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Dendritic Cells: Features and Functions

RALPH M . STEINMAN & MICHEL C. NUSSENZWEK:

Dendritic cells (DC) are irregularly shaped cells that were initially identified
in the glass and plastic adherent population of mouse spleen. DC are la*,
Ig", thy-1" bone marrow derived elements that show little or no endocytic
activity for several tracers. DC occur in low frequency accounting for less
than 1 *% of the cells in all organs we have studied. However, methods have
been developed for their enrichment. DC in small numbers stimulate allo-
geneic and syngeneic mixed leukocyte reactions (MLR) and serve as ac-
cessory cells for the development of in viiro immune responses.

This review will consider several topics: a) the principal features of DC
that are useful in their identification, purification, and differentiation from
mononuclear phagocytes - the other cell type most often considered in
studies of accessory cell functions; b) surface markers of DC including ex-
pression of la antigens; c) properties of DC in situ; and d) functional capa-
cities of DC in vitro.

I. IDENTIFICATION OF DC

A distinct DC subpopulation was identified on the basis of cytologic
features and absence of critical lymphocyte and M 0 traits (Steinman &
Cohn 1973, 1974, 1975, Steinman et ai. 1974). Distinguishitig DC from
lymphocytes is straightforward, e.g., DC lack surface Ig as well as thy-1
and brain atitigens, and DC do not respond to lipopolysaccharide or con-
canavalin A in vitro (Steinman el al. 1979a). Distinguishing DC from M 0
is also clear cut but deserves elaboration since both cell types can adhere
firmly to tissue culture surfaces especially in mouse spleen. The principal
differential features originally used were morphology, endocytic activity
and adherence properties.
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Figure 1. Cytologic features of spleen DC.

A. Phase contrast micrograph of glutaraldehyde-fixed adherent DC (left) and M0 ex-
hibiting some of the characteristic features reviewed in the text. lOOOX.

B. Phase contrast micrograph of purified DC fixed in glutaraldehyde, immediately af-
ter cytocentrifugation onto poly-L-lysine coated coversUps, The irregularly shaped
nucleus, cytoplasmic granules, and bulbous cytoplasmic processes are evident.
1200X.

C. Scanning EM of purified DC fixed in suspension revealing the unusual surface to-
pography of these cells. 24O0X.

D. Scanning EM of cultured DC showing the large, thin, smooth cytoplasmic veils or
lamellipodia that DC can form. 4200X.
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A. Morphologic features of DC

Morphology is useful in detecting DC and in monitoring enrichment pro-
cedures. Phase contrast examination of glutaraldehyde-fixed or living
specimens is required for light microscopic work. When adherent to glass
or plastic, DC are flattened irregularly shaped cells that exhibit abundant
spherical phase dense mitochondria and irregularly shaped nuclei (Figure
lA). Other cell types can spread and form processes following attachment,
e.g., fibroblasts and M0. In contrast to DC, these cells usually exhibit
rod-like mitochondria, many pinocytic vesicles and lysosomes, oval nuclei
with little heterochromatin, and surface ruffles. Irregular cell shape is also
evident when DC become nonadherent, as usually occurs following a day
in culture. In suspension, DC express tubular or bulbous protrusions and/or
large thin veils of cytoplasm. These features are strikingly displayed by
scanning microscopy, but are also evident by phase contrast following cyto-
centrifugation onto poly-L-lysine coated coverslips (Figure lB-D). The
latter procedure does not significantly alter the appearance of M0 and
large or small lymphocytes.

In the living state, adherent DC continuously form and retract cell pro-
cesses, and the nucleus undergoes dramatic pulsatile movement. In con-
trast, the predominant surface activity of phagocytic cells is surface
ruffling, and the nucleus remains sedentary. Nonadherent DC exhibit
active bending and wavelike movements which again are quite distinct
from the behavior of phagocytic cells.

A number of cytochemical procedures useful in lymphoid and marrow
histology have been applied to preparations of splenic DC. DC lack endo-
genous peroxidase (Kaplow and Graham-Karnovsky techniques), hemo-
siderin granules (Prussian blue stain), a divalent-cation dependent surface
ATPase (Steinman & Cohn 1974) and nonspecific esterase (Phillips et al.
1980). DC have few acid phosphatase reactive lysosomes, and stain weakly
with basic dyes (toluidine blue, Giemsa, hematoxylin) and periodic acJd-
Schiff reagents.

