
or CD40L plus IFN-vy for 48 hr and supernatants were obtained
for cytokine measurements. As expected, DC cultured with IL-4
secreted large amounts of IL-12 (> 20 ng/ml) in response to
both stimulus combinations, with maximal levels of IL-12
induced by stimulation with pro-inflammatory mediators
(Fig. 7a, top; n =4, P < 0-01). There was a trend towards
reduced IL-12 production if IL-4 was added during stimulation
that could be observed after activation with both stimulus
combinations. However, this trend did not reach statistical
significance. Higher levels of IL-12 production of IL-4-derived
DC induced by pro-inflammatory mediators correlated with
higher levels of expression of DC activation markers compared
to stimulation with CD40L plus IFN-y (> 80% versus 60%
CD83™ cells, data not shown).

IFN-a-treated cells appeared to be primed towards IL-10
production independent of the state of DC maturation: cells
produced more than 200 pg/ml of IL-10 in response to all
stimulus combinations tested (Fig. 7a, bottom). Even when
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Figure 7. IFN-a-treated monocytes maintain a monocytic cytokine
secretion pattern independent of DC maturation. The different day 6
APC (differentiated with GM-CSF plus IL-4 or IFN-a) were left
unstimulated (control) or activated with either TNF-«, IL-1B, IL-6
and PGE, or CD40L plus IFN-vy in the presence or absence of IL-4 as
indicated. After 48 hr, IL-12 (p40/p70) (a, top), IL-10 (a, bottom) and
TNF-a (b) were measured in the supernatants by ELISA. Results are
expressed as means +=SEM of four experiments with different donors (a)
or as means =SEM of two experiments with different donors (b).

DC maturation from IFN-a-treated cells was induced by pro-
inflammatory stimulation in the presence of IL-4 (> 60%
CD83™" cells, data not shown), only small amounts of IL-12
were secreted (< 5 ng/ml, Fig. 7a, top) and IL-10 production
was maintained (Fig. 7a, bottom). Yet, the observed increase in
IL-12 secretion was statistically significant (n = 4, P < 0-01).
In contrast, activation with CD40L plus IFN-vy induced equal
levels of IL-12 production in IFN-a-treated cells compared to
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IL-4-derived DC (Fig. 7a, top). However, this IL-12 production
was not associated with the expression of DC maturation
markers (< 10% CD83" cells, data not shown). When IL-4
was added during activation with CD40L plus IFN-vy, cells
expressed DC activation markers at low levels (30% CD83™"
cells, data not shown), but this increase in expression of DC
activation markers was associated with reduced IL-12 secretion
and enhanced IL-10 production (Fig. 7a).

TNF-o was measured to confirm the preservation of a
monocytic cytokine secretion pattern in IFN-a-treated cells.
While unstimulated cells produced no TNF-a, pro-inflamma-
tory cytokines plus PGE, induced TNF-a in both APC types.
However, cells pre-activated with IFN-a produced twice as
much TNF-a as IL-4-derived DC (Fig. 7b, left and middle).
Phenotypic DC maturation of IFN-a-treated monocytes induced
by the presence of IL-4 during stimulation left high levels of
TNF-a production unaffected (Fig. 7b).

DISCUSSION

In the present study, we report that activation with IFN-a does
not induce DC development from GM-CSF-cultured mono-
cytes. Cells incubated with IFN-a for 6 days maintain a mono-
cyte/macrophage-like immunophenotype and remain poor
stimulators of allogeneic T-cell proliferation even after stimula-
tion with pro-inflammatory mediators. Presence of IL-4 during
stimulation facilitates development of DC-like cells expressing
low levels of maturation markers. However, IFN-a-pretreated
DC are poor inducers of allogeneic or antigen-specific auto-
logous T-cell proliferation, fail to secrete IL-12 and express only
low levels of the lymph-node-directing chemokine receptor
CCR?7. These findings indicate that — in the absence of other
differentiation factors — IFN-a not only fails to induce DC
development from monocytes expanded with GM-CSF, but
pretreatment with IFN-« also prevents complete DC maturation
even if developmental plasticity has been restored.

Type I IENs influence APC function in vivo'* and may play a
role during maturation of DC from monocytes during both
innate and adaptive immune responses.”>*® It has been shown
that type I IFNs can accelerate DC differentiation of CD34"
progenitor cells and maturation of monocyte-derived DC gen-
erated with GM-CSF and IL-4.%>% Santini et al. have reported
that incubation of monocytes with GM-CSF and type I IFN
results in the development of mature DC as early as 3 days after
initiation of cell culture without requiring further stimulation.*
These IFN-a-derived DC express the chemokine receptor
CCR7 and migrate in response to its ligand, MIP3[3, features
commonly associated with DC maturation.”*>” However, only a
minor proportion of monocytes expressed DC maturation mar-
kers after 3 days of culture with GM-CSF and type I IFN.
Moreover, the T-cell stimulatory capacity of these IFN-derived
DC was compared with that of monocytes cultured for only
3 days with GM-CSF and IL-4 and left unstimulated. Thus, it
has not been conclusively shown that DC-like cells generated by
incubation of monocytes with GM-CSF and type I IFN are
equally or even more effective compared to fully mature IL-4-
derived DC in inducing Thl type immune responses.

