





clones. Cells grown with a combination of GM-CSF and
TNF-o (16) were inferior to those obtained with GM-CSF
+ IL-4, especially for presentation of soluble antigen. We
therefore used DCs from GM-CSF + IL-4-dependent cul-
ture in subsequent experiments.

In a typical experiment, after ~7 d of culture with GM-
CSF + IL-4, 50-80% of the cells appear as loosely adherent
clumps or isolated floating cells with the typical dendritic
morphology (see an example in Fig. 1) and motility, as as-
sessed by time lapse videorecording (data not shown). Anal-
ysis of surface markers (Table 1 and Fig. 2) showed that the
large cells were homogeneous and expressed high levels of
MHC class I and class II molecules, CD1a, CD1b and CDlc,
FcyRII, ICAM-1, CD11b, CD11¢, CD40, B7, and CD33.
CD14 was either low or negative in different preparations.
Furthermore, DCs were positive for Ii, LFA-1, LFA-3, and
CD44 and negative for FeyRI and FcyRIII (see also Table
2). Anti-CD3 and anti-CD19 antibodies were always used
as control and found negative. Cell growth rapidly slowed
down after the first 3-4 wk, but viable cells could be main-
tained in culture with occasional feeding for up to 3 mo.

Stimulatory Capacity of DCs. Cultured DCs were com-
pared with PBMCs for their capacity to stimulate alloreac-
tive T cells. Different numbers of DCs or PBMCs from the
same donor were cultured with a fixed number of allogeneic

Figure 1. Typical appearance of DC cultures on day 15.
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T cells. Fig. 3 a shows that as few as 50 DCs could trigger
a substantial response; on a per cell basis, DCs were 300-fold
more effective than PBMC:s in stimulating adult T cells. It
is interesting to note that only DCs but not PBMCs could
trigger cord blood T cells (Fig. 3 b). The observation that
cord blood T cells, which are entirely naive, could be stimu-
lated only by DCs underlines the specialized role of DCs for
T cell priming.

Efficient Presentation of Soluble Antigen and Antigen-Antibody
Complexes by Immature DCs.  To evaluate the capacity of DCs
to present a soluble antigen, we compared DCs, PBMCs,
and antigen-specific B cells for their capacity to present TT
to a TT-specific T cell clone. To evaluate the possible effect
of FeyR in enhancing capture of antigen-antibody complexes,
the cultures were set up in the presence or absence of a fixed
concentration of anti-TT IgG antibodies.

As evident from Fig. 4, the efficiency of presentation, as
measured from the TT concentration necessary to give 50%
of maximum response, varies with the type of APC. DCs
(Fig- 4 a) were the most effective APCs, since they could
present TT at a concentration of 10~1© M, while PBMCs
(Fig. 4 b) and nonspecific B cells (Fig. 4 ¢) required antigen
concentrations higher than 108 M. Furthermore, in the
presence of anti-I'T antibodies, the efficiency of DCs increased
at least 100-fold and a significant proliferative response was
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Table 1. Cell Yield, Surface Phenotype, Stimulatory, and Antigen-presenting Capacity of Light Density Mononuclear Cells Cultured with

Various Cytokine Combinations

GM-CSF GM-CSF

Alone GM-CSF IL-4 TNF-a TNF-« L4
Cell yield (%)*
Day 4 23 68 23 43 57 84
Day 8 6 114 25 46 74 99
Day 20 2 152 14 64 S0 125
Surface markers
CD1a - - - - + +
CD1b - * - - + +
CDic - - - x +
DR ++ ++ ++ ++ ++ ++
DQ - - + - + +
Class 1 ++ ++ ++ ++ ++ ++
FeyRII ++ + ++ +4+ + +
B7 - + - + + +
CD40 - ++ + + ++ ++
CD11c + ++ ++ + ++ ++
ICAM-1 + ++ + ++ ++ ++
CD14 + + + + - -
Stimulation and antigen presentation!
Allogeneic MLR#
Maximum response nd 3220 40.9 + 2.7 334 + 17 5313 68.1 + 2.2
No. cells for 50% response 6,000 4,000 12,000 3,000 600
Autologous MLR}
Maximum response nd <1 <1 <1 <1 10.1 + 2
TT presentation$
Maximum response nd 89.4 + 4.5 nd nd 8.2+ 21 1346 + 4
ng/m]l TT 50% response 100 >10¢ 10

* Cell yield at days 4, 8, and 20 expressed as percent of imput cells.