By transmission EM, DC exhibit small numbers of the organelles that
are abundant in active endocytic or secretory cells, such as secretory and
lysosomal granules and polyribosomes. The DC cytoplasm primarily con-
tains well-developed mitochondria. Some vacuoles and multivesicular
bodies are evident in the Golgi region, but their function is unknown.
Birbeck granules seen in epidermal Langerhans cells have not been
detected.
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B. Endocytic activity

DC show little or no uptake of a variety of tracers, both in vitro and in
vivo. Of particular importance is their failure to bind and interiorize op-
sonized particles, e.g., immune complexes of horseradish peroxidase and
antiperoxidase; erythrocytes coated with IgG or IgM antibody with or
without added complement. Under the assay conditions we employ. M0
from spleen, peritoneal cavity, thymus, liver and blood show clear-cut
Fc mediated binding and uptake.

The absence of typical F, receptors on DC has been confirmed using
a monoclonal anti-F,. receptor antibody, clone 24G2 (Unkeless 1979).
Radioiodinated intact 24G2 or its Fab fragment react with mouse M0,
lymphocytes, and granulocytes but exhibit little or no binding to DC (Un-
keless 1979, Nussenzweig et al. in preparation). We conclude that DC do
not express typical F,. receptors, although receptors may be masked or
synthesized at some stage of DC development.

C. Adherence properties

Most DC elute from glass and plastic culture surfaces following overnight
culture. Eluted DC are fully viable, but will not readhere firmly. DC can
remain on the original culture surface if they attach to adherent M0, but
most of these can be dislodged by gentle pipetting. Mouse M0 can also
dislodge from culture surfaces, primarily when they are immature and/or
maintained under sparse conditions. However, M0 efficiently and firmly
reattach when replated on either glass or plastic.

Although most spleen DC adhere to culture surfaces soon after explanta-
tlon, the majority of mouse thymic DC do not (Steinman unpublished).
Likewise, a substantial fraction of the DC in rat lymphoid organs are non-
adherent (Klinkert et al. 1980).

II. PURIFICATION OF DC

The same features that were used to distinguish DC and M0 have allowed
us to prepare enriched populations of the two cell types (Steinman et al.
1979a, b, Nussenzweig & Steinman 1980). Purification is facilitated by
beginning with low density spleen adherent cells (LODAC) obtained fol-
lowing floatation on dense albumin columns. The LODAC represent a
concentrated mixture of M0 and DC. After overnight culture, most of the
LODAC detach from the culture surface. The eluted cells are usually more
than 50 % DC. Contaminating M0 are preferably removed by EA rosetting
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and refloatation on albumin columns. The EA fraction is more than
90-95 % DC by cytologic criteria and surface markers. The contaminating
cells are M0 and lymphocytes. The EA* fraction is 60-70 % M0. Con-
taminating nonrosetted DC are present in the EA' fraction, presumably as
a result of entrapment with M0 during the rosetting procedure.

An alternative purification approach is to separate M0 and DC by
readhering the eluted LODAC on glass or plastic. The readherent cells
are more than 90-95 % M0 while the nonadherent population contains
60-90% DC. This technique offers the opportunity of obtaining highly
enriched spleen M0. A difficulty is that spleen adherent cells, especially from
mice reared under pathogen free conditions, contain only small numbers
of M0. Increased yields can be obtained by digesting the spleen with
collagenase, rather than the usual teasing and disruption employed in most
laboratories. Collagenase releases typical, hemosiderin-laden red pulp-mar-
ginal zone M0 which remain firmly glass adherent for several days in vitro
(Steinman & Cohn 1974, 1975).

The enrichment of spleen DC and M0 is monitored by morphologic cri-
teria, and EA rosetting and/or phagocytosis. Other mode! antigen antibody
complexes have been used in which either antigen or antibody can be iden-
tified by cytochemistry or by fluorescence. These complexes help visualize
phagocytic capacity and specific surface markers simultaneously. For
example, virtually all LODAC that interiorize peroxidase-antiperoxidase
complexes also bind iodinated monoclonal 24G2 Fab (see above), while
more than 80-90 % of the nonphagocytic cells (mostly DC) do not (Nus-
senzweig et al. in preparation).

Studies on the purification of spleen DC by the above techniques have
been important for a number of reasons. When DC and M0 are separated,
the two cell types have different functional properties in several assay
systems (see below). DC have been maintained in vitro to show that their
distinctive traits are stable and that they do not convert into other cell
types. All the features that distinguish DC from M0 in mixed populations
move in tandem during purification. For example, the same population
that exhibits the cytologic features of DC is EA negative, nonphagocytic,
loses the capacity to adhere to glass, and lacks M0 specific surface antigens
(see below). Finally we have prepared enriched populations of typical DC
from mouse thymus (unpublished) using the same properties employed in
spleen DC purification, e.g., low buoyant density, inability to adhere to
glass or plastic after a day in culture and absence of F,. receptors. DC from
thymus lack Ig, thy-1 and F, receptors; express la; and have characteristic
cytologic features.

