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PREFACE 

These proceedings contain selected contributions from the participants to the Fourth 
International Symposium on Dendritic cells that was held in Venice (Lido) Italy, from Oc
tober 5 to 10, 1996. The symposium was attended by more than 500 scientists coming 
from 24 different countries. 

Studies on dendritic cells (DC) have been greatly hampered by the difficulties in 
preparing sufficient cell numbers and in a reasonable pure form. At this meeting it has 
been shown that large quantities of DC can be generated from precursors in both mice and 
humans, and this possibility has enormously encouraged studies aimed to characterize DC 
physiology and DC-specific genes, and to employ DC therapeutically as adjuvants for im
munization. The possibility of generating large numbers of autologous DC that can be 
used in the manipulation of the immune response against cancer and infectious diseases 
has tremendously boosted dendritic cell research and the role of DC in a number of medi
cal areas has been heatedly discussed. 

The availability of purified preparations of large numbers of DC is rapidly expand
ing our knowledge about these cells. The ontogeny of DC, their diversity and the fine 
mec.hanisms of antigen uptake and processing, and the identification of signal transduction 
pathways involved in DC activation are issues that are now being addressed more easily, 
and that will likely provide the information necessary for an optimal use of DC in immu
notherapy. Several groups are also actively investigating the presence of DC-specific 
genes with the intent of identifying DC-specific markers. These studies may in perspective 
allow the identification of molecules suitable for a selective manipulation of DC func
tions. 

One of the most important goals of DC research is the development of DC -based 
strategies for enhancing immune responses against tumors and infectious agents. Various 
studies in animal models have clearly shown that DCs pulsed with tumor antigens in vitro 
and then reinjected in vivo induce protective immune responses that block tumor growth. 
In addition, work in humans has confirmed the value of such approach and the final goal 
would be to use DC in the treatment of minimal residual disease after therapy of primary 
tumors. Two major challenges have been discussed in this respect: (i) the generation of 
sufficient numbers of DC to be reinfused into the patient, and (ii) how to properly load DC 
with antigens in order to promote a cytotoxic T cell response without inducing autoim
mune responses. 

In undamaged tissues DC are very capable in antigen capture and processing, but 
not efficient at activating T cells. When a signal of danger occurs in the tissue (bacterial 
and viral infections, necrosis, etc.), DCs rapidly initiate a maturation process that render 
them very potent APCs. This process is characterized by reduced antigen capture capacity 
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and increased surface expression of MHC and co-stimulatory molecules, and can be repro
duced in vitro by exposing immature DC to bacterial products and cytokines such as tu
mor necrosis factor (TNF-a) and interleukin 113 (lL- I 13). The maturation of DC is 
completed upon interaction with T cells, and is characterized by loss of phagocytic capac
ity, further expression of co-stimulatory molecules and synthesis of cytokines, including 
TNF-a, IL-IJ3, and IL-12. This final maturation of DC is mediated by surface molecule in
teractions (e.g., CD40LlCD40) and by T cell-derived cytokines such as interferon-yo The 
availability of long-term DC cultures has greatly enhanced our understanding of this phe
nomenon and will soon allow us to trace DC maturation at the molecular level. 

An important characteristic of DCs is their motility and migratory capacity, which 
enables them to move from peripheral tissues to lymphoid organs where the pool of quies
cent T cells recirculate. The selective immigration of DCs, their permanence in a given 
tissue as well as the migratory capacity are tightly regulated events. Chemotactic factors 
released by the target tissue and surface adhesins are involved in these processes. DC-acti
vating stimuli (e.g., bacterial products, IL-J3 and TNF-a) induce rearrangements of the ac
tin-based cytoskeleton, and are the main factors driving emigration of DC from peripheral 
tissues such as the skin and the intestine. Migration may be a relevant target for the ma
nipulation of DC-driven immune responses: blocking the regression of DC from trans
planted organs may prevent the initiation of immune responses against allografts and thus 
prolong graft survival. 

The fifth meeting on Dendritic Cells will be held in Pittsburgh (USA) in 1998, or
ganized by Dr. Michael Lotze from the Medical Centre of the University of Pittsburgh. 
There are no doubts that it will attract many immunologists. as well as scientists from 
other disciplines, including many molecular and cell biologists that already attended the 
Venice meeting. 

The Organizing Committee 

Dr. Paola Ricciardi-Castagnoli 
CNR Center of Cytopharmacology 

Dr. G. Girolomoni 
IDI,IRCCS 

Dr. A. Lanzavecchia 
Basel Institute for Immunology 
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1. INTRODUCTION 

1 

This conference will open with a discussion of one of the most active and exciting 
areas in dendritic cell [DC] biology, their development from different populations of pro
genitors. The formation of potent, immunostimulatory DCs is an obvious control point for 
the onset of T-cell dependent immunity. In addition, the success in generating large num
bers of DCs underlies two other topics that will recur throughout the congress: the use of 
DCs for active immunotherapy of human disease, and the dissection of DC function using 
cell biological and molecular methods. 

There now appear to be multiple pathways for DC development, the functional con
sequences of which have yet to be established. These pathways will be detailed elsewhere 
by their discoverers. i.e., Banchereau, Bhardwaj, Caux, Liu, Ricciardi-Castagnoli, Schuler, 
Shortman. Young and others. 

2. PROPERTIES OF MATURE DC 

The term "mature DC" refers to the final and irreversible stage of development. This 
large. irregularly shaped cell has potent stimulatory activity for T cells, including naive 
cells in vivo. Take the allogeneic mixed leukocyte reaction as an example. A ratio of 
I: 100 - 1: 1000 DC:T cells [stimulators:responders] results in responses that are greater 
than standard 1: I mixes with bulk leukocytes. 

Mature DCs, regardless of species [mice, rats, guinea pigs, sheep, monkeys, hu
mans] and tissue source [epidermis, dermis, peripheral lymphoid organs, blood, afferent 
lymph, thymus medulla] have a set of common features [Table 1]. Two new markers help 
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Table 1. Features of mature dendritic cells 

Cell shape: Numerous processes [veils, dendrites] 

Motility: Active process formation and movement 

Antigen capture: Macrophage mannose receptor, DEC-20S receptor 

Antigen presentation: High MHC class I and II, invariant chain 

Abundance of molecules for T cell binding and costimulation, e.g. CD40, 
CDS4/ICAM·I, CDS8/LFA-3, CD80 and CD86/B7-1 and B7-2 

Cytokines: Abundant IL-12 production; resistance to IL-I 0 

DC-restricted molecules: p55/fascin, CD83, SIOOb 

Absence of macrophage-restricted molecules and function: 
CDI4, CDI15/c-fms/M-CSF responsiveness, low CD68 
Myeloperoxidase, lysozyme 
Bulk endocytic activity [pinocytosis, phagocytosis] 
Adherence to glass/plastic 

Stability: No reversion/conversion to macrophagesllymphocytes 

R. M. Steinman et aL 

to distinguishing mature from less mature DCs. These are CD83, a member of the Ig su
perfamily, and p55 or fascin, a presumptive actin bundling protein. Both molecules were 
first identified in Epstein Barr Virus-infected cell lines. In Table 2, we list a number of 
new DC traits that are under study. These will be discussed in this congress and will no 
doubt contribute to the analysis of development and function. 

3. IMMATURE DENDRITIC CELLS 

The term "immature DC" was first used to describe the Langerhans cell, as it exists 
in the epidermis and shortly after isolation '·2• The features of epidermal DCs [Table 3] 
have in large part been encountered for other populations, especially a CD4+ cell in hu
man blood. a CDS- cell in mouse spleen that is abundant in the periphery ofthe T cell area 
in the marginal zone, and the OX62+ Des in rat airway epithelium and liver. 

Table 2. New features of dendritic cells under study 

Fas/fas-ligand 
NF-KB/rel transcription factors 
Antigen uptake, processing, and presentation MIIC's; the exogenous MHC I pathway 
CD43 
CD44 isoforms 
DC-restricted promoters, e.g., COlic and HIV-I 5'-LTR 
Cytoskeleton e.g., p55/fascin and microtubules 
FcyR and FceR 
Chemokines and chemokine receptors 
Responses to cytokines like IL-I 0, TGF-~, flt-3 ligand 
Markers for DC subsets, e.g., CD9, 13, 33, 36, factor XIII 
Genetic modification of DCs 
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Table 3. Some features of immature dendritic cells 

Presence of FcyR 
More active endocytosis for certain particulates and proteins 
Responsive to GM-CSF, but not M-CSF and G-CSF 
Intracellular MHC II in the fonn ofMIICs 
Presence ofCDla 
Low/absent adhesive and costimulatory molecules [CD40/54/58/86) 

and T cell sensitization in vitro 
Low/absent CD83, p55, CD25, DEC-205, 2A I antigen 

3 

Epidermal Langerhans cells require an exposure to cytokines like GM-CSF to ma
ture. It has not been possible to induce these cells to develop along a macrophage path
way, e.g., with M-CSF. 

The term "immature DC", if used in a literal sense, would denote a committed cell 
that can become DCs but lacks the potential to form phagocytes [macrophages, granulo
cytes] or lymphocytes. 

Less mature progenitors in the DC developmental pathway would perhaps be termed 
"preDC" and "proDC". Examples of "preDC" might include the progenitors in human 
marrow and cord blood that have the potential to become either DCs or macrophages3.4. 

Another "preDC" or "pro DC" would be the CD4+CD3- progenitor of Shortman that is 
postulated to give rise to both DCs and T cells5.6. 

Two papers from the Schuler and Bhardwaj labs7•R describe two stages in the devel
opment of DCs from human blood monocytes. In the first stage, a combination of GM
CSF and IL-4 induces the cells to develop some but not all features of mature DCs. Most 
important is that these GM-CSF and IL-4 treated cells will revert back to macrophages if 
the cytokines are removed. In the second stage, a monocyte conditioned medium com
pletes the irreversible differentiation to DCs. The addition of the conditioned medium 
leads to increased expression of MHC II and CD86; lower CD I a, CD 115, and CD 14; and 
the induction of p55, CD83, and CD25. So the blood monocyte might be considered as a 
"preDC", i.e., a cell that is not committed but can be induced to differentiate to mature 
DCs with a complex series of cytokines. 

4. CONTROL OF DENDRITIC CELL DEVELOPMENT 

The stimuli that are being used to induce the development of DCs range from the os
tensibly simple [CD40L, TNF, IL-J] to the more complex [cocktails of cytokines that are 
used to generate Shortman's lymphoid DCs from marrow, or Schuler's and Bhardwaj's 
monocyte-derived DCs from monocytes]. The former, more simple stimuli may in fact- be 
more complex, i.e., CD40L and TNF may induce the formation of several cytokines from 
other cells in the culture, e.g., macrophages and fibroblasts. 

Mature DCs [Table I] express a large number of distinct features. These relate to 
low endocytic activity, strong costimulation, and active motility. Does the development of 
this phenotype require many different signalling pathways, or does development revolve 
entirely around the TNF-RlCD40 family and their associated TRAF proteins? Evidence is 
accumulating for the latter thesis. Even IL-l, long known for its capacity to enhance DC 
function9- " , is now known to activate TRAF-612• TRAFs lie upstream ofNF-KB, and DCs 
are unusually rich in all members of the NF-KB/rel familyl3. The TNF-R also can couple 
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via FAN, a nonTRAF molecule that activates neutral sphingomyelinase14. The latter in 
tum could catalyze the formation of cerami de that mediates the decrease in endocytic ac
tivity during DC maturation IS. 

IL-4 [or IL-13] can promote DC development. The laboratories of H.Peters and 
F.Steinbach reported that IL-4 induces the blood monocyte to express certain features of 
DCs such as lower levels ofCDl4 and CD32, and higher levels ofMHC II. Romani et al., 
and Sallusto and Lanzavecchia, found that IL-4 in concert with GM-CSF induced many 
more features of DCs, although as mentioned above, the cells often are not irreversibly 
committed or fully mature. The initial rationale for the use of IL-4 by Romani et al was 
prior data that could block macrophage development in colony assays16. So IL-4 may 
function to direct "preDC" in human blood to a DC rather than macrophage pathway. 

An important unknown is the role for IL-4 in marrow cultures in which DCs are de
veloping from proliferating progenitors. Some investigators add IL-4 to mouse bone mar
row cultures to enhance DC development in response to GM-CSF, but we have not noted 
this kind of effect. It is possibile that IL-4 or IL-13 is produced endogenously from other 
cells in these complex cultures, e.g., basophils, NKl.l cells, stroma. In otherwords, IL-4 
or some other macrophage-suppressive cytokine may not only be required to convert a 
nonproliferating monocyte to a DC but may also function to promote DC development 
from proliferating progenitors. 

5. THREE PATHWAYS OF DENDRITIC CELL DEVELOPMENT 

Since the last DC meeting in Annecy, France, several studies have been completed 
suggesting that there are three different pathways for the formation of mature DCs from 
CD34+ or other primitive progenitors [Table 4]. Each produces DCs with the properties of 
mature DCs [Table I], but the three pathways differ in terms of progenitors and intermedi
ate stages, cytokine requirements, some surface markers, and probably function. Our com
ments here are speculative. These pathways could be termed "sentinel, direct, or 
nonlymphoid", "migratory, bipotential, or myeloid", and "tolerogenic or lymphoid". 

The sentinel, nonlymphoid pathway is illustrated by Caux' s CD I a+CD 14- cells that 
arise rapidly from CD34+ cord blood progenitors4 , and Young's committed CD34+ pro
genitor in human cord blood and adult marrow 17• DCs develop very rapidly [5 days] and 
have the distinct markers of epidermal Langerhans cells. Other analogous "nonlymphoid" 

Table 4. Three pathways of dendritic cell development 

Function/Pathway 

Sentinel/nonlymphoid 

Migratory/myeloid 

Tolerogenic/lymphoid 

Locations 

Epidennis 
? interstitial 

? mucosal associated 

Spleen marginal zone 
? afferent lymph 
monocyte/IL-4 

airway epithelium 

T cell areas 
Thymic medulla 

fas-L+ 

Features 

Cadherin+ 

Bipotent precursors: 
COIl bl \31 I 4133+, 
c-fms+ precursor 

CD II bll31 I 4133-, 
C04+CDllc- precursor 
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DCs may be those in the interstitial spaces of organs like heart and kidney, and beneath 
the follicular-associated, M-cell rich, epithelium of mucosal-associated lymphoid tissue. A 
distinguishing feature of the sentinel pathway may be the presence of cadherins that target 
progenitors to appropriate tissues, e.g., E-cadherin in epidermis, and Iiver/intestinal-cad
herin for other DCs. This pathway may require TGF-f3 as discussed by Udey. 

The lymphoid pathway was first described by Shortman's Labs.b • The term "lym
phoid" refers to several features. First the DC may share a precursor in common with T 
cells. Second, this pathway lacks several features of myeloid cells particularly CD II b, 
CDl3, CDI4, and CD33. In blood, the lymphoid precursor may be the CD4+CDllc
"plasma-like cell" that Liu will discuss in his chapter. Lymphoid DCs include those in the 
thymic medulla and many DCs in the T cell areas of all peripheral lymphoid organs. DCs 
in the T cell areas may include other DCs, e.g., sentinel and migratory DCs that are bring
ing antigens from the periphery. A distinguishing feature of lymphoid DC may be the ca
pacity to express fas-L [and perhaps other death signals like membrane TNF and CD30L]. 
This would lead to T cell death and perhaps tolerance rather than immunity. 

The migratory or myeloid pathway is distinguished by a developmental stage in 
which there is some expression of features that are shared with phagocytes. These include 
CDl3, CD14, and CD33 and more active endocytic activity including for immune com
plexes. In fact a bipotential progenitor for macrophages and DC has been identified in 
marrow and cord blood3.4. The biopotential cells become macrophages in M-CSF and DCs 
in GM-CSF. The blood monocyte also is bipotential, but to date, the conversion of mono
cytes to DC initially requires the addition of IL-4 or IL-13, presumably to downregulate 
the propensity to form macrophages as discussed above. 

These pathways of DC development may carry out three types of function. Nonlym
phoid DCs, which may target to select tissues via cadherins, are resident sentinels that 
pick up antigens in the periphery but do not have a true macrophage potential. The 
myeloid/migratory DCs are short lived cells that are produced in large numbers to patrol 
the blood and afferent lymph. and to be mobilized as DCs or macrophages as needed e.g .• 
into the airway epithelium. Through the expression of CD 14, this pathway has the recep
tor that provides responsiveness to LPS and other bacterial ligands. The lymphoid path
way could have a major function in tolerance. both central tolerance in the thymus and 
peripheral tolerance in secondary lymphoid organs. 

6. DENDRITIC CELLS IN THE T CELL AREAS 
[INTERDIGITATING CELLS] 

One of the most prominent pools of DCs in vivo are those found in the T cell areas 
of peripheral lymphoid organs and thymic medulla. The first electron microscopic descrip
tions by Veldmann and von Ewijk in Holland drew attention to the complex processes, 
and to the paucity of cytoplasmic organelles but for mitochondria and a tubular smooth 
reticulum with an electron dense content. These "interdigitating cells" were considered to 
be mononuclear phagocytes. there being few other possible candidates. Subsequently, it 
became apparent that these cells showed little or no uptake of many different endocytic 
tracers, and there was absent or weak expression of many markers of phagocytes like Fc 
receptors and F4/80 antigen I8•19• Markers of typical mature DCs were noted: high MHC II, 
invariant chain, CD86, CD40. 

Until recently [Inaba et al., in preparation], there has been relatively little progress 
in the isolation of T cell area DCs, particularly from the richest source, the peripheral 
lymph nodes. We have now accomplished this in the mouse. 
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Another issue concerns the developmental origin of T cell area DCs. All three path
ways above can contribute, we think. The migration of LCs or airway DCs to the T cell ar
eas is a key component of sentinel function in nonlymphoid organs. Myeloid DCs, such as 
those generated from mouse bone marrow, home efficiently to the T cell areas following 
subcutaneous injection. This must underlie the T cell priming that occurs when antigens 
are presented on the MHC class I or II molecules of these DCs. Finally, lymphoid DCs 
likely represent the bulk of the "resident" "interdigitating" DCs in the T cell areas. 
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1. INTRODUCTION 

Efficient methods to generate large numbers of dendritic cells have been developed 
in the past five years. Caux et al. 1 have introduced the approach to grow dendritic cells 
from rare CD34+ progenitor cells in (cord) blood using GM-CSF and TNF-a as the criti
cal cytokines. On the other hand, Sallusto et al. 2 and Romani et al.) have established pro
cedures that make use of the more abundant monocytic CD34-negative and CD 14+ 
precursors in peripheral blood. GM-CSF and IL-4 were the necessary cytokines. Both ap
proaches have since been widely used, even up to the stage of clinical trials. 

In the course of refining and improving the method developed by us) we made a 
critical observation. Dendritic cells grown from CD34-negative precursors in the presence 
of GM-CSF and IL-4 are not stable mature dendritic cells. Upon withdrawal of cytokines 
their morphology and adherence properties change: They become less irregular in shape 
and they adhere to the substrate to a substantial, though variable degree. They appear to 
revert to a monocytic stage. We present here a modification of the method that uses mono
cyte-conditioned media in order to achieve stably mature dendritic cells4.5. 

It is important to emphasize that the state of full maturation is defined by a number 
of criteria, all of which have to be fulfilled. Monitoring of only selected features (e.g. 
upregulation of CD83) may be misleading. In this article we will list and explain the crite
ria we consider critical. 

Dendritic Cells in Fundamental and Clinical Immunology 
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2. MATERIALS AND METHODS 

Lymphocyte-depleted human PBMC (i.e. mostly CDI4+ cells) were plated into 6-
well tissue culture plates and cultured for 7 days in the presence of 800 and 1000 Vlml of 
GM-CSF and IL-4, respectively ("priming culture"). From day 7 to day 10 cultures were 
supplemented with monocyte-conditioned media ("maturation culture"). Conditioned me
dia were obtained from monocytes that had been stimulated via ligation of their Fc-recep
tors (i.e., adherence to Ig-coated dishes) for 24 hours. Cultures were performed with 
similar success in media containing either 10% fetal calf serum or I % autologous plasma. 
This method has been published in detail recently4.S. 

3. RESULTS 

Mature dendritic cells were consistently obtained by subjecting the cells to the 
"maturation culture" in the presence of monocyte-conditioned medium from day 7 to day 
10. From a standard sample of 80 ml of blood we could obtain up to 8 x 106 and 2-4 x 106 

mature dendritic cells in culture media containing 10% fetal calf serum and I % autolo
gous human plasma, respectively. These mature dendritic cells were compared with den
dritic cells that were cultured from day 7 to day 10 in the absence of conditioned media or 
with dendritic cells that were harvested on day 7 following culture in GM-CSF plus IL-4 
as describedl . Both culture conditions yielded immature dendritic cells. 

3.1. Morphology 

Figure I shows clearly how different the morphology of immature and mature den
dritic cells appears under the phase contrast microscope. Immature dendritic cells are non
adherent and irregular in shape with some cytoplasmic projections (Fig.IA). Mature 
dendritic cells, in contrast, display long and thin cytoplasmic processes. Only when these 
processes are elaborated to a degree as shown in Figure IB can one speak of typical 

Figure 1. Phase contrast of immature (A) and mature (8) dendritic cells. Maturation of cells in panel 8 was in
duced by monocyte-conditioned media. Note the abundance of cytoplasmic veils displayed by the mature cells. 
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Immature Dendritic Cells 
CDt1S 
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Figure 2. Comparative FACS analyses of dendritic cells matured in the presence of monocyte-conditioned me
dium (bottom panels) and of immature dendritic cells (top panels). Fluorescence of large cells (i.e. dendritic cells) 
as defined by light scatter properties (very left panels) is shown. The histograms on the left illustrate the upregula
tion of CD83 upon maturation and the dot plots on the right show the down-regulation of CDIIS (y-axis: fluores
cence on the x-axis represents HLA-DR staining). 

"veils". Another important point that distinguishes genuine "veils" from other cytoplasmic 
structures is their high motility. This can be appreciated easily upon close (and patient) in
spection under phase contrast or - better - by means of time lapse video recording. 

3.2. Phenotype 

The phenotype of immature dendritic cells has been described previously.1. Two ad
ditional markers have turned out to be indicative of maturation: CD836 and CD I 15 (M
CSF receptor)(Figure 2). CD83 is not expressed on immature dendritic cells and is 
upregulated upon maturation in the presence of monocyte-conditioned media. CD I 15 ex
pression is inverse: positive on immature and negative on mature dendritic cells. The 
costimulatory molecule CD86 (B7-2) is also markedly upregulated and CD68 expression 
changes from a non-characteristic cytoplasmic staining pattern in immature dendritic cells 
to a distinct perinuclear, spot-like pattern typical for mature dendritic cells (Figure 3). 
Langhoff et al. (this volume) describe an actin-bundling protein (p55) that is expressed in 
the same way as CD83. 

3.3. Function 

Maturation in monocyte-conditioned medium upregulates the capacity of dendritic 
cells to stimulate resting T cells in the allogeneic MLR. This also applies to naive, "vir
gin" T cells such as T cell populations from umbilical cord blood. Both CD4+ and CD8+ 
T cells can efficiently be sensitized by mature dendritic cells. Bhardwaj et al. (this vol
ume) show that dendritic cells brought to full maturity by means of monocyte-conditioned 
media can induce antigen-specific cytotoxic T lymphocytes with much higher efficacy 
than immature dendritic cells. Conversely, the ability to process protein antigens like teta-
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Figure 3. Expression ofCD68 (red fluorescence) and HLA-DR (green fluorescence) on cytospins. Immature den
dritic cells (A) are stained throughout the entire cytoplasm. In contrast, mature dendritic cells (B) display a pro
nounced spot-like staining pattern. An occasional mature dendritic cell can be identified by the spot-like staining 
within the population of immature dendritic cells (to the left of the A). Fluorescent rims around the CD68 spots in 
B represent HLA-DR surface staining. 

nus toxoid is down-regulated upon maturation. One of the reasons for this is the greatly re
duced activity of uptake mechanisms such as macropinocytosis7• In addition-as shown in 
other types of dendritic cells-mature dendritic cells have stopped the biosynthesis of 
MHC and invariant chain products8- 'O and have a diminished number of organelles where 
processing can take place ' I. '2 . 

3.4. Stability of the Mature, Immunostimulatory State 

When immature dendritic cells obtained by culture for 7 days in GM-CSF and IL-4 
are deprived of cytokines and cultured for another three to four days they become less ir
regular in shape and many of them adhere to and firmly spread on the tissue culture plas
tic. This is most pronounced under serum-free conditions in X-VIVO or AIM-V media or 
in media containing 10% human serum. CD 14 re-expression has been shown for immature 
dendritic cells readhering on collagen substrates '3 . These data indicate that immature den
dritic cells revert to a monocytic state. This phenomenon is never observed with fully ma
ture dendritic cells such as dendritic cells obtained from skin by trypsinization of the 
epidermis and subsequent 3-day culture or by emigration from skin explants l4 • Impor
tantly, reversion does also not occur with blood dendritic cells that have matured in the 
presence of monocyte conditioned media (Fig.4). CD83 expression also persists on such 
fully mature dendritic cells. 

3.5. IL-12 production 

Dendritic cells can synthesize and secrete bioactive IL_12 15•'6 • Upon contact with T 
cells the release of IL-12 is markedly upregulated. Interactions between CD40 (on den
dritic cells) and the CD40 ligand (on T cells) and MHC class Il/peptide (on dendritic cells) 
and the T cell receptor are responsible for this boost in IL-12 production 17.18. Dendritic 
cells are special in that the amounts of IL-12 released are much higher than in other cell 
types, e.g. in macrophages '9. 
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Figure 4. Immature (A) or mature (B) dendritic cells were deprived of cytokines and conditioned medium on day 
10 of culture and were cultured in serum-free AIM-V medium for another 3 days. Immature dendritic cclls become 
adherent (A) whereas dendritic cells that have matured in the presence of monocyte-conditioned medium remain 
non-adherent and still display many veils (that can be better appreciated with the hclp of magnifying glasscs)(B). 

3.6. Resistance to the Inibitory Effects of IL-IO 

When dendritic cells will be used for adoptive tumor therapy it is likely that, upon 
injection into the patient, they will encounter a milieu rich in IL-I020. IL-IO has been 
shown to interfere with the maturation process of dendritic cells2 1.22. This is also true for 
the culture system described here. Normal maturation does not occur in the presence of 
IL-IO and dendritic cells even convert into tolerogenic cells. However, once dendritic 
cells have fully matured in monocyte-conditioned medium they are not suceptible any 
longer to the effects ofIL-1 O. In spite of the presence of this cytokine they remain CD83+ 
and immunostimu]atory active (A. Enk, manuscript in preparation). 

3.7. Migratory Capacity 

Dendritic cells actively migrate from the tissues and organs where they reside in 
the body to the draining lymphoid organs23 .24 • This capacity is better developed in den
dritic cells than in other types of antigen presenting cells. Dendritic cells that have ma
tured in the presence of monocyte-conditioned media possess excellent migration 
properties in an experimental model using three-dimensional collagen lattices (Gunzer et 
aI., this volume). 

4. DISCUSSION 

The ultimate goal of dendritic cell research is to find ways to use these cells for the 
successful treatment (and for prevention) of diseases, in particular of cancer. The first 
clinical trials using mature dendritic cells isolated directly from blood have proven suc
cessful and are expanded25 • Different approaches to enhance the immunogenicity of den
dritic cells are being chosen and compared to each other and dendritic cells generated in 
vitro will soon be explored. We feel that it is absolutely essential to also consider the 
maturational state of dendritic cells in these approaches. Only the profound knowledge of 
how dendritic cells mature and what their immunogenic properties (antigen processing, 
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migration, T cell sensitization) are in the immature versus the mature state will ensure the 
successful clinical application of the dendritic cell concept. 

Some of the maturational changes described here can apparently also be achieved 
when TNF-a is added to the cultures instead of monocyte-conditioned media. The upregu
lation of CD8326 and the down-regulation of macropinocytosis and antigen processing7 

have been described. These experiments were all done in fetal calf serum, though. It re
mains to be determined whether TNF-a can substitute for all the effects of monocyte-con
ditioned medium, particularly in a clinically relevant setting with autologous plasma. 
Comparative analyses performed so far make this seem unlikely. Bhardwaj et al. (this vol
ume) show that CD83 expression induced by TNF-a treatment does not stably remain on 
the surface of dendritic cells over a period of 2-3 days. In contrast, monocyte-conditioned 
medium-induced CD83 expression is stable. Further comparative analyses adressing the 
other criteria for maturity are being performed. Thus, it appears that the maturation in
duced by monocyte-conditioned media is of a different quality as maturity obtained by a 
single cytokine such as TNF-a. The exact role that TNF-a undoubtedly plays in the matu
ration process has still to be explored. 

The method presented here4.s opens the way to adoptive immunotherapy. Sufficient 
numbers of dendritic cells can be procured. These dendritic cells can be harvested and 
used either in the immature (if processing is desired) or in the mature state (if processing 
is not necessary but costimulation is desired). We want to emphasize that our approach 
can be done entirely in an autologous system. Fetal calf serum is not essential. Culture 
media that are approved for clinical use (X-VIVO or AIM-V) can be used. We feel that 
this is a very important issue. In these days, when there appears to be a "rush" towards 
clinical trials with dendritic cells, one tends to be a bit more generous in interpreting the 
rules and guidelines for clinical trials. Yet, we are convinced that for ethical reasons one 
should rigorously comply with these rules that demand the use of approved reagents or re
agents that are produced according to the principles of "good manufacturing practice" or 
at least "good laboratory practice". We are also convinced that dendritic cells used for 
adoptive immunotherapy must never have "seen" fetal calf serum. Furthermore we con
sider it essential that in vitro (lL-1O resistance), and even more importantly, in vivo con
trols (dendritic cells loaded with recall antigens) are incorporated into clinical trials. This 
is to assure that the dendritic cells administered to patients are not tolerogenic and thus 
harmful. The method reviewed here and described in detail elsewhere4.s should facilitate 
clinical trials employing dendritic cells. 
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l. SUSPENSION CULTURES OF HUMAN CD34+ BONE MARROW 
PROGENITORS REVEAL TWO PATHWAYS FOR DENDRITIC 
CELL DIFFERENTIATION 

Several groups originally established the importance of GM-CSF and TNFa in the 
generation of dendritic cells from CD34+ precursors (1-3), and most investigators have 
used cord blood as the starting source. Studies from our laboratories confirmed the essen
tial role of these cytokines in supporting bone marrow CD34+-derived dendritic cell 
growth and differentiation, and the addition of c-kit-ligand facilitated more detailed phe
notypic and functional characterization of the dendritic cell progeny than had previously 
been possible (4). 

Two new findings were realized. The first was that after two weeks' suspension cul
ture in this cytokine-driven system, both CDI4' HLA-DR++/+++ dendritic cells and CDI4+ 
HLA-DR+++ macrophages shared expression of most accessory molecules. However, im
munostimulatory activity segregated to the mature CDl4 . HLA-DR++/+++ dendritic cells. 
Secondly, in contrast to the predominance of dendritic cells among the HLA-DR positive 
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progeny grown from cord blood CD34+ precursors under similar conditions (1,5), den
dritic cells were less frequent than macrophages among the HLA-DR positive progeny of 
bone marrow CD34+ cells. Dendritic cells constituted only 5--15% of the total myeloid 
population after 12-14 days' culture, the remainder being macrophages and intermediate 
granulocytic precursors. 

When examined at earlier time points in the growth of bone marrow CD34+ precur
sors, a d iscrete population of CDI4· HLA-DRH /+++ dendritic cells was present by day 6, 
and possibly as early as day 4 (6). In addition, a separate population ofCD14+ HLA-DR+ 
cells was cytofluorographically identifiable, despite the removal of mature macrophages. 
This CDI4+ HLA-DR+ population expressed phenotypic and functional properties that ap
proximated but did not entirely coincide with those of either mature, terminally differenti
ated macrophages or dendritic cells. Approximately half were still in cell cycle, based on 
expression of Ki-67, but these cells had lost colony-forming capacity. This CDI4+ HLA
DR+ population, however, proved to be bipotential in its further development, differentiat
ing into mature dendritic cells in the presence of GM-CSF and TNFa, or into 
macrophages in the absence of exogenous cytokines. Macrophage differentiation of the 
CDI4+ HLA-DR+ intermediates also occurred in the presence of M-CSF, which supported 
up to a two-fold expansion during reculture. 

Thus monocytes/macrophages and dendritic cells can develop independently from 
bone marrow CD34+ precursors during a first week of culture, as well as via a bipotential 
CDI4+ HLA-DR+ intermediate after reculture in vitro for an additional week [(6); Fig
ure 1]. This intermediate is not a monocyte/macrophage, despite its expression of CDI4. 
Bone marrow CD34+ -derived dendritic cell progeny by either route have not been distin
guished using criteria evaluated to date. Caux and colleagues, however, have confirmed 
the existence of a CDI4+ non-monocyte/macrophage, bipotential intermediate from cord 
blood, which gives rise to dermal dendritic cells in the continued presence of GM-CSF 
and TNFa (7). These investigators have been able to distinguish these dendritic cells from 
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Figure I. Alternative pathways for human dendritic cell differentiation from bone marrow CD34+ progenitors 
(see also ref. 6). 
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the epidermal dendritic or Langerhans cells arising directly from CD34+ progenitors in 
cord blood (7). 

2. CFU-DC EXIST IN HUMAN BONE MARROW THAT GIVE RISE 
TO PURE DENDRITIC CELL COLONIES WHEN TN Fa IS 
ADDED TO GM-CSF 

Murine data from Inaba et al. (8) predicted that dendritic cells would constitute a 
trace presence among the myeloid progeny derived from CFU-GM, just as dendritic cells 
do in other sites in vivo. We found this to be the case when GM colonies were grown from 
human CD34+ bone marrow progenitors in the presence of GM-CSF and TNFa. However, 
pure dendritic cell colonies developed in addition to these GM colonies [(9); Figure 2]. 
The frequency of GM colonies was not significantly altered by the development of den
dritic cell colonies, whether the former were grown in GM-CSF alone or in combination 
with TNFa. The addition of TNFa proved essential, however, to the presence of trace 
dendritic cells [-1%] in the GM colonies grown in GM-CSF and TNFa. 

The addition of c-kit-ligand again enabled detailed characterization of the progeny 
of the respective colony types. This early acting growth factor, in combination with GM
CSF and TNFa, supported a two-fold increase in primary cloning efficiency of CFU-DC, 
and over two weeks, supported an almost IOO-fold increase in CFU-DC based on secon
dary replating efficiency in clonogenic assays. The size of the colonies, and therefore the 
cell numbers when pooled, were also substantially greater. The purity of the dendritic cell 
colonies was confirmed by the uniform veiled morphology and motility when the colonies 
were plucked and pooled in suspension culture. Further, there was intense HLA-DR and 
absent CDI4 expression by all clonogenic dendritic cell progeny. Variable expression of 
a-naphthyl butyrate esterase and CD I a was consistent with asynchronous terminal differ
entiation within individual colonies. CD83, a marker of mature myeloid dendritic cells 
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Figure 2. The addition of TNFa to GM-CSF supports the development of pure human dendritic cell colonies, in 
addition to typical GM colonies (see also ref. 9). 
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Table 1. Human myeloid colony growth [CFU-GM and CFU-DC] from cord blood CD34+ 

Cytokine condition in clonogenic assay 
KL+GM-CSF 
KL + GM-CSF + TNFa 
Representative lHTdR incorporation [cpm ± 

SEM] by 5 x 104 allogeneic T cells, after 
stimulation by the respective colony type 

CFU-GMlI05 CD34+ 
cells plated ± SEM 

2,583 ± 328 
433 ± 164 
373 ± 88 

CFU-DC/I05 CD34+ 
cells plated ± SEM 

17± 17 
3,967 ± 109 

30,515:i: 8,749 

(10), was not originally evaluated, but has since been found on a subset of dendritic cells 
from similar colonies and again likely reflects asyncronous maturation [not shown]. Fi
nally, the progeny of CFU-DC were potent stimulators of resting allogeneic T cells, ex
ceeding the activity of CFU-GM progeny grown under the same cytokine conditions by 
approximately 100-fold, consistent with the -I % presence of dendritic cells in these GM 
colonies. 

3. THE FREQUENCY OF HUMAN CFU-DC VARIES BETWEEN 
SOURCES OF CD34+ PROGENITORS 

Because of differences in dendritic cell frequency among the myeloid progeny of 
CD34+ precursors isolated from cord blood (1,5,7) and bone marrow (2,4,6). we evaluated 
these two sources, as well as cytokine-elicited peripheral blood. at the clonogenic level. 
CD34+ cells were purified by positive selection and cultured in semisolid medium as de
scribed (9) or seeded to individual microwells. Several new findings have emerged. In 
contrast to bone marrow, even a few rare dendritic cell colonies can be identified in cul
tures of cord blood CD34+ progenitors supplemented with GM-CSF alone. This suggests 
endogenous production of TNFa, or a similarly acting cytokine. More notable, however, 
is the development of pure dendritic cell colonies at the expense of GM colony growth 
[Table 1], a phenomenon that was not observed in the bone marrow system (9). CFU-DC 
progeny seem to be morphologically and phenotypically similar, whether derived from 
bone marrow or cord blood CD34+ cells. CFU-DC also account for essentially all of the 
allostimulatory activity recovered from the clonogenic progeny in these cultures [Table 1]. 
Similar findings have recently been extended to CD34+ cells isolated from G-CSF-elicited 
leukopheresis products [not shown]. 

4. SUMMARY AND CONCLUSIONS 

Human dendritic cells can be generated from bone marrow CD34+ progenitors in the 
presence of GM-CSF and TNFa. The addition of a factor like c-kit-ligand optimizes the 
expansion of dendritic cells, as well as the other myeloid progeny grown under the same 
conditions, and facilitates their identification and characterization. In contrast to cord 
blood, where dendritic cells account for the majority of the class II MHC positive myeloid 
progeny, bone marrow CD34 + -derived dendritic cells are less frequent than macrophages. 
When mature macrophages are depleted from days 5--6 cultures, terminally differentiated 
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CD14' HLA-DR+++ dendritic cells as well as non-monocyte/macrophage CD14+ HLA-DR+ 
cells can be distinguished. The latter are post-CFU, bipotential, intermediate precursors 
that can terminally differentiate into either dendritic cells or macrophages depending on 
subsequent cytokine exposure. Human CD34+ progenitors isolated from bone marrow, as 
well as cord and peripheral blood, include CFU-DC that give rise to pure dendritic cell 
colonies in the combined presence of GM-CSF and TNFa. The different sources of CD34+ 
progenitors are not equivalent, however, with respect to frequency of CFU-DC growth. 
Cord blood is relatively enriched for dendritic cell progenitors. The developmental rela
tionship of CFU-DC and CFU-GM, to the early developing dendritic cells and the bipo
tential intermediates observed in suspension culture, is not yet established. 
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INTRODUCTION 

DC are professional antigen presenting cells which are required for the initiation of 
immune responses. Many types of DC with subtle differences in phenotype have been de
scribed in peripheral blood, skin and lymphoid organs (1-8). Although each of these DC 
subsets display the ability to activate naive T cells, it is not clear whether they represent 
different stages of maturation of a unique DC lineage or whether they stem from different 
progenitors. In this study we demonstrate that in presence of GM-CSF+TNFn i) human 
myeloid progenitors can differentiate along two unrelated DC pathways: the Langerhans 
cells (LC) characterized by the expression of CDla, Lag, Birbeck granules (BG) and E 
cadherin and a CDl4-derived DC, related to monocyte-derived DC, characterized by the 
expression of CDla, CD9, CD2 and factor XIIIa. ii) These two subsets display properties 
expected for DC, but in cocultures with CD40-activated naive B cells only the CD14+ de
rived DC can induced the production of IgM in presence of IL-2. These results suggest 
that the CD 14-derived DC type might be preferentially involved in development of hu
moral responses, while both populations can induce T cell priming. 

MATERIALS AND METHODS 

Isolation of cord blood CD34+ progenitors was achieved using Minimacs separation 
columns (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). Cultures were estab-
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lished in the presence of SCF, GM-CSF and TNFa, as described (9-11). Cells were rou
tinely collected after 5--6 days of culture for FACS-sorting according to CDla and CDI4 
expression into CDI4+CDla·, CDI4·CDla+. Sorted cells were seeded in the presence of 
GM-CSF+TNFa for ~7 additional days. 

RESULTS 

1. CD34+ Cells Differentiate Along 1\vo Dendritic Cell Pathways 

Human DC can be generated in vitro in large numbers by culturing CD34+ he
matopoietic progenitors in presence of SCF+GM-CSF+TNFa during 12 days (9). At early 
time points (day 5-7) during the culture. two subsets of DC precursors identified by the 
exclusive expression of CD I a and CD 14 emerge independently (II). Both precursor sub
sets mature at day 12-14 into DC with typical morphology and phenotype (expression of 
CD80, 83, 86, 58, high HLA class II). CDla+precursors give rise to cells characterized by 
the expression of BG, the Lag antigen and E-cadherin, three markers specifically ex
pressed on Langerhans cells in the epidermis. In contrast, the CDI4+ progenitors mature 
into CD I a + DC lacking Birbeck granules, E-cadherin and Lag antigen but expressing CD2, 
CD9, CD68 and the coagulation factor XIIIa described in dermal dendritic cells. The two 
mature DC were equally potent in stimulating allogeneic CD45RA+ naive T cells. Interest
ingly, the CDI4+precursors, but not the CDla+precursors, represent bipotent cells that can 

DAY 0 DAY 5 

MACAOPHAGE
UKECELLS 

CDI4+, CDJ.-, CD83-, CDI6· 

I ~ C EPITHEUAL 

~~ _.:..D_E_N--,DA=-:m_C_C_E~LL_S-!......., . =--- I (Ie: LIIngerhen. cell.) 
CDI4-, CDJ.+, CD83+, CDI6+ 

CD9", CDl6-, CD4iI", FIId. XIII.· 
BG+, E-C.d+, LIII+, 

DAY 14 

Figure 1. Different dendritic cell populations originate from different progenitor cells. COl a + precursors represent 
DC specific precursors leading to epithelial type DC (ie: Langerhans cells). CDI4+ precursors represent precursors 
with dual differentiation potential leading to either interstitial type DC (ie: dermal DC) in response to OM
CSF+TNFa or to macrophage-like cells in response to M-CSF. 
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be induced to differentiate, in response to M-CSF, into macrophage-like cells, lacking ac
cessory function for T cells. 

Altogether, those results demonstrate that different pathways of DC development 
exist: the Langerhans cells and the CDI4+ derived DC related to dermal DC or circulating 
blood DC (Fig. I ). 

2. Relationships with Monocyte Derived Dendritic Cells (Mo-DC) 

As reported by many groups (12-14), elutriated monocytes cultured with GM
CSF+IL-4 were found to differentiate into immature DC (CDla+, 14-, 80-, 86-, 83-, class 
nlow, moderate T cell priming). Following CD40 activation those cells develop into fully 
competent mature DC (CDlaIOw , 14-, 80+, 86., 83+, class nhigh , strong T cell priming). We 
have investigated the effect of IL-4 on CD34+ derived subsets. After facs-sorting cells 
were cultured in presence of GM-CSF+TNF with or without IL-4. As shown in Fig.2, IL-4 
blocks maturation of CD 14+ derived cells which develop a phenotype similar to Mo-DC 
(CDla+, 14-,80-,86-,83-, class nlow , Ilb+, 23+). In contrast, CDla+ precursors were not af
fected by IL-4 in their maturation. Furthermore, CD14+ derived cells cultured with IL-4 
were 10 to 50 fold less efficient in activating naive T cells (not shown). The supperpos
able effects of IL-4 on monocytes and CDI4+ precursors suggest that Mo-DC and CDI4+ 
derived DC represent the same pathway of DC development. 

3. Function of DC Subsets 

CDI4+ derived DC demonstrate a potent antigen uptake activity (FITC-dextran or 
peroxidase) that is about 10 fold more efficient than that ofCDla+ precursors. This uptake 
ofCD14+ derived DC was long lasting (from day 8 to day 13) while the weak activity of 
COla+ cells was restricted to the immature stage (day 6) (Fig.3A). The capture of FITC-

Cont. COla HLA-DQ C083 COSO C086 COllb C023 

IlliLtlLllllll 

~ Day 14: GM-CSF+TNF a D 
Day 5: FACS-sortlng ~ 

Day 14:GM-CSF+TNF a+lL-4 _ 

Figure 2. IL-4 blocks maturation of CDI4 derived DC_ After Facs-sorting, cells were cultured in presence of GM
CSF+ TNFa with or without 50 U/mIIL-4. At day 12 cells were processed for cell surface phenotype_ 
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Figure 3. Differential functions of COla and CDI4 derived DC. Panel A: At the indicated time points, cells were 
processed for FITC-dextran uptake (15). Cells were incubated in medium containing 0.1 mglml FITC-dextran at 
37°C for 15 minutes, washed with cold medium, and analysed on a FACScan. MFI of histograms is shown. The 
background fluorescence (cells pulsed at 4°C) was subtracted. Panel B: 10' highly purified IgD' B cells were cul
tured over 2500 irradiated CD40-L transfected L cells in presence or absence of DC subsets (3000 cells per well), 
with or without 10 U/ml I L-2 (16). Supernatants were harvested after 15 days of culture and assayed for the pres
ence ofIgM. 

dextran was in both cases exclusively mediated by receptors for mannose polymers. The 
high efficiency of antigen capture of CDI4+ derived cells is coregulated with the expres
sion of non-specific esterase activity, a tracer of Iysosomial compartment. In contrast the 
CDla+ population never express non-specific esterase activity (not shown). The most 
striking difference between the two DC populations is the unique capacity of CDl4+ de
rived DC to induce, in response to CD40 triggering and IL-2, naive B cells to proliferate 
and differentiate into IgM secreting cells (Fig.3B). Thus, while the two populations can al
low T cell priming, only the CD 14-derived DC may be involved in initiation of humoral 
responses. 

DISCUSSION 

The present studies lead us to propose that epithelial DC (COla+ derived Langer
hans cells) are preferentially involved in the cellular type immune responses, which is 
supported by the involvment of LC in delayed type hypersensitivity reactions. In contrast, 
the CDI4+ derived DC, potentially located in tissues such as dermis or blood, might after 
antigen capture migrate through the T cell rich area into the B cell follicules where they 
could be involved in the generation of primary B cell responses. This hypothesis, suggest
ing a preferential role of monocyte derived DC in humoral type immune responses, is in 
line with the, recently described, presence of typical DC of myeloid origin within human 
tonsil germinal centers (8). The present study demonstrate the existence of two inde
pendent pathways for the development of DC with discrete biological functions. The ex
istence of different pathways of DC development is indeed supported by the description, 
in mice, of thymic DC originating from hematopoietic precursors with a lymphoid differ
entiation potential contrasting with myeloid precursors yielding splenic DC (9-11,17). 
This heterogeneity of DC requires further understanding, in particular in view of the de
velopment of strategies aimed at using DC as therapeutic entities to elicit immune re
sponses specific for infectious agents as well as cancer. 
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We recently presented cumulative evidence for the monocytic origin of myeloid 
dendritic cells (DC)'. Here we extend this concept and conclude that DC are to be re
garded as members of the mononuclear phagocyte system (MPS). 

1. LESSONS FROM IN-VIVO STUDIES 

Features ofmonocytes (Mo) and macrophages (Mq», earlier taken as steadfast, were, 
at the time, drawn upon to define the entire MPS. Therefore, antigen-presenting cells 
(APC) lacking such classical criteria were per se excluded from the MPS and hypothe
sized to constitute a separate lineage. 

From this point of view, Takahashi and colleagues2 excluded a monocytic origin of 
DC, because the generation of tissue-resident DC was not affected from the lack of M
CSF in osteopetrotic mice, otherwise coinciding with reduced numbers of osteoclasts and 
Mq>. However, DC development from a precursor common with Mq> may be less depend
ent on the presence ofM-CSF. Indeed, DC development was achieved at only low concen
trations ofM-CSF3, or without4 • 

Moreover, early histological studies in neonatally thymectomized rats demonstrated 
promonocytic cells and monocytes in the splenic T-cell areas prior to the emergence of in
terdigitating reticulum cells (IDC), suggesting these to be part of the MPS5• Based on se
lected markers and electron-microscopic evidence, Hoefsmit et al.6 concluded that 
Langerhans cells (LC), veiled cells and IDC may constitute discrete subpopulations of 
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Mcp, which was also supported by Parwaresch et al.7 An additionally report described the 
phenotypic transformation ofMcp to skin LeB• 

2. GENERATION OF DC FROM MONOCYTES 

Monocytes isolated by adherence from the peripheral blood of humans or BALB/c 
mice, and cultured in media supplemented with GM-CSF plus IL-4 detach after 1-2 days 
and subsequently develop prominent veils as well as small protrusions (Fig. I). 

Figure 1. Human monocyte-derived dendritic cells (MoDC). 



Myeloid DCs Deduced from Monocytes 

Table 1. Accessory activity of mouse MoDe 

Stimulator cells BMC BMDC BMDC Mo MoDC MoDC 

Stimulator cells / well 0 I X 104 Ixl04 SxlOJ IxlO4 Ixl04 Ixl03 

Responder cells / well IxlO' Ix 10' IxlO' IxlO' IxlO' I xlO' IxIO' 
eHJ-TdR (cpm) 107.4 460.33 12.lx1OJ 9.6x 10J 6.3x 103 II.Sxl03 5.Sx 10) 

BALB/c bone marrow-derived DC (BMDC) were generated using GM-CSF (10 nglml.lntergen). Monocytes were pre
pared from blood pooled after cardiac puncture. They were prepared by Fieoll-Metrizamide centrifugation and selective 
adherence on hydrophobic Teflon dishes (Petri perm. Bachofer. Reutlingen. FRG). They were differentiated by murine re
combinant GM-CSF (5 ng/ml. Intergen), IL-4 (10 nglml, Intergen) and IFNy (50 Vlml. Genzyme) in RPMI 1640 plus 
10% FCS for 6 days. and thereafter used as stimulator cells. NMRI blood lymphocytes were used as responder cells. As 
controls. unmodified BM cells (BMC) and freshly prepared Mo were used. The resulting lymphocyte stimulation (cpm) 
is expressed as means of 5 parallel experiments. 
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They express high levels of class II antigen and are as potent in antigen presentation 
as are DC (for overview see Ref. I). Such cells are now designated as monocyte-derived 
dendritic cells (MoDC), which present all phenotypic and functional key features of DC 
(T-cell stimulation both in allogeneic MLR and in antigen presentation assays )4.'1 J2. 

MoDC as the most easily accessible type of human DC bear an enormous impact for hu
man therapeutic purposes e.g. 13 For developing an analogous animal model, we have suc
cessfully generated functionally potent murine MoDC (Table I). 

Beyond GM-CSF & IL-4, further factors may be added to differentiate human MoDC 
which are otherwise constitutively supplied by the monocytes themselves, such as IL-I and 
IL-6 14, or TNFa '5 . Further factors, like IFNyl4 derived from other cells (such as lymphocytes 
or platelets), have been detected in MoDC preparations. In other words, autocrine factors 
might also be present in "MoDC-conditioned media" and contribute to their differentiation 16. 

3. THE INS AND OUTS OF BLOOD DC 

Are blood DC a resident cell population or rather in transit from point A to B? Sev
eral subpopulations described may be attributed to migratory forms of DC. The first path
way to discuss will be the delivery of identifiable DC from the bone marrow, which then 
may appear as naive DC in the blood. Secondly and later in their life cycle, DC emigrating 
from the periphery to lymphoid organs may appear in the blood again. 

O'Doherty et aL described two subsets of DC in the human blood17, differing in their 
expression of the f32-integrin (CDllc). The CDllc-negative cells were regarded as immature 
precursors. However, attempts to show the appearance of DC-lineage precursors in the pe
riphery by intradermal GM-CSF injection failed. Moreover, no further or enhanced numbers 
of DC-precursors appeared in the blood 'x. The CDIlc-positive DCs also expressed the activa
tion antigen CD45RO and were thus considered to be tissue-derived mature DC, possibly be
ing en route to the spleen or lymph nodes. This notion correlates with results from 
transplantation studies: A direct release of allogeneic DC from the tissue into the blood was 
observed after allografting ''l·2o, and may as well occur in healthy, untreated individuals. This 
provides an explanation for the appearance of mature DC in the blood. Importantly, because 
of its lack in afferent lymphatics, the spleen recruits DC from the blood (Fig. 2). 

DC may develop from monocytes as a result of prolonged purification. Accordingly, 
culture of monocytes leads to a transient peak of accessory activity and DC morphology 
after 24 hours21. Gradient medium containing Metrizamide has been described to induce 
differentiation of DC from monocytes22 , and many other protocols may exert similar ef-
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Figure 2. Traffic and homing of DC. De may de
velop as early as in the bone marrow and be trans
ported through the peripheral blood towards the 
non-lymphoid tissues. Alternatively, blood-borne 
monocytes may enter the peripheral organs to de
velop either into Mq> or MoDe. Langerhans cells 
(LC) have been mentioned representatively for 
various tissue-specific DC sUbtypes. When leaving 
the peripheral non-lymphoid organs. they migrate 
via peripheral blood or lymph into the spleen or 
lymph nodes. respectively. 

fects. In early observations, and using alternative purification methods, some groups ob
tained many more veiled cells within blood-derived populations than others22•23 . In retro
spect, these observations are most likely explained by the plasticity of monocytes that 
were triggered towards DC differentiation. Likewise, when comparing peripheral blood 
DC with monocytes, a population of CDl4dim, CD33+ cells was classified as DC precur
sors24. The assumption, however, that strong expression ofCD14 is an irreversible marker 
of Mo/M<p requires re-evaluation, as CD 14 is subject to IL-4 regulation 10.25, which demon
strates that CD14 dim or negative cells can emerge from a post-monocytic stage26• 

4. DO DC BELONG TO THE MPS? 

The case that DC, and Mq> alike, can be obtained homogenously from CD34+ precur
sors, does not contradict their myelomonocytic origin: In rat bone marrow cultures, Giese
ler et al.3 were the first to describe a transient monocytic stage in developing DC and this 
was most recently confirmed27• Therefore, within the myeloid lineage, a pre-monocytic28 

as well as a post-monocytic origin of DC may be taken as equivalent sources of DC, 
which is in favour of a flexible, though perhaps heterogenous evolution of the immune 
system29• There is no better proof for the affiliation to the MPS than the existence of 
mixed DC-Mq> phenotypes, which can physiologically be encountered in mucosal tissues, 
and were first generated in vitro by Goordyal and Isaacson3o. 
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1. INTRODUCTION 

Dendritic cells (DC) are rare hematopoietic-derived cells that are predominantly found 
in the T-cell-dependent areas of lymphoid tissue, as well as other tissues of the body I . These 
cells express high levels of class I and class II major histocompatibility complex (MHC) pro
teins, CDllc2, the mannose-receptor like protein DEC2053.4 and adhesion and costimulatory 
molecules I. A substantial proportion of DC express CD8a as a homodimers. DC specialize in 
processing and presenting foreign and self antigens to induce immunity I or tolerance6•7. The 
lineage derivation of DC remains controversial, but there is growing evidence that DC can be 
subdivided into myeloid-deriveds-17 and lymphoid-derived populations I7- 19. 

By virtue of their highly developed antigen-presenting capacity, the use of DC as 
cellular vectors for anti-tumour and infectious disease vaccines or as inducers of trans
plantation tolerance is a promising immunotherapy strategy2~22. However, the clinical fea
sibility of using DC as immunotherapy vectors is hampered because only limited DC 
numbers can be generated in vitro from bone marrow progenitors or peripheral blood 
mononuclear cells (PBMC) and only one lineage of DC (myeloid-derived) is generated 
due to the heavy reliance upon GM-CSFs-I7. Interestingly, although DC can be generated 
in vitro using GM-CSF. the increased level ofGM-CSF in GM-CSF transgenic mice does 
not increase the level of DC in lymphoid tissue suggesting that other growth factors are 
important for DC generation in viv023 . In search of the growth factor requirements for DC 
generation in vivo, we examined the effects of administering a recently identified he
matopoietic growth factor, Flt3L24. Flt3L has been shown to stimulate the proliferation of 
hematopoietic stem and progenitor cells2s.26. 

Dendritic Cells in Fundamental and Clinical Immunology 
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2. FLT3L TREATMENT OF MICE RESULTS IN A SIGNIFICANT 
INCREASE OF CELLS EXPRESSING DC MARKERS IN 
MULTIPLE ORGANS 

DC are very rare in dissociated spleen cell suspensions. The majority of DC require 
release from the splenic stroma using enzymatic digestion, but even then they are an infre
quent component of the suspension27• However, unlike spleen cell suspensions from 
mouse serum albumin (MSA)-treated control mice, mice treated daily for 9 days with sub-
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Figure 1. Flow cy10metric analysis of spleen cells from mice treated with F1t3L. (A) The distribution of CD8a. 
CDllb. CD80. CD86. DEC205 or 3301 on class 11+ CDllc+ spleen cells. C57BLl6 mice (five per group) were 
injected once daily. subcutaneously. with MSA (I Ilg) plus human Flt3L derived from Chinese hamster ovary cells 
(CHO) (10 /lg) for 9 consecutive days. Flow cytometric analysis of spleen cells. LN (inguinal. axillary) and PB 
was performed on a FACStar Plus (Becton Dickinson. San Jose. CAl. (B) The kinetics of generation of class 11+ 
CDllc+ cells in spleen. LN and PB from mice treated daily for 9 days with either MSA (open circles) or with 
MSA plus Flt3L (closed circles). Values represent the mean ± SO of 5 mice. Figure IB is reproduced from The 
Journal oJExperimental Medicine. 180: p 53-62. by copyright permission of The Rockefeller University Press. 
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cutaneous injections of human Flt3L (derived from Chinese hamster ovary cells) resulted 
in 20% of spleen cells co-expressing class II MHC and the DC marker, CDllc (Fig
ure lA). Further phenotypic analysis revealed that class It CDllc· cells were DEC20S+, 
CD80·, CD86·, heterogeneous for 33D1 28 and could be separated into three populations 
using CDllb expression (CDIlb·, CDllbdull and CDllbbrighl) (Figure lA). Class It 
·CDllc· cells were CD3·, CDI9·, Gr-r, NKl.r and TerI19-29• The absolute number of 
class 11+ CDllc+ cells was increased by 17-fold in the spleen, 4-fold in the lymph nodes 
(LN) and 6-fold in the peripheral blood (PB) by day 9 (Figure lB). Class 11+ CDllc+ cells 
were detected as early as day S in the spleen and by day 7 in LN and PB (Figure IB). 
Class 11+ CDllc+ cells were also increased in number in the bone marrow, Peyer's 
patches, LN, liver, lung, thymus and peritoneal cavity29. 

3. FIVE DISTINCT POPULATIONS OF FUNTIONALLY MATURE 
DC CAN BE IDENTIFIED IN THE SPLEENS OF 
FLT3L-TREATED MICE 

Lymphocyte-depleted spleen cells from Flt3L-treated mice were examined for the 
expression of CDllb and CDIlc (Figure 2A). Five distinct populations were identified. 
Population A (CD II bbrighl CD Ilc") was class II", and granulocyte marker Gr-I +29; popula
tion B (CD 11 bbrighl CD II CdUII) was heterogeneous for class II and Gr-l; whereas popula
tions C (CDIlbbrighl CDIlc+) D (CDIlbdull CDIlc+) and E (CDIlb· CDIlc+) were class u+ 
and Gr_I-29 • Populations A, Band C were composed exclusively ofCD8a· cells, whereas 
popUlations D, E and DC freshly isolated from the spleens of untreated mice (control DC)5 
could be separated into CD8a· and CD8a· populations (Figure 2A). 

Wright-Giemsa staining of cytospins indicated that cells within populations A and B 
were highly enriched for immature myeloid and blast cells29 • However, populations C, D 
and E were highly enriched for cells with veiled and dendritic processes that were indis
tinguishable from control DC29• Examination for in vitro antigen presenting capacity re
vealed that cells from populations C. D and E were as efficient as control DC at 
stimulating the proliferation of allogeneic DBA/2-derived T cells in a mixed lymphocyte 
reaction or of syngeneic keyhole limpet hemocyanin (KLH)-specific T cells in a KLH 
presentation assay (Figure 2B). In contrast, cells from populations A and B were 30-fold 
less efficient as antigen presenting cells compared with control DC (Figure 2B). 

When class It CDllc· spleen cells from Flt3L-treated mice were cultured in vitro 
with soluble KLH for 24 h and injected into the foot pads of naive mice, they were found 
to be as efficient as control DC at generating KLH-specific T cells in the draining LN 
(Figure 3io. KLH-specific T cells were not detected in the contralateral LN draining the 
foot pads injected with either Flt3L-generated class u+ CDllc· spleen cells or with con
trol DC cultured in medium alone (-KLH) (Figure 3). 

4. FLT3L TREATMENT, BUT NOT GM-CSF, GM-CSF PLUS IL-4, 
C-KIT LIGAND, OR G-CSF TREATMENT, CAN GENERATE 
LARGE NUMBERS OF DC 

Class u+ CD 11 c· cells were rare in the spleens of mice treated with either MSA 
alone or with muGM-CSF, or huG-CSF, or muGM-CSF plus muIL-4, or muciktL (Fig-
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Figure 2. Detection and function of multiple spleen cell populations in mice after II days of treatment with Flt3L. 
(A) The distribution of CD II c and CD II b on lymphocyte-depleted spleen cells from Flt3L-treated mice showing 
the gates used for analysis of CD8a expression and for cell sorting. (B) Comparison of the antigen presenting ca
pacity of the various spleen cell populations detected in Flt3L-treated mice to stimulate the proliferation of allo
geneic or KLH-specific CD4+ T cells. Populations A (closed circles), B (open circles), C (closed triangles), D 
(open triangles), E (closed squares) were compared with control DC (open squares) isolated from the spleens of 
untreated mice. Background control cultures (closed star) contained either DBA/2 allogeneic T cells alone or 
C57BI/6 syngeneic KLH-specific T cells plus KLH alone. The background counts were <100 cpm or 800 cpm re
spectively. Values represent the mean ± SEM of triplicate cultures. Figure 2 is reproduced from The Journal of Ex
perimental Medicine. 184: p 53-62, by copyright permission of The Rockefeller University Press. 
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Figure 3. The induction of KLH'specific T cells 
in the draining LN of mice injected with DC 
pulsed with soluble KLH in vitro. Class 11+ 
CDllc+ spleen cells from Flt3L-treated mice and 
control DC were pulsed with (+KLH) or without 
(-KLH) KLH antigen and injected into the foot 
pads of mice (4 per group). After 7 days, CD4+ T 
cells were isolated from the popliteal LN draining 
the foot pads and cultured with freshly isolated 
control DC in the presence or absence of KLH 
for 5 days and 3H·thymidine incorporation was 
measured. Values represent the mean ± SEM of 
triplicate cultures. Figure 3 is reproduced from 
The Journal of Experimental Medicine. 184: 
p53--62, by copyright permission of The Rocke· 
feller University Press. 

....... 
C') . 

0 ... 
>< 

E 
c. 
u 
a: 
'0 .... 

I 

:z:: 
C') 

15.-------------------------~ 

5 

0 

L...-__ ---'I L.I ___ .... 

Control DC FIt3L DC 

ure 4). However, treatment of mice with Flt3L alone or Flt3L plus GM-CSF or G-CSF sig
nificantly increased the relative numbers of class u+ CD II c + cells in the spleen (Figure 4). 
Although all the single growth factor treatments or Flt3L-containing growth factor combi
nations resulted in an increase in total spleen cellularity over II days, only mice treated 
with Flt3L or Flt3L-containing combinations showed a 20- to 30-fold increase in class u+ 
CDllc+ cells in the spleen (Figure 4). Interestingly, the addition of either GM-CSF or G
CSF to Flt3L treatment increased the total number of class u+ CDllc+ cells only a further 
1.3- and 1.5-fold respectively, indicating that for in vivo administration, Flt3L (but not 
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Figure 4. Detection of class 1\+ CDllc+ cells in growth factor treated mice. The generation of class 1\ MHC+ 
and CDllc+ spleen DC from mice treated with MSA alone, or with either GM-CSF, G-CSF, GM-CSF + IL-4. c
kitL, FIt3L, GM-CSF + FIt3L, G-CSF + Flt3L (10 (.1g1mouse/day). Values represent the mean ± SO of 4 mice per 
group. 
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GM-CSF nor G-CSF) is the principal growth factor in the generation of class 11+ CD II c + 
cells. In addition, cessation of growth factor treatment at day II resulted in a reduction in 
the total number of class u+ CD II c + cells by day 17, indicating that the generation of 
these cells was transiene9• 

At least three phenotypically distinct DC subpopulations can be identified using 
CD II b and CD Ilc (populations C, D and E) and these appear to be functionally similar in 
the antigen-mediated T cell proliferation assays. Populations D and E, which are either 
dull or negative for CDllb expression, can be further separated using CD8a expression (a 
total of five DC subpopulations). This surface phenotype is similar to that of the lym
phoid-derived DC populations5.'8• Although the generation of these DC from a lymphoid 
precursor has only been established for thymic DC, a similar CD8a+ population is found 
in spleen and LN31 . 

Population C has not been previously described; however, the high level of CD II b 
expression suggests a relationship to the myeloid lineage and it may represent an imma
ture stage of the myeloid-derived DC population8-l7. Interestingly, cells within population 
C can be further subdivided on the basis of 33Dl expression28• 33DI is not expressed on 
cells within populations D and E (Pulendran, B., manuscript in preparation). It is also of 
note that mature splenic monocytes and macrophages are not clearly discernible in these 
mice. It is possible that the in vivo effects of Flt3L on myelopoiesis may result in the ter
minal differentiation of developing monocytes and macrophages into DC analogous to hu
man monocytes treated with GM-CSF and IL_4. 13•14 Recently, phenotypic, histological and 
functional studies suggest that the cells within population C are myeloid-derived DC (Pu
lendran, B., manuscript in preparation). 

It is unlikely that Flt3L treatment simply results in the mobilization of existing ma
ture DC from other sites into the lymphoid tissue. Firstly, Flt3 receptor is not detected on 
mature DC as assessed by flow cytometry and mature DC do not proliferate when cul
tured in Flt3L alone (data not shown). Secondly, elevated numbers of DC have been de
tected in multiple organs and tissues in Flt3L-treated mice, indicating that there is a 
generalized expansion of DC throughout these mice. Finally, Brasel et al. have recently 
shown that in vivo administration of Flt3L dramatically increases the numbers of he
matopoietic progenitors in the bone marrow, peripheral blood and spleen, resulting in in
creased myelopoiesis and B lymphopoiesis32•33 . These potent effects on hematopoiesis, as 
well as our observations on DC generation, suggest that in vivo administration of Flt3L 
facilitates the terminal development of a primitive, Flt3L-sensitive, rapidly expanding 
progenitor population into functionally mature DC. This hypothesis is further supported 
by studies showing that Flt3L can increase the absolute numbers of mature DC generated 
from cultured CD34+ human bone marrow progenitors. 34.35 In addition, the early detec
tion of DC in the secondary lymphoid organs of mice after Flt3L-treatment may indicate 
that a more mature precursor population (such as a CFU-DC)'5.'6 is also induced to dif
ferentiate into DC when exposed to Flt3L or Flt3L-inducible signals in vivo. We are cur
rently investigating whether developmentally mature precursor cells are responsive to 
Flt3L in vitro. 

These findings indicate that Flt3L is a potent inducer of DC when administered in 
vivo and may be an important growth factor for both the in vitro and in vivo generation of 
large numbers of functionally mature DC for use as adjuvants to immune based therapy. 
Furthermore, the identification of different DC subpopulations may ultimately lead to the 
identification of differing functions (e.g. stimulatory versus regulatory and control of T 
cell cytokine production). The identification of functionally distinct DC subpopulations 
represents the first step toward their appropriate use in immunotherapy. 
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1. INTRODUCTION 

7 

Dendritic cells are a heterogeneous group of antigen presenting leukocytes with 
distinctive cell morphology and function. The highly developed capacity of dendritic 
cells to present antigens and the way in which cells of variable maturity differ in their 
ability to take up, process, and present antigens have been well characterized (1-6). Den
dritic cells are derived from cells in bone marrow in vivo and are released to peripheral 
blood and tissues (7,8), but dendritic cells can be generated in vitro from CD34 positive 
precursor cells (9-13). The position of dendritic cells in the hierarchy of hematopoietic 
cells remains to be established but the study of human blood dendritic and progenitor 
dendritic cells has been restricted by the lack of selective markers for this specialized 
subset of antigen presenting cells. Recently, an evolutionary conserved human actin
binding protein, fascin (p55), was demonstrated to be highly expressed by circulating 
blood dendritic cells (14). In the course of studying the development. migration and tis
sues distribution of dendritic cells we took advantage of a novel monoclonal antibody 
against p55 to examine the differential expression of p55 in immature. circulating. and 
tissue dendritic cells. 