$ The various cell populations were tested on day 8 for their capacity to stimulate in allogeneic and autologous MLR. The maximum response and
the number of cells required for stimulating 50% of the maximum response are shown.

$5 x 10° cells from the various cell populations were tested on day 10 for their capacity to present different concentrations of TT to a TT-specific
T cell clone. The maximum response and the concentration of TT required for stimulating 50% of the maximum response are shown.

fopm x 10-3 + SD.

obtained at TT concentrations of 10~ M. When compared
with PBMCs, DCs were at least 100-fold more efficient, both
in the absence and in the presence of anti-TT antibody (Fig.
4 b). Finally, DCs were as efficient as some antigen-specific
B cells (Fig. 4 ¢) and, in the presence of soluble antibodies,
appeared to be the most efficient APC for soluble antigens.

We also compared DCs and PBMC:s for their capacity to
present TT to autologous peripheral blood T cells and to
polyclonal short-term TT-specific lines. As evident from Fig.

5, a and b, DCs were again more powerful than PBMCs,
both in terms of maximum response and amount of TT re-
quired. The shape of the dose-response curve may be due to
the presence of T cells with different sensitivities to antigen
and thus may reflect the ability of DCs to stimulate a higher
number of specific T cells.

Modulation of Surface Phenotype and Antigen-presenting Function
by CD40L and TNF-a. The above results indicated that DCs
obtained from GM-CSF + IL-4 cultures shared many prop-
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with isotype-matched irrelevant an-
tibody.

erties with immature DCs such as LCs, at least with respect
to surface phenotype and presentation of soluble antigen. We
therefore asked whether these cells might be induced to ma-
ture in culture and whether this maturation would affect
antigen-presenting capacity.

We tested the effect of TNF-ox and CD40L, which repre-
sent two effector molecules of natural and acquired immu-
nity. As shown in Table 2, DCs underwent a rapid change
in surface phenotype upon incubation with TNF-az or CD40L.
By 24 h, surface MHC class I and class II molecules increased
two- —threefold, while Ii expression was reduced by approxi-
mately half. ICAM-1 expression also increased, a fact that
was presumably responsible for the spontaneous cell aggre-
gation observed. B7 and CD40 were also upregulated, whereas
FcyRII was rapidly and sometimes completely downregu-
lated. Interestingly, treatment with TNF-a increased CD44
expression and induced the appearance of a new splice variant
carrying exon 9 (22).

Some of these changes resemble those occurring in vivo
when LCs move from skin to lymph nodes (4). We therefore
asked what consequence these changes might have on the
capacity of DCs to stimulate T cells and to present soluble

Figure 3. Cultured DCs are highly stimulatory in MLR and are the
only cells capable of triggering cord blood T cells. Adult peripheral blood
(a) or cord blood mononuclear (b) cells were cultured with different numbers
of allogeneic PBMCs (@, ) or DCs (O, () from the same donor. The
proliferative response was measured on day 5.
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Figure 4. Cultured DCs are the most efficient APCs for presentation
of soluble antigen as such or complexed with IgG antibodies. The three
panels represent the proliferative response of the same T cell clone to different
concentrations of TT in the presence or absence of a fixed concentration
of anti’TT IgG antibodies and different irradiated APCs. (a): 5 x 10° DCs
in the absence ([J) or presence (M) of anti’TT antibody. (b): 105 PBMCs
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antibody or 2 nonspecific polyclonal line in the absence (A) or presence
(A) of anti'TT antibody. Proliferative response was measured on day 2.

antigen. Pretreatment with TNF-a or CD40L increased two-
—threefold the stimulatory capacity in MLR (data not shown),
aresult that is consistent with the expression of higher levels
of MHC products, adhesion, and costimulatory molecules.
Remarkably, the same DCs showed a reduced capacity to
present TT after treatment with TNF-« (Fig. 6 a), being
about 10-fold less efficient. Moreover, the enhanced presen-
tation of immune complexes was completely abrogated, con-
comitant with a downregulation of FeyRII (Fig. 6 b).