Similar techniques have enabled Klinkert et al. (1980) to identify and
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enrich DC from rat lymphoid organs. Low density spleen and lymph node
cells were obtained on albumin columns, irradiated, maintained several days
in culture, and refloated on albumin. This small population (less than 1 %
of the starting cells) was enriched in cells with the same cytologic features
as mouse DC. As discussed below, rat DC function similarly to mouse DC
in oxidative mitogenesis.

III. SURFACE PROPERTIES OF DC

Three sets of cell surface markers have been useful in confirming the
homogeneity of purified DC and in differentiating DC from other celt
types. These are lymphocyte antigens. M 0 specific antigens, and I-region
associated or la antigens.

A. Lymphocyte antigens

DC do not exhibit surface Ig, thy-1 or brain antigens using cytotoxicity
and indirect immunofluorescence assays (Steinman & Cohn 1974, Stein-
man et al. 1979). Little or no Ig can be immunoprecipitated from purified
DC radlolabeled internally witb ^^S-methionine (Figure 2, lanes 1 and 2)
or externally with ' " I and lactoperoxidase (unpublished). DC probably ex-
press the T200 or leukocyte common antigens (Nussenzweig unpublished)
and they display and synthesize class I polypeptides of the MHC (Figure 2).
In contrast, radiolabeled B cells synthesize both Ig and MHC products
(Figure 2, lanes 3 and 4),

B. M0 specific antigens

Two monoclonal antibodies have been obtained recently that react primarily
with mouse phagocytes. Mac-1 (Springer et al. 1979) recognizes determi-
nants on botb M 0 and granulocytes, and precipitates a two polypeptide
chain complex (180 and 85K). Mac-1 appears to be a major immunogen
when mouse M 0 are injected into rats, and Unkeless has obtained
several monoclonal Abs similar in specificity (Nussenzweig et al. in prep-
aration). F4/80 (J. Austyn et al. personal communication) is a monoclonal
reagent which seems to be restricted to mononuclear phagocytes and im-
munoprecipitates a distinct polypeptide (Mellman et al. 1980). We have
performed binding and immunoprecipitation studies with both antibodies.
DC express little if any of either antigen. In contrast, Mac-1 and F4/80
are expressed and synthesized on most mouse monocytes, thymus, spleen
and peritoneal M0.
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Figure 2. Immunoprecipitates of ^''S-methionine labeled DC and B cells. EA negative
DC, and B cells selected on anti-Ig coated dishes, were labeled with 75 /*Ci/ml ''•'̂ S-me-
thionine for 6 h. Cell lysates were exposed to rat anti-mouse monoclonal antibodies,
and the antigen aniibody complexes retrieved on protein A Sepharose beads coated with
anti-rat Ig. This procedure retrieves synthetically labeled mouse Ig in addition to the
immune complexes. The monoclonal antibodies used were: 2.6 a non-MHC linked cell
surface antigen, MW 21 K; B25-I an anti H-2D'I reagent; B21-2 an anti-l-Ai>'i reagent.
Immunoprecipitates were analyzed on separate 4-U % SDS polyacryiamide gradient
gels and visualized by autoradiography. Molecular weights and positions of precipitated
polypeptides are listed. Lane 1 - DC precipitated with 2.6. Lane 2 - DC with B25-1 and
B2I-2. Lane 3 - B cells with B25-I. Lane 4 - B cells with B21-2. Note that B cells pro-
duce large quantities of Ig as well as MHC products, while DC produce MHC products
as well as other surface antigens (i.e. 2.6) but not Ig. Similar amounts of radioactivity
were present in DC and B cell lysale.

C. la antigens

All DC express la antigens using alloantisera directed to I-A and I-E sub-
regions (Steinman et al. 1979a). I-J determinants have also been detected
by functional assays on spleen adherent cells (Neidehuber and Allen
1980), but it is not clear if these antigens are expressed on DC. la is not
a cell specific marker. However, DC were identified and purified largely
on the basis of cytologic and physical criteria. The fact that all DC
express la, and in large amounts (see below), extends the evidence that
DC are both distinct and homogenous.

Biosynthesis of la by DC is demonstrable using monoclonal antibodies
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Figure 3. Autoradiographic visualization of "^I-anti la binding to mouse cells.

Phase contrast (left) and bright field (right) micrographs are shown to visualize all
cell profiles and radiolabel respectively. Binding assays and autoradiographic proce-
dures were similar for all preparations. 310 X.
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(Figure 2) and conventional alloantisera. Several polypeptides have been
resolved by gradient SDS-PAGE following immunoprecipitation with anti-
bodies directed to the 1-A subregion (Figure 2). These polypeptides prob-
ably correspond to the alpha, invariant, and beta chains previously de-
scribed in immunoprecipitates of unfractionated spleen.