• Corresponding Author: Erik Langhoff, M.D .. Ph.D., Renal Unit, Massachusetts General Hospital, Boston, 
Massachusetts 02114. 
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2. MATERIALS AND METHODS 

2.1. Cell Fractionation and Cell Cultures 

Progenitor and mature dendritic cells were isolated from peripheral or cord blood 
according to published procedures. Briefly, progenitor dendritic cells were isolated from 
umbilical cord blood or peripheral blood as CD34 positive cells using high gradient mag
netic cell sorting (MiniMACS, Miltenyi). The isolated cells were cultured with GM-CSF 
(150 Vlml), IL-4 (150 U/ml), and TNFa (25U/ml) in Iscove's Medium (9,11,12). SCF (25 
ng/ml) were added the first 7 days of culture (10). Techniques for isolation of mature den
dritic cells have previously been published (14,15). Peripheral blood mononuclear cells 
were isolated by Ficoll-Hypaque (Pharmacia) from blood donor buffy coats or leukopaks 
and depleted of monocytes and T cells (16). After overnight culture dendritic cells were 
recovered as low density cells from a 14.5% metrizamide column. 

The function of monocytes and dendritic cells was examined by comparing their anti
gen-presenting functions in the mixed leukocyte reaction (MLR) as previously described (16). 

2.2. FACS Analysis and Immunohistochemistry 

For immunohistochemistry, cells were cytocentrifuged and stored at -80°C until use. 
Blocks of tissue obtained at time of surgery or as biopsies were snap frozen in liquid nitro
gen and stored at -80°C until use. Frozen cryostat-sectioned tissue or cytocentrifuged cells 
were fixed in acetone or acetone-methanol (I: I) and stained with monoclonal antibodies 
by the immunoperoxidase method (Vectastain, Vector). Cells or tissues were blocked with 
1% serum-I % BSA before applying the primary antibody. Endogenous peroxidase activity 
was inhibited with 0.3% H20 2 before addition of the secondary biotinylated antibody. 
Binding of a complex of biotinylated peroxidase and avidin (ABC reagent, Vector) was 
followed by visualization with AEC (Sigma). Cells or sections were counterstained with 
hematoxylin with LiC03 before mounting with Glycergel (Dako). 

A monoclonal antibody, K-2 (IgG I), to 55-kD protein was raised as previously de
scribed (14). Both hybridoma supernatant (undiluted) and ascites (diluted 1/500-1/1000) 
were used in the studies and gave consistent results. 

Table 1. Phenotype (%) of cultured progenitor dendritic cells. CDla, cm, CD4, CDl4, CDl9, 
CD56, and HLA-DR analyzed by FACS. Expression ofp55 determined by 

peroxidase stain of cytospin preparations 

Culture days p55 COla CD34 HLA-DR CD3 CD4 CDI4 CDl9 CD56 

Day 0-3 6 1.8 82 86 2.5 <I 1.4 3.4 < I 
n=3 n=23 n=33 n=26 n=28 n=5 n=33 n=25 n=2 

Day 4-7 63 12 45 75 1.9 9 1.8 <I < I 
n=3 n=17 n=20 n=21 n=20 n=6 n=20 n=20 n=1 

Day 8-11 82 13 4.9 66 II 6.0 12 <I N.D. 
n=1 n=7 n=8 n=9 n=8 n=1 n=8 n=9 

Day 12-15 >90 24 1.0 63 3.8 20 1.6 1.2 N.D. 
n=1 n=12 n=9 n=12 n=l1 n=3 n=1I n=1I 

Day 16-21 >90 23 <1 43 1.1 32 <1 <1 N.D. 
n=1 n=5 n=5 n=5 n=5 n=2 n=5 n=5 

N.D. = nOI delennined 
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Antibodies against leukocyte differentiation antigens were used according to the 
manufacturers instruction unless otherwise specified: anti-HLA-DR (9.3FIO, IgG2a, 
A TCC or Anti-HLA-DR, IgG2a, Becton Dickinson (BD», anti-CD3 (leu 4, IgG I, BD), 
anti-CDI9/CD20 (leu 12, IgGl, BD/Leu 16, IgGI, BD), anti-CDl4 IgGl,BD}, 
anti-CD14 (3CIO, IgG2a, American Type Culture Collection (ATCC), anti-CD56 (leu 19, 
IgGI, 8D), anti-CDla (OKT6, IgGl, BD). 

Cytofluorography of cell isolates was performed as previously described (16). Cy
tospin centrifuge preparations were made of all isolated leukocyte subsets (20,000 cells 
per slide, Shandon, Southern Instruments). Procedures for cytospin immunofluorescense 
has previously been described (14,17). 

3. RESULTS 

Expression of p55 by Progenitor Dendritic Cells 

Cultures of progenitor CD34 positive cells were established to monitor expression of 
p55 in parallel with a panel of defined leukocyte antigens. More than 98% purified CD34+ 
cells were isolated and plated with GM-CSF, IL-4, and TNFa for 3 weeks to allow for dif
ferentiation into mature dendritic cells. Immediately after isolation (days ~3) progenitor 
cells were positive for HLA-DR antigens. In contrast, CD 1 a, CD3, CD 14, and CD 19 were 
not detected by F ACS analysis. At this time point cytospin preparations of the cultures 
showed only a few (6%) cells expressing p55 (Table I). 

In contrast, after two weeks of culture cytospin preparations of progenitor dendritic 
cells were> 90% positive for the p55 antigen. At this time point the progenitor cells had 
acquired the phenotypic veiled appearance of mature dendritic cells and were negative for 
CD34 with only a few contaminating T cells, 8 cells, and monocytes. A large proportion 
of the cells expressed the CD I a (24%) with a comparable fraction of cells expressing the 
CD4 antigen (20%) consistent with other reports (I8). After two weeks of culture the pro
genitor dendritic cells have become highly potent MLR stimulatory cells in contrast to ad
herent monocytes and equally as potent as peripheral blood dendritic cells (Figure I). 

Expression of p55 by Circulating and Tissue Dendritic Cells 

Dendritic cells isolated from peripheral blood demonstrated a strong cytoplasmic 
p55 expression. In contrast, T cells, B cells. and monocytes did not express the p55 anti
gen. In the thymus, the cortico-medullary junction stained positive for p55 antigen. In sec
tions of lymph node and tonsil selective expression of the p55 antigen was present in the T 
cell dependent areas (not shown). The results also showed that the expression of p55 in 
lymph node and tonsil was not by follicular dendritic cells in the B cell follicles. In the 
skin preliminary studies showed no p55 staining of Langerhans cells in situ, but increased 
expression of the p55 antigen was found upon culture of isolated Langerhans cells (unpub
lished results). 

4. CONCLUSION 

P55 was recently demonstrated to be an actin binding protein (19). Actin binding 
proteins regulate rearrangements of the cytoskeleton or interaction between the cytoskele-



44 

.... -

MLR stirrulatory capacity of Des and POCs 
as compared to that of monocytes 

40 

30 

20 

10 

2 4 6 

Stimulator cells 

, 
8x10' 

"DC 
G{J POC 
..-. Mono 
J!r.I:.. Mono 

L. Sonderbye et III. 

Figure I. Stimulation of allogeneic 
T cells with: Des (closed squares) • 
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closed triangles). 50,000 allogeneic 
T cells were used as responder cells 
and cultured for 5 days before over
night 3H-thymidine addition. 

ton and the cell membrane in response to both intracellular and extra cellular signals, and 
direct the three dimensional polymerization of the cytoskeletal actin filaments at the mi
grating edge of cells. Related to cell motility is the ability to process and present antigens. 
Thus, the migratory nature and unique antigen presenting properties of dendritic cells sug
gest a key role of p55 in this specialized cell subset. The present results demonstrate that 
progenitor dendritic cells generated in vitro share the expression of the p55 antigen with 
mature circulating and tissue dendritic cells. The results also show that the expression of 
p55 in lymph node sections is restricted to cells resembling interdigitating dendritic cell 
and is not found expressed in the follicles. This is in agreement with the current theory 
that interdigitating dendritic cells are derived from a cell lineage different from follicular 
dendritic cells (20). Interdigitating dendritic cells in the lymph node are thought to be de
rived from circulating dendritic cells migrating to the lymphoid tissues (21,22). These re
sults would suggest that expression of p55 is a shared phenotype in vitro and in vivo of 
mature dendritic cells. 

A small number of CO 1 a positive dendritic cells was found in lymph node sections 
in the T cells zones (not shown). COla is an early maturation marker present on progeni
tor dendritic cells and Langerhans cells of the skin. The low frequency of CD I a positive 
dendritic cells could be explained by a small number of immature dendritic cells in the 
lymphoid tissues or a loss of the COla antigen expression by Langerhans cells upon mi
gration from skin to lymph nodes (1,23). 

Langerhans cells resident in the skin are derived from bone marrow cells (7,8). It is 
possible that the finding of it lack of p55 expression by Langerhans cells in situ but ex
pression ofp55 by cultured Langerhans cells reflects a developmental transition form resi
dent to migrating dendritic cells. 

Other markers for dendritic cells have been reported. Recent work has described ex
pression of the C083 antigen by a subset of dendritic cells. C083 is, however, also ex
pressed by follicular dendritic (FOC) cells and by activated T cells (24). The S-IOO 
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antigen has a wide tissue distribution and is expressed in many cell types of different so
matic origin including dendritic cells (25). The combined use of several markers may pro
vide new insights into the details oflineage differentiation of dendritic cells. 

The ultimate potential of novel markers for dendritic cells is the possibility of dem
onstrating the envolvement of dendritic cells in disease processes. In vivo engagement of 
dendritic cells in pathological conditions is suggested from studies in rodents, but studies 
in humans have not been very revealing. Recent studies, however, now suggest that Reed
Sternberg cells of Hodgkin's Disease shares the expression of the p55. This observation 
adds additional support to the possible close relationship between Reed-Sternberg cells 
and dendritic cells (26). 
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1. ABSTRACT 

8 

Mice deficient in the NF-KB transcription factor relB appear to have defects in the 
production of mature dendritic cells, as secondary lymphoid tissues are absent, and spleen 
cells show a significant loss of antigen presenting function. Moreover, the thymus appears 
to be impaired in negative selection. and immune responses in vivo are poor. Since den
dritic cell precursors such as skin Langerhans cells appear to be normal. we sought infor
mation on the nature of the dendritic cell defect in these mice. Cultures of mutant bone 
marrow in the presence of GM-CSF revealed a delay in the accumulation of cells with 
dendritic cell features relative to controls; however. these cells were nearly as potent on a 
per cell basis as wild type cells in the stimulation of allogeneic mixed lymphocyte cul
tures. Similarly. skin Langerhans cells from mutant mice also showed significant ability to 
stimulate allogeneic T cells in culture. Since these findings cannot explain the defect in 
immune responses and the absence of secondary lymphoid tissues. we also looked at the 
ability of the relB mutant dendritic-like cells to form aggregates in vitro with naive 
syngeneic T cells. In this case, while wild type dendritic cells generated compact aggre
gates with T cells. relB mutant cells only formed irregular small aggregates. Thus. while 
relB mutant dendritic-like cells have some functions of mature dendritic cells. other func
tions are deficient. Understanding the role of relB in regulation of these functions should 
lead to a greater understanding of the molecular basis of dendritic cell development and 
function. 

2. INTRODUCTION 

Dendritic cells have a central role in several functions of the immune system. Aside 
from its well described role as the primary antigen presenting cell in the initiation of im
mune responses, the dendritic cell also is important in mediating negative selection of 
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autoreactive T cells in the thymus. In addition, it appears to help in the organization of 
secondary lymphoid tissues. While these functions have been attributed to dendritic cells, 
many of the specific mechanisms have yet to be understood at a molecular level, due in 
part to the difficulty in generating large numbers of dendritic cells. Another problem 
stems from the limited information on the nature and function of dendritic cell develop
mental stages and functional subsets. Thus, while markers such as NLDC-145 and class II 
MHC identify many cells with dendritic morphology such as thymic dendritic cells and 
skin Langerhans cells, can it be said that both of these cells are of the same lineage and 
have the same function? 

One approach to the molecular basis of dendritic cell development and function is 
the use of transgenic and knockout models with altered dendritic cell function. Here, we 
describe our studies on relB mutant cells with dendritic-like features. RelB, a transcription 
factor belonging to the NF-KB/Rel family of proteins, appears to be critical in some den
dritic cell functions but not others. We believe that such studies will lead to a more de
tailed understanding of the genes regulating distinct dendritic cell developmental stages 
and functions. 

3. RESULTS 

3.1. Development of Dendritic-Like Cells in reiD Mutant Mice 

RelB was originally cloned as an activation-inducible gene from serum-activated fi
broblasts. 1 Curiously however, relB was found to be expressed constitutively in dendritic 
cells and thymic medullary epithelium. When the relB gene was disrupted, the mutant 
mice developed an unusual syndrome of inflammation in several tissues, along with an ab
sence of secondary lymphoid tissues and thymic medulla.2--4 

Given the constitutive expression of relB in lymphoid dendritic cells, the relB defi
cient mouse phenotype could be explained as two related phenomena, both relating to a 
putative absence of mature dendritic cells. First, in the absence of dendritic cells, secon
dary lymphoid tissues might not be able to develop. Second, since granulocytes and den
dritic cells are thought to come from a common stem cell, a feedback loop might be 
driving the stem cell to expand to compensate for the loss of dendritic cells. The inability 
to produce dendritic cells would instead result in an overproduction of granulocytes. 
These explanations remain to be proven, in part because our first assumption, the loss of 
dendritic cells, also requires a more direct demonstration. 

Thus, to address the question of dendritic cell development in relB mutant mice, we 
looked to see which dendritic cell functions remained and which were deficient. Earlier 
studies suggested that spleen antigen presenting cell function was impaired in relB mutant 
mice. This was true for bulk cultures of spleen cell stimulators, but it was likely that the 
increased production of other cells such as macrophages and granulocytes were decreasing 
the actual numbers of dendritic cells. To determine whether production of dendritic cells 
was actually decreased in the relB mutant mice, we cultured bone marrow in the presence 
of GM-CSF to look at the rate of production of cells with dendritic cell characteristics 
(Figure 1). 

We found that wild type bone marrow produced dendritic cells beginning by day 
three of culture using the criteria of dendritic morphology, high level expression of class 
II MHC antigens and expression of costimulatory molecules such as B7.2 (Figure I). Sig
nificant numbers of these cells were generated by day seven of culture. In contrast, relB 
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mutant bone marrow cultures began with an unusually high proportion of granulocytes 
(high side scatter characteristics). Dendritic-like cells were generated, but with delayed 
appearance, and a lower proportion even after seven days of culture. Thus, it appears that 
even outside the animal, bone marrow cells show a defect in the ability to generate den
dritic-like cells, suggesting that the defect is intrinsic to the stem cells and not secondary 
to other effects in the mutant mice. 

3.2. Antigen Presenting Function of relB Mutant Dendritic-Like Cells 

Despite the lower production of dendritic-like cells in relB mutant bone marrow, the 
cells that were produced did express high levels of class II and B7, suggesting that they 
may have normal antigen presenting function. This was tested by using preparations of an
tigen presenting cells from spleen, skin, and bone marrow cultures as stimulators of both 
syngeneic and allogeneic lymph node T lymphocytes (Figure 2). Under these conditions, 
enriched dendritic cells actually stimulated higher responses from syngeneic responders as 
compared to allogeneic cells. As expected, moderately enriched spleen cells from relB 
mutant mice showed much less ability to stimulate T cell proliferation as compared to 
controls, in part because the enrichment probably did not eliminate the large numbers of 
granulocytes and macrophages (Figure 2a). 

Another source of antigen presenting cells is the skin. As previously reported, relB 
mice have normal numbers of skin Langerhans cells. These cells are thought to be den
dritic cell precursors, with maturation occurring during the activation and migration of 
these cells to draining lymph nodes. Consistent with this, normal Langerhans cells are 
negative for relB. It was possible that relB mutant mice may lack dendritic cells due to an 
inability of the cells to migrate from skin, but we found that floating cultures of ear skin 
from relB mutant mice yielded class II positive cells with a dendritic morphology migrat
ing from the skin into the culture dish. These Langerhans cells isolated from the skin cul
tures showed similar stimulatory ability from both control and relB mutant mice, although 
the muta~t cells were slightly less potent. 

As discussed above, bone marrow cultured with GM-CSF generated cells with a 
dendritic cell phenotype even from relB mutant mice. Are these cells effective as antigen 
presenting cells? Bone marrow cultures enriched by sorting for class II h• cells showed po
tent stimulation by both control and mutant cells, but again relB mutant cells showed 
slightly less stimulation on a per-cell basis (Figure 2). Thus, relB mutant stem cells appear 
to have two subtle defects: one defect in the rate of production of dendritic cells in culture 
and another minor decrease in their potency as antigen presenting cells. 

3.3. Functions of Dendritic Cells in Vivo 

Although relB mutant mice produced dendritic cells less efficiently, the few cells 
produced still had significant antigen presenting function. Yet how do we explain the ob
served immune system defects such as the absence of secondary lymphoid tissue, and the 
failure of the thymus to mediate normal negative selection? Given these disparities, it 
therefore seems possible that relB is necessary for dendritic cells to develop some func
tions (organization of lymphoid tissues, thymic negative selection) but not others (den
dritic morphology, Langerhans cell development, some antigen presenting function). 

One of the most difficult phenomena to reconcile here is the defect in thymic nega
tive selection. We recently reported that in relB mutant thymuses, positive selection of T 
cells is normal, but deletion of superantigen/I-E reactive T cells expressing V135 and V1311 
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Figure I. FACS analysis of bone cultures from heterozygote and relB mutant mice . Bone marrow cells were cul
tured in the presence of GM-CSF and analyzed on days 0.3. and 7. (al. showing the forward and side scatter char
acteristics of the cultures showing the initial large numbers of granulocytes (high side scatter) in relB mutant bone 
marrow; (b). class II staining showing the later appearance and lower numbers of class IIh' cells from relB mutant 
cultures; (cl. B7.2 staining showing that relB mutant cells also develop expression of costimulatory molecules. 
The numbers to the right of the dot plots reflect the percentage of cells above the marker (upper number). and the 
percentage of dendritic cells within the box (lower number). 

is defective.s Moreover, T cells isolated from relB mutant mice show strong proliferative 
responses to normal syngeneic stimulators in vitro, in some cases nearly as high as re
sponses to allogeneic stimulators.6 It has been assumed that the ability of bone marrow de
rived antigen presenting cells to mediate negative selection in the thymus is related to 
their ability to present antigen and stimulate T cells. Unfortunately, there appears to be a 
significant disparity; is it possible that negative selection in the thymus involves distinct 
functions dependent on relB? 

The absence of secondary lymphoid tissues is also complex. As described above, 
skin Langerhans cells are present in relB mutant mice, and they show normal ability to mi
grate from the skin in culture. Why do they fail to contribute to the development of lymph 
nodes - is it due to a failure to persist in draining lymph nodes, or a failure to help accu
mulate lymphocytes in the nodes? 

As shown above relB mutant cells were capable of stimulating T cell proliferation. 
Yet many types of cells expressing MHC molecules and costimulatory signals are able to 
stimulate T cell proliferation in vitro, including various non-lymphoid (or non-mammal-
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Figure 2. Antigen presenting function of relB mu
tant cells. (a), responses to spleen cells enriched by 
differential adherence to plastic, plus two day cul
ture with GM-CSF. (b), responses to Langerhans 
cells collected from cultures of ear skin floating on 
media. (c), responses to dendritic cells enriched by 
culture of bone marrow plus GM-CSF for seven 
days, then sorting for class lIhi cells. Broken lines 
represent responses to heterozygote stimulators. 
solid lines represent responses to relB mutant 
stimulators. Circles indicate syngeneic responder 
cells, squares indicate allogeneic responders. 
METHODS: In (a,c), allogeneic (CS7BLl6) and 
syngeneic (BI0.02) responder lymph node cells 
were added to enriched stimulators from relB het
erozygote and mutant (knockout) mice on a 
B10.02 background. In (b). allogeneic responders 
were from ko mice, which express a class II I-E 
transgene but no I-A. so the CD4 T cells will re
spond to any MHC class II haplotype. Proliferative 
responses were assessed after four days of culture. 

ian!) cells transfected with the specific ligands. This in vitro capability therefore does not 
automatically make a bona fide dendritic cell, so we studied other functions of dendritic 
cells that might be absent in relB mutant cells which might explain the in vivo defects. 

One known characteristic of dendritic cells is their ability to aggregate T cells. We 
tested this function by sorting for dendritic cells and naive syngeneic T cells, and cultur
ing overnight to assess antigen-independent aggregate formation (Figure 3). While wild 
type dendritic cells produced compact aggregates consisting of large numbers of T cells, 
relB mutant dendritic-like cells only produced small irregular aggregates with fewer T 
cells per aggregate. Thus, it appears that relB mutant dendritic-like cells are less capable 
of holding resting T cells in aggregates, a defect which may account for the absence of 
secondary lymphoid tissues. 

4. DISCUSSION 

The relB deficient phenotype is clearly complex, potentially involving both lym
phoid and non-lymphoid cells. With regard to antigen presenting function in the immune 
system and dendritic cell development, in vivo studies have suggested some interesting 
defects, but it was not established whether these were intrinsic to dendritic cell develop-
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Figure 3. Aggregation of dendritic-like cells from nonnal and relB mutant spleen with sorted naive T cells. (a), 
showing that culture with wild type dendritic cells produced large rounded aggregates with T cells; (b). showing 
that relB mutant dendritic-like cells only produced small disorganized aggregates. METHODS: Spleen cells were 
enriched for dendritic cells by differential adherence and culture in the presence of GM-CSF for two days. Cul
tures were sorted for B220' ThyI' cells. then placed in overnight culture with sorted naive syngeneic wild type 
lymph node Thy I + cells. 

ment, or secondary to other effects in the mutant mice. We have been able to use a number 
of in vitro studies to demonstrate that there are significant defects in dendritic cell devel
opment from bone marrow cultures. The dendritic-like cells generated in vitro from relB 
mutant cells show significant, albeit slightly diminished, antigen presenting cell function. 
However, these cells appear to have more significant functional defects that might at least 
account for the absence of secondary lymphoid tissues in vivo. Further studies should help 
explain the thymic defects in negative selection, and ultimately, it is hoped that these will 
lead to an understanding of how relB regulates the development of dendritic cells and the 
genes associated with specific dendritic cell functions. 
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1. INTRODUCTION 

9 

Lymphoid dendritic cells (DC) play an important role in the immune system. They 
are potent inducers of primary T cell responses and playa crucial part as MHC class It 
"interdigitating cells" in the thymus during thymocyte development. Most of our knowl
edge about DC was obtained using highly invasive and manipulatory experimental proto
cols. Since the functions of DC after these in vitro manipulations have been reported not 
to be identical to those of DC in vivo (I), we intended to establish a system that would al
low us to investigate DC-function avoiding artificial interferences due to handling. Here 
we present a transgenic mouse system in which we targeted gene expression specifically 
to DC. Using the mouse CDllc promoter we expressed MHC class III-E molecules spe
cifically on DC of all tissues, but not on other cell types. 

2. METHODS 

A cDNA-pool from four human T cell clones, all expressing human COlic, was 
used as template for PCR-amplification of a human CD flc gene-fragment that served as a 
probe to screen a mouse genomic library. We isolated two overlapping phages that were 
characterized by restriction mapping and partial sequencing of their inserts. DNA-se
quence analysis of approximately IOOObp around the initiation codon showed 68.8% iden
tity to the corresponding sequence of the human CDlic gene and were therefore accepted 
to represent mouse COlic. We used a 5.5kb fragment that contained the 5' region of 
mouse COlic gene to drive the expression of the I-Ead -cDNA. This transgenic construct 
was injected into fertilized eggs ofC57BLl6 mice, naturally lacking Er,d-expression. 

Expression of cell surface proteins was assayed by immunofluorescence analysis. 
Organs were teased through a mesh and cell suspensions of 1 x 105 viable cells were 
stained with 20 Ilg/ml mAb that was directly labeled. After washing, cells were analyzed 
using a FACScan. 
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Figure J. Cell suspensions of different origin were analyzed with mAbs specific for B220. Mac·l, COil c, I·E, 1-
A . B cells from spleen were stained with anti-B220, -I-A and -I-E. Macrophages from peritoneum were stained 
with anti-Mac-I, -I-A and -I-E, while splenic DC from low density gradients were analyzed with anti-CD Ilc, -I-A 
and -I-E. Triple immunofluorescence was performed and the gates set on either B220+, Mac-I + or CDllc+ cells 
respectively. Shown are the I-E stainings (grey histograms) and I-A stainings (white histograms) only. 

3. RESULTS 

Two different mouse strains were utilized as controls. An I-E transgenic line created 
by Widera et al. (2) was used as a "positive" control. This transgenic line 107.1 (here 
called B6-Ead) expresses an I-Ead transgene under the control of a segment of the I-E 
MHC class II promoter. The expression pattern previously described for the B6-Ea d line 
corresponded to wildtype I-E expression in I-E+ strains including cortical and medullary 
thymic epithelial cells, as well as the BM-derived thymic fraction. Negative control mice 
were C57Bl/6-mice ("B6") that do not express the I-Ea genes, and therefore, no comple
mentation with the ~ chain can occur, leading to absence of I-E MHC class II surface ex
pression(3). 

To analyze transgene expression in B lymphocytes we prepared cell suspensions 
from spleen and performed double immunofluorescence analysis with anti-B220 as a B 
cell marker and either anti-I-E or anti-I-A. As shown in Fig. 1, B cells from B6CD llc-Ea d 
mice do not express I-E (grey histograms), while B cells from B6-Ead transgenic mice do 
express I-E. As expected, B cells from all three mice did express endogenous I-A (white 
histograms). 

Furthermore we analyzed peritoneal macrophages 5 days after thiolglycollate injec
tion into the three mouse types and after an additional 48h culture period in the presence 
of IFN-y to upregulate class II expression. The FACS analysis in Fig. I shows that the 
Mac-l positive cells from the three different mice all express similar levels of I-A (white 
histograms). But while macrophages from B6-Ead transgenic mice do express transgenic I
E, the majority of macrophages from B6CDllc-Ead transgenic mice does not express 
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transgenic I-E (grey histograms). Only a few cells (usually 5-8%) from these preparations 
do express low levels of I-E (Fig. I) and could very well be DC. When we isolated DC 
from spleen using a low buoyant density gradient, we find that usually 60-80% of the 
CD II c+ cells do express the I-E transgene in B6CD Ilc-En d transgenic mice (Fig. I). 

When the thymus of these animals was analyzed for I-E expression, we could not 
detect any I-E expression on cortical or medullary epithelial cells in the B6CDllc-E"d 
transgenic mice (data not shown); there the I-E expression was restricted the medulla and 
medullary-cortical junctions only (data not shown), the areas where thymic DC had been 
localized previously (4, 5). 

4. DISCUSSION 

Apparently the 5.5 kb fragment of the mouse CD II c 5' untranslated region is a 
valuable tool to explore function of DC in vivo, since it allows to express genes of interest 
exclusively in DC and not in other lymphoid or epithelial cells. We now do have a system 
to study more precisely the role of DC's in negative and positive selection of thymocytes 
as well as during immuneresponses and will investigate DC-function during immunisa
tion, transplantation and memory. 
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INTRODUCTION 

A major breakthrough in our understanding of the regulation of immune responses 
has been the discovery of a number of integrated functions of the dendritic cells (DC) in 
the immune system. To better define the checkpoints and the functional stages in DC de
velopment one should be able to mimic and control DC maturation in vitro, from the in
itial irreversible commitment towards final stages of maturation. 

In the last few years we have been able to grow in vitro immature DC long-term cul
tures, immortalized by the MIBIJI2N II retroviral vector) and their functional properties 
have been described2.3.4. Nevertheless these immortal cells, although functional, were un
able to fully mature in vitro due to their continuous cell growth and our inability to stop 
them from proliferating. Thus, we investigated the possibility of a new approach aimed to 
maintain DC in long-term cultures using a cocktail of balanced growth-factors and differ
entiating cytokines. We succeeded to establish an in vitro system of growth-factor depend
ent cell line5 and here we report the differentiation potential of immature spleen DC. 
Using this innovative approach we were able to reproduce and mimic in vitro the process 
of DC differentiation and to control and define the checkpoints of the so-called DC matu
ration . 

• Correspondence to: Paola Ricciardi-Castagnoli. CNR (National Council Research) Centre of Cellular and 
Molecular Pharmacology. Via Vanvitelli 32. 20129 Milano. Italy (Phone: +39-2-70146283; Fax: 
+39-2-70146373; @ mail: Paola@farma8.csfic.mi.cnr.it), 
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Figure 1. Model of DC maturation. 
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The immature DC population was driven to proliferate for as long as growth fac
tors were provided. These long-term, growth-factor dependent immature DC cells 
(named Dl) could be induced to mature in vitro, upon activation with a number of regu
latory signals, into terminally-differentiated DC (Fig 1). Using this model system, we 
identified 3 sequential stages of the DC maturation and Fig. 2 summarizes the distinct 
features of each stage: DC population at stage 1 is characterized by high proliferation 
rate, low motility and highly organized cytoskeleton actin filaments and adhesion 
plaques; expression of MHC class II molecules is mostly restricted to cytoplasm and 
CD40 and B7.2 co-stimulatory molecules are expressed at low level. Furthermore, these 

I STAGE I (Immalure) 1-1 ___ lL.._--I~~ STAGE 1 (Mllure) I-I------~ STAGE 3 (ApopIOlic) 

• Hilh pmlifcnuion nile • Low pmliferatioo rate • No proliferation 

• DC morphology • DC morphology wilh CXltnded veils • Cell death morphology (apoplosis) 

• L)w mutility • High motility 

• Or,ani/.ed actin l"iIamcnl\ with ilf.dhcsiun p1il4UCS • Oepolymcri/.ed al.'lin filaments and los..\ of adhesion plaques 

• High anli,en upU&ke • Low anli,cn uptake 
• CylttpliL~mic lucali/Jluun of MHC CIII mnlcculcs • Cell surface Joe.Ii/Jilinn of MHC elll molecules 

• Low allnSlimulalnry ilClivilY • Hi~h allostimulalury IIctivilY 
• Low c"prcs..~i()n uf I:uslimulillory mnlcculcs • Hi,h cxrrc!..~ion 01" l·o.~timullilOry molcculcs 
• Efficicnl antigcn pnlCcs.lOing • Rcdoccd antigen rrnccs..~ing 

• Efficient pre~ntati()n of proteins • Efficient rrc~nLilLiun of peptides 

• no p7S IL·12 productiun durin~ antil-cn presentation. p7S IL·12 production durinf! anlif!cn presentation 

Figure 2. DC maturational stages in the proposed model system: correlation between phenotypical and functional 
maturation. 
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immature DC are inefficient in allostimulatory activity and are unable to secrete IL-12 
but have a high capacity of antigen uptake and processing. Progression from stage I to
wards stage 2 requires signaling and this can be achieved using living bacteria, LPS or 
cytokines such as TNFa or IL-I B but not IL-6. Stage 2, which is induced in few hours 
and is completed after one day, is characterized by low proliferative rate, high motility 
and complete depolarization of cytoskeleton actin filaments with loss of adhesion 
plaques. In addition, mature DC rearrange the cell surface expression of receptors and 
molecules: MHC class II, CD-40 and B7.2 molecules become highly expressed on the 
cell surface and this may correlate with the ability to produce IL-12. In contrast, mature 
DC disassemble actin-based cytoskeleton, lose adhesion plaques and become inefficient 
in protein antigen uptake and presentation. However, allostimulatory activity and peptide 
presentation remain very efficient. 

Most of these cells will spontaneously progress towards stage 3 where they com
pletely stop proliferation. In agreement with this hypothesis we also found that MHC class 
II high sorted D I cells, if re-cultured after sorting, enter stage 3, characterized by cell 
growth arrest and final cell death by apoptosis. In contrast, sorting and re-culture of the 
MHC class IIin, Dl subpopulation leads to the development of a population which resem
bles the initial bulk Dl cells (Fig 3). Thus, the DI bulk population contains both immature 
and mature DC, and the former can be manipulated and controlled in vitro. 

What stimuli induce full differentiation of mouse DC? We provided the first evi
dence that TN Fa plays a crucial role in mouse DC maturation5, as previously reported in 
human monocyte-derived6 and bone marrow-derived DC', as well as in Langerhans cellsK• 

We also showed that IL-IB induces phenotypical DC maturation, most likely through a 
paracrine induction of TNFa expression, as shown in Langerhans cells9 • Living bacteria 
and bacterial cell constituents are also strong inducers of full DC maturation, including 
upregulation of the costimulatory molecules B7.2 and CD40. It is likely that in vivo, the 
first signals inducing DC maturation are delivered by microbes since we previously 
showed a paracrine induction of TNF a expression in DC infected with Gram+ and Gram
bacteria 10. Thus, TNFa is most likely a signal 2 for sequential DC maturation, whereas 
pathogens represent a signal 1. 

In addition to its function in DC morphological maturation, TNFa also promotes DC 
emigration from a number of tissues II. The non-lymphoid DC need to move on to the re
gional lymph nodes in order to encounter naive T cells and elicit primary immune re
sponses. Thus, the migratory properties are an essential component of the DC function. 
We also provided the first evidence that TNFa is able to induce a complete rearrangement 
of the actin-based cytoskeleton in DC (Fig.4). This actin disassembly could explain the 
decreased macropinocytosis ability of mature DC as proposed in other systemsl2. The dis
assembly of actin filaments upon TNFa treatment is correlated with a loss of endocytic 
capacity in DC. Macropinocytosis represents one of the most efficient antigen uptake 
mechanism in DC but requires the integrity of polymerized actin filaments; it is likely that 
DC maturation shuts off the micropynocytic pathway by inducing actin disassembly. The 
modification of the actin cytoskeleton that we observed after TNFa treatment (Fig 4) is 
also relevant in the acquisition of migration properties of mature DC. In fact, TNFa treat
ment induces cell detachment and formation of a organized centriolar array of micro
tubules which are likely to be highly dynamic. Membrane expansions of mature DC, 
which occur in response to the cytoskeleton remodelling, also appear highly dynamic: fo
cal adhesion plaques containing vinculin, disappear and the cells acquire migratory prop
erties. In vivo, motility should unable DC to encounter T cells and the final outcome 
should be T cell activation and Th lITh2 polarization. It has been proposed that DC matu-
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ration continues until DC-T cell interaction occurs (Fig I) but in the D1 model, mature 
DC were driven to terminal differentiation even in the absence of T cells. In contrast, in
teraction of DC with T cells was essential for IL-12 production. Interestingly, immature 
DC fail to produce IL-12 p75 either upon stimulation with heat treated S. aureus and IFNy 
or after activation with antigen-specific T cell hybridomas. In contrast, IL-12 p75 secre
tion is readily detectable in TNFa-treated DC following interaction with antigen specific 
T cells. This result indicates that the feedback between T cells and DC is dependent on 
TCR-peptide/class II interaction and this property is reached at stage 2 of functional matu
ration. These data also indicate that DC may playa major role in polarizing the immune 
response towards the Thl pathway. 

Int. 
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Figure 3. Cell sorting of Class II intermediate (int) and bright 01 cells. Sorted cells were replated in culture and 
re-analysed for class II expression after 6 days of culture, 
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Figure 4. Cytoskeleton modifications of 01 cells after TNFa treatment. Confocal laser scanning microscopy of 
DI cells stained with anti-vinculin (green colour. panels c and d) or anti-tubulin (green colour. panels a and b) 
mAbs in the presence of rhodamine-labelled phalloidin to visualize F-actin (red colour. panels a.h.c and d). Adhe
sion plaques can be detected as indicated by the simultaneous staining for F-actin and vinculin (panel c, yellow 
colour, due to superimposition of red-actin and green-vinculin). Treatment with TNFa (panels b and d) induces the 
loss of stress fibers and adhesion plaques are no longer detectable (panel d). In contrast to the disassembly of the 
actin filaments organization, microtubules are only partially affected by TNFa treatment (panel b, green colour). 
No differences in the amount ofvinculin protein are detectable by Western blot analysis (panel d, insert). 
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INTRODUCTION 

Numerous investigators have supported, with compelling evidence, the concept that 
the activation of naive T cel\s occurs primarily through antigens (Ag) presented by a dis
tinct class of leukocytes known as dendritic cells (DC). As skin biologists, our own efforts 
have focused on Langerhans cells (LC), a unique population of DC that resides normally 
within the epidermis of skin and whose identification even predates knowledge about DC 
by more than one century. Three years ago, we initiated a program to develop long-term 
DC lines from the epidermis of mice, largely to accommodate the cellular homogeneity 
that is required for molecular biologic techniques, but also to facilitate the economic use 
of laboratory animals. Two concepts guided these efforts: I) cells derived during the peri
natal period would possess a highest proliferative potential, and 2) GM-CSF, which had 
promoted the survival and maturation of LC cultured by other investigators, would be es
sential. Our efforts were ultimately rewarded by the development of stable DC lines, 
termed the "XS series", from specimens of epidermis in newborn BALB/c mice (1). These 
XS DC lines resemble resident LC in many respects, including: a) their dendritic morphol
ogy (l), b) Ag presenting capacity (l,2), and c) cytokine and cytokine receptor mRNA 
profiles (3-6). Importantly, our original XS cell cultures were "contaminated" by fi
broblastoid cells, the "NS series," which could be removed through their selective sensi
tivity to treatment with trypsin. Once this was accomplished, however, proliferation by the 
XS cells diminished substantially. We have determined subsequently that XS52 cel\s re
quire for their optimal growth not only GM-CSF, which was added continuously to XS 
cell cultures, but also CSF-l, which was secreted in relatively large amounts by the NS 
cells (4). These XS lines and similar DC lines developed since that time have proven to be 
useful tools in our efforts to characterize the function of DC. 
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CYTOKINE-MEDIATED REGULATION OF THE 
MATURATIONAL STATE OF DENDRITIC CELLS 

P. R. Bergstresser et (Ii. 

A critical issue in the biology of LC is their "maturation" when placed into in vitro 
culture. Maturational changes characteristic of cultured LC include: a) heightened expres
sion of MHC class II molecules, CD80 (B7-1), CD86 (B7-2), and other adhesion mole
cules (7-1 0), b) increased ability to activate naive allogeneic T cells (II), c) a decreased 
ability to process complex protein antigens (12), d) increased mRNA expression of lL-1 ~ 
(13) and an acquired capacity to secrete IL-6 (14), and e) a loss of adhesive capacity (8). 
Within this context, a unique aspect of XS cells was their retention of the "immature" fea
tures characteristic of resident LC, even after >3 years in culture in the continuous pres
ence of added GM-CSF. Specifically, in the absence of stimulation, XS cells: a) express 
la, CD80, and CD86 molecules only at minimal levels (I); b) are relatively poor in their 
ability to stimulate allogeneic naive T cells (I); c) exhibit a potent capacity to process 
complex protein Ag (1,2); d) express relatively small amounts of lL-1 ~ mRNA and no de
tectable IL-6 mRNA (3,5); and e) adhere progressively onto petri dishes and phagocytose 
latex particles (15). 

Because XS cells had been maintained and expanded in the continuous presence of 
supernatant collected from NS cells (NS supernatant), in addition to GM-CSF, we con
sidered the possibility that NS supernatant contained one or more soluble factors that 
suppressed the maturation of XS cells. In fact, when XS cells were cultured with GM
CSF in the absence of NS supernatant, they began to exhibit features characteristic of 
cultured LC. For example, they acquired elevated expression of la, CD80, and CD86 
molecules, and they increased the ability to activate naive allogeneic T cells (2,3). Con
versely, they even lost the surface expression of la molecules when cultured with NS su
pernatant alone (3). GM-CSF and NS supernatant also regulated, in a reciprocal manner, 
the phenotype and function of the XS-derived DC clones (16), indicating that these 
changes did not simply represent a selective expansion of different DC sUbpopulations. 
Rather, it was more likely that NS cells secreted soluble factors that prevented the ordi
nary maturation of XS DC. Studies are currently in progress to determine the identities 
of such DC maturation inhibitory factors. In sum, our observations demonstrate that the 
state of XS DC maturation can be regulated experimentally by altering the cytokine mi
lieu in their environment. 

T CELL-MEDIATED TERMINAL MATURATION OF DENDRITIC 
CELLS 

During Ag presentation, DC are known to deliver activation signals to responding T 
cells, thereby altering their phenotype and function. We sought to determine whether re
sponding T cells deliver signals back to DC. This possibility was assessed in studies in 
which the phenotypic and functional properties of XS cells were examined after Ag-spe
cific interaction with T cells. When XS52 cells were incubated with the KLH-specific Thl 
clone HDK-I in the presence of Ag, they: a) increased the surface expression of CD86 
( 17); b) increased IL-I ~ mRNA expression and IL-I ~ converting enzyme (ICE) activity 
and began to secrete relatively large amounts (up to I ng/ml) of biologically active IL-I ~ 
(18); c) secreted IL-6 and TNF ~ as well (17), d) lost their adhesive and phagocytotic ca
pacities (15), and e) lost their expression of CD I 15 (CSF-I receptor) and at the same time 
their proliferative responsiveness to CSF-I (19). None of these changes was observed 
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when XS52 cells were incubated with HDK-I T cells or KLH alone, indicating the re
quirement for both T cells and Ag. Importantly, these changes, which occured in DC dur
ing Ag presentation, duplicated changes known to occur in LC during culture. [We have 
detected CD liS mRNA expression in freshly procured LC (4), whereas cultured LC have 
been reported to express no detectable CD liS (20), suggesting that lost CD liS expression 
is also a feature associated with LC maturation in culture.] Thus, we have postulated that 
during Ag presentation, DC undergo a critical transition from Ag presenting cells (APC) 
specialized for Ag uptake and processing into APC specialized for delivering T cell stimu
latory signals, a process we have termed "T cell-mediated terminal maturation" of DC 
(Figure I). 

These observations also led to the conclusion that Ag-specific interaction between 
DC and T cells is not a unidirectional process, rather, that activation signals are also deliv
ered "backward" from the responding T cells to the stimulating DC. With respect to the 
nature of DC-activating signals, the following observations indicate that interferon-y 
(IFNy), which is secreted by T cells upon DC-dependent stimulation, is responsible for at 
least some of the maturational changes. First, XS52 cells lost surface expression of 
CD I 15, proliferative responsiveness to CSF-I, and adhesive and phagocytotic capacities 
upon exposure to supernatant collected from complete cocultures of XS52 DC, HDK-I T 
cells, and KLH, but not from incomplete cocultures that lacked one or more of the three 
components. Second, relatively large amounts of IFNy were detected in the complete 
coculture supernatants, but not in incomplete coculture supernatants. Third, anti-IFNy 
monoclonal antibody (mAb) neutralized all of the above biological activities of complete 
coculture supernatants. Finally. recombinant IFNy alone was sufficient to diminish 
CDI15 expression, proliferative responsiveness to CSF-l, and adhesive and phagocytotic 
capacities of XS52 cells (15,19). With respect to signals leading to IL-l P secretion, we 
have observed that anti-Ia mAb and CTLA4-Ig fusion protein: a) each inhibit T ceil-medi
ated IL-I p secretion by XS52 cells when tested in soluble forms, and b) each trigger IL
I P secretion in the absence of T cells when tested in immobilized forms. Thus, we have 
concluded that ligation of Ia molecules and CD80/CD86 (on DC) with the T cell recep
tor/CD3 complex and CD28/CTLA4 (on T cells) delivers relevant signals leading to IL
I P secretion by DC (18). These observations demonstrate that during Ag presentation, 
responding T cells deliver different activation signals to trigger different maturational 
changes by DC. These observations also raise several questions. Because IFNy is secreted 
primarily by the ThO/Th I subsets of CD4+ T cells, an obvious question concerns whether 
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different T cell subsets (naive T cells versus primed T cells, and Thl versus Th2) induce 
different forms of terminal maturation of DC. What is the in vivo relevance of our in vitro 
observations; do LC undergo terminal maturation in the draining lymph nodes upon Ag
specific interaction with T cells? Does pharmacologic interference with this transition lead 
to the suppression of T cell-mediated immune responses? 

PHARMACOLOGICAL MODULATION OF DENDRITIC CELL 
TERMINAL MATURATION 

Glucocorticoids (GCs) have been used for decades as immunosuppressive agents to 
treat inflammatory diseases, including diseases mediated by T cells. In terms of their phar
macologic mechanism of action, GCs are known to inhibit several activities of monocytes 
and macrophages, including a) secretion of pro inflammatory cytokines and prostagland
ins, b) expression of surface receptors, d) phagocytosis and pinocytosis, and e) their bacte
ricidal and fungicidal activities. It is also known that GCs inhibit certain activities of T 
cells, including the secretion of IL-2 and cell division. Based on this knowledge, the im
munosuppressive activities of GCs have been attributed primarily to their influence on 
monocytes/macrophages and on T cells. 

Taking the advantage of long-term DC lines, we sought to examine the effect of 
GCs on DC. When dexamethasone (DEX) was added, at relatively low concentrations 
(l 0-9-1 0-7M), to the coculture ofXS52 DC, HDK-l T cells, and KLH, it inhibited substan
tially or completely T cell-induced maturational changes of XS52 cells, including: a) the 
secretion of IL-l p, IL-6, and TNFa, b) elevated expression of CD86, and c) loss of 
CDl15 expression and proliferative responsiveness to CSF-l. By contrast, DEX at the 
same concentrations inhibited XS52 DC-stimulated IL-2 secretion by HDK-l T cells, but 
not other changes that accompany T cell activation, including the secretion of IFNy and 
TNFa and the elevated expression of CD25, CD28 and CD44 (17). Although the in vivo 
relevance of these observations remains to be determined, they provide a basis for the new 
concept that GCs suppress T cell-mediated immune responses by interfering with the ter
minal maturation of DC. This concept is mirrored in other reports. For instance, DEX has 
been shown to: a) inhibit APC-dependent activation of T cells, but not APC-independent 
activation, as is triggered by phorbol esters and calcium ionophores (21), b) to downregu
late the costimulatory capacity of LC (22), and c) to downregulate the expression of CD80 
and CD86 and to diminish the T cell stimulatory capacity of DC (23). We believe that this 
experimental system will serve as a useful method to study the impact of GCs and other 
immunosuppressive drugs on Ag-specific DC-T cell interaction and to search for and de
velop new compounds that inhibit DC maturation selectively. 
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1. DENDRITIC CELLS AS ADJUVANTS FOR IMMUNOTHERAPY 

In recent years much interest has been generated in using dendritic cells as vehicles 
for cancer immunotherapy'. This interest is based on the fact that dendritic cells function 
as specialized immunostimulatory cells in vivo, serving as initiators of T cell immune re
sponses to antigen2• The dendritic cell-based approach to immunotherapy is feasible be
cause of two advances: the identification and isolation of specific human tumor-associated 
antigens, and the development of techniques to propagate dendritic cells in vitro from pre
cursor cells'.4. Hence, it is now possible to grow large numbers of dendritic cells from a 
patient's blood or bone marrow in vitro, treat these cells with tumor-associated antigens, 
and administer to the donor with the aim of inducing a strong and therapeutic immune re
sponse to the tumor. The therapeutic efficacy of the technique has been tested in murine 
tumor modelsS. and clinical trials in cancer patients are being initiated6. 

The development of clinical trials using in vitro-differentiated dendritic cells has 
proceeded with little understanding of the characteristics of these cells in vivo. For exam
ple, a cardinal feature of the dendritic cell life cycle which is fundamental to its function 
in vivo is the ability to migrate7• Langerhans cells (immature dendritic cells) reside in the 
epidermis of the skin and specialize in antigen capture. Following antigen uptake Langer
hans cells migrate via lymphatic vessels to the draining lymph node where they localize in 
the parafollicular cortex and paracortex. In this location the interdigitating dendritic cells, 
which have matured during the migration process into potent antigen-presenting cells, are 
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ideally situated to interact with and stimulate T cells that passage through the lymphoid 
tissue7• This information on dendritic cell migration has been gleaned from studies using 
fluorescently-Iabeled antigens applied to the skin surface of mice (a model of contact hy
persensitivity), and from studies using freshly isolated and labeled dendritic cells injected 
into mice8--1O. No data currently exist documenting the migratory properties of dendritic 
cells differentiated in vitro, yet it is dendritic cells cultured from blood or bone marrow 
that are the focus of current efforts to develop immunotherapy protocols. It is important to 
determine if dendritic cells differentiated in vitro do migrate to lymph nodes and associate 
with T cells following administration to animals, if these cells are to be used to stimulate 
antigen-specific T cell responses. 

2. A CHIMPANZEE MODEL OF DENDRITIC CELL-BASED 
IMMUNOTHERAPY 

We have developed a chimpanzee model to test the preclinical application of den
dritic cell-based immunotherapy for cancerll. Dendritic cells can be differentiated from 
peripheral blood mononuclear cells (PBMC) by culturing for 7 days with recombinant hu
man granulocyte/macrophage colony-stimulating factor (GM-CSF) and interleukin 4 (lL-
4). Approximately 10 million dendritic cells can be cultured and purified from a single 
200 mL blood sample using this method ll . These cells have all the morphologic, pheno
typic and functional properties of dendritic cells cultured from human (and murine) 
blood4 • The chimpanzee therefore is an ideal large animal model to study the in vivo mi
gration of dendritic cells differentiated from precursor cells in vitro. 

3. TRACKING THE IN VIVO MIGRATION OF DENDRITIC CELLS 

Dendritic cells were grown for seven days from PBMC of three chimpanzees using 
GM-CSF and IL-4, purified and divided into two equal portions for fluorescent labeling. 
Cells were labeled either with 3,3'-dioctadecyloxacarbocyanine perchlorate [DiOC I8(3); 
excitation/emission spectra = 484 nml501 nm] or 1,1'-dioctadecyl-3,3,3',3'-tetramethylin
dodicarbocyanine perchlorate [DiIC 1s(5); excitation/emission spectra = 644 nml663 nm; 
both from Molecular Probes, Eugene, Oregon). In each animal four million dendritic cells 
labeled with DiOC 1s(3) were injected intravenously in the cephalic vein, and the same 
number of cells labeled with DiIC 18(5) were injected subcutaneously in the inner thigh. 
Animals were anesthetized at either 24, 48 or 120 hours after injection, and skin and in
guinal lymph nodes were harvested and examined for the presence of fluorescently-Ia
beled cells. Frozen tissues were cryosectioned and stained with Hoescht 33342 dye (to 
label nuclei) with and without human-specific monoclonal antibodies and a Cy3-conju
gated secondary antibody. Slides were examined using a Zeiss Axiovert 135 microscope 
fitted with appropriate filters. 

3.1. Spontaneous Migration of Dendritic Cells to the Draining Lymph 
Node Following Subcutaneous Injection 

Dendritic cells migrated rapidly from the site of subcutaneous injection, as fluores
cent cells were identified sporadically in subcutaneous tissue at 24 hours after injection 



Migration of Cultured Chimpanzee Dendritic Cells Following Injection 

Table 1. Dendritic cells differentiated in vitro from PBMC were injected intravenously and 
subcutaneously into three donor chimpanzees. Routes of administration were identified 

by labeling cells with fluorescent markers prior to injection. The region of skin 
encompassing the subcutaneous injection site, the inguinal lymph node draining 

the subcutaneous injection site, and the contralateral inguinal lymph node 
were examined for fluorescently-Iabeled dendritic cells at 24, 48 and 

120 hours after injection in animals 1,2 and 3. respectively 

Tissue Harvested 

Skin/subcutaneous tissue 
Lymph node, draining 
Lymph node, contralateral 

ND = not determined. 

24 h 

+ 
++ 

Subcutaneous Route 

48 h 

+++ 

Intravenous route 

120 h 24 h 48 h 

NO NO 
++ 

120h 

NO 
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+ = rare fluorescent cells per high power field: ++ = several fluorescent cells per high power field; +++ = numerous fluorescent 
cells in several different high power fields. 

but could not be identified after this time (Table I). This is an important finding as it indi
cates efficient mobilization of injected dendritic cells from the site of injection. In con
trast, murine studies have shown that the majority of freshly isolated dendritic cells 
remain in the subcutaneous tissue following injection9• Proinflammatory mediators such as 
tumor necrosis factor a are required for the efficient migration and maturation of Langer
hans cells in these models t2 • A distinct difference between Langerhans cells and dendritic 
cells differentiated in vitro from precursor cells is the stage of maturation: the latter cells 
are very mature dendritic cells which express high levels of adhesion molecules known to 
be important in migration 13, whereas immature Langerhans cells have low expression of 
these molecules. This maturation state is likely to account for the spontaneous migration 
of injected dendritic cells. 

Injected dendritic cells migrated from the subcutaneous tissue to the regional lymph 
node. as cells labeled with DiIC ts(5) were identified in this node at 24. 48 and 120 hours 
after injection (Table 1). Injected cells were located in different areas of the lymph node at 
different time points, reflecting progressive migration from superficial to deep regions of 
the node (Table 2). In contrast, dendritic cells injected intravenously could not be found in 
inguinal lymph nodes at any time point, and no fluorescently labeled cells could be found 
in the inguinal lymph nodes contralateral to the subcutaneous injection site (Table I). 

Table 2. Location and cellular association of dendritic cells in draining lymph nodes harvested at 
24, 48 and 120 hours after subcutaneous injection in animals I. 2 and 3. respectively. 

Cellular association was determined by immunohistochemistry to detect 
B cells (CD 19). T cells (CD3) and interdigitating dendritic cells (CD86) 

Time after Injection 

24 h 
48 h 
120 h 

ND = not determined. 

Principal Location in Lymph Node 

subcapsular 
parafollicular zone and paracortex 

cortex and paracortex 

Cell Association in Lymph Node 

NO 
T lymphocytes, interdigitating OC 

NO 
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3.2. Localization of Dendritic Cells in T Cell Areas of the Lymph Node 
Following Subcutaneous Injection 

Sections of the draining inguinal lymph node taken 48 hours after subcutaneous in
jection were analyzed by immunohistochemistry with cross-reactive monoclonal antibod
ies specific for human CDI9, CD3 and CD86, to determine the location of injected 
dendritic cells with B cells, T cells and endogenous interdigitating dendritic cells, respec
tively. Injected cells were located in the parafollicular region of the cortex and the para
cortical zone, and were associated with T lymphocytes in both regions (Table 2). 
Importantly, the injected dendritic cells had similar high level expression ofMHC Class II 
molecules and the costimulatory molecules CD40 and CD86 as did endogenous interdigi
tating dendritic cells in the same location. These findings indicate that injected dendritic 
cells that localize in the draining lymph node retain the phenotype of activated antigen
presenting cells. Therefore we can predict that injected dendritic cells will serve as potent 
immunostimulatory cells in vivo, as they do in vitro. 

4. WHAT ARE THE IMPLICATIONS OF THESE FINDINGS ON 
THE CLINICAL USE OF DENDRITIC CELLS IN 
IMMUNOTHERAPY? 

These results indicate that dendritic cells, differentiated in vitro from peripheral 
blood precursor cells, have the ability to spontaneously migrate from a subcutaneous in
jection site and to localize in T cell areas of lymph nodes. The findings are very important 
for immunotherapy protocols as they suggest that dendritic cells grown and administered 
in this manner will be highly efficient mediators of T cell responses to specific tumor-as
sociated antigens, loaded or genetically engineeredl4 into dendritic cells prior to admini
stration. Conversely, the data indicate that intravenously administered dendritic cells do 
not localize in the regional lymph nodes, although the precise location of these cells was 
not determined. This is in accordance with several murine studies using freshly isolated 
dendritic cells, which demonstrated that cells injected intravenously homed to the spleen, 
but were excluded from lymph nodes 10.1S. A further important finding of the murine stud
ies was that splenic localization of dendritic cells induced a Th2, humoral immune re
sponse to soluble antigen presented by the injected cells, whereas homing to lymph nodes 
following subcutaneous administration of antigen-loaded dendritic cells resulted in a pre
dominant Thl, cellular immune response l6• Clearly, localization of antigen-treated den
dritic cells to T cell areas of the lymph node and stimulation of a cellular response to 
antigen are desirable for the majority of immunotherapy protocols using tumor-associated 
antigens. Hence, we conclude that clinical studies using antigen-treated dendritic cells to 
elicit tumor-specific responses in patients should focus on the subcutaneous, and not intra
venous, route of administration. 
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1. INTRODUCTION 

The fate as well as the significance of blood dendritic cells (DC) is not yet com
pletely resolved. Some may migrate to the splenic white pulpl and other immature DC 
may reach the epithelial tissues to become resident DC. When particulates are injected in
travenously, relatively immature particle-laden DC appear in the peripheral lymph drain
ing the liver2. The results suggest that the rat DC lineage may be selectively recruited to 
the liver after intravenous injection of particulates and that they subsequently translocate 
from the liver vasculature to the hepatic lymph. The present study was performed to dem
onstrate the migration pathway of blood DC and the existence of specialized vasculature 
for DC. the liver sinusoids. 

2. MATERIALS AND METHODS 

2.1. Distribution of Particle-Laden DC after Intravenous Injection of 
Particulates 

Inbred DA rats received an i.v. injection of latex particles, and cytosmears of liver 
perfusates and spleen cell suspensions were immunostained with the rat DC-specific mAb 
OX623• Cryosections of the liver were triple immunostained with ED2, OX62 and anti
type IV collagen as described2. In the liver sections, the presence of OX62+ latex-laden 
cells within the portal, sinusoidal and hepatic vein areas were counted. These 3 areas were 
clearly outlined by type IV collagen immunostaining and easily distinguished. 
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2.2. Intravenous Transfer of DC to Allogeneic Hosts 

Inbred DA (RTla) and Lewis (RTlI) rats were used. The immature DC that had in
gested paramagnetic latex (L0898, Sigma, St Louis, MO) in the blood were isolated from 
the hepatic lymph by magnetic attraction2• Lymph cells were treated with mitomycin C be
fore isolation. Mature DC were also collected from the intestinal lymph and hepatic lymph 
without intravenous latex injection and were enriched on metrizamide gradients4• At vari
ous time intervals after cell transfer, host proliferating cells were labeled with 5-bromo-2'
deoxyuridine (BrdU) and host tissues were freshly frozen. Transferred DC was detected 
by immunostaining with mAb to donor type MHC class I antigen (anti-RTlA", MN9-41_~J 
The host proliferative response, detected by BrdU immunostainingS, was studied with re
spect to organ specificity, dose dependence on donor cells, time kinetics and phenotype of 
proliferating cells in order to reveal whether they respond to alloantigen presentation by 
the transferred DC or not. Control Lewis rats received an intravenous injection of unsepa
rated cells from DA rats or of syngeneic latex-laden DC from Lewis rats. 

2.3. In Situ Cell Binding Assay 

This was performed after Austyn6 to study binding of DC to frozen sections of vari
ous target tissues. Some sections were double immunostained with ED2 and RTlA" to de
tect Kupffer cells2 and allogeneic DC, respectively. 
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Figure I. In vivo kinetics of total OX62+ cells and OX62+ latex-laden cells in the liver after i.v. injection of latex 
particies2• Cryosections were triple immunostained with ED2, OX62 and anti-type IV collagen and the proportion 
of total OX62+ cells and OX62+ latex-laden cells were estimated by thoroughly examining the portal, sinusoidal 
and hepatic vein areas. Data are expressed as mean ±SE. Bars represent SE. 4 to 6 rats per group were examined. 
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3. RESULTS 

3.1. Time Kinetic Distribution of Particle-Laden DC 

I h after intravenous injection of latex particles, the particle-laden DC, defined as 
OX62+ latex-laden cells, were first found in the sinusoidal area of the liver (Fig. I), in the 
liver perfusate and in spleen cell suspensions (Fig. 2). At 6 h, particle-laden DC first ap
peared in the portal area. A close association between OX62+ cells and Kupffer cells 
(ED2+) was often observed in normal liver (Fig. 3) and liver following latex injection. 

3.2. Selective Migration of Transferred DC to Regional Hepatic Nodes 

Three types of donor DC (RTlA"+, immature latex-laden and mature DC of hepatic 
lymph and mature DC of intestinal lymph) accumulated in regional lymph nodes of the 
host liver through lymph-borne pathway. In contrast, very few DC were found in the 
spleen and negligible in other lymph nodes. Syngeneic latex-laden DC, being traced by 
presence of latex particles, behaved similarly. Proliferative reaction of host cells in re
sponse to the alloantigen presentation by the donor DC were also restricted in the regional 
hepatic nodes (Fig. 4) and the stimulation index of experimental group were about 100 
times higher than controls that received same number of mitomycin C-treated un separated 
cells. While in the splenic periarterial lymphoid sheath, proliferative response was also 
observed but was not significantly higher than the allogeneic un separated cells. 

45 30 
Liver Perfusate Spleen Cell SuspenSion 

40 

35 

;! 
J-

;! 
30 20 

... II) 

0 0 
25 

)( - )( 

~ 

CD 20 .c 
iii 
.c 

E E 
:::> 
Z 15 * ** - r-'- ..:c. 

:::> 
10 Z 

~ 
10 

~ 
- r--- - -

5 

0 ~ iii IIiiiIIII o 
Oh lh 6h 18h Oh lh 6h 18h 

Time after Latex i.v. Injection 

Figure 2. In vivo kinetics of total OX62+ and OX62+ latex-laden cell in the liver perfusate and spleen cell sus
pensions2• Data are expressed as mean ±SE. Bars represent SE. Three to 6 rats per group were examined. 
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Figure 3. In vivo localization ofOX62+ cells in the sinusoidal area ofnonnallive~. Triple immunostaining with 
ED2 (black), OX62 (gray) and anti-type IV collagen (gray line). Note that a close association between OX62+ 
cells and Kupffer cells (ED2+) is often observed (arrows). V central vein. (x460). 
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Figure 4. Proliferative response in the hepatic nodes 3 d after cell transfer detected by BrdU labeling (black). (a) 
105 unseparated cells did not induce a significant increase in the number of BrdU' cells but (b) I 05 latex-laden DC 
induced a significant proliferation in the paracortex (P). (x 115). 
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3.3. In Situ Cell Binding Assay 

Isolated lymph DC showed preferential binding to either allogeneic or syngeneic 
liver cryosections compared to other tissues such as spleen, lung, thymus and lymph 
nodes. The number of bound DC/mm2 section in the liver was approximately 2-4 times 
more than those in the other tissues. The same concentration of unseparated cells showed 
less binding to the liver cryosections than DC. The ratio ofRTlA"+ cells associated or not, 
respectively, with ED2+ cells was approximately 2.5, indicating a significant and selective 
binding of DC to Kupffer cells in the sections. 

4. DISCUSSION 

The time kinetic study of OX62+ latex-laden cells indicated that the particle-laden 
DC migrated from the sinusoidal area to the portal area, then translocated to the hepatic 
lymph. The initial appearance of OX62+ latex-laden cells in. the sinusoidal area, in the 
liver perfusate and in spleen cell suspension implies that the particle-laden DC may be re
cruited to the liver from systemic circulation, especially the blood marginating pooe. 

The cell transfer study has demonstrated that not only immature syngeneic DC but also 
allogeneic DC in the blood efficiently undergo blood-lymph translocation through the liver 
sinusoids to the hepatic lymph. This result also confirms the speculation described above and 
suggests further that autologous particle-laden DC may be recruited as DC progenitors, possi
bly in response to the intravenous particulates7• and then develop into a phagocytic stage prior 
to the translocation event. The transferred DC as well as autologous particle-laden DC may 
have passed through the space of Disse from the sinusoidal area to the connective tissue 
stroma of the portal area, then entered the initial lymphatic ducts located there!. 

It is demonstrated that blood DC perform the liver sinusoids-Iymph translocation and 
accumulate very effectively in the regional hepatic nodes. The liver sinusoids might act as a 
biological concentrator of blood DC in the hepatic nodes. Kupffer ce\1s may playas a trapping 
aid for blood DC for initiation of the translocation. The hepatic nodes should be regarded as 
an important lymphoid organ in not only infectious immunity but also transplantation immu
nity because graft-derived DC might also perform blood-lymph translocation into the nodes. 
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ABSTRACT 

14 

Dendritic cells (DCs) express CD44, a cell surface receptor for the extracellular ma
trix ligand hyaluronate, involved in cell-cell interactions and cell migration. Besides the 
"standard" form of CD44, a variety of splice variants contain an additional extracellular 
region encoded by IO "variable" exons termed v I to v I O. The standard form of CD44 as 
well as variants containing exon v6 (CD44v6) are known to play important roles in the 
immune system, yet largely unexplored in the DC lineage. In this study, we examined the 
regulation of CD44 isoforms in human DCs derived from monocytes cultivated in the 
presence of GM-CSF and IL-4. We found that v3, v6 and v9 variants are all up-regulated 
upon TNF-a stimulation of DCs. In addition, we show that stimulation of DCs using anti
CD44 mAbs can induce DC agregation, up-regulation of accessory molecule expression 
and secretion of cytokines. A mAb directed against CD44v6 variants was shown to medi
ate some of these effects. 

1. INTRODUCTION 

CD44 represents a family of cell surface and secreted glycoproteins encoded by a single 
gene(1). A variable region composed of up to 10 variable exons can be inserted by alternative 
splicing into the membrane proximal domain of the smallest CD44 form (or standard CD44), 
resulting in a variety of CD44 variant isoforms. The expression of CD44 variants appears 
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more restricted than that of the standard form and has been associated in particular with lym
phocyte activation and tumor metastasis(2). In addition to its function as main cell surface re
ceptor for hyaluronate, an important component of the extracellular matrix(3), CD44 has been 
shown to play important roles in the immune system. Studies using mAbs have shown that 
CD44 is involved in hematopolesis(4!, homing to mucosal lymphoid tissues(s!, lymphocyte in
filtration into cutaneous delayed type hypersensitivity sites in mice(6) and lymphocyte activa
tion(7). Langerhans cells as well as DCs from blood and lymph nodes strongly express 
CD44(8.9). Human DCs differenciated from peripheral blood monocytes cultivated in the pres
ence ofGM-CSF and IL-4 also express CD44('O). It has been shown previously that TNF-a., a 
known mediator of DC maturation, can induce the up-regulation of CD44 molecules ex
pressed on the surface of monocyte-derived human DCs. In addition, the induction of a v9-
containing CD44 isoform was reported on "mature" DCs(lO). 

In this study, we examined more closely the regulation of CD44 molecules ex
pressed during DC differentiation from monocytes and activation by TNF-a.. Furthermore 
we investigated the effects of DC culture in the presence of various anti-CD44 MAbs. 

2. RESULTS 

2.1. Up-Regulation of Variant CD44 Expression in TNF-a-Stimulated Des 

We asked whether the expression of different CD44 variants might be modulated 
upon TNF-a. stimulation of DCs. We focused on different portions of the CD44 variable 
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Figure 1. Surface expression ofCD44 and v3, v6 or v9-containing isoforms on DCs stimulated with TNF-a. DCs 
were stained with mAbs 1173 (pan-CD44, Immunotech) or with anti-CD44v3, CD44v6 (R&D Systems) or 
CD44v9 (ATCC) followed by FITC-conjugated anti-mouse IgO (Silenus) and analysed by flow cytometry on a 
FACS (Becton-Dickinson). Dotted lines: controls. Fine lines: unstimulated DCs. Bold lines: DCs stimulated for 24 
h with 20 nglml TNF-a (Oenzyme). 
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region: (i) v3, because it is present in glycosaminoglycan-modified CD44 isoforms known 
to bind growth factorslll ); (ii) v6, because it is contained in the CD44v6 form known to be 
induced in vivo in activated lymphocytes and macrophages(2. 12); and (iii) v9, because it is 
present in the so-called "epithelial form" of CD44 containing the v8-v I 0 regionl 13). 

Monocyte-derived DCs differentiated for 7 days in the presence of GM-CSF and lL-
4 were treated with TNF-a for 24 hours. The variation in the expression of total CD44 as 
well as v3, v6, or v9-containing isoforms was examined by immunocytochemistry and 
flow cytometry. We found that all three variant isoforms were expressed by monocyte-de
rived DCs (Fig. 1). However, their level of expression was rather weak, with the mean 
fluorescence intensities about 100 fold lower than that of total CD44 stained with antibody 
J173. Upon TNF-a treatment, total CD44 expression was slightly but significantly up
regulated (1.5 to 2 fold). Proportionnally, the induction of the CD44 variants v3, v6 and 
v9 was more consequent (Fig. I); the mean fluorescence intensities corresponding to v3, 
v6 and v9 isoforms increased up to 5 fold in TNF-a-stimulated DCs. Consequently, these 
variants represented approximately 1I20th (in the case of v9) to 1I40th (for v3 or v6) of 
the total CD44 expressed on stimulated cells, suggesting that they might play more impor
tant roles in "mature" than in immature DCs. 