Here, we show that IFN-a-treatment does not induce differ-
entiation of functional DC, but maintains a homogeneous

© 2003 Blackwell Publishing Ltd, Immunology, 110, 38-47

population of cells with monocyte/macrophage-like phenotype
and low allostimulatory capacity. Even though phenotypic
maturation can be induced by addition of IL-4 during differ-
entiation or during maturation induced by pro-inflammatory
stimuli, comparative analysis revealed that DC derived from
IFN-a-treated monocytes are defective in their T-cell stimula-
tory capacity compared to stimulated, fully mature IL-4-derived
DC. Moreover, low levels of CCR7 expression by IFN-a-
pretreated DC indicated that maturation was incomplete. Apart
from maintaining a monocyte/macrophage-like phenotype,
IFN-a-treatment also preserved a monocytic cytokine secretion
pattern in APC: IFN-a-treated cells primarily secreted IL-10
and TNF-a in response to various stimuli independent of DC
maturation status. Although the addition of IL-4 to GM-CSF
and IFN-a from the beginning of cell culture facilitated phe-
notypic differentiation of DC, IL-12 secretion after stimulation
with pro-inflammatory mediators was reduced. It has been
shown previously that human monocytes pretreated with
IFN-« secrete IL-10 in response to bacterial superantigen’®
and that type I IFNs inhibit IL-12 production in human PBMC
in an IL-10-dependent manner.'” Taken together, these data
indicate that IFN-a fails to induce DC differentiation from
monocytes and reduces the capacity of monocyte-derived DC
generated in the presence of IL-4 to secrete IL-12 in response to
microbial and pro-inflammatory stimuli as well as their capacity
to stimulate T cells. These results confirm previous reports that
type I IFNs do not promote effective maturation of DC from
monocyte precursors.?>®

Another striking finding made in the present study is that
IFN-a-activated monocytes can differentiate very rapidly into
DC if developmental plasticity has been restored by IL-4: while
48 hr of pro-inflammatory stimulation*>° alone could not alter
morphology and immunophenotype, 24 hr of activation in the
presence of IL-4 sufficed to induce DC development and
maturation from a large proportion of IFN-a-treated monocytes.
The same effect could be observed if IFN-a-treated monocytes
were cultured overnight in the presence of IL-4 prior to stimu-
lation. To our knowledge, only one study reported maturation of
DC from monocytes in a similar time period: Randolph and co-
workers used a model of transendothelial trafficking to simulate
migration of monocytes from tissue to lymph.” If monocytes
encountered yeast cell walls or other phagocytic factors in the
collagen matrix used to simulate tissue, they acquired mature
DC phenotype and allostimulatory capacity within 48 hr. Thus,
the current models for in vitro generation of DC may not reflect
the time span required for DC differentiation from monocyte
precursors under physiological conditions.

IL-4 not only facilitated phenotypic DC maturation of IFN-
a-activated monocytes, but also differentially regulated cyto-
kine production in response to different modes of activation:
upon stimulation with pro-inflammatory mediators in the pre-
sence of IL-4, IFN-a-treated monocytes not only expressed DC
maturation markers, but also reduced IL-10 production and
secreted low amounts of IL-12. Thus, IL-4 can restore the
capacity to secrete DC cytokines in a subpopulation of IFN-
a-treated monocytes indicating that some degree of functional
plasticity is maintained. This is confirmed by the observation
that [FN-a-treated monocytes secrete large amounts of IL-12
after stimulation with CD40L and IFN-v, a signal imitating help
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by Thl cells. However, Thl cell signalling did not induce DC
maturation and cells rather acquired an activated macrophage-
like phenotype. Thus, independent of pre-activation with IFN-a,
monocytes can distinguish between different — pro-inflamma-
tory or T-cell-derived — activation signals and respond with
secretion of distinct cytokine profiles. In vivo, Th1 cell help may
provide a positive feedback signal for tissue-residing APC pre-
activated with IFN-a to maintain a Th1 type immune response
in their local environment.*’

In summary, incubation with IFN-a does not induce differ-
entiation of GM-CSF-cultured monocytes into functional DC.
IL-4 can partially restore developmental plasticity of IFN-a-
treated monocytes and facilitates rapid development of DC-like
cells upon pro-inflammatory activation. However, CCR7
expression, IL-12 secretion and T-cell stimulatory capacity
are suboptimal in DC derived from IFN-a-treated monocytes.
It has been proposed that IL-4-treatment may inhibit DC
functions and that incubation with type I IFNs may serve as
an alternative regimen for the in vitro generation of monocyte-
derived DC.° However, our results indicate that DC developed
from IFN-a-treated monocytes are defective in migration and
induction of Th1 type immune responses, thus limiting their use
in anti-tumour immunotherapy.
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