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as a model of antigen presentation competent, “immature”
DCs to identify the signals responsible for DC maturation.
As likely candidates, we tested the effect of various cytokines
that may be present at the site of inflammation and a bac-
terial product such as LPS.

The effects of these stimuli on the endocytic capacity of
DCs is shown in Fig. 9. Incubation with TNF-« for 40 h
resulted in a marked downregulation of the uptake of FITC-
DX. Using mutant TNF-o molecules that interact selectively
with the p55 or the p75 receptors, we found that this inhibi-
tory effect is entirely mediated via the p55 receptor. The in-
hibitory activity of TNF-o was lost after boiling and was
blocked by a specific antibody to TNF-c, ruling out the pos-
sibility that other contaminants may be responsible for this
effect. In addition to TNF-a, preincubation with IL-183 and
cell-bound CD40L resulted in a similar inhibitory effect. LPS
was also effective in downregulating pinocytosis. In this case,

Figure 6. Inhibition of LY and FITC-DX uptake by drugs that affect
macropinocytosis. Uptake of FITC-DX (1 mg/ml) (4) or LY (1 mg/ml)
(B) by DCs in the presence of various drugs. Uptake of FITC-transferrin
(1 pg/ml) by EBV-B cells in the presence of the same drugs (C). The
drugs were added at 37°C 15 min before the addition of the marker. The
results are expressed as percent of the uptake in the absence of inhibitors.
The vehicle did not show any effect.

Figure 7. DCs have a large class Il compartment that
colocalizes with cathepsin D and Lamp-1. DCs were
fixed, permeabilized, and stained by indirect im-
munofluorescence. (4) DR (green), cathepsin D (red);
(B) DR (green) Lamp-1 (red). When red and green
staining overlap, the compartment appears yellow.

Figure 8. The content of macropinosomes is deliv-
ered to the MHC class Il compartment. DCs were pulsed
with FITC-DX for 2 min and analyzed immediately
(A) or after a 15-min chase in marker-free medium (B).
The cells were fixed, permeabilized, and stained with
anti-DR. (L243) followed by Texas red-labeled second
antibody.
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Figure 9. In DCs pinocytosis is downregulated by TNF-or, CD40L,
11-18, and LPS. DCs from GM-CSF + IL-4-dependent cultures were in-
cubated for 40 h with various stimuli and the uptake of FITC-DX (4),
HRP (B), and LY (C), all at 1 mg/ml, were measured after 30 min of
pulse. TNF-a was added at 20 ng/ml, TNF-a mutants that interact only
with the p55 or with the p75 TNF receptors at 200 ng/ml, II-13 at 10¢
U/ml, and LPS at 20 ng/ml. Irradiated J558 cells transfected with CD40L
were added at a 1:1 ratio and were gated out during the acquisition using
an anti-DR antibody to identify DCs. Rabbit anti-TNF-« antiserum or
normal rabbit serum were added together with the inducing stimuli.

the effect was not inhibited by boiling nor by an anti-TNF-«
antibody, indicating that LPS does not act indirectly via in-
duction of TNF-a production (Fig. 9 A). A similar inhibi-
tion of uptake was observed using HRP (Fig. 9 B), as well
as LY (Fig. 9 C), suggesting that these stimuli decrease both
fluid phase- and receptor-mediated uptake.

-.

In addition to decreased uptake, DCs treated with TNF-o¢
did not show formation of macropinosomes even after
prolonged incubation (Fig. 10 A). The same treatment in-
duced a disappearance of the class II compartment, as well
as of the cathepsin-D—-positive organelles (Fig. 10 B). Sur-
prisingly, the loss of the class II compartment was not ac-
companied by a reduction in class II synthesis, which was
actually transiently increased after treatment with TNF-«
(Sallusto, F., unpublished results).