We are currently using monoclonal rat anti-mouse la reagents (see be-
low) to study la antigens on subpopulations of mouse lymphoid cells. The
monoclonal antibodies can be iodinated and binding studies performed
to quantitate and visualize (by autoradiography) la on small numbers of
cells. Binding is specific for la since cells from the inappropriate haplotype
are nonreactive. DC express an average of 0.5-1.0 X 10" anti-I-A binding
sites per cell, and by autoradiography, all DC are strongly la* (Figure 3A;
Nussenzweig et al. 1980, Steinman et al. 1980).

The expression of la on DC is a constitutive trait. Studies in progress
show that the amount of la on DC does not vary with culture, for up to
4 days, la levels are similar in all experimental animals including: nu/nu
vs nu/+ , young vs. old (2 weeks - 1 year), and germ free vs. BCG in-
fected. This contrasts with the expression of la on other mouse cell types.
Expression of la on mouse T cells, as detected by indirect immunofluores-
cence, is expanded or induced following culture with appropriate stimuli
(David et al. 1976). B cell la which is normally 1/5-1/10 the level of DC
la increases several fold after stimulation with lipopolysaccharide. M0 la
also varies considerably in different experimental animals and culture con-
ditions. For example, spleen M0 from germ free mice express little or no
la (unpublished) while M0 from mice infected with live BCG i.v. can
express as much la as DC (Figure 3B; Nussenzweig et al. 1980). Peritoneal
M0 la diminishes dramatically in culture but can be restored by exposure
to immune lymphokine (Figure 3C and D; Steinman et al. 1980).

A. Spleen DC. All cells are strongly la positive.

B. Peritoneal M0 from BCG-immune mice that were boosted with heat-killed BCG
i.p. 2 days prior to sacrifice. All M0 express abundant la which is quantitatively
similar to the level on DC.

C. Same cells as D except the cultures were maintained for 3 days in the presence of
culture medium (lymphokine) from antigen-stimulated, immune spleen cells. This
population loses la during the first day of culture, as in 3D, but then lymphokine
causes a reexpression of la on most cells.

D. Peritoneal M0 from mice stimulated with proteose peptone i.p. 4 days prior to sac-
rifice. After 1 day of culture (shown here), most of the la present on the starting
adherent population (20 % la positive) has disappeared.
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la on DC serves as a strong antigen for inducing anti-la antibody re-
sponses in rabbits and rats. In a recent fusion of DC-immune rat spleen
with a mouse myeloma cell line, we obtained some 400/1200 hybrid con-
taining wells secreting presumptive anti-la antibodies. The culture media
from these wells stained most B cells and DC, but only small numbers of
cells in preparations enriched in M0 and T cells. 10/10 presumptive anti-la
hybrids cloned were shown to secrete anti-la antibodies by cytotoxicity
immunofluorescence and/or immunoprecipitation studies on appropriate
MHC-recombinant mice. All 10 recognized I-A linked specificities. Con-
ceivably immunization with DC will be useful in eliciting clones to other
la antigens.

IV. PROPERTIES OF DC IN SITU

A. Life history (Steinman et al. 1974)

DC are bone marrow derived and occur in normal numbers in nude mice.
The DC precursor has not been identified, but seems to be present in
nonadherent spleen populations in addition to marrow. Adherent bone
marrow cells lack DC, and whole mouse bone marrow suspensions are weak
1° MLR stimulators (Steinman & Witmer 1978). This suggests that there
are few "mature" DC in mouse marrow.

Since spleen DC are marrow derived, there should be a circulating DC
equivalent; however, it has yet to be characterized. Most adherent mouse
mononuclear cells from blood are typical monocytes in terms of cytologic
features, F,., receptor, phagocytic capacity, and expression of M0 specific
surface antigens. Therefore, most circulating DC may be non-adherent
cells. Cells similar to DC have been identified in afferent lymph (Drexhage
etal. 1980).

Adherent spleen DC are first detected in the second week of life and
rise to adult levels by 6 weeks of age. This may be related to the progres-
sive increase in white pulp observed in spleen during this period. DC num-
bers are not enhanced during acute immunization with sheep red blood
cells, infection with live BCG, or administration of lipopolysaccharide.

Spleen DC exhibit high turnover rates using ^H-thymidine radiolabeling
approaches. Few DC radiolabel (less than 1-3 %) 1 h after a single
parenteral dose of ^H-thymidine. However, labeled DC then replace non-
labeled DC at a rate of 3-5 % a day. If mice are given ^H-thymidine twice
a day, labeled DC replace nonlabeled cells at a rate of 8—12 % a day, until
most cells are radiolabeled. In the single dose studies, the grain counts of
DC dropped progressively with time indicating that cell proliferation occurs
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in the DC lineage. Presumably, there is a proliferating DC precursor com-
partment, since so few spleen DC can be pulse labeled with ^H-thymidine
in vitro or in vivo. These labeling and turnover observations distinguish
DC from members of the mononuclear phagocyte lineage. Monoblasts and
promonocytes are actively proliferating cells. Monocytes and M0 are for
the most part nonproliferating but exhibit very different turnover prop-
erties from that described for DC (e.g., van Furth & Cohn 1968, van Furth
& Diesselhoff-DenDulk 1970).