2.2. Modulation of CD44 Variant Transcripts Upon DC Differentiation 
and Maturation Induced by TNF-a 

To look whether the regulation of CD44 isoforms on DC surfaces reflected a change 
in the level of transcripts, we examined the relative abundance of mRNAs encoding vari
able exons in unstimulated or 48 hours TNF-a-treated cells. We also compared the profile 
of CD44 variant transcripts in monocytes to that found in day-7 differentiated DCs. The 
entire variable region ofCD44, spanning exons vi to v 10, was amplified using RT-PCR 
from mRNAs of fresh monocytes, day-7 DCs, or TNF-a treated DCs (Fig. 2). Some of the 
variable exons were barely detectable (v4, v5, v7 not shown), maybe due to a limitation in 
the size of PCR-amplified domains. The modulation of other exons revealed changes in 
their abundance. The relative amount of the v6-containing transcript and of two v3-con
taining mRNAs did not seem to vary significantly between monocytes and DCs. At least 
two CD44 variant transcripts containing v9 could be amplified from monocytes and DCs, 
giving bands around 380 and 520 bp. The 520 bp band, which is also found using probes 
for v8 (not shown) and vI 0 (Fig. 2) may well correspond to the "epithelial form" of CD44, 
CD44v8-vlO. Both v9-containing transcripts were significantly decreased (around 4 fold) 
in DCs compared to monocytes. Hybridization to the vI 0 probe gave two doublets of 
300-400 and 520-640 bp; the 520-640 bp band decreased (around 2 fold) in DCs com
pared to monocytes, probably reflecting the decrease in a CD44v8-v I 0 "epithelial type" 
transcript. 

When DCs were induced to "mature" in the presence of TNF-a, the amount of all 
CD44 variant transcripts containing v3, v6, v9 or vI 0 increased. This increase was more 
striking in the case of the v6-encoding variant (more than 2 fold). This CD44 isoform ap
peared by its size to contain only the v6 variable exon, and might well correspond to the 
CD44v6 form known to be induced in activated lymphocytes and macrophages in the 
mouse(12). The up-regulation of v3, v6 and v9-containing transcripts correlates with their 
increase in surface expression following TNF -a stimulation (Fig. I ). 
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Figure 2. Regulation of CD44 variant transcripts in monocytes, day-7 differentiated DCs or TN F -a-treated DCs. 
RNA was extracted and the total CD44 variable region was PCR-amplified using oligonucleotides hybridizing 5' 
and 3' of the variable exons. Amplification products were separated on agarose gels and hybridized with oligonu
cleotides corresponding to each variable exon from v3 to viO. Autoradiograms were scanned and the band intensi
ties quantified. Results were normalized by comparison with the intensity of a j3-actin band amplified from the 
samecDNAs. 
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2.3. Stimulation by Anti-CD44 Antibodies Can Induce Phenotypic 
Maturation of DCs 

87 

2.3.1. Aggregation of DCs. To examine the effect of CD44 engagement on the cell 
surface, DCs were cultivated for 24 hours in the presence of immobilized antibodies di
rected either against all forms of CD44 (1173, 5F 12) or against CD44v3 or v6 isoforms. 
Whereas the 5FI2 or anti-CD44v3 antibodies did not seem to provoke any changes in the 
cultures as compared with a control IgG I, stimulation with the pan-CD44 antibody J 173 
or with the anti-CD44v6 antibody induced the formation of DC aggregates (not shown). 
The aggregates which formed upon stimulation with 1173 were generally larger than those 
induced by anti-CD44v6 treatment, maybe due to the higher number of total CD44 epi
topes on cell surfaces. However, it is interesting to note that anti-v6 but not anti-v3 anti
bodies induced cell aggregation although both variants showed comparable levels of 
surface expression (Fig. I). 

2.3.2. Cytokine Production by Anti-CD44-Stimulated DCs. The production of cytok
ines by DCs was investigated following culture on the immobilized anti-CD44 antibodies 
J173, 5F 12, anti-v3 or anti-v6. Cytokine transcripts were PCR-amplified (not shown). 
Transcripts encoding TNF -a,IL-l ~ or IL-15 were amplified but their level did not seem to 
vary significantly between samples. In contrast, IL-6 and IL-8 mRNAs were strongly up
regulated in DCs stimulated with the pan-CD44 antibody J173, whereas no effect was 
found using 5F 12 or anti-variant CD44 antibodies. IL-6 and IL-8 production upon J173 
stimulation were confirmed by ELISA testing of culture supernatants (Fig. 3). 

3500 

3000 

2500 

€ 
2000 

CI 
0..1500 

1000 

500 

o 
IgG1 J1 

Figure 3. Induction of IL-6 and IL-8 secretion in DCs stimulated with anti-CD44 MAb J173. DCs were cultivated 
for 24 h in tissue-culture dishes coated with 10 I!g/ml antibodies JI 73, 5F 12 (pan-CD44). anti-CD44v3 or anti
CD44v6. or a control IgG I. IL-6 and IL-8 secretion were analysed by ELISA testing of culture supernatants. Con
trols (not shown) were performed to check that endotoxin contamination of J 173 was not responsible for cytokine 
secretion. 
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Figure 4. Up-regulation of MHC class" surface expression on Des stimulated by J 173 or anti-CD44v6 antibod
ies. DCs cultivated for 24 h on immobilized anti-CD44 mAbs were stained using Becton-Dickinson PE-conju
gated anti-HLA-DR mAb (bold lines). Fine lines: Des cultivated for 24 h on a controllgG I. Dotted lines: control 
staining with PE-conjugated IgG2a. 

2.3.3. Anti-CD44 Antibodies Induce Phenotypic Maturation of DCs. Mature DCs are 
characterized notably by high levels of MHC class II surface expression('O). In order to 
look whether anti-CD44 antibodies could induce DC maturation, cells were stimulated and 
subsequently analysed by flow cytometry. No significant variation in surface class II ex
pression was found in 5F 12- or anti-CD44v3-stimulated cells compared to control IgG 1-
treated cells. In contrast, DCs cultivated in the presence of the Jl73 or the anti-CD44v6 
antibody showed enhanced class II surface expression (Fig. 4). In addition, surface expres
sion ofCD40 and B7-2 (CDS6) were significantly up-regulated (not shown). These results 
suggest that anti-CD44 antibodies which induce DC aggregation also have an effect on 
MHC class II surface expression and phenotypic markers reflecting enhanced cell matura
tion. 

3. DISCUSSION 

This study shows that (i) the expression of CD44 and variant isoforms containing 
the v3, v6 or v9 exon undergoes regulation during DC differenciation from monocytes and 
subsequent DC stimulation by TNF-a; (ii) that mAb triggering of CD44 v6-containing 
isoforms induces DC aggregation and phenotypic maturation; and (iii) that stimulation 
with the Jl73 mAb, recognizing all CD44 forms, induces in addition IL-6 and IL-S secre
tion. 
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CD44 variants containing exon v9 are down-regulated in DCs compared to mono
cytes (Fig.2). Variants containing v3, in contrast, are more strongly expressed by DCs 
than by monocytes. Activation of DCs with TNF-a induces the up-regulation of v3, v6 
and v9-containing variants. Interestingly, v6-containing isoforms have been implicated 
both in tumor metastasis to lymph nodes('4.'S) and in lymphocyte activation(l2·'6). It has 
been suggested that retention of cells in the lymph nodes might be mediated through inter
action of CD44v6 with an unknown ligand(2). Such a function would be of interest in the 
case of DCs, known to migrate to draining lymph nodes following in vivo TNF-a stimula
tion(l7). 

To try to mimic the effect of ligand binding to CD44 molecules on the cell surface 
of DCs, a panel of mAbs was tested on cultured immature DCs. Stimulation with 1173 
may mimic ligation by the CD44 ligand hyaluronate, since this mAb has been reported to 
inhibit hyaluronate binding by T cells(l81. DC aggregation was induced not only upon 
treatment with 1173 (anti-standard CD44) but also with an anti-CD44v6 mAb. Concommi
tantly, stimulation using 1173 or anti-CD44v6 mAbs induced phenotypic maturation of 
DCs. Up-regulation of MHC class II antigen as well as B7-2 and CD40 expression is 
characteristic of DC maturation observed following TNF-a stimulation( 10). Triggering of 
CD44 molecules and particularly of v6-containing isoforms therefore appears to transduce 
an activation signal to DCs, resulting in enhanced cell-cell adhesiveness and up-regulation 
of accessory molecules involved in DC interaction with T cells. Stimulation with 1173, but 
not with the anti-CD44v6 mAb, induced IL-6 and IL-8 release by DCs. This discrepancy 
can be explained either by the lower cell surface expression of CD44v6, whose triggering 
may not be sufficient to induce a signal for cytokine secretion, or by a distinct function of 
this CD44 isoform. Interestingly, monocytes stimulated with anti-standard CD44 mAbs 
have been found to secrete TNF-a, IL-I~ and M_CSF(19.20i. Secretion ofTNF-a or IL-l~ is 
not induced upon 1173-mediated triggering of CD44 on DCs (results not shown). This in
dicates that the pattern of cytokines secreted upon CD44 stimulation varies upon mono
cyte differentiation into DCs. 

This study shows that stimulation of DCs via CD44 surface receptors (in particular 
v6-containing variants) can induce signals leading to phenotypic and functional changes 
characteristic of DC maturation, and suggests that CD44 binding on the cell surface may 
regulate important DC functions in vivo. 
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1. INTRODUCTION 

Recent advances in the field have made increasingly clear that dendritic cells (DC) 
are heterogeneous in function, localization and developmental derivation I. In the spleen, 
two populations of DC have been demonstrated which show differences in location and 
immunophenotype2.~. Classic interdigitating cells (lDC) are located in the T cell areas of 
the splenic white pulp, whereas a less well characterized population of DC is situated in 
patches just outside the marginal zone. The developmental relationship between these two 
populations, however, is unclear. In the present study, we wished to explore the functional 
and phenotypic characteristics of splenic DC, and especially of the marginal DC popula
tion. The relevance of this aim was indicated by the observation that the majority of 
freshly isolated splenic DC is derived from this marginal population~. More specifically, 
we approached the question whether marginal DC are capable of endocytosing particulate 
antigens in vivo, since the spleen is important in the initiation of immune responses 
against circulating antigens. In immature developmental stages, DC may show uptake of 
solutes by means of macropinocytosis, but their phagocytic capacities are thought to be 
limited (discussed in ref. 4). 

2. RESULTS AND DISCUSSION 

To assess the in vivo phagocytic capacity of splenic DC, we intravenously injected
liposomes loaded with the drug c1odronate (dichloromethylene-bisphosphonate, a gift 
from Boehringer Mannheim GmbH, Mannheim, Germany). Extensive characterization of 
this method has shown that c1odronate, when encapsulated in liposomes and applied i.v., 
only affects the phagocytic cells that are in close contact to the circulation, i.e. macro-
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Figure 1. Splenic marginal DC, but not JDC are de
pleted by in vivo clodronate-liposome treatment as 
determined by CDI3/ER-BMDMI labeling. 
C57BLl6 mice were injected i.v. with 200 JlI PBS (a) 
or 200 JlI c1odronate-liposomes (b). prepared as de
scribeds. Two days later, mice were sacrificed by 
CO2 exposure and spleens were removed. Efficacy of 
clodronate-Iiposome treatment was determined by 
assessing the successful depletion of red pulp macro
phages using F4/80 immunolabeling (not shown). 
Presence of DC was determined by ER-BMDM I im
munolabeling. The open arrow indicates interdigita
ting cells in the T cell area of the white pulp; the 
closed arrow indicates marginal dendritic cells at the 
border of the red pulp. Original magnification x 100. 

phages in spleen and Kupffer cells in liver (reviewed in ref. 5). The presence of the differ
ent DC populations in clodronate- and PBS-treated spleens was detected using CDI3 mAb 
ER-BMDMI6. In previous studies we have shown that CD13 is a useful marker for exam
ining in vivo distribution of DC6.7• Under steady-state conditions, CD 13 expression is rela
tively restricted to DC, although macrophages derived from culture or in vivo 
inflammation and macrophage cell lines may also express high levels of CD 13. The same 
holds true, however, for other DC-markers such as NLDC-145 / DEC-205 and N41S / 
CDllc8• 

Figure I a shows that the IDC population in the T cell area of the white pulp and the 
larger marginal DC population are readily detected in a control mouse by ER-BMDMI la
beling. Two days after clodronate-liposome treatment, however, the marginal DC popula
tion has vanished completely, whereas the IDC population is undisturbed (Fig. I b). 

To confirm that the disappearance of marginal DC by clodronate-liposomes was 
caused by actual phagocytosis of the liposomes, and not a mere stress-induced response, 
we injected i.v. liposomes labeled with the fluorochrome Dil and asked whether these 
were endocytosed by the DC. 

Figure 2A shows that indeed the majority of splenic DC, identified as N4lShi cells, 
were labeled with Dil as indication of liposome phagocytosis during the overnight period 
after administration of the liposomes. Macrophages, identified as F4/S0hi cells, were simi
larly phagocytic, as expected (Fig. 2B). The white pulp IDC, which constitute about 30% 
of all isolated spleen DC, are not likely to contribute to the phagocytic DC population as 
they were not affected by the similarly applied clodronate-liposomes. Therefore, we con
clude that most if not all marginal DC are phagocytic. 

The typical macrophage characteristic of phagocytosis, expressed by marginal DC in 
vivo, raised the question whether these cells also express cell surface markers charac-
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Figure 2. Splenic DC phagocytose in I'ivo applied Dil-liposomes. Spleens were obtained ISh after administration 
of Dil-liposomes (Dil-lipo) or PBS (control) and a single cell suspension was prepared over a 100 11m filter after 
collagenase I DNase treatment. Cells were stained for tlowcytometry using N4l8 (COlic) or F4/80 followed by 
the appropriate second step reagents to identify OC (A) and macrophages (B). respectively. Uptake of Oil 
Iiposomes was determined by gating on N418h' or F4/80h' cells as indicated. 

teristic of macrophages. Therefore, we isolated total spleen cells from control mice and 
performed double labeling using N418, as a means to identify DC, and a panel of DC and 
macrophage markers. 

Figure 3 shows that DC in freshly isolated spleen suspensions express high levels of 
MHC class II antigens and a low, but uniform level of ER-BMDM I / CD 13 (aminopepti
dase N). Only a minority of these cells expresses NLDC-145 / DEC-205. This corresponds 
to the immunohistological findings on splenic DC, which indicate that only IDC in T cell 
areas express this marker. Thus, the phenotype of splenic DC reported here is in close 
agreement with data published before by others2. Interestingly, when we determined the 
expression levels of markers considered typical for tissue macrophages, we found fresh 
splenic DC to be uni formly positive for both F4/80 and Mac-I / CD 11 b (Fig. 3). There
fore, these data indicate that freshly isolated splenic DC express markers specific for DC 
as well as others specific for macrophages. 

In summary, in this study we confirm earlier reports that two subpopulations of 
splenic DC can be distinguished: interdigitating cells in the white pulp T cell area, and 
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Figure 3. Splenic DC express both DC- and macrophage-specific mark
ers. Fresh spleen cell suspensions were prepared from control mice as in
dicated earlier and labeled for tlowcytometry using N41S (CDllc) 
combined with anti-MHC class II. ER-BMDMI (CDI3) and NLDC-145 
(DEC-205) as DC markers and F4/S0 and Mac-I (CDllb) as macrophage 
markers. DC were identified in the samples by gating on N41Shi cells as 
indicated in Fig. 2A. Negative control fluorescence is indicated by the 
dotted line. 

marginal dendritic cells located in patches in the red pulp, just outside the marginal zone. 
The vast majority of the latter population shows phagocytic activity in vivo, as indicated 
by the depletion by clodronate-liposome treatment and the uptake of i. v administered fluo
rescently labeled liposomes. This rather unexpected in vivo phagocytic activity by DC 
supports and extends recent findings by Matsuno et al.9 , who observed particle-laden DC 
in peripheral hepatic lymph after i.v. administration of ink or latex particles. The freshly 
isolated splenic DC display a mixed phenotype of DC and macrophage markers. Upon 
culture, however, the cells develop a more DC-restricted phenotype, as indicated by the 
increased expression of DC markers and the decrease of macrophage markers (data not 
shown). In vitro studies using dendritic cell lines or bone marrow cultures have suggested 
that immature DC pass through a similar phagocytic life stage, with concurrent expression 
of macrophage markers, before developing into the potent immunostimulatory, non
phagocytic DC (refs. 10, II, and Ricciardi-Castagnoli et aI., personal communication). 
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Taken together, these data support the view that splenic marginal DC represent an imma
ture life stage in DC development, which displays a mixed phenotype and function be
tween macrophages and mature DC. Whether marginal DC develop into the more mature 
white pulp IDC remains to be established. 
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1. INTRODUCTION 

Migration is an inherent and prominent quality of dendritic cells (DC)'·2. In the past 
years numerous studies have analysed this aspect of DC biology. Quantitative aspects of DC 
migration have been tested in whole animal assays using different methods such as Iymph
cannulation3 or fluorescence labelling of migrating cells4•s. Skin-explant emigration assays 
were applied for in vitro studies6•7• Single DC have been investigated migrating on plastic sur
faces8•9• We describe here a novel method for the analysis of individual cells migrating within 
a 3D-collagen substratum. The technique applies and further extends a system previously de
scribed by Friedl lO for the analysis of lymphocyte migration. Using viable or fixed cells, the 
simultaneous visualisation and 3D-reconstruction of dynamic cell-interactions with the sur
rounding collagen-environment as well as the distribution of structures on the cell surface al
lows a more detailed analysis of the cell biology underlying the process of DC migration. 

2. MATERIALS AND METHODS 

2.1. Cells 

Murine epidermal Langerhans cells (LC) and bone marrow dendritic cells (bmDC) 
were prepared from specific pathogen-free BALB/c mice (Charles River Wiga GmbH, 
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Sulzfeld) by methods described by Schuler and Koch ll and Inaba, respectivelyl2. Human 
DC were prepared from PBMC-enriched cultures as described by Romani 13. All prepara
tions contained DC at a purity of 75-95% as judged by morphology. 

2.2. Preparation of Collagen-Matrices and Staining Procedures 

Collagen matrices were prepared as described 10. Briefly, purified cells were resus
pended in a solution containing dermal bovine collagen (Collagen Corp., Palo Alto, Ca.) 
in minimal essential medium (Flow, McLean, Vi.). The final concentration for collagen 
was 1.7 mg/ml. This solution was filled into a self-constructed chamber, allowed to po
lymerise for 20 min (37°C, 5% CO2) and subsequently overlaid with media (RPMI, 10% 
FCS (Seromed, Berlin, Germany), I mM L-Glutamine, 50 ~M 2-ME, 50 ~glml gentamicin 
sulphate, adjusted to pH 7.4). For the analysis of surface structures viable cells were im
munostained before incorporation into the collagen lattice. Therefore, cells were incubated 
with the primary anti MHC II antibody (L243, ATCC HB 55 hybridoma supernatant; 
B2112, ATCC TIB 229, hybridoma supernatant) for 20 min at 4°C, washed twice and then 
incubated with 10 ~glml lissamine-rhodamine (LRSC)-conjugated secondary goat-anti 
mouse or goat-anti rat IgG-F(ab)'-fragment (Dianova, Hamburg, Germany) for 20 min at 
4°C. After two additional washing steps cells were incorporated within collagen lattices. 

Figure I. Morphology and migration of dendritic cells within a 30-collagen matrix. Murine epidennal LC (A) or 
cultured human DC (B·O) were embedded within a 3D-collagen matrix (for details see materials and methods). 
The system was kept at 37°C and the shape of individual cells was recorded on a confocal-scanning microscope in 
the transmission light channel. (A) shows a single frame ofa murine cultured LC optimised for the representation 
of dendritic processes. (8-0) show sequential states of a time-series analysis of a cultured human DC. The visual 
field was kept constant to elucidate the relative movement of the cell body. As indicated by the numbers. the cell 
made a 90° left tum within 135 seconds of observation. 
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Fixed samples were obtained by incubating a polymerised gel with a solution containing 
4% para-formaldehyde in PBS (20 min., 37°C, 5% CO2 ). The fixative was also prewar
med to 37°C to avoid a drop of the temperature during the reaction, which resulted in a 
loss of the typical dendritic appearance of the cells. 

2.3. Analysis of Cell Morphology and Immunofluorescence by 
Confocal Microscopy 

Cells embedded within collagen lattices were analysed on an inverted confocal
scanning microscope (Leica TCS 4D, Bensheim, Germany) as described (Friedl, manu
script submitted). For viable samples the system was kept at a temperature of 37°C. In all 
experiments a 63x oil immersion objective was used. Cell morphology was detected in the 
transmission light channel. For the analysis of cell-interactions with the surrounding sub
stratum the reflection signals of both the cell body and the collagen fibres were recorded 
simultaneously. Laser light of 488 and 568 nm was introduced into the sample. The re
flected light was passed through a trichroitic-Filter and short wavelengths were separated 
from the fluorescence using a 580 nm long-pass filter before detection in photomultiplier 
(PMT) I. LRSC-fluorescence was simultaneously detected in PMT 2. Time series analy
ses of viable DC in the process of migration were recorded at a time interval of 15 
sec/frame at fixed x-y-z-positions for a maximum period of 14 min. For the analysis of the 
3D-structure the cell body was sectioned in steps of I ~m in z-direction and the reflection 
signal in each x-y-plane was recorded. From these sections a topographical image was cal
culated using the TCS-4D software. 

3. RESULTS 

3.1. DC Embedded within 3D-Collagen Matrices Develop a Typical 
Morphology and Are Able to Migrate 

The characteristical morphology of DC has been described for both cells in solution 
as well as in fixed histological samples l4 • Thus, the first question we addressed was, 
whether DC would be able to develop this phenotype again after the stressing procedure 
of separation and subsequent embedding within a 3-D collagen matrix. In collagen lattices 
DC formed the extended processes of the cell membrane which are characteristic for this 
cell type (Fig. I). These pseudopods showed a permanent dynamic motility. Furthermore, 
cells were kept viable for several days (not shown) and exhibited considerable locomotion 
throughout (Fig. I). 

3.2. Upon Migration DC Attach to Collagen Fibres and Displace Them 
Elastically 

As obvious from 3D-reconstructed z-sections of fixed samples (Fig. 2A), cell bodies 
were deeply embedded within a tight meshwork of collagen fibres. Considering this fact 
the question was, how the cells could accomplish the observed migration pattern men
tioned in 3.1. Confocal reflection time series of viable cells demonstrated that upon migra
tion DC interacted with individual collagen fibres and were able to bend and displace 
them (Figs. 2B-D). Additionally, cells could strongly reduce the cell diameter and squeeze 
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Figure 2. Confocal reflection analysis of human DC in 3D-collagen lattices. Human cultured DC were incorpo
rated within a 3D-collagen lattice. The 3D-shape ofa fixed cell in context with the surrounding collagen fibres re
constructed from sequential z-sections shows intensive interactions with the substratum on two opposite sides of 
the cell (A, arrowheads). The corresponding transmission light image shows the overall dimensions of the ob
served cell (A, right picture, arrowheads). Viable cells of the same type were recorded while migrating within a 
3D-collagen matrix. The reflection signal of a cell is shown at the beginning of a movement (B) as well as 75 (C) 
and 105 seconds later (D). Note the pushing of a collagen fibre (B) followed by pulling (C). After its release (D) 
the fibre slid back into an intennediate position (8-0, arrowheads). The corresponding transmission light image of 
the same cell is shown in E-O. The trailing edge of the cell is extended and tied up (black arrowheads in E) during 
the crossing of a narrow pore and later retracted (F) while the cell orientates upwards (0). 

themselves through narrow pores (Fig. 2 E-G). Thereby, the meshwork of collagen fibres 
imprinted deep constriction rings on the cell body (Fig. 2E, arrowheads). Also as a result 
of this process collagen fibres were delocalised up to several ~m (Fig. 2B/C). This distor
tion of the collagen microenvironment was fully elastic and completely reversible. None 
of the changes did perpetually alter the collagen structure and no fibre destruction was ob
served. 

3.3. MHC II Is Evenly Distributed on the Surface of Migrating DC 

DC are known to express extremely high levels of MHC II' . Consequently, exploit
ing the ability of DC to transiently adhere to and spread on glass surfaces (Fig. 3A) we 
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Figure 3. DC in liquid culture versus 3D-collagen lattice: comparison of the staining pattern for MHC II. Viable 
human cultured DC adhering on a glass surface (A transmission light I B fluorescence image) or murine bone mar
row DC embedded within a 3D-collagen lattice (C/D) were stained for MHC II and the obtained fluorescent label
ling subsequently analysed in a confocal-scanning microscope (B-D). (C) and (D) are two shapes of a motile cell 
as it appeared within 75 seconds of a movement. Note that a homogeneously strong staining of the whole mem
brane was achieved in media alone as well as in a collagen lattice. Upon migration long dendritic processes were 
retracted. A more intensive signal was detectable after involution of such processes (D, arrowheads). The strong 
intracellular fluorescence of the cell in (C) and (D), which is absent in the sample stained in media alone signals 
internalised MHC II molecules. Scalcbar is 10 11m. 

could use immunostaining of class II receptors to label even the finest dendritic processes 
of a DC in solution (Fig. 3B). We were interested, whether a comparable type of MHC II 
distribution would occur within a 3D-collagen matrix and whether the process of locomo
tion would affect this staining-pattern. In the 3D-collagen environment no patching or 
capping of MHC II was detectable (Fig. 3 C and D). Also upon migration MHC II re
mained evenly distributed on the cell surface. Interestingly, a major intracellular staining 
signal occurred, which represented internalised MHC II molecules. On areas of the cell 
surface, where long dendritic processes had been retracted into the mass of the cell body, 
an increased amount of staining was noticed (Fig. 3 D, arrowheads), suggesting higher 
concentrations of MHC II. However, further investigation is required whether this results 
from patching or clustering of MHC II on the cell surface or increased folding of the cell 
membrane below the limit of resolution of light microscopy. 
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4. DISCUSSION 

Embedding purified DC within a 3D-lattice consisting of collagen offers the possi
bility to study the biology of individual DC in context with an ECM-like environment. We 
were able to show that within these collagen lattices DC develop a morphology charac
terised by many dendritic processes. Furthermore, time-series analyses revealed a high 
motility of these pseudopods which was accompanied by effective locomotion of the cell 
body (Fig. I). Both observations, dendritic shape and migration, have always been de
scribed as hallmark of DC I . Confocal reflection analysis elucidates the mechanism by 
which DC may overcome the physical resistance of an ECM environment. Reflection 
time-series of migrating DC showed that the cells multi focally interacted with individual 
fibres. In addition, migrating DC were able to strongly decrease their diameter in order to 
cross narrow pores of the lattice (Fig. 2). In the process of migration DC were able to ap
ply tensile strength to the fibres which resulted in their mechanical bending and disloca
tion, not, however, any mechanical or proteolytic cleavage. All processes affecting the 
microstructure of the collagen lattice were reversible and did not permanently alter the 
structure of the matrix. This is in sharp difference to observations made with migrating 
metastatic melanoma cells, which drastically and permanently reorganised the collagen 
lattice (Friedl et ai, manuscript submitted). 

Immunolabelling of DC with a class II monoclonal antibody and subsequent analy
sis of cell-dynamics within 3D-collagen lattices allowed further insight into membrane 
processes during migration. Comparable to results obtained in liquid culture it was possi
ble to detect even the finest structures of the membrane of DC residing within a collagen 
environment (Fig. 3). Interestingly, upon migration, class II antigens remained homogene
ously distributed on the surface of the DC. This might open a way to analyse interactions 
between MHC II on DC and CD4 on T-cells during priming reactions and their influence 
on the distribution pattern of these molecules in an ECM-like environment. 

Furthermore, comparison between immature and mature states of DC, which are 
known to differ in their extent of MHC II-expression and -surface-stability I5.16 may lead to 
a better understanding of the cell biology underlying the maturation process 17• Finally, us
ing this technique for the analysis of surface receptors involved in migration (such as inte
grins and other adhesion molecules) could help identifying the relevant structures. 
Subsequently, approaches aiming towards the activation or inhibition of DC specific mi
gration strategiesl8, may be developed and tested with computer assisted cell-tracking in 
combination with confocal reflection analysis of migrating DC at the individual cell level 
in vitro. 

Note 

A video sequence of the cell shown in figure 3 (C/D) is available at the Internet
homepage of the Institute of Immunology, University of Witten/Herdecke under the fol
lowing address: http://www.uwh.de/videos/videos.htm. 
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SUBEPITHELIAL DOME 

S. A. Hopkins and 1. -Po Kraehenbuhl 

ISREC, Institute of Biochemistry 
University of Lausanne 
CH I 066 Epalinges, Switzerland 

1. INTRODUCTION 

Salmonella typhimurium is an enteropathogenic bacterium that invades the murine 
Peyer's patches (PP), the mucosal lymphoid tissue of the small intestine (I), and later 
spreads systemically resulting in a disease similar to typhoid fever in mice (2). 

Avirulent mutants of Salmonella have been generated which can be used as live vac
cine vectors, carrying foreign antigens to the mucosal immune system without causing 
disease (3). It is not known which antigen presenting cells in the PP are responsible for the 
presentation of Salmonella vaccines to the mucosal immune system. The three possible 
candidates are macrophages, B cells or dendritic cells. 

Our aim is to identify which mucosal antigen presenting cells in the PP associate 
with, process and present antigens derived from Salmonella typhimurium vaccine strains 
that express recombinant antigen. 

2. MATERIALS AND METHODS 

We used isogenic strains of a) wild type Salmonella typhimurium, b) Salmonella bear
ing the Phopc point mutation which attenuates bacterial survival within macrophages in vitro 
(4), and c) the !lcyacrp double mutation which attenuates bacterial metabolism (5). 

In order to visualize wild type and avirulent Salmonella typhimurium mutants after 
infection of murine PP, we transformed bacteria with a plasmid (pkk223.3, Pharmacia) 
containing the gene encoding green fluorescent protein (GFP), a jellyfish derived protein 
which absorbs light in the FITC range (6). Expression was verified by SDS PAGE analy
sis. 
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We then prepared frozen sections of PP derived from BALB/c mice immunized via 
the ligated loop technique (1), with either of the two mutants (PhoP" ,.1cyacrp) or the wild 
type strain all of which expressed GFP. Specific markers (N41S for dendritic cells (7), 
B220 for B cells (8) and mac-l (9) for macrophages and neuttophils) of different cell 
types were used in order to identify cells associated with bacteria. 

Numbers of bacteria expressing the foreign antigen GFP that persisted in the PP af
ter oral infection were quantified at different time points by homogenizing the PP and 
enumerating the plasmid containing bacteria on agar plates. 

PP cell suspensions from mice immunized 3d previously were treated with gentami
cin to kill extracellular bacteria, then washed and lysed to determine the numbers of per
sisting intracellular bacteria. 

F ACS anlaysis of PP cells 24h after oral immunization was performed to determine 
the percentage of cells that were associated with fluorescent bacteria. 

3. RESULTS 

The 65kD GFP was stably expressed in vitro by all strains of Salmonella ty
phimurium, as verified by SDS PAGE (data not shown), enabling them to absorb light in 
the FITC range and to emit green fluorescence. 

All strains of fluorescent bacteria, were observed in the subepithelial dome (SED) 
region of PP 4h after ligated loop injection. These bacteria colocalized with the N41S+ 
population of dendritic cells (data not shown). 

There were also a large number of B220+ B cells in this region, while relatively few 
cells of the SED stained positively for the mac-l marker of macrophages and neutrophils, 
and no colocalization with bacteria was observed for these cells (data not shown). 

Avirulent strains of Salmonella typhimurium containing the GFP plasmid persisted 
for several weeks in PP of orally immunized mice, while infection with wild type Salmo
nella typhimurium resulted in lethality of mice after less than one week. 

Incubation of PP cells with gentamicin killed extracellular bacteria and demon
strated that a proportion of the avirulent mutants were intracellular in the PP after 3 days. 

F ACS analysis 24h after oral immunization with the three strains expressing GFP 
showed only a very low percentage of PP cells associated with fluorescent bacteria in 
mice immunized with the two avirulent mutants. Mice infected with wild type Salmonella 
typhimurium expressing GFP had a 10% increase in the number of FITC+ cells compared 
to uninfected control PP cells, but this was not due to the GFP, as wild type bacteria alone 
also induced a 10% increase in autofluorescent cells. 

Table 1. Persistence of different strains of Salmonella typhimurium expressing 
GFP in the PP of orally immunized mice (log number of colony 

forming units of bacterial mouse) 

Days post oral 
immunization PhoP< (GFP) cyacrp (GFP) Wild type (GFP) 

I 4±O.7 2.2±0.3 2.4±0.5 
3 3.4±0.OS 3.8±0.01 3.7±0.3 

10 3.1±0.2 3.4±0.2 no survivors 
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4. DISCUSSION 

Table 2. FACS Analysis of PP cells from mice orally 
immunized 24h previously with avirulent and wild type 

strains expressing GFP, and also those infected 
with wild type bacteria alone 

Salmonella strain 

Phop' (GFP) 
cya Clp (GFP) 
Wild type (GFP) 
Wild type alone 

FITC + Peyer's patch cells 

0.5% 
0.1% 

10% 
10% 
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Although in vitro studies have concentrated on the uptake of Salmonella ty
phimurium by macrophages (4), we observed that both wild type and two attenuated mu
tants associated with N418+ dendritic cells 4h after the incubation of ligated loops of 
intestine with bacteria, and that there are in fact few macrophages in the SED of the PP, 
see figure 2. 

PhoP' mutants are attenuated in survival within macrophages in vitro (4), but never
theless persisted for several weeks in PP after oral immunization and were shown to be in
tracellular. It is possible that they survived within the dendritic cells of the PP. The 
bacteria could be transported by migrating dendritic cells to the mesenteric lymph nodes 
and spleen. Mayrhofer et a\'(IO) showed that afferent intestinal lymph veiled cells from 

Figure 1. Gentamicin assay to identify intracellular bacteria in PP 3d after immunization with avirulent mutant 
Salmonella typhimurium .(Iog number of colony forming units of bacteria/mouse). 
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Figure 2. Schematic diagram of invasion of subepithelial dome by fluorescent bacteria and colocalization with 
dendritic cells. 

rats infected with Salmonella typhimurium contained intracellular bacteria and could 
therefore be involved in carrying bacteria from the gut to the regional lymph nodes. 

Wild type Salmonella but not the avirulent mutants induced an infiltration of auto
fluorescent mac 1 + cells, probably neutrophils into the PP 24h after oral immunization. 
The characterization of these cells is underway. 

As murine PP dendritic cells are highly potent antigen presenting cells (11&12), it is 
likely that they are responsible for presenting antigens derived from Salmonella attenuated 
vaccines to mucosal PP T cells, resulting in an antigen specific mucosal immune response 
at local and distant sites (13). 

Salmonella 
typhimurium W 
in lumen of ............ W ~ 
ligated loop ~ r f 

1'l 

dendritic cell 

Mcell 

Diagram 1 

subepithelial 
dome of 
Peyer's patch 
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The presentation of Salmonella vaccine strains by infected PP dendritic cells to 
primed T cells is currently under investigation, as is the precise cellular compartment oc
cupied by the bacteria within the dendritic cell. 
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1. INTRODUCTION 

18 

The gastroinstestinal mucosa is continously exposed to food-derived antigens, resi
dent microorganisms and invading pathogens. Correct antigen sampling and handling is 
essential for regulation and maintenance of mucosal immune responses against these fac
tors However, antigen transport through the epithelium, uptake, processing and presenta
tion by specialized cells in vivo are important steps in the initiation of a defined immune 
response (or tolerance) in the gut. 

In the gastroinstestinal tract, antigen presenting cells, such as macrophages, den
dritic cells (DCs) and B-cells, are mainly present in the lamina propria, Peyer's patches 
(PP's) and draining lymph nodes. Recently, two different populations of dendritic cells 
could be observed in the PP's (I): a population of interdigitating dendritic cells 
(NLDC14S+,CDllc+) in the interfollicular areas, whereas a dense layer of NLDCI45" 
CDllc+ cells could be observed just beneath the dome epithelium, This strategical loca
tion of PP's CDllc+ cells, points to a possible participation of this cell population in 
capturing and processing of luminal antigens crossing from the gut lumen into the lym
phoid follicles via specialized M cells (Fig. I). In this context, we are interested to investi
gate the possible role of PP's CDllc+ cells as immature "sentinel" DC. We compared 
freshly isolated DC (f-DC) and in vitro matured DC (c-DC) to examine differences in 
morphology, surface marker expression, endocytic ability as well as antigen processing 
and presentation capacity. 

2. MATERIALS AND METHODS 

Fresh (day 0, f-DC) and cultured (day I, c-DC) CDllc+ from PP's of BALB/c mice 
were prepared using a previously described method (2). In vitro maturation was induced by 
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Figure I. Two distinct populations of dendritic cells localized in the PP's. Interdigitating dendritic cells 
(NLDCI4S·CDllc·) in the interfollicular areas and a dense layer ofNLDCI4S"CDllc· dendritic cells just beneath 
the dome epithelium. 

24 h culture in presence of GM-CSF (20 nglml) and TNF-a (50 nglml) or by binding the 
CD40 molecule. A panel ofmAb (anti- I-A, anti-CD44, anti-ICAM-l, anti-NLDCI45, anti
CD40, anti-B7.1, anti-B7.2) was tested on f-DC and c-DC, respectively, using a FACScan®. 

For the F ACS-analysis, DC were cocultured with irradiated J558 cells, expressing a 
membrane form of mouse CD40 ligand (mCD40L) (kindly provided by P. Lane, Basel In
titute for Immunology), for radioactive pulsing and antigen-uptake experiments the cells 
were stimulated with purified anti-CD40 antibody (kindly provided by T. Rolink, Basel 
Intitute for Immunology) because of the interference of the transfected CD40LlJ558 cells. 

T cell stimulation assays (MLR and oxidative mitogenesis) were performed as fol
lows: DC from PP's (f-DC and c-DC) were irradiated with 2000 rad and mixed at graded 
doses with 2x 105 purified T cells in 96-well plates. For oxidative mitogenesis, we used 
syngeneic periodate-treated T cells (H_2d), and for allogeneic MLR assays allogeneic T 
cells isolated from C3H/He mice (H_2k). T cell proliferation was assessed by 3H-thymid
ine (I ~Ci/well) uptake. 

For metabolic labelling, freshly isolated and in vitro stimulated CDllc+ cells (GM
CSF + TNF-a and anti-CD40) were incubated for 1 h with eSS]methionine/cysteine mix, 
immunoprecipitated with MHC class II (N22), invariant chain (\n-I) antibodies and ana
lyzed by SDS-PAGE. 

Freshly sorted or in vitro stimulated cells were split into equal volumes and either 
kept on ice or incubated at 37°C in presence of FITC-Iabelled ovalbumin at a concentra
tion of I mg/ml. The uptake of ovalbumin was monitored every 30 min for a period of 150 
min. Three cell washings with cold PBS were performed and the fluorescence intensity 
was measured immediately on a F ACScan®. 

The processing and presentation activity of f-DC and c-DC (GM-CFS + TNF-a and 
anti-CD40) from pP's was measured by co-culturing with the ovalbumin-specific 
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DOl 1.10 T cells obtained from ovalbumin TRC transgenic mice. CDllc· cells (1 X 104) 

were pulsed for 3 h with 1 mg/ml whole protein ovalbumin, with 10 ~M 323-339 ovalbu
min peptide and only medium without any antigen and cocultured with T cells (4x I 04). 

Proliferation was assessed by 3H-thymidine (l~Ci/well) incorporation. 

3. RESULTS AND DISCUSSION 

Previous findings have demostrated that populations of DC in certain tissues such as 
spleen (3), skin (4) and blood (5) are immunological immature because of reduced T cell 
stimulatory activity that rapidly develops upon in vitro stimulation via cytokines and 
CD40 crosslinking. We postulate that a similar population of immature DCs is localized in 
the dome region of the PP's capable to interact with antigens penetrating from the gut lu
men into the PP's via the M-cells. 

We developed a method for isolation ofa highly purified population ofCDllc· cells 
involving enzymatic digestion, density centrifugation and cell sorting on the basis of 
CD 11 c epression. The obtained cells display a transient adherence capacity and when ap
propriately stimulated (anti-CD40 or GM-CSF and TNF-a, respectively) they undergo 
phenotypic and functional changes similar to those described for Langerhans cells. In vitro 
maturation is associated with upregulation of surface marker expression, such as MHC 
class II, adhesion molecules (ICAM-I, CD44), costimulatory molecules (B7.1 and B7.2) 
and, in the case of cytokine treatment, of CD40 expression. In addition, all stimulated 
CDllc· cells expressed the NLDCl45 marker restricted to interdigitating-DC known to be 
specific for mature DC. Furthermore, biosynthesis rates of MHC class II and invariant 
chain and pinocytosis of soluble antigens such as ovalbumin are markedely reduced or 
abolished during in vitro stimulation. On the other hand, freshly isolated PP's CDllc· 
cells actively process exogenous antigens and synthetize at high rate MHC class II and in
variant chain, essential requirements of an efficient antigen loading. However. downregu
lation of the capacity to process soluble native antigens recipocally correletes with the 
capacity to sentitize unprimed T cells. In fact, after 24 h stimulation, they differentiate 
into cells expressing the necessary accessory molecules and signals to stimulate non-sensi
tized naive T cells as shown in the illustrated MLR and oxidative mitogenesis assays. 

These findings clearly demonstrate that freshly isolated murine PP's CDllc· cells 
display characteristic features for immature DCs pointing to a crucial in vivo relevance of 
their counterparts localized in the dome region of the follicle. These observations further 
suggest that PP DC, like Langerhans cells ofthe skin, might exhist in two functionally dis
tinct forms. The first, capable of antigen-processing ability, could be a sort of sentinel 
APC strategically located in the dome area were luminal antigen are penetreting, whereas 
the second, by upregulation of surface ligands and accessory signals, could be potent im
munostimulatory dendritic cells able to stimulate naive or unprimed T cells. Whether this 
activation occurs in the T-cells areas of the PP's itself or in distant lymphoid tissues will 
be topic of further investigations. 
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1. INTRODUCTION 

Dendritic cell (DC) progenitors can be propagated from normal mouse liver non
parenchymal cell suspensions in the presence of granulocyte/macrophage colony stimulat
ing factor (GM-CSF). These cells strongly express CD45, CDllb, heat stable antigen and 
CD44 cell surface markers. They exhibit moderate to low levels of expression of mouse 
DC-restricted markers (DEC-205, 33Dl and N418 [CDllc]) as well as low levels ofMHC 
class II and B7-2 molecules, features characteristic of "immature" mouse DC. 1.2.3 We have 
shown previously that these cells can be induced to express a mature DC phenotype and 
function (allostimulatory activity) following exposure to type-I collagen I, a molecule that 
is spatially associated with DC in the portal triads of normal liver.4-7 Here we report that 
these liver DC progenitors can also be induced to maturation in the presence of other ex
tracellular matrix (ECM) proteins, namely fibronectin and laminin. Fibronectin is present 
along hepatic sinusoids of the liver, while laminin is localized on basement membranes 
along bile duct systems and blood vessels.4 

Liver DC progenitors were propagated from normal mice or from animals treated 
with FIt3 ligand (FL). FL is a hematopoietic growth factor which markedly increases the 
number of progenitor/stem cells in vivo and strikingly augments DC numbers in mouse 
lymphoid and non-lymphoid tissues.8.Q The DC progenitors propagated from normal of 
FL-treated mouse liver have a typical immature DC phenotype and weak allostimulatory 
capacity (Drakes et aI., manuscript in preparation). 

Dendritic Cells in Fundamental and Clinical Immunology 
edited by Ricciardi-Castagnoli, Plenum Press, New York, 1997 115 



116 M. L. Drakes et aL 

2. MATERIALS AND METHODS 

2.1. Animals 

Adult 8-12 week old male BIO.BR (H-2\ I-E+), C57BLl1OSJ (BIO; H_2b, I_Ab, I-E') 
and C3H/HeJ (C3H; H_2k, I_Ak, I_Ek) were purchased from The Jackson Laboratory (Bar 
Harbor, ME). 

2.2. Flt3 Ligand (FL) Treatment of Mice 

CHO-cell derived human Flt3 ligand (FL) (0.025ng endotoxin/mg Fit3 L) (Immunex 
Corp., Seattle, W A) was administered intraperitoneally for 10 days to B 10 mice at a dose 
of 1OJ.1g/mouse/day in Hanks' Balance Salts Solution (HBSS; Life Technologies, Gaithers
burg, MD). 

2.3. Isolation of Non-Parenchymal Cells (NPC) from Liver 

Liver NPC were isolated from B 10.BR or B 10 mice as described elsewhere in detail. I 

2.4. Culture of NPC with GM-CSF 

2 X 106 liver NPC were cultured in Iml volumes in each well of a 24-well plate in 
RPMI-I640 (Life Technologies) supplemented with 10% FCS and 4ng/ml GM-CSF (R&D 
Systems, Minneapolis, MN). Cultures were fed every other day by removing 50% super
natant from the top of the well and replenishing with an equivalent volume of GM-CSF 
containing medium. This process was designed to remove non-adherent granulocytes, 
without dislodging clusters of developing DC that attached loosely to firmly adherent 
macrophages. At day 7 for untreated mice, and day 4 for FL-treated mice, the non-adher
ent low buoyant-density cells were removed for study. 

2.5. Culture of Liver DC Progenitors on Extracellular Matrix (ECM) 
Protein-Coated Plates 

Each well ofa 24-well plate was coated with either type-I collagen purified from rat 
tail tendon (Sigma; 50J.1g/ml in 0.02 N acetic acid) or fibronectin from bovine plasma 
(Sigma, St. Louis, MO, 2J.1g/ml) or laminin from basement membrane of Engelbreth
Holm-Swarm mouse sarcoma (Sigma;2 /lg/ml). Plates were left at 37°C for 1 hour, then 
allowed to air dry. They were washed twice in RPMI-1640 containing 10% heat inacti
vated FCS. Non-adherent cells from GM-CSF stimulated cultures were transferred to 
these plates or to uncoated or bovine serum albumin (BSA)-coated plates (I x 106 

cells/well) and grown in GM-CSF-containing medium as before for a further 3 days. 

2.6. Cell Surface Immunophenotypic Analysis 

The liver-derived cells were blocked with 10% goat serum for 20 min at 4°C and 
stained in HBSS with 1% BSA (Sigma). Monoclonal antibodies used included those di
rected against NLDC-145 (DEC-205; a kind gift from Dr. R.M. Steinman, the Rockefeller 
University, New York, N.Y.), CD40, CD32 (FcyRII), MHC class II (I_Ek or I-A B), and 
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CD86 (B7-2), which were all obtained from PharMingen, San Diego, CA. After staining, 
cells were fixed in 1 % paraformaldehyde and analyzed using a Coulter Elite ESP flow cy
tometer (Coulter Corp., Miami, FL). 

2.7. Mixed Leukocyte Cultures 

The allostimulatory activity of the liver-derived cells was measured in one-way 
mixed leukocyte cultures using spleen T cells as responders and y-irradiated (20Gy) 
stimulators. Cultures were maintained in RPMI-1640 with 10% FCS for 72h in a 5% CO, 
humidified incubator, and pulsed with l~Ci eH] TdR per well for the final 18hr. -

3. RESULTS 

3.1. Upregulation of Cell-Surface Molecules on DC Progenitors 
Following Exposure to ECM Proteins 

DC progenitors propagated from BIO.BR liver NPC were grown in the presence of 
GM-CSF for 7 days and transferred to uncoated plates or plates coated with type-l colla
gen or fibronectin and maintained for a further 3 days. Phenotypic analysis of the cells af
ter exposure to the ECM proteins showed marked upregulation of DEC-205, MHC class II 
(I-Ek) and B7-2 molecules. There was a decrease in FcyRII expression and no dramatic 
change in CD40 expression (Table 1). Preliminary results for laminin also showed similar 
changes in the phenotype of the cultured cells (data not shown). 

3.2. MLR Stimulatory Activity Following Exposure of Liver DC 
Progenitors to Fibronectin 

DC progenitors propagated from livers of BIO.BR mice were transferred to fi
bronectin-coated or uncoated plates for 3 days and their allostimulatory capacity assessed 
in mixed leukocyte reactions using varying numbers of stimulator cells and 2 x 105 B lOT 
cells per 96 well in round-bottomed plates as responders. DC removed from uncoated 

Table 1. Influence of ECM proteins on the surface phenotype of normal 
liver-derived DC progenitors 

% Positive Cells 

Antigen Uncoated Collagen Fibronectin 

DEC-205 15.6 47.5 35.7 
CD40 30.2 28.4 18.8 
FcyRII(CD32) 68.4 29.4 26.7 
I_Ek (MHC class II) 5.0 13.1 28.4 
B7-2 (CD86) 10.4 32.5 29.8 

Phenotypic characterization of IX progenitors after exposure to uncoated. fibronectin· or 
collagen.coated plates. DC progenitors released from 7 day GM·CSF stimulated cultures of 
normal liver NPC from B IO.BR mice were exposed to collagen or fibronectin in the contino 
ued presence of GM-CSF for a funher 3 days. Percent positive cells was obtained by sub· 
tracting the value obtained with control isotype·matched antibody from that obtained with 
the antigen specific antibody. 
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Figure 1. Allostimulatory activity ofr-irradiated, GM-CSF-stimulated BIO.BR DC progenitors following expo
sure to fibronectin-coated or uncoated plates. Controls included allogeneic B I O.BR spleen cells and syngeneic 
B 10 spleen cells. Responder cells were 2 x lOs B lOT cells in each well of a 96-well round bottomed plate. Values 
represent mean cpm of eH]TdR for triplicate cultures. DC progenitors cultured on fibronectin-coated plates in
duced strong allogeneic T cell responses compared with controls. 

plates were low stimulators of naive allogeneic T cells, while more potent stimulation of T 
cells was obtained with DC from fibronectin-coated plates (Figure I). Similar investiga
tions were undertaken with y-irradiated DC progenitors from FL-treated B I 0 mice, after 
exposure to collagen, fibronectin or laminin as stimulators, and with C3H T cells as re
sponders. Significant increases in allogeneic T cell stimulation were found in response to 
DC from ECM protein-coated plates as compared to those maintained on uncoated plates 
(Figure 2). This trend was similar to that observed in studies on DC progenitors from un
treated mice. 

4. DISCUSSION 

GM-CSF stimulated DC progenitors propagated from liver NPC of normal B IO.BR 
mice had low DEC-205, MHC class II (I_Ek) and B7-2 expression as is characteristic of"im
mature" liver DC. With exposure to the ECM proteins collagen, fibronectin or laminin, these 
parameters were upregulated, indicating phenotypic maturation of these cells. Changes in 
these parameters were also accompanied by an increase in allostimulatory capacity of the DC 
for T cells in MLR studies, as shown in the case offibronectin in Figure 1. To further investi
gate the allostimulatory capacity of ECM protein treated DC, we used DC progenitors from 
livers of FL treated mice, since it has been shown recently that this molecule significantly in
creases the numbers of stem/progenitor cells in organs such as spleen, BM or LN8•9 and in the 
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Figure 2. Allostimulatory activity of y irradiated DC progenitors propagated from livers of FL treated B I 0 mice 
using C3H T cells as responders. DC progenitors were maintained on fibronectin-, collagen-, or laminin·coated. or 
uncoated plates for 3 days (day 4--7) of culture. Controls include syngeneic C3H spleen cells and allogeneic B I 0 
spleen cells. Values represent mean cpm of ['HjTdR for triplicate wells. DC grown on ECM protcin-coated plates 
strongly stimulated allogeneic T cells. 

liver (Drakes et al., manuscript in preparation). This allowed us much greater numbers of pro
genitor cells for use in our investigations. The allostimulatory capacity of the DC progenitors 
was much enhanced after exposure to laminin, fibronectin or collagen-coated plates for 3 
days, when compared with those maintained on uncoated plates (Fig. 2). It is noteworthy that 
DC progenitors placed on BSA-coated plates as a negative protein control resulted in com
parative values for T cell stimulation to those obtained for DC on uncoated plates (data not 
shown). Collagen was used as a positive control since earlier studies in our laboratory showed 
increases in the parameters examined here when DC progenitors were subcultured on colla
gen-coated plates for 3 days. I 

ECM proteins are widely distributed throughout the body and can support cell mi
gration by providing attachment for many types of cells. Collagen for example, has been 
found in abundance in the portal triads of normal liver, fibronectin along hepatic 
sinusoids, and laminin along bile duct systems and blood vessels.4•7 In addition, receptors 
for collagen and laminin have been identified on murine T lymphocytes. lo Splenic and 
pulmonary DC have been shown to bind to fibronectin. II 

The maturation of liver DC progenitors in the presence of these ECM proteins sheds 
light on possible microenvironmental factors which may influence the phenotype and 
function of DC following their migration to liver from bone marrow. Alterations in ECM 
deposition, as occurs in liver fibrosis4.1 2 , hepatic cancer and chronic liver disease4 could 
possibly alter the function or phenotype of liver-infiltrating DC progenitors compared 
with those in normal liver. 
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Further studies to characterize the parameters that regulate liver DC maturation in 
the presence of ECM proteins and other molecules (in particular cytokines and liver cell 
growth factors) are under investigation. In this context FL is of value as an inducer of DC 
progenitors within the liver. 
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1. INTRODUCTION 

Following contact sensitization or other forms of cutaneous trauma epidermal 
Langerhans cells (LC) are stimulated to migrate from the skin and to travel, via afferent 
lymphatics, to draining lymph nodes. I We have demonstrated previously that tumour ne
crosis factor a (TNF-a), a keratinocyte-derived epidermal cytokine, provides one stimulus 
for LC migration. 2 It has been shown that intradermal injection of mice with homologous 
recombinant TNF-a induces a rapid reduction in the frequency of epidermal LC local to 
the site of exposure and results, somewhat later, in the accumulation of dendritic cells 
(DC) in draining lymph nodes. 1.4 Systemic (intraperitoneal) treatment of mice with a neu
tralizing anti-TNF-a antibody prior to topical sensitization with oxazolone, a potent con
tact allergen, was found to inhibit almost completely the accumulation of DC in draining 
nodes normally provoked by exposure to this chemical. Such treatment was found also to 
suppress the development of contact sensitization.5 In the present investigations we have 
examined whether another epidermal cytokine interleukin 1/3 (IL-I/3), a product of LC, 
also plays a role in LC migration. Attention has focused on IL-113 for three reasons. First, 
it has been shown that the development of contact hypersensitivity is compromised in IL-
113 gene deletion transgenics,6 or in mice that have been treated with an anti-IL-113 anti
body.7 Second, there is evidence suggesting that IL-l/3, a cytokine which is upregulated 
very rapidly following contact sensitization,S is able to provoke the increased expression 
of TNF-a by keratinocytes. 7 Third, it has been claimed on the basis of experiments per
formed with human skin explants that IL-113 may affect LC migration in vitro. <) We here 
describe investigations in which the influence of IL-113 and TNF-a on LC migration and 
DC accumulation were examined. 
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2. RESULTS 

Groups of BALB/c strain mice (n=3 for measurement of LC frequency, or n= 1 0 for 
evaluation of DC accumulation in draining lymph nodes) were treated, by intradermal in
jection (30~1) into both ear pinnae, either with SOng of recombinant murine TNF-a (spe
cific activity 2xIOBU/mg) or with the same amount of recombinant murine IL-IP (specific 
activity 1-2 x lOBU/mg). Additional groups of mice were exposed in the same way to 30~1 
of 0.1 % bovine serum albumin (BSA), the protein in which the cytokines were suspended. 
Further control animals were untreated. 

The frequency of epidermal LC local to the site of exposure was measured 30 min
utes and 2 hours following treatment. Epidermal sheets were prepared and LC identified 
as described previously using immunocytochemical assessment of MHC class II (la) anti
gen expression.4 In untreated mice the frequency ofLC in epidermal sheets remained rela
tively constant at approximately 900 LC/mm2• LC density in mice exposed for either 30 
minutes or 2 hours to BSA alone did not differ significantly from control values. Consis
tent with previous observations,4 intradermal treatment of mice with homologous TNF-a 
induced a rapid reduction in the frequency of epidermal LC that was apparent within 30 
minutes of exposure. In contrast, 30 minutes following treatment with IL-I P the density of 
LC in epidermal sheets was unchanged. Within 2 hours of treatment with either cytokine 
there was a clear and comparable reduction in LC numbers (Figure la). 

In parallel experiments the ability of TNF-a and IL-l P to induce the accumulation 
of DC in draining lymph nodes was measured. Lymph nodes were excised 2 and 4 hrs af
ter exposure, single cell suspensions prepared and DC enriched and enumerated as de
scribed previously.3 In this series of experiments lymph nodes taken from untreated 
control mice were found to contain between 1,500 and 2,200 DC. Treatment of mice with 
BSA alone failed to influence DC numbers. It has been reported previously3 that intrader
mal exposure of mice to homologous TNF-a induces within 2 hours an increase in the 
number of DC found within draining lymph nodes. In accord with those data such treat
ment was shown here to be associated with an approximate 2-fold increase in DC numbers 
by 2 hours and a further increase to over 5,000 DC/node when measurements were made 
at 4 hours. The frequency of DC in draining lymph nodes was increased by 4 hours fol
lowing exposure to IL-I 13, but not at 2 hours (Figure I b). 

3. DISCUSSION 

The data presented here demonstrate that dermal exposure of mice to homologous 
TNF-a induces a rapid movement of a proportion of LC away from the epidermis and the 
accumulation, somewhat later, of DC in draining lymph nodes. As such these results are in 
agreement with those of previous investigationsY It is apparent, however, that IL-I 13 also 
has the ability to stimulate LC migration and DC accumulation, albeit with somewhat 
slower kinetics. One possibility is that IL-I 13 serves to induce or upregulate the production 
by keratinocytes ofTNF-a that then acts on neighbouring LC to stimulate their migration. 
Certainly it has been shown that intradermal injection of mice with concentrations of IL-
113 comparable to those used here caused a very substantial increase in the epidermal ex
pression of mRNA for TNF-a. 7 The need for IL-IP to first induce the production of 
TNF-a would be consistent with the delayed kinetics of both LC migration and DC accu
mulation compared with those observed in mice exposed to TNF-a itself. Alternatively, or 
additionally, IL-I 13 may influence directly the activity of LC; this being a possibility since 



Sdmuladon of Langerbanl Cell Migradon In Mice 

30 mins 

a 10 

I ! -~ s 
0 I T'"" 

X -N 6 
E 
E 
(34 
...J 

2 

BSA TNF-a. IL-l~ 

2 hrs 

b 6 

5 -'? 
0 4 
T'"" 

X - 3 
Cll 

"'C 
0 
c: 2 
U 
0 

BSA TNF-a. IL-l~ 

10 

q's 
o ..... 
x 
;:'6 
E 
E 
(3 4 
.....J 

2 

6 

5 -'" :::, 4 
T'"" 

C 
Cll 3 

"'C 
0 
c: 2 --0 
0 

123 

2 hrs 

I • 

! 

BSA TNF-a IL-l~ 

4 hrs 

BSA TNF-a IL-l~ 

Figure t. Influence of homologous TNF-a and IL-Ij3 on epidennal LC frequency (a), and draining lymph node 
DC numbers (b). Groups of mice [(a) n=3; (b) n=IO] received 30111 intradennal injections into both ear pinnae of 
equal amounts (50ng) ofTNF-a or IL-Ij3 in 0.1 % bovine serum albumin (BSA). Control mice received an equiva
lent amount of BSA alone or were untreated (-). (a) Ears were removed 30 mins or 2 hrs following treatment, epi
dennal sheets prepared and the frequency of la+ LC measured by indirect immunofluorescence. Results are 
recorded as mean LC/mm2 ± SE from the examination of 10 fields/sample for each of 4 samples. (b) Draining 
lymph nodes were removed 2 or 4 hours following treatment. DC were prepared and numbers assessed by direct 
morphological examination using phase contrast microscopy. Results are expressed as number of DC/node. 

freshly isolated LC have been found to express mRNA for both type I and type II recep
tors for IL_I."t Irrespective of the mode of action for IL-I p, the available evidence indi
cates that TNF-a interacts directly with epidermal LC and provides one of the proximate 
signals necessary for migration. Such evidence is based upon an understanding of recep
tors for TNF-a and the species-selectivity of epidermal responses to this cytokine. Two 
forms of the TNF-a receptor have been identified and are designated TNF-R I and TNF
R2.11 The former, a 55kDa receptor, displays most homology between species in the ex
tracellular domain, whereas TNF-R2, a 75kDa receptor is most conserved in the 
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intracellular region and exhibits less homology in the extracellular domain. For this reason 
TNF-R2, but not TNF-RI, is species specific with respect to the cytokine. Langerhans 
cells resident in the epidermis appear to express only TNF_R2 IO•12 and such is compatible 
with evidence that, while homologous TNF-a will provoke in mice LC migration and DC 
accumulation, human TNF-a is without effectY Human TNF-a will, however, induce re
sponses by murine keratinocytes (increased expression of intercellular adhesion molecule
I t; cells that are known to express the 55kDa TNF-Rl. 13 If TNF-a were acting in mice 
via an indirect mechanism, involving perhaps an intermediary step requiring the activation 
of keratinocytes, then the human cytokine would be expected to elicit LC responses. The 
importance of signalling via TNF-R2 for the initiation of LC migration is supported also 
by the results of recent investigations in which it was found that in response to skin sensi
tization the accumulation of DC in draining lymph nodes is normal in TNF-RI gene 
knockout mice. In such mice DC accumulation could, however, be inhibited if animals 
were treated with a neutralizing anti-TNF-a antibody:4 

Taken together the data reported here indicate that, in addition to TNF -a, IL-I 13 is able 
to induce the migration of LC from the epidermis and the accumulation of DC in draining 
nodes. The mechanisms through which IL-I 13 is able to stimulate such responses are currently 
unknown. Despite the activity of IL-I 13, the available evidence suggests that the initiation of 
LC migration requires as one stimulus the direct interaction ofTNF-a with epidermal LC. 

4. REFERENCES 

I. I. Kimber and M.Cumberbatch, Dendritic cells and cutaneous immune responses to chemical allergens. 
Toxicol. Appl. Pharmacol. 117:137 (1992). 

2. I. Kimber and M. Cumberbatch, Langerhans cell migration: initiation and regulation. In: The Immune 
Functions of Epidermal Langerhans Cells. H.MolI (ed.), R.G. Landes Co., Austin ppl03 (1994). 

3. M. Cumberbatch and I. Kimber, Dermal tumour necrosis factor-a induces dendritic cell migration to drain
ing lymph nodes, and possibly provides one stimulus for Langerhans cell migration. Immunology 75:257 
(1992). 

4. M. Cumberbatch, I. Fielding and I. Kimber, Modulation of epidermal Langerhans cells frequency by tu

mour necrosis factor-a. Immunology 81 :395 (1994). 
5. M. Cumberbatch and I. Kimber, Tumour necrosis factor-a is required for accumulation of dendritic cells in 

draining lymph nodes and for optimal contact sensitization. Immunology 84:31 (1995). 
6. L.P. Shomick, P. De Togni, S. Mariathasan, J. Goellner, l Strauss-Schoenberger, R.W. Karr, T.A. Ferguson 

and D.O. Chaplin, Mice deficient in IL-I J3 manifest impaired contact hypersensitivity to trinitrochloroben
zene. J. Exp. Med. 183:1427 (1996). 

7. A.H. Enk, V.L. Angeloni, M.e. Udey and S.1. Katz, An essential role for Langerhans cell-derived IL-I J3 in 
the initiation of primary immune responses in skin. l Immunol. 150:3698 (1993). 

8. A.H. Enk and S.1. Katz, Early molecular events in the induction phase of contact sensitivity. Proc. Natl. 
Acad. Sci. USA 89: 1398 (1992). 

9. A. Rambukkana, F.H.M. Pistoor, lD. Bos, M.L. Kapsenberg and P.K. Das, Effects of contact allergens on 
human Langerhans cells in skin organ culture: migration, modulation of cell surface molecules, and early 
expression of interleukin I J3 protein. Lab. Invest. 74:422 (1996). 

10. A. Larregina, A. Morelli, E. Kolkowski and L. Fainboim, Flow cytometric analysis of cytokine receptors 
on human Langerhans cells. Changes observed after short-term culture. Immunology 87:317 (1996). 

II. L.A. Tartaglia and D.V. Goeddel, Two TNF receptors. Immunol. Today 13: 151 (1992). 
12. B. Ryffel, M. Brockhaus, B. Greiner, MJ. Mihatsch and F. Gaudat, Tumor necrosis factor receptor distribu

tion in human lymphoid tissue. Immunology 74:446 (1991). 
13. U. Trefzer, M. Brockhaus, H. Loetscher, F. Parlow, A. Kapp, E. Schopf and l Krutmann, 55-kDa tumor ne

crosis factor receptor is expressed by human keratinocytes and plays a pivotal role in regulation of human 
keratinocyte ICAM-I expression. J. Invest. Dermatol. 97:911 (1991). 

14. B. Wang, S. Kondo, C.M. Shivji, H. Fujisawa, T.W. Mak and D.N. Sauder, Tumour necrosis factor receptor 
II (p75) signalling is required for the migration of Langerhans cells. Immunology 88:284 (1996). 



21 

LANGERHANS CELLS REQUIRE SIGNALS 
FROM BOTH TUMOUR NECROSIS FACTOR a 
AND INTERLEUKIN 1~ FOR MIGRATION 

M. Cumberbatch, R. J. Dearman and I. Kimber 

Zeneca Central Toxicology Laboratory 
Alderley Park, Macclesfield 
Cheshire, SKIO 4TJ, United Kingdom 

1. INTRODUCTION 

Tumour necrosis factor a (TNF-a) is considered to play an important role in the in
itiation of epidermal Langerhans cell (LC) migration during the induction phase of cutane
ous immune responses. 1 Intradermal injection of mice with homologous recombinant 
TNF-a stimulates both the migration away from the epidermis of a proportion of LC and 
the subsequent accumulation in draining lymph nodes of dendritic cells (DC)Y More
over, treatment of mice with a neutralizing anti-TNF-a antibody has been shown to inhibit 
markedly the increase in lymph node DC associated with exposure to skin sensitizing 
chemicals,4.5 ultraviolet B light,6 or the skin irritant sodium lauryl sulphate.4 

There is evidence that another cytokine, interleukin I J3 (IL-I (3), a product exclu
sively of LC in murine epidermis,7.8 is also important in this context. This cytokine has 
been shown to be required for the induction of contact sensitization.9•10 In addition, IL-I J3 
is able to stimulate the migration ofLC in vivo" and possibly in vitro.12 

In the present investigations we have examined, using the respective neutralizing 
anti-cytokine antibodies, the contributions made by TNF-a and IL-IJ3 to LC migration and 
the accumulation of DC in draining lymph nodes. The influences of anti-TNF-a and anti
lL-I J3 on the accumulation of DC in draining lymph nodes induced by the contact allergen 
oxazolone have been measured, as have the effects of anti-TNF-a and anti-IL-I J3 on the 
stimulation ofLC migration by, respectively, IL-IJ3 and TNF-a. 

2. RESULTS 

In the first series of experiments the influence of anti-TNF-a and anti-IL-I J3 on the 
induction by oxazolone of DC accumulation in draining lymph nodes was investigated. 
Groups of BALB/c strain mice (n= I 0) were injected intraperitoneally with 100J.11 of either 

Dendritic Cells in Fllndamental and Clinicallmmllnology 
edited by Ricciardi-Castagnoli, Plenum Press, New York, 1997 125 



126 M. Cumberbatch et Ill. 

anti-TNF-a or anti-IL-l~, in both cases diluted 1:5 in sterile phosphate-buffered saline 
(PBS). Control mice received an equal volume of sterile normal rabbit serum (NRS) di
luted with PBS to an equivalent extent. Two hours later all mice were exposed on the dor
sum of both ears to 0.5% oxazolone in 4: 1 acetone:olive oil. Draining auricular lymph 
nodes were excised 18 hours later, a single cell suspension prepared and DC enriched and 
enumerated as described previously.2 Pretreatment of mice with anti-TNF-a or anti-IL-If3 
in each instance caused a very significant inhibition of oxazolone induced DC accumula
tion in draining lymph nodes (data not presented). 

In a second series of experiments the influence of these same antibodies on the 
stimulation by cytokines of LC migration from the epidermis was investigated. Groups of 
BALB/c strain mice (n=3) were injected intraperitoneally with antibody or NRS as de
scribed above. Two hours later mice received, by intradermal injection (30111) in both ear 
pinnae, SOng of either homologous recombinant TNF-a (specific activity 2xI08U1mg) or 
homologous recombinant IL-l/3 (specific activity 1-2x 108U/mg) each suspended in 0.1 % 
bovine serum albumin (BSA). Control mice were untreated. The frequency of epidermal 
LC local to the site of exposure was measured 30 minutes following the administration of 
TNF-a or 17 hours following similar treatment with IL-I/3. Epidermal sheets were pre
pared and LC identified by expression of MHC class II (Ia) antigen using indirect im
munofluorescence.3 The results are summarized in Figure l. Intradermal injection of 
mice with TNF-a (Figure lb) or IL-I/3 (Figure lc), in mice pretreated with NRS, caused a 
significant reduction in the numbers of LC identified in epidermal sheets. However, prior 
systemic exposure of mice to neutralizing anti-IL-I f3 inhibited significantly the induction 
ofLC migration by dermal TNF-a (Figure lb). Similarly, the stimulation ofLC migration 
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Figure 1. Influence ofanti-TNF-a and anti-IL-Ij3 on epidennal LC migration induced by cytokines. Groups of 
mice (n=3) received, by intraperitoneal injection, 100J.11 of anti-IL-Ij3 (b) or anti-TNF-a (c). Two hours later mice 
were treated, by intradennal injection (30J.11) into both ear pinnae, with SOng of either TNF-(I (b) or IL-Ij3 (c) in 
0.1% bovine serum albumin. Control mice were untreated (a). Ears were removed 30 minutes (b) or 17 hours (c) 
following dennal exposure to cytokine. Epidennal sheets were prepared and the frequency of Ia + LC measured by 
indirect immunofluorescence. Results are recorded as mean LC/mml ± SE from the examination of 10 fields/sam
ple for each of 4 samples. 
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by IL-I ~ was impaired markedly in mice that had been treated previously with neutraliz
ing anti-TNF-a antibody (Figure I c). 