When compared to untreated cells, cells treated with
TNF-a or LPS showed an increased expression of class II
and class I molecules, B7.1 (CD80), LFA3 (CD58), and intra-
cellular adhesion molecule 1 (CD54), as well as a decreased
expression of FcR (CD32 and CD23) (Fig. 11). Interestingly,
the expression of MR was reduced by less than 50%. These
coordinate changes were observed in all the 10 different cell
lines tested. The most striking induction was observed with
TNF-a and LPS, while a lower effect was seen with IL-18.
The maturation-inducing effects of TNF-o and LPS are irre-
versible since neither pinocytosis nor the class II compart-
ment were recovered, even several days after removal of the
inducing stimuli.

Discussion

We have previously demonstrated that human DCs from
GM-CSF + IL-4~dependent cultures are highly efficient in
presenting soluble antigens and that they lose this capacity
when treated with TNF-a (9). Here we provide an explana-
tion for both findings. First, we show that DCs have two
specialized mechanisms for antigen capture: the MR and mac-
ropinocytosis that allow them to take up and concentrate mac-
romolecules in the MHC class II compartment. Second, we
show that inflammatory cytokines and bacterial products in-
duce a coordinate and irreversible change in DCs with loss
of macropinocytosis and disappearance of the class II com-
partment and upregulation of adhesion and costimulatory
molecules. We discuss these results in the context of the model
of DC maturation (6).

Antigen Capture via MR. The MR is a surface 175-kD
C-type lectin containing eight carbohydrate recognition do-

Figure 10. Macropinosomes and the class II compart-
ment disappear after TNF-a treatment. DC maturation
was induced by 20 ng/ml TNF-a for 40 h. (A) The
cells were incubated with 1 mg/ml FITC-DX (green)
for 30 min and subsequently stained with anti-DR an-
tibody (red) as in Fig. 8. (B) The cells were stained with
anti-DR (green) and anti—athepsin D (red) as in Fig. 7 A.
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Figure 11. Changes in cell surface phenotype induced by treatment of DCs with TNF-a or LPS. DCs untreated (A4) or treated with 20 ng/ml
TNF-a (B) or 20 ng/ml LPS (C) for 40 b were stained with different mAbs. The first panel (NC) shows the profile obtained using an isotype-matched

control antibody.

mains with broad specificity for sugars (14). It mediates phago-
cytosis of mannose-coated particles such as yeasts and endocy-
tosis of mannosylated glycoproteins in macrophages (15). So
far, MR has been demonstrated only on scavenger macro-
phages. Its presence on DCs has been suggested on the basis
of their capacity to phagocytize yeast particles (16).

We have identified the MR as the major receptor respon-
sible for endocytosis of HRP and FITC-DX in DCs. This
conclusion is based on the observation that uptake of these
markers is saturable and can be inhibited by mannan, EDTA,
and by an antibody to the human MR. Using this antibody,
we have demonstrated that the MR is expressed in cultured
DCs, and we have evidence that it is also expressed on DCs
in vivo, as detected by staining of tissue sections (Cella, M.,
et al., manuscript in preparation).

There are two features of the MR that are crucial for its
function in antigen presentation: (4) the broad ligand
specificity; and (b) the capacity to release the ligand at low
pH and recycle after delivery of the ligand.

MR is known to bind various types of sugars such as man-
nose, fucose, and N-acetyl-glucosamine, as well as hydrophobic
molecules (14). It is possible that even very low affinity in-
teractions may be sufficient to allow adsorptive endocytosis
via the MR. Thus, MR can be viewed as a pattern recogni-
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tion molecule that can provide DCs with some capacity of
self non-self discrimination at the level of antigen uptake on
the basis of glycosylation and perhaps hydrophobicity. It will
be interesting to see whether self proteins released by lysed
cells in the high mannose form may be captured and presented
with high efficiency by DCs.

The second important feature of the MR is the capacity
to release its ligand at low pH and recycle to the cell surface
(17). In this way, the MR can deliver ligands in consecutive
rounds and thus in amounts that far exceed the number of
receptors (see Table 2). Indeed, the amount of FITC-DX and
HRP bound to DC at 0°C is only ~1% of the amount taken
up in 30 min at 37°C. This is at variance with mlg or FcR,
which do not dissociate antigen at low pH and are thus
degraded together with their cargo (18, 19). Thus, while mlg
and FcR offer a limited capacity for antigen capture, the MR
offers an unlimited capacity to accumulate antigen.