B. Response to ionizing irradiation, ultraviolet light and steroids (Stein-
man et al. 1974)

The yield of adherent DC is quickly (within 1 day) and markedly reduced
(D;i7 of 100 rads) following whole body exposure to ionizing irradiation.
Small doses of steroids induced similar effect, i.e., 2.5 mg of hydrocorti-
sone acetate i.p. Whether these treatments deplete DC or simply interfere
with our ability to identify them is not clear. In contrast to our observa-
tions in situ, MLR stimulation by DC and the capacity of DC to act as
accessory cells in vitro are not altered by X-irradiation, though these func-
tions are sensitive to UV (Nussenzweig et al. 1980).

C. Identification in tissue sections (Steinman et al. 1975)

Cells with the same cytologic features as DC have been identified in situ
in splenic white pulp. This confirmed dissection experiments in which DC
were released from white vs. red pulp fragments. The DC described in situ
resemble the "interdigitating cells" (IDC) described by others (e.g.. Veld-
man 1970, Veerman 1974). Both DC and IDC have irregularly shaped
nuclei lined with a rim of chromatin; the cytoplasm is especially lacking
in ribosomes, lysosomes and endocytic vacuoles. DC and IDC give rise to
broad pseudopods of varying size and angulation. The plasma membrane
can also form deep indentations into the body of the pseudopod. DC in situ
do not show active endocytosis, even when they are surrounded by endo-
cytic tracers.

Other irregularly shaped nonphagocytic dendritic cells have been de-
scribed in situ including follicular dendritic cells in lymphoid organs, epi-
dermal Langerhans cells, and thymic epithelial cells. These cells have not
been purified and maintained in vitro at this time, so that it is difficult
to compare their properties with the DC that we are studying. It is pos-
sible that all these cells are related and belong to a distinct cell lineage.



138 STEINMAN & NUSSENZWEIG

V. FUNCTIONAL ASSAYS

The functional properties of DC have been examined in detail in four
T cell responses. DC are efficient stimulators of both allogeneic and syn-
geneic MLR, and they act as accessory cells in the formation of anti-TNP
cytotoxic T cells (CTL) and in oxidative mitogenesis. In each system,
0.5-2 E>C/100 T cells mediate optimal responses. Tliese responses are all
induced in unsensitized T cells, but preliminary experiments in several
laboratories indicate that DC are also accessory cells for sensitized T cells.

A. Allogeneic MLR

Both proliferative and cytotoxic components of the MLR are induced by
DC (Steinman & Witmer 1978, Steinman et al. 1979b, Nussenzweig &
Steinman 1980). DC are at least two orders of magnitude more potent as
allogeneic stimulators than either fractionated iymphoid cells or purified
subpopulations of cells. For example, maximal proliferative responses in
4-5 X W responder cells are induced by 3 X 10̂  DC in 4 day cultures.
3 X 10̂  DC in turn are more active than 1-3 X 10" purified B cells or
T cells. It is not possible to add more than 2-3 x 10'' mouse M0 as
stimulators, since the pH of the culture medium drops excessively. How-
ever, 0.1-3 X 105 rvl0 are often totally inactive as stimulators, whereas re-
sponses are readily detectable with 0.03-0.1 X 10̂  DC (Table I). Minami
et al. (1980) have reported that la bearing spleen phagocytes are potent
MLR stimulators, similar in stimulating capacity to DC. However, purified
DC were not studied or compared to their adherent cell populations, nor
was DC contamination assessed.

The ability of DC to stimulate an MLR, like the expression of la anti-
gens, is a constitutive trait. On a per cell basis similar MLR stimulation is
obtained whether we use fresh or 4 day cultured DC, DC from nu/nu vs.
nu/-l- spleen, DC from specific pathogen-free or BCG-infected mice, or
DC from spleen and thymus.