It was found also that treatment with neutralizing antibodies cross-inhibited cytok
ine-induced DC accumulation in draining lymph nodes. Thus, exposure of mice to anti
TNF-a prevented the stimulation by dermal IL-I ~ of DC accumulation and, in the same 
way, anti-IL-I ~ inhibited DC accumulation induced by TNF-a (data not presented). 

3. DISCUSSION 

The data presented here reveal that the effective migration of LC from the epidermis 
to draining lymph nodes is dependent upon the availability of both TNF-a and IL-l~. In 
part these results may be reconciled by the fact that IL-I ~ is able to induce keratinocyte 
TNF-a. Intradermal injection of mice with recombinant IL-I ~ was shown to cause a rapid 
and substantial increase in epidermal expression of mRNA for TNF-a.9 One may specu
late that the induced or increased expression of TNF-a following skin sensitization is ef
fected exclusively by the paracrine action of LC-derived IL-I ~ on adjacent keratinocytes. 
Certainly such would be consistent with the observation that in response to topically ap
plied contact allergens the expression by LC of mRNA for IL-I ~ is upregulated very 
quickly.7 The assumption would be that this increased expression of IL-I ~ itself resulted 
from the interaction of sensitizing chemicals with epidermal LC, possibly via association 
with membrane Ia determinants. \3 Such a scheme, where LC are activated to synthesize 
and secrete IL-113 and where this cytokine is necessary for the elaboration by keratino
cytes of the TNF-a required to stimulate LC migration, is an attractive one and would 
serve to explain why antibodies to both TNF-a and IL-I ~ inhibit oxazolone-induced DC 
accumulation and why anti-TNF-a is able to prevent the stimulation of LC migration by 
IL-II3. What can not be accomodated by this model, however, is the fact that the induc
tion by TNF-a of LC migration and DC accumulation can be prevented or inhibited if 
mice are pretreated with a neutralizing anti-IL-I13 antibody. 

There is both direct and indirect evidence that one stimulus for LC migration results 
from the direct interaction of TNF-a with LC. First, LC migration in response to intrader
mal TNF-a is very rapid, occuring within 30 minutes of exposure;)·11 a faster response 
than is seen when IL-113 is administered via the same route. I I Second, epidermal LC ex
press the species-specific (75kDa) form of the TNF-a receptor (TNF-R2)14.1' and only ho
mologous TNF-a is able to stimulate LC migration and DC accumulation in draining 
lymph nodes.2.3 Third, in mice lacking a functional gene for TNF-R I, the species-unre
stricted form of the receptor. allergen-induced DC accumulation in nodes is normal, but 
can be inhibited with an anti-TNF-a antibody; evidence indicative of signalling through 
LC TNF-R2 being required to initiate LC migration.' However, while the direct interac
tion of TNF-a with LC appears to be essential for migration, the evidence presented here 
indicates that, in the absence ofIL-l13, signalling through LC TNF-R2 is either not suffi
cient for migration. or is not accomplished. With respect to the latter possibility it might 
be that IL-113 is required to maintain expression by LC of TNF-R2. although there is no 
evidence that this is the case. Alternatively, as LC are known to express receptors for this 
cytokine,15 it is possible that IL-113 also induces in LC changes that arc necessary for ef
fective migration from the epidermis. Movement of LC through the skin and across the 
basement membrane to afferent lymphatics will undoubtedly require appropriate interac
tions with other cells and with extracellular matrices. It is known that the migration or ac
tivation of LC is associated with the altered expression of several adhesion molecules, 
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(including intercellular adhesion molecule-I,16 E-cadherin l7 and CD44 18), that might fa
cilitate their disengagement from keratinocytes in the epidermis or their movement 
through the skin and across the basement membrane. It remains a possibility that IL-II3, 
in addition to stimulating TNF-(l production by keratinocytes, acts directly on LC to in
duce altered expression of adhesion molecules or other changes that are necessary for mi
gration. 

In conclusion, the results reported here demonstrate that both TNF-(l and IL-113 con
tribute in important ways to the successful migration of LC from the epidermis. The 
changes induced by these cytokines have yet to be defined. 
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1. INTRODUCTION 

22 

Topical exposure of mice to contact allergens is associated with the migration of 
Langerhans cells (LC) from the epidermis and their accumulation as immunostimulatory 
dendritic cells (DC) in draining lymph nodes.' The movement of LC through the skin and 
across the basement membrane will undoubtedly be dependent upon their expression of 
appropriate adhesion molecules necessary for interactions with other cells and with ex
tracellular matrices. Several adhesion molecules, the altered expression of which are asso
ciated with the activation or migration of LC, have been implicated in this process.2 Thus, 
for instance, it has been found that the membrane expression of intercellular adhesion 
molecule-l (lCAM-I, CD54) is upregulated markedly during LC migration such that the 
DC which accumulate in draining lymph nodes display a 40-fold increase in expression of 
this molecule compared with LC resident in the epidermis.) It has been shown that in mice 
treated with anti-ICAM-l antibody the accumulation of DC in draining lymph nodes is 
significantly inhibited.4 E-cadherin, a homotypic adhesion molecule expressed by both LC 
and keratinocytes may also be important. It has been proposed that this molecule serves to 
retain LC within the epidermis, the inference being that a prerequisite for migration is the 
reduced expression of E-cadherin by one or other cell type.S•6 Certainly, it has been re
ported that, compared with LC in the epidermis, the DC found within lymph nodes ex
press significantly less E-cadherin. 7 

Integrins are a family of widely expressed cell surface adhesion receptors and repre
sent the main mechanism whereby cells interact with extracellular matrices. LC express 
131 integrins and it has been suggested that very late antigen (VLA) proteins, VLA-4 
(a.4J31 integrins) and VLA-6 (a.6J31 integrins) may, respectively, allow the association of 
LC with fibronectin and laminin.8 It has been suggested also that (because a.4 integrin ex
pression is enhanced markedly during culture of LC) VLA-4 plays a major role in LC mi-
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gration.9 The present investigations were designed to examine the requirements for a4 and 
a6 integrins during LC migration and the accumulation of DC in draining lymph nodes. 

2. RESULTS 

In preliminary experiments the expression by epidermal LC and by lymph node DC 
of a4 and a6 integrins was measured in BALB/c strain mice using analytical flow cy
tometry. DC prepared from the draining lymph nodes of skin sensitized mice expressed 
high levels of a4, but little or no a6. In contrast, epidermal LC were found to display only 
low levels of a4, with a proportion of cells having high levels of a6 (data not presented). 

The influence of antibodies to a4 and a6 integrins on the accumulation of DC in 
draining lymph nodes following topical exposure to contact allergens was investigated 
also. Groups ofBALB/c mice (n=10) received by intraperitoneal injection (l001l1) anti-a4 
antibody, anti-a6 antibody or an isotype-matched control antibody. Two hours later mice 
were exposed topically on the dorsum of both ears to 25 III of 2% oxazolone in 4: I ace
tone:olive oil. Draining auricular lymph nodes were excised 18 hours later, a single cell 
suspension prepared and DC enriched and enumerated as described previously.lo It was 
found that pretreatment with anti-a6 antibody resulted in a dose-dependent inhibition of 
oxazolone-induced DC accumulation in lymph nodes. The same treatment with anti-a4 
antibody was without effect (data not presented). In parallel experiments the influence of 
the same antibodies on the migration of LC from mouse skin explants was measured in vi
tro. When explants were floated on medium containing anti-a6 antibody there was a sig
nificant reduction in the number of cells migrating from explants at 70 hours compared 
with cultures containing no antibody or an isotype-matched control antibody. Consistent 
with the results of DC accumulation in vivo, anti-a4 antibody was without influence on 
the loss ofLC from the skin explants (data not presented). 

It has been demonstrated previously that intradermal injection of mice with homolo
gous recombinant tumour necrosis factor a (TNF-a) stimulates the migration of LC away 
from the epidermis and the accumulation of DC in draining nodes. 10.1 I In a final series of 
experiments the influence of anti-a6 antibody on the stimulation of LC migration by TNF
a was examined. Groups of BALB/c mice received anti-a6 or isotype control (IgG2a) an
tibody by intraperitoneal injection as described above. Two hours later mice were injected 
intradermally into both ear pinnae with SOng of TNF-a (specific activity 2x108U1mg). 
Ears were removed 30 minutes following administration ofTNF-a. Epidermal sheets were 
prepared and the frequency of MHC class II (Ia) antigen-positive LC measured by indirect 
immunofluorescence as described previously. I I The results of a representative experiment 
are illustrated in Figure I. 

Consistent with previous observations I I it was found that dermal exposure of mice to 
homologous TNF-a induced a rapid reduction in the frequency ofIa+ epidermal LC. Prior 
exposure of mice to the isotype control (IgG2a) antibody was without effect. In contrast, 
systemic exposure of mice to anti-a6 antibody 2 hours prior to administration of TNF-a 
resulted in the failure of this cytokine to stimulate LC migration from the skin (Figure I). 

3. DISCUSSION 

The data presented here demonstrate that the induced migration of LC from the epi
dermis and the subsequent accumulation of DC in draining lymph nodes is dependent 
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Figure 1. Influence ofanti-a6 antibody on epidennal LC migration induced by TNF-a. Groups of mice (n=3) rc
ceived. by intraperitoneal injection. 100j.ll of anti-a6 or isotype-matched control (IgG2a) antibodies. Two hours 
later mice were treated. by intradennal injection (30j.ll) into both ear pinnae. with 50ng of homologous TNF-a in 
0.1 % bovine serum albumin (BSA) or with BSA alone. Ears were removed 30 minutes later. Epidennal sheets 
were prepared and the frequency of la+ LC measured by indirect immunofluorescence. Results are recorded as 
mean LC/mm~ ± SE from the examination of 10 fields/sample for each of 4 samples. SE values are shown only 
when they exceed 0.2 (x 10-1 ) LC/mm2. 

upon a6 integrin expression. Neutralizing anti-a6 antibody was found to inhibit both the 
stimulation of LC migration induced by TNF-a and the accumulation of DC in draining 
lymph nodes that normally characterizes skin sensitization. The conclusion drawn is that 
a6 integrins are required for the passage of LC through the skin to afferent lymphatics via 
the basement membrane. The expression by LC of a6 is consistent with this. 

H is known that LC express 131 integrins also.8 VLA-6 comprises an a6131 dimer that 
confers specificity for laminin and permits the association of cells with the basement 
membrane. The latter may represent a mandatory first step in the movement of LC across 
the basement membrane during their journey to draining lymph nodes. 

Although these data reveal an important role for a6 integrin in the stimulation of LC 
migration and DC accumulation, it is important to emphasize that other adhesion mole
cules may also facilitate or be required for effective trafficking of LC. 
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The process of differentiation of resident epidermal Langerhans cells (LC) gener
ates: i) changes in the level of expression and repertoire of cell surface molecules; ii) a de
crease in the antigen processing capacity; iii) a significant increase in the ability to present 
peptides to T cells; and iv) the mobilisation of dendritic cells (DC) from the epidermis to
wards the draining lymph nodes l . There is little information about the factors involved in 
DC migration from non-lymphoid peripheral tissues as part of the process of skin DC dif
ferentiation. "In vivo" studies demonstrated that the administration of lipopolysaccharide 
(LPS), Tumour Necrosis Factor (TNF) a or Interleukin I (IL-I) can trigger the trafficking 
of DC from non-lymphoid tissues (i.e. skin, lung, gut, heart and kidney) towards secon
dary lymphoid organs2-'. A similar situation is observed in the inflammatory reaction that 
takes place during the first three days after skin transplantation; or after short term culture 
of skin organ explants8• In both cases it is likely that the skin injury by itself releases in
flammatory mediators, sufficient to trigger both phenotypic and functional DC changes 
and migration of completely or partially mature skin DC. 

The molecule C5a, produced as result of proteolitic cleavage of the complement fac
tor C5 during inflammation, should be included in the list of putative mediators capable of 
inducing DC migration from non-lymphoid organs during the early phase of the inflam
matory response. C5a has been reported as a chemoattractant for other myeloid cells such 
as neutrophils, eosinophils, basophils, monocytes and more recently for DC generated "in 
vitro" after treatment of peripheral blood mononuclear cells with Granulocyte macrophage 
colony stimulating factor (GM-CSF) plus IL_49•1O• These biological effects are elicited via 
binding to a C5a specific receptor (C5aR, clustered as CD88) which belongs to the family 
of seven transmembrane domain receptors that transduces a signal via guanosine triphos
phate (GTP)-binding regulatory proteins II. 
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In this chapter, we will outline the studies performed by our laboratory concerning 
the expression of C5aR on skin DC; its modulation according to the state of cell differen
tiation; and its role as a chemotactic factor for fully differentiated skin OC12• 

2. RESULTS 

2.1. Expression ofC5aR on a of Epidermal DC 

Epidermal cell suspensions prepared by tripsinization of split-thickness skin speci
mens and enriched in LC after Ficoll-Hypaque gradient (5 = 1.077 glcml) were analysed 
for the expression of C5aR by double labelling immunofluorescence flow cytometry. LC 
were identified by their positivity for COla. The percentage of COla positive cells was 
further enriched from 6-9% to 100% by electronic gating. A small subset « 6%) of the 
epidermal population of CDla positive cells were also positive for C5aR. Similar results 
were obtained using either the mAb S5/1 or the mAb W 1711, both specific for the ex
tracellular domain of the C5aR11. Double immunostaining demonstrated that the subpopu
lation of LC positive for C5aR expressed higher levels of HLA-DR than the subpopulation 
of LC C5aR negative. This observation suggests that the stage of maturation of resident 
LC might be associated with the expression of receptors for chemotactic factors. 

Double immunostaining of epidermal sheets microdissected from split-thickness 
skin after EDTA incubation (EDTA 20mM, pH 7.2-7.4, 2h, 37°C) confirmed the expres
sion ofC5aR on a low number of resident LC « 3 cells/mm2 of epidermis). Cells that car
ried C5aR, strongly expressed HLA-DR, were round-shaped and sometimes exhibited a 
cytoplasm tail. They were located at the same plane of focus as the basal and parabolas 
kenatinocytes, next to the basement membrane. 

2.2. Epidermal LC Up-Regulate C5aR after Maturation "in Vitro" 

To confirm the relationship between the stage of epidermal maturation of LC and 
the expression of C5aR, epidermal LC were induced to differentiate "in vitro" after 72 h 
culture in bulk epidermal cell suspensions supplemented with hrGM-CSF. In vitro differ
entiation of LC was corroborated by the increase in expression of MHC class I and II 
molecules; of the adhesion molecules ICAM-I (CD 54) and LFA3 (CD58); and the co
stimulatory signals B7.1 (CD80), B7.2 (CD86) and CD40. On the other hand, the expres
sion of CDla and CD32 antigens decreased their intensity but were still present. As a 
consequence of "in vitro" differentiation, LC up-regulated their expression of C5aR from 
the original5-Q% to approximately 70% of the whole popUlation of DC. 

Skin migratory DC obtained after culturing skin organ explants for 36-48 h and en
riched up to 80-90% by Universal Separation Medium (Sigma) gradient (d=1.067 g/cm3) 

were tested for their expression of C5aR. The dendritic lineage of migratory DC was con
firmed by: (i) the high levels of MHC Class I and II molecules; (ii) the expression of 
CDla and CDlc; (iii) the positivity for the myeloid markers CD13 and CD33 and the ab
sence of the monocyte/macrophage markers CDl4 and CD68, and the granulocyte mark
ers CDw65, CD66acde and CD66b; and (iv) by ultrastructure. Based on the CDla and 
C5aR positivity two subpopulations of skin migratory DC were distinguished: (i) a pre
dominant population composed of CD I a10w C5aR positive DC; and (ii) a minority subset 
that comprised CDlahigh C5aR negative DC. A culture of dermal explants devoid of epi
dermis demonstrated that the CDla10w C5aR positive DC subset was dermis derived. In 
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contrast, the CDlahigh C5aR negative DC were only observed after culturing epidermal 
sheets (devoid of dermis) suggesting as putative origin of theses cells the epidermis, skin 
appendages or hair follicles. 

2.3. Functional Studies of Chemotaxis Using Recombinant C5a and 
Skin Migratory DC 

Chemotaxis of skin migratory DC was assayed "in vitro" by the micropore filter 
technique. Briefly, 8 x 104 migratory DC in 0.5 ml of RPMI 1640, 10 mM Hepes supple
mented with 0.5% human serum albumin (HSA) were seeded in the upper compartment of 
the chemotactic chambers (Nunc, Denmark) placed in a 24 wells culture plate (Corning, 
USA). The upper and lower compartments were separated by a polycarbonate filter with a 
8 ~m pore size. The lower compartment was filled with 0.5 ml control medium (RPM] 
1640, 10 mM Hepes supplemented with 0.5% HSA) or with different concentrations of re
combinant human complement C5a (rC5a) (Sigma) diluted in the same medium. Cham
bers were incubated for 2 h at 37 °C in a 5% CO2 humid atmosphere. At the end of the 
incubation, the upper chamber with the filter was removed and the number of DC present 
in the lower compartment was assessed by flow cytometry. DC which migrated to the 
lower compartment of chemotaxis chamber were collected, analysed and counted by flow 
cytometry. Optimum migration to rC5a was found at 10-8 M with a sigmoidal dose re
sponse curve, 2 hr after placing migratory DC in the upper chamber (fig I). 
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Figure 1. (A) Time course of migratory response of skin DC to rC5a_ Migration of 8 x 10' DC seeded in the up
per compartment of the chemotaxis chamber was assessed at different time intervals after exposure to a rC5a gra
dient (10· M) or diluent. (8) Dose-response curve of DC in response to different concentration ofrC5a after 120 
min of culture (Immunology. 89: 126. 1996). 
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Table 1. Checkboard analysis to demonstrate the unidirectional migration of DC in response 
to rC5a (Immunology, 89:126,1996) 

Dose in 
lower 

compartment 

o 

-9 
10 M 

-8 
10 M 

o 

1,485 • 138 

9,355 • 313 

Dose In upper compartment 

-9 
10 ... 

12 

-8 
10 ... 

1,038 • 70 

1,703 • 132 

By means of a limited series of checkboard analysis, originally described by Zig
mond and Hirsch, we investigate whether locomotion of migratory DC through the poly
carbonate filter depended on the presence of a gradient of C5a14• Checkboard assay 
distinguishes chemotaxis (directional cell locomotion requiring a chemoattractant gradi
ent) and chemokinesis (undirectional cell migration in the absence of a gradient) by vary
ing the concentrations of chemoattractant above and below the filter in the migration 
chamber. Results obtained by means of checkboard analysis are shown in Table 1. The 
values presented along the diagonal, where there is no gradient, show only a modest aug
mentation of DC migration (chemokinetic effect) as compared to a baseline control, al
though it failed to reach the p < 0.05 level of significance. DC had a significant migratory 
response (p < 0.01) when the concentration of rC5a was higher in the lower compartment 
(positive gradient), demonstrating that DC migration was caused by chemotactic effect of 
rC5a. 

3. CONCLUSIONS 

Normal epidermis contains a minority of resident LC (5-15% of epidermal LC) that 
shows, as compared with the remaining LC, the following differences: (i) a higher level of 
HLA-DR and CDl1c; (ii) positivity for CD40; (iii) a lower level of Fc gamma-RII 
(CD32); iv) a location in a lower position in the epidermis close to the basement mem
brane; (vi) a very strong immunostimulatory capacity in mixed leukocyte reactions; and 
vii) a higher level of cytosolic calcium. These features have led to the hypothesis that such 
a subset is composed of resident LC that have differentiated "in situ" and are about to 
leave the epitheliumls. By flow cytometry and immunohistochemistry we were able to 
demonstrate that the subpopulation of epidermal LC positive for C5aR coexpress higher 
levels of HLA-DR than C5aR negative LC, and therefore, it can be included as part of the 
subset of mature epidermal rLC. The localisation of these C5aR positive cells in proximity 
to the epidermal/dermal basement membrane, and their round-shape morphology (some-
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times with a small cytoplasm tail) support the hypothesis that they are migratory cell on 
their way out of the epidermis. The increase in the percentage of cells expressing C5aR 
along the differentiation pathway of DC was confirmed by: i) the up-regulation of C5aR 
after "in vitro" maturation of epidermal LC induced by GM-CSF; and ii) by the expression 
of C5aR by skin migratory DC and by Interdigitating DC (IDC) present in T cell areas of 
secondary lymphoid organs (data not shown). 

Skin DC migrate unidirectionally in response to rC5a in a sigmoidal dose response 
curve, and as it was previously demonstrated for other cells, supersaturating concentra
tions of C5a exert an inhibitory effect on DC chemotaxis. 

The expression of C5aR on DC as part of their process of cell differentiation repre
sents one of the links between innate and adaptative immunity. Immature epidermal LC 
require the presence of the cytokines IL-I, TNF-alpha and GM-CSF to differentiate into 
fully mature antigen presenting cells. Epidermal LC express receptors for IL-J and TNF. 
After generation of IL-\, TNF-alpha, and C5a during the early steps of an inflammatory 
response, resident LC might differentiate acquiring C5aR as part of this process. The up
regulation of the C5aR on LC might be one of the components that trigger LC migration 
and the subsequent adaptative immunity during an inflammatory process as recently pos
tulated by Katz and co-workers '6 . 
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It has been previously reported that normal human hematopoietic progenitor cells 
(HPCs) can be channelled into various differentiation pathways depending on exposure to 
appropriate growth factor (GF) stimuli. 

Unilineage differentiation of HPCs has been hampered by two main factors: I) the 
lack of purity of the starting population and 2) the lack of optimal combination of GFs se
lective for a specific lineage. 

We have described a methodology to obtain highly purified (~90%) human HPCs 
from normal human peripheral blood (PB)(II, and subsequently identified the culture con
ditions allowing the selective differentiation into a single hematopoietic lineage ("unil
ineage HPC cultures,,)(HI. In this study, our initial purpose was to identify the GFs 
necessary to support cultures highly enriched in dendritic cells (DCs) from human PB 
HPCs.The optimal cytokine combination was composed of GM-CSF, c-kit ligand (KL), 
flt3 receptor ligand (FL), IL-4, IL-6 and IL-7. Cultures of purified PB HPCs in the pres
ence of these cytokines give rise to a cell progeny composed by 90% DCs with an overall 
expansion of about 50 fold of the initial cell number. 

Clonogenetic assays confirmed the selective effect of this GF cocktail on DC HPCs 
(CFU-DC): 90% of the colonies developed in semisolid cultures were composed of DCs. 
The remaining were very small granulocyte colonies «\00 cells / colony). 

We then tested the c1onogenetic capacity of HPCs seeded in single cell liquid sus
pension cultures supplemented as bulk cultures. 80% of the resulting colonies were consti
tuted exclusively by DCs, thus confirming the above data. 
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2. MATERIALS AND METHODS 

HPCs were purified from normal human PB according to a three-step procedure(Hi): 

I. separation over a Ficoll-Hipaque density gradient followed by three cycles of 
plastic adherence; 

2. centrifugation on a discontinuous Percoll four-step gradient (d, 1.052, 1.056, 
1.060, 1.065); 

3. incubation of the two lowest density cell fractions with a panel of murine mono
clonal antibodies directed against differentiated cells (B, T and NK lympho
cytes, granulocytes, monocytes) and then with immunomagnetic beads coated 
with goat anti-mouse Ig, followed by separation with a magnet. Recovered cells 
were ~90% purified CD34+ clonogenetic HPCs. 

Morphological characterization was performed on cells cytocentrifuged onto glass 
slides and stained with May-Grunwald Giemsa. 

Monoclonal antibodies conjugated with fluorescein isothiocyanate or phycoerythrin 
were used for double-fluorescence analysis of membrane phenotype by FACScan. 

PB HPCs were cultured in IMDM containing 30% heat-inactivated FCS and differ
ent combinations of growth factors, i.e., GM-CSF, KL, FL, IL-4, IL-6, IL-7. Cells were in
cubated in a fully humidified 5% CO2, 5% 02' 90010 N2 atmosphere. The initial density was 
5xl04 cell simI. Every two days the cell concentration was adjusted at IxlOs cells/ml and 
fresh HGFs were added. 

Clonogenetic efficiency of purified HPCs was assessed by seeding 500 cells/ml/dish 
in IMDM containing 0.9% methylcellulose, 30% FCS and the GFs listed above. 

Single cell liquid suspension cultures were performed seeding one HPC/flat-bot
tomed 96 microwell plate containing IMDM supplemented as for bulk liquid cultures. 

The capacity of DCs to induce proliferation of resting allogeneic T cells was as
sessed by seeding lOs T cellslwell of microtest tissue-culture plates with graded numbers 
of DCs (50, 200, 500, 1000). After 6 days of culture in IMDM with 10% human AB se
rum, cells were pulsed with I J.lCi 3H-thymidine overnight, collected and analyzed for ra
dioactivity. 

3. RESULTS 

In a first series of experiments we evaluated the effect of different HGF combina
tions on HPC proliferation and DC differentiation. 

Cells were grown in liquid cultures containing KL, FL, IL-4, +/- GM-CSF, +1- IL-7, 
+/- IL-6. 

The combination of these GFs resulted in optimal cell number amplification (30 - 50 
times) coupled with the most consistent differentiation to DCs (70 - 90%). In particular, 
IL-7 was not necessary for proliferation, but its presence increased the percentage of DC 
from 76% to 90% (mean values). 

We also evaluated the effect of different concentrations of GM-CSF, KL and FL. 
KL concentrations ranging between 0.1 nglml and I nglml did not influence proliferation 
or DC differentiation. Reduced FL concentrations from I nglml to 0.1 nglml caused a 
lower amplification of cell number (45 vs 31 times) and a reduced DC yield (90% vs 
69%). These two parameters were also influenced by the concentration of GM-CSF, 
which was more effective at very low dosages (0.001 - 0.0001 nglml). 



Unilineage Dendritic Cell Cultures 141 

.!! 
"i 
0 
'0 
lJf. 

.!! 
"i 
0 
'0 
lJf. 

B 

A 

CO) 
o 
)( 103 
.!! 
"i o 
'0 
CD 
.0 102 
E 
~ z 

10 

, , 
o 4 

GROWTH CURVES 

, 
8 

-<>- GMO.OOOI+ KlI+FL 1+ Il-410+ IL-710+IL-6100 
-.- • 0 .001 • .. .. .. .. --- . -- . 

12 16 20 24 

Days 

CELL MORPHOLOGY 

0.1 
I 

28 30 

( GM-CSF 0.0001 (ngImI)+KL I+FL 1+1L-4 10+1L-7 1001L-6 100 ) ( GM-CSF O.ooI+KL 1+Fl1+1L-4 10+1L-7 10+1L-6100J 

100 100 

eo eo 

.!! 
60 .. 60 

0 

AD '0 AD 
~ 

20 20 

0 
_ ~ ~!22222D 

0 
__ ~_VODDJ 

(GM-CSFO.OOI+KL I+FLO.I+IL-410+IL-710+1L-6100) ( GM-CSF 0.001 +ICI. 1+Fl 1 .... -4 1.,.-6 100 ) 

100 100 

eo eo 

.!! 
60 "i 60 

0 
AD '0 AD 

lJf. 
20 20 

=BummWZL&l 0 - -~ 0 

DC Mo Gr. N Gr. E Gr. B DC Mo Gr. N Gr. E Gr. B 

Figure 1. Effects of different GF combinations on (A) HPC growth and (B) differentiation. 
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On the basis of these observations we have identified an optimal cocktail to sustain 
the growth of DCs: GM-CSF 0.0001 ng/ml, KL I nglml, FL I nglml,IL-4 10 nglml, IL-7 
10 ng/ml, IL-6 100 ng/ml. Morphological and phenotypical analyses showed that these 
culture conditions gave rise to a cell population which was amplified more than 50 times 
at day 26 and highly enriched (90%, mean value) in DCs. 

Starting from day 7 of culture, cells with typical dendritic features were scored, al
though about 50% were not completely differentiated. After 14 days of culture all DCs 
showed characteristic mature morphology with contaminating cells being predominantly 
granulocytes (;5; 9%) and a very low number of monocytes/ macrophages «I %). 

Membrane phenotype analysis was consistent with the morphological data: specific 
dendritic surface markers appeared after 5--7 days of culture. In particular at day 7, 10% of 
the cells were CDla+, CD80+, CD86+ and increased up to 60% at the end of the culture. 
Conversely, CD34 antigen, present on virtually all cells (>90%) at the beginning of the 
culture, disappeared rapidly, being markedly reduced at day 7 (27%) and completely ab
sent at day 14, a finding in line with a gradual differentiation of PB progenitors into DCs. 
HLA-DR, initially expressed on the large majority of the cells (90%), slightly decreased in 
the early days of culture but returned to original levels at the end of the culture, when the 
cells were also highly positive for CD13 and CD33 markers. CDI4+ cells remained less 
than 5% during the entire culture period (more than three weeks). 

To further assess the capacity of HPCs to differentiate towards the dendritic lineage 
we seeded 500 cells/ml in semisolid medium containing the same GF cocktail used for 
bulk liquid cultures. In these conditions HPCs gave rise almost exclusively to DC colonies 
generated by CFU-DC (cloning efficiency ~ 3%) with a negligible presence of G colonies 
(0.3%) which probably derived from late HPCs/early precursors, as suggested by their 
very small size «100 cells/colony). A more accurate analysis of CFU-DC colonies re
vealed that their average size was about 500 cells/colony and that they were composed ex
clusively by dendritic cells, as assessed by scoring of cytospin preparations derived from 
single colonies stained with May - Grunwald Giemsa. 

In parallel, we have developed liquid suspension cultures derived from single HPCs 
plated at 0.5 cell/well and grown as bulk cultures. Using this assay we showed that 3.1 % 
of HPCs formed colonies entirely composed by DCs. 

Finally, DCs cultivated for 14 days in liquid suspension were tested for their capac
ity to induce proliferation of resting allogeneic T lymphocytes. A significant stimulation 
(9 fold over the background) was observed at a DC/T cell ratio of 112000 and increased in 
parallel with DC concentration reaching, at the highest DC/T cell ratio tested (11100), the 
level of 35 times the background. 

4. DISCUSSION 

We describe a liquid culture system which supports selective HPC differentiation to
wards the dendritic lineage. During the first week of culture HPCs differentiate into den
dritic precursors as shown by the gradual decrease of CD34+ cells coupled with the 
appearance of DC surface markers (CDla, CD80, CD86)(7-IO). At day 14 CD34+ HPCs are 
no longer detectable and the percentage of cells with dendritic phenotype continues to in
crease reaching a considerable level (up to 90%) at the end of the culture. The almost 
complete absence of CD14 marker is supported by morphological analysis, which re
vealed very low monocytic contamination(II.I2l, and only a minority of granulocytes. This 
finding may be explained by the blocking effect exerted by IL-4 on monocyte develop-
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ment:(13) this cytokine may also play an important role in promoting growth and differen
tiation of CFU-DC('4). These observations were further supported by clonogenetic assays 
showing that purified HPCs grown in the presence of the optimal GF cocktail generate 
90% "pure" CFU-DC colonies with the remaining 10% being small CFU-G colonies, and 
by liquid suspension cultures originated from single HPCs. where dendritic and granulo
cytic colonies represent 80% and 20% respectively of the cell progeny. Both culture sys
tems indicate that CFU-DC represent - 3% of our purified HPCs and give rise to colonies 
of - 500 cells. 

To gain more insight into the development of the dendritic lineage we will perform 
cell sibling analysis of HPC single cell cultures: this may allow to evaluate the very early 
phases of DC differentiation to determine whether DCs represent an independent lineage 
or are related to other series (particularly monocytes).(15-18) 
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SUMMARY 

The CD14 surface molecule is predominantly expressed by cells of myeloid origin 
and regarded as a specific marker for macrophages (McjI). Thus. in human mononuclear 
cell preparations. CD 14 expression is a widely used parameter to distinguish McjI from 
dendritic cells (DC). Since a murine homologue of CD14 was recently identified, this 
study investigated expression of CD 14 by murine McjI and DC. Flow cytometry with a 
monoclonal antibody directed against murine CD 14 revealed that bone marrow-derived 
DC express CDI4 to various extents during differentiation. Functionally, CDI4hlgh and 
CD 141nw DC did not differ significantly in their capacity to present alloantigen, protein an
tigen or immunogenic peptide. Furthermore, surface expression of CD 14 could be modu
lated by interleukin (IL)-4 and LPS. Incubation of bone marrow-derived DC with IL-4 
(100 U/ml) resulted in downregulation of CDI4 surface expression. whereas exposure of 
BmDC to LPS (l Ilg/ml) led to upregulation of CD 14. After blockage of CD 14 molecules 
by incubation of DC with anti-CDl4 antibodies. downregulation ofLPS triggered IL-I re
lease could be detected. In addition, other McjI markers such as CD II b, F4/80, BM8, and 
ER-TR9, are also expressed on DC. Therefore, we conclude that CD14, like other McjI 
markers, is expressed on murine DC during maturation. Thus, McjI and DC cannot be dis-

• Correspondence address: Dr. Stephan Grabbe, Department of Dermatology, University of MOnster, Von
Esmarch-Str. 56, 0-48149 MOnster, Germany. Phone: +49-251-83 56582; Fax: +49-251-83 58579: e-mail: 
grabbe(a)uni-muenster.dc. 
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tinguished by flow cytometry using these markers. Moreover, CD14 may be involved in 
mediating LPS-induced activation of murine DC. 

1. INTRODUCTION 

The CD 14 molecule is a GPI-anchored surface molecule, whose expression is re
stricted to the myeloid cell lineage [1]. Although granulocytes also express low levels of 
CD14 [2-4], it is widely used as a specific marker for human monocytes (MO")/macro
phages (M~). CD 14 may function as a receptor for lipopolysaccharide (LPS), since bind
ing of LPS to CD 14 results in release of pro inflammatory cytokines such as 
tumor-necrosis-factor (TNF)-a and interleukin (lL)-1 by human MO. Moreover, in in
flammatory situations where high amounts of LPS are present, CD 14 molecules were 
shown to scavenge LPS complexes, contributing to elimination of LPS from the blood 
[4-6]. In addition to these findings in the human system, a murine protein with high ho
mology to human CDl4 could recently be identified [7]. It is expressed by different mur
ine cell lines of myelo-monocytic origin and upregulated by LPS [6], suggesting that 
murine CD 14 may also serve as a receptor for LPS. 

Dendritic cells are highly specialized antigen-presenting cells (APC) which arise from a 
specific progenitor or differentiate from monocytes. They are characterized by their dendritic 
morphology as well as by a number of functional parameters, one of which is their uniquely 
potent capacity to prime naive T cells [for review, see ref. 8]. The ontogenetic and functional 
relationship between DC and M~ is still unresolved, and evidence exist that DC and M~ rep
resent alternative differentiation forms of a common progenitor [9] as well as that both cell 
types belong to entirely seperate lineages [for review, see ref 10]. Although Caux et al. have 
already demonstrated that a subset of human DC transiently expresses CDI4 during matura
tion [11], CDl4 expression is widely used as a marker for M~, and has often been applied to 
distinguish M~ from DC. Thus, we were interested whether murine dendritic cells (DC) also 
express CD 14 molecules. By using DC lines as well as bone marrow-derived DC (BmDC) we 
demonstrate that DC are capable of expressing CDI4 both at the mRNA and at the protein 
level. CD 14 surface expression is modulated by IL-4 and LPS. and blockage of CD 14 mole
cules by anti-CD 14 antibodies (Ab) results in marked downregulation of LPS-induced IL-l 
release by DC. We therefore conclude that CD14 functions as a receptor for LPS on murine 
DC, and that CD 14 expression is not unique to McjI but can also be observed on DC. 

2. MATERIAL AND METHODS 

2.1. Cell Lines and Media 

The cell lines CB-l, D2SC-I and MT-2 were generated by P. Ricciardi-Castagnoli 
(CNR Center ofCytopharmacology, University of Milan, Milan,ltaly), and maintained in Is
cove's medium containing 5 % FCS, 1 % non essential amino acids (NEAA), 1% HEPES, 1% 
glutamine, 50 ~M 2-mercapto-ethanol, I % penicillin/streptomycin (all tissue culture chemi
cals were obtained from PAA, Linz, Austria) as described elsewhere [12,13]. The skin-derived 
DC line, XS52, was kindly provided by A. Takashima (Dept. of Dermatology, Univ. of Texas, 
Dallas) [14]. P388Dl and A20 cells were obtained from ATCC (Rockville, MD, USA) and 
maintained in complete RPMI medium (CM) containing 10% FCS, 1% NEAA, 1% HEPES, 
1 % glutamine, 50 J.1M 2-mercaptoethanol, 1 % penicillin/streptomycin. 
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2.2. Generation and Culture of DC 

DC were generated by culture of bone marrow cells in the presence of GM-CSF as 
described previously [15,16]. Briefly, bone marrow was collected from tibias of female 
DBA/2N mice and suspended by vigorous pipetting. Erythrocytes were lysed and the re
maining cells were passed through a nylon mesh to remove small pieces of bone and de
bris. The cells were washed twice with cold PBS, resuspended in CM containing 10% 
FCS and cultured in petri dishes (Becton-Dickinson, Heidelberg, Germany) for 4 h. Non 
adherent cells were collected, and aliquots of 1 x 106 cells were placed in 24-well plates 
(Becton-Dickinson, Heidelberg, Germany) in I ml CM medium, (5% FCS) supplemented 
with 200 U/ml GM-CSF (Laboserv, Giessen, Germany). After 4 days of incubation, 650 
I.d medium was removed and the same volume of fresh CM (5% FCS), containing 200 
Vlml GM-CSF was added. After 3 days, non adherent cells were harvested, and DC aggre
gates were subcultured in 6-well plates in medium containing 200 U/ml GM-CSF. After 
overnight cultivation, most of the non adherent cells in culture had acquired typical den
dritic morphology. These cells were further cultured with cytokines (IL-IB, IL-4. TNF-a; 
R&D Systems, Wiesbaden, Germany) or LPS (serotype 055:B5; Sigma, Deisenhofen, 
Germany) and subjected to flow cytometric analysis. 

2.3. RT-PCR 

Total RNA was isolated from cells using 4 M guanidine isothiocyanate and chloroform 
extraction according to standard protocols. After treatment of RNA with RNAse-free DNAse 
I (Boehringer, Mannheim, Germany), 2 J.1g of total RNA were reverse transcribed using 
myeloblastosis virus reverse transcriptase (Promega, Heidelberg, Germany). For PCR ampli
fication of the COl 4 RNA the following primers were used: 3' TGTTTGGGGGCGGCA
GATGTG 5' and 3' GGTGGAGAGGGCAGGGAAGAC 5' (Gibco. Eggenstein, Germany). 
The PCR samples were prepared according to the manufacturers protocol (Promega) and after 
thirty PCR cycles the reaction products were analysed on 1% agarose gels. 

2.4. Flow Cytometry of DC 

Cells were harvested on ice, washed with ice-cold PBS and aliquots of 2 x 105 cells 
were incubated with monoclonal Abs against murine CDI4 (clone rmC5-3. Pharmingen, 
Hamburg, Germany). I_Ab.d.q. I_Ed.k (clone M5/114; Boehringer, Mannheim, Germany), 
F4/80 (Dianova, Hamburg, FRG), BM8 (kindly provided by Dr. C. Sorgo Institute for Ex
perimental Dermatology, University of Munster), COl lb (Mac-I. clone MI170, ATCC, 
10% culture supernatant), B7-1 ( clone IGlO, Pharmingen. San Diego, CAl, B7-2 (clone 
GI-I, Pharmingen), CD40 (clone 3/23, Pharmingen), CDllc (clone N418, Endogen, Cam
bridge, MA), or rat IgG as isotype control (Dianova, Hamburg, Germany) for 45 min on 
ice (I J.1g/ml diluted in PBS/O,5% BSA (v/w». Thereafter, cells were washed twice with 
PBS/O.I % BSA (v/w) and incubated with FITC-conjugated goat anti-rat IgG (Dianova, di
luted 1:50 in PBSI1% mouse serum (v/v» for 45 min. on ice. Finally, propidium iodide 
(100 J.1M; Sigma) was added, cells were washed twice and subsequently analysed in an 
EPICS-XL flow cytometer (Coulter, Krefeld, Germany). Dead cells, determined by their 
propidium iodide fluorescence, were gated out. For double staining experiments. a FITC
coupled Ab directed against lAd (clone AMS-32.1, Pharmingen) was used and the primary 
Ab specific for CD 14 was detected by a phycoerythrin (PE) coupled secondary Ab (goat 
anti-rat IgG, Dianova). 
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2.5. Effect of Anti-CD14 Ab on LPS Induced Cytokine Release 

DC were incubated for I h with anti-CD 14 Ab (I J.1g1ml) on ice. After removing un
bound Ab by three washes with medium, the cells were cultured with or without LPS (I 
J.1g1ml) for 8 h and the amounts of IL-IB and TNF-a, respectively, released were deter
mined by ELISA (Cytoscreen™, Laboserv, Giessen, Germany). 

2.6. Mixed Lymphocyte Reaction 

For primary mixed lymphoycte reactions (MLR), T cells were prepared by passing 
RBC-depleted spleen cells over a nylon wool column, followed by removal of remaining 
contaminants using the monoclonal antibodies M5/l14, Mac-I and B220 and immu
no magnetic microbeads (MiniMACS, Miltenyi Biotech, Bergisch Gladbach, FRG). The 
resulting cell preparation contained less than 0.1 % IA + cells. In the MLR's, freshly pre
pared DC from female DBA/2N mice (H_2d) which had been separated into CDl4+ and 
CD14' populations by cell sorting with anti CDl4-coated immunomagnetic microbe ads 
(MiniMACS, Miltenyi Biotech) were cocultured with purified T cells from C3H/HeN (H-
2k) or C57/BL6 (H_2b) mice in complete medium without essential amino acids and FCS, 
but supplemented with 1.5% mouse serum and 5 J.1g1ml indomethacin ('MELR medium'). 
Serial dilutions of triplicate samples of DC were mixed with a constant amount (2 x 105) 

of allogeneic T cells in 96 well culture dishes. Cells were cultured for 6 days, and pulsed 
with I mCi/well of [3H]thymidine for 18 hr. 

2.7. Presentation of Soluble Protein or Peptide Antigen 

To assess the ability of DC to present soluble protein antigen or immunogenic pep
tides to primed T cells, the ovalbumin (OVA) specific T -T -hybridoma DO 11.1 was used, 
which produces IL-2 in response to OVA presented by I_Ad. The OVA-derived peptide, 
OVA323-339, contains the specific immunogenic epitope recognized by DOII.I and does 
not require further processing. BmDC were generated and sorted into CDI4+ and CDI4-
cell populations as described above. Graded numbers of BmDC were then incubated to
gether with 1 x 105 DO 11.1 cells in the presence or absence of 1 mg/ml ovalbumin or 1 
J.1g1ml OV A323-339 peptide for 24 hr at 37°C in a total volume of 200 J.11. One hundred J.11 
of culture supernatant was removed and assayed for IL-2 content using the IL-2 respon
sive cell line, CTLL-2, as described [17]. 

3. RESULTS 

3.1. Expression of CD14 mRNA in Murine DC 

To investigate whether murine DC are capable of expressing CDI4, total RNA was 
isolated from BmDC, as well as from the dendritic cell lines CB-I and D2SC-I [13], and 
from the macrophage lines MT-2 and P388. RNA was treated with DNAse and subjected 
to RT-PCR. Using CDI4 specific primers, a PCR product of the expected size could be 
amplified from BmDC and both DC lines (Fig. I). As expected, a PCR product of identi
cal size was also detectable in the monocyte/macrophage cell lines MT-2 and P388. To 
exclude the possibility that these PCR products were amplified from genomic DNA con-
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Figure 1. Expression of CDI4 mRNA by DC. Total RNA of BmDC, CB-I, D2SC-I, MT-2. and P388 cells was 
isolated and subjected to RT-PCR, using CDI4 specific primers. Samples were electrophoresed on 1% agarose gel. 

taminations, PCR was performed with corresponding RNA preparations without reverse 
transcription, which did not reveal any products (data not shown). 

3.2. Surface-Expression of CD14 by DC 

To further investigate whether DC express CDI4 on their cell surface, flow cytomet
ric analysis was performed using a monoclonal Ab directed against murine CDI4. As 
shown in Fig. 2, BmDC, the skin-derived DC line XS52, the splenic DC lines CB-I and 
D2SC-I, as well as the monocytic cell line MT-2 all exhibited high surface expression of 
CDI4, when compared to isotype control samples. Interestingly, frehly prepared or GM
CSF-cultured epidermal Langerhans cells did not express significant amounts of CDI4 
surface molecules (Fig. 2 and data not shown). As expected, no CD 14 expression could be 
detected in A20 B-cells, confirming the specificity of the CDI4 Ab used. In BmDC cul
tures, most experiments revealed a minor population of CD 14' and a major population of 
CDI4+ cells, whereas by light microscopy. >80% of all cells had typical dendritic morhol
ogy (not shown), and by flow cytometry, >70% of the cells expressed high amounts of la, 
CDllc, CD40 and B7-2 (Fig.3). Since high surface expression ofMHC class II molecules 
is characteristic for DC, double staining experiments were performed with anti-CD 14 Ab 
vs. anti-I-A Ab. As shown in Fig. 4, the majority of BmDC, which co-express high levels 
of lA, also expresses CDI4 (75%). However, a subpopulation ofl-A+ BmDC lacks expres
sion of CD 14 (l 0%). In addition, BmDC also express high amounts of CD II b (Mac-I) as 
well as the surface molecules recognized by antibodies BM8, F4/80 and ER-TR9 (Fig. 3), 
which are also regarded as specific markers for Mcp [1-3]. Moreover, upon two colour 
staining for CD 14 vs. F4/80 and BM8, respectively, most cells were found to be double 
positive for both markers (data not shown). Thus, these data indicate that at least a sub
population of murine BmDC express surface CDI4. 

3.3. Effects ofCytokines and LPS on Surface Expression ofCD14 by DC 

In a next series of experiments, we tested whether the cytokines IL-IB, IL-4, and 
TNF-a, which are known to exert effects on DC maturation and differentiation, are in
volved in regulation of surface expression of CDI4 by BmDe. Accordingly, BmDC as 
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Figure 2. CO 14 is expressed on the surface of DC. Dendritic cells (ca· I , 02SC-I. XS52). BmOC. freshly pre
pared epidennal Langerhans cells. monocytic cells (MT·2) and B cells (A20) were stained for cell surface expres· 
sion ofC014 molecules (solid lines) by using the monoclonal antibody nnC5-3 and analysed by flow cytometry. 
Staining with IgG served as control for unspecific binding (dotted lines). 

well as CB-I and D2SC-1 cells, respectively, were incubated with these cytokines for 48 
h. Among the cytokines tested, only IL-4 exerted a significant downregulatory effect on 
CDI4 expression by BmDC (Tab. I). However, CDI4 expression on DC lines CB-I and 
D2SC-I was not affected by any of the cytokines tested in these experiments. 

Since human CDI4 is known to serve as a receptor for LPS which in turn upregu
lates CD 14 expression on MO/M~, we further investigated whether CD 14 expression on 
murine DC is affected by LPS. For this purpose, DC lines and BmDC were incubated with 
5 ~g!ml LPS for different periods of time and analysed for surface expression of CDI4 
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Figure 3. Surface phenotype of BmDC. HmDC were stained for cell surface expression of the DC surt;lce mole
cules COlic, CD40, CD80, CD86 and la (a). as well as the macrophage surface molecules CDllb (Mac-I), 
F4/80. BM8 and ER-TR9 (b) as described above. 

molecules using flow cytometry. In these experiments, we show (Fig. 5) that cell surface 
expression of CD 14 on BmDC is rapidly upregulated by LPS as compared to samples cul
tured without LPS for the same period of time. In the first 6 hours after addition of LPS, 
CDI4 surface expression increased constantly, reaching a maximum with up to 70% of 
BmDC expressing CD 14. Thereafter, the increase of CD 14 expression declined and even 
after an additional overnight incubation period (14 h) with LPS the CDI4 expression did 
not change significantly as compared to a 6 h stimulation period. In these experiments sur
face expression of MHC class II molecules (lA) by BmDC was analysed in parallel 
(Fig. 5, upper panel). A constantly high expression of MHC class II molecules (IA) could 
be detected which was not affected by LPS, thus verifying that the BmDC investigated 
here indeed belong to the DC lineage and that contaminating MO/Mcj> did not contribute to 
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Figure 4. Coexpression of MHC e1ass II (IA) molecules and CDI4 by BmOC. (8) BmDC were double stained 
with anti-CDl4 (rmC5-3, detected by phycoerythrin-conjugated secondary antibodies) and a FITC-Iabeled mono
e10nal antibody directed against MHC class II (IA) molecules, followed by flow cytometric analysis. Percentage 
of cells in each quadrant: 1=10010; 2=75%; 3=1%; 4=14%. (b) Samples stained with isotype matched antibodies. 
Percentage of cells in each quadrant: 1=1%; 2=1%; 3=94%; 4=4%. 

the observed upregulation of CD14. However, when the DC lines CB-l (Fig. 5) and 
D2SC-I (data not shown) were exposed to LPS, no significant effects on CD 14 surface 
expression could be recorded after 6 h, but after an ovenight incubation period (14 h), a 
downregulation rather than upregulation of CDI4 by LPS could be observed, indicating 
that LPS might regulate surface expression of CDl4 differentially in DC of different ori
gin. 

3.4. LPS Induced Release ofIL-l by DC Is Suppressed by Anti-CD14 
Abs 

As LPS is known to induce the release of IL-I B by DC [18], we further tested 
whether CD 14 expressed on the surface of murine DC may be involved in mediating these 
LPS induced effects. Accordingly, the DC lines D2SC-I and CB-I cells were incubated 

Table 1. Effect of different cytokines on CD 14 surface expression by DC 

BmDC CB-I D2SC·1 

GM-CSF 82±5 95 ±4 98±7 
GM-CSF + TNF-a 78±4 96±6 95 ±6 
GM-CSF + IL-IB 79±4 96±5 97±3 
OM-CSF + IL-4 69 ±5' 98±3 97±4 

BmDC and DC lines CB·I and D2SC·1 were incubated with GM-CSF. TNF·a. IL-IB. 
IL-4 (100 Ulml) for 48 h.thcreaficr CDI4 surface expression was dctermined by flow 
cytomctry. The percentagc (mean :t SEM) of CDI4+ cells is given. 'Significantly 
(P<O.05) different compared with GM-CSF treated BmDC. 
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shown in comparison to isotype stained samples (dotted 20 
lines), verifying that the cells investigated here belong to 0 2 4 6 14 
the DC lineage. Time of stimulation (h) 

with anti-CDl4 Ab, followed by stimulation with LPS. Thereafter, supernatants were har
vested and tested for the presence of IL-I/3 and TNF-a using ELISA. LPS induced release 
of IL-I/3 was significantly reduced in CB-I cells and completely abolished in D2SC-1 
cells by CDI4 blockage (Fig. 6). In contrast, LPS induced TNF-a release was not affected 
by anti-CDl4 treatment in each cell line (data not shown), indicating that different path
ways are involved in IL-I /3 and TNF-a release by LPS. 

3.5. Allostimulatory Capacity ofCD14-Sorted BmDC 

To further investigate the influence of CD I 4-expression on DC function, cells were 
seperated by immunomagnetic beads into CD 14+ or CD 14' cells and tested for their al
lostimulatory capacity. The proliferation of allogeneic responder T cells was determined 
by incorporation of CH]thymidine. As shown in Fig. 7, the two populations did not differ 
significantly in their capacity to present alloantigen in the MLR. 

3.6. Presentation of Ovalbumin or OVA-Peptide 323-339 by 
CD14-Sorted BmDC 

To assess the ability ofCD14+ and CDI4- BmDCs to present soluble protein antigen 
to primed T cells, the ovalbumin specific T-T hybridoma DOl 1.1 was used. The CDI4+ 
BmDC population induced a slightly weaker Tcell response then the CDI4- BmDC popu
lation (Fig. 8a). A similiar effect was seen using native ovalbumin protein as antigen 
(Fig. 8b). Thus, both cell populations were found to be able to present soluble antigen to 
responder T cells, with the CD 14- population being approximately five-fold less efficient 
than the CD 14+ population. 
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Figure 6. Incubation of DC with anti-CDl4 antibodies reduces LPS induced release of IL-IB. CB-I and D2SC-1 
cells were incubated with anti-CDl4 antibodies for I h, washed and incubated for 3 h with or without LPS. Con
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Figure 7. Allogeneic mixed lymphocyte reaction ofCD14+ and CDI4- BmDC. Graded numbers of BALB/c-de
rived (H_2d) CDI4+ and CDI4' BmDC were coincubated with 2 x lOs allogeneic purified T cells from C57BLl6 
mice (H_2b) in an allogeneic MLR and incubated for 5 days at 37°C, followed by overnight pulse with 3H-thymid
ine. Background proliferation of BmDC or T cells alone was always below 10000 cpm. 
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Figure 8. Protein and peptide antigen presentation by CDI4+ and CDI4- BmDC. (a) Presentation of 
OVA323-339 peptide and (b) native OVA by CDI4' and CDI4' BmDC. The graphs show IL-2 production of the 
OVA32J-339 specific T cell hybridoma, DOl 1.1. in response to BmDC plus I mglml OVA and I Ilglml 
OVA32J-339, respectively. 

4. DISCUSSION 

Traditionally, CD 14 expression has been a hallmark of Mcj>, since almost all sub
types of human Mcj> express CD 14, whereas only a few other human cell types were found 
to also express CDI4 [3]. Likewise, in vitro generated DC derived from CD34+ cord blood 
progenitors, as well as human Langerhans cells did not express CD 14 on their surface 
[19,20). Consequently, absence ofCDI4 has been accepted as one indicator for DC [21). 
However, recent investigations showed that CDI4 can be expressed on human DC as well. 
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In lymphoid tissues of the nose, Langerhans cells were found to co-express CD 14 as well 
as CDla [22], and CDI4+ precursors of DC could also be detected in human peripheral 
blood [23-25]. In addition, Caux et al. demonstrated that two distinct pathways may exist 
for differentiation of human DC from precursor cells, one involving CDl4-expressing pro
genitor cells that differentiate into DC preferentially in the presence of GM-CSF and IL-4, 
and the other involving precursor cells which never express CDI4 during GM-CSF and 
TNFa-dependent differentiation into mature DC [II]. Similar data have been generated 
by others, also suggesting that human DC derive either from a distinct DC-precursor cell, 
or from a CDI4+ cell type which has already acquired a monocytic phenotype [26]. More
over, an interconversion from CDI4+ M, to DC seems to be possible, as in the human sys
tem in vitro incubation of CDI4+ M, with high doses of GM-CSF and IL-4 results in 
differentiation into mature DC [20]. During this process, M, downregulate surface expres
sion of CDI4 and acquire phenotypical as well as functional features of DC. Taken to
gether, these data show that CDI4 is not an irreversible marker of terminally 
differentiated M, in the human system. Our data now show that this also holds true for the 
murine system. 

Our double staining experiments using BmDC indicate that at least two different 
populations of DC might exist in murine GM-CSF supplemented bone marrow cultures. 
One DC popUlation is characterised by its co-expression of high levels of MHC class II 
and CDl4 molecules on their surface. In parallel, another DC population is detectable, ex
pressing only high levels of MHC class II molecules. Both populations appear to belong to 
the DC lineage due to their high expression of MHC class II molecules, their weak adher
ence to plastic surfaces and their dendritic morphology, but both popUlations clearly differ 
in their expression of CDI4 molecules. However, we observed that in most experiments, 
CDI4 expression of the CDI4+ DC subset was downregulated and sometimes lost during 
terminal maturation of BmDC (S.G., unpublished observation). Moreover, peptide and 
protein antigens were presented more efficiently by CDI4· DC, suggesting that CDI4· 
cells represent more mature DC. Nevertheless, CD 14 was clearly still expressed on many 
BmDC at a differentiation state when these cells already exhibited the functional capacity 
to stimulate naive T cells, distinct dendritic morphology, and the immunophenotype of 
DC. We therefore suggest that CDI4+ DC represent a population of DC with a weaker an
tigen presenting capacity, which may not yet be fully differentiated. Thus, murine bone 
marrow-derived CDI4+ DC may represent DC which are still in the process of differentia
tion from a pluripotent precursor, and depending on cytokine signals differentiation into 
either M4t or into DC occurs. Since these cells clearly exhibit at least some functional ca
pacities of DC, such as priming of naive alloreactive T cells in vitro, it appears to us a 
rather academic question whether to call these cells 'DC', 'immature DC' or 'activated 
M4t'. 

Addition of IL-4 to bone marrow cultures results in a downregulation of surface ex
pression of CDI4, even when IL-4 is added at a timepoint when most cells have already 
differentiated into functionally active DC. However, generation of BmDC in the continous 
presence ofGM-CSF and IL-4leads to BmDC which express little or no CDI4 at day 7-9 
of culture, while BmDC generated by culture of bone marrow in the presence ofGM-CSF 
alone express abundant CD14 (data not shown). It is still unclear whether addition ofIL-4 
to the bone marrow cultures merely suppresses CDI4 expression or alters the differentia
tion of DC, potentially by selectively stimulating separate DC precursors which do not ex
press CD14 during maturation into DC. However, sequential immunophenotyping of bone 
marrow cultures suggest that in GM-CSF plus IL-4 treated cultures, almost all cells in the 
cultures at least transiently express CDI4 (S.G., unpublished observation). 
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Little is known about the functional significance of CD14 expression on DC and 
MO/McjI in mice. In Kupffer cells, LPS has been shown to upregulate CDl4 expression 
both at the mRNA and the protein level [6], which is in analogy to our own results using 
murine BmDC. The time course of this upregulation is comparable to results obtained 
with McjI and Kupffer cells [6], showing a rapid upregulation of CD 14 after an one h incu
bation period with LPS. Moreover, after an 18 h incubation period with LPS a downregu
lation of CD 14 expression by CB-l cells was detectable which confirms previous results 
obtained in the human system, showing that high doses of LPS downregulate the expres
sion ofCD14 by means of shedding CD14 molecules from the surface ofMcjI [27]. In con
trast to these results obtained with BmDC, the surface expression of CD 14 on the splenic 
DC-lines CB-l and D2SC-l did not alter significantly after treatment with LPS for 8 h. 
Therefore these data may indicate, that LPS differentially modulates CDl4 expression in 
various types of murine DC. In vivo, LPS as well as TNFa and IL-I induce DC emigra
tion from non lymphoid organs [28]. As LPS is known to induce leukocyte production of 
IL-IB and TNF-a [13], we further investigated whether CDl4 might be involved in medi
ating these LPS induced effects. Occupation ofCDl4 molecules by anti-CD 14 Ab dimin
ished the LPS induced release of IL-I, indicating that CDl4 is involved in transmitting 
LPS mediated effects to DC and may function as a receptor for LPS on murine DC. How
ever, since TNF-a release of DC could not be blocked by Ab directed against CDI4, other 
structures expressed by DC may also serve as a receptor for LPS. This observation is fur
ther supported by a report on human MO, which demonstrates the presence of additional, 
as yet uncharacterized surface receptor(s) for LPS [29]. Thus, CDl4 may not be the only 
surface molecule which is capable to trigger cytokine release from LPS stimulated MO. 

Taken together, we demonstrate that murine DC lines as well as BmDC, at least at 
certain differentiation stages, express CDI4, and that expression of CDI4 as well as of 
other McjI-associated surface molecules is not a valid criteria to differentiate between McjI 
and DC in the murine system. Moreover, we demonstrate that LPS affects BmDC func
tionally, which can be blocked by administration of anti-CD14 antibodies. Although our 
data provide only preliminary evidence that CDI4 may function as LPS receptor on mur
ine DC, they demonstrate that binding sites for LPS are present on DC. Thus, LPS-like 
bacterial products may affect DC function, which could be of relevance for antibacterial 
immune responses in vivo. 

ABBREVIATIONS USED IN THIS PAPER 

Ab: antibody; BmDC: bone marrow derived dendritic cells; CM: complete medium; 
DC: dendritic cells; FCS: fetal calf serum; FITC: fluorescein isothiocyanate; GM-CSF: 
granulocyte/monocyte-colony stimulating factor; IL-l: interleukin I; LPS: lipopolysac
charide; MHC: major histocompatibility complex; McjI: macrophages; MO: monocytes; 
OVA: ovalbumin; PBS: phosphate-buffered saline; PCR: polymerase chain reaction; 
TNF-a: tumor necrosis factor u. 
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1. INTRODUCTION 

26 

Several studies have shown that substantial numbers of functional dendritic cells 
(DC) can be generated in vitro from human CD34+ progenitor cells upon culture with the 
two cytokines GM-CSF and TNFa.1.2.3 More recent data suggest that at least two in vitro 
differentiation pathways for the development of DC seem to exist.4.s.o One pathway gives 
rise to Langerhans (LC) type DC. Phenotypically, this pathway follows the route CD34+ 
to CDla+ to CDla+/Lag+ and does not involve a CDI4+ monocytoid intermediate cell 
stage.5 

In vitro development of DC (including LC type DC) from hemopoietic progenitor 
cells critically depends on serum/plasma supplementation of the growth medium. Serum
free cultures containing GM-CSF plus TNFa were reported to be highly inefficient in pro
moting DC development.! 

We recently established a serum-free culture system which efficiently and selec
tively promotes the development of LC-type DC from hemopoietic progenitor cells.7 

These LC type DC develop along a recently described differentiation pathway.s Simulta
neous generation of CDI4+ monocytoid cells is however minimal. This selective out
growth of LC type DC (Lag +) in serum free medium could be induced upon addition of the 
cytokine transforming growth factor-beta I (TGF-J31) to the culture medium. 
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2. MATERIALS AND METHODS 

CD34+ cells were isolated from umbilical cord blood mononuclear cells using the 
MACS CD34 Progenitor Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Ger
many), according to the instructions of the manufacturer. The purity of the CD34+ popula
tion ranged from 87% to 98% (mean = 94%). Culture of purified CD34+ cells was 
performed in 24 well plates (Costar, Cambridge, MA) (l-3x104 cells in I mil well) at 
37°C in a humidified atmosphere and in the presence of 5% CO2. The serum-free medium 
X-VIVO 15 (Bio Whittaker, Walkersville, MD) contained L-glutamine (2.5 mM), penicil
lin (125 IE/ml) and streptomycin (125 JA,glml). Cultures were supplemented with opti
mized concentrations of the following human cytokines: transforming growth factor-beta 
I (TGF-(3I; 0,5 nglml; purified from platelets; British Biotechnology, Abington, UK), tu
mor necrosis factor alpha (rhTNFa; 50 Ulml; Bender, Vienna, Austria), granulocyte
macrophage colony-stimulating factor (rhGM-CSF; 100 ng/ml; Sandoz, Basel, 
Switzerland) and stem cell factor (rhSCF; 20 nglml; Amgen, Thousand Oaks, CAl. When 
indicated, serum-free cultures were supplemented with 10% pooled human umbilical cord 
blood plasma (CBPI) obtained from at least three individuals as described previously.s 

For indirect suspension stainings of the intracellular Lag antigen (mAb clone Lag, 
IgGI, kindly provided by Dr. Imamura, Kyoto, Japan), we used the commercially avail
able reagent combination Fix&Perm from An der Grub (A-2572 Kaumberg, Austria) ac
cording to the manufacturer's procedure. Cells were analyzed by flow cytometry 
(FACScan, Becton Dickinson Immunocytometry Systems, San Jose, CAl. 

3. RESULTS AND DISCUSSION 

Our initial experiments showed that the cytokine combination GM-CSF plus TNFa 
even when further supplemented with SCF (c-kit ligand) is inefficient in promoting DC 
development in serum-free medium. The same growth factor combination, however, effec
tively promoted generation of both CDla+/CDI4' dendritic cell and CDla'/CDI4+ mono
cytoid cell populations when added to serum/plasma supplemented medium.7 

In our search for constituents of plasma or serum potentially involved with the ob
served DC growth promoting effect, we evaluated the cytokine transforming growth fac
tor-beta I (TGF-(3I). This highly pleiotropic 25-kDa homodimeric polypeptide9 has been 
shown before to be present in serum and plasma sampleslo and to promote the in vitro 
growth of committed hemopoietic progenitors and monocytoid cells. I 1.12,13 

Addition of TGF-(31 at low concentrations (0.5nglml) to GM-CSF plus TNFa and 
SCF supplemented serum-free culture medium indeed significantly (p<0.05) enhanced 
both total cell growth and increased percentages ofCDla+ cells. At day 10,35 ±4% of all 
cultured cells in the presence ofTGF-(31 expressed CDla and cultures initiated with Ixl04 
CD34+ cells yielded on average 8 ± 3xl04 CDla+ cells. In contrast, CDI4+/CDla' mono
cytic cells remained infrequent in the presence of TGF-(31 (~8%, n=6). Parallel cultures 
set up in the presence of 10% cord blood plasma but not of exogenous TGF-(31 gave rise 
to significantly higher percentages of CDI4+/CDla' monocytoic cells (25 ± 3%, n=6, 
p<0.05) but significantly lower percentages of CD la + cells (18 ± 3%, n=6, p<0.05). 

The morphological appearances of cells grown for 10 days in either culture medium 
alone, plasma-supplemented culture medium or TGF-(3I-supplemented culture medium, each 
in the presence ofGM-CSF plus TNFa and SCF, were strikingly different (Figure I). Cells 
grown in plasma- and TGF-(3I-free culture medium were round shaped, devoid of cells with 
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Figure 1. Microscopic appearance of 10-day cultures. CD34+ CB cells were cultured in GM-CSF+TNFu+SCF 
supplemented plasma-free medium (left), or with additional supplementation with 10% cord blood plasma (cen
ter) or 0.5 ng/ml TGF-J31 (right). 

dendritic morphology and contained very few small aggregates. Cultures with 10% cord 
blood plasma-supplemented medium were composed mainly of small dendritic cell clusters 
and of adherent macrophage-type cells. On the other hand, TGF-I3I-supplemented cultures, 
contained large aggregates consisting of most of the cells present in the culture. Loosely ad
herent to these aggregates, cells with highly dendritic morphology predominated. 

The acquisition of highly dendritic morphology of cells after culture for 10 days in 
TGF-131 supplemented serum-free medium was correlated with acquisition of Lag. Lag anti
gen represents a 40-kDa glycoprotein which is associated with Langerhans cells/Birbeck 
granules. '4 As shown in Figure I, a substantial subset of cells generated in the presence of 
TGF-131 was found to intensely stain positive for Lag. This was indeed indicative for the pres
ence of numerous typical cytoplasmic racket-shaped and rod-like Langerhans cell/Birbeck 
granules as confirmed by electron microscopy.7 Strikingly, Lag+ cells were only observed in 
TGF-131 supplemented serum-free cultures and could neither be detected in parallel cultures 
without TGF-131-supplementation nor with plasma-supplementation (Figure 2). 

Thus we demonstrated that TGF-131 represents an important co-stimulatory cytokine 
for the in vitro development of Langerhans cells in serum free medium. Recent data 
showed that TGF-131 null mice (-/-) lack epidermal Langerhans cells (M. Udey, this issue), 
suggesting that also in vivo TGF-131 is required for the development and/or migration of 
this particular cell type. 

The differentiation pathway by which Lag+ DC develop in our serum-free culture 
system certainly does not involve a CD14+/CDla' monocytic intermediate cell stage since 
CDI4+/CDla' cells remained highly infrequent throughout the 10 day culture period. This 
clearly fits to recent observations by Caux et al. 5 who showed that Lag+ DC unlike simula
taneously developing Lag' DC do not develop from an intermediate CDI4+/CDla' mono
cytoid cell stage. 
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Figure 2. Analysis of Lag expression by cultured cells. Cells generated were stained for CDla or intracellular 
Lag expression as.described in Materials and Methods. Representative histograms show cells analyzed in parallel 
for Lag or CD I a expression. 