The presence of the MR on DCs suggests that man-
nosylated antigens or toxins can be targeted in vivo to DCs
to enhance immunogenicity or to deplete DCs from tissue
grafts.

Macropinocytosis. Macropinocytosis has been characterized
in epithelial cells and macrophages as a cytoskeleton-dependent

mechanism of fluid uptake induced by stimulation with
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growth factors or PMA, which is distinct from micropinocy-
tosis, which occurs via clathrin-coated pits (3-5). While the
importance of micropinocytosis in the capture of membrane-
bound ligands has been well recognized, the functional
significance of macropinocytosis has been an unresolved issue.
Our results point to a specialized function for macropinocy-
tosis in DCs, i.e., volume capture and solute concentration
in the class I compartment.

We have shown that DCs are characterized by a very high
level of fluid endocytosis, as measured by the uptake of LY,
which behaves as a pure fluid phase marker, or by the uptake
of FITC-DX in the presence of concentrations of mannan
that inhibit MR-mediated uptake. The fluid volume taken
up per hour by a single DC has been estimated to be 1,000~
1,500 um?, a volume that is close to that of the cell itself.
This clearly indicates that these cells are able to concentrate
the marker in a discrete intracellular compartment.

The evidence for macropinocytosis in DCs is based on mor-
phological criteria and sensitivity to inhibitory drugs. As early
as 30 s after addition of the marker, several macropinosomes
measuring 0.5-3 um in diameter are formed in DCs and their
number increases to ~v100 at 1 min. The uptake of ~100
pinosomes of ~1 um diameter would account for a fluid up-
take of 50 um>/min and therefore ~3,000 pm?/h, a figure
that would be compatible with that estimated using fluid
phase markers. This type of calculation would require 2 more
careful stereological analysis (20).

In these cultured DCs, the level of macropinocytosis is much
higher than in other cell types (4, 5), probably because of
the very active membrane ruffling. In addition, while mac-
ropinocytosis in macrophages or epithelial cells is present only
for a few minutes after growth factor stimulation, it is con-
stitutive in DCs since it is present even days after removal
of GM-CSF and IL-4 and can be detected in fresh veiled cells
ex vivo. Our results are in apparent contrast with previous
studies in which DCs have been shown to have a detectable
but rather low level of endocytosis (21, 22). This discrepancy
may be explained by the fact that different cell populations
have been analyzed in these studies. It is well known that
DC can change their properties after maturation and lose an-
tigen capturing capacity (references 6, 8 and this study). The
cells from GM-CSF + IL-4 cultures may be the equivalent
of immature DCs, a stage that is difficult to preserve ex vivo
or in different culture conditions.

How can macrosolutes be concentrated in DCs? The for-
mation and fate of macropinosomes differs in different cell
types. In epithelial cells stimulated by epidermal growth factor,
the pinosomes do not fuse with intracellular vesicles, but only
among themselves, and recycle back within 20-30 min (13).
In contrast, in macrophages stimulated by macrophage-CSF
(23) and in DCs, the macropinosomes mature and go on to
fuse with a lysosomal compartment. In the latter case, the
vesicles that recycle back from this compartment to the cell
surface are much smaller than the macropinosomes and thus
will recycle much more membrane than fluid (24). This im-
balance causes shrinkage of the compartment, loss of water
and permeable compounds, and concentration of the macro-
solutes.

The fate of the molecules taken up by macropinocytosis
depends on their physical and chemical properties. Membrane-
permeable compounds will passively diffuse out, while im-
permeable compounds such as sucrose (25), LY, or FITC-DX
will accumulate. In steady-state conditions protein antigens
that are delivered to this compartment will be continuously
eliminated by degradation into peptides and subsequently into
permeable amino acids (26). Peptides carrying the appropriate
motifs may be rescued by MHC class II molecules and trans-
ported to the cell surface, where they will effectively accumulate
as long lived complexes (27). In this context, the very high
level of class II synthesis (up to 10-fold that of EBV-B cells;
Sallusto, F., unpublished data) is an important attribute of
DCs as it endows them with powerful peptide sampling
capacity.