The efficiency of different cell types as MLR stimulators is not directly
correlated with the level of surface la. la is measured with a binding assay
using '2s|-|abeled monoclonal anti-la Ab (Table I; Nussenzweig et al. 1980).
3 X 10'' DC bearing enough la to bind 0.21 ng of antibody can stimulate
substantial responses, whereas 1.2 X 10̂  M0 bearing enough surface la
to bind 3.3 ng of anti-la are inactive. Similar results have been obtained
using B cells and LPS-stimulated B blasts instead of M0. These studies
suggest that either la on DC is different than on other cell types, or that
DC exhibit additional features that contribute to MLR stimulation.
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TABLE I
Comparison of la-bearing DC and M0 as 1" MLR stimulators

Stimulating cells

None
None

1 X 10» Dendritic cells
3 X 10* Dendritic cells
3 X 10* Dendritic cells
1 X 10* Dendritic cells
3 X 10̂  Dendritic cells

1.2 X 10= Macrophages
1.2 X 10* Macrophages
1.2 X 10* -1- 1 X 10» DC
1.2 X 10» -1- 1 X 105 DC
4 X 10* Macrophages

Indomethacin

No
Yes

No
No
Yes
No
No

No
Yes
No
Yes
No

Proliferative
Response

1030
1680

34550
24120
23680
16415
3945

1710
1870

25945
29325
1680

DC and M0 were purified from C3H.0H adherent spleen cells by readherence to glass.
Responding cells were C3H nylon wool nonadherent spleen cells added at a dose of 4
X tO"/16 mm diameter tissue culture weels. Proliferative responses are cpm 'H-thymi-
dine uptake at day 3 measured in a 2 h pulse of radiolabel. Where indicated, 1 /^g/ml
indomethacin was included to block prostaglandin synthesis.

A binding study with '"I-monoclonal anti-la antibody (anti-IA''. *') was also performed.
4 X 10* DC bound 2.1 ng of anti-la and 4 X 10* M0 bound 1.1 ng. An F(ab)'.j frag-
ment of the same monoclonal reagent inhibited the proliferative response induced by 3
X 10* DC by 70 % at a dose of 10 /ig/ml.

B. Syngeneic MLR (Nussenzweig & Steinman 1980)

Mouse T cells, but not purified B ceils proiiferate when cultured with mi-
tomycin C treated syngeneic DC. B cells, T cells and M0 are weak or in-
active in stimulating this T cell response. Human T cells also proliferate
when cultured with autologous non-T cells. DC have yet to be identified
in man, so that their role in the autologous MLR is still unclear.

During the syngeneic MLR, DC and responding T cells form multi-
cellular clusters which can be isolated and studied directly. The clusters
can be dissociated by pipetting, but the DC and responding T cells re-
associate within 1-3 h. When fresh DC, which are either ^H-uridine labeled
(Table II) or TNP-modified (Figure 4), are added to cultures containing
dissociated clusters, the labeled DC will be included in the clusters. Cluster-
ing of DC with responding T cells thus represents a property exhibited by
most J)C. Preliminary experiments have shown that clusters formed within
a day of culture are enriched in the ability to give rise to the syngeneic
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Figure 4. Syngeneic MLR's were induced by culturing 5 X W nylon wool non-adherent
C57 Bl/6 T eeils with 10̂  DC. By the third day of culture large ceil aggregates (Nussen-
zweig & Steinmati 1980), were present. Aggregates were dispersed by Pasteur pipetting,
and IQs fresh TNP-modified (10 mM TNBS for 10 min at 37°C) DC were added. Re-
aggregation ocurred over a period of lYj h and cultures were harvested directly onto
linear bovine plasma albumin gradients. Clusters were separated from non-clusters by
centrifugation at 50 X g for 5 min. Aliquots from each fraction were stained with rho-
damine labeled rabbit anti-TNP antibodies to visualize DC. In this experiment, 60 % of
the DC entered the cluster fraction. The cluster fraction contained 15 % of the cells.
Phase contrast left, fluorescence right: a) cluster fraction; b) non-cluster fraction. 250 X.
In control cultures containing only T cells and no clusters, 10% of the DC went into
the cluster fraction which contained 1.5 % of the total cells.

MLR. Thus DC-T cell aggregates represent the functional unit of this
response.

T cell proliferation in the syngeneic MLR occurs in the apparent ab-
sence of exogenous antigen. If "endogenous" or "environmental" antigens
are inducing this response, DC would be acting as potent accessory cells
in antigen-induced T cell proliferation. Although DC are usually purified
on bovine albumin columns, DC prepared in isologous serum were equally
active as stimulators of the syngeneic MLR. Further, deliberate antigen
priming with BCG did not alter either T cell responsiveness or DC stimula-
ting capacity. Thus we have been unable to show that antigens are a com-
ponent of the syngeneic MLR.

A monoclonal, FtabVa anti-la markedly inhibits the syngeneic MLR
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TABLE II
Physical association of DC with responding T cells

Numbers of 'H Total
Fraction Uridine-labeled DC Cells

Total 10* 3.5 X 10« (100 %)
Non Cluster 0.2 X 10* 2.5 x lO" (71 %)
Cluster 0.67 X 10* 0.8 X 10« (23 %)

This experiment is similar to that described in Figure 4 except that C57 Bl/6 DC were
labeled with 5//Ci/ml ^H uridine for 30 min instead of TNP. Labeled DC were added to
3-day cultures of a syngeneic MLR that contained dissociated clusters. Reassociation
was allowed to occur for 3 h, and cluster and non-cluster fractions separated. The num-
ber of labeled DC per fraction was assessed by autoradiography. The cluster fraction
contained only 23 % of the cells and 67 % of the labeled DC. This represents a 10-fold
enrichment in specific activity (DC/total cells) in the cluster vs. non-cluster fraction.