Strikingly in plasma-supplemented medium substantial proportions of cells acquire 
CD I a expression but do not show Lag reactivity. One explanation could therefore be that 
these Lag·/CDla+ DC derive from a distinct progenitor cell subset and/or differentiation 
pathway.5 Alternatively, simultaneously developing monocytes/macrophages may inhibit 
further DC differentiation, as recently described.4 
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INTRODUCTION 

Antigen uptake and presentation by dendritic cells (DC) occur at different stages of 
their maturation and are directed by certain cytokines (1-3). Phagocytosis (4) as well as 
mannose receptor-mediated endocytosis through clathrin-coated pits and fluid-phase 
macropinocytosis have been described for human and murine DC at the immature devel
opmental stage (5, 6). Antigen presentation capacity of those cells is weak. After antigen 
contact with an atnigen or proinflammatory cytokines they mature under loss of the anti
gen uptake capabilities, but upregulate surface MHC class II and costimulatory molecules 
for antigen presentation. In vivo, resting DC of non-lymphoid organs internalize antigens 
and transport them to the draining lymph nodes. In the T cell areas of the lymph node the 
now fully mature interdigitating DC is able to initiate primary T cell responses. During 
migration the DC undergoes maturation, but antigen processing should be delayed until it 
reaches the lymph node. In the precursor DC line FSDC (6, 7), we have now identified a 
specialized antigen retention compartment, and propose a mechanism of how antigens 
within these vesicles are prevented from degradation by lysosomal enzymes. 

MATERIALS AND METHODS 

Lucifer Yellow, Fluorescein-conjugated ovalbumin (FITC-OV A), dextran (FITC
DX, MW 40000), and transferrin were purchased from Molecular Probes (Eugene, OR) 
and fluorescence detected by FACS (6), confocal microscopy (8) or detection with immu-
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nogold-labeled secondary antibodies for electron microscopy (9). Antigen pulses of I x 

106 FSDC with OVA and DX were for 30-60 min at I mglml in a 37°C CO2-in-air incuba
tor (6). To follow antigen retention, the cells were washed and chased in tracer-free me
dium for 1-24 h before analysis. 

To detect acidic vesicles the weak base DAMP (N-3-2,4-dinitrophenylaminopropyl-N
(3-aminopropyl)-methylamine dihydrochloride, Molecular Probes) was added through the 
last 60 min of chase. Cells were fixed in 2% parafonnaldehyde and 0.2% glutaraldehyde in 
PBS before DAMP was detected with an anti-DNP antibody and FITC-labeled tracers with an 
anti-FITC antibody. Then the cells were processed for electron microscopy as described (10). 

RESULTS AND DISCUSSION 

The FSDC show a constitutively high rate of both macropinocytosis of soluble trac
ers, such as FITC-OVA, and endocytosis of FITC-OX via the mannose receptor (6). In 
contrast to other cell types (B cells or monocytes/macrophages) these tracers remain in
side the FSDC for a long time. Kinetic studies analysed by F ACS, revealed that FITC
OVA, FITC-DX and the small molecule Lucifer Yellow could still be detected inside the 
cells 24 h after antigen pulse. FITC-coupled transferrin, which is known to recycle after 
binding to its receptor very fast, could not be retained. 

Confocal and immunoelectron microscopy studies clearly showed the two separate 
ways of internalization for FITC-OV A, preferentially into large macropinosomes, and for 
FITC-DX, mainly via clathrin-coated pits, within the first hour of antigen pulse. After 6 h 
of chase in tracer-free medium, both pathways most likely share a common retention com-

Figure 1. Large macropinosomal compartments in the FSDC cell line retain antigens at mildly acidic/neutral pH. 
FSDC cells were pulsed with FITC-DX for I h, washed and chased for 6 h. During the last hour of chase DAMP 
was added. After fixation the cells were processed for immunogold labeling and electron microscopy (see Materi
als and Methods). The weak base DAMP accumulates in acidic organelles, such as early and late endosomes and 
Iysososmes (not shown). Only little DAMP (S nm gold particles) can be detected in compartments containing 
abundant labeling for FITC-DX (10 nm gold particles) in the FSDC. Bar 200 nm. N nucleus; M mitochondria. 
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partment (Fig. I). Those vesicles resemble large electron-lucent macropinosomes, which 
have acquired the lysosomal membrane protein Lamp-l and the Iysososmal protease 
cathepsin D. Staining for the small GTPase rab7, to identify endosomal compartments, did 
not colocalize with the retained tracers. 

During the endosomal pathway of protein degradation, increasing vesicle acidifica
tion is observed (II). An acidic pH is necessary to enable the enzymatic activity of 
cathepsin D (12, 13). Intracellular vesicles with acidic pH can be visualized by selective 
accumulation of the weak base DAMP (10). Within the retention compartments however, 
DAMP was rarely detected (Fig. I), in contrast to small endosomes (not shown). This 
might explain why OVA and cathepsin D can coexist without degradation of OVA. Inter
estingly, a similar pH dependent mechanism of intracellular persistence has been de
scribed for Mycobacteria (14,15). 

After longer chase times of 8-24 h increasing acidification of large retention com
partments with loss of tracer content can be observed. This might represent the start of an
tigen processing and loading of MHC class II molecules for antigen presentation as 
observed by DC in lymphoid organs. Further studies have to elucidate the relation of the 
retention compartments described with the MHC molecule loading compartments (MIIC) 
described in more mature DC ( 16). 
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1. SUMMARY 

Dendritic cells (DCs) use macropinocytosis and mannose receptor mediated endocy
tosis for the uptake of exogenous antigens. Here we show that the endocytosis of the man
nose receptor and mannosylated antigen is distinct from that of a non-mannosylated 
antigen. Shortly after internalization, however, both mannosylated and non-mannosylated 
antigen are found in an MIIC like compartment. The mannose receptor itself does not 
reach this compartment, and probably releases its ligand in an earlier endosomal structure. 
Finally, we found that mannosylation of peptides strongly enhanced their potency to 
stimulate HLA class II-restricted peptide-specific T cell clones. Our results indicate that 
mannosylation of antigen leads to selective targeting and subsequent superior presentation 
by DCs which may be useful for vaccine design. 

2. INTRODUCTION 

As professional antigen presenting cells, dendritic cells (DC) are able to capture, 
process and present antigens. The efficiency of antigen uptake critically affects peptide 
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loading and presentation by MHC class II molecules (1,2). DCs internalize soluble pro
teins via fluid phase macropinocytosis and mannose receptor-mediated endocytosis (3). In 
both cases, antigens are delivered to endocytic compartments where they can be processed 
to antigenic peptides that can bind to MHC class II molecules and be transported to the 
cell surface (4,5). The mannose receptor has been shown to select ligands carrying termi
nal sugars such as mannose, fucose, and N-acetylglucosamine (6,7), and to have the ca
pacity to recycle (8), allowing continuous uptake ofligands. 

An important question that remained sofar unresolved, is whether the mannose re
ceptor-ligand pathway intersects with that of the MHC class II molecules. We have there
fore studied the intracellular transport and subcellular distribution of the mannose 
receptor, mannosylated and non-mannosylated proteins, HLA-DM, and MHC class II 
molecules using density gradient electrophoresis (DGE) in combination with an immu
noelectronmicroscopical analysis. In addition, we determined the effect of mannosylation 
of peptide antigens on MHC class II restricted antigen presentation by DCs. 

3. EXPERIMENTAL PROCEDURES 

3.1. Antibodies 

The following antibodies were used: anti-human class I mAb HC 1 0, anti-human 
class II a-chain mAb 1 B5, anti-human class lIB-chain mAb anti-B, anti-human DMA 
mAB 5Cl, mouse anti-human class II mAb TV36, anti-human class II mAb PdV 5.2, anti
biotin, anti-CD63 mAb CLB/GranI2, anti-human calnexin, anti-human mannose receptor 
D547, anti-human cathepsin D, anti-human rab 5, anti-human lamp-l mAb BB6, and anti
B-hexosaminidase. 

3.2. Isolation of Human DCs from Peripheral Blood 

DCs were isolated from PBMC according to (9), and cultured in RPMI-IO% FCS 
supplemented with 800 Vlml GM-CSF and 1000 Vlml IL-4. DCs were used for experi
ments between day ~. 

3.3. Subcellular Fractionation 

Subcellular vesicles were fractionated according to their cell surface charge by den
sity gradient electrophoresis as described in (10). 

3.4. Immunoelectron Microscopy 

For immunoelectron microscopy DCs were processed as described in (II). Ultrathin 
cryosections were incubated with antibodies followed by immunogold staining. 

3.5. Proliferation Assay 

1.0 x 104 T cells were cultured in 96 flat-bottom microplates with 5 x 103 irradiated 
(3000 rad) HLA-typed DCs or 5 x 104 irradiated (3000 rad) HLA-typed PBMCs in the ab
sence or presence of various concentrations of peptides. [3H]Thymidine incorporation was 
measured at day 3 after a 20 h pulse with eH]thymidine (1 Ci/well). 
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In order to label endocytic vesicles, cultured DCs were pulsed with horse radish per
oxidase (HRP), a mannose receptor ligand (12), and chased. Subsequently subcellular ves
icles were fractionated according to their cell surface chargeand analysed. Already after a 
3 min pulse HRP appeared to be internalized, as it was located at a position distinct from 
surface bound HRP. The HRP traveled through endocytic compartments to lysosomes 
within 25 min. Subcellular distribution of the mannose receptor and proteins associated 
with antigen presentation showed that, as expected, mature HLA-DM was present in 
Iysosomes, immature HLA-DM in the ER and cis-Golgi, MHC class I molecules on the 
plasma membrane and early endosomes,and MHC class II molecules on the cell surface 
and intracellularly. The mannose receptor, however, had a distribution that was distinct 
from the other proteins analyzed. 

4.2. Internalization of the Ligand-Mannose Receptor Complex and 
Fluid Phase Endocytosis 

To study internalization of the mannose receptor-ligand complex and fluid phase en
docytosis, DCs were pulsed with bovine serum albumin (BSA) or mannosylated-BSA and 
processed for immunoelectronmicroscopical analysis. We observed that uptake of man
nose-receptor-antigen complexes took place by a coated pit and coated vesicle pathway, 
while non-mannosylated antigens were endocytosed in larger vesicles, most likely 
macropinosomes. Shortly after internalization, however, these two pathways converged 
and within 25 minutes, both mannosylated and non-mannosylated antigens co-localised in 
an MIIC/lysosomal like compartment. In contrast, the mannose receptor itself did not 
reach this compartments, suggesting that it releases its ligand in an earlier endosomal 
structure. Thus, antigens internalized via receptor-mediated and fluid phase endocytosis 
enter MIIC compartments and Iysosomes, but the mannose receptor appears to release its 
ligand in an earlier endocytic compartment. Together these new findings indicate that af
ter endocytosis the receptor releases its ligand, allowing recycling of the receptor and 
transport of the mannosylated ligand to the lysosomal system including the MIle. 

4.3. Antigen Presentation of Mannosylated Antigens 

To examine the effect of mannosylation on antigen presentation, we used three dif
ferent known T cell peptide epitopes. Using DCs as antigen presenting cells we ob
served, that approximately 300 - 10,000 fold less of the mannosylated peptide was 
required for the induction of half-maximal proliferation compared to the non-mannosy
lated analogue. 

In summary, our results indicate that DCs are extremely efficient in the uptake, 
transport and presentation of mannosylated antigens. This may have important implica
tions for the improvement of immunisation protocols. 
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INTRODUCTION 
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Dendritic cells (DC) are of key importance for the induction of antigen-specific T 
cell immunity. In their immature state, DC capture antigen at peripheral sites and, thereaf
ter, migrate to secondary lymphoid organs where they, as matured cells, efficiently present 
antigen-derived peptides to naive T cells (1). It is obvious that the antigen recognition, 
capture and internalization functions of immature DC are of major biological relevance as 
they are the prerequisite for the occurrence, quantity and, perhaps, quality of antigen-spe
cific T cell responses. For a long period, it was genera1\y believed that antigen uptake by 
DC is mainly accomplished by micropinocytosis. In addition to this non-selective process, 
three other antigen uptake mechanisms of DC were recently discovered (2). The first is 
macropinocytosis, an actin-dependent type of fluid phase endocytosis that is mediated by 
membrane ruffling and characterized by the appearance of large cytoplasmic vesicles in 
which macrosolutes become concentrated (3). The two other uptake mechanisms are anti
gen/IgG complex- or glycosylation pattern-specific and rely on the presence of cell sur
face receptors. DC express FcyRII- and the mannose receptor that enable efficient capture 
of IgG complexed antigens (4, 5) and mannosylated/fueosylated antigens (3, 6), respec-
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tively. In rodents, DC express a further C-type lectin receptor, DEC-205, which recog
nizes specific glycosylation patterns on proteins and, thus, may be involved in the selec
tive uptake and presentation of certain pathogens (7). 

Recently, we reported that Fc£RI can function as an allergen-focusing structure 
which, in the case of monocyte-enriched mononuclear cells of atopic individuals, ampli
fies allergen presentation in an IgE-dependent manner (8). In this chapter we will describe 
the characteristics of a newly discovered Fc£RI-expressing DC population and the conse
quences ofIgE-Fc£RI interactions for the antigen presentation capacity of these cells. 

VARIOUS TYPES OF DENDRITIC CELLS EXPRESS FcsRI 

In humans, the high affinity receptor for IgE (Fc£RI) is expressed on Langerhans 
cells (9, 10), dermal DC (9, II), and monocytes (12). To better characterize the spectrum 
of Fc£RI-expressing antigen-presenting cells (APC), we recently screened peripheral 
blood for HLA-DR+ (i.e., presumably antigen-presenting) cells that can bind monomeric 
IgE via Fc£RI but fail to express monocyte-specific markers (e.g., CDI4). We found that, 
in addition to basophils and monocytes, a third type of Fc£RI-expressing cells circulates in 
the peripheral blood of both atopic and healthy individuals (13). On the surface of these 
cells, Fc£RI occurs as a multimeric structure containing Fc£RIa and Fc£RIy chains but, 
unlike its counterpart on basophils, lacking Fc£RIj3. Further experiments revealed that 
these Fc£RIay-expressing cells are peripheral blood DC (PB-DC) based on their immuno
phenotype (HLA_DRhigh, HLA_DQhigh; CD4+, COlla+, CD32+, CD33+, B712 [CD86f; 
CDllb1oW, CD141ow, CD40'ow, CD541ow, CD64 IOW), typical cell morphology, and the capacity 
to induce primary alloreactive T cell responses (13). 

FcsRI-IgE-FACILITATED ANTIGEN UPTAKE AND 
PRESENTATION BY DENDRITIC CELLS 

To see whether targeting of allergen to Fc£RI on DC is followed by efficient antigen 
presentation, we used an allergen focusing system that allows the binding of haptenized 
(i.e., nitrophenacetyl [NPl-conjugated) recombinant major birch pollen allergen (rBet v I) 
to Fc-IgE receptors via NP-specific monomeric IgE and measured the proliferative re
sponse of allergen-specific, peptide-mapped T cell clones (TCC, ref. 8). In these experi
ments, the addition of hapten-specific IgE to DC cultures results in an approximately 
10-fold amplified proliferative TCC response at low concentrations of the haptenized al
lergen (Fig. I). Furthermore, the presence of hapten-specific IgE reduced the amount of 
haptenized allergen required to yield a significant TCC proliferation by a factor of 100. 
These experiments identified Fc£RI as# the principal IgE receptor on DC mediating IgE
dependent allergen uptake and presentation since the addition of an anti-Fc£RIa mAb -
but not of an isotype-matched control mAb - reduced the DC-induced TCC proliferation 
to levels seen with allergen in the absence of hapten-specific IgE (Fig. I). 

In recent experiments we started to explore the molecular mechanisms involved in 
FCERl/lgE-mediated antigen uptake by DC. We found that multimerization but not mono
valent ligation of FCERI-bound IgE leads (i) to the efficient internalization of triggered re
ceptors and, subsequently, (ii) to the focusing of Fc£Rl/IgE complexes into few distinctive 
cytoplasmic DC compartments which contain MHC class II antigens, HLA-DM and 
lysosome-associated proteins (Maurer et aI., manuscript in preparation). Crosslinking-in
duced activation of FCERI rather than constitutive membrane turnover is responsible for 
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Figure 1. DC use Fc&RI to present allergen to HLA-DR-restricted T cells in an IgE-dependent manner. Indicated 
numbers of peripheral blood DC were reacted with IgG I (open squares), IgG I plus NP-specific clgE (closed 
squares), or mAb 15-1 (anti-FcERla) plus NP-specific cIgE (diamonds) followed by the addition of 500 ng/ml NP
conjugated rBet v I. T cells of Tee WD24 were added as responders and ['H)-thymidine uptake was measured 
(cpm; ordinate). 

receptor internalization since compounds interfering with protein tyrosine phosphorylation 
but not agents that perturb actin and/or microtubule organization/remodeling can inhibit 
this process (Maurer et aI., manuscript in preparation). Tyrosine-based sequences have 
been identified in the cytoplasmic tail of certain other receptors and mediate their inter
nalization (14), interaction with clathrin-associated protein complexes (15) and, in some 
cases, delivery of internalized and/or newly synthesized receptors into peptide-loading 
compartments (16, 17). It is thus tempting to speculate that the crosslinking-induced tyro
sine phosphorylation of some of the YXXL sequences contained within the IT AM motifs 
of the Fc&RI y-chains critically controls receptor internalization and subcellular targeting. 

IMPLICATIONS OF FCERI-IgE-DEPENDENT ALLERGEN 
UPTAKE FOR ATOPIC ALLERGY 

Dendritic cells, as opposed to semi-professional APC, have the indigenous ability to 
stimulate primary T cell responses (1). Fc&RI-expressing DC may acquire the additional prop
erty to activate and prime naive T cells to hitherto unrecognized epitopes of IgE-reactive anti
gens/allergens since the IgE-dependent allergen uptake may influence the repertoire of 
allergen-derived peptides being generated and presented. As previously described for mem
brane Ig-dependent antigen presentation by B cells (18), epitopes located outside the IgE rec
ognition site on the allergen may be preferentially presented whereas the HLA-class 
II-peptide assembly of those located within the binding site of IgE may be suppressed. In 
summary, Fc&RIIlgE-dependent allergen uptake by DC may both quantitatively and qualita
tively modulate allergen presentation in vitro and may have profound implications on the 
magnitude and diversification of allergen-specific T cell responses in human disease. 
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INTRODUCTION 

Expression of class II molecules is restricted to certain cell types, including B lym
phocytes, dendritic cells (DC) from various tissues (e.g. Langerhans cells from skin) and 
macrophages. Dendritic cells are a system of potent antigen presenting cells (APC) that 
are characterized by their strong capacity to stimulate immunologically naive T cells '·2 . A 
key function of DC is thought to be the acquisition of antigens in peripheral tissues and 
their transport to draining lymph nodes for presentation of the processed peptides to the T 
lymphocytes. Until recently, the major limitation to study the cell biology of dendritic 
cells has been the absence of long term cell lines and clones. However, the finding that 
granulocyte-macrophage colony stimulating factor (GM-CSF)3 promotes growth and 
maturation of large quantities of DC issued from bone marrow progenitors4 provided us 
with a tool to study the MHC class II transport and distribution in these important APCs. 
Antigens must be converted in short peptides and loaded on the major histocompatibility 
complex (MHC) molecules before they can trigger an immune responses. Class II associ
ated peptides are derived from extracellular proteins or endogenous proteins that have ac
cess to the endocytic pathway. Class II molecules associate with the Invariant chain (Ii) in 
the endoplasmic reticulum (ERt and are targeted to the endocytic pathway. Class II mole
cules accumulate transiently in endocytic compartments designated MHC class II com
partment (MIIC)7.8.9 or class II vesicles (CIIV) 10,1 I. CIIV are physically and biochemically 
distinct from endosomes and Iysosomes but do, however, contain early endocytic markers 
such as transferrin receptor and surface immunoglobulins. MIIC, on the other hand, are 
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depleted of recycling receptors and are enriched in late endocytic markers such as Lamp I. 
Bone marrow derived DC were cultivated in presence of GM-CSF and a cell biological 
analysis was performed at different periods of their development. we have shown that ma
jor changes in the distribution of class II molecules can be observed during the maturation 
of DC. Additionaly, we have characterized a new population of DC, representing an inter
mediate stage of maturation in which CIIV and MIIC can coexist. This developmental 
switch is coordinated with changes in the distribution of the invariant chain, as well as a 
dramatic acceleration of class II transport to the plasma membrane. 

RESULTS 

Mouse bone marrow progenitor cells act as a major source of dendritic cells when 
cultivated with GM-CSF4. Non adherent mature dendritic cells are generated in one week 
from loosely adherent proliferation clusters upon treatment with GM-CSF. We have pro
duced large amounts of dendritic cells in vitro to study MHC class II distribution and 
transport during maturation. Immunofluorescence microscopy studies allowed us to iden
tify and characterize 3 major developmental stages of DC throughout the culture (Fig. I). 
Early in development (day 3-4), DCs are mainly concentrated in proliferating clusters 
which are loosely attach to a more firmly adherent stroma4. These clustered DCs have 
been shown to give rise to mature dendritic cells when purified and left in culture with 
GM-CSF4. Most of the cells present in clusters show little class II molecules on their sur
face and have their internal class II molecules concentrated in scattered MIIC/lysosomes'2. 
These observations were confirmed by percoll gradient fractionation of early DC, in 
which MHC class II molecules are found co-distributing with heavy density lysosomes. 
Later during maturation (day 5---6), an intermediate population of DC could be detected. 
These non adherent cells display a large pool of class II-positive/LGP-negative intracellu-
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Figure 1. Developmental cell biology of mouse dendritic cells. 
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lar vesicles localized at the periphery of the cell and likely to be CIIV. At the final stages 
of maturation, the DC population (day 7-8) reaches a stage of development described by 
most investigators as "mature" dendritic cells2• These cells display a characteristic den
dritic morphology with most of their class II molecules on the cell surface and their intra
cellular compartments strongly depleted of class II molecules (in particular 
MIIC/lysosomes). These observations were also confirmed by percoll gradient fractiona
tion of late DC in which MHC class II molecules do not co-distribute with heavy density 
lysosomes. Interestingly, in mature cells, the MHC class II depleted MIIC/Lysosomes are 
still strongly positive for H2-MIJ. 

Class II dimers and Ii are strongly interconnected, Ii serves as a chaperone and pro
vides the targeting signal necessary for the class II molecules delivery to the endocytic 
pathwa/ 4 • In the early cells, Invariant chain can be detected as diffuse pattern likely to be 
ER and in sharper vesicular structures positive for class II and LGP. Such a localization 
was confirmed by percoll gradient fractionation where Ii and MHC class II molecules are 
found co-distributing with heavy density Iysosomes. Interestingly, only the CLIP contain
ing pI 0 proteolytic fragment of Ii I S could be detected in the heavy density fractions. The 
plO fragment is normally generated in early endosomes and is very short lived, unless the 
cells are incubated with a protease inhibitor such as leupeptin l6 • In contrast, invariant 
chain could only be found within the ER of intermediate and late DC, where it colocalizes 
with Calnexin l7 • The distribution of invariant chain in late DC was confirmed by percoll 
fractionation where it could only be detected in light density fraction. Interestingly PI 0 
can also be found in light density fractions (both in early and late DC), confirming that the 
Ii does not need to reach the MIIC/lysosomes to get degraded lR • PIO, still able to influence 
the targeting of the class II dimers, could induce the class II molecules transport to 
MIIC/lysosomes, in a similar fashion as an artificial treatment with leupeptin I9,16. In sum
mary, the changes in class II distribution are probably dependent on invariant chain degra
dation rate in the endocytic pathway. 

A series of pulse chase experiments, followed by surface biotinylation were per
formed to monitor the rate of class II transport to the plasma membrane. In early DC, 
MHC class 11 molecules show a rather poor rate of arrival at the plasma membrane wheri 
compared with late DC or B cells. Class II molecules begin to appear at the surface of in
termediate/late DC after one hour of chase reaching a maximum after four hours as al
ready described for B cells lO • In the case of early DC, little class II molecules have 
reached the plasma membrane after 4 hours, as suggested by the low amount of class II 
observed on their cell surface by immunofluorescence. 

CONCLUSION 

Dendritic cells have been shown to have dramatic changes in their ability to inter
nalize and to present antigens, while treated with different cytokines such as GM-CSF or 
TNF-a. These changes were generally coordinated with down regulation of several mole
cules (e. g. Fc receptor) or upregulation of adhesion or costimulatory molecules (e.g. 
B7-2, DEC-205) (Fig. I). We demonstrated, that in the mouse bone marrow system, GM
CSF while influencing the differentiation of progenitor cells in mature DC, induces dra
matic changes in the distribution and the transport of class II molecules in the maturing 
cells. These changes in class II molecules distribution and trafficking define 3 major 
stages of DC maturation (Fig. I ). At an early maturation stage, the reduced transport of 
class II molecules to the plasma membrane is concomitant with their targeting to 
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MIICllysosomes and a slow degradatipn of invariant chain in this compartment. Later 
stages of development are charaterized by a kinetic of transport of the class II molecules 
to the cell surface comparable to the one observed for B cells and the absence of class II 
molecules and invariant chain in the MIIC/lysosomes. This developmental switch is also 
characterized by the presence of Class II molecules into an LGP-negative compartment 
likely to be the equivalent of CIIV. In the bone marrow system a slight increase (25%) of 
the class II synthesis rate could be observed. This difference in synthesis is unlikely to be 
responsible for the dramatic changes in the transport and the targeting of the class II mole
cules during maturation. In conclusion, these observations suggest that class II molecules 
transport in DCs treated with GM-CSF is developmentally regulated. The rate of Ii degra
dation seems to affect directly the class II trafficking, the amount and the type of specific 
proteases available (cathepsin D, L, S) could playa direct role in the developmental regu
lation of the transport. The nature of this cytokine dependent regulatory mechanism still 
remain unclear and the culture of bone marrow derived DC will be of great help to eluci
date this process. 
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1. ABSTRACT 

31 

In an immature state, dendritic cells (DC) can capture antigen via at least two 
mechanisms. First, DC use macropinocytosis for continuous uptake of large amounts of 
soluble antigens. Second, they express high levels of mannose receptor that can mediate 
internalization of glycosylated ligands. We found that dendritic cells can present manno
sylated antigen 100 - 1000 fold more efficiently than non-mannosylated antigen. Immuno
cytochemistry as well as subcellular fractionation demonstrated that the mannose receptor 
and MHC class II molecules were located in distinct subcellular compartments. These re
sults demonstrate that the mannose receptor endows DC with a high capacity to present 
glycosylated antigens at very low concentrations. 

2. INTRODUCTION 

Antigen presenting cells can internalize antigens via fluid phase or receptor-medi
ated uptake. I After uptake, antigens are processed in the endosomai/lysosomal pathway 
and peptides are loaded onto class II molecules in specialized compartments, MHC class 
II compartments.2 (, From these compartments, class I1/peptide complexes are transported 
to the plasma membrane for presentation to T cells. 

Dendritic cells (DC) are highly efficient antigen presenting cells capable of inducing 
a naive T cell response (reviewed in 7). Features that contribute to efficient antigen pres
entation include high expression of class II molecules and a capacity to endocytose large 
amounts of materiaI.R.~ Two distinct mechanisms of uptake have been identified in DC; 
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first, macropinocytosis, that allows high levels of fluid phase uptake and second, receptor
mediated uptake via the mannose receptor.9,IO Here, we analyzed presentation of antigens 
internalized via the second route. Mannosylated antigen was presented at very low con
centrations compared to non-mannosylated antigen. In addition, the intracellular compart
ment containing the mannose receptor was found to be distinct from MHC class II 
compartments. These results suggest that the mannose receptor efficiently concentrates 
antigens for transport to processing and peptide loading compartments. 

3. MATERIALS AND METHODS 

3.1. Cells 

Human dendritic cells were obtained by in vitro culture of elutriated peripheral 
blood monocytes in RPMI-1640 containing 10% fetal calf serum supplemented with 50 
nglml GM-CSF and 1,000 U/ml IL-4, as described.8 

3.2. Immuno-Electron Microscopy 

Cells were fixed at room temperature in 2% paraformaldehyde and 0.5% glutaralde
hyde in phosphate buffered saline (PBS); after 1 hour, the cells were pelleted, resuspended 
in 2% paraformaldehyde and transferred to 4°C. After infusion with 2.3 M sucrose, sam
ples were quickly frozen in liquid nitrogen. I I Ultrathin cryosections were prepared as de
scribed 12 and labeled with antibodies, followed by colloidal gold particles coupled to 
protein A.13 

3.3. Subcellular Fractionation 

Subcellular fractionation was performed as described. S Markers for lysosomes, as 
well as the total amount of protein in the different fractions were assayed as described. 14•ls 

The migration of plasma membrane was analyzed by cell surface iodonation. S The distri
bution of MHC class II molecules and mannose receptor was determined by immunoblot
ting using anti-MHC class II and anti-mannose receptor antibodies followed by incubation 
with peroxidase-coupled secondary antibodies and visualization by chemoluminescence. 

4~ RESULTS AND CONCLUSIONS 

To localize the mannose receptor intracellularly, dendritic cells were fixed and ul
trathin cryosections were prepared. Immunolabeling using anti-mannose receptor antibod
ies revealed the presence of mannose receptor in coated pits and small vesicles (Fig. I, 10 
nm gold). Double labeling with anti-class II antibodies showed the majority of MHC class 
II molecules to be present in multi vesicular and multilaminar compartments (Fig. I, 15 nm 
gold). No colocalization of the mannose receptor and MHC class II molecules was found. 

To physically isolate MHC class II and mannose receptor positive compartments, 
DC were homogenized and the organelles separated by electrophoresis (see methods). 
Fractions were collected, and the distribution of various markers for the different subcellu
lar organelles was analyzed. As shown in Figure 2A, most organelles migrated around 
fraction 34, as analyzed by total protein content. Lysosomal compartments, identified by 
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Figure 1. Immunocytochemical analysis of man nose receptor and MHC class (( containing compartments. Ul
trathin sections from fixed DC were double labeled with antibodies against the mannose receptor (3.29; IgG I; 10 
nm gold) and MHC class (( molecules (polyclonal serum against the a-chain; gift from H.L. Ploegh; 15 nm gold) 
as described in Methods. Magnification: 130,OOOx. 
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Figure 2. Isolation of distinct subcellular compartments containing mannose receptor or MHC class II molecules. 
DC were homogenized and the subcellular organelles were separated by electrophoresis. In each fractions the 
amount of protein (squares) and ~-hexosaminidase activity (circles) was determined (A) as well as the amount of 
MHC class molecules (triangles) and of the mannose receptor (diamonds) (B). 
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the presence of ~-hexosaminidase activity in the different fractions, migrated towards the 
anode (peak at fraction 24) and were well separated from most of organelles (Figure 2A). 

The presence of MHC class II and mannose receptor in the different fractions was 
analyzed by immunoblotting; results are shown in Figure 2B. MHC class II molecules 
were found to be present in two distinct populations; the majority of MHC class II con
taining membranes migrated in fractions (34-38) containing plasma membrane (Fig. 2B 
and data not shown). A second population of MHC class II containing organelles migrated 
in anodically shifted fractions (fractions 22-26), representing MHC class II compartments. 
In contrast, mannose receptor containing compartments migrated at a distinct position (Fig 
2B), confirming the immunocytochemical analysis. Taken together these results show that 
MHC class II and mannose receptor molecules are present in distinct compartments. 

To analyze presentation of antigens internalized via the mannose receptor, DC were 
pulsed either with glycosylated bovine serum albumin (BSA) or with non-glycosylated BSA 
and their capacity to induce proliferation of a BSA-specific class II restricted T cell clone was 
analyzed. Mannosylated as well as fucosylated BSA was in presented 100-1000 fold more ef
ficient than non-glycosylated BSA (Fig 3 and data not shown). T cell proliferation was still 
detectable at very low « I nglml) concentrations of mannosylated BSA (data not shown). 

In conclusion, internalization of antigens via the mannose receptor results in highly 
efficient antigen presentation. The mannose receptor containing compartment involved in 
antigen uptake is distinct from MHC class II positive organelles, thus suggesting a sequen
tial transit of mannosylated antigens from this compartment to processing and peptide 
loading compartments. 

It is interesting to note that a variety of infectious microorganisms, as opposed to 
higher eukaryotes, express terminally mannosylated proteins. '6 The efficient presentation 
of mannosylated antigens together with the ability to generate naive T cell responses may 
render human dendritic cells especially effective during the early phases of infection. 
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INTRODUCTION 

The population of cells able to present antigen to class II MHC-restricted, CD4+ T 
helper cells appears heterogenous and, in the mouse, includes B lymphocytes, macro
phages and DC. R. Steinman and collaborators I have shown that an antigen injected intra
venously at high dose in a naive mouse was present in an immunogenic form on DC only, 
a finding that correlates with the unique capacity of the DC in stimulating antigen-spe
cific, naive T cells. The cellular interactions leading to a specific immune response fol
lowing the encounter with an antigen may be different in a primary and a secondary 
response. In particular, B lymphocytes which bind proteins to surface Ig receptors have 
been shown to present these proteins at very low concentrations in vitro and in vivo2• 

Since antigen-specific B cells undergo clonal expansion, the B cells in a primed mouse 
represent a significant proportion among all antigen-presenting cells. Furthermore, circu
lating antigen-specific antibodies may form complexes with the antigen which can be 
taken up by FcR+ cells'. In this paper, we tested whether B cells and macrophages could 
playa role in antigen presentation in an anamnestic response in vivo, and compared the 
antigen presentation during a secondary versus a primary response. 

RESULTS 

Splenic B Cells from Preimmunized But Not from Naive Mice Express 
Peptide/MHC Complexes 

To define the role of splenic APC in antigen presentation in vivo, we injected naive 
and BALB/c mice preimmunized with antigen in complete Freund's adjuvant (thereafter 
referred to as immune animals) with 4 mg of soluble myoglobin, according to a protocol 
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described by Crowley et aLI, and harvested their spleens 2 h later. The myoglobin-spe
cific, T cell hybridoma 13-26-8 was cultured with varying numbers of unseparated spleen 
cells. The use of an hybridoma diminishes the contribution of accessory molecules to T 
cell stimulation and provides a rather direct method for assessing peptide-MHC complex 
expression. The data in Figure I A show that unseparated spleen cells from naive mice, 
pulsed in vivo with soluble antigen, were poor stimulators of IL-2 production, whereas 
spleen cells from immune mice induced a detectable response in the same conditions. Ad
dition of antigen in medium resulted in strong activation of T cell hybridoma in all cul
tures (Figure IB). Spleen cells from mice, naive or immune, which were not injected with 
4mg soluble myoglobin ("unpulsed") did not bear immunogenic fragments of the antigen 
(Figure IA). Depletion of B lymphocytes from spleen cells from immune mice (Figure 
I C) resulted in strong reduction of IL-2 production, as compared to control spleen cells, 
thereby showing that B cells from immune mice have processed the antigen, following in
jection of 4 mg of myoglobin in vivo. 

Dendritic Cells Bear Immunogenic Fragments of Myoglobin in Naive 
and Primed Mice 

A similar experiment was performed with DC, isolated from in vivo pulsed naive or 
immune animals. T cell hybridoma 13-26-8 was cultured with varying numbers of pur i
fied DC. The results in Figure 2A show that DC from naive mice bear immunogenic frag-
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Figure 1. Splenic B cells from immune but not from naive mice retain the antigen in an immunogenic form fol
lowing in vivo antigen pulse. (A, B) Four BALB/c mice were either untreated or injected with 100 Ilg of myoglo
bin emulsified in CFA. Half of the mice (closed symbols) were injected 14 days later with 4 mg of myoglobin 
intravenously (in vivo pulsing). 2 h later, the spleens were harvested and unseparated spleen cells were counted 
and cultured with 3 x 104 T hybridoma cells with (B) or without (A) addition of 20 Ilglml of myoglobin. (C) 
Spleen cells from in vivo pulsed, primed mice (triangle down) were incubated with biotinylated rabbit anti-mouse 
Ig antibodies (triangle up) or with normal rabbit Ig (diamonds), passed over a MACS column and cultured with 
the I-Ed-restricted, myoglobin-specific hybridoma 13--26--84• 24 h culture supernatants were assayed for IL-2 pro
duction. Each point represents the mean of triplicates. Similar data were obtained in 5 independent experiments. 
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Figure 2. DC isolated from mice pulsed ill t'iv() with myoglobin present immunogenic fragments of the antigen. 
Ten BALB/c mice were either untreated or injected with 100 Ilg of myoglobin emulsified in eFA. Half of the mice 
(closed symbols) were injected 14 days later with 4 mg of myoglobin intravenously (ill viI'<> pulsing). After 2 h. 
the spleens were harvested and the DC were purified'. At the end of the purification steps (alier overnight cul
ture). the various DC preparations were counted and cultured with 3 x 10' T hybridoma cells with (B) and without 
(A) addition of 20 Ilg/well of myoglobin. 24 h culture supernatants were assayed for IL-2 production. as described 
in Material and Methods. Each point represcnts the mean of triplicates. Similar data were obtained in 6 inde
pendent experiments. 

ments of the antigen following in vivo pUlsing. DC from immune animals induced secre
tion of higher levels of IL-2 by T cell hybridoma than DC from naive mice. The potency 
of the uptake, processing and presentation of protein antigen by DC was reflected in the 
very low numbers required to activate antigen-specific T cell hybridoma. It should be 
noted that, in all experiments performed, DC isolated from primed mice, which have not 
been pulsed ill vivo, significantly stimulated 13-26-8 hybridoma. This observation may 
suggest that levels of processed antigen. sufficient to trigger T cell hybridoma. are still ex
pressed on DC 2 weeks after immunization. The addition of antigen in culture (Figure 28) 
only partially increased activation of T cell hybridoma, a finding which correlates with the 
downregulation of the processing capacity of DC ill vilro6 .7 . 

Peritoneal Adherent Cells Are a Source of Antigen/MHC Complexes in 
Immune Mice, Not in Naive Mice 

Peritoneal adherent cells (comprising mainly macrophages) were purified from antigen
pulsed naive and immune mice, and cultured with T cell hybridoma. In three out of five ex
periments (Figure 3 represents one positive experiment), adherent cells from immune mice 
expressed higher levels of M HC/peptide complexes than adherent cells isolated from antigen
pulsed, naive mice, as assessed by IL-2 secretion by 13- 26-8 T cells. However. addition of 
antigen only slightly enhanced activation by adherent cells from naive mice, which remained 
much weaker than the activation induced by adherent cells from primed mice in the same con
ditions. These data suggest that adherent cells from naive mice express very few complexes of 
antigen/MHC, not only because they do not efficiently capture the antigen in vivo, but also 
because they express low levels of class II antigens. 
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Figure 3. Peritoneal macrophages from immune but not from naive mice, pulsed in vivo, display immunogenic 
fragments of the antigen. BALB/c mice were either untreated or injected with 100 Ilg myoglobin emulsified in 
CFA. Half of the mice (closed symbols) were pulsed 14 days later with 4 mg myoglobin intravenously. Two hours 
later, the mice were killed and the cells harvested by extensive washing of the peritoneal cavitys. Adherent cells 
were cultured overnight, collected using a rubber policeman. and cultured with 3 x 104 T hybridoma cells with (B) 
or without (A) addition of20 Ilglml of antigen. 24 h culture supernatants were assayed for IL-2 production. 

DISCUSSION 

The major observation of this study is that the population of cells bearing immuno
genic forms of antigen is quantitatively and qualitatively different in primed versus naive 
mice. In naive mice injected with high doses of spermwhale myoglobin, the uptake of 
myoglobin was restricted to DC, with no apparent contribution of B cells or macrophages. 
By contrast, in primed animals, splenic B lymphocytes, peritoneal macrophages and DC 
pulsed in vivo bear immunogenic fragments of myoglobin and can efficiently present the 
antigen to specific T cell hybridoma. 

The increased antigen-presenting capacity (on a per cell number basis), in mice in
jected with myoglobin emulsified in CF A but not in animals injected with CF A alone 
(data not shown), suggests that the capture of the antigen is specific. In particular, it has 
been shown that B lymphocytes which bind proteins to surface Ig receptors present these 
proteins at very low concentrations, whereas effective presentation by non specific B cells 
requires much higher antigen concentrations2• Since the number of antigen-specific B 
lymphocytes is increased in primed versus naive mice, our data are consistent with the 
capture and presentation of the antigen by specific B cells. Moreover, the capture of the 
antigen by peritoneal macrophages and B cells in immunized mice could be mediated by 
myoglobin specific antibodies which bind to Fc receptors present at the surface of B cells 
and macrophagesJ• The same antibody-mediated capture of the antigen may explain why 
DC (which express low albeit detectable levels of FcR) from primed animals were consis
tently better stimulators than DC from naive mice. 

Numerous studies have clearly shown that optimal activation of naive T cells re
quires presentation of antigen on DC in vitro and in vivof>-9. By contrast, there is some evi
dence that antigen-experienced T cells have less stringent conditions of activation. In 
particular, Inaba and Steinman8 have shown, in a mixed leukocyte reaction model, that re-
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sponses of naive helper T cells are initiated by antigen plus DC, whereas sensitized T cells 
could be stimulated by allogeneic macrophages or B cells. These findings have been con
firmed by more recent studies showing that Ag-experienced cells secrete cytokines in re
sponse to many APC types, whereas naive cells only react to DC and to a lesser extent to 
activated B cells in vitro8-14 and in vivo9. 

Our data suggest that, during the course of an immune response, antigen is first pre
sented to naive T cells via DC, and that only subsequently primed T cells can be stimu
lated by antigen presented by B cells or macrophages. Therefore, the enhanced secondary 
T cell response is most probably due to a combination of the increased frequency of anti
gen-specific cells and their ability to react with antigen presented on a wider range of po
tential APC types. 
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1. SUMMARY 

33 

We investigated in H_2k mice bearing a genetically disrupted invariant chain (Ii) 
gene I, the MHC class II expression and antigen presentation ability of dendritic cells (DC) 
freshly purified from the spleen (SpDC) or derived from bone marrow precursors (BMDC) 
upon treatment with GM-CSF. In the absence of Ii, class II a./~ heterodimers are ex
pressed on the DC membranes to a similar extent than in control mice, in contrast to 
splenic B cells. Class II molecules immunoprecipitated from the plasma membrane of Ii 
deficient DC are compact indicating that the dimers are stabilized by antigenic peptides2• 

Furthermore DC from Ii mutant mice are able to present to CD4+ T lymphocytes, epitopes 
derived from the processing of the hen egg lysozyme (HEL) that normally require expres
sion of the Ii molecule for presentation by B cells. All together, our results show that the 
antigen processing machinary of DC provides peptides that can reach class II molecules 
and stabilize their conformation in the absence of Ii mediated targeting of class II com
plexes. 

2. INTRODUCTION 

Presentation of exogenous antigens to CD4+ T lymphocytes requires antigen inter
nalization and processing in endocytic compartments3• Newly synthetized a. and ~ chains 
of class II heterodimers associate in the endoplasmic reticulum (ER) with Ii as a third part
ner. This complex is then transported to a specialized compartment along the endocytic 
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route4-8 where loading with antigenic peptides derived from exogenous proteins occurs. 
The intracellular route followed by class II-Ii complexes from the trans-Golgi network to 
the endocytic pathway remains unclear in DC. Among the different models an initial tar
geting to early endosomes, possibly via the plasma membrane, has been proposed9•1O• 

In contrast to dendritic cells, B cells from mice bearing a genetically disrupted Ii 
gene'·"·'2 show a striking alteration in the maturation of class II molecules: i) most com
plexes are retained into the ER; ii) few complexes reach the plasma membrane; iii) the 
few complexes expressed at the cell surface do not have the "compact" conformation in
dicative of tight peptide binding. Furthermore Ii is required for the efficient assembly of 
class II dimers in allelic variants only: B cells from mice with an H_2b background mostly 
accumulate in the ER free a and ~ chains in the absence of Ii, while class II dimers from 
H_2k and H_2d background are efficiently assembled even in the absence ofIil3. In the Ii 
knock out (ko) mice CD4+ T cells are partially positively selected (-15-30% of the nor
mal)"". However, the general health status and growth rate of these mice are not different 
from wild type littermates' and although primary IgM responses against nominal antigens 
were impaired, recall vaccinations induced the production of antigen-specific IgG at levels 
comparable with those of wild type mice'. The production of IgG upon in vivo challenge 
with antigen requires efficient antigen presentation to class II restricted CD4+ T cells. 
However, B cells from Ii deficient mice do not meet the full requirements for antigen pres
entation to T cells', Furthermore, data from several laboratories point out to an initial role 
of DC in the induction of T cell responses in experimental animals'4-'7. In this study we 
investigated in SpDC and BMDC the Ii dependence of class II association with antigen 
peptides and their presentation to class II restricted CD4+ T lymphocytes. 

3. MATERIALS AND METHODS 

3.1. Mice 

C57BL6 and B 10.BR inbred mice bearing a genetic disruption of the Ii gene were a 
generous gift of D. Mathis and C. Benoist (Strasbourg, France)', The absence of the gene 
was tested in all mice by Southern blots of EcoRI-digested tail DNA as described'. 

3.2. Antibodies (Abs) 

Anti-IAk mAbs (10.2.16, ATCC) were purified by protein A affinity chromatography 
from the B cell hybridoma culture supernatant. Anti-cytoplasmic domain Ii and anti-H2M 
~ chain Abs were kindly provided by Nicolas Barois (Marseille, France). Anti-CD45R and 
anti-CD3 Abs were purchased from Pharmingen. NLDC-145 and N-418 mAbs were a gift 
of Luciano Adorini (Milano, Italy). All fluorescent conjugated anti-mouse, anti-rat, anti 
rabbit and anti-hamster Abs were from Jackson Immunoresearch Laboratories Inc. 

3.3. Cells 

Spleen cells were derived from physical dissociation of the organs, Spleen derived B 
cells and SpDC were isolated as described in'8. Briefly, after collagenase digestion, an ad
hesion step was performed at 37°C for 2 hours. B cells were retrieved from the non adher
ent cell population after T cell depletion by Ab-mediated complement lysis. Adherent 
spleen cells were incubated overnight at 37°C. SpDC were obtained from the de-adhered 
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cell population, after centrifugation over a 50% discontinuous Percol gradient. BMDC 
were derived as described in '9 modified. CD34+ precursors were grown for 15 days in 
RPMI additioned with 20 nglml of recombinant murine GM-CSF (Granzyme). The culture 
medium was changed every three days. All the I-A K restricted T cell hybridomas utilized 
in this study (3A9, IC5.1, 2B6, 3B II) were generously provided by Luciano Adorini (Mi
lano, Italy). IL-2 dependent CTLL-2 cells were purchased from ATCC. 

3.4. Flaw Cytometry, Immunohistology, and Confocal Microscopy 

Staining was performed as described in20• Samples were analyzed in a F ACScan ap
paratus analysis (Becton Dickinson, San Jose, CA). Staining of cryosections was per
formed as described in ' and mounted as described for confocal microscopy. Confocal 
immunofluorescence was performed as in 21 and results visualized by a Leica TCS 4D 
(Leica Lasertechnik, Heidelberg, Germany). 

3.5. SDS-PAGE of Surface Class II Complexes 

15 x 106 spleen derived B cells or BMDC from mutant and control mice were la
belled by lacto peroxidase-catalyzed iodination. Briefly, after extensive washing in ice
cold PBS, cells were incubated for four minutes with 1251 (ImCi), lactoperoxidase and 
HP2 (10 f.ll of a 1/30000 dilution in PBS). HP2 addition was repeated after the first two 
minutes of incubation. After repeated washings, cells were lysed using a buffer containing 
1% NP40 and proteases inhibitors, and I-A k immunoprecipitated with the 10.2.16 mAb. 
Before electrophoresis on a SDS-polyacrylamide (12.5 %) gel, the immunoprecipitated 
class II was divided in two aliquots: the first was fully denatured at 95°C for 5 min; the 
second aliquot was incubated 1 hour at room temperature in SDS sample buffer containing 
5% p-mercaptoethanol to preserve the peptide loaded, compact, MHC class n heterodi-

" mers--. 

3.6. Antigen Presentation 

Antigen presentation was performed incubating in 96 wells flat bottom plates: T hy
bridoma cells (3A9, IC5.1, 2B6, 3BII) (5 x 104 /well), in the presence or in the absence of 
10-fold serial dilution of the relevant antigens with different APC populations (BMDC, 5 
x 104/well; spleen derived B cells, lOS/well, or SpDC pulsed overnight with different anti
gens and further purified over a Percol gradient as above, 5 x lOS/well. After 24 hours, su
pernatants were collected and tested for the presence of IL-2 using the IL-2 dependent 
CTLL-2 cells. 

4. RESULTS AND DISCUSSION 

4.1. DC but Not B Cells from Ii Mutant H_2k Mice Express High Levels 
of Surface MHC Class II Molecules 

All mice were tested at three weeks of age for Ii gene disruption by southern blot (Fig. I , 
panel A). In vitro derived cells were tested for Ii expression by western blot (Fig. I , panel B). 
The class II expression of spleen derived B cells and SpDC was analyzed by flow cytometry 
with the 10.2.16 mAb, immediately after in vitro purification. Figure 2, panel A shows that 
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Figure 1. Analysis of Ii ko mice. All mice were tested at three weeks of age by southern blot analysis of genomic 
DNA (A). The expression ofli molecule was also verified in bone marrow-derived DC by western blot (8). 

class II surface expression is highly reduced in Ii mutant mice spleen derived B cells (left) and 
only partially compromised in SpDC (right). Class II membrane expression was also pre
served in other DC populations, as BMDC (Fig.2, panel B). These results are not due to the 
cell purification procedures or to in vitro culture since DC but not B cells express in vivo 
amounts of membrane class II molecules comparable to control mice, as demonstrated by his
tological sections and class II staining of different organs (not shown). 

4.2. MHC Class II Molecules at the DC Plasma Membrane Are 
Compact or Associated with Unusual Long Peptides 

The 10.2.16 mAb is specific for the J3 chain of class II dimers and immunoprecipi
tate both "compact" class II dimers, associated with antigenic peptides, and empty or Ii as
sociated unstable dimers. To better define the characteristics of class II molecules at the 
cell surface of Ii mutant mice-derived DC, BMDC membranes were iodinated and immu
noprecipitated, and class II molecules analyzed by SDS-polyacrylamide electrophoresis. 
Table I shows the densitometric analysis of iodinated bands: unstable dimers, that almost 
represented the totality of immunoprecipitated class II from Ii mutant spleen derived B 
cells (not shown), were only the 27.8% of the total immunoprecipitated class II in DC. 
"Compact", peptide-associated dimers from mutant mice DC represented the 52% (90% in 
normal mice). SDS stable complexes of higher molecular weight were also detectable 
(19.2%), possibly deriving from the association of the class II dimers, in the absence ofIi, 
with long polypeptides, as described in other systems23 • 
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Figure 2. FACS analysis of class II expression. Spleen-derived B cells (A). spleen-derived DC (B) and bone-mar
row-derived DC (C) were analyzed for class II expression using the 10.2.16 mAg. Ii positive cells (empty fill). Ii 
ko cells (full fill) , negative control (second step reagent alone) (hatched line). 
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Table 1. Relative surface expression of compact and unstable MHC class II dimers 
in DC and B cells 
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In the absence of Ii resting IgM positive B cells, although able to efficiently present 
peptide antigens to CD4+ T cells, are unable to present internal epitopes derived from the 
processing of internalized HEL protein l . However this does not apply to Ii deficient DC 
(Fig.3), which present different antigens derived from HEL protein, in contrast to Ii defi
cient B cells, with almost the same efficiency than DC from control mice. Different hy
pothesis have been formulated to explain the difference between Ii-dependent and 
-independent epitopes: in particular, it has been proposed that different epitopes may re
quire different pH and intracellular conditions to be generated24• Ii could indeed be re
quired to bring class II molecules in the same intracellular compartment where these 
particular peptide epitopes are generated, while the (l/J3 chain targeting motives alone 
could be sufficient to reach the compartments where other Ii-independent peptides are 
generated. The ability of DC to present also in the absence of Ii both classes of epitopes 
could reflect either a difference in the intracellular sites where peptides are generated, or a 
difference in class II trafficking in DC compared to B cells. In DC class II dimers may 
reach all sites of epitope generation allowing peptide loading to occur through an Ii inde
pendent pathway. This characteristic may reflect their unique properties in antigen uptake, 
storage and presentation to CD4+ T cells.2s•26 
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T LYMPHOCYTE MEDIATED REGULATION OF 
COSTIMULA TOR MOLECULE EXPRESSION ON 
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The potent T lymphocyte stimulatory capacity of DC and other antigen presenting 
cell types is not constitutive and requires an activation/maturation event that can be pro
vided by in vitro culture or enhanced by both membrane bound and soluble factors. l-4 Cul
ture or cytokine induced increases in DC stimulatory activity correlate with the 
upregulation ofthc CD40 and CD86 costimulatory molecules, which are essential for opti
mal T lymphocyte activation. Although the allostimulatory activity of fresh peripheral 
blood DC (fPBDC) is inhibited by antibodies or soluble recombinant constructs which 
block thc CD86:CD28 or CD40:CD40L interaction,I.5.6 paraformaldehyde fixed. freshly 
isolated DC are incapable of initiating T lymphocyte proliferation unless they are sub
jected to a period of culture prior to fixationY This implies that costimulatory molecules 
are upregulated on fresh DC during DC:T lymphocyte coculture. Studies of the kinetics of 
costimulation indicate that DC must provide this "second signal" in the very early stages 
of DC:T lymphocyte contact for full T lymphocyte activation to oCCUr. 5.8.9 

DC costimulator expression in vitro may be enhanced by monocyte conditioned me
dia,2 however fresh DC populations purified by depletion of lineage marker positive cells 
are still capable of costimulator upregulation in the absence of conditioned medial.h and 
comparable levels of costimulator expression also occurs in serum free conditions (data 
not shown). Costimulator expression on purified DC in vitro may be due to solid phase 
stimulus (plastic contact), autocrine effects from DC:DC cytokine or membrane interac
tions or factors released by necrotic cells within the cultures. Alternatively, contaminating 
lineage marker negative non-DC cells may contribute soluble or membrane molecules that 
lead to in vitro DC activation/maturation. As RT-PCR analysis of these lineage marker 
negative populations has failed to demonstrate high level transcription of GM-CSF, IL-3 
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or TNF-a (Sorg RV & Hart DN] unpublished data), all of which have been shown to aug
ment the culture induced levels of CD80. CD86 and CD40 on DC and increase DC 
costimulatory capacity;,IO,1I other factors may be involved. 

A potent activation maturation signal for fresh DC or LC can be provided via mem
brane bound or soluble trimeric CD40L. I.IO,11 DC freshly isolated from peripheral blood 
express only low levels of CD40 antigen, although significant CD40 expression is attained 
rapidly after brief periods of in vitro culture. I,2 Freshly isolated LC express moderate lev
els of CD40, which is also increased upon in vitro culture. I 1.12 In addition, the functional 
relevance of DC CD40 expression has been underscored by studies showing that optimal 
antigen presentation by DC to T lymphocytes requires an intact CD40:CD40L interac
tion. I,II.13 Ligation of DC CD40 to CD40L during DC:T lymphocyte interactions leads to 
increased levels of CD80 and CD86 expression and the functional significance of in
creased CD86 expression on LC as a result of CD40 cross linking has been documented. I I 
In addition to providing a potent signal for CD28 ligand upregulation on DC, the 
CD40:CD40L interaction can provide a costimulus for T lymphocyte proliferation as well 
as IL-21,14 and IL-4ls secretion by CD4+ T lymphocytes. This interaction also appears to 
act in synergy with TCRlCD3 and CD28 ligation for T lymphocyte proliferation and IL-4 
secretion. ls CD40 signalling has also been shown to enhance the in vitro differentiation of 
DC from CD34+ or PBMC precursors leading to increased levels of DC CD80 and CD86 
and a more potent T lymphocyte activating phenotype. 16.17• CD40 signalling can also drive 
the maturation ofCMRF-44+ DC from fresh blood:' CD40L expression on T lymphocytes 
is induced within a few hours of TCR engagement, but CD40L is rapidly downregulated 
by transcriptional shut off, proteolytic cleavage from the T lymphocyte membrane and en
docytosis.Ic)"'21 Given the potent effects of CD40 engagement on DC costimulatory mole
cule expression, the transient expression of CD40L on TCR activated T lymphocytes 
probably serves to limit DC activation to levels sufficient for cognate T lymphocyte acti
vation and avoids inappropriate bystander activation. It is also tempting to speculate that 
in vivo, withdrawal of the CD40L stimulus following antigen presentation leads to DC 
apoptosis as has been shown for migratory LC. IO 

We have further investigated the interaction of T lymphocytes and fPBDC with re
gard to the kinetics of costimulatory molecule expression on immature DC, seeking evi
dence for effects attributable to cognate MHC class II:TCR interactions. A co-culture 
system was devised where fPBDC were incubated with autologous or allogeneic CD4+ T 
lymphocytes. After a 1~24h period of in vitro culture the DC: T lymphocyte culture was 
separated into clustered and non-clustered fractions. Our analyses of single cells liberated 
from these cultures showed a several fold increase in the MFI of CD40, CD80 and CD86 
on fPBDC isolated from CD4+ T lymphocyte clusters (range 12-27% of total fPBDC form 
clusters in these co-cultures). These observed increases were antigen dependent in that al
logeneic DC:T lymphocyte clusters exhibit a higher level of costimulator induction on DC 
than autologous DC:T lymphocyte clusters. SEA was also added at the initiation of culture 
using autologous T lymphocytes as responders. The highest levels of costimulator induc
tion on fPBDC were obsel'ved in these autologous clusters pulsed with SEA. These data 
suggest that fPBDC which are in intimate contact with T lymphocytes exhibit high levels 
of costimulator expression as a result of signals derived from antigen triggered T lympho
cytes. 

In direct contrast, fPBDC that were not associated with T lymphocyte clusters at the 
time of analysis (range 73--88% of total fPBDC) showed depressed levels of costimulator 
expression below that of control cultures (DC cultured in the absence of T lymphocytes). 
This suppressive effect was dependent on the interaction of live T lymphocytes with 
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Costimulator suppression 

Figure 1. Schema of T lymphocyte modulation of costimulator expression on fPBDC in in vitro coculturc (see 
text). 

fPBDC, as para formaldehyde fixation of the T lymphocytes prior to initiation of DC: T 
lymphocyte cultures abrogated the suppression of fPBDC costimulator expression. Our 
preliminary data suggests that prior culture of fPBDC renders the DC resistant to T lym
phocyte suppression of costimulator expression. Other studies using a similar co-culture 
system 13·22 but with DC cultured prior to isolation and T lymphocyte contact, have found 
that CD80 and CD86 were upregulated following 1-2 day culture with allogeneic T lym
phocytes. 

A possible series of events which may contribute to the outcome observed in these 
co-culture systems is shown below in Fig. I. 

Suppression of costimulator expression on fPBDC not in intimate association with T 
lymphocytes at the end of the culture period may be the result of a prior clustering event 
leading to triggering and subsequent downregulation of CD40, CD80 and CD86. Alterna
tively, the unclustered fPBDC may have interacted with suppressive soluble or membrane 
factors produced during the culture period by the T lymphocytes and these suppressive ef
fects were not offset by stimulatory signals from antigen dependent T lymphocyte cluster
ing or the other antigen independent stimuli which influence DC cultured in the absence 
of T lymphocytes. It is probable that the small percentage of fPBDC capable of clustering 
with T lymphocytes in these co-cultures represent an in vivo activated population of DC 
that is somehow "immunocompetent" at the time of isolation or is selected in some other 
way by antigen specific or nonspecific T lymphocyte interaction. We are currently investi
gating the effects of MHC class II signalling on DC and nature of the suppressive factor/s 
involved in costimulator suppression on fPBDC populations by T lymphocytes. 
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1. INTRODUCTION 

Sialophorin (Ieukosialin, CD43) is a leukocyte membrane glycoprotein very rich in 
sialic acid residues and with an extended, mucine-like structure l . Various studies have sug
gested that CD43 is involved in the regulation of cell-cell interactions as an anti-adhesion 
molecule and that CD43 can mediate an independent pathway of cytoplasmic signaling and 
activation in monocytes, T and B lymphocytes2-4. Dendritic cells (DC) are the antigen pre
senting cells (APC) most efficient in the activation of naive T cells and in the induction ofpri
mary T cell-mediated immune responses. In unperturbed tissue, DC exhibit elevated antigen 
capture capacity but low APC activity (immature DC). Upon activation, DC increase expres
sion of surface MHC and accessory molecules, and become very potent APC. The signals that 
drive DC maturation are bacterial products and cytokines such as TNF-a and IL-I13. Matura
tion of DC, however, is completed only during antigen presentation by interactions between 
cell surface molecules expressed by T cells and DC (e.g., CD40LlCD40) and cytokines re
leased by T cells5. Unraveling the factors and the mechanisms involved in DC activation is a 
very important issue, not only for a better understanding of DC physiology, but also for devel
oping more effective DC-based strategies in the immunotherapy of tumors and infections. In 
this study, we have investigated the expression and function of CD43 on epidermal Langer
hans cells (LC) and in DC generated from peripheral blood monocytes incubated with GM
CSF and IL-4 for 6-1 0 days (Mo-DC).6.7 

2. DC EXPRESS MEMBRANE CD43 

Sialophorin is widely expressed among hematopoietic cells and, in keeping with this 
notion, we observed that cutaneous DC (i.e. epidermal LC and dermal DC) in situ were 
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stained by anti-CD43 mAbs. High expression of CD43 was confirmed on freshly isolated 
epidermal LC (fLC) and on Mo-DC (Fig. 1). In contrast to other surface molecules that 
undergo modulation during DC activation, CD43 levels did not change in LC after culture 
or in Mo-DC treated with TNF-a. CD43 expression on both LC and Mo-DC was drasti
cally reduced by neuraminidase. 

3. ANTIBODIES AGAINST CD43 INCREASE THE CAPACITY OF 
IMMATURE DC TO AGGREGATE AND ACTIVATE T CELLS 

To investigate the functional role of CD43 on DC, we incubated cells with anti
CD43 mAb (MEM-59\ IgGI; I-50 ~glml) or with control mouse IgGI in complete RPMI 
with 5% human serum for 25 min on ice and then for 20 min at 37°C. Cells were then ex-
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Figure 2. Antibodies to CD43 or treatment with neuraminidase augment the capacity of immature DC to activate 
naive allogeneic T cells. fl..C (A) or Mo-DC (B) were incubated with controllgGI (50 Ilg/ml) (0) or with MEM-
59 (50 Ilg/ml .• ) for 25 min on ice and then for 20 min at 37°C, extensively washed and then co-cultured with 2 x 
10'/well naive allogeneic T cells. Alternatively, APC were incubated with neuraminidase (from Vibrio cholerae 
and Arlhobaclerurea!acien.l') for 40 min at 37°C, washed and then co-cultured with T cells (&). Proliferation ofT 
cells alone was less than 1.000 cpm. 

tensively washed in order to remove unbound Abs completely, and co-cultured in 96-well 
microculture plates, together with T lymphocytes. Mo-DC and tLC when co-cultured for 
2-3 days with allogeneic T lymphocytes formed small aggregates. In contrast, tLC or Mo
DC transiently treated with anti-CD43 could form more numerous and larger clusters with 
T lymphocytes as compared to cells treated with control IgG 1. In addition, tLC and Mo
DC temporarily incubated with anti-CD43 mAb displayed a markedly enhanced capacity 
to induce proliferation of naive allogeneic T lymphocytes (Fig. 2). As expected, cultured 
LC (cLC) were more efficient in clustering T cells compared to fLC and Mo-DC. When 
cLC were treated with anti-CD43 mAb, they increased slightly the T cell aggregating ca
pacity and did not augment significantly their already elevated T cell activating function. 
Similarly, T cell response to Mo-DC treated with TNF-a did not increase further when 
they were incubated with anti-CD43. Results similar to those observed with anti-CD43 
mAb were obtained using neuraminidase, which removes sialic acid from the cell surface. 
Incubation of fLC and Mo-DC with neuraminidase was able to augment APC-T cell clus
ter formation as well as T cell proliferation, but had only little or no effect on the same 
properties of cLC and TNF-a-treated Mo-DC. Finally, Mo-DC that had been transiently 
treated with anti-CD43 were also more efficient at presenting tetanus toxoid to primed T 
cells. 

4. MECHANISMS OF DC ACTIVATION VIA CD43 TRIGGERING 

Two mechanisms have been proposed to explain the effects of anti-CD43 mAbs on 
DC. The first mechanism is based on the physico-chemical properties of sialophorin, 
which being highly negatively charged and extending 45 nm in length with an unfolded 
configuration, provides a repulsive barrier that inhibits cell-cell contacts2.3• Using immu
nogold electron microscopy on LC-enriched epidermal cell suspensions maintained at 4°C 
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we could observe CD43 expression on the cell surface, especially on the cell projections. 
Upon warming to 37°C, gold granules were rapidly internalized by receptor-mediated en
docytosis, indicating that anti-CD43 mAb can remove the molecule from the cell mem
brane and thus allow closer contacts between DC and responding T cells. A similar 
mechanism can be postulated for neuraminidase, which removes sialic acid residues from 
the cell surface. The second mechanism relies on, the capacity of CD43 to act as a receptor 
that mediates intracellular signaling8•9 • To test the hypothesis that anti-CD43 mAb can in
duce DC maturation, we evaluated the expression of accessory molecules on DC 24 h af
ter incubation with anti-CD43 mAb. As shown in Fig. 3, Mo-DC that were exposed to 
anti-CD43 mAb expressed higher levels of CD54, CD40, CD80 and CD86. In addition, 
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Figure 3. Transient incubation with the anti-CD43 mAb MEM-59 up-regulates HLA-DR. ICAM-I, 87-1. 87-2, 
CD40 and CD83 on Mo-OC. Cells were incubated with control IgG I or MEM-59 (both at 50 ~glml) as described 
in Fig. 2, and were analyzed after 24 h. 
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DC expressed larger amounts of CD83, a marker of DC maturation. These results suggest 
that anti-CD43 mAb (or the natural CD43 ligand) triggers cytoplasmic signal pathways 
that eventually promote up-regulation of molecule~ critical for antigen presentation. 

5. CONCLUSIONS 

Sialophorin belongs to a growing family of mucins sharing similar structural and 
functional properties and that are implicated in cell adhesion and migration, as well as in 
cell activation 10. Epidermal LC, peripheral blood DC I I,12 as well as Mo-DC express CD43. 
The naturalligand(s) of CD43 has not yet been defined, but it is possible that CD43 binds 
to selectins, perhaps expressed on T lymphocytes. The function of CD43 may be to limit 
(nonspecific) contacts with T cells, but once interactions become strong enough, it can de
liver activation signals in DC that reinforce adhesion with T cells and enhance antigen 
presenting capacity. Targeting DC with anti-CD43 mAb may favor initial antigen-inde
pendent contact with T cells13 and subsequently promote DC maturation. Thus, membrane 
CD43 may provide a novel tool for potentiating the adjuvant functions of ex vivo gener
ated DC to be used in the immunotherapy of cancerl4-16. 
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Generation of cytotoxic T lymphocytes (CTL) from quiescent CD8+ precursors can 
be achieved by stimulation with professional antigen-presenting cells (APC), dendritic 
cells (DC). With the elucidation of CTL epitopes that can be manufactured synthetically, 
in vitro CTL responses specific for these peptides can be established with DC (1-3). In 
these studies, DC of supposedly mature phenotype were used, i.e. derived from murine 
spleens. 

Langerhans cells directly isolated from the skin have been reported to exemplify im
mature progenitors of DC (4-6). In addition, immature DC can be cultured from cord 
blood, peripheral blood and bone marrow in the presence of different sets of cytokines, of 
which GM-CSF is essential (7-12). 

Immature DC have been reported to be well-versed in antigen uptake and process
ing, whereas mature DC appear to have lost this ability but are specialized in optimally 
stimulating T lymphocytes (5, 6, 13-15). In contrast to this concept are reports describing 
the processing abilities of mature DC, e.g. of cultured Langerhans cells and splenic DC 
(16, 17). These studies involved activation of class II-restricted T lymphocytes. 

Although exogenous antigens are presented by MHC class II molecules as a general 
rule, class I-restricted presentation of exogenous antigens is possible. This may take place 
when exogenous antigen gains access to the cytosol (e.g. influenza virus presented by den
dritic cells, ref. 18) or when it is administered in a particulate form (to macrophages: ref. 
19-22). Because Langerhans cells and progenitors of DC are able to phagocytose (23-25), 
particulate exogenous antigen may well be presented by class I molecules of DC. 

Recently, DC became the centre of attention in the field of tumor immunotherapy. 
As was shown with SC DC (26), immunizations with antigen-pulsed BM DC can protect 
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mice against a subsequent tumor challenge (27, 28), but the novelty lies with therapeutical 
applications of DC immunizations (29--32). These therapy studies were performed with 
IL4 + GM-CSF -cultured BM DC ('immature') in mice, with the exception of the study by 
Hsu et al (32), that involved vaccination of patients with B-cell lymphoma using autolo
gous antigen-pulsed dendritic cells, isolated from the blood by density gradient and adher
ence ('mature'). Immature and mature DC have not been evaluated in a comparative 
study. 