The very high level of macropinocytosis may have impor-
tant consequences for the traffic of surface molecules. Indeed,
while in all cell types surface molecules are internalized via
coated pits that act as molecular filters, in DCs all surface
molecules must be internalized primarily via macropinocy-
tosis, which is expected to be nonselective. Thus, this alter-
native pathway will allow molecules that are usually excluded
from coated pits to be internalized at high rate, a fact that
may have functional consequences in the case of MHC class
I and II molecules as discussed below.

The MHC Class I Compartment in DCs. 'We have shown
that DCs generated in culture with GM-CSF and IL-4 are
characterized by the presence of a large intracellular compart-
ment that contains class Il molecules, cathepsin D, and Lamp-1,
and is rapidly accessible to endocytic markers. It is not clear
how this compartment relates to the MHC class II compart-
ment described in EBV-B cells and other class II* cells
(28-32). Specifically, it will need to be established whether
the class II molecules in this compartment are derived only
from the biosynthetic pathway or also from mature cell sur-
face molecules taken up via macropinocytosis. Thus, while
in B cells mature surface class II molecules are internalized
only to a very small extent and recycle through early endo-
somes and thus do not reenter the compartment where an-
tigen processing occurs (33, 34), it is possible that in DCs
mature class II molecules may be internalized at high rates
via macropinocytosis into this compartment and recycle back
to the cell surface. It will be important to establish whether
empty cell surface class II molecules may be efficiently inter-
nalized and loaded with peptide from processed antigen in
DCs. It is interesting that the kinetics of antigen processing
in DCs is much faster than in antigen-specific B cells (35),
suggesting that the trafficking of antigen and class II mole-
cules may be different in these two cells types (Sallusto, E,
unpublished data).

Induction of DC Maturation In Vitro. A breakthrough in
understanding the function of DCs has been the identification
of two stages of maturation (6). According to this scheme,
immature DCs residing in nonlymphoid tissues take up and
process antigen and migrate to the regional lymph nodes,
where they arrive as mature DCs that have lost antigen cap-
turing and processing capacity and that have gained increased
T cell stimulatory capacity (7, 8). The nature of the signal
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that induces maturation and migration of DCs in vivo is not
clear, although there is some evidence that TNF-ox may have
an important role (36-39).

We have used DCs generated in culture with GM-CSF
and IL-4 as a model of immature DCs to identify the signals
that may induce their maturation. We have found that DCs
respond not only to TNF-«, but also to CD40L, IL-1, and
LPS with a coordinate series of changes that include a com-
plete downregulation of macropinocytosis and a disappear-
ance of the class Il compartment, concomitant with an up-
regulation of adhesion and costimulatory molecules. These
changes occur within 24-48 h and are irreversible, since the
immature phenotype is not recovered when the maturation-
inducing stimulus is removed. Interestingly, the uptake of
HRP and FITC-DX is downregulated to a much higher ex-
tent than the surface MR, which is only partially downregu-
lated. This discrepancy suggests that in immature DCs, mac-
ropinocytosis may be the major pathway of internalization
of the MR.

The complex changes in DCs best serve their physiolog-

ical function. The upregulation of CD44V expression (9) and
possibly downregulation of E-cadherin (40) may change their
migratory properties. The reduction of pinocytosis, the down-
regulation of MR, and the loss of the class II compartment
result in “freezing” the cell into the presentation of the anti-
gen that was present at the time of contact with the matura-
tion inducing signal. Finally, the increase in adhesion and
costimulatory molecules will facilitate priming of naive T cells.

It is tempting to speculate that the capacity of DCs to re-
spond with these changes to inflammatory cytokines or ex-
ogenous bacteria] products might have developed to favor the
earliest possible recognition of invading pathogens, since pre-
sentation of antigens from dangerous pathogens will be fa-
vored compared to presentation of nondangerous self antigens
(41, 42). The identification of substances that induce DC matu-
ration and modulate their function may help to understand
the regulation of antigen presentation in physiological and
pathological situations and may lead to the design of more
effective adjuvants.
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