(Table III). This finding could be interpreted to mean that DC la is being
recognized. The equivalent of a syngeneic MLR may be important in
inducing and/or selecting MHC-restricted T cells. This may be particu-
larly important in the thymus where selection seems to occur in the absence
of antigen.

Since both DC and T cells are present in unfractionated spleen and
lymph node, one would expect that a syngeneic MLR ensues when unfrac-
tionated cells from these organs are placed into culture. In fact, significant

TABLE 111
Inhibition of syngeneic mixed leukocyte reaction with P(ab)'2 fragments of

monoclonal anti-la

DC per
culture

0
10»
10»
10«
lO*

anti-1 a

_
0

10/^g/l
1 y/g/l

0.1 /.g/1

H^TdR incorporation
per culture

4,500
28,500
7,000

10,000
12,500

%
Inhibition

90%
78%
67%

5 X 10" nylon wool nonadherent spleen cells were cocultured with 10* syngeneic DC in
5% FCS supplemented RPMI containing 5 X 10-^ M 2-mercaptoethanol. Thymidine
incorporation was measured after a 3 day culture period (Nussenzweig & Steinman
1980). F (ab)'-_' fragments of a monoclonal rat anti-mouse Iai'-<1, clone B21, were gener-
ated by pepsin digestion. Pepsin digestion went to completion since no intact heavy
chain could be detected by SDS polyacrylamide gel electrophoresis.
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proliferation does occur in unfractionated or Ig negative spleen and node.
Removal of DC from Ig negative populations with anti-la and complement
reduces proliferation by 60-90 %. Proliferation can then be restored by
small numbers of mitomycin C treated DC (1 DC/150 Ig negative cells).

C. Development of anti-TNP CTL (Nussenzweig et al. 1980)

Purified DC are potent accessory cells for the development of anti-TNP
CTL. Accessory cell dependence in this model was achieved by using nylon
wool passed T cells as responders and TNP-modified, X-irradiated T cells
as stimulators. When small numbers of non-TNP-modified DC were used
as accessory cells (1-3 DC/500 responder T cells), cytotoxic responses were
reconstituted to maximal levels. DC culture media and media from cul-
tures that are producing large numbers of anti-TNP CTL did not substi-
tute for DC.

Using the development of anti-TNP CTL as an assay for accessory cell
activity, DC were compared with mouse mononuclear phagocytes from
blood, peritoneal cavity and spleen. Small doses of DC, comparable to the
level found in unfractionated spleen, were active whereas M0 added at
doses of 0 . 2 ^ % of the cultured cells were weak or inactive (Table IV).
Quantitative binding studies and autoradiography with '^''I-monoclonal
anti-la were used to try to correlate expression of la with accessory function.
Populations of M0 rich in surface la antigens were inactive as accessory
cells (Table IV). However, M0 could inhibit DC-mediated accessory func-
tion, especially M0 from BCG-immune mice. ^ 0 inhibition of DC-med-
iated responses was fully reversed with indomethacin, and was in turn
blocked by small doses of PGEe. Thus PGE^ may be the mediator of M0 in-
hibition in this system.

D. Oxidative mitogenesis

Small numbers of DC act as accessory cells in periodate induced mito-
genesis in both rat and mouse (Phillips et al. 1980, Klinkert et al. 1980).
DC can be modified directly or used unmodified as accessory cells for perio-
date treated responders. Direct comparison of DC with other cell types, par-
ticularly la bearing cells, are not yet available in this system.

E. DC and M0 as accessory cells

DC can play an active role in a number of in vitro immune responses. In
the three systems where M 0 and DC have been compared directly, M0
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TABLE IV
Comparison of la bearing spleen M0 and DC as accessory cells

Accessory Cells

0
10= M0 (Adh)
10* M0 + Indomethacin
10* DC
3 X 10* DC
10̂  DC
M0 -1- 10= DC
M0 H- 10= DC + Indomethacin

ngm of
ala Ab
bound

1.4
1.4
1.5
0.5
^

2.9
2.9

% specific Cr"
effector: target

50:1

0
0
0

73
52
22
31
70

10:1

0
0
0

46
22

3
9

34

release at
ratios of*

2:1

0
0
0

16

6
0
0

12

5 X ID* NyT B6D2F| responders were cultured for 5 days with 2.5 x 10" X-irradiated,
TNP modified NyT stimulators ± accessory cells. M0 were obtained from mice prim-
ed 12 weeks previously with 10" live BCG i.v. and boosted with 2 x 10" heal killed
BCG 1 week before the experiment. The M0 were al! la* and were added on 13 mm
glass coverslips. DC, purified by EA rosetting were from normal B6D2Fi mice. At the
end of the culture period M0 remaining adherent to the coverslip.s bound 0.5 ng of
'-•'1 B21-2 monoclonal alA'"'. Cytotoxicity was assayed on Cr'"' labeled P815 mastocy-
toma (Spontaneous Release = 14%). (Reprinted with permission of the J. exp. Med.)