From our experience with spleen-derived DC (SC DC), we were anxious to compare 
them with IL-4 plus GM-CSF -cultured DC derived from bone marrow (BM DC). We 
wondered whether these DC preparations, 'mature' versus 'immature', were functionally 
similar or if one was superior to the other in CTL response induction and antitumor activ
ity. 

Phenotypic differences between SC DC and BM DC were apparent (Figure I). SC 
DC preparations contained 80-100% class 11- and B7- positive cells, that also expressed 
33DI and NLDC-145 antigens. BM DC preparations contained 30-40% class 11- and B7-
positive cells, (almost) no 33DI, and variable levels of NLDC-145 molecules. By com
parison, the level of MHC class II expression on SC DC is higher than on BM DC. Simi
larly, B7, P150,95 and ICAM-I molecules are more abundantly expressed on SC DC than 
on BM DC. (Note difference in background staining of secondary antibody only.) SC DC 
and BM DC did not express F4/80. 

BM DC were generated by culturing bone marrow cells that were depleted of eryth
rocytes (with ammonium chloride) and lymphocytes (with Abs against CD4, CD8, B220 
and lab and magnetic beads) overnight at 37°C in 24 well plates in medium only. Next 
day, the nonadherent cells were collected and cultured in the presence ofIL-4 (103 Vlml) 
and GM-CSF (103 Vlml) for three days. On day 4, the plates were gently swirled and 75% 
of the medium with floating cells was removed. New medium containing IL4- and GM
CSF was added. On day 8, BM DC were harvested by collecting the nonadherent cells. 
FACScan analysis of a SC DC preparation (no gate, 100% of the cells) and a BM DC 
preparation (gated on cells with a high side scatter, 35% of the cells). Staining was per
formed with M5/114 (anti-lab), 3301 (DC marker), NLDC-145 (DEC-205, DC marker), 
F4/80 (macrophage marker), CTLA41g (ligand of B7.1 and B7.2), N418 (PI50.95) and 
3E2 (lCAM-I). The dotted lines represent staining with the secondary Ab only. 

CTL response induction experiments in vitro and in vivo using CTL epitopes as an
tigen also revealed differences between SC DC and BM DC (Table I). Based on the same 
number of class 11- and B7 - positive cells in these preparations, we observed that 5- to 25-
times more BM DC than SC DC were required to obtain similar peptide-specific CTL re
sponses in vitro. In vivo immunization with 2-4 times as many peptide-loaded BM DC as 
SC DC resulted in CTL responses of about half the lytic capacity as observed with SC 
DC. Thus, SC DC were superior to BM DC in CTL response induction against peptide an
tigens. 

Albeit phenotypic differences and differences in capacity to induce CTL responses 
against peptides antigens, we were interested in comparing the presentation abilities of 
protein antigen by SC DC and BM DC to T lymphocytes in view of the difference in 
maturation state. Both SC DC and BM DC pulsed with ovalbumin were specifically rec
ognized by class II-restricted T cells (data not shown). The data obtained with SC DC are 
in concordance with data on protein-pulsed DC that were capable of priming antigen-spe
cific T cells in vivo (33, 34). Also, we have previously demonstrated class II-restricted 
presentation of SC DC pulsed with hen egg-white lysozyme protein (17), showing that SC 
DC have processing abilities at least for class II-restricted presentation. When investigat-
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ing processing abilities for class I-restricted presentation, we found that both SC DC and 
BM DC were specifically recognized by CTL after pulsing with ovalbumin protein (Table 
2). Pulsing either early or late in the cultures of SC DC and BM DC gave similar results. 
As an indication for intracellular processing might serve the observation that the super
natants of protein-pulsed SC DC and BM DC did not contain detectable peptide frag
ments. Class I-restricted presentation of another protein antigen, i.e. E7 of human 
papilloma virus type 16 (HPVI6), by BM DC was also observed (Table 2). Similar experi
ments with SC DC are in progress. In addition, we would like to investigate by what 
mechanism this presentation takes place in SC DC and BM DC (by interfering with class 
1- and class II- processing pathways). 

Because CTL recognition of protein-pulsed SC DC and BM DC was successful, we 
investigated whether CTL responses could be induced by them. We found that the CTL 
bulks that were generated in vitro by one stimulation event with protein-loaded DC, either 
SC DC or BM DC, lysed target cells in an antigen-independent fashion (Figure 2). How
ever, when we restimulated these bulks for at least two times with a cell line endo
genously expressing the antigen, lysis by the remaining CTL was antigen-specific (Figure 
2). When protein-pulsed SC DC or BM DC were administered in vivo, subsequent in vitro 
restimulation of in vivo primed T cells yielded antigen-specific CTL bulks (Figure 2). 
Thus, antigen-specific CTL can be generated by in vitro and in vivo administration of SC 
DC or BM DC that were pulsed with protein antigen when followed by subsequent res
timulation cvents. 

In different tumor models (HPV 16-containing and adenovirus type 5 E I-containing 
tumors), we were able to provide complete protection against a tumor challenge by intra
veneous administration of SC DC and BM DC that were pulsed with peptides antigens 
presented by the tumor (De Bruijn and Toes, unpublished data). Yet, we noticed that tu-

Table 1. Peptide-loaded SC DC arc more efficient than BM DC at CTl response induction 
in vitro and in vivo. listed arc the number of un primed T cells (spleen cell population 

of naive C57 BLl6 mice depleted for B cells and adherent cells), class 11- and B7-
positive SC DC and BM DC of C57/Bl6 origin, that are required in a 5-day 
in vitro culture in 24-well plates to yield comparable eTL responses in vitro. 

i.e. 60-80% peptide-specific CTl lysis at E/T ratio 50 (data obtained from five 
independent experiments). In vivo immunizations were performed with 2- to 

4- fold more peptide-loaded BM DC than SC DC. Splenic T cells of immunized 
mice were restimulatcd in vitro with cells endogenously expressing the 

antigen. By immunization with 8M DC lower eTl responses were obtained 
than with SC DC, depicted as percentage antigen-speeifte lysis at E/T ratio 50 
(data obtained from three independent experiments). The following peptides 
were used: Kb-binding ()VA8, SIINFEKL; Kb-binding VSV8. RGYVYQGL; 

in vitro requirements 
Responders 
Stimulators 

in vivo rcquiremcnts 
10' 

2-4xl0' 

Db-binding HPV9, RAHYNIVTF 

unprimed T 
SC DC 
BMDC 

SCDC 
BMDC 

5 X 10" 
1 x 10· - 5 x 10' 

25 x 10' 

One i.v. immunization with 

/ well 
i well 
/ well 

60 - 80 % Ag-spec. lysis at EfT ratio 50 
20 - 40 % Ag-spec. lysis at E!T ratio 50 
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Figure I. Phenotypic differences between SC DC and BM DC. SC DC were isolated by treating spleens with col
lagenase and passing spleen fragments through a nylon mesh filter. This cell suspension was spun on a discontinu
ous BSA gradient of 10, 28 and 35 % BSA at 4°C for 30 min at 10,000 g. The low density cells at the interphase 
between 10 and 28% BSA were collected and cultured for 90 min at 37°C in glass petri dishes. Nonadherent cells 
were discarded and medium refreshed. After 18 hours culture at 37°C, SC DC were harvested by collecting the 
nonadherent cells. 
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Figure 2. Antigen-specific CTL generated by protein-pulsed SC DC and BM DC were selected by subsequent res
timulation. Ovalbumin-pulsed syngeneic SC DC and BM DC were cultured for 5 days with unprimed T cells of 
C57BL/6 mice. The CTL bulks were tested for lysis of EL4 cells with or without OVAS and of EG7. the ovalbu
min-transfected EL4 cell line. Similar experiments were performed with CTL bulks induced by ovalbumin-pulsed 
SC DC and BM DC, but these were restimulated twice in vitro with EG7 before the cytotoxicity assay was per
formed. In vivo administration of ovalbumin-pulsed SC DC and BM DC was followed by in vitro restimulation 
with EG7 cells. Depicted in the graph are the percentages specific lysis at EIT ratio 20. 
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mor protection was not always antigen-specific. Thus, SC DC and BM DC without tumor 
antigen can also protect against a tumor challenge. Protection experiments with protein
pulsed SC DC and BM DC are in progress. 

In summary, SC DC and BM DC either loaded with peptides comprising CTL epitopes 
or pulsed with whole protein antigen, can induce CTL responses. Presenting peptide antigens, 
SC DC were more efficient than BM DC. With protein antigens, they both were equally effec
tive. From our CTL data and tumor protection experiments involving BM DC and SC DC we 
also conclude that antigen-independent effector mechanisms can be anticipated. 
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1. INTRODUCTION 

37 

Myeloid dendritic cells (DC), macrophages and granulocytes are descendants of a 
hematopoietic progenitor cell that originates in the bone marrow l . Thus, bone marrow de
rived cells distributed in tissue culture in the presence of GM-CSF give rise to the three 
leukocyte populations which under various in vitro culture conditions proceed in differen
tiation and phenotypic maturation2- 7• 

The efficacy of antigen presentation by in vitro grown DC correlates with the mode 
of acquisition of the antigen. Internalization of antigen by phagocytosis is superior to up
take of antigen by pinocytosis or endocytosis and results in unsurpassed levels of T cell 
stimulation8-- II . Notably, engulfment of antigen in particulate form triggered a number of 
gene activation events in the DC. Apart from an increase in synthesis of class II elements, 
augmentation of the level of IL-I a and the de novo synthesis of IL-12 were detected II. 
The production of the latter Iymphokine suggested that DC appropriately sensitized might 
alter the balance between TH I and TH2 cells and thus might influence the outcome of an 
antigen specific immune response. 12 

In this work we investigated the possibility that Iymphokines derived from an ongo
ing TH I response might on the other hand influence recruitment and functional capacity 
of DC. We found that administration of IFN-y to a GM-CSF supplemented in vitro culture 
of mouse bone marrow cells had pronounced effects on the uptake of microparticies by the 
DC. Considering that mature DC are phagocytosis-negative whereas progenitor DC are 
prone to engulf microparticles our findings suggest that in the presence of IFN-y the 
number of Pro DC with phagocytic capacity increases significantly. This might be accom-
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plished by a more efficient generation of ProDC from committed DC precursors or by an 
IFN-y mediated modulation of the ProDC's differentiation. 

2. MATERIALS AND METHODS 

2.1. Animals 

Bone marrow of 8 to 10 weeks old BALB/c/ ANN mice of either sex was used. 

2.2. Antibodies 

The mAb MK-D6 (anti-I-Ad, ATCC HB-3)13 was used as tissue culture supernatant. 
The secondary reagent was phycoerythrin-conjugated goat anti-mouse IgG2a 
(Medac/Hamburg) used at a 1:1000 dilution. For neutralization of mouse IFN-y the rat 
anti-mouse mAb XMG 1.2 (lgG2a) was used with a neutralizing capacity of IOU IFN
y/5, . .Ll mAb preparation as determined by ELISA. 

2.3. Cell Culture 

Bone marrow cells were cultivated as described3• Cells were cultured for 7 days at 
37°C with 10% CO2 in humidified air. 

2.4. Recombinant Mouse Interferon-y 

IFN-y was used as a supernatant oftransfected BHK cells (kindly provided by S. Jin, 
Institut fUr Immunologie, Mainz) with a concentration of 50.000 U IFN-y/ml, as deter
mined by ELISA, or as a purified preparation from the BHK supernatant. 

2.5. Administration of Stimuli 

Bone marrow cells were cultured under standard conditions (see 2.3). Stimuli com
prised: i) recombinant mouse IFN-y (added to the cells every 24h), ii) mAb XMG 1.2 
(5~I/ml) (added to the cells every 24h), iii) FITC-Iabeled microparticles (given one pulse 
2 days after culture onset). 

2.6. FCM-analysis 

Total cultured BMC were obtained by detachment of the adherent cell fraction for 10 
min at 4°C with Versen buffer containing ImM EDTA and pooling with the nonadherent cell 
fractions. After fixation of the cells in 1% paraformaldehyde in PBS at ambient temperature 
all further washings were done in PBS/l %FCS supplemented with 0.1 % NaN3 . 106 cells were 
incubated with anti-MHC class II mAb MK-D6 for Ih followed by two cycles of washing and 
1 h incubation with the phycoerythrin-conjugated secondary reagent. 

3. RESULTS AND CONCLUSION 

We previously described the uptake ofFITC-labeled polystyrol particles by developing 
dendritic precursor cells in GM-CSF supplemented bone marrow cultures II. To reveal the pro-
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Figure I. DC precursor cells ingest few fluorescent beads unlike BM-macrophages which arc heavily bead
loaded. FL I: FITC fluorescence: FL2: PE fluorescence. 

portion of DC phagocytosis+ by FACS analysis standard BM cultures were set up and were 
given a single dose of microparticles on day 2. On day 7 cells were PE-stained for class II ex
pression and subjected to double fluorescent FACS-analysis. The histogram in Fig. I reveals a 
distinct set of class W (upper left) and class Ir as well as phagocytosis· (upper right) DC. The 
stepwise increase in FITC-fluorescence intensity (FL I) is correlated with the uptake of one 
(M 1,14.9%), two (M2, 8.7%), three (M3, 5.6%) and more than three (M4, 20.0%) microparti
c1es per cell as depicted in the upper panel. The level of particle load achieved by the DC is 
rather low and only a small number of cells is found within the high fluorescence intensity 
range. In contrast a large number of class II" macrophages showing extensive engulfment of 
particles can be distinguished (lower right in Fig. I). 

To assess the influence of IFN-y on the development of DC and on the DC's poten
tial to engulf microparticles, four parallel GM-CSF supplemented bone marrow cultures 
were set up. To maintain a certain level of IFN-y throughout the entire culture period 10 
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Figure 2. Development of DC in 8M cultures in the presence of IFN-y results in higher quantities of phagocytoz
ing progenitor DC showing augmented particle uptake. 

units of IFN-y were added every 24h to the test culture (Fig. 28). The second test culture 
received a daily dose of 5 ,.d/ml of anti-IFN-y mAb XMG 1.2 instead of IFN-y (Fig. 2C). 
Two control cultures were included, one GM-CSF supplemented bone marrow culture 
which did not receive IFN-y (Fig. 2A) and one culture for the isotype class II staining con
trol (Fig.2D). Particles were added to the four sets of cultures once on day 2. The cultures 
were harvested on day 7 and class II expression as well as bead fluorescence were meas
ured by F ACS double staining. 

In accord with prior observations addition of beads to control culture 2A resulted in 
roughly 20% of double positive cells that expressed class II and had engulfed FITC-Ia
beled microparticles. In the presence of a low dose of IFN-y a shift of the PE+ cells to
wards the double positive (PE+ and FITc+) cell population and towards higher particle 
numbers became apparent (Fig. 28) suggesting that the number of class It DC and their 
phagocytic capacity was augmented in response to the lymphokine. If on the other hand 
uptake of particles by the DC was responsive to IFN-y then blocking of endogenous quan
tities of this Iymphokine should depress the DC's phagocytic capacity. Therefore the ef
fect of the anti-IFN-y monoclonal antibody on the developing DC culture was estimated. 
As shown in Fig. 2C a clearcut decline in the double positive population was noticed, al
though phagocytosis was not abrogated. 

In summary, IFN-y, a lymphokine secreted by THI cells, has a distinct impact on 
developing DC in GM-CSF supplemented, microparticle containing mouse bone marrow 
cultures. In response to IFN-y the proportion of progenitor DC that take up !Dicroparticles 
increases significantly, and also the number of particles phagocytozed by the DC is ele
vated. 
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1. CDIOl: A NEW LEUKOCYTE SURFACE ANTIGEN INVOLVED 
IN T CELL ACTIVATION 

1.1. Generation of Anti-CDIOI Monoclonal Antibodies (mAbs) 

CDIOI is a cell surface protein with a molecular weight of about 140 kDa and seven 
Ig-like loops in its extra-cellular domain, that was first described in our laboratory. using 
two different monoclonal antibodies (mAb), 8827 and BA27 (1,2). The two anti-CDIOI 
mAbs BB27 and BA27 were generated by immunization of BALB/c mice with the 
CD4+CD8+ thymic clone BI2 (3). These mAbs recognize CDlOl, a disulfide bonded-ho
modi mer, on subsets of circulating T lymphocytes. 

1.2. Cell Distribution and Function 

CD 10 I is detected at low density on 25-30% of resting T lymphocytes in normal in
dividuals and mainly expressed by granulocytes and cells of the monocytes/macrophages 
lineage. After polyclonal activation, the majority of T cells highly express CD 10 l. CD 10 I 
participates in T lymphocyte activation and is probably involved in intracellular signal
ling. CD I 0 I molecule seems to be required for anti-CD28 mAb and PMA stimulation of 
PBL (1,2). Recently, CDIOI has been described as a costimulatory molecule preferentially 
expressed on mucosal T lymphocytes (4). 
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1.3. Cloning of the CDIOI Gene 

The gene coding for the V7 antigen, recognized by the V7.1 mAb, has been inde
pendently cloned (5,6), and next found to be almost identical to the gene coding for the 
CDIOI molecule (Boumsell L, Freeman GJ. & Bensussan A., CDIOI Workshop Panel Re
port, 6th International Workshop and Conference, Kobe, Japan, manuscript in press). V7 is a 
recently described leukocyte cell surface glycoprotein expressed on activated T cells, mono
cytes and granulocytes. The mAb V7.l, that recognizes the V7 antigen, was generated by re
peated immunization of female BALB/c mice with the long-term alloactivated 
CD3+CD4-CD8+ noncytolytic T cell clone CSI (5). V7.l immuno-precipitates a single 
polypeptide chain of approximately 135 kDa under reducing conditions from alloactivated T 
cells or monocytes, which migrated to approximately 110 kDa after treatment with N-glyca
nase. The gene coding V7 has been mapped to chromosome Ip13 (6). The V7 glycoprotein is 
a type I trans-membrane protein with seven disulfide-linked Ig-like loops in its extracellular 
domain. It is a novel member of the Ig superfamily with an unknown function. 

2. EXPRESSION OF CDIOI BY SKIN DENDRITIC CELLS 

2.1. In Situ Expression of CDIOI 

As CD I 0 I appeared to be expressed mainly on cells of the myeloid/monocytic line
age, we studied the expression and the function of this molecule in the skin. Incubation of 
skin sections with BB27 mAb in APAAP technique resulted in the marked labeling of 
cells with dendritic morphology. These labeled cells were located mainly in the dermis, 
whereas only few DC were stained in the epidermis. In addition, double staining of skin 
sections of Langerhans cell histiocytosis showed that histiocytosis cells infiltrating both 
epidermis and dermis strongly expressed both CDla and CD 10 I. 

2.2. Expression of CDlOl by Skin Dendritic Cells (DC) Migrating Out 
of Skin Explants 

To define surface proteins that are involved in skin dendritic cells localization or 
function, we looked for the expression of CD 101 on skin dendritic cells migrating from 
human skin explants. It has been shown that skin DC can be enriched, using a new tech
nique based on the migratory properties of these cells, and requiring no use of proteolytic 
enzyme (7-12). These skin DC were studied by double immunostaining and flow cytomet
ric analysis. The majority of the DC population migrating from skin explants had a pheno
type of LC-like mature DC, i.e. they expressed HLA-DR, CDla, CDlc, CDlla, CDllc, 
CD40, CD50, CD54, CD58, CD80, CD83, and CD86. We found that CDIOI was ex
pressed by a major subset of these HLA-DR+CDla+CDlc+ LC-like skin DC. 

3. FUNCTIONAL ROLE OF CDIOI ON SKIN DC 

3.1. BB27 and V7.1 Recognize Different Epitopes ofthe CDIOI Molecule 

As BB27 and V7.1 are both anti-CD 101 mAb, we addressed the question of whether 
they recognized the same or distinct epitopes of the molecule. Cross-block experiments 



Functional Role ofCDI0l on Skin Dendritic Cells 

A 

... 
~ ... 
e 

.1 1 l' 1" 1'" .1 

CDla(FITC) 

C 

.1 1 U 11. 1'" 

lILA-DR (FITC) 

229 

79 

, 
1 1. 1" 1'" 
CDlc(FITC) 

Figure 1. Double immunostaining flow cytometric analysis of gated enriched skin DC suspensions. DC suspen· 
sions were subjected to immunofluorescence double-labeling using RDI-conjugated anti-CD 10 I BB27. and FITC
conjugated anti-CDla WM35 (A), FITC-conjugated anti-CDlc Ll61 (B). or FITC-conjugated anti-HLA DR 
B8.12.2 (C). CDIOI was expressed by a major subset ofCDla+. CDlc+, and HLA-DR+ skin DC. 

using the YT2C2 natural killer cell line (13), that constitutively expresses high levels of 
CD 10 I, demonstrated that BB27 and V7.1 recognize distinct epitopes of the CD 101 mole
cule. 

3.2. Anti-CDIOI mAbs Inhibit Allogeneic and Soluble Antigen-Specific 
Mixed Skin DC-Lymphocyte Reactions 

We next studied the effect of anti-CDIOI mAbs on primary allogeneic and on sol
uble antigen-specific mixed skin DC-lymphocyte reactions. Enriched skin DC migrating 
from skin explants induced strong proliferations of lymphoid cells and purified T cells. 
The two different mAbs, BB27 and V7.1, induced a dose-dependent inhibition of the T 
lymphocytes proliferative responses. This inhibitory effect could be overcome by high 
doses of exogenous IL-2. Preincubation assays showed that the inhibitory effects of anti 
CDIOI mAbs were observed when either peripheral blood lymphoid cells or skin DC were 
preincubated with the mAb. 
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Figure 2. Cross-block experiments. The 
YT2C2 natural killer cell line constitutively 
expresses CO 10 I, as shown by staining 
with FITC-conjugated BB27 (A) or V7.1 
(B) mAbs. The YT2C2 cells were incubated 
with the unlabeled anti-COIOI mAb (BB27 
or V7.1) or an isotype-matched anti-C02 
mAb (CD2XII) during 30 min, washed, 
and stained with a labeled anti-COIOI mAb 
(BB27-Cy5-PE) (C.D.E). Flow cytometric 
analysis was then performed. Results show 
that V7.1 and BB27 recognize distinct epi
topes of the CD 10 I molecule. 

V7.1 mAb was reported to inhibit the proliferative response of T cells to allogeneic 
cells or immobilized anti-CD3 mAb, but not to mitogenic lectins (5). It must be noted that 
anti-CDIOI mAbs were also reported to amplify mucosal T lymphocyte (4). This contra
dictory results could be due to the fact that most intestinal mucosal lymphocytes expressed 
higher level of CD I 0 I, whereas only a minor subset of PBL expressed lower level of 
CDIOI. Therefore, signaling through COWl might be different in both cell populations. 
Taking together, these results suggest that CDIOI plays a role in TCR/C03-mediated T 
cell activation. The expression of COWl during activation seems to be required as a 
CD28 costimulatory signal (I). Co-stimulatory signals playa crucial role for the activity 
of antigen-presenting cells, since abrogation of these accessory signals may lead to clonal 
anergy. Cultured epidermal LC express several costimulatory molecules, including C080, 
C086, C040, C044, C050, and C054 (14-19). The activation of T lymphocytes by en
riched LC is inhibited by anti-C086 and anti-COSO mAbs and at a lesser extent by anti
C080 mAbs (15,18,20). Anti-COWl mAbs strongly inhibited the activation of T 
lymphocytes by skin DC in allogeneic and soluble antigen-specific proliferations. These 
results demonstrate that CO 10 1 plays a major role for the activation of T lymphocytes by 
skin DC. Further, our results showed that the inhibition induced by anti-CD 101 mAbs 
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Figure 3. The concentration-dependent effects of anti-CD 101 antibodies on enriched skin DC-induced T-cell al
loreaction. 5 x 10' T lymphocytes were seeded in 96-well round-bottomed culture plates in the presence of 5 x 103 

allogeneic enriched DC migrating from skin explants after 3 d. mAbs against CDIOI (BB27). or HLA-DR 
(B8.12.2) were added at the beginning of the culture. Proliferation was measured by tritiated thymidine incorpora
tion after 6 d of culture. Results are representative of six experiments. Values are expressed as mean cpm for trip
licate. Error bars. SD. 

could be overcome by the addition of high doses of exogenous IL-2, which suggests that 
the inhibition is related to a defect in the interaction of T lymphocytes and DC involving 
the production of cytokines. CD 101 could thus function as a co-stimulatory molecule, pro
moting interactions between CD 101 positive cells and other cells expressing a ligand for 
CD I 0 I that remains to be determined. 
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1. SUMMARY 

Dendritic cells (DC) are highly specialised to initiate primary immune responses and 
may therefore serve as natural adjuvant in future strategies for specific immunotherapy, e. 
g. with tumor antigens. The originally developed culture system to generate DC from pe
ripheral human blood with GM-CSF and IL-4 was dependent on the use of fetal calf se
rum. We employed such DC as antigen presenting cells in a modified lymphocyte 
proliferation assay to measure the response of autologous T cells to tetanus toxoid. How
ever, a substantial proliferative response of T cells was also observed in control wells 
without antigen, i.e. in the setting of a syngeneic mixed leukocyte reaction. This makes it 
difficult, if not impossible, to monitor antigen-specific responses in vitro. In a recently de
veloped improved method fetal calf serum was replaced by I % autologous human plasma. 
Using such DC in our lymphocyte proliferation assay background proliferation was mark
edly reduced. T cell responses to tetanus toxoid were strongest when the antigen was 
added to DC three days before cocultivation with T cells. We conclude that DC cultured 
in FCS-free autologous systems, suitable for clinical use, can process and present tetanus 
protein to autologous T cells. Using such DC in a lymphocyte proliferation assay may fa
cilitate the measurement of antigen-specific T cell responses. 

2. MATERIAL AND METHODS 

Dendritic cells (DC) were generated from peripheral human blood mononuclear 
cells (PBMC) depleted of lymphocytes by E-rosetting. Those cells were cultured for 7 

Dendritic Cells in Fundamental and C/inicallmmunology 
edited by Ricciardi-Castagnoli, Plenum Press, New York, 1997 133 



234 S. Biichele and R. Hopft 

Table I. Time course of DC-culture 

day 0-7: * Generation of DC with GM-CSF and ITA from PBMC 
depleted of lymphocytes by E- rosetting 

in 

A) RPMI-1640 medium 8) RPMI-I640 medium 
+ 10% FCS + 1 % autologous human plasma 

day 7: Immature DC 

+ conditioned medium 
+ antigen (tetanus toxoid) 
+ GM-CSF and ITA 

day 7-10: Maturation of DC 

! PROCESSING! 

days in RPMI-1640 medium supplemented with 1% autologous human plasma instead of 
10% fetal calf serum (FCS) and with GM-CSF and IL-4 1.2. Maturation of DC in FCS-free 
medium was then achieved during an additional three day culture period with monocyte
conditioned medium as described 3.4. DC generated by both methods (see table I) were 
employed and compared in a modified lymphocyte proliferation assay to measure prolif
erative T-cell responses to tetanus toxoid (TT) in a vaccinated individual. A detailed de
scription of this assay is given in table 2. 

3. RESULTS 

Only DC generated without FCS (see table I, method B) were useful in our prolif
eration assay. In contrast DC cultured in RPMI-1640 medium enriched with 10% FCS 
(see table I, method A) induced high background levels of thymidine uptake in autologous 
T -cells despite the absence of antigen. Figure I shows a comparison of DC generated by 
method A) or B) in the setting ofa syngeneic mixed leukocyte reaction. 

Table 2. Time course of the modified lymphocyte proliferation assay 

day 10: mature DC ! PRESENTATION! ofantigen, processed between days 7-10 

* washDC 
• irradiate DC with 30 gray 

day 10-17: 

• co-culture of DC and autologous T -cells in triplicates 

autologous human serum 
in RPMI-1640 medium + 10% or 

pooled human serum 

day 16: pulse cells with 3H_ thymidine 
day 17: measure incorporation oflabeled thymidine 
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Figure I. Response [incorporation oeH-thymidine measured in counts per minute (cpm)] of a syngeneic mixed 
leukocyte reaction (background proliferation). DC were investigated under FCS- and under autologous conditio
nes. Note that the syngeneic mixed leukocyte reaction is substantially lower in medium containing autologous hu
man plasma. 

In the following experiments DC generated in the autologous culture system and such 
DC which had matured in FCS containing medium were used to present tetanus toxoid (IT) 
to autologous T cells in a modified lymphocyte proliferation assay. Stimulation indices (i. e., 
ratio of proliferation in the presence of antigen to proliferation in the absence of antigen) were 
higher with DC generated in FCS-free medium. Figure 2 shows that proliferative responses to 
IT remained positive with antigen dilutions up to I : 2 000 000. 

Background proliferation was further reduced by using autologous human serum in
stead of pooled human serum for the proliferation assay (figure 3), thus making the assay 
more sensitive. 

4. CONCLUSIONS 

A precondition for the application of dendritic cells (DC) for immunotherapy is to 
avoid the use of fetal calf serum and to prepare the starting population of lymphocyte-de
pleted PBMC by procedures and with reagents approved for clinical use. 

It will be important to control T cell responses in vitro. In some cases such immune 
responses will be weak and therefore conventional lymphocyte transformation assays will 
be insufficient for monitoring them. Consistent with this hypothesis is the observation that 
DC generated from progenitors in peripheral human blood are more potent stimulators of 
lymphocyte reactions than PBMC. So DC can be used as antigen presenting cells in lym
phocyte proliferation assays and may facilitate the measurement of weak T cell responses. 
Our data indicate that DC may be particularly helpful when entirely autologous culture 
systems are used. Those requirements are essential for clinical application due to ethical 
considerations. 
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Figure 2. Proliferative immune responses to tetanus toxoid (IT) [incorporation of 3H-thymidine measured in 
cpm] using different dilutions of antigen. IT is presented by DC generated in autologous medium to autologous T
cells. The proliferation was done in medium containing 10% pooled human serum. 
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Figure 3. Specific immune response to tetanus toxoid (IT) by 100 000 autologous T-cells [incorporation of 3H_ 
thymidine measured in cpm]. Antigen was presented by DC generated in autologous medium. Also the prolifera
tion assay was performed in medium containing autologous human serum. Note that background proliferation in 
the absence of antigen is very low even when high doses of DC were used. 
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1. INTRODUCTION 

Dendritic cells (DC) are migratory bone-marrow-derived cells of sparse but broad 
tissue distributionl.2. They are not homogeneous and even within a particular lymphoid or
gan distinct subpopulations can be separated3-5• If procedures are used which extract all 
DC, both CD8a+ and CD8a- DC can be isolated from mouse spleenS. Under these condi
tions the DC isolated from thymus are predominantly CD8+, whereas those isolated from 
lymph nodes (LN) are predominantly CD8-. This heterogeneity may be of functional im
portance, since there is evidence that the CD8+ DC of the thymus are of different develop
mental origin from the classical CD8- DC typically found in LN6•7• Since conventional 
isolation procedures yielded mainly the CD8- DC population the functional capacity of 
CD8+ DC had not previously been explored. To determine whether CD8+ and CD8- splenic 
DC differed in function, we tested their capacity to stimulate purified allogeneic CD4 and 
CD8 T cells in a primary mixed leucocyte reaction. 

2. REGULATION OF CD4 T CELL RESPONSES VIA 
FAS/FAS-LIGAND-INDUCED APOPTOSIS 

The CD8+ and CD8- subpopulations of splenic DC were tested for their capacity to 
stimulate proliferation of purified allogeneic mature naive CD4 T cells in culture. The 
proliferative responses obtained from these pure T cells after stimulation with pure DC 
were measured by 3H_ TdR uptake. The DC were isolated by collagenase digestion, then 
EDT A release from spleen fragments, selection of light density cells, immunomagnetic 
bead depletion of other cell lineages, then as a final step sorting for CD 11 chigh DC which 
were either positive or negative for CD8as.7•8• CD4 T cells from C8A mice proliferated in 
a dose-dependent manner to both DC populations from C578L16 (86) mice. However, as 
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Figure 1. The kinetics of proliferative response of CD4 T cells stimulated with allogeneic CDS> and CDS· DC. 
DC were purified from CS7BU6 mouse spleen; 1000 DC were used per culture. CD4 T cells were purified from 
CBA mouse LN and used at 20,000 cells per culture. Proliferation ofT cells was assessed by lH-TdR incorpora
tion after a 12h pulse. Full details are given elsewhere20• This figure is reprinted with permission from.20 

shown in Fig. 1, there was a marked difference in the extent of the response, with CDS· 
DC inducing much greater proliferation8• Similar results were obtained using other allo
geneic combinations as well as using a defined peptide antigen and CD4 T cells from a he
magglutinin specific class II MHC-restricted T-cell receptor (TCR) transgenic mouse. S 

The differential T-cell response was not due to insufficient production of cytokines such 
as interleukin (IL)-2 in the CDS+ DC stimulated cultures. As shown in Fig. 2 (top), addi
tion of exogenous IL-2 maintained the marked difference between the proliferative re
sponses to CDS+ and CDS- DC8• 

The major reason for the reduced CD4 T cell proliferation response was a high rate 
of T-cell death in cultures stimulated by CDS+ DC. This T-cell death was revealed to be 
apoptotic both by propidium iodide (PI) staining to detect hypodiphoid cells and by the 
TUNEL labelling technique to detect DNA strand breaks8• Since the signal for the apop
tosis of mature T cells is normally delivered through the Fas molecule (CD95/APO-I) ex
pressed on the surface of activated T cells9,Io we used Fas-deficient C3H1HeJlpr CD4 T 
cells 1 1,12 stimulated with B6 CDS+ or CDS· DC to assess the role of Fas in the apoptotic T
cell death. As shown in Fig. 2, Fas-deficient Ipr CD4 T cells responded at least as well to 
CDS+ as to CDS· DC whereas the control C3H1HeJ CD4 T cells responded much less well 
to CDS+ DCs. This demonstrates that lack of inherent stimulatory ability by CDS+ DC was 
not the reason for the reduced response of normal T cells, which agrees with the observa
tions of D. Vremec (submitted for publication) demonstrating that CDS+ and CDS· DC ex
press similar levels of class II MHC, of B7-1 and of B7-2. The decreased proliferation 
appeared to be due to Fas-mediated killing of the CD4 T cells, following their activation 
by CD8+ DC. 

The ligand for Fas (FasL) has been demonstrated on the surface of T cells after acti
vation13,'4, leading to a T cell-T cell killingls-l7. In our cultures, however, the main source 
of the FasL appeared to be the antigen-presenting DC, since the difference in proliferation 
in response to CDS+ versus CDS· DC persisted when CD4 T cells isolated from FasL mu
tant gld mouse strain18,'9 were used as responders. To test directly for the presence of 
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Figure 2. The proliferative response of normal and Fas-deficient mice to allogeneic cos· and COS' DC Top. The 
response of the control C3H/HeJ C04 Tcells to C57BLl6 CDS' or CDS' DC Bottom. The response of the Fas-de
ficient C3H/HeJipr C04 T cells to C57BLl6 CDS' or CDS· DC Recombinant mouse IL-2 was added to the cul
tures at 100 Ulml; these results were confirmed in experiments where no IL-2 was added to the cultures. 
Proliferation was assessed after day 3 of the culture. Full details are given elsewhere.'This figure is reprinted with 
permission from" 

Figure 3. Expression of FasL on the surface of CDS' and CDS· 
DC Immunofluorescence profiles show the binding of a Fas-Fc 
fusion protein to C57BLl6 splenic DC The broken line shows 
background staining with purified human IgG. Full details are 
given elsewhereK.This figure is reprinted with permission from." 
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FasL, we stained CDS+ and CDS' DC with the Fas-Fc fusion protein obtained from D. 
Lynch'4. As shown in Fig. 3, the CDS+ DC all stained exceptionally strongly with this re
agent, whereas the CDS' DC showed low or negative staining8• This result leads to the 
conclusion that CDS+ DC, as they exist in the spleen, express high levels of FasL and are 
pre-armed for killing of activated, Fas-expressing CD4 T cells8• 

3. REGULATION OF CD8 T CELL RESPONSES BY LIMITING 
THEIR IL-2 PRODUCTION 

To determine whether CDS+ DC have the same "regulatory" effect on CDS T cells as on 
CD4 T cells, we studied the proliferative responses of CDS T cells purified from CBA mice to 
CDS' and CDS+ DC isolated from spleens of B6 mice. As shown in FigA, CDS' DC induced 
much higher levels of proliferation by CDS T cells than that obtained with CDS+ DC if as
sayed late after culture initiation. However, a key difference in the way CD8 and CD4 T cells 
respond to CDS+ DC was apparent from the kinetics of the proliferative response. The re
duced response of CD4 T cells to CDS+ DC was apparent from the earliest times of culture 
(Fig. 1). In contrast, up to day 2.5 of culture CDS T cells responded to CD8+ DC at least as 
well as to CDS' DC. After this time, proliferation in response to CDS+ DC dropped rapidly, 
whereas the response to CDS' DC continued to increase. Similar results were obtained using 
other allogeneic mouse strain combinations and also using CD8 T cells purified from two 
TCR transgenic mouse stains, namely H-2Kb-specific aj3-TCR transgenic mice and HY-spe
cific, H_2b restricted, aj3-TCR transgenic mice.20 

To test if this reduced CDS T-cell proliferative response late in culture was also due 
to Fas-mediated negative signals from the CDS+ DC, CD8 T cells were purified from Fas
deficient C3H./pr mice, and compared in their responses to CD8 T cells purified from nor
mal C3H mice. However, the proliferative responses of normal and mutant CDS T cells to 
the allogeneic CDS' and CD8+ DC were identica1.2o Both the normal and the Fas-deficient 
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Figure 4. The kinetics of proliferative response of CDS T cells stimulated with allogeneic CDS' and CDS' DC. 
DC were purified from C57BLl6 mouse spleen; 500 DC were used per culture. CDS T cells were purified from 
CBA mouse LN and used at 20.000 cells per culture. Proliferation of T cells was assessed after a l2h pUlse. Full 
details are given elsewhere20• This figure is reprinted with permission from. 20 
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Figure 5. The effect of exogenous IL-2 on the kinetics of the C08 T cells response to COg+ and COg- DC. COg T 
cells were isolated from LN of CBA mice and stimulated with allogeneic DC from C57BL/6 mice_ 100 Vlml of 
IL-2 was added to all cultures_ Full details are given elsewhere_20 This figure is reprinted with permission from_ 20 

CDS T cells gave, after day 3 of culture, a reduced response to CDS+ DC, compared to 
CDS- DC (data not shown)_ In contrast to the results with CD4 T cellsK, Fas-mediated 
apoptosis of T cells was not the reason for the differences in the response of CDS T cells 
to these splenic DC sUbpopulations20_ 

The explanation for the restricted response of CDS T cells to CDS+ DC was a limita
tion in endogenous cytokine, and in particular IL-2, production. This was in total contrast 
to the previous results with CD4 T cells. The results of Fig. 4 were obtained when no ex
ogenous cytokines were added to the cultures. When 100 Vlml of IL-2 was added to the 
culture medium and the proliferative response of CDS T cells from CBA mice to CDS+ 
and CD8- DC from B6 mice measured, proliferation was extended in both cultures but the 
stimulation by CD8+ DC was enhanced to a greater extent (Fig. 5). The result was that the 
CD8+ DC were at least as effective as CD8- DC at stimulating CD8 T-cell proliferation20 • 

This result demonstrates that CDS+ DC were fully equipped to stimulate CDS T cells into 
division, provided adequate IL-2 was present to maintain proliferation. 

The restoration by IL-2 of the CDS T-cell responses to CD8+ DC pointed to a deficit in 
endogenous IL-2 production. To check this, the supernatants from cultures of CD8 T cells 
from CBA mice stimulated by CDS+ and CDS- DC from B6 mice were collected and analyzed 
for IL-2. In the CD8+ DC stimulated cultures the levels of free supernatant IL-2 in the CD8-
DC stimulated cultures were much higher than in CDS+ DC stimulated cultures (Fig. 6). In the 
CD8+ DC stimulated cultures the levels of IL-2 in the supernatants were at all times below the 
threshold of sensitivity. Overall the results indicate that the rate ofIL-2 production by CD8 T 
cells was much lower when stimulated by CD8+ DC than by CDS- DC20• 

4. THE ROLE OF CDS ON DENDRITIC CELLS IN THE 
REGULATION OF CD4 AND CDS T CELL RESPONSES 

There is evidence that CDS, if expressed on an antigen presenting cell, can deliver 
negative signals which either inhibit T-cell responses or kill interacting T cells2J - 23 • To test 
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Figure 6. The IL-2 production in cultures of CDS T cells stimulated by allogeneic CDS· or CDS- DC. The condi
tions were as in Figs. 4, except that C57BU6 DC were used at 1000 cells per culture. The levels of lL-2 were 
measured using an IL-2 dependent cell line. Full details are given elsewhere20• This figure is reprinted with per
mission from.20 

the possible role of CDS on DC in the regulation of the responses of both CDS and CD4 T 
cells we employed mutant CDS·'· "knockout" mice24 on a B6 background. However, be
fore using these mice as a model to investigate the function of the CDS molecule, we had 
to establish that the same populations of DC were present, and we had to devise a strategy 
for isolation the equivalents of the CDS+ and CDS· DC in the absence of the CDS marker. 

We established that the absence of the CDS molecule in the CDS·'· mice did not influ
ence the numbers of DC in the spleens we used as a DC source. The spleens and LN of the 
CDS "knockout" mice had normal numbers of DC which, apart from COSo., expressed the 
normal spectrum of surface markers. DC development thus appeared to proceed normally in 
the absence of COSo.. We also established a correlation in the normal mouse spleen between 
the expression of CDS and another DC surface molecule, the interdigitating DC marker DEC-
20525 , in order to use the latter as a substitute marker. This correlation is shown in Fig. 7. Ac
cordingly, DEC-205 was employed as a substitute marker for CDS. 
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Figure 7. Expression of CDSa and DEC-205 on the 
splenic DC surface. DC were isolated from the spleens of 
normal C57BU6 mice. The enriched DC were stained 
with: allophycocyanin-conjugated anti-MHC class II; fluo
rescein-conjugated anti-CD8a; biotinylated anti-DEC-
205, followed by phycoerythrin-conjugated streptavidin as 
second stage; PI to stain dead cells. The figure shows the 
distribution of DEC-205 and CDSa fluorescence on the 
DC population, gated as class II MHC highly positive 
cells with high forward and side scatter, and with PI-posi
tive cells excluded. 
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Figure 8. Comparison of the proliferation of CD4 T cells stimulated by allogeneic DEC-20S' and DEC-20S
splenic DC, isolated from normal or CDS·· "knockout" mice. DC were enriched from normal CS7BLl6 or CDS·· 
mice, then stained with: fluorescein-conjugated anti-CD 1 Ie; biotinylated anti-DEC-20S, followed by phyco
erythrin-conjugated streptavidin as second stage. The DC were then sorted into CD 11 c'DEC-20S' and 
CDllc'DEC-20S- populations. CD4 T cells were purified from LN ofCBA mice and used at 20,000 cells per cul
ture. The proliferative response in DC-T cell cultures were determined after day 3 of culture using a 4h pulse. 

The two populations of DC were isolated from normal B6 mice, using N4lS mono
clonal antibodies (mAb) to stain CD I I c and to define DC, together with NLDC 14S26 mAb 
to stain DEC-20S and to divide the DC into two subpopulations. These pure, separated DC 
subpopulations were tested for capacity to stimulate the proliferation of allogeneic CD4 T 
cells or CDS T cells, The results were equivalent to those obtained using separation based 
on CDS expression. The DEC-20S' DC gave much greater proliferation of both CD4 and 
CDS T cells at day 3, than did the DEC-20S+ DC (Figs.S and 9). This correspondence be
tween DEC-20S' and CDS' DC, and between DEC-20S+ and CDS+ DC applied throughout 
the whole time-course of the response. 

Since DEC-20S appeared to be a satisfactory substitute marker for CDS, we were 
able to test whether the CDS molecule was responsible for any of the regulatory effects. 
We compared the T-cell stimulatory abilities of DEC-20S+ and DEC-20S' DC isolated 
from CDS· I . mice, with DEC-20S+ and DEC-20S- DC from the CDS+/+ B6 background 
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Figure 9. Comparison of the proliferation of CDS T cells stimulated with allogeneic DEC-20S+ and DEC-20S
splenic DC, isolated from normal or CDS-I- "knockout" mice_ The procedure was similar to that described in Fig_ 
S, except that CDS+ T cells rather than CD4+ T cells were isolated from CBA mice, and that the JH_ TdR pulse was 
for 12h_ 

mice, using CD4 T cells and CDS T cells purified from the CBA mice_ The "regulatory" 
effects were the same regardless of whether CDSa was present or not (Figs_ Sand 9)_ In 
both cases the DEC-205- DC produced much higher levels of responding T cell prolifera
tion on day 3 than did the DEC-205+ DC. The CDS molecule is apparently not required for 
the regulatory function of DEC-205+ DC. 

5. CONCLUSIONS 

These studies indicate that the DC subclasses defined by surface markers are func
tionally specialized. The CDS- DC of spleen have the very high T-cell stimulatory capabil
ity ascribed to classical antigen-presenting DC '·2• The CDS+ DC of spleen while also able 
to activate T cells, are equipped with additional mechanisms to regulate or limit both CD4 
and CDS T cell responses. Although CDSa marks this regulatory DC population, it does 
not itself playa direct role in the regulatory process. For interaction with CD4 T cells, 
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FasL on the CD8+ DC is the molecule crucial for the regulatory function. For interaction 
with CD8 T cells we have not identified the key signalling molecule. although DEC-205 
must now be tested for possible involvement. 

The developmental relationship between these two functionally distinct classes of 
DC is clearly of interest. We have no direct evidence on this issue for splenic DC. How
ever. it should be noted that thymic DC. which are predominantly CD8+ and whose inter
action with developing T cells is also regulatory rather than stimulatory. appear to 
represent a lymphoid-related developmental lineage differing in origin from the classical, 
myeloid derived DC6.7• It is possible that the differences in function we have observed re
flect the existence of distinct developmental lineages or sublineages of splenic DC. 
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1. INTRODUCTION 

Stimulation of unprimed T cells is controlled by professional antigen-presenting 
cells (APC) such as dendritic cells (Dc).1 3 The strong APC function of DC is presumed to 
reflect that these cells express a high density of major histocompatibility complex (MHC) 
molecules and a variety of costimulatory molecules. In this respect, activation of naive T 
cells by APC is thought to require two distinct signals: Signal I reflects T cell receptor 
(TCR) contact with specific peptides bound to MHC molecules, and Signal 2 is the conse
quence of other molecules on T cells, e.g. CD28, interacting with costimulatory mole
cules, e.g. 87 (87-1, B7-2), on APC. Since many different accessory molecules on APC 
can express costimulatory function for T cells under defined conditions, which particular 
accessory molecules are essential for stimulating naive T cells is unclear. We have ad
dressed this issue by constructing artificial APC from a Drosophila cell line by gene trans
fection. 

2. EXPERIMENTAL APPROACH 

Drosophila cells are an unlikely tool for studying APC function because these cells 
die rapidly at 3T C. In their favor, however, Drosophila cells express high levels of sur
face MHC molecules after gene transfection. Moreover, the lack of TAP 1,2 peptide trans
porters in Drosophila cells means that transfected MHC class I molecules fail to bind 
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endogenous peptides in the cytoplasm and can therefore be loaded externally with high 
concentrations of exogenous peptides.4•s Drosophila cells thus have the potential to deliver 
a very strong dose of Signal I to T cells. 

The APC function of Drosophila cells was examined with the aid of the 2C line of 
TCR transgenic mice6 and defined peptides as antigen.7- " CD8+ cells from the 2C line are 
MHC class I restricted and undergo positive selection to Kb molecules and display allore
activity to two peptides, p2Ca and QL9, presented by L d molecules. These two peptides 
are identical except that QL9 has one extra amino acid than p2Ca. Both peptides are de
rived from a Krebs cycle enzyme and are thus ubiquitous self peptides. The p2Ca peptide 
is an 8-mer and is exposed naturally on the surface of H_2d, e.g. BIO.D2, cells bound to 
Ld; p2Ca has intermediate binding affinity for soluble Ld molecules (4 x 106 M-') and high 
affinity for 2C TCR molecules (2 x 106 M-' to I X 107 M-'). QL9 peptide has even higher 
affinity for these molecules (2 x 108 M-' for Ld and 2 x 107 M-' for 2C TCR); whether 
QL9 peptide is expressed naturally on the cell surface is unclear. 

To examine the requirements for stimulating 2C cells, purified naive-phenotype 
(CD4410) CD8+ 2C cells were exposed to p2Ca or QL9 peptides presented by a panel of 
transfected Drosophila cells expressing Ld alone (Ld APC), Ld + B7-1 (Ld.B7), Ld + 
ICAM-I (Ld.lCAM) or Ld + B7-1 + ICAM-I (Ld.B7.1CAM ). With these transfectants we 
assessed the consequences of exposing T cells to Signal I alone vs. Signal I + 2. In this 
respect, the prevailing view is that Signal I causes partial T cell activation associated with 
upregulation of IL-2R (CD25), whereas Signal 2 controls T cell proliferation through pro
duction of IL-2 and other cytokines.1-3 In the experiments discussed below,'2 T cell activa
tion was initially quantitated by examining cell-surface expression of CD25. Virtually 
identical results applied to CD69 expression (data not shown). 

2.1. Effects of Signal 1 vs. Signal 1 + 2 on CD25 Expression 

As shown in Fig. I, presentation of p2Ca peptide by Drosophila cells expressing L d 
alone appeared to be completely nonimmunogenic for 2C CD8+ cells. Thus even high 
doses of p2Ca peptide caused no detectable expression of CD25 on 2C cells. Similar re
sults occurred with the high-affinity QL9 peptide, although a slight increase in CD25 ex
pression was observed with high concentrations of this peptide (10-5 M). These data 

·14 -12 -10 -8 -6 -4 

log [p2Ca peptide 1 
-14 -12 -10 -8 -6 -4 

log [QL9peptidel 

Figure I. Expression ofCD25 on CDS· 2C 
cells incubated with p2Ca vs QL9 peptides 
presented by Drosophila APC. Purified 
CDS· 2C cells from lymph nodes were in
cubated with the panel of transfected 
Drosophila APC plus varying concentra
tions of p2Ca or QL9 peptides in bulk (2 
ml) cultures for 12 hours and then stained 
for CD25 expression followed by FACS 
analysis. The data show the mean fluores
cence intensity of CD25 staining on gated 
CDS+ cells. Data adapted from ref. 12. 



Constructing Artificial Antigen-Presenting Cells from Drosophila Cells 251 

indicate therefore that exposure to Signal I alone has remarkably little effect on T cells, at 
least by the parameter of CD25 expression. 

Quite different results occurred when the Drosophila APC co-expressed costimula
tory molecules (Fig. I). Thus, strong expression of CD25 occurred when 2C CD8+ cells 
were exposed to peptides presented by either Ld.B7 or Ld.lCAM APC. This finding ap
plied to both peptides, although QL9 peptide was clearly much more immunogenic than 
p2Ca. Varying the concentrations of these peptides showed that the APC function of 
Ld.B7 and Ld.lCAM APC was quite similar. Interestingly, however, B7-1 and ICAM-I 
displayed strong synergism when coexpressed. Thus, with limited concentrations of pep
tides, induction of CD25 expression was far higher with Ld.B7.1CAM APC than with 
either L d.B7 or L d.lCAM APe. With the high-affinity QL9 peptide, upregulation of CD25 
expression induced by Ld.B7.1CAM APC was apparent with peptide concentrations as low 
as 10-13 M. 

2.2. Proliferative Responses 

As for CD4+ cells, proliferative responses of CD8+ cells to antigen depend upon a 
combination of CD25 (lL-2R) upregulation and contact with IL_2. 13•14 When CD8+ cells 
are subjected to strong signalling, the cells express CD25 and also synthesize IL-2. Under 
these conditions, the response of CD8+ cells is thus helper-independent (HI), i.e. the cells 
proliferate without the need for "help" (exogenous IL-2) provided by other cells, e.g. 
CD4+ cells. With weaker signalling, however, CD8+ cells express CD25 but fail to synthe
size IL-2. Proliferative responses then depend upon exposure to exogenous IL-2. These 
helper-dependent (HD) responses of CD8+ cells occur when 2C cells are cultured with 
high concentrations of QL9 peptide (l0-5 M) presented by Drosophila cells expressing L d 

alone (Table I). In this situation, proliferative responses are undetectable in the absence of 
IL-2, but are quite high when IL-2 is added, thus indicating that the mild increase in CD25 
expression (Fig. I) is physiologically significant. With lower doses of QL9 peptide (::;; 10--7 

M), however, proliferative responses in the presence of exogenous IL-2 are virtually unde
tectable. For the weaker p2Ca peptide, even high doses of this peptide fail to induce pro
liferative responses with added IL-2. 

The above findings apply to APC expressing Ld alone. Very different results occur 
when the APC express costimulatory molecules. For the stronger QL9 peptide, L d.B7 and 

Table 1. IL-2 dependent proliferative response ofCD8+ 2C cells cultured with 
L d -transfected Drosophila APC plus p2Ca or QL9 peptides 

Peptides added to culture 

p2Ca (10 7 M) 

p2Ca(10 5 M) 
QL9 (10-7 M) 
QL9 (10 5 M) 

CH]TdR incorporation (cpm x 10') 
with Ld APC plus CD8+ 2C cells 

Without exogenous IL-2 With IL-2 (20 units/ml) 

97 645 
96 1,009 

150 1.754 
112 2,848 
161 205,026 

Doses ofS x 104 purified CDS+ 2C cells were cultured with 2 x 105 Ld-transfectedDrosophila 
cells in the presence or absence of the indicated concentrations of pep tides for 3 days. [,H]TdR 
was added during the last 8 hours of culture; r1L-2 was added at a final concentration of 20 
unitslml. This data refer to the mean of triplicate cultures and are adapted from ref. 12. 
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Figure 2. Influence of peptide concentration on the HI prolifera
tive response of CDS> 2C celis to L d-transfected Drosophila APC 
expressing the indicated costimulatory molecules. Celis were cul
tured as described for Table I and responses were measured on 
day 3; no IL-2 was added to the cultures. The data refer to the 
mean of triplicate cultures and are adapted from ref. 12. 

Ld.ICAM APC both elicit quite strong proliferative responses of 2C CD8· cells in the ab
sence of added IL-2 (Fig. 2). However, inducing these responses requires relatively high 
concentrations of peptide. By contrast, co-expression of both B7-1 and ICAM-I on APC 
stimulates strong HI responses of 2C cells with very low doses of QL9 peptide, e.g. 10-11 

M. With the weaker p2Ca peptide, Ld.B7 and Ld.lCAM APC fail to elicit HI responses of 
2C cells even with high doses of peptide. 12 By contrast, strong HI responses to p2Ca pep
tide occur with Ld.B7.ICAM APC, though only with relatively high concentrations of pep
tide (Fig. 2). 

These data on HI proliferative responses correlate closely with the above findings on 
CD25 expression and indicate that B7-1 and ICAM-I display striking synergy when coex
pressed. This synergy is most conspicuous with limiting concentrations of peptides. Very 
similar findings apply to IL-2 production. 12 Thus, levels of IL-2 are very low when CD8· 
cells are stimulated with either Ld.B7 or Ld.lCAM APC plus peptides but high with 
Ld.B7.1CAM APC. 

3. CONCLUDING COMMENTS 

Since CD8· cells are often viewed as crippled cells that fail to respond to antigen unless 
supplemented with "help", the capacity of artificial APC to induce strong primary responses 
of CD8· cells without the requirement for exogenous cytokines may seem surprising. As dis
cussed earlier, however, pulsing class I-transfected Drosophila cells with peptides produces a 
very high density ofpeptide/MHC complexes on these cells and thus delivers a strong dose of 
Signal I to antigen-reactive CD8· cells. By itself, Signal I has little apparent effect on CD8· 
cells, at least in terms of stimulating CD25 and CD69 expression. Nevertheless, Signal I 
clearly makes the cells sensitive to Signal 2, i.e. to the effects of costimulation. With a strong 
dose of Signal I, the sensitivity of T cells to Signal 2 is greatly increased, with the result that 
even a limited level of costimulation is sufficient to generate a strong response. This situation 
applies when 2C CD8· cells are exposed to high concentrations of the high-affinity QL9 pep
tide presented by Drosophila APC. Here, Signal I is intense, and triggering the cells requires 
contact with only a single costimulatory molecule on APC, i.e. either B7-1 or ICAM-I. With 
limiting concentrations of peptide, however, Signal I is less intense and the cells show a much 
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greater dependency on costimulation, contact with two different costimulatory molecules, 
B7-1 + ICAM-I, being required forT cell triggering. This increased dependency on costimu
lation is especially apparent when the affinity of the peptide is reduced, e.g. when p2Ca rather 
than QL9 is used. 

Although the present data are in close accord with the Signal IISignal 2 concept, the 
strong synergy observed between B7-1 and ICAM-I suggests that Signal 2 has more than 
one component. Currently, the prevailing view is that costimulation is largely a reflection 
of CD28/B7 interaction, and that "costimulation" mediated by other accessory molecules, 
e.g. between LFA-I and ICAM-I, is a manifestation of enhanced cell adhesion (conjugate 
formation) rather than to signal transduction. However, the definition of LF A-I as an ad
hesion molecule l5 does not preclude a signalling role for LFA-1. Indeed, there is strong 
evidence that LF A-I does contribute to signalling, especially for human T cells. 16 Hence, 
bearing in mind that the APC function of Ld.B7 and Ld.lCAM APC is virtually identical 
for 2C cells, it would seem highly likely that ICAM-I acts at least partly as a signalling 
molecule, i.e. as a source of Signal 2. Nevertheless, the marked synergy observed when 
B7-1 and ICAM-I are co-expressed suggests that the type of Signal 2 mediated by these 
two molecules is quite different. 

The notion that Signal 2 can have at least two components suggests that the signal
ling events occurring when T cells recognize antigen under physiological conditions on 
normal APC are highly complex. Thus, professional APC such as DC are known to ex
press a multiplicity of different accessory molecules, and each of these molecules could 
play an important role in APC function. either by facilitating cell adhesion or through sig
nalling or both. At present, the functional role of the various accessory molecules on APC 
is still largely obscure. To address this issue, we are currently testing the function of a 
range of other accessory molecules expressed in Drosophila cells. 

In addition to stimulating TCR transgenic T cells, we have recently found that 
Drosophila APC are capable of generating primary responses by normal (non-transgenic) 
CD8+ cells. I? This finding could be relevant to tumor immunotherapy. Thus, studies with a 
peptide derived from p815 (H_2d) mastocytoma cells have shown that presentation of this 
peptide by LU Drosophila cells to H_2d spleen cells in vitro generates strong CTL activity 
to P8I5 and rejection of this tumor after adoptive transfer in vivo. 17 Whether this approach 
is applicable to human tumors is under investigation. 
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1. INTRODUCTION 

42 

Despite the recent revolution in understanding the molecular mechanisms of T cell 
activation, the means by which naive CD4+ T cells become tolerant or immune in response 
to antigen remains controversial. Evidence from a number of experimental systems has 
suggested that the process of determining the phenotype (but not the specificity) of im
mune responses is initiated by APCs l.2. However not only is the precise signalling path
way between APCs and naive T cells still undefined, but the role of each particular type of 
APC in the initiation of diverse immune responses in vivo is unclear. 

The study of interactions between purified APC subpopulations and naive T cells is 
most easily achieved in vitro. However the validity of the conclusions drawn from ill vitro 
experiments remains to be established. In vitro studies have demonstrated only quantita
tive differences in stimulation of naive T cells by APCs as disparate as splenic DC and 
transfected L cells17 . In contrast, a number of investigators have shown clear qualitative 
effects attributable to the activity of different APCs in vivo X 13. There are two principal 
difficulties in interpretation of in vitro experiments. Firstly, the true phenotypes of toler
ance and immunity in vitro may not be intuitively obvious. While it might be expected 
that naive cells in the process of becoming tolerant would manifest little reactivity in any 
of the standard in vitro assays such as cytokine production and proliferation, ill vivo ex
periments have shown that induction of T cell tolerance can be accompanied by an initial 
phase of activation and proliferation which is difficult to distinguish from the initial phase 
of an immunogenic response l4 . Thus induction of immunity and tolerance ill vitro may 
have been confused with each other. Secondly, naive T cells are segregated from most 
APCs in vivo, with the exception of interdigitating dendritic cells (IDC) which form a ma
trix in the T cell areas of the spleen and lymph nodes. In particular, the probability of con
tact between naive T and B cells is often overestimated, since B cells enter the T cell areas 
only after activation by specific antigen l5 . 
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2. EXPERIMENTAL MODELS TO EXAMINE INTERACTIONS 
BETWEEN APCS AND NAIVE T CELLS IN VIVO 

Our recent efforts have been concentrated on determining the outcome of several 
different APC-naive T cell interactions in vivo. A number of experimental protocols have 
been commonly used to examine the function of APC subsets in vivo. Antibody-mediated 
targeting of antigen to particular APC subsets has been achieved by coupling antigen to 
antibodies directed towards APC surface molecules, or by using xenogeneic anti-APC an
tibodies themselves as the antigen. The principal difficulty with this experimental tech
nique is uncertainty as to the distribution of the antigen, which is inferred rather than 
measured experimentally. Thus although the data of both Parkerlo and Finkelman9 support 
the conclusion that antigen-presentation by naive B cells induces T cell tolerance whereas 
activated B cells induce immunity, more direct experimental systems have suggested that 
activated B cells are actually tolerogenic when they are the sole APC (vide infra). 

Adoptive transfer of purified antigen-pulsed APCs has been effective in inducing 
immunity in response to mature DCs injected subcutaneouslyl6. However its usefulness in 
addressing the question of whether other APC subpopulations can also generate true im
munity is limited by the possibility that antigen may be eluted from the purified injected 
APCs and presented by potent immunogenic endogenous DCs. In order to avoid this tech
nical difficulty, antigen presentation can be restricted to a subpopulation of injected cells 
on the basis of expression of an appropriate MHC allele. Ronchese and Hausmann used 
semi-allogeneic transfer into immunodeficient hosts to demonstrate that neither naive nor 
activated B cells were capable of priming naive T cells when the participation of endo
genous non-B cell APC was rigorously excluded13, in contrast to prior conclusions 
reached using antibody-mediated targeting. Fuchs and Matzingerll extended this argument 
by transferring allogeneic B cells into immunocompetent recipients and demonstrated that 
both naive and activated B cells rendered naive T cells tolerant. 

2.1. An Antigen Receptor Transgenic Model of Presentation by B Cells 

We have extended these studies of B cells as the sole initiating APC by transferring 
antigen-specific transgenic Band T cells into syngeneic or semi-allogeneic scid/scid hosts 
(figure I). This model enables us to visualise the T and B cells as they respond to antigen. 
Since the immunogenic peptide of moth cytochrome (' requires IEk or IEb for presentation, 
IE-negative hosts such as H_2b mice are unable to present cytochrome peptide or protein 
to purified T cells derived from anti-cytochrome TcR transgenic mice17• Thus in our proto
col only the hen egg lysozyme (HEL)-specific transgenic H_2bk B cells l8 can act as APC in 
the H_2b hosts. In H_2bk hosts, macrophages and dendritic cells also express IE and can act 
as APC for cytochrome. The recipient scid/scid mice were immunised intravenously with 
PBS, moth cytochrome (MCC) peptide 87-103, or a fusion protein bearing both HEL and 
cytochrome determinants (HELCYT), to activate the B cells specifically while simultane
ously delivering cytochrome for presentation to the T cells l9. A response was detected by 
division of T cells labelled with the intracellular dye, CFSE, whose fluorescence is halved 
by each cell divisionis. After intravenous injection of antigen, activated but not naive B 
cells were capable of stimulating proliferation of naive T cells (figure 2). However naive 
B cells pulsed with cytochrome peptide in vitro prior to adoptive transfer also induced 
proliferation of naive T cells, presumably because they presented far higher concentra
tions of antigen than would be achieved in vivo. T cells taken on day 14 from H_2b recipi-
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Figure 1. Experimental protocol for restricting antigen-presentation to B cells in immunodeficient hosts. 
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Figure 2. In lIillo T cell proliferation in response to antigen presented by B cells. T and B cells were isolated from 
transgenic H_2bk donors, percoll purified and CFSE-Iabelled before adoptive transfer into H_2b scidlscid hosts. An
tigen was administered intravenously 4 hours after cell transfer, except in the last group in which the B cells were 
pulsed with peptide in lIitm before transfer. FACS profiles are of transgene-expressing T cells 7 days after antigen 
challenge. Each cell division is indicated by a halving of the CFSE intensity. 



258 

E 
0. 
U 

B. Fazekas de St. Groth et aL 

150°T.r==============~------------1 

1000 

500 

--0-- PBS ivi 

-_ ... -_.- MCC pulsed B cells 

----0---- HELCYT ivi 

T 

T 
./···1-················ .. 

~ .,/ 0--------- 0 
~===-__o....:::::"'-_..{~::-:::.:-;::::~-.::~< ---- -•• , .J.. 

04-----,-----,-----,-----,-----~----~ 

o 
ci 

ci 
o o 

o 

MCC87-103 (nM) 

o 
o 
o 

o 
o 
o 
o 

Figure 3. Proliferation of splenic T cells recovered from H_2b scid/scid hosts 14 days after challenge with intrave
nous PBS, HELCYT or peptide-pulsed B cells. 10' transgene-expressing T cells were incubated with 5 x lOs H_2bk 
irradiated splenocytes in the presence of the indicated concentrations of MCC peptide for 4 days. 

ents immunised with HELCYT or peptide-pulsed B cells were profoundly anergic on res
timulation in vitro (figure 3), whereas those from cytochrome peptide-immunised mice 
were indistinguishable from naive controls (not shown). In contrast, T cells in H_2bk re
cipients made a much larger and more prolonged response to immunisation with HEL-cyt 
and T cell priming was readily detectable in vitro at 14 days (not shown). Thus the pres
ence of H_2bk host-derived (non-B cell) APCs converted an intrinsically tolerogenic re
sponse stimulated by antigen-activated B cells into a larger immunogenic response. 

These experimental data confirm the conclusion of Fuchs and Matzinger" that both 
naive and activated B cells are tolerogenic for naive T cells. However, we also demon
strated that induction of tolerance was accompanied by a short lived immune response 
manifested by proliferation, cytokine production and antibody secretion. Thus the induc
tion of tolerance did not appear to be the passive process envisaged by Fuchs and Matzin
ger, who argued strongly that both in vivo and in vitro demonstrations of naive T cell 
activation by B cells were essentially artifactual". Rather, activation during the initiation 
of tolerance was remarkably similar in appearance to activation during the initiation of im
munity. However, because the proliferation phase was curtailed when tolerance was being 
induced, the total clone size reached would be insufficient to be detectable in any but TcR 
transgenic models. 

One further conclusion can be drawn from our experiments. Soluble antigen admin
istered in the presence of a large number of specific B cells was clearly not targeted exclu-
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sively to those B cells, since endogenous non-B cells (presumably DC) altered the pheno
type of the response when they expressed the MHC required for presentation. Thus it ap
pears unlikely that antigen in general will be presented solely by B cells under 
physiological conditions, unless it is a B cell-specific self antigen which for some particu
lar reason cannot be re-processed and presented by professional APCs. These data there
fore suggest a model in which DC initiate all immune responses, including those that 
induce tolerance. Such a model is consistent with the histological organisation of periph
eral immune tissue, in which only IDCs are constitutively located in the T cell areas, 
whereas B make contact with T cells only after activation ls • 

2.2. Models of Antigen Presentation Using MHC Transgenic Mice 

The experiments described above suggested that although B cells and naive T cells 
were capable of interacting in vivo, the process was inefficient in comparison to sequential 
T cell interaction with DC followed by B cells. Although scidlscid hosts reconstitute a 
fairly normal histological appearance in the spleen and LN within a few days of adoptive 
transfer of T and B cells, their anatomy is clearly disturbed at the time of adoptive trans
fer. Thus there may have been more initial contact between T and B cells than would oc
cur in a normal host. Our most recent experimental approach has therefore focussed on 
reconstituting the interaction between APCs and T cells in the most physiological possible 
manner, while still taking advantage of the semi-allogeneic model of restricting antigen
presentation to particular subsets of APCs. This approach requires a normal host that is 
tolerant of semi-allogeneic donor APCs, such as the transgenic 36--2 line20.21 , in which ex
pression of the lEad transgene, which pairs with endogenous IEJ3b from the H_2b host. is 
limited to the thymus. 36--2 mice are thus effectively tolerant of IEdb without expressing it 
in the periphery. The 107-1 transgenic line20.21 in which the lEad transgene is expressed 
with a wild-type distribution, can be used both as an APC donor and a breeding partner for 
the IE-restricted anti-cytochrome TcR transgenic line. Double transgenic mice then serve 
as donors of positively-selected anti-cytochrome T cells in adoptive transfer (figure 4). 
107-1 mice can also be bred with anti-HEL immunoglobulin transgenic mice to serve as 
donors of IE-positive HEL-specific B cells. 