TNF-« did not have cytotoxic effect on GM-CSF + IL-
4-dependent DCs and actually, in some cases, slightly en-
hanced cell viability. However, the downregulation of FeyRII
and the decrease in antigen-presenting capacity were irrevers-
ible, since they were still present even several days after TNF-o;
had been removed (data not shown).
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Figure 5. Presentation of TT to polyclonal T cells. Proliferative response
of peripheral blood T cells () or polycional short-term TT-specific T cell
lines (b) to different concentrations of TT presented by autologous
mononuclear cells (O) or autologous DCs ([J). Proliferative response was
measured on days 5 and d 2, respectively. The backgrounds of the response
without TT (autologous MLR) were subtracted.

Discussion

The availability of immature DCs is instrumental for
studying the mechanisms of antigen capture and processing
by these cells, as well as to identify signals that modulate
this function. In this study we have shown that it is possible
to grow in vitro human cell lines with many of the charac-
teristics of immature DCs. The two most striking findings
are the highly efficient presentation of soluble antigen by these
cell lines, and their rapid response to TNF-« leading to up-
regulation of adhesion and costimulatory molecules and down-
regulation of antigen-capturing and -processing capacity.

Our DC lines differ from those described by Caux et al.
(16) in two important aspects: the use of adult PBMCs (23)
rather than cord blood precursors and the use of IL-4 rather
than TNF-a. Indeed adult adherent cells grown with GM-
CSF + TNF-a have lower stimulatory capacity and are un-
able to present soluble antigen (Table 1), a fact that can be
explained by the capacity of TNF-a to regulate antigen-
presenting function (Fig. 6), Our DC lines were generated
from adult peripheral blood and require IL-4 in addition to
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Table 2. Phenotypic Changes of DCs Cultured for 24 h with
TNFa or CD40L

GM-CSF+IL4 + TNF-a* + CD40L!
Second Ab 288 33 30
CDt1a 369 492 428
CD1b 200 423 270
CD1c 295 454 377
DR 1,555 2,938 2,117
DQ 549 1,416 1,210
DP 129 281 187
Ii 245 185 126
MHC class 1 991 2,044 1,798
FeyRII 1,684 737 862
B7 84 163 127
CD40 673 1,612 742
CD11c 534 414 481
ICAM-1 228 620 457
LFA-1 550 448 517
LFA-3 219 290 252
CD44 845 1,235 1,274
CD44-v9 62 147 98
CD14 75 40 40

* DCs were incubated for 24 h with 10 ng/ml TNF-x.

+ DCs were incubated for 24 h with CD40L-mouse CD8 at a saturat-
ing concentration as determined by staining with anti-mouse CD8.

§ Mean fluorescence intensity. Comparable results were obtained in four
separate experiments.

GM-CSF to maintain the immature, antigen presentation com-
petent state. These conditions have been previously shown
to increase CD1 expression on adherent cells (21, 24). It is
not clear what role IL-4 may play, but it is interesting to
speculate it may antagonize the effect of TNF-ov and other
maturation-inducing signals. Whether IL-4 or other cytokines
may play a physiological role in maintaining the immature
DC pool in vivo is a matter of speculation.

The identification of GM-CSF/IL-4-expanded cells as DCs
was based on three well-established and accepted criteria (25,
26): first, their typical morphology and motility; second, their
surface phenotype, with high expression of CD1, MHC class
I and class 11, Ii, FeyRII, B7, CD40, ICAM-1, LFA-3, and
CD11c; and third, their high stimulatory capacity for naive
T cells (27-29). In this regard, it is worth noting that only
DCs but not PBMCs could activate cord blood T cells. This
finding reinforces the notion that DCs are the only cells capable
of triggering naive T cells and is an apparent contrast with
a report that adult CD45RA* naive T cells can be stimu-
lated by allogeneic PBMC:s (30). It is possible, however, that
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Figure 6. Treatment of cultured DCs with TNF-o¢ downregulates
FeyRII and decreases antigen-capturing and -presenting capacity. (a)
Proliferative response of a TTspecific T cell clone to different concentra-
tions of TT in the presence of 5 x 107 irradiated DCs that have been
pretreated with TNF-ax (O, @) or left untreated (C], M). The culture
were set up in the absence (O, (1) or in the presence (@, M) of antiTT
IgG antibodies as in Fig. 4. (b) surface expression of FeyRII on DCs that
had been pretreated overnight with TNF-ar or left in growth medium.

either cord blood cells have higher requirements for costimu-
lation than adult T cells, or that the alloreactive response by
adult CD45RA* T cells may involve memory cells that have
reverted to the CD45RA* phenotype, but retain the ca-
pacity to respond to nonprofessional or semiprofessional APCs
(31, 32).