were weak or inactive regardless of cell dose, expression of la antigens,
source, and inclusion of indomethacin in the culture medium. DC and
M 0 remain to be compared as accessory cells in other assays. Given the
diversity of systems used to study accessory cell function, it is likely that
there will be many pathways whereby DC and M 0 can contribute to an
immune response. Factors to be considered in analyzing the mechanisms
of action will probably include: interaction of antigens with each cell
type; the nature and behaviour of la antigens in each cell; the release of
interleukins, trophic factors, and immunosuppressive agents. The signifi-
cance of any given assay system might also vary. The ability of "physiologi-
cally" small numbers of DC from normal mice to trigger a variety of
responses in unsensitized T cells suggest that DC are critical accessory
cells in the afferent or sensitization phase of immune responses.

G. Mechanism of action of DC

A variety of mechanisms are being considered to explain the potent func-
tional effects of DC. Physical interaction of DC and responding T cells
seems to be a component of all the in vitro systems we have studied. Forma-
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tion of DC-T cell clusters has been described in the syngeneic MLR (Nus-
senzweig & Steinman 1980), and comparable observations have been made
in the allogeneic MLR and in anti-TNP CTL formation (unpublished).
Stable aggregates may promote the prolonged exposure of T cells to la an-
tigens and other DC components. The clusters may also provide a matrix
for the T-T or T-B interactions which occur in the development of several
responses. DC-T cell interaction may be mediated by an antigen indepen-
dent mechanism, since fresh DC isolates quickly aggregate with cultured
responding T cells (Table II and Figure 4).

DC may contribute to the release of interleukins either directly or in-
directly by stimulating T cells. Klinkert et al. (1980) found that the capa-
city to secrete accessory cell replacing factors in oxidative mitogenesis was
enriched in populations enriched in DC. Swain & Dutton (1980) demon-
strated a role for adherent spleen cells, possibly DC, in the production of
T cell growth factor. However, in our studies of anti-TNP CTL develop-
ment, the medium from cultures containing active responses could not
replace viable DC in a subsequent culture. Conceivably, low levels of
interleukins were secreted and retained within the clusters so that we
could not detect them. Alternatively, interieukins may not be required for
the response of T cells in direct contact with DC.

VI. Summary

DC are a distinct and stable subpopulation of cells that appear to be homo-
geneous by a number of criteria. The latter include: cytologic features;
absence of surface Ig, thy-1 and F, receptors; expression of la antigens;
and ability to associate physically with responding T cells in a number
of in vitro assays.
DC are a demanding cell type to study because they are a small popula-
tion of lymphoid cells. On the other hand, small numbers of DC are re-
quired to exert functional effects. The latter include: stimulation of the
proliferative and cytotoxic components of the allogeneic MLR; stimulation
of proliferative responses in the syngeneic MLR; accessory cell function in
anti-TNP CTL development; accessory cell function in oxidative blasto-
genesis. The mechanism of action of DC is not established. However, in
some assays, close contact between DC and responding T cells occurs and
is likely to be required.

DC are bone marrow derived, thymus independent cells. Turnover in
mouse spleen is rapid but DC do not themselves proliferate. The life his-
tory of DC is not worked out, but evidence for a proliferating precursor
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compartment has been obtained. In tissue sections the "interdigitating cell"
closely resembles the DC studied in vitro, by cytologic criteria.

The documentation that DC are not mononuclear phagocytes continues
to increase. In addition to distinctive morphologic features, endocytic
capacities, and adherence properties, mononuclear phagocytes express at
least two new surface antigens detectable with monoclonal antibodies. The
latter bind to most monocytes and tissue M0 but not DC. Since monocytes
qualitatively resemble tissue M0, we suspect that DC are not monocyte-
derived.

Current evidence indicates that DC must belong to a separate, bone
marrow derived lineage. Thus they exhibit distinct cytologic features, sur-
face markers and functional capacities - all of which are stable in tissue
culture. The precise relationship of DC to other dendritic cells described
in this volume needs to be elaborated, viz., Langerhans cells and follicular
dendritic cells. The new DC lineage should have major functions in the
sensitization or afferent limb of the immune response, and in the biology
of the MHC.
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