2.2.1. B Cell Presentation. We have used this experimental system to examine 
whether activated B cells alone can stimulate T cell proliferation in mice with normal im
mune systems. Some specific T cell proliferation was seen in 36--2 hosts of adoptively 
transferred purified naive 107-1 x Ig double transgenic B cells and 107-1 x TcR double 
transgenic T cells immunised with HELCYT, although clearly less than when the host it
self was from the 107-1 line (data not shown). This confirms our observations in the 
scidlscid model, namely that B cell presentation is possible but inefficient in comparison 
with presentation by both DCs and B cells. Our conclusions in these B cell reconstitution 
experiments must be clearly distinguished from experiments using B cell deficient mice to 
examine the effect of the addition of B cells to endogenous non-B cell APCs8.1J.22-27. Such 
experiments seek to answer a different question, namely whether B cells are required in 
addition to non-B cell APCs for induction of an optimal T cell response. Although the data 
are not entirely consistent, the work of Sunshine et al.,8 Ronchese and Hausmann 13, and 
Epstein et al. 27 clearly establishes that T cell priming can occur in the absence of B cells. 
In addition, B cells appear to amplify or modulate the immune response generated by DC, 
particularly when that response is submaximae3.26.28. We have repeated these B cell addi
tion experiments in the 36--2/107-1 model. A comparison of transgenic T cell priming in 
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Figure 4. Experimental protocol for restricting antigen-presentation to purified donor cells in immunosufficient 
hosts. 

107-1 hosts adoptively transferred with either 107-1 or wild type H_2b transgenic B cells 
revealed that the presence of specific B cells expressing the appropriate MHC amplified 
the proliferative response of naive transgenic T cells but was not required to generate a de
tectable response (data not shown). 

2.2.2. Dendritic Cell Presentation. In a second set of experiments using the 
36-21107-1 model, we attempted to determine the particular APC responsible for the in
duction of T cell proliferation and deletion in response to intravenous injection of peptide, 
since our scid/scid experiment (figure 2) showed that B cells were not capable of inducing 
such a response. In an initial experiment, spleen cells from 107-1 donors were fraction
ated on a Nycodenz gradient and 80 x 106 cells with a density <= I.077g/cm2 (comprising 
24% CDllc+IE+B220' and 56% B220+IE+CDl Ie" cells) were transferred into 36-2 recipi
ents which had previously been injected intravenously with CFSE-Iabelled Percoll-puri
fied small T cells from 107-1 x TcR double transgenic donors. One day later, the mice 
received 15 ug moth cytochrome peptide 87-103 intravenously. A small percentage of the 
cytochrome-specific transgenic T cells in the spleen responded to the injected peptide by 
dividing between days 0 and 3 (figure 5A). The cell division profile was quite distinct 
from that seen in intact 107-1 x TcR double transgenic mice (figure 5B), indicating that 
antigen-presentation was severely limited in the 36-2 adoptive hosts, since the number of 
dividing cells declined with each cell division. In contrast, 95% of possible responder 
cells underwent at least 2 cell divisions in the intact transgenic controls. The crucial quali
tative difference between the intact double transgenic and the adoptively transferred mice 
was in the fate of divided cells. Whereas over 90% of divided cells died by day 7 in dou
ble transgenic mice, the number of divided cells actually increased between days 3 and 7 
in adoptively transferred 36-2 hosts, a pattern that is associated with generation of immu
nity in response to subcutaneous peptide rather than tolerance. 
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Figure 5. In vil'o T cell proliferation re-
sponse to intravenous MeC peptide pre-
sented by I ight density splenocytes. A: 
Percoll purified T cells were isolated from 
transgenic 107-1 donors. CFSE-Iabelled 
and adoptively transferred into 3~2 hosts 
together with light density splenocytes 
from 107-1 donors. B: transgenic T cells 
isolated from H_2 bk mice, CFSE-Iabclled 
and adoptively transferred into syngeneic 
hosts. FACS profiles are of transgcne-ex-
pressing T cells 3 and 7 days after intrave-
nous peptide challenge. Each cell division 
is indicated by a halving of the CFSE in-
tensity. 
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Further experiments using subfractionated spleen cells are under way. In particular, 
we are collaborating with Prof. K. Shortman (WEHI) in the purification and adoptive 
transfer of CD8+ and CD8- splenic DC using the model described above. Our hypothesis is 
that CD8' lymphoid-derived DC are tolerogenic, whereas classical myeloid-derived CD8" 
DC are immunogenic. When both are present, as in the preliminary adoptive transfer ex
periment described above, immunity is dominant over tolerance. An alternative possibility 
is that the phenotype of a single type of IDC changes in response to adjuvant-derived 
stimuli and that this change regulates the tolerance-immunity decision. 

3. CONCLUSIONS 

Our data suggest that dendritic cells are the crucial inducer of both tolerance and im
munity in vivo. Moreover, the roles played by both DC and B cells can change dramati
cally, depending on the form of the antigen and the other APC present. Whether 
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heterogeneity in DC function will correlate with functional changes within a single popu
lation or with subsets of different origin remains to be determined. 
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ANTIGEN(S) IN VIVO 
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Oxford OX3 9DU, United Kingdom 

1. INTRODUCTION 

Dendritic cells and small resting 8 cells are thought to be immunogenic and tolero
genic in the periphery, respectively, as dendritic cells but not resting 8 cells can provide 
costimulatory signal(s) (1-7). Fuchs and Matzinger demonstrated that resting 8 cells but 
not dendritic cells could induce tolerance to H-Y mismatched skin grafts (8). We have ex
tended this study by comparing the ability of dendritic cells and resting 8 cells to induce 
tolerance to cardiac grafts mismatched for miH antigen(s). 

2. MATERIALS AND METHODS 

Low density adherent cells (LODACs) were prepared as described by Steinman, and 
were 98.2% class II., 80.1 % 87-1 + and 93.7% 87-2+. Resting 8 cells were prepared by 
complement lysis of T cells, purification using Sephadex G-l 0 columns and Percoll gradi
ents and were 95.7% class II+, l.2% 87-1+ and 2.5% 87-2+. 

Mice were pretreated intravenously with either 1 x 107 resting 8 cells or 5 x 105 LO
DACs one week before skin grafting or two weeks before heart grafting. 
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Figure 1. Resting B cells but not LODACs induce indefinite survival ofH-Y mismatched skin grafts. 

3 RESULTS 

3.1. Skin Graft 

3.1.1. Primary Skin Grafts. Resting B cells induced indefinite prolongation of H-Y 
disparate skin grafts in C57BL/IO (H2b) female mice (MST > 100 days), as has been re
ported previously (8). In contrast, LODACs had no effect on the survival of male skin 
grafts (MST = 10.5 days) (Figure I). 

Next, we explored the ability of resting B cells to prolong graft survival in donor re
cipient combinations mismatched for either multiple miH antigens or MHC and miH anti
gens. In both situations, pretreatment with resting B cells and LODACs had no beneficial 
effect on skin graft survival (MST=14 and 12.5 days, respectively C3H to CBA; II and 10 
days, respectively C57BLlI0 to C3H). 

3.1.2. Sencondary Skin Grafts. To investigate whether resting B cells were able to 
induce operational tolerance to skin grafts mismatched for a single miH antigen, H-Y, re
cipients were grafted with a 2nd H-Y mismatched skin graft 100 days after transplanta
tion. 2nd grafts were rejected with a MST of 20 days, although the primary skin grafts 
continued to survive and were unaffected by the rejection of the second challenge graft. 

3.2. Cardiac Graft 

3.2.1. Primary Cardiac Grafts. In contrast to the effects for H-Y mismatched skin 
grafts, surprisingly, both resting B cells and LODACs induced indefinite survival of H-Y 
mismatched cardiac grafts (MSTs > 300 and >200 days, respectively) (Figure 2). [Naive 
female mice rejected male hearts (MST = 42 days).] Resting B cells and LODACs were 
also equally effective in their ability to induce unresponsiveness for cardiac grafts mis
matched for multiple miH antigens (C3H (H2k) to CBA (H2k», (MSTs > I 07 and >99 days, 
respectively) (Figure 3). In marked contrast, in a fully allogeneic combination (C57BLllO 
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Figure 2_ Resting B cells and LODACs induce indefinite graft survival of H-Y mismatched cardiac grafts. 

to C3H), LODACs accelerated the rejection of cardiac grafts (MST=8 days) compared 
with no treatment and resting B cells (MST= lO days and 22 days, respectively). 

3.2.2. Secondmy Heart Grafts. When recipients with long term surviving cardiac 
grafts (>300 days) were rechallenged with second grafts to determine if operational toler
ance had been induced, 2nd H-Y mismatched cardiac grafts were accepted indefinetly. 

4. DISCUSSION 

The data obtained in this study confirms the ability of resting B cells to induce un
repsonsiveness to skin grafts mismatched for a single miH antigen_ However, the data pre
sented demonstrates that operational tolerance to the H-Y antigen was not induced by 
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pretreatment with resting B cells, or second skin grafts were rejected by recipients bearing 
long term surviving primary grafts. In contrast, when cardiac grafts were transplanted both 
primary and secondary challenge grafts survived indefinitely after pretreatment with rest
ing B cells. These data support the hypothesis that the cardiac graft plays an important 
role in the maintenance of unresponsiveness in vivo (9). 

Interestingly, our study also showed that LODACs were as effective as resting B 
cells in inducing prolonged survival of cardiac but not skin grafts mismatched for miH an
tigen(s). LODACs are thought to be immunogenic according to two signal hypothesis as 
they express both B7-1 and B7-2. However, this may not be the case in every situation, 
particularly, as shown here for vascularised organ grafts. 
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1. THE ROLE OF PASSENGER LEUKOCYTES IN ALLOGRAFT 
REJECTION 

Early observations by Snell and Steinmuller provided unequivocal evidence that non
parenchymal cells, resident within the organ play an important role in allograft rejection 1-3. 

However, despite these findings and the subsequent employment of the term "passenger 
leukocytes" to illustrate their migratory capacity4, identity of the donor cells involved in allo
graft rejection (at that time) was nevertheless enigmatic, These observations nonetheless had 
two unique corollaries for transplantation (Tx). Firstly, that the severity of rejection might be 
mitigated by functionally modulating or depleting donor leukocytes prior to organ tx, and sec
ondly, that the majority of the transplanted tissue is non-immunogenic and may therefore play 
an infinitesimal role in graft rejection, The realization of the importance of these findings 
prompted the initiation of numerous studies intended to modulate the immune responses by 
manipulating resident non-parenchymal cells prior to transplantation>-7. In spite of the novelty 
of these experiments, the success was however, variable. 

1.1. Importance of Dendritic Cells (DC) in Primary Immune Responses 

Whilst the role of passenger leukocytes in initiating allograft rejection was undeni
able, the identity of the cell(s) which instigated this immune response was however, 

• Aided by Project Grant No. AI 40329 and OK 29961 from the National Institute of Health, Bethesda, Maryland. 

Dendritic Cells in Fundamental and Clinical Immunology 
edited by Ricciardi-Castagnoli, Plenum Press, New York. 1997 269 



270 A. S. Rao et tiL 

equivocal. Given their unique capacity to present antigens to naive T cells, it was postu
lated that perhaps cells of dendritic leukocyte lineage may playa vital role in allosensiti
zation8• Supporting evidence for the latter argument came from the initial studies by 
Lechler and Batchelor, who demonstrated that allogeneic kidneys were indefinitely ac
cepted in rodents if they were initially "parked" in an immunosuppressed recipient prior to 
retransplantation into a secondary naive syngeneic animal9• More importantly, the allo
grafts were acutely rejected if DC obtained from donor-strain animals were infused into 
the secondary recipients indicating that the latter manipulation perhaps, led to the restora
tion of immunogenicity of the leukocyte-depleted allograft resulting in its prompt rejec
tion. This and numerous subsequent studies'~'2 have unambiguously established the 
identity of donor DC as the critical passenger leukocytes primarily responsible for allo
graft rejection, supporting the concept that their elimination prior to Tx may possibly cul
minate in prolonged graft survival. 

1.2. DC in Transplantation Tolerance 

A diametrical yet entirely compatible role for DC has been proposed by recent stud
ies in rodents '3. 14 and sub-human primates's. Our laboratory has shown previously that liv
ers transplanted orthotopically across most mouse strain combinations are spontaneously 
accepted'6• Interestingly, DC isolated from murine livers exhibit phenotype and function 
distinctive of that of immature cells, suggesting perhaps that upon migration from the 
graft into the host, these cells may provide "deviant" signals resulting in induction of do
nor-specific hyporeactivity rather than allosensitization' 3• It is interesting to note that or
gans other than livers which are promptly rejected following Tx also contain, albeit few, 
resident immature DC 17• It is therefore entirely conceivable that the inherent tolerogenicity 
uniquely ascribed to murine livers may be contingent on the presence within it an apropos 
quality and quantity of resident leukocytes bearing an immature phenotype. 

1.3. Chimerism and Its Role in Organ Allograft Acceptance 

The ubiquitous detection of the presence of donor cell chimerism in the tissues of 
successful long-term human kidney and liver recipients provided irrevocable evidence for 
the role of microchimerism in Tx tolerance '8.'9. These observations were supported by 
contemporaneous studies in rodents prompting evolvement of a hypothesis that the estab
lishment of microchimerism by migratory resident leukocytes may playa seminal role in 
the induction of donor-specific tolerance13• 15.20.21. Whilst the role of migratory donor cells 
in the induction of donor-specific hyporeactivity was undeniable, the mechanism responsi
ble for the perpetuation of chimerism and therefore of tolerance, years after organ Tx was 
nevertheless unclear. However, recent studies in rodents22.23 and humans24, have confirmed 
the presence of pluripotent stem cells in the interstitium of the grafted organ providing ex
plication for the long-term persistence of donor cell chimerism. 

2. AUGMENTATION OF CHIMERISM IN HUMAN ALLOGRAFT 
RECIPIENTS 

Recognizing the seminal role played by migratory donor leukocytes in allograft ac
ceptance and the induction of donor-specific tolerance almost four years ago, we em
barked on a prospective clinical trial to augment the phenomenon in organ recipients by 
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perioperative donor bone marrow (BM) infusion. In addition to verifying the safety of this 
procedure, three long-term goals of this study were to: (i) prevent delayed graft rejection, 
(ii) abrogate or mitigate chronic rejection and (iii) to decrease drug-dependence. Since 
June 1992, 189 recipients of liver (n=55), kidney (n=36), kidney + pancreas (n=33), kid
ney + islets (n=7), heart (n=24), lungs (n=18), small bowel (n=13) and multi-organ (n=3) 
have received a single peri-operative infusion of 3-{)x 1 08 BM cells/kg body weight. Addi
tionally, subsequent to the implementation of a modified protocol in April 1996, ten re
cipients of liver (n=5), kidney (n=4), kidney + delayed islets (n= I) have received multiple 
infusions of lxl08 cells/kg body weight/day for five consecutive days (day 0-4) post-Tx. 

Immunosuppression (IS) was with tacrolimus and steroids; CellCept was added to 
this regimen in 32 study and 15 control patients. BM was isolated from the vertebral bod
ies (VB) of cadaveric donors by a method described previously 25 and infused intrave
nously without cryopreservation. The recipients were not conditioned nor was the BM 
modified prior to infusion. The unavailability of consent to retrieve VB from the cadaveric 
donors resulted in accrual of 115 recipients of liver (n=32), kidney (n= 19), kidney + pan
creas (n=20), kidney + delayed islets (n=2), heart (n=20), lung (n= I 0), small bowel (n=7) 
and multiorgan (n= 1) who were followed as contemporaneous controls. Episodes of acute 
rejection were treated with dose adjustments of routine IS, whereas OKT3 was reserved 
for the treatment of steroid-resistant rejection. 

2.1. In Vitro Monitoring 

Using peripheral blood mononuclear cells (PBMC), the immune status of the recipi
ents was monitored serially by mixed leukocyte reaction (MLR), limiting dilution assay 
and proliferation against recall antigens (ConA and PHA). Using primers specific for 
either HLA-allele or the sex-determining region of the Y (SRY) chromosome (in malem
female recipients), the presence of donor DNA was determined periodically in the study 
and control patients. Serial quantitative evaluations of donor cell chimerism in a selected 
cohort of study and control patients were performed using a modified limiting dilution 
PCR (LOA-PCR) assay. The multilineage character of chimerism was also ascertained by 
PCR detection of donor DNA in lineage+ cells sorted from recipients' PBMC. The evi
dence for the presence of donor DC progenitors and therefore of engraftment was obtained 
by propagation of recipients' PBMC in rhGM-CSF and rhIL-4-enriched cultures. Sub
sequent to enrichment for lineagenull/MHC class u+ population, the presence of donor DNA 
within the sorted cells was confirmed by PCR analysis. 

2.2. Clinical Outcome 

The ancillary BM infusion was safe and no complications that could be uniquely at
tributed to this procedure were witnessed in any of the 199 study patients. All but 18/199 
(9%) of BM-augmented recipients are alive compared to 131115 (II %) of controls, who 
have died during the course of this follow-up (Table 1). Additionally, grafts in nine study 
and five control patients have been lost during their successive follow-up (Table I). It is 
noteworthy that no deaths or graft losses in the augmented group were related to BM infu
sion. No evidence of any inimical complication was witnessed in any of the ten patients 
who have received multiple BM infusion during the course of their follow-up (5-154 
days). All of the surviving patients have adequate graft function. 

Whilst all patients remain IS-dependent, it is nonetheless interesting to note that 
steroid-free existence has been achieved in 61 % study and 40% control patients who are at 
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Table 1. 8M-Augmented (study) and non-augmented (control) transplant recipients: 
follow-up and patient graft survival 

Follow-up Patient Survival Graft Survival 
OrgansTx n POD (X±SD) (%) (%) 

Liver 
Study 60 610±366 53/60 (88%) 51160 (85%) 
Control 32 798±354 28/32 (88%) 28/32 (88%) 

Kidney 
Study 81 588±31) 80/81 (99%) 75/81 (93%) 
Control 41 617±311 38/41 (93%) 37/4) (90%) 

Heart 
Study 24 481±330 21124 (88%) 21124 (88%) 
Control 20 429±226 18/20(90%) 18/20(90%) 

Lung 
Study 18 380±269 14118 (78%) 14118 (78%) 
Control 10 478±188 8/10 (80%) 8110 (80%) 

Small Bowel 
Study 13 289±234 10113 (77%) 9/13 (69%) 
Control 07 302±2 19 517 (71%) 517 (71%) 

Multi-organ 
Study 03 508±136 3/3 (100%) 3/3 (100%) 
Control 01 248 111 (100%) 111 (100%) 

least 12 months post-Tx (figure I). Equally significant however, is the observations that a 
statistically higher number of kidney recipients in the study group (71%) were weaned off 
steroids as compared to the controls. 

2.2.1. Incidence of Acute and Chronic Rejection. The tempo, severity and cumula
tive incidence of acute cellular rejection was comparable (-60%) in patients in the study 
and control groups. Graft versus host disease was witnessed in only two (1%) BM-aug
mented recipients (both of liver) which for its resolution required minor dose adjustments 
of routine IS. Whilst histopathological changes pathognomonic of chronic rejection have 
not manifested in any BM-augmented patient, at a comparable duration of follow-up 217 
(29%) surviving non-augmented lung recipients have however, exhibited evidence for the 
development of obliterative bronchiolitis. 

2.2.2. Multilineage Chimerism and Evidence for Infused Donor Cell Engraftment. 
The incidence of chimerism was much higher (94%) in the BM-augmented patients as 
compared to the controls (56%). Additionally, using LDA-PCR, the levels of chimerism 
were found to be at least 10--100 fold higher in a selected cohort of study patients as com
pared to the controls. Furthermore, the presence of donor DNA in sorted lineage+ cells 
provided unequivocal evidence of the multilineage nature of donor cell chimerism in BM
augmented patients. It must be emphasized that our ability to identify donor DNA in cul
tured/sorted (lineage+/class In cells generated from the PBMC of 4/5 evaluated study 
patients who were at least one year post-Tx provide sustenance to our claim that infused 
marrow may have indeed engrafted. 

2.2.3. In Vitro Immune Modulation. A previously established criteria was used to ac
cess the extent of donor-specific immune modulation in control and study patients.26 At a 
two-year follow-up, a higher proportion ofBM-augmented liver (50%) and lung (60%) re-
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Figure I. The incidence of steroid-free existence in 8M-augmented and non-augmented (control) organ recipients 
who are at least 12 months post-Tx. 

cipients exhibited donor-specific hypo or intermediate (DSHI) responses as compared to 
the controls (Figure 2). On the contrary, there was a comparable degree of immunomodu
lation in study and control kidney and heart recipients at a similar duration of follow-up. 

3. CONCLUSION 

Whilst in rodents and large animals, donor-specific tolerance could be achieved in 
months or years, the expectation of a similar outcome in humans is perhaps erroneous. 
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Figure 2. The incidence of evolvement of donor-specific hypo or intermediate (DSHI) reactivity determined by 
MLR assay in 8M-augmented and control organ allograft recipients at a two-year follow-up. 
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Given our experience with long-term successful organ transplant recipients who are cur
rently being weaned off IS under a meticulously planned protocol, it is anticipated that 
only a select cohort of patients in this study will ever achieve a drug-free state perhaps 
years ifnot a decade after Tx. 
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1. INTRODUCTION 

Dendritic cells (DC) are antigen presenting cells of hemopoietic origin, uniquely 
well-equipped to activate naive T cells. I Evidence also exists however, for DC tolero
genicity.2 During primary activation, mature T cells change from an activation-induced 
cell death (AICD) -resistant to an AICD-sensitive phenotype.3 The complete molecular 
basis for this transition remains to be determined. but CD95 (Fas/ Apo-I) and CD95L (Fas 
ligand; FasL) appear to play an important role in the homeostatic regulation of T cell re
sponses.4 It seems that CD95L can mediate opposite effects (T cell activation or apop
tosis) depending on the state of activation of the responding T cells. Previously, we have 
shown that mouse bone marrow (BM)-derived DC progenitors deficient in expression of 
cell surface costimulatory molecules B7-1 (CD80) and B7-2 (CD86) are capable of in
ducing alloantigen-specific T cell hyporesponsiveness5 and prolonging allograft survival.6 

Others have shown recently that a major subpopulation of freshly-isolated mouse lym
phoid tissue DC is FasL +, and can induce apoptosis in allogeneic T cells. 7 In the course of 
studies on DC propagated in vitro from mouse BM, we observed that these cells expressed 
Fas L. Our aim was to determine whether these cells could induce T cell apoptosis and 
whether costimulatory molecule expression could affect this activity . 
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Biomedical Science Tower, University of Pittsburgh Medical Center, 200 Lothrop Street, Pittsburgh, PA 15213. 
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2. MATERIALS AND METHODS 

2.1. Animals 

10012-week-old male BI0.BRlSnJ (BR; H_2k), C57BLllOJ ( BI0, H_2b), C57BLl6J 
(B6; H_2b) and B6.Smn.C3H-gld (B6.gld, H_2b; FasL-deficient) mice were purchased from 
The Jackson Laboratory (Bar Harbor, ME). 

2.2. Propagation and Purification of BM-Derived DC 

The DC were propagated from normal BIO.BR mouse BM in GM-CSF+IL-4 as de
scribedY They were purified over metrizamide (to approximately 90% purity; in some 
experiments, DEC-205+, B7-2+ DC (purity >95%) sorted using a F ACStar® plus cell 
sorter (Becton Dickinson & Co, Mountain View. CAl were used.9 

2.3. Flow Cytometric Analysis of FasL Expression Using Fas-Fc Fusion 
Protein 

FasL expression on DC was analyzed by F ACS. Metrizamide-purified BM DC were 
first incubated with 0.1 mg/ml mouse Ig (PharMingen, San Diego. CAl. 1 % v/v normal 
goat serum (NGS; Vector Laboratories Inc., Burlingame. CAl and 50 Ilg/ml anti-FcR mAb 
2.4 G2 (PharMingen) for 10 min at 4°C to block Fc receptor binding. Mouse Fas-Fc fusion 
protein (Immune x Corporation, Seattle, WA) or purified human IgG was then added at 
50llg/ml and the cells incubated for 30 min. They were then washed and stained with anti
human IgG-FITC (Caltag Laboratories, South San Francisco, CAl at the same concentra
tion. 

2.4. Immunoperoxidase Staining for FasL 

Fas-Fc fusion protein was also used for staining of cytospins and was added 
(lOllg/ml) to unfixed preparations of DC after incubation with 0.1 mg/ml mouse 19, NGS 
(1%) and 50 mg/ml anti-FcR mAb 2.4G2 (Pharmingen) for 10 min at 4°C. Peroxidase
conjugated mouse anti-human IgG was then added, and the Fas-Fc fusion protein local
ized by the addition of chromogenic AEC substrate for 5 min. 

2.5. Reverse Transcriptase PCR and DNA Sequencing 

Total cellular RNA was extracted with TRIzol (Life Technologies, Gaithersburg, 
MD) and 2 Ilg was used for cDNA synthesis using SuperScript II RT (Life Technologies) 
and both Fas Land l3-actin primers. The FasL amplified product from the purified DC 
cDNA was cloned into Bluescript II SK (Stratagene, La Jolla. CAl and sequenced with an 
automated sequencer (Applied Biosystems Inc., Foster City, CAl. 

2.6. Mixed Leukocyte Reactions (MLR) 

These were performed using nylon wool purified splenic T cells as responders, as 
described previously in detail. '0 
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2.7. Costimulatory Molecule Blockade 

In some experiments, mouse CTLA4-Ig fusion protein (a gift from Dr. P.S. Linsley, 
Bristol-Myers-Squibb, Seattle, WA) or control human Ig was added at the start of the cell 
proliferation or DNA fragmentation assays. 

2.S. Radiometric Assay for DNA Fragmentation 

Splenic T cells activated either with Con A (3J.1g1ml; 48 h) or irradiated allogeneic 
spleen cells (1: I ratio; 72 h) were labeled for 18 h with 5J.1Ci/ml [3H] thymidine at 37°C in 
complete medium. The target cells (105) were then combined with various numbers of DC 
or spleen cells (as effectors) in a total volume of 200J.11 per well in complete medium in 96 
well plates and incubated at 37°C for 4 - 18 h. Unfragmented labeled high molecular 
weight DNA was collected by filtration through glass fiber filters (Pharmacia) and 
counted in a liquid scintillation counter. Data are expressed as % DNA fragmentation = 
100 x ( I-cpm in the presence of effectors/cpm in the absence of effectors). 

2.9. Spectrofluorometric Assay for DNA Fragmentation 

The protocol was as described previously in detail by McCarthy et af. (II). 

2.10. In Situ Nick-End Labeling 

DNA strand breaks in fixed cytospin preparations were identified by in situ terminal 
deoxynucleotidyl transferase (TdT)-mediated (dUTP) nick end labeling (TUNEL) (12). 

3. RESULTS 

3.1. Culture, Purification, and Allostimulatory Activity of Bone 
Marrow (BM)-Derived DC 

The DC propagated in GM-CSF+IL-4 and purified as described in the Materials and Meth
ods (DEC 205+; MHC class nhi, B7-2+[CD86+], CD40+, CDllc +) were highly efficient inducers of 
primary allogeneic T cell responses. Blockade of the B7-CD28 costimulatory pathway however, 
by addition ofCTLA4-Ig at the start of cultures, significantly inhibited the MLR. 

3.2. FasL Expression on BM-Derived DC 

FasL expression was detected on DC by immunoperoxidase labeling, and by flow 
cytometric analysis using the mouse Fas-Fc fusion protein (Fig. I). 

3.3. RT-PCR Analysis and cDNA Cloning 

The expression of message for Fas L in purified DC was confirmed by RT-PCR 
analysis. Levels of FasL mRNA in DC were similar to those expressed by Con A-acti
vated T cells. The FasL amplified product from the DC cDNA was cloned into Bluescript 
II SK, sequenced and found to be identical to the mouse FasL sequence deposited in Gen
Bank, Accession No. U06948. 
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Flow Analysis of FasL Expression Using Fas·Fc Fusion Protein 
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Figure I. Immunofluorescence staining for FasL on in vitro generated DC using Fas-Fc fusion protein and de
tected by flow cytometric analysis. 

3.4. Induction of DNA Fragmentation in Fas+ Jurkat T Cells and Its 
Inhibition by Fas·Fc Fusion Protein 

DC propagated from the BM of "wild-type" B6 mice but not those from g/d (FasL
deficient) mice induced dose-related levels of DNA fragmentation. Similar data were ob
tained using DC propagated from B 10.BR BM. Killing was partially blocked however, by 
the addition of Fas-Fc fusion protein at the start of the assay (data not shown). 

3.S. Induction of DNA Fragmentation in Activated T Cells and Its 
Enhancement by CTLA4·Ig 

Con A-stimulated syngeneic (BIO.BR) or allogeneic (B I 0) T cell blasts or allo-acti
vated T cells were labeled with [3H] thymidine and used as targets. Cultured DC or fresh 
bulk spleen cells from BIO.BR mice were also used as effectors. The DC induced only a 
low level of DNA fragmentation. DC from B 10.BR.BM induced similar levels of killing 
in BIO (allogeneic) or BIO.BR (syngeneic) Con A blasts, indicating that the induction of 
killing by DC was not MHC restricted. The extent of DNA fragmentation was equal to or 
higher than that achieved with fresh bulk splenic effector cells. When the DC were incu
bated with T cells in the presence of CTLA4 - Ig, the effect was increased up to 4-fold. 
Similar results were obtained using alloactivated T cells as targets (Fig. 2). 

3.6. Death of Activated T Cells Induced by DC Is Mediated by the 
Fas/FasL Pathway 

The allostimulatory activity of DC from FasL-deficient mice was significantly 
higher and associated with lower DNA fragmentation of activated T cell targets compared 
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Figure 2. DNA fragmentation induced in alloactivated (BIO) T cells by normal (BR) mouse BM-derived DC in 
the absence or presence of CTLA4-lg. Addition of CTLA4-lg (200ng/ml) at the start of the cultures markedly in
creased the death-inducing activity of the DC. Results are means ± I SD and are representative of 3 separate ex
periments. 

with DC from wild type 86 mice. However, increased levels of killing were induced by 
gld DC when CTLA4-lg was added to the cultures (Fig. 3). It appears therefore, that 
Fas/FasL is not the only pathway by which DC can induce apoptosis of activated T cells. 

4. DISCUSSION 

This study shows for the first time, that co-stimulatory (87) and death-signaling 
(FasL) molecules expressed on in vitro propagated DC play counter-regulatory roles in de
termining activated T cell survival and proliferation. That the death-inducing capacity of 
the in vitro generated DC is linked to cell surface expression of FasL was shown by im
munocytochemical techniques and by the capacity of Fas-Fc fusion protein to block T cell 
killing by the DC. These observations arc consistent with a recent repore that a major 
FasL + sUbpopulation of freshly-isolated mouse lymphoid tissue DC (CDS+ FasL +) can in
duce apoptosis in activated T cells. In contrast to the DC studied by Suss and Shortman,7 
however, the FasL+ DC that we generated in vitro were CDS-. Thus it appears that the 
apoptosis-inducing activity of DC and the expression of CDS (also present on mouse 
"veto" cells [J 3]) are not strictly inter-related_ Others have shown that monocytes/macro
phages, to which DC are related, and with which they may share a common precursor, can 
promote apoptosis in activated T cells via expression of Fas L. 14•15 Thus, cultured M-CSF
derived macrophages induce selective depletion of allospecific T cells (15)_ An alterna
tive/additional mechanism by which macrophages have been shown to inhibit T cell 
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Induction of Apoptosls by DC is not Fas L Dependent 
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Figure 3. DNA fragmentation in Con A blasts following 4h incubation with FasL-deficient (B6.gld) DC in the ab
sence or presence ofCTLA4-lg. Blockade of the B7-CD28 costimulatory pathway by CTLA4-lg was associated 
with increased T cell death. Results are means ± I SD and are representative of 2 separate experiments. 

proliferation/induce apoptosis is by the secretion of NO.9.16.17 NO may also be induced in 
DC by IFN-y, endotoxin or interaction with allogeneic T cells.9 

The Fas (APO-I; CD95) FasL system has emerged as an important pathway regulat
ing the induction of T cell apoptosis l 8-20 and has been implicated in the deletion of graft
infiltrating cells in immunologically privileged sites.21 Both Fas and FasL are induced on 
T cells upon activation, resulting in cell death by suicide or fratricide. In the present study, 
the expression of FasL on in vitro generated mouse DC was linked to the ability of these 
cells to induce low levels of killing in activated T cells. No T cell death significantly 
above background levels could be induced however, by DC propagated from FasL-defi
cient (B6.gld) mice. The capacity of CTLA4-Ig to markedly enhance the ability of potent, 
antigen-presenting DC to induce DNA fragmentation in T cells implicates a role for CD28 
costimulation in preventing T cell death. Others studying both human and mouse systems, 
have shown recently that CD28 costimulation enhances T cell survival following their ac
tivation by TCR cross-linking. The resistance conferred by costimulation has been linked 
to increased expression of the survival gene bcI-xL within the T cells.22 

Our finding that DC generated from BM of FasL-deficient mice can induce apop
tosis in activated T cells in the presence of CTLA4-Ig suggests that Fas-independent path
ways are also involved in DC-induced apoptosis. Indeed, it has also been shown that Fas 
is not necessary for activation-induced T cell death (23). We are investigating the expres
sion of TNF family members23 on DC and in addition, the influence of other costimulatory 
pathways, such as CD40/CD40L and IL-12/IL-12R on the resistance of activated T cells 
to apoptosis. 

The in vivo relevance of FasL expression on DC remains to be elucidated and such 
studies are clearly warranted. The potential of DC to induce death of activated T cells in 
the absence of costimulation may have key implications for interpretation of the docu-
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mented tolerogenic properties of DC. Since cells engineered to express FasL. have immu
nosuppressive properties,24 the therapeutic potential of Fas C APC, in particular appropri
ately "engineered" DC is worthy of evaluation. 
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1. INTRODUCTION 

46 

Nitric oxide (NO) is a ubiquitous compound produced by the oxidative metabolism 
of L-arginine.' A variety of functions have been ascribed to it, including neurotransmis
sion, and mediation of smooth muscle relaxation.2.3 In the immune system, NO is involved 
in tumoricidal and microbicidal activity, and inhibition ofT cell proliferation.~-7 There are 
at least three isoforms of nitric oxide synthase (NOS), the cell type-specific enzyme which 
produces NO.8 In cells of the immune system, such as macrophages and neutrophils, NOS 
activity is induced by a number of proinflammatory mediators such as IFN-y, IL-I, TNF
a, and microbial cell wall products, such as BCG and LPS.9•1O Dendritic cells (DC) are the 
most potent known antigen presenting cells capable of activating naive T cells." Mature 
DC in secondary lymphoid tissues express high levels of major histocompatibility com
plex (MHC) and costimulatory molecules, DC residing in non lymphoid tissue, such as the 
Langerhans cells in the dermis, typically express lower levels of these molecules. How
ever, in response to stress (such as LPS or inflammatory cytokines). these 'immature' cells 
migrate to T dependent areas in lymphoid tissue, and upregulate expression of MHC and 
costimulatory molecules.'2,13 Macrophages, which may share a common ontogeny with 
DC, respond to these cytokines in part by the generation of nitric oxide.9 However, there 
are no reports of NO production by DC stimulated by cytokine or LPS. In this study we 
present evidence that purified mouse bone marrow-derived DC express an inducible NOS 
which produces NO in response to IFN-y, LPS, or upon interaction with allogeneic T cells. 
The synthesis of NO is associated with apoptosis in the DC, and inhibition of proliferation 
of allogeneic T cells. 
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2. MATERIALS AND METHODS 

2.1. Animals 

Ten to twelve-week old BIO.BR (H_2k, I_Ek) and C57BLIlOJ (BIO; H_2b, I_Ab) mice 
were obtained from The Jackson Laboratory, Bar Harbor, Maine, and maintained in the 
specific pathogen-free facility of the University of Pittsburgh Medical Center. 

2.2. Reagents 

Recombinant (r) mouse GM-CSF and IL-4 were gifts of Dr. S. K. Narula (Schering
Plough; Kenilworth, NJ). r mouse IFN-y was from Gibco BRL (Grand Island, NY), LPS 
(Escherichia coli 0 II :B4 L3012) from Sigma Chemical Co. (St. Louis, MO), and N° -mo
momethyl-L-arginine (NMMA) from Cyclops Biochemical Corp. (Salt Lake City, UT). 
The NO generating compound S-nitoso-N-acetyl-penicillamine (SNAP) was synthesized 
as described. 14 

2.3. Culture and Purification of DC 

Mouse bone marrow cells were cultured in vitro with the method modified 15 after 
that first described by Inaba etal. 16 Briefly, 2 x 106 cells were cultured in 24-well plates in 
RPMI-1640 (Gibco BRL) supplemented with 10% v/v fetal calf serum (Nalgene, Miami, 
FL), 1000 Vlml r mouse GM-CSF and 1000 U/ml IL-4. Nonadherent cells recovered after 
~ days of culture were purified on a metrizamide gradient as described elsewhere. 17 Pu
rity of the DC population was verified by flow cytometric analysis with an extensive panel 
of mAbs as previously described (17). DC antigen presentation was determined in 3 day 
primary MLR with purified naive splenic T cells as responders. 

2.4. Sorting of DC 

Cultured bone marrow-derived DC were incubated in 10% v/v normal goat serum 
(Vector Laboratories, Burlingame, CAl in HBSS (Gibco BRL), at 4° C for 30 min to in
hibit nonspecific antibody binding. The cells were then washed and resuspended in buffer 
at 2 x 107 cells/ml. A saturating concentration of the DC specific antibody NLDC-145 18 (a 
gift of Dr. R. M. Steinman, The Rockefeller University, New York, NY) or rat IgG2a iso
type control (Sigma) was added, and the cells were incubated for 45 min at 4°C. After 
washing twice with HBSS, the secondary antibody, PE conjugated goat anti-rat IgG 
(CALTAG, San Francisco, CA) was added as for the primary antibody. After washing, the 
cells were stained with FITC-conjugated anti-B7-2 mAb or FITC-conjugated rat IgG2a 
isotype control (both from PharMingen, San Diego, CA). After the final wash, cells were 
resuspended at 5 x 106/ml in PBS-O.I% BSA. DEC-205+/B7-2+ and DEC-205+/B7-2' cells 
were sorted with a FACStar plus® cell sorter (Becton Dickinson & Co.) based on forward 
and side scatter and FITC/PE fluorescent intensity to obtain a purity >95%. 

2.5. Measurement of NO 

NO production was measured by assaying the stable end product N02' using the dia
zotization reaction of Griess. 19 100J.lI aliquots of culture supernatant were incubated with 
an equal volume of Griess reagent (1 % sulfanilamide; 0.1 % naphthylethylene diamine di-
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hydrochloride; 2.5% H3P04) for 10 min at room temperature. The absorbence was meas
ured at 570 nm in an automated plate reader, with concentration determined with refer
ence to a standard curve. 

2.6. Intracellular Staining of NOS 

2 x 106 cells/ml were fixed and stained by a modification of the paraformaldehyde
saponin procedure as described elsewhere.20 Polyclonal rabbit anti-mouse inducible (i) 
NOS (Transduction Laboratories, Lexington, KY) was added at 2Jig/ml at room tempera
ture for 30 min. The cells were washed and incubated with Cy3.18-conjugated goat anti
rabbit Ab (Jackson Immunoresearch Labs,. Inc.) for I h. Slides were washed and mounted 
with buffered glycerol. Cells were imaged with a Nikon FXL microscope equipped with 
differential interference contrast (DIC) and epifluorescent optics, and the images were 
digitally collected and superimposed to obtain a combined fluorescent and DIC mor
phologic image. 

2.7. Mixed Leukocyte Reactions (MLR) 

Sorted DC or freshly-isolated splenocytes were y-irradiated (20 Gy) and cultured 
with 2 x 105 nylon wool column-purified T cells in 0.2 ml RPMI-I640 complete medium 
10% FCS in 96 well, round bottom plates in 5% CO2 in air at 37° for 3-5 d. NMMA 
(O.5mM) was added to selected wells to inhibit NO release. IOJiI [3H]TdR (I JiCi) was 
added to each well for the final 18 h of culture. Cells were harvested with a multiple cell 
harvester onto glass fiber disks. and the degree of thymidine incorporation was determined 
in a liquid scintillation counter. Culture supernatants were assayed for nitrite production. 

2.S. Identification of Apoptosis 

DNA strand breaks were detected using DNA polymerase and biotin-labeled dUTP 
in the in situ nick translation as described elsewhere.21 Incorporated biotin-dUTP was de
tected by peroxidase-labeled avidin followed by an enzyme reaction using DAB as sub
strate. 

3. RESULTS 

3.1. Induction of NO Production by DC Stimulated with LPS 
and IFN-y 

Sorted GM-CSF + IL-4 stimulated DEC-205+/B7-2+ bone marrow-derived DC free 
of contaminating macrophages. B cells. and granulocytes, were exposed to LPS 
(lOJig/ml), IFN-y (500Ulml), or the two agents combined for 48 h. These mediators are 
known to induce NO synthesis in macrophages and neutrophils at similar concentra
tions.'J NO production was determined by measuring the accumulation of the stable end 
product N02- in culture supernatants. As shown in Figure lA, NO production by DC was 
stimulated by either agent alone or in combination. No significant NO release was meas
ured in cultures of similar numbers of IFN-y or LPS-stimulated mouse splenocytes. Fur
thermore, addition of the NOS inhibitor NMMA (0.5JiM) at the start of culture blocked 
NO release. 
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Figure I. (A), N02- concentrations in supernatants of mouse bone marrow-derived DC or splenocytes cultured in 
medium alone or with IFN-y (500Ulml), LPS (lOIlg/ml) or both combined for 72 h. Selected cultures also con
tained NMMA (O.5IlM) to inhibit NO production by iNOS. All stimulated DC cultures contained high levels of 
N02 • NMMA inhibited accumulation of N02- in these cultures. (B), N02' accumulation in cultures of B7-2+ 
sorted DC (&), B7-2' sorted DC (D). or spleen cells (0) was measured after stimulation of the cells for 48 h with 
IFN-y and LPS. N02- accumulated in all DC cultures regardless of the presence or absence of costimulatory 
molecules. 

3.2. Induction of NO Production in Costimulatory Molecule Deficient DC 

B7-2+ DC are potent antigen presenting cells. In contrast, B7-2- DC are at best 
weak stimulators of naive T cells, and have been demonstrated to induce allospecific hy
poresponsiveness.22 However, when cultured for 48 h in IFN-y and LPS, both DEC-
205+/B7-2+ and DEC-205+/B7-2- cells released comparable amounts of NO (Figure IB). 

3.3. Intracellular Staining of NOS in Stimulated DC 

Purified GM-CSF + IL-4 stimulated DC were exposed to LPS and IFN-y for 18 h, 
then stained with rabbit anti-mouse iNOS followed by Cy3.18-labe1ed goat anti-rabbit 
IgG_ A subpopulation of approximately 15-20% of the DC were iNOS positive. Although 
convincing DC morphology was demonstrated for iNOS positive cells, many cells exhib
ited characteristics of apoptosis (nuclear and cytoplasmic condensation, and membrane 
blebbing) (data not shown). 

3.4. NO Production by DC Interacting with Allogeneic T Cells and Its 
Effects in MLR 

Purified, y-irradiated B 10_BR DC were cultured with naive BlOT cells in a 3 d pri
mary MLR. NO accumulation in the culture supernatants was proportional to the number 
of DC stimulators present in the culture, and similar to that found in cultures of DC stimu
lated by IFN-y. At high DC:T cell ratios, suboptimal T cell activation was associated with 
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Figure 2. (A), NO production in primary MLR_ BIO_BR y-irradiated stimulators were cultured with BIO T cells 
for 72 h. NO~- accumulation in cultures stimulated by DEC-205+/B7-2+ DC (~) was associated with high numbers 
of stimulators (DC). Addition of NMMA (solid icons) inhibited NO release by DC. Cultures stimulated by DEC-
205+/B7-2- sorted DC (0) (with or without NMMA) failed to accumulate appreciable levels of NO~-, as did cul
tures stimulated by allogeneic (0) or syngeneic (e) splenocytes. (B), Allostimulatory activity of sorted DC was 
measured by thymidine incorporation by purified naive BIO splenic T cells in 2 or 3 d MLR. N02- accumulation, 
as noted in Fig. 2A, correlated with reduced T cell proliferation. NMMA restored the allostimulatory activity at 
high DC concentrations by inhibiting NO release. 

an increasing NO concentration in the culture (Figure 2). Addition of NMMA at initiation 
of the MLR inhibited the release of NO, abrogating its effect on T cell proliferation as 
seen by the increased DNA synthesis exhibited by these cells. Syngeneic T cell responders 
did not stimulate DC NO synthesis, nor did they respond in the MLR. These findings indi
cate that NO production following allogeneic DC:T cell interaction inhibits T cell prolif
eration. 

3.5. NO Induces Apoptosis in DC 

Macrophages may undergo apoptosis when induced to release NO by IFN-y or 
LPS.2J Apoptosis in DC stimulated by IFN-y and LPS for 48 h was confirmed by detection 
of DNA strand breaks by in situ nick translation. Addition of NMMA to these cultures in
hibited apoptosis, supporting the role for endogenous NO production in DC apoptosis. 
Confirmatory evidence for NO-mediated DC apoptosis was provided by culturing cells in 
the presence of the NO donor SNAP in the continued presence of GM-CSF. Apoptosis in 
DC was induced by NO in a dose dependent manner (data not shown). 
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4. DISCUSSION 

In this study we present evidence for the presence of an inducible NOS in highly pu
rified populations of DEC-205+ DC propagated from mouse bone marrow in response to 
GM-CSF + IL-4. Culture of DC in the presence ofLPS, IFN-y, or both induced the release 
of NO. Both B7-2+ and B7-2· DC were capable of generating NO in response to these 
molecules. NMMA, known for its ability to inhibit iNOS, prevented the release of NO by 
DC. The iNOS protein was visualized intracellularly with a rabbit polyclonal antibody. In
terestingly, only a subpopulation of the IFN-y and LPS-stimulated DC were shown to ex
press iNOS in their cytoplasm. As in macrophages, DC iNOS activity may correlate 
inversely with their life span in culture. The inducibility of iNOS in DC may be affected 
by the phase of the cell cycle. 

When cultured in the presence of allogeneic T cells, DC release NO. Addition of 
NMMA to the MLR blocks NO production. At high DC:T cell ratios, T cell proliferation 
declines in correlation with rising levels of NO. NMMA abrogates this effect. In contrast, 
B7-2· DC do not release NO when cultured with allogeneic T cells, suggesting that a pre
requisite for induction of iN OS in DC may be successful activation ofT lymphocytes. Ac
tivated T helper 1 (Thl) cells produce IFN-y, and have been shown to induce NO 
synthesis in Kupffer cells.24 Similarly, DC may be induced to release NO by IFN-y pro
duced by T cells interacting with the DC. Furthermore, signaling through cell membrane 
components such as gp 39 or LF A-I upon direct contact of DC with activated T cells may 
stimulate NO production.2s An analogous mechanism has been described for macrophages 
induced to release NO by isolated T cell membranes.26 

The NO donor SNAP induced apoptosis in DC in a dose-dependent fashion. Addi
tionally, endogenous production of NO by DC was noted to correlate with DC apoptosis. 
Morphologically, many of the cells staining positive for iNOS exhibited signs of pro
grammed cell death. The implication of this observation is that DC producing NO may 
themselves be targets of its effects. 

The significance of NO production by DC in vivo is not clear. The observations pre
sented here indicate that unstimulated and stimulated (by LPS or IFN-y) DC may have op
posite effects on T cell responses. Whereas the initial encounter between DC and T cells 
may result in vigorous immune activation, as the event unfolds, IFN-y released by stimu
lated T cells may induce DC NO production. Rising levels of NO released by DC may 
serve to regulate the immune reaction by inhibiting further T cell proliferation. Further
more, T cells and thymocytes may actually undergo apoptosis upon exposure to NO.27 
Apoptosis in a subpopulation of DC may serve to eliminate a powerful source of antigen 
presentation and T cell activation. In addition, NO may prevent maturation of costimula
tory molecule deficient DC, as has been shown by the ability of alveolar macrophages to 
inhibit maturation ofGM-CSF cultured DC in a NO-dependent manner.28 The existence of 
a complex feedback loop mediated by NO may have implications for regulation of the im
mune response. 
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1. INTRODUCTION 

47 

Dendritic cells (DC) are thought to play important roles as antigen presenting cells 
in the autoimmune insulitis preceding insulin dependent diabetes mellitus (IODM). Not 
only are DC the first cells appearing in the pancreatic inflammatory process in animal 
models of diabetes (NOD mousel.2 and BB rae·4), DC are also abundantly present in pro
gressed human insulitis5• Although insulitis in the NOD mouse starts around 3 weeks, 
overt diabetes will not develop until an age of 20 weeks. The lag between occult insulitis 
and diabetes, which can also be observed in human IDDM. was always considered to re
flect the time needed for accumulation of a sufficient number of destructive T cells in the 
islets. 

A new NOD mouse model of diabetes has been developed based on the transgenic 
expression of the rearranged T cell receptor (TCR) genes from the diabetogenic T cell 
clone BDC2.56• These TCR transgenic NOD mice have been shown to develop extensive 
insulitis followed by diabetes. Remarkably, in this NOD mouse model the inflammatory 
insulitis but not the onset of diabetes is dramatically accelerated. Since virtually all T cells 
in the transgenic NOD mouse express the potentially diabetogenic BDC2.5 T cell recep
tor, we reason that clonal expansion of specific T cells is unnecessary in this model. 
Therefore, we hypothesize that there might be less need for 'professional' presentation of 
pancreatic islet antigens by DC. To investigate the involvement of DC and other lymphoid 
cells in the inflammatory process, we performed a detailed immunohistochemical analysis 
of the islet infiltrates in both TCR transgenic and regular NOD mice. 
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Table 1. Antibodies used for immunohistochemical study 

MoAb Specificity Source 

RA3.682 8220, CD4SR R.Coffinan 
8M8 M+ with phagocytic capacity' 8MA 
ER-MP23 Mouse M+ galactose-IN-acetyl P. Leenen 

galactosamine-specific C-type lectin I 
KTJ C03 ATCC 
N418 COllc l ATCC 
NLDC-14S Dendritic cells; OEC20S1 ATCC 

IOverview in: Leenen PJM. de Bruijn MFTR, Voerman JSA, Campbell PA, van Ewijk W 
(1994). Markers of mouse macrophage development detected by monoclonal antibodies. J 
Immunol Meth 174:5-19. 

2. RESULTS AND DISCUSSION 

2.1. Insulitis in Regular NOD Mice 

In regular NOD mice, six stages of insulitis can be recognized (Table 1)1. The insuli
tis process starts with a swelling of the vessels near the islets and a perivascular increase 
of different DC and Mcjl populations, characterized by CDllc, ER-MP23 or BM8 expres
sion. At 7 weeks of age, ER-MP23+ Mcjl and CDllc+ DC accumulate around the islets and 
are the first hematopoietic cells detectable at these locations. Lymphocytes, entering after 
this accumulation of Mcjl and DC, were initially situated around the islets. In later stages of 
the insulitis process, ER-MP23+ Mcjl as well as lymphocytes infiltrate the islets. However, 
only in the diabetes-prone female NOD mice, BM8+ Mcjl are found to infiltrate the islets. 
Therefore, especially the BM8+ Mcjl are thought to playa role in the destruction of the f3 
cells. True insulitis involving f3 cell destruction occurs from 15 weeks. 

2.2. Insulitis in BDC2.5 TCR transgenic NOD mice 

In the TCR-transgenic NOD mice, we find a fast developing inflammatory process 
starting already at 3 weeks of age. In contrast to the distinct stages of insulitis in the regu
lar NOD mouse, a simultaneous instead of sequential recruitment of DC/Mcjl, T and B cells 
can be seen. Islets are surrounded by large lymphocytic infiltrates primarily consisting of 

Stage (age) 

o «wk 3) 
I (wk 3) 

II (wk 4-7) 

III (wk 7-10) 

IV (wk 10-17) 
V (>wk 17) 
VI (»wk 17) 

Table 2, Insulitis in regular NOD mice 

Characteristic features 

Intact islet as observed in non-diabetes prone mice 
Intact islet, but swollen vessels and perivascular increase ofCOllc+, ERMP23+, 

MOMA-I + and 8M8+ M4» and DC 
Islet surrounded by DC and M4» with above mentioned phenotypes; infi Itration of islets 

by COllc+ DC; lymphocytes are still absent 
Parainsular recruitment of CD4+ and C08+ T lymphocytes and some 8 lymphocytes to 

the accumulation of DC and M4» 
Lymphocytes surround the islet (peri-insulitis) 
Lymphocytes and ER-MP23+ and 8M8+ M+ infiltrate the islet 
Endstage; no insulin-producing cells detectable 
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Figure 1. Band T cell staining of an infiltrated islet in a female BDC2.S TCR transgenic NOD mouse at 3 weeks 
of age. Note that Band T cells are localized in distinct areas within the infiltrate. Original magnification 90X. (a) 
B cell staining using anti-B220 (Table 2). (b) T cell staining using anti-CD3 (Table 2). 

(transgenic) T cells and B cells in partially segregated areas (Figure 1). The T cell areas 
are characterized by the presence of high endothelial venules (HEY). Two distinct DC 
subsets are found to be present in separate locations. CDllc+ DC are found especially at 
the interface of intact J3 cells and T cells as well as in the inflamed islet mass; NLDC-14S+ 
DC are found within the T cell areas (Figure 2). In contrast to the regular NOD insulitis, 
BM8+ scavenger Mcjl are scarce in inflamed islets in the TCR transgenic mice. The peri-in
sulitis slowly protrudes into the islets, and almost no insulin-producing J3 cells can be de
tected in the TCR transgenic NOD mice from 20 weeks of age. In conclusion, insulitis and 
subsequent 13 cell destruction in the regular NOD mouse and in the BDC2.S TCR transge
nic NOD mouse follow different kinetics. In both models of type I diabetes, however, DC 
accumulate in the earliest stage of inflammation. Furthermore, DC remain present 
throughout the process of J3 cell destruction, suggesting an important role for DC in the in
itiation and progression of the autoimmune process. 

Figure 2. DC staining of the same infiltrated islet as in Figure 1. CD II c + and NLDC-14S+ DC are localized in 
partially distinct areas within the infiltrate. Original magnification 90X. (a) CDllc staining (Table 2). CDllc+ DC 
are especially found at the interface of intact J3 cells and T cells as well as in the T cells areas. (b) NLDC-145 
staining (Table 2). NLDC-14S+ DC are especially found within the T cell areas. 
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1. INTRODUCTION 

48 

There are a number of bone marrow derived mononuclear phagocytes associated 
with the central nervous system. These include: microglia in the brain parenchyma, peri
vascular macrophages and macrophages in the meninges and in the choroid plexus). MHC 
class II is not expressed on microglia in the normal rodent brain, but it can bc rapidly 
upregulated during an inflammatory response. Other macrophages associated with the 
CNS express MHC class II constitutively. Although the expression of MHC antigens is a 
prerequisite for antigen presentation, it is not by itself sufficient to stimulate T cell re
sponses. In vitro studies by Fontana and his colleagues showed that both astrocytes and 
microglia purified from the brains of new born animals, cultured and stimulated with INF
y can present an antigen to already primed T cells2• In contrast, recent in vitro studies have 
shown that MHC class II+ microglia rapidly isolated from the adult rat brain are poor ac
cessory cells, even when presenting an antigen to primed T cells, but other macrophages 
associated with the CNS can efficiently stimulate already primed T cells3 • Using bone 
marrow chimeras Hickey and Kimura showed that perivascular macrophages are impor
tant accessory cells for the induction of immune responses in the CNS following periph
eral activation of T cells4 • However, it is still debatable whether any of the MHC class II+ 
cells in the CNS can induce a primary immune response. 

2. IS THERE A POPULATION OF DENDRITIC CELLS 
ASSOCIATED WITH THE CNS? 

Progenitor dendritic cells have been found in most non-neuronal tissues5• Early stud
ies indicated that these cells are absent from the CNS. However, since dendritic cell spe-

• Correspondence to: Dr. M.K. Matyszak, Department of Pharmacology, Oxford University, Mansfield Rd., 
Oxford OX I 30T. Tel: (01865) 271587; Fax: (01865) 271853. e-mail: Matyszak~vax.ox.ac.uk. 
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cific antibodies were not used in those studies, we have recently carried out a detailed im
munohistochemical analysis with OX62 mAb on rat neuronal tissues. OX62 mAb recog
nises the a-like integrin subunit present on dendritic cells. OX62+ cells purified from 
either the lymphoid tissues or peripheral blood are able to stimulate primary responses6•7• 

Our results showed dendritic cells are absent from the CNS parenchyma, but we detected 
a population of OX62+ cells in the meninges and the choroid plexus8• In the choroid 
plexus these cells constituted only 2% of the total number of MHC class II positive cells. 
However, immunohistochemistry alone is insufficient to demonstrate the accessory func
tion of these cells and further functional assessment is needed. 

3. INFLAMMATORY RESPONSES TO BACILLUS 
CALMETTE-GUERIN IN THE BRAIN PARENCHYMA 

Bacillus Cal mette-Guerin (BCG) sequestered in the non-neuronal tissues, for example 
the peritoneal cavity, induces early recruitment of immature dendritic cells into the site of 
BCG deposits9• Dendritic cell recruitment was shown to precede the entry ofneutrophils and 
monocytes. Once within the inflammatory site, they phagocytose the foreign antigen and mi
grate into local lymphoid tissues where they can present the antigen to naive T cells, stimulat
ing an antigen specific immune response. We studied the recruitment of dendritic cells into 
the CNS parenchyma after a single intracerebral (i.c.) injection of heat-killed BCG IO• Animals 
were injected stereotaxically with lOs organisms of heat-killed BCG. BCG in the brain paren
chyma induced a rapid acute inflammatory response which was comparable with that in the 
skin. The neutrophil response resolved within the first week. The monocyte response was de
layed for approximately 24-48 hours and was less pronounced when compared with skin le
sions induced by intradermal injection of the same dose of BCG. Staining with OX62 mAb 
revealed no OX62+ cells at the site of BCG deposits in the brain at early time points. There 
was also only an occasional OX62+ cell at the height of acute inflammatory response. 

By four weeks post injection there was little sign of an inflammatory response in the 
CNS and the blood-brain barrier re-sealed. However, the myelomonocytic response in the 
CNS parenchyma failed to clear the BCG. Immunogold labelling of ultrathin CNS sec
tions with anti-BCG antibody revealed the presence of BCG in the Iysosomes and lipofus
cin granules in mononuclear phagocytes within the parenchyma and in perivascular 
macrophages II. Long-term experiments showed that BCG can persist in the brain for 
months undetected by the immune system. 

It has been previously shown that proteins such as ovalbumin, injected into the brain 
parenchyma, drain into the deep cervical lymph nodes. Anti-ovalbumin antibodies were 
detected in the serum of these animals l2 • We have tested sera from animals which received 
an i.c. injection of lOS organisms BCG for the presence of antibodies to purified protein 
derivatives (PPD), the major protein component of the mycobacteria cell wall. Blood sam
ples were collected from experimental animals at different times after i.c. injection start
ing from day seven to six weeks and the sera were tested for anti-PPD antibodies. Control 
groups of animals which received intradermal injection of lOs organisms of BCG were 
tested in parallel. Antibody responses were measured using immunoblots. There was a de
tectable level of antibodies to PPD in 50% of animals, seven days after intradermal injec
tion of BCG. By 14 days onwards all animals which received intradermal injection tested 
positive for antibody to PPD. However, none of the animals which received an i.c. injec
tion of BCG was tested positive at any time after the injection (Matyszak and Perry, un
published observation). 
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We have also studied T cell responses to PPD using the tuberculin test. Animals 
were injected i.c. with heat-killed BCG and two weeks later they received a subcutaneous 
challenge with 2 J.lg of PPD. Animals were killed 72 hours later, and the PPD injected skin 
was assessed immunohistochemically. No inflammatory lesions were detected at the site 
of the PPD inoculation in any of the animals studied. In contrast, control animals which 
received an intradermal injection followed by PPD challenge all tested positive with the 
tuberculin test (Matyszak and Perry, unpublished). 

It is apparent that under our experimental conditions, the BCG sequestered in the 
CNS parenchyma is not recognised by the immune system. The resident microglia and 
perivascular macrophages do not have the capacity to initiate a primary T cell response 
which would subsequently lead to the induction of a DTH response in the brain. At pre
sent it is not clear whether the failure to sensitise the immune system to pathogens seques
tered in the CNS parenchyma is at the level of antigen presentation or is due to the 
inability of resident cells in the CNS to transport the BCG into the local lymphoid organs. 

4. DENDRITIC CELLS IN IMMUNE MEDIATED RESPONSES IN 
THE CNS 

4.1. Immune Responses to BCG Sequestered in the CNS Parenchyma 

As discussed above, pathogens such as BCG can persist sequestered in the CNS paren
chyma for months, unrecognised by the immune system. However, we have shown that if an 
animal with intraparenchymal BCG deposits is at some later time challenged subcutaneously 
with BCG, an immune response is evoked in the CNS at the site of original injection i3 • The 
CNS lesion is composed predominantly ofT cells and macrophages. Dendritic cells (OX62+ 
cells) were also detected in these lesions8• OX62+ cells were detected in the brain as early as 
day 8 after subcutaneous challenge with BCG and their entry correlated with the infiltration 
of the first T cells. At day 8 the number of OX62+ cells in CNS lesions was relatively low. 
However, by day 12 their number increased approximately ten-fold (Fig.la). The presence of 
dendritic cells was further confirmed with electron microscopy. Dendritic cells were charac
terised by a pale cytoplasm with perinuclear accumulation of the organelles and organelle
free rounded processes. Perinuclear organelles were rich in large mitochondria and rough 
endoplasmic reticulum. Many of these cells were seen in close contact with lymphocytes 
(Fig. 1 b). After the first two weeks the number of DCs decreased rapidly. At three weeks there 
were approximately 50% less OX62+ cells in these lesions than at day 12, although there was 
no significant change in the number ofT cells; and in many lesions there was a noticeable in
crease in the total number ofMHC class II+ inflammatory cells. OX62+ cells which remained 
in the CNS lesions persisted for months. 

4.2. Dendritic Cells in Experimental Allergic Encephalomyelitis (EAE) 
Lesions 

We have also studied the presence of OX62+ cells in acute EAE lesionsR• EAE was 
induced by subcutaneous injection of myelin basic protein in complete Freund's adjuvant 
in Lewis rats. This protocol gives rise to a monophasic disease characterised by multiple 
perivascular lesions, most commonly in the brain stem and the spinal cord. Animals often 
suffer from clinical signs varying from limb weakness to paralysis. Most animals recover 
over the period of four to five days and they become refractory to subsequent episodes. 
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Figure 1. Presence of dendritic cells in delayed-type hypersensitivity lesions directed against BCG in the brain. A. 
OX62+ cells in a typical DTH lesion, 12 days after subcutaneous injection of BeG. B. An electron micrograph of 
a DTH lesion with a dendritic cell in the middle of the field. The DC shows extensive round processes which are 
organelle free and an organelle-rich perinuclear area. Two lymphocytes are in close contact with the DC. Scale 
bars, 50 J.lm (A), I J.lm (B). 

EAE lesions were composed predominantly of T cells and inflammatory macrophages. 
There was also a wide spread activation of microglia. There was a small number of 
OX62+ cells in many but not all EAE lesions. OX62+ cells were most numerous in peri
vascular cuffs (approximately 2% of all leucocytes) (Fig. 2). In the brain parenchyma 
there were only few of these cells and their number declined rapidly with distance from 
the perivascular cuff. The number of OX62+ cells in an EAE lesions was significantly 
smaller than in DTH lesions described above. 

5. WHAT IS THE POSSIBLE FUNCTION OF DENDRITIC CELLS 
IN IMMUNE MEDIATED INFLAMMATORY RESPONSES IN 
THE CNS? 

Dendritic cells can contribute to the pathogenesis of inflammatory responses in the 
eNS in a number of ways. They may contribute to the chronicity ofthe disease by in situ acti
vation of T lymphocytes. This may be of special importance in the light of recent studies 
which suggest that microglia suppress T cell activation3• Furthermore, studies by Ibrahim et 
al. 14 suggest that dendritic cells are activated by tissue injury. In chronic responses in the eNS 
directed against BeG there is extensive damage to the blood-brain barrier and neuronal tis
sue, including myelin loss. Studies are now underway in our laboratory as to whether dam
aged eNS tissue may be taken up by dendritic cells in the eNS lesion and subsequently 
presented to immune cells, leading to the induction of an autoimmune response. The results 
will help in better understanding of the pathogenesis of some eNS diseases, particularly mul
tiple sclerosis. 
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Figure 2. A typical EAE lesion, 12 days after subcutaneous injection of MBP in CFA. A. OX6 staining showing 
the thick perivascular cuff. B. the same perivascular cuff as in (A) stained with OX62 mAb. Note that OX62+ 
cells constitute only a small subpopulation of MHC class 11+ cells in an EAE lesion. Scale bar, 10 11m. 
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1. INTRODUCTION 

Until comparatively recently, allergic (atopic) disease was viewed as a manifestation 
of hyperreactivity to essentially non-pathogenic soluble protein antigens which are ubiqui
tous in the natural environment. In this context, normality would equate to non-respon
siveness, resulting from either tolerance or ignorance of the antigens. However, it is now 
clear (reviewed in[ll) that active T cell immunity to at least one class of these antigens (air
borne "inhalant" allergens) is essentially universal amongst adults, clinical reactivity be
ing a function of the cytokine profiles of CD4+ Th-cells which dominate relevant 
Th-memory populations. Thus, atopies who respond to allergen exposure via IgE produc
tion, eosinophilia etc., manifest Th-2-skewed memory, whereas T cell memory in non-re
sponsive normal adults is dominated by Th-I-cytokines such as IFNy. The situation with 
respect to ingested environmental allergens (ubiquitous in the diet) appears both qualita
tively and quantitatively different, as T cell reactivity to this class of antigens is consider
ably less frequent in the adult population,·2• 

2. ANIMAL MODEL STUDIES 

2.1. Antigen Inhalation 

The mucosal immunology literature has provided significant insights into the mecha
nism(s) involved in regulation ofT cell responses to these two classes of antigens. Our labora-
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tory has had a long-standing interest in the role of immune deviation mechanisms in regula
tion of primary immunity to antigens presented via respiratory mucosal surfaces. Our studies 
have defined a "default" response in normal immunocompetent animals undergoing aerosol 
antigen exposure that involves an initial burst of Th-2-dependent IgE production in regional 
lymph nodes draining the airway mucosa, which (if exposure continues) is terminated by the 
development of Th-l-skewed memory dominated by MHC class I restricted CD8+ T cells·,3·4. 
The latter cells respond in vitro in an antigen-specific fashion to the eliciting (exogenous) an
tigen, provided IL-2 help from MHC class II restricted CD4+ T-cells is present4. In the model 
we have described, the latter cells are responsive to the same antigen4; moreover, during this 
period, IL-4 dependent IgE production occurs within the same lymphoid microenvironment, 
and it is thus likely that this CD4+ help emanates from IL-2/IL-4 producing Th-O cells·. With 
continuing airborne antigen exposure, the CD8+ population becomes progressively less de
pendent upon exogenous IL-2 help, and develops the capacity to selectively suppress Th-2 re
sponses in adoptive recipients2•4; flow cytometric analytic studies on this CD8+ population 
indicate an important contribution from CD8+ TcRy/l> cells in this process5•6• We have hy
pothesized4 that with long-term antigen exposure, mimicking the situation pertaining to ubiq
uitous environmental antigens, these Th-l-skewed CD8+ regulator T cells may "select" for 
CD4+ Th-l cells of the same specificity, which would eventually dominate the memory com
partment. 

Two key observations from these models· which are relevant to more recent studies 
in humans; (a) once Th-2 memory is consolidated, antigen inhalation per se appears inca
pable of deviation of the ongoing response towards Th-l, and (b) this immune deviation 
mechanism only functions in immunocompetent adult animals being essentially inopera
tive during infancy. 

2.2. Antigen Feeding 

The parallel process of Oral Tolerance which underlies regulation of immune re
sponses to ingested antigens. initially described over 80 years ago, has enjoyed a rebirth 
through the recent autoimmunity literature, which is driven by the demonstration that con
trolled feeding of autoantigens has significant therapeutic potential in several disease 
models. The nature of the underlying mechanisms are controversial, particularly regarding 
the induction of tolerance to exogenous antigens, with reports of both Th-2-skewed and 
Th-l-skewed immunity being dominant in the process7• Part of this controversy may even
tually be resolved by further studies on the role of antigen dosage in selection of different 
classes of regulatory mechanisms, in view of recent demonstrations that low-level expo
sure triggers exclusively immune deviation mechanisms whereas high dose feeding leads 
to development of T cell anergy and eventually T cell deletion8• 

It is also important to note that, analogous to the situation reported above for inhaled 
antigens, Oral Tolerance mechanisms function extremely poorly in the early postnatal period9• 

3. DEVELOPMENT OF T-CELL IMMUNITY TO 
ENVIRONMENTAL ALLERGENS IN HUMANS 

3.1. Seroepidemiology 

There is now a considerable body of evidence (reviewed in·) that antibody produc
tion against environmental allergens is initiated in early postnatal life. Responses to die-
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tary antigens proceed most rapidly, reflecting the relatively high levels of stimulation 
from gastrointestinal exposure; IgG I responses typically peak in both affinity and titre 
during infancy, whereas IgG4 responses often demonstrate slow affinity maturation with 
age and are maintained at low titres throughout adulthood. IgG subclass antibody produc
tion against common inhalant allergens is also usually initiated within 3 months ofbirth'O, 
even though inhalation exposure is only in the nanogram-microgram range, and low levels 
of antibody production are common throughout life in both atopics and non-atopics. 