Presentation of soluble antigen by DCs has been reported
to be rather inefficient in the sense that relatively high con-
centrations of antigen were required (10~¢ and 10-7 M),
comparable to those required by other nonantigen-specific
APCs (4, 9-11). In contrast, we found that DCs cultured
with GM-CSF + IL-4 can present TT at concentrations of
10~ M and are therefore 100-300-fold more efficient than
nonspecific B cells or PBMCs. These DCs are actually com-
parable to antigen-specific B cells, which can use membrane
Ig for antigen capture. Furthermore, in the presence of im-
mune complexes, DCs become even more efficient than
antigen-specific B cells, being able to present TT at the ex-
traordinary low concentration of 1012 M. This is the most
efficient presentation of soluble antigen reported to date.

This highly efficient presentation of soluble antigen de-
pends on the preservation of the immature phenotype, since
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it is lost when DCs are induced to mature by TNF-a. It
is thus possible that the antigen-presenting capacity of DCs
has been previously underestimated because the immature
FeyR* cells may have been lost or induced to mature during
the isolation procedure.

Several mechanisms may contribute to the efficient antigen
presentation of DCs: first, their capacity for clustering T cells
in an antigen-independent fashion (33); second, the expres-
sion of high levels of MHC molecules, allowing presenta-
tion of more T cell determinants; third, the high expression
of adhesion and costimulatory molecules and the low surface
charge (34, 35), which may lower the number of determinants
required for T cell activation (36, 37); and fourth, the high
level of fluid-phase pinocytosis (7) and the expression of func-
tional FeyR (11, 38).

A striking finding is the response of DCs to TNF-« and
CD40L. Within 24 h, surface expression of MHC class II,
ICAM-1, LFA-3, CD40, and B7 increases two- to threefold,
whereas expression of Ii and FeyRII decreases. The functional
consequences are an increased T cell stimulatory capacity in
MLR, but a 10-fold decrease in presentation of soluble TT
and a 100-fold decrease in presentation of TT-IgG complexes.
The effect on class I molecules and Ii is of particular interest.
Preliminary experiments indicate that the increase in surface
class II expression is not accompanied by an increase in class
II biosynthesis, suggesting an effect of TNF-« at the post-
translational level. Indeed, staining for intracellular class II
molecules revealed that TNF-« induces a rapid disappear-
ance of class II containing structures that are prominent in
immature DCs and a redistribution of class I molecules to-
wards the cell periphery (Sallusto, F., unpublished results).

Thus, there are differences in the mechanism that lead to down-
regulation of antigen presenting capacity in cultured DCs
and in fresh LCs. Whereas in both cases FcyRII is down-
regulated, a downregulation of class II synthesis is observed
only in LCs (39, 40). Further work is required to identify
the level of this regulation and the signals involved (41, 42).

It is interesting to discuss our results in the context of the
well known maturation pathway of LCs. It has been shown
that LCs form a reservoir of immature DCs that, upon anti-
genic stimulation, resume their migratory behavior and move
to the draining lymph nodes, where they arrive as mature
DCs (1, 43). A similar maturation process is known to occur
spontaneously when these cells are cultured in vitro (4). On
the basis of our results it is interesting to hypothesize that
TNF-« may play a physiological role in vivo in the induc-
tion of migration and maturation (44, 45). Local production
of TNF-«x at sites of encounter with “infectious” antigen
(46) may induce maturation of DCs and their migration from
tissues into secondary lymphoid organs. It is interesting to
note that TNF-o induces the appearance of 2 CD44 isoform
carrying the v9 exon, which may be involved in controlling
migratory behavior (47). The role of CD40L may be limited
to a later stage, when DC localize in T-dependent areas of
lymph nodes.

Whereas local production of TNF-a may play a physio-
logical role in regulating antigen presentation by DCs, high
systemic levels of TNF-a, such as in malignancies or chronic
inflammatory diseases, may be detrimental (48). Too much
TNF-or may cause generalized immunosuppression by in-
ducing all DCs to mature and lose the capacity to present
new incoming antigens.
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