Prospective studies on age-related changes in allergen-specific IgE titres in panels of 
infants have been particularly instructive. These studies"" have demonstrated that IgE an
tibody responses to food antigens are initiated in most children within 3 months of birth, 
but are almost invariably biphasic and disappear over the ensuing 2-3 years, consistent 
with the onset of some form of selective tolerance. IgE responses to inhalant allergens are 
usually not measurable until 1-2 years of age, but again occur at low titre in most young 
children. and are also typically biphasic and disappear over the next 3-4 years. However. 
a subset of these allergen-specific responses in a subset of children do not switch off. but 
instead are progressively amplified during childhood and persist into adulthood, reflecting 
an apparent failure of the regulatory mechanisms which terminate the same responses in 
normal children. These persisting IgE responses are associated with the manifestation of 
allergic diseases such as rhinitis and asthma. in late childhood and adulthood. 

3.2. Allergen-Specific T-Cell Function in Early Life 

Recent studies (reviewed in'2) from a number of laboratories suggest that initial 
weak priming of the T cell system to these antigens occurs transplacentally. as evidenced 
by the presence of T cells in cord blood which proliferate in response to both dietary and 
inhalant allergens; in contrast. responses to vaccine antigens to which pregnant women are 
rarely exposed, are not seen2• Further studies in older age groups indicate that as per anti
body production, lymphoproliferative responses to food antigens typically peak during in
fancy, and by adulthood <20% of individuals display (weak) responses; the spread of T 
cell epitopes recognised in vitro is also inversely related to ageD. 

These findings are consistent with a dominant role for T cell deletion mechanisms in 
regulation of T cell responses to dietary antigens. In contrast, both the magnitude and fre
quency ofT cell responses to inhalant allergens increase with age, to the extent that virtually 
100% of adults respond vigorously~; taken in conjunction with the T cell cloning literature in
dicating that these latter responses segregate into Th-l versus Th-2 skewed cytokine patterns, 
the principal regulatory mechanism would appear to be classical immune deviationl.2. This 
disparity is consistent with findings from the animals models cited above, viz. that low-level 
inhalant allergen exposure (ng-J..lg range) selectively triggers immune deviation mechanisms, 
whereas food antigen exposure would cover a wider exposure range up to that required to 
trigger T cell deletion-the much lower overall prevalence of food allergy may be a reflection 
of the availability of a series of overlapping T cell control mechanisms, as opposed to reliance 
solely on immune deviations for regulation of responses to inhalants. 

4. TH-lITH-2 SWITCH REGULATION IN EARLY LIFE: ARE THE 
DICE LOADED? 

Epidemiologists since the early 1970s have recognised that early postnatal exposure 
to relatively high levels of allergen, birth during the pollen season being the best studied 
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example, is associated with markedly increased risk of pollen/allergy in adulthood. (These 
findings echo the failure of tolerance/immune deviation mechanisms in the respiratory and 
gastrointestinal tracts of rodents cited above.) This can now be restated in more precise 
immunological terms: early postnatal stimulation of the weakly primed immune system, 
predisposes to positive selection for Th-2-skewed memory. 

Why is this so? A likely explanation can be found in the rapidly evolving literature 
on the immunology of pregnancy. It is now evident'4 that the cytokine milieu at the feto
maternal interface is constitutively skewed towards Th-2, an adaptation which is theorised 
to provide protection of the fetoplacental unit against the toxic effects ofTh-l cytokinesiS. 
The Th-IITh-2 "balance" typical of immunocompetent adults is not established until after 
infancy in mice, as shown by the preferential expansion of Th-2-memory cells in immu
nised animals l6. It is also clear that this phenomenon is not restricted to mice, as human 
infants are also deficient (relative to adults) in production ofTh-l cytokines such as IFNy 
(reviewed inl7)" Interestingly, this skew away from Th-l appears most marked in infants 
genetically at high risk for atopyl8-21. 

5. TH-IITH-2 SWITCH REGULATION IN INFANCY: ANTIGEN 
PRESENTING CELLS (APC) AS THE LIMITING FACTOR? 

It has been known since the mid 1980s that the reduced capacity of human infant T 
cells to produce IFNy in response to polyclonal stimuli is due in part to deficient acces
sory cell function, as supplementation of neonatal T cell cultures with adult APCs mark
edly increases cytokine production17• More importantly, it has recently been demonstrated 
that the phenomenon of neonatal tolerance is explicable on the basis of selective priming 
of Th-2-memory cells during neonatal antigen stimulation, leading to subsequent down
regulation of Th-l-dependent responses following rechallenge in adulthood via immune 
deviation.22.23 Additionally, the tolerance phenomenon is bypassed if neonates are primed 
with antigen-pulsed syngenic Dendritic Cells (DC), which promotes adult-equivalent lev
els of Th-l-memory development23. 

These results have potentially important ramifications with respect to Th-memory 
development against environmental allergens in humans. The findings discussed above in 
the human system argue strongly that the principal mechanism in humans responsible for 
"protection" against the postnatal development of pathogenic Th-2-skewed inhalant aller
gen-specific memory is immune deviation, a process involving antigen-driven (and hence 
APC-dependent) T cell selection during early childhood, when the weakly primed T cell 
system confronts inhaled environmental allergens via the respiratory mucosa. We have 
presented evidence that the principal APCs regulating this process are airway intraepi
thelial DC24 which traffic in large numbers per day between the mucosa and regional 
lymph nodes2s. However, this DC network is virtually non-existent at birth, and is estab
lished slowly between birth and weaning, a period during which MHC class II expression, 
GM-CSF responsiveness, chemokine responsiveness, and APC function are all markedly 
reduced relative to immunocompetent adults26.27. 

We speculate that the kinetics of postnatal maturation of the function(s) of this air
way intraepithelial DC network may thus be an important factor in the outcome of 
ThllTh-2 memory cell selection in early immune responses to airborne environmental al
lergens, and further, that variations in the efficiency of this maturation process may be a 
key determinant of genetic risk of atopy. 
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1. INTRODUCTION 

1.1. TGF~l and Dendritic Cell gp40 Expression 

We recently identified a cell surface protein (gp40) that is homologous to human Ep
CAM, a putative homophilic adhesion molecule, and that is abundantly expressed by some 
murine dendritic cells (including Langerhans cells) and in certain epithelia (I). While charac
terizing various dendritic cells with regard to gp40 expression, we determined that the pleiot
ropic cytokine TGFj3l was uniquely able to induce cell surface expression of gp40 on 
dendritic cells propagated from murine bone marrow in fetal calf serum- and GM-CSF-sup
plemented media. To determine whether or not this finding was potentially physiologically 
significant, we studied Langerhans cells in TGFj3l null mice that had previously been gener
ated and described by Kulkarni, Karlsson and coworkers (2). 

1.2. TGF~l Null Mice 

Although the TGFj3 family is comprised of three isoforms that are frequently coex
pressed in vivo, that bind to the same receptors and that trigger identical biocemical 
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changes in responsive cells in vitro (3, 4), mice deficient in one of the isoforms (TGF~ 1) 
exhibit a catastrophic phenotype (2, 5). TGF~ 1 null mice are normally formed at birth, but 
experience -50% intrauterine lethality (6). TGF~ 1 null mice are indistinguishable from 
their wildtype littermates for the first 7-10 days of life but, thereafter, they exhibit pro
gressive growth retardation, ultimately waste and invariably die by 4 weeks of age. The 
demise ofTGF~1 null animals is associated with, and preceded by, development ofa mul
tiorgan inflammatory syndrome characterized by lymphocyte and macrophage predomi
nant inflammation involving lungs, heart, liver and other organs (2,5). The skin ofTGF~1 
null mice is not prominently involved, however. Abnormalities in cytokine synthesis (5), 
MHC antigen expression (7), autoantibody production (8, 9), and nitric oxide metabolism 
(10) have been described in TGF~ I null mice, but the causal relationship between these 
findings and the multi organ inflammatory syndrome that is characteristic of the genotype 
has not been established. 

2. METHODOLOGY AND RESULTS 

2.1. Epidermal Leukocytes in TGF~1 Null Mice 

To determine if TGF~I regulates gp40 expression by Langerhans cells in vivo, we 
prepared epidermal cell suspensions by limited trypsinization and examined viable cells 
for simultaneous expression of I-A antigens and gp40. Surprisingly, we did not detect I-A
bearing epidermal cells (Langerhans cells) in suspensions from TGF~1 null mice. These 
results were confirmed in >10 individual animals ranging in age from 8-18 days. Younger 
animals were not studied because Langerhans cell frequencies do not approximate adult 
levels until mice are - 7 days old. Older TGF~I null mice were not studied because they 
rapidly deteriorate after 18-21 days of age. Although Langerhans cells were absent from 
TGF~I null skin (as assessed via multicolor flow cytometry, by single color immunofluo
rescence in ammonium isothiocyanate-dissociated epidermal sheets and using assays of 
accessory cell activity in epidermal cell suspensions), dendritic epidemal T cells were pre
sept in normal numbers. In addition, essentially all the leukocytes in TGF~ I null epider
mis were dendritic epidermal T cells. This result excludes the existence of a significant 
population of incompletely differentiated Langerhans cells in TGF~I epidermis. 

2.2. Lymph Node Dendritic Cells in TGF~1 Null Mice 

To determine if the absolute deficiency of Langerhans cells in TGF~I null mice was 
reflective of a more generalized abnormality in dendritic cells. we analyzed skin draining 
lymph nodes from TGF~I null and Iittermate controls for dendritic cells using several 
dendritic cell-selective markers. Using a sensitive 3 step immunohistochemical technique, 
we readily identified CDIlc· dendritic cells in T cell-dependent areas of lymph nodes 
from both TGF~ I null and control animals. Of interest, gp40-bearing dendritic cells were 
present in normal lymph nodes and absent from lymph nodes from TGF~I null mice. 

2.3. Dissociation of Langerhans Cell Deficiency from Inflammation and 
Wasting in TGF~1 Null Mice 

The skin of TGF~l null mice is not obviously inflamed. To rigorously exclude in
flammation in skin or other organs as a cause of the Langerhans cell deficiency that we 
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observed, several litters including TGFJ3l null and control mice were treated with the im
munosuppressive rapamycin (4 mg/kg i.p.) beginning on postnatal day \0 and 3x per week 
thereafter. Rapamycin suppressed the inflammatory syndrome in TGFJ31 null mice and 
wasting was abrogated. However, treatment of TGFJ31 null mice with rapamycin for up to 
42 days after birth did not result in repopulation of epidermis with Langerhans cells. Im
portantly, rapamycin had no effect on Langerhans cells in wildtype or TGFJ31 null het
erozygotes. Thus, the Langerhans cell deficiency in TGFJ3l null mice can be dissociated 
from the inflammatory and wasting component of the phenotype. 

2.4. Langerhans Cell Progenitors in TGF~l Null Mice 

To examine TGFJ31 null bone marrow for Langerhans cell precursors, Ly-5.1 + T 
cell-depleted bone marrow was administered to lethally-irradiated Ly-5.2+ C57BLl6 mice 
and recipients were examined for Langerhans cells at various times thereafter. In I of 2 
experiments harvested 8 weeks after transplantation, the frequency of Langerhans cells in 
recipients reconstituted with TGFJ3l null marrow was lower than in recipients given 
wildtype cells. In I of 2 experiments terminated at 8 weeks and 3 of 3 experiments termi
nated at 16 weeks, Langerhans cell numbers in recipients engrafted with TGFJ31 null and 
control precursors were comparable. 

2.5. Localization of Langerhans Cells in TGF~l Null or 
TGF~l-Unresponsive Epidermis 

To determine if normal Langerhans cells could infiltrate TGFJ31 null epidermis, we 
placed full-thickness skin grafts from TGFJ31 null and control mice onto BALB/c nude 
mice and prepared epidermal sheets 12 weeks later. Similar numbers of I_Ad -bearing 
Langerhans cells were detected in grafts from TGFJ31 null and control mice. It is possible 
that TGFJ31 null skin does not remain TGFJ31 deficient after placement on nude recipi
ents (II). Therefore, we enumerated Langerhans cells in transgenic mice expressing a 
dominant negative type II TGFJ3 receptor driven by a truncated loricrin promoter (12). 
The construct is expressed in suprabasal as well as basal keratinocytes beginning on ges
tation day 16. These mice exhibit a hyperproliferative epidermis transiently, and primary 
keratinocytes derived from transgenic animals are resistant to the growth inhibitory ef
fects of TGFJ31 in vitro. Whether or not keratinocytes from these animals are resistant to 
other effects of TGFJ31 is unknown. Nonetheless, normal numbers of Langerhans cells 
were present in dominant negative TGFJ3 type II receptor animals ranging in age from 
5-14 days. 

2.6. Cytokine Production in TGF~l Null Skin 

TGFJ31 may influence the proliferation, differentiation or survival of Langerhans 
cells or their precursors (13), or regulate trafficking by modulating production of proin
flammatory cytokines. We prepared total RNA from the skin of TGFJ31 null and control 
mice and assessed cytokine mRNA levels. Although increased levels of many cytokine 
mRNAs were detected in the skin ofTGFJ31 null mice, levels ofIL-lo., IL-IJ3 and TNFo. 
mRNAs were similar in TGFJ31 null and control skin. Overproduction of proinflammatory 
cytokines that activate and mobilize Langerhans cells (14) does not obviously contribute 
to the Langerhans cell deficiency that is observed in TGFJ31 null mice. 
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3. CONCLUSION 

Although TGFj31 is clearly essential for normal Langerhans cell development and/or 
localization, the precise explanation for the Langerhans cell abnormality that is evident in 
TGFj31 null mice remains to be elucidated. Within epidermis, TGFj31 is produced by 
keratinocytes as well as Langerhans cells (15, 16, 17). Thus, the requirement of Langer
hans cells for TGFj31 could be satisfied by endogenous or exogenous cytokine. This likely 
explains the results of the bone marrow transplant studies as well as the skin graft
ing/transgenic experiments. While our results do not absolutely exclude local or extracu
taneous overproduction of proinflammatory cytokines as a cause of the Langerhans cell 
deficiency, neither are they supportive of this concept. 
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l.ABSTRACT 

Dendritic cells reside in tissues such as skin in an immature state. Upon antigenic 
challenge they begin to mature and migrate to the draining lymph nodes. These processes 
are still poorly understood. One way to study in situ aspects of maturation and migration 
are skin organ culture models. In an attempt to learn more about the relationship between 
maturation and migration we investigated the expression of several marker molecules by 
immunohistochemistry. Sheets from normal murine ear skin and from skin that had been 
cultured for three days were compared. 

During culture the numbers of epidermal Langerhans cells decreased and accumu
lations of strongly MHC class II-positive cells ("cords") were found in the dermis. As 
compared to untreated skin, the few Langerhans cells remaining in the epidermal sheets 
after 2-3 days expressed increased levels of MHC class II and had also upregulated 
B7-2 (CD86) as described. They did not express the antigen recognized by mAb 2AI, a 
marker for mature dendritic cells. Double-staining of dermal sheets after 3 days of cul
ture showed that dendritic cells in the "cords" expressed high levels of MHC class II and 
CD86 but were also reactive with mAb 2A I. This pattern is identical to those dendritic 
cells that had emigrated into the culture medium over the period of 3 days. Invariant 
chain (mAb In I) was detected at all stages of culture as opposed to isolated epidermal 
Langerhans cells in suspension where invariant chain expression disappears after 3 days 
of culture. 

We conclude that the up- (class II, B7-2, 2AI) and down-regulation (invariant 
chain) of dendritic cell molecules during migration does not happen in a synchronized 
manner. The molecule recognized by mAb 2A I seems to appear late in maturation. 
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2. INTRODUCTION 

Dendritic cells exert their immunogenic functions at different stages of their life cy
cle. This pathway of differentiation in dendritic cells was termed "maturation". It was dis
covered in epidermal Langerhans cells I and its main features were investigated and 
described to the greatest part in this very modee-s. After their generation in the bone mar
row dendritic cells populate many lymphoid and non-lymphoid organs. Upon experimen
tal isolation from the tissues they are considered immature dendritic cells. At this stage 
they are highly capable of processing protein antigens for the MHC class II pathway. The 
basis for this ability is their strong macropinocytic activity6, their expression of pattern
recognition receptors such as DEC-20S7, the presence of many organelles where process
ing can take place4,8, and the intense biosynthesis of MHC productss. After short term 
culture dendritic cells turn into mature dendritic cells that are well equipped to sensitize 
resting, naive T cells, the reason for this being their expression of high levels of 
known--and perhaps still unknown adhesion and costimulator molecules9 as well as of 
soluble immungenic factors such as IL-12 1O• 

Most of the data on which the "concept of dendritic cell maturation" is based were 
corroborated in in vitro experiments. We were interested in in vivo aspects of dendritic 
cell maturation and therefore chose to study the murine skin organ culture model estab
lished by Larsen et a1. II Specifically, we wanted to monitor the maturation process along 
part of the migratory pathway of dendritic cells. 

3. MATERIAL AND METHODS 

Murine ears were split in halves and were cultured in RPMI-1640 supplemented 
with 10% FCS for 2-3 days as described"· 12• At these time points the whole skin explants 
were processed into epidermal and dermal sheets by means of ammoniumthiocyanate. 
Sheets were stained immunohistochemically applying a five-step technique. Briefly, 
sheets were incubated sequentially with primary rat mAb's (see below), biotinylated anti
rat Ig, streptavidin-Texas Red, rat Ig (blocking step), and FITC-conjugated anti-MHC 
class II (mAb 2G9, Pharmingen). Stained sheets were evaluated under a standard fluores
cence microscope. The following primary mAb's were used: In-I, anti-invariant chain, 
gift of Dr. N. Koch, Bonn; GLl, anti-B7-2 / CD86, Pharmingen; and 2Alll, marker for 
mature dendritic cells; gift of Dr. R.M. Steinman. New York). 

4. RESULTS 

Langerhans cells in untreated and uncultured skin express the invariant chain, but do 
not express B7-2 nor 2A 1 molecules. Epidermis from skin cultured for two to three days 
showed a markedly reduced number of Langerhans cells; accumulations of strongly MHC 
class II-positive cells appeared in the dermis ("cords"). Both features had been originally 
described by Larsen et aLII When we double-labeled sheets from cultured skin we ob
served a non-synchronous development of phenotypical markers (Table 1). MHC class II 
expression was clearly enhanced on dendritic cells in both epidermis and dermis from cul
tured skin. B7-2 / CD86 molecules appeared on epidermal and dermal dendritic cells (in 
"cords"); 2A 1 molecules showed a slower time course. They were only detected on den
dritic cells in dermal "cords" but not (yet) on Langerhans cells in the epidermis from 3-
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Table I. Staining patterns of migrating epidermal Langerhans cells in situ at different stages along 
the transcutaneous migration pathway in comparison with isolated Langerhans cells in suspension 

MHC class (( Invariant chain 
mAb 2G9 mAb Inl 

Freshly isolated Langerhans cells ++ + 
Langerhans cells in uncultured 

epidermis + + 
Langerhans cells in epidermis 

from 3-day cultured skin +++ + 
Langerhans cells in dennis from 

3-day cultured skin ("cords") +++ + 
Cultured Langerhans cells +++ 

Fluorescence staining intensities arc presented in an arhilrary scale ( - to +++ ,. 

Costimulator CD86 
mAb GLI 

+ 

++ 
++ 

Maturation marker 
mAb 2Al 

+++ 
+++ 

day cultured skin. Expression of the invariant chain remained throughout the cultures on 
dendritic cells of both epidermis and dermis. 

5. DISCUSSION 

We were looking at three stages of dendritic cell development in the skin explant 
model: (I) untreated and uncultured skin, representing resident, stationary dendritic cells, 
(2) epidermis from skin cultured for two to three days, and (3) dermis from skin cultured 
for two to three days. We imply a time sequence between steps (2) and (3) in that we as
sume that the Langerhans cells found in the epidermis will eventually end up in the dermal 
"cords"-and finally in the culture medium. 

In the ill vitro model where dendritic cell maturation was originally described, 
namely the short term culture of isolated epidermal Langerhans cells, immature Langer
hans cells were invariably MHC class II + / invariant chain + / 87-2 - / 2A I -. After matu
ration in culture this pattern changed to MHC class II +++ / invariant chain - / 87-2 ++ / 
2A I +++14. Our data show that these markers do not appear or disappear in a synchronous 
fashion in vivo and that there are intermediate phenotypes. Still within the epidermis, the 
initial phenotype of MHC class II + / invariant chain + / 87-2 - / 2A I - changes to MHC 
class II +++ / invariant chain + / 87-2 + / 2A I -. This means that dendritic cells have 
upregulated class II and 87-2, indicating maturation. The lack of 2A I and the persistence 
of the invariant chain, however, suggest that maturation is not complete. One step further 
down the migratory pathway, that is within the dermal "cords", dendritic cells acquire the 
2A I maturation marker. However, they still express the invariant chain. From these obser
vations we conclude that maturation starts with the onset of migration. It is not fully com
pleted, however, within the cutaneous microenvironment. 

The persistence of invariant chain expression on maturing dendritic cells may help ex
plain seemingly contradictory data about the relative processing capacities of immature ver
sus mature dendritic cells I5•16• There may be conditions where dendritic cells that are mature, 
as measured by the expression ofCD86 and 2AI, can still process. We have not tested the 
processing capacity of migrating dendritic cells nor have we attempted to experimentally in
duce a higher degree of maturity (i.e. disappearance of invariant chain) in our model. 

Turley, Mellman and colleagues (unpublished data; Symposium on Dendritic Cells; 
Venezia, October 1996) have dissected the maturational pathway of murine dendritic cells 
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Table 2. Classification of developmental stages of murine cutaneous dendritic cells 

Early 
Immature 

Intermediate 
Immature 

Late 
Mature 

resident, in situ after isolation in vitro; 
after "activation" in situ (e.g. in skin organ 
culture or after application of contact 
sensi tizers) 

excellent antigen processing properties; 
poor T cell sensitizing capacity 

after 3-day culture of isolated Langerhans 
cells; 
after 2-3 days ofskin organ culture in situ 

processing capacity absent or low; 
strong T cell sensitizing capacity 

using mainly the pattern of intracellular organelles as criteria. They distinguish the 
"early", "intermediate", and "late" stage of development. Using confocal microscopy in 
the same skin organ culture model they describe "early" as being 2A I-negative, "interme
diate" as being 2AI-positive in a dispersed pattern, and "late" as being 2AI-positive in the 
typical clustered, perinuclear pattern. We were unable to find a dispersed pattern of 2A I 
staining, perhaps due to the lack of confocal microscopy in our experiments. However, 
like these authors we identified the 2AI-negative "early" stage and the 2AI-positive (per
inuclear pattern) "late" stage. At this point it is important to remember that the concept of 
mature and immature dendritic cells is largely based on in vitro experiments with dendritic 
cells isolated from different tissues. Mellman's "early - intermediate -late" classification 
scheme is to a large part based on observations in situ and in vivo. It therefore adds a stage 
of development that could not be considered in previous in vitro experiments, namely the 
stage of resting dendritic celIs in tissues. Table 2 shows an attempt to relate the "mature -
immature" classification with the "early - intermediate - late" classification. It is likely 
that isolation techniques such as the trypsinization of epidermis, that is necessary in order 
to obtain Langerhans cells, induce the transition from the "early" to the "intermediate" 
stage. 

The skin organ culture model will be helpful to further analyze dendritic cell matu
ration in vivo. 
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1. INTRODUCTION 

IL-12 is a key regulatory cytokine produced by APC which drives the development 
of interferon-y (lFN-y)-producing Th I cells and promotes cell-mediated immunity·. The 
biologically active IL-12 molecule is a covalently linked heterodimer of approximately 75 
kDa composed of two chains, p40 and p35 encoded by separate genes2;3. 

We have studied antigen presentation and IL-12 production by APC obtained from 
an inflammatory site, since IL-12, a pro-inflammatory cytokine, is likely to be produced in 
higher amounts at the site of inflammation by professional APC. Draining lymph node 
cells from mice immunized subcutaneously with hen egg-white lysozyme (HEL) in adju
vant display HEL peptide-MHC class II complexes able to stimulate, in the absence of any 
further antigen addition, specific T hybridoma cells4 • We have analyzed the phenotype of 
the APC bearing antigenic complexes and shown that following immunization with HEL 
in adjuvant, dendritic cells (DC) are the only lymph node APC population expressing de
tectable HEL peptide-class II complexes5• 

Here we show that DC not only present efficiently antigenic complexes formed in 
vivo, but also secrete substantial amounts ofbioactive IL-12p75. DC do not produce lL-12 
constitutively, but only after induction, in our case, by CD4+ T hybridoma cells. IL-12 
production is increased when DC present antigenic complexes, indicating that ligand-TCR 
interaction can upregulate IL-12 production. In addition, IL-12 secretion by DC requires 
CD40-CD40L interaction with CD4+ T cells. Therefore, our data indicate that during anti
gen presentation positive feedback is established through cognate interaction between T 
cells and DC, resulting in increased IL-12 production . 

• Present address: Istituto di Patologia Generale, Universitil Cattolica del Sacro Cuore, 00168 Roma, Italy. 
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2. RESULTS 

2.1. Antigen-Presentadon and IL-12 Producdon by DC-Enriched 
Lymph Node Cells 

Lymph node APC from HEL-IFA immunized BALB/c mice were separated into 
three populations (small B cells, large B cells and DC-enriched) by a combination of Per
coli centrifugation and magnetic cell sorting as described5• We compared the relative ca
pacity of these different APC population to present antigenic complexes formed in vivo 
and to produce IL-12 upon coculture with the HELl07-116-specific, I-Ed-restricted T cell 
hybridoma IHII.3. In agreement with our previous observation5, DC but not B cells, have 
the capacity to induce IL-2 and IFN-y secretion by T hybridoma cells without antigen ad
dition in vitro (Fig. I). This is not due to a defect in the antigen presenting capacity of B 
cells since they present efficiently antigenic peptide added in vitro, however less effi
ciently than DC. Interestingly, coculture of APC with the T hybridoma cells reveals a 
similar pattern in IL-12 production (Fig. I). The capacity of the DC-enriched population 
to express antigenic complexes formed in vivo following administration of HEL in adju
vant is thus paralleled by its ability to secrete IL-12. 
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Figure t. Antigen presentation and IL-I2 production by lymph node DC following administration of protein anti
gen in adjuvant. BALB/c mice were immunized into the hind footpads with 10 nmoles/mouse HEL in IFA. Lymph 
node APC were separated in DC-enriched, large and small B cells by a combination of Percoll centrifugation and 
magnetic cell sorting on MiniMACS column using B220-conjugated microbeads. Graded numbers of APC were 
cultured with the HEL-specitic I-Ed-restricted I H 11.3 T cell hybridomas (5 x 10' cells/well) alone (A, C) or in the 
presence of 0.3 11M HELlO5-120 (B, D). After 24 h, IL-2 (A, B) and IL-12p75 (C, D) were measured in culture 
supernatants by two sites sandwich ELISA. 
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2.2. Ligand-TCR Interaction Upregulates IL-12p75 Production by 
Lymph Node DC 

319 

We compared the relative capacity of different APC populations (large B cells, 
macrophages, DC-enriched population from spleen or immune lymph node) to produce 
IL-12 upon activation with T cell-independent or T cell-dependent stimuli. The DC-en
riched populations were obtained from immune LNC or collagenase-treated SC by a com
bination of gradient centrifugation and negative selection using both B220- and 
Thy 1.2-coated magnetic particles. Large B cells were obtained from low buoyant density 
cell population from either spleen or immune lymph nodes positively selected using B220-
conjugated microbeads. As a source of macrophages (Mcj», peritoneal exudate cells were 
used. IL-12 production in 24h culture supernatants from these different APC popuiations 
stimulated by SAC and IFN-y was measured using two sites sandwich ELISA. As shown 
in Fig. 2A, peritoneal Mcj> and the DC-enriched population from spleen and lymph node 
have a similar capacity to secrete IL-12p7S heterodimers. Conversely, large B cells iso
lated from immune lymph node (Fig. 2A) or spleen (not shown) fail to secrete lL-12p7S. 
We next examined the capacity of these APC to produce IL-12 upon antigen-specific in
teraction with class II-restricted T cells. APC were cultured with T hybridoma cells in the 
presence or absence of antigenic peptide, and the concentration ofIL-12p7S in 24h culture 
supernatants determined as above. Results in Fig. 2B and C show that Mcj> and the DC-en
riched populations from spleen or lymph nodes, but not B cells, are able to produce com
parable amounts of lL-12p7S upon activation with SAC + IFN-y. Conversely. IL-12p75 is 
measurable in supernatant of lymph node DC cultured with 1 H 11.3 cells, while it is un
dectable or just above the detection limit using the other APC populations. Interestingly, 
addition of HEL peptide 105-120 to cultures upregulates IL-12p75 production by lymph 
node DC. A modest upregulation of IL-12p75 production by the splenic DC-enriched 
population is also observed. Therefore, upregulation of IL-12 production by antigenic pep
tide requires ligand-TCR interaction between DC and T cells. 
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Figure 2. Ligand-TCR interaction increases IL-12p75 production by lymph node DC In panel A. the mdicated 
numbers of Mq,. B cells and DC-enriched N4IS' APC from BALB/c mice were cultured in the presence of SAC 
(I :5000) and IFN-y (50 U/ml) in complete medium at 37°C. In panels Band C. APC were cultured as indicated 
with 1 H 11.3 cells alone (B) or in the presence of 0.3 ~M HEL I 05-120 (C). The concentration of I L-12p 75 in 24 h 
culture supernatants was determined by two-sites sandwich ELISA. 
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Figure 3. CD40/CD40 ligand interaction are required for T cell-dependent production of IL-12 by lymph node 
DC. Lymph node DC were enriched from CFA-primed BALB/c mice as in Fig. l. DC (75% N4IS+) were cultured 
at 30 x 10' N4IS+ cells/well with 5 x 10' I H 11.3 T cells/well with or without 0.3 11M HELl 05-1 20. Anti-CD40L 
mAb (10 lIg1ml) or soluble hCD40-HIi (10 lIg1ml) purified from culture supernatant by affinity chromatography on 
anti-human IgM column (sCD40+), were added to the indicated cultures. IL-12 p75 was measured in 20h super
natants from duplicate cultures by two-sites sandwich ELISA. 

2.3. Blocking CD40-CD40L interaction prevents IL-12 production 

Since it has been recently shown that activated T cells induce IL-12 production by 
monocytes via CD40-CD40L interaction6.7, we examined whether this interaction plays a 
role in our model. CD40 and CD40L are expressed on DC and T hybridoma cells, respec
tively (not shown). Expression of CD40L is rapidly upregulated on T hybridoma cells fol
lowing activation by ionomycin and phorbol esters. As shown in Fig. 3, addition of 
HEL I 05-120 to cultures of DC and I H 11.3 T cells, increases IL-12 heterodimer produc
tion which is prevented by addition of anti-class II mAb (not shown). Addition of soluble 
hCD40-HJl chimeric molecules or anti-CD40L mAb prevents almost completely upregula
tion of IL-12p75 production. In addition, ligation of CD40 on DC by plate-bound anti
CD40 mAb results in a two-fold increased IL-12 secretion, which was correlated with an 
upregulation of IFN-y and IL-2 secretion by T hybridoma cells (not shown). Taken to
gether, these data demonstrate that upregulation oflL-12p75 by lymph node DC mediated 
by ligand-TCR interactions with antigen-specific T cells does not involve soluble factors 
such as IFN-y but rather requires cognate interaction involving the T cell-associated 
CD40L and CD40 on DC. 

3. DISCUSSION 

We have previously shown that lymph node DC isolated from mice immunized with 
protein antigen in adjuvant are the main APC population able to express detectable anti
genic complexes5• Since this protocol of immunization preferentially induces a Thl-type 
immune response8, it was of interest to analyze whether in addition to their antigen pre
senting capacity DC from immune lymph nodes were able to secrete IL-12 p75, a proin
flammatory cytokine involved in Thl differentiation ' . We now show that following 
administration of protein antigen in adjuvant, lymph node DC analyzed ex vivo not only 
present peptide-class II complexes formed in vivo, but also produce substantial amounts 
of IL-12 p75. DC do not produce IL-12 constitutively, but only after induction, in our 
case, by T hybridoma cells, and this is strongly upregulated by antigen-specific interac
tion. These data emphasize the critical role of lymph node DC in both activation and dif-
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ferentiation in vivo of CD4+ T cells following antigen priming. Conversely, B cells fail to 
activate T cells and to secrete IL-12 p75, even when stimulated with SAC and IFN-y. In 
vivo loaded DC, but not B cells, induce IFN-y production by antigen-specific T cells. In
terestingly, both DC and B cells induce IL-2 secretion by T cells when antigenic peptide is 
added in vitro, but IFN-y production is still only induced by DC. This antigen-specific 
IFN-y production is likely due to IL-12 p75 secretion by DC, since addition of IL-12 p75 
in vitro induces IFN-y secretion by T hybridoma cells stimulated by antigen and B cells (J
C. Guery, unpublished). 

Lymph node DC and peritoneal exudate McjI produce comparable amount of lL-12 
upon activation with bacterial products and IFN-y, but upregulation of IL-12 secretion 
upon antigen-specific interaction with T cells is strongly induced only in DC and is negli
gible in McjI. This indicates an heterogeneity between professional APC populations in 
their capacity to upregulate IL-12 production in response to signals from antigen-specific 
cells. Heterogeneity is also present between different DC populations, as demonstrated by 
the observation that DC from immune lymph node, as compared to DC enriched from 
steady state spleen, are far more efficient in secreting IL-12 p75 upon interaction with an
tigen-specific T cells. 

Several lines of evidence indicate that cognate interactions with antigen-specific T 
cells play an important role in IL-12 secretion by DC from immune lymph nodes, in 
agreement with results obtained with mouse splenic9 and humanJ() DC. First, IL-12 pro
duction is increased when DC present antigenic complexes to specific T cells, indicating 
that ligand-TCR interaction can upregulate IL-12 production. Second, CD40 and CD40L 
are expressed by DC and T hybridoma cells. respectively. Ligation of CD40 on DC by 
plate-bound anti-CD40 mAb increased two-fold IL-12 production, which was correlated to 
increased IL-2 and lFN-y production by T cells (J-C. Guery, unpublished results). Third, 
soluble CD40 molecules and anti-CD40L mAb inhibit upregulation ofIL-12 secretion by 
lymph node DC. 

In conclusion, our results demonstrate that lymph node DC present very efficiently 
antigenic peptides derived from processing of protein antigen endocytosed at the site of 
inflammation and simultaneously produce IL-12, a key cytokine in the development of 
cell-mediated immunity. The efficient presentation of antigenic complexes derived from 
proteins present in inflammatory sites and the production of IL-12 may account for the 
unique capacity of lymph node DC to prime naive CD4+ T cells in vivo. 
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INTRODUCTION 

Dendritic cells (DC) constitute an heterogeneous system of leukocytes specialized in 
antigen (Ag) capture, processing and presentation to immunocompetent cellsl.2. Their he
matopoietic differentiation lineage of DC has not clearly been defined. At least some DC 
are closely related to the mononuclear phagocyte system, but there is also evidence of DC 
belonging to a separate differentiation pathway I ,2. Recently large quantities of DC have 
been differentiated from monocyte-enriched PBMC using GM-CSF and IL-41.4. We have 
demonstrated that IL-4 can be substituted with IL-13, with identical results5• 

I L-lO is a potent immunosuppressive cytokine produced by mononuclear phago
cytes, T cells and neoplastic lines. IL- I 0 has profound effects on the function of mononu
clear phagocytes: inhibits the production of pro inflammatory cytokines reduces the 
expression of MHC Class II and APC function6 • On differentiated DC IL- I 0 reduces the 
expression of B7.17 and of B7.28 and inhibits tumor antigen presentation by epidermal 
APC9 • In the present study we investigated how IL-lO affects differentiation, maturation 
and function of DC obtained by in vitro culture of CDI4+ monocytes with GM-CSF and 
IL-13. 
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Table 1. Inhibition of DC differentiation from monocytes by IL-IO 

Phenotype MLR 
% positive cells (RFW %APC 

Cells cultured with COla MHCII COl6 COl4 10 3 

GM-CSF+IL·13 79 (29) 87 (44) 9 «1) 4 «1) 11769* 9714 
GM·CSF+IL·13 +IL·IO 

(20 nglml) 20 «1) 91 (25) 83 (5) 81 (8) 7745 2286 
(2 nglml) 38 (I) 88 (39) 82 (4) 82 (10) 10966 8113 
(0.2 nglml) 44 (6) 81 (44) 36 (1) 27 (2) 13475 7767 

Monocytes were cultured for 7 days with GM-CSF (50 ng/ml) + IL-13 (10 ng/ml) with or withoutIL-IO. 
Phenotype analysis was performed with FACSTAR. 
°RFI: Relative fluorescence intensity. 
MLR: Different number of APC were cultured with allogenic cord blood lymphocytes (IOs/ml) for 5 days. 
"Results are expressed as cpm oflHTdr. 

RESULTS 

1. IL-IO Inhibits the Differentiation of Monocyte-Derived DC 

5930 

1227 
2774 
3629 

1.1. Morphological Analysis. Highly purified blood monocytes were cultured for 7 
days with GM-CSF + IL·13 with or without IL-lO. Cultures in GM-CSF+IL-13 developed 
into cells with abundant cytoplasm, irregular membrane ruming and cytoplasm protru
sions, characteristic of DC. Cultures in GM-CSF+IL-13 in the presence of IL-IO did not 
develop into cells with DC morphology, about 30-40% of the cells were very large, with a 
macrophage-like morphology. 

1.2. Phenotype Analysis and APe Function. Table I shows the phenotype analysis 
and the ability of DC to stimulate cord blood T cells in MLR. Cells cultured with GM
CSF+IL·13 after 7 days expressed high levels ofCDla and were negative for CDI4 and 
CDI6. Cells cultured with GM-CSF+IL-13 in the presence of IL-IO were negative for 
CDla but expressed CDI4, and high levels of the macrophage markers CDI6 and CD68. 
Optimal inhibition of DC differentiation was observed with 20 ng/ml of IL-1 0 and the ef
fect of IL-1 0 was dose-dependent. IL· 1 0 did not modify the number of large cells positive 
for MHC class II but fluorescence intensity was greatly decreased. 

Cultures differentiated in the presence of 20 ng/ml of IL-I 0 were less potent APe 
than control cultures, showing 10 to 100 fold less capacity of T cell stimulation. At lower 
doses, the effect ofIL-lO was not statistically different. 

The inhibition of DC differentiation was best observed when IL· 1 0 was added to the 
cocktail of GM·CSF and IL-13 at the beginning of the 7 day culture. When IL- 1 0 was 
added at day +3 or +6, a smaller inhibition was observed (not shown). 

1.3. Endocytic Acivity. Monocyte-derived DC cultured with GM-CSF and IL·13 
showed high endocytic acivity, measured as uptake of FITC-dextran. Interestingly, cells 
cultured with GM-CSF+IL-13 in the presence of IL-IO had much higher endocytosis of 
FITC-dextran (S.7±1.4 fold increase, mean ±SD of 4 experiments), a representative ex
periment is shown in Figure I A. It is worth noting that IL-lO increased the fluorescence 
intensity of the mannose receptor (MR) expression, recognized by PAM-! mAb on these 
cells (cultures in GM-CSF+IL-13, RFI = 12; GM-CSF+IL-13 + IL-IO; RFI = 24). Endocy
tosis of FITC·dextran reflects uptake via the MR and macropinocytosis.Experiments of 
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Figure I. Effect of IL-IO on the endocytosis of FITC-dextran. Monocytes were cultured for 7 days in GM-CSF 
(50 nglml) + IL-13 (10 ng/ml) with or without IL-I 0 (20ng/ml). A) Endocytosis was evaluated as uptake of FITC
dextran (I mg/ml) at I and 2 h and measured using a FACSTAR. B) Cold competition with unlabeled dextran ( 10 
mg/ml), at 2 h. Results are expressed as mean channel fluorescence (MCF). 

competition with unlabeled dextran indicated that fL-l 0 increases both MR-dependent and 
independent endocytosis (Fig. I B). 

2. Promotion of Differentiation to Mature Macrophages by IL-IO 

2.1. Cytochemical Analysis. To confirm that the abrogation of DC differentiation 
from monocytes by fL-lO was accompanied by the appearance in culture of large macro
phage-like ce\1s, we performed a cytochemical analysis, While control DC did not express 
non-specific esterase (ANAE, 5% of the cells), cultures treated with fL-l 0 were 72% posi
tive, similarly to macrophages (69%) differentiated in vitro from monocytes cultured with 
40% human serum. 

Co\1ectively these results indicate that in the presence of fL-l 0 a substantial propor
tion of monocytes are driven to become mature mononuclear phagocytes. 

3. Effect of IL-IO on Differentiated DC 

It was important to evaluate whether fL-I 0, in addition to blocking differentiation of 
monocyte-derived DC, also affected functions of differentiated DC and induced differenti
ated DC to acquire macrophage like characteristics. As mentioned above, exposure of dif
ferentiated DC (day 6 of culture) to IL-IO for 24 h caused only a modest reduction of 
M HC Class II and CD I a expression, and little inhibition of their ability to stimulate cord 
blood T cells in MLR. Culture of differentiated DC for as long as 5 days with 20 ng/ml of 
IL-IO did not result in the expression of the macrophage markers CD 14, CD 16 and CD68 
although there was some reduction of CD I a expression and of stimulation of cord blood T 
cells (not shown). Thus these results indicate that differentiated DC do not acquire a phe
notype of macrophages when exposed for relatively long time to IL-l O. 
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Figure 2. Effect of IL-I 0 and TNF on the endocytic activity of differentiated DC. DC were obtained by culturing 
monocytes for 7 days in GM-CSF (50 nglml) + IL-13 (10 nglml). A) Endocytosis of FITC-dextran. IL-IO (20 
ng/ml) and/or TNF (20ng/ml) were concomitantly added in the last 24 h of culture. Endocytosis was evaluated as 
uptake of FITC-dextran (I mglml) at 2 h. and measured using a FACS. The results are expressed as mean channel 
fluorescence. B) MLR. Responder cells were cord blood T lymphocytes depleted of monocytes and B lympho
cytes; they were plated at I x 105 cells/well. APC were mixed at the indicated concentrations. 3H-Tdr was added 
in the last 18 h of a 5 days experiment. 

3.1. JL-l0 Augments Endocytosis of Differentiated DC. Twenty-four hour exposure 
of differentiated DC to IL-IO augmented by 50% the endocytosis of FITC-dextran, while 
as expected, TNF reduced it by 70% (Fig.2, A). IL-IO added concomitantly with TNF did 
not counteract its inhibitory function. Panel B shows that TNF dramatically augmented the 
accessory function of DC; in contrast to what observed with endocytosis, IL-IO partially 
inhibited the TNF-induced stimulation ofMLR. 

4. Concluding Remarks 

The present study demonstrates that IL-IO completely blocks the GM-CSF+IL- \3-
driven differentiation ofCD14+ monocytes to DC as assessed by morphology, expression 
of CDla and stimulatory capacity in MLR for naive cord blood T cells. Moreover. in the 
presence of IL-l 0, a substantial proportion of the cells had the morphology of mature 
macrophages and showed the cytochemical (non-specific esterase) and phenotypical 
(CD 14+, CD 16+, CD68+) features of mature macrophages. Hence IL-IO. in concert with 
GM-CSF and IL-\3, does not freeze CDI4+ precursors at an immature stage, but allows 
or promotes their differentiation to mature macrophages. 

When differentiated DC, obtained by 6-day culture with GM-CSF and IL-13, were 
exposed to IL-IO for 24 h, or as long as 5 days, cells did not acquire the morphological 
and phenotypic features of mature macrophages. On the other hand, monocytes-derived 
macrophages obtained with GM-CSF + IL-\3 + IL-IO did not acquire a DC phenotype 
when cultures were prolonged in the absence ofIL-1O (not shown). Thus, IL- \0 acts only 
on monocytes prior to their committment and does not shunt already differentiated DC to 
mature macrophages, or vice versa. 
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In the present study, we have also found that I L-I 0 stimulates expression of the MR 
and the endocytic activity of DC. Hence IL- 10 is not merely an inhibitor of accessory cell 
function but rather a selective modulator. We speculate that augmented scavenging of an
tigen and decreased antigen presenting capacity of differentiated DC, associated with 
blocking of differentiation from monocytes, contributes to the immunosuppressive and, 
possibly, tolerogenic activity oflL-l O. 
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INTRODUCTION 

During an immune response, dendritic cells (DC) capture the antigen at site of in
jury, and migrate through the afferent lymph stream to the lymph-nodes where they effi
ciently activate naive T cells. This T cell activation is followed by B cell recruitment, 
which occurs in the extrafollicular area, where DC hornet. Accordingly, we wondered 
herein whether DC might directly interact with B cells, using DC generated in vitro from 
CD34+ progenitors, called Dendritic-Langerhans cells!,3 (D-Lc). As both DCs4 and B 
cells! express functional CD40, we used CD40-ligand transfected L cells6 as surrogate 
activated T cells, to study the effect of DCs on B cell activation. We show that D-Lc en
hanced the proliferation of CD40-activated naive B cells and Ig commited B lympho
cytes (~ fold). In addition, D-Lc induced a 10 to 100 fold enhancement ofigG and IgA 
secretions by Ig committed B cells (essentially memory B cells). Most notably, in the 
presence of IL-2 , D-Lc stimulated CD40-activated naive B cells to produce high 
amounts of IgM. Using transwells, we showed that the effect on B cell proliferation is 
soluble and independent of CD40 triggering on D-Lc. In contrast, the IgM production is 
partly dependent of soluble molecule(s) secreted after CD40 engagement on D-Lc. The 
use of anti-cytokine blocking antibodies indicate that D-Lc derived IL-12 is absolutely 
required (although not sufficient) for the differentiation of naive B cells into IgM secret
ing cells in presence of IL-2. 

Thus, in addition to priming naive T cells in the extrafollicular areas of secondary 
lymphoid organs, DC may also directly regulate B cell differentiation and participate in 
the IL-2 dependent primary B cell activation through the release ofIL-12. 
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MATERIALS AND METHODS 

1. Generation of D-Lc 

Umbilical cord blood samples were obtained according to institutional guidelines. Cells 
bearing CD34 antigen were isolated from non adherent mononuclear fractions through posi
tive selection, using anti CD34 Monoclonal Antibody (MAb) Immu-133.3 (Immunotech, 
Marseille, France) and a Magnetic Cell Sorter (Mini Macs, Miltenyi Biotech). Cultures were 
established in the presence ofGM-CSF (100 nglml) and TNF a (2,5 ng/ml) in complete me
dium (10% FCS). After 12 days, cultures contained 70 to 90% CDla+ D-Lc1. D-Lc were fur
ther separated according to CDla expression by FACS sorting (>98% pure). 

2. Purification of B Cells 

Total B cells were purified from tonsil through Ficoll-Rosetting and depletion with 
MAbs directed against non B cells (T cells, monocytes and NK cells). In the isolated 
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Figure 1. CD34+ progenitors derived D-Le were used, after irradiation (3000 rad) as stimulators ofCD40 depend
ent B eell proliferation and differentiation. (A,B) Total tonsillar B cells (104 per well) were cultured over irradi
ated CD40-L transfected L cells (7500 rad, 2,5.103 per well) in the presence or absence of D-Lc (\04 per well). 
(C,D) Total B cells, B cells from Germinal Center or memory B cells (purification detailed in materials & meth
ods) were cultured under CD40 triggering in presence or absence of 104 D-Lc. (A,C) B cell proliferation at day 6. 
(8,0) production of Ig measured at day 13. 
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population, >99% expressed CDI9 and CD20 and <1% expressed CD2 or CDI4 Ags. Iso
lation of sIgD+ and sIgD' B cells subpopulations was performed using a preparative mag
netic cell sorter (MACS, Becton Dickinson & Co). The separation based on slgD 
expression has been described in details elsewhere'. IgD was expressed on >99% of the 
sIgD+ B cell subpopulation and <I % of sIgD' B cell subpopulation, as assessed by fluores
cence analysis using a F ACScan (Becton Dickinson). For certain experiments, slgD' B 
cells were further separated according to CD38 and CD39 expression into CD38+CD39-
germinal center (GC) B cells and CD38-CD39+ memory B cells using anti-CD38 and anti
CD39 mAbs and bead depletion as described earlier8• 

3. Coculture of B Cells and D-Lc 

2.5 X 103 irradiated CD40L L cells (7500 rad) were seeded together with 104 B lym
phocytes (either total B cells or B cells subsets) in the presence or absence of in vitro gen
erated D-Lc (104 ) in 96 wells culture plate (Nunc). B cell proliferation was monitored by 
tritiated Thymidine ([lH]TdR) incorporation after 6 days of coculture. Cells were incu
bated for the last 16 hours with 1 !lCi of eH]TdR. For determination of Ig production, su
pernatants were recovered after 13 days and used for indirect ELISA9• 

In other experiments, B cells and D-Lc were cultured in separate compartments us
ing transwells (Costar, Wilmington, MA). 105 D-Lc cultured in the presence or absence of 
CD40 triggering (2.5 x 104 CD40L L cells or CD32 L cells used as control) in the lower 
compartment (in a total volume of 0.8 ml) were assayed for their ability to stimulate 
growth and differentiation of 1.5 x 104 B cells activated by 3.75 x 103 CD40L L cells in 
the top of the transwells (in a total volume of 0.2 mI). DNA synthesis of B cells was per
formed by transfering, at day 6, the cells present in the top of the transwells into flat bot
tom 96 wells plates and pUlsing them with CH]TdR for the last 16 hours of the culture 
period. 

RESULTS 

1. D-Lc Induced Memory B Cells to Produce High Amounts of Igs 

Tonsillar B cells (104 per well) were cultured over irradiated CD40-L L cells 
(2,5.103 per well, 7500 rad) in presence or absence of CD34+ progenitors derived D-Lc 
(3000 rad). Although, D-Lc had no effect on B cell proliferation in the absence of any ac
tivator (right panel of figure I A), D-Lc enhanced the proliferation of CD40-activated total 
B cells (3-8 fold enhancement of eH]TdR uptake) (left panel of figure 1 A). Most notably, 
in the absence of exogenous cytokines, the addition of D-Lc dramatically increased the 
production of JgG, JgA and, to a lesser extent JgM, by CD40-activated B cells. In the ex
periment shown in figure I B (note the log scale), addition of 104 D-Lc increased the pro
duction of IgG by 100 fold, IgA (by 20 fold) and IgM (by 10 fold) over the background (~ 
300 ng/ml). 

Tonsillar B cells consist of naive B cells, expressing surface IgM and IgD as well as 
germinal center (GC) B cells and memory B cells8 that have mostly undergone isotype 
switch, thus resulting in a loss of IgD expression. Therefore we analysed whether either 
purified sIgD+ B cells (naive B cells) or sIgD- B cells (B cells from germinal centers and 
memory B cells) were preferential targets for D-Lc effects. As shown in figure I C, D-Lc 
stimulates the proliferation of both CD40-activated naive (IgD+) and Ig committed B cells. 
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As shown in figure lO, CD40-activated naive sIgD+ B cells did not produce IgG whether 
or not D-Lc are added. Separation of sIgD' B cells into CD3S+CD39' GC cells and CD3S' 
CD39+ memory B cells (using Mabs and bead depletion)-, allowed identification of the re
sponding cell population. As shown in figure lO, memory B cells represent the main 
source of IgG as, when cultured in the presence of D-Lc, 104 memory B cells produced 27 
J.1g1ml while GC cells produced less than 0.5 J.1g1ml and 4 J.1g1ml respectively, under such 
culture conditions. 

2. In Presence of IL-2, D-Lc Induced Naive B Cells to Secrete High 
Levels of IgM 

In view of the weak stimulation of IgM production (figure I B), although D-Lc 
strongly stimulated the growth of naive B cells (figure IC), we wondered whether addition 
of exogenous cytokines could enhance this production. In IL-2 supplemented cultures, ad
dition of D-Lc induced CD40-activated B cells to secrete high levels of IgM (figure 2A), 
which reached 50 J.1g1ml (mean increase: 161 fold, n=16). Separation ofB cells into sIgD+ 
and sIgD' B cells showed that production of IgM was mainly a property of the naive sIgD+ 
B cell population (figure 2B). Note, however that sIgD' B cells can be induced to produce 
significant levels of IgM. 

3. Involvment ofIL-12 in the IL-2 Dependent IgM Production 

Experiments were designed to determine whether the effects of D-Lc on B cells 
were mediated through soluble factors and/or cell/cell interactions and whether D-Lc had 
to be activated through their CD40 antigen. D-Lc were separated from B cells by a perme
able membrane using Transwells. As shown in figure 3A, D-Lc cultured in the lower com
partment, with or without CD40 triggering, can enhance CD40-dependent B cell 
proliferation as much as if they were cocultured in direct contact. In the presence of IL-2, 
CD40-activated D-Lc, but not unactivated D-Lc, can support IgM production by B cells 
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Figure 2. D-Lc were tested for their ability to enhance IgM production by (A) 10' total B cells cultured in pres
ence of CD40L L cells with or without IL-2 (20 Vlml); (8) naive or Ig commited 8 cells (8 cells from germinal 
centers and memory B cells as detailed in materials & methods) in presence of IL-2. IgM production was meas
ured after 13 days of culture. 
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Figure 3. 1.5 x 104 slgD' B cells were cultured in the presence of3.75 x 10J CD40L L cells in the top of the tran
swell. 105 D·Lc were seeded in the lower compartment with 2.5 x 104 CD40L L cells or CD32 L cells used as con
trols. DNA synthesis of 8 cells (A) of the upper compartment, in absence of cytokine, was determined after 6 days 
of coculture. IgM production in the presence of IL-2 (8) was determined by ELISA after 13 days. 

activated through CD40 (Figure 3B). However, IgM levels obtained were lower than those 
observed in direct contact coculture (6.I±O.8 ~g/ml versus 15.5±2.5 ~g/ml), suggesting 
that ceIl/cell contacts may also contribute. Note that D-Lc do not deliver any signal when 
B cells are not activated. Thus, the effect of D-Lc on B cell proliferation appears to be me
diated by soluble factor(s}, which production is independent of CD40 engagement on the 
D-Lc. In contrast, the effect on B cell differentiation, also mediated through soluble me
diator(s}, requires CD40 ligation on D-Lc. 

We then screened a number of anti-cytokine antibodies for their ability to block 
either the D-Lc dependent B cell proliferation or the IgM production in presence of IL-2. 
Among those tested, an antibody directed against IL-12 appeared to block 95% of the IgM 
production in presence of D-Lc and IL-2 (data not shown). Note that this antibody has no 
efTect on B cell proliferation induced by D-Lc. However, the production ofIL-12 by D-Lc 
under CD40 triggering is not sufficient to account for the IL-2 dependent IgM production. 
Accordingly, IL-12 has little if any effect on IgM production by naive B cells cultured in 
presence of IL-2 and CD40L L cells without D-Lc (data not shown). 

DISCUSSION 

We have shown that D-Lc generated in vitro enhanced the proliferation and differentia
tion of both naive and memory B cells in presence of CD40 triggering but in absence of T 
cells. D-Lc generated in vitro are composed ofLC and other DCs that may contain the Inter
digitating Dendritic Cells population of the extrafollicular area of secondary lymphoid or
gans3. The latter cells are particulary important in the initiation of primary and reactivation of 
secondary humoral response i . Thus in addition to activating T cells in this area, DCs could di
rectly modulate B cell activation, during primary and secondary humoral response. 

The mechanism by which D-Lc regulates B cell responses is not yet totally eluci
dated. However, Transwells experiments show that D-Lc enhance growth of CD40-acti-
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vated B cells through the production of soluble factor(s) independently of CD40 trigger
ing. In contrast, the effect on IgM secretion in the presence of IL-2 is partly dependent on 
the release by D-Lc of soluble mediator(s) after CD40 engagement. IL-12 play an impor
tant role in this IgM production, although not sufficient, thus in addition to its role in T 
cell priming!O, IL-12 may also participate in the activation of naive B cells. The mecha
nism of induction of IL-2 responsiveness is not yet clear. As D-Lc expressed CD25 after 
CD40 engagement4, IL-2 could signal D-Lc which in return induce B cells to produce 
IgM. Alternatively, such an effect might be due to the ability of D-Lc to upregulate CD25 
expression on CD40-activated naive B cells (data not shown). 

Many authors have underlined the critical role of DCs in humoral response ll- IJ. The 
direct modulation of B cell responses together with T cell priming may explain the pri
mordial role of DCs in this process. 
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1. INTRODUCTION 

Dendritic cells (DC), as professional antigen presenting cells (APC), have the capac
ity to capture antigen and migrate to lymphoid organs, where antigen presentation to and 
priming of naive T cells takes place (reviewed in I). It is currently believed that effective 
induction of antigen-specific T cell responses requires a dynamic dialogue of multiple, se
quential interactions between the DC as APC and a given T cell clone in order to prime 
the cell for expansion and effector function. The first interaction (signal I) is felt to in
volve the MHC llII-peptide on APC with the T cell receptor (TCR) on the effector lym
phocyte, with a second signal being the costimulatory interaction between CD80 
(B7.1)/CD86(B7.2) on DC with CD28 on the T cell. Signals 1 and 2 combine to activate 
the T cell, upregulating the expression of CD40L which can interact with DC-expressed 
CD40 (reviewed in 2). This DC-T cell interaction results in the generation of an antigen
specific T cell responses. The ability of DC to prime naive T cells has been attributed to 
several factors, most notably the high levels of expression of MHC and costimulatory 
molecules such as B7.1 and B7.2. It has also been shown that DC are capable of produc
ing several cytokines, among them IL-12, a cytokine critical for the development of Th 1 
responses (3,4). Recently, ligation of CD40 on both human (5) and murine (6) DC has 
been reported to result in the upregulation of costimulatory molecules and the induction of 
IL-12. These findings suggest that the interaction of T cells with DC result in signals to 
DC which are critical for induction of the cellular immune response. Whereas many of the 
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signals required by T cells for activation and proliferation have been described, the signal
ing requirements for optimal DC activation remain poorly defined. 

We have evaluated the impact of certain T-DC interactions on human DC cultured 
from peripheral blood in the presence of rIL-4 and rGM-CSF. By mimicking T cell li
gands using monoclonal antibodies specific for DC-expressed counter-receptors (i.e. anti
CD40, -CD80, -CD86, -MHCIIII) and crosslinking them with anti-mouse Ig or by 
adherence to plastic (providing a solid-state cross-linking matrix), we can dissect out the 
signals, singly or in combination, which have important effects on DC activation. By in
vestigating the impact ofT cell-mediated signals on DC phenotype and function (cytokine 
secretion and T cell stimulatory capacity) we hope to better understand how these signals 
influence the nature and magnitude of antigen-specific T cell immune responses. Further, 
it is hoped that such knowledge will provide the means by which to optimally activate DC 
for implementation in clinical vaccine trials. 

2. MATERIAL AND METHODS 

2.1. Media and Reagents for Cell Culture 

The medium used for all DC cultures was serum-free AIM-V (GIBCO-BRL, Gaith
ersburg, MD) supplemented with 1000 Ulml rhIL-4 and 1000 U/ml rhGM-CSF (Schering
Plough Research Institute, Kenilworth, NJ). T cells for functional assays were maintained 
in RPMI 1640 media (GIBCO-BRL) supplemented with 100 U/ml penicillin, 100 J.Lglml 
streptomycin, and 10% heat-inactivated human AB serum with or without 1(}-50 Ulml 
rIL-2. 

2.2. Dendritic Cell Generation 

Heparinized peripheral blood was obtained by venipuncture from normal donors with 
their consent. PBMC were obtained after density centrifugation on Ficoll-Hypaque gradients 
per the manufacturer s instructions (LSM, Organon-Teknika, Durham, NC). After 4-5 washes 
in Hank s Buffered Saline (HBSS from GIBCO-BRL, Gaithersburg, MD), 108 cells per 10 ml 
serum-free AIM-V medium were plated in T75 flasks (COSTAR, Cambridge, MA) and incu
bated at 37" C for I-I.Sh to allow for cell attachment. After removal of non adherent cells with 
4 gentle washes with HBSS, the plastic-adherent cells were cultured for 5--7 days in AIM-V 
medium supplemented with 1000 U/ml rIL-4 and 1000 U/ml rGM-CSF (7,8). Following a 
5--7 day culture period, nonadherent cells were harvested and DC were further purified by 
discontinuous density centrifugation on a layer of Ny cop rep 1.064(Nycomed):LSM(Organon
Teknika) 9:1, lOOOg x 10 minutes. Gradient interface cells were harvested, washed with 
HBSS, and used in phenotypic and functional assays. Cells generated in this fashion were de
termined to be > 90% DC based on morphology and the expression of a 
CD3/CD14/CD16/CD20 negative, MHC class II +, CD40+, CD80+, CD86+ phenotype as
sessed by indirect immunofluorescence assays monitored by flow cytometry. Day 7 yields 
were approximately 8-15% of starting normal donor PBMC numbers. 

2.3. Crosslinking of Surface Markers on Dendritic Cells 

Cultured dendritic cells (day 5--7) were incubated with primary antibodies specific 
for CD40 (628.5, kindly provided by Dr. J. Ledbetter, Bristol-Meyer Squibb, Seattle,WA), 
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MHC I (W632, American Type Culture Collection, Rockville, MD), MHC II (L243, 
ATCC, Rockvi\1e, MD) at concentrations of 1-IOjJ.g/I06 DC at 4 C for 30 minutes. After 
2 washes with HBSS, 1-5jJ.g/ml anti-mouse Ig G (Fc specific) F(ab }2 antibody (Sigma) 
was added for 30 min at 4 C. DC were washed and placed in serum-free AIM-V medium 
to incubate at 37 C for 24--72h prior to harvesting for flow cytometric analysis and func
tional assays. 

2.4. Analysis of DC Cell Surface Markers by Flow Cytometry 

DC were phenotyped using a panel of commercially-available, directly fluorochrome
labelled antibodies with the following specificities: CD3, CD14, CDI6, CD20, HLA-DR 
(Becton-Dickinson, Mountainview, CAl; CD40, CD80, CD86 (Ancell Corporation, Bayport, 
MN). Cells were stained using standard procedures (9), fixed in 4% formalin and analyzed by 
flow cytometry (FACScan, Becton-Dickinson, Mountainview, CAl. 

2.5. Detection of Intracellular Cytokines by Flow Cytometry 

Cultured DC activated for 24---48h with cross-linked mAb were harvested and incu
bated in AIM-V with Brefelden A (Sigma) at I jJ.g/ml at 3TC for 3-4h. Cells were stained 
for surface DC markers, permeabilized with saponin buffer (0.1 % saponon, 0.1 % sodium 
azide, 0.1% BSA, 10mM Hepes), then stained with directly-conjugated anti-cytokine 
mAbs as descriibed in (10). The specific antibodies used for intracellular staining, anti-lL-
12 p75 (20C2, Hoffmann-La Roche) and anti-IFNalpha (MMHA-2, PBL Biomedical 
Labs, West Caldwell, NJ) were directly FITC-conjugated per the fluorochrome manufac
turer's guidelines (Sigma). Labelled cells were then assessed by FACScan analysis. 

2.6. Measurement ofhIL-12 and hIFN-a in DC Culture Supernatant 
by ELISA 

Cell-free supernatant was collected from DC cultures 24--72h following cross-link
ing and stored at -20· C. hIL-12 p75 heterodimer and hIFN-a subtypes I and 2 were de
tected using sandwich EUSAs. The capture mAb for IL-12p75 ELISA was the 
p75-specific mAb derived from clone 20C2, and the detection mAb was p40-specific 
(clone 406, POD-conjugated). Both antibodies were kindly provided by Dr. Maurey 
Gately, Hoffmann-La Roche, Inc., Nutley, N.J. The capture mAb for the IFN-a ELISA 
was a polyclonal sheep anti-h IFN-a Ab (kindly provided by P. Zavodny, Schering
Plough Research Institute, Kenilworth, NJ) and the detection antibody was the murine 
anti-hIFN-a mAb, MMHA-2 (PBL Biomedical Labs, West Caldwell, NJ). A POD-conju
gated goat anti-mouse antibody was used as a detector. TMB substrate was added and 
color developed for 15-30 min, then plates read for absorbance at 450nm. 

2.7. Primary Induction of Allogeneic Cytotoxic T Lymphocytes 

Donor HLA-A2+/A3- DC (day 7) were generated as described above (section 2.2), 
cross-linked as outlined in section 2.3 for 48h, irradiated x 2500 rad, and co-cultured with 
allogeneic HLA-A2- responder peripheral blood T cells in a R:S ratio of 20: I in 24 well 
plates in complete RPMI with 10% human AB serum. 10 IU/ml rhIL-2 was added to the 
cultures on day 5. On day 7, cultured T cells were harvested and plated as effector cells in 
a standard 4h chromium release assay at an effector:target ratio of 10: I. Targets consisted 
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of chromium-labelled EBV-B-LCL generated from the DC donor, EBV BCL expressing 
only the relevant alloantigen HLA-A2 (CIR.A2) or an EBV BCL expressing only the ir
relevant allospecificity HLA-A3 (CIR.A3) (9). 

3. RESULTS 

3.1. CD40 and MHCH Ligation on DC Results in Upregulation of 
Costimulatory and MHC Molecules 

DC cultured in GM-CSF and IL-4 for 5-7 days are characterized by a large percent
age of cells expressing HLA-DR, CDS6, and CD40, and with more moderate numbers of 
cells expressing CDSO and CDla. As APC expression of MHC and costimulatory mole
cules has been shown to be critical for T cell priming, we investigated the expression lev
els of these surface markers 48--72 hours following cross-linking of MHC I, MHC II, and 
CD40 on DC. Ligation of CD40 on DC gave up to 3 fold increases in expression over 
baseline of costimulatory molecules CDSO, CDS6, and CD40 itself, as well as a similar in
crease in expression of MHC II. MHC II ligation also led to upregulation of certain APC
expressed molecules, primarily CDS6, CD40, and MHCII, with less of an effect on CD80 
expression. Co-ligation of CD40 with MHC II did not enhance expression of CDSO or 
CDS6 over the maximum level of expression observed with ligation of either molecule 
alone, and tended to lead to a slight decrease in the relative expression of MHCII and 
CD40. These points are illustrated in a representative experiment in Figure I. 

3.2. Co-Ligation of MHC I with either CD40 or MHC H May Suppress 
Up regulatory Effects on Certain Surface Markers 

Crosslinking of anti-MHC I mAbs alone on DC had no effect on surface expression 
of MHC and costimulatory molecules in multiple experiments. However, when MHC I 
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Figure 1. CD40 and MHC II ligation on DC results in upregulation of costimulatory and MHC molecules. Cul
tured DC were incubated with mAb specific for MHC II and CD40, alone and in combination, then cross-linked 
using anti-mouse Ig as described in Materials and Methods. Following 4S--nh incubation, DC were stained with 
fluorochrome-labelled mAb against CD80, CD86, MHC II (DR), and CD40. Cells were then analyzed for expres
sion of these surface markers by flow cytometry. 
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Figure 2. Co-ligalion of MHC I with CD40 or MHC I( suppresses upregulatory effects on DC surface marker ex
pression. Cultured DC were incubated with mAb specific for MHC " and CD40. alone and in combination with 
anti-MHC I mAb. then cross-linked using anti-mouse Ig as described in Materials and Methods. Following48 -72h 
incubation. DC were stained with fluorochrome-labelled mAb against MHC I( (DR). and CD40. Cells were then 
analyzed for expression of these surface markers by flow cytometry. 

and either C040 or MHC II were co-ligated on the same cells, marked decreases in the ex
pression of both C040 and MHCII, relative to that seen after ligation of either CD40 or 
MHC II alone. were noted. This point is illustrated in Figure 2. Interestingly. such sup
pressive effects of co-ligation were not observed in analysis of C080 and C086 expres
sion which was enhanced by C040 or MHC II ligation in the presence or absence of 
anti-class I (data not shown). 

3.3. IL-12 Production and Secretion Is Induced by the Crosslinking of 
mAb Against CD40 and MHC II on DC 

CD86+ DC were evaluated for intracellular expression of IL-12 p75 heterodimer at 
24h post-cross-linking by flow cytometric analysis, as illustrated in Fig. 3a. When no 
cross-linking was employed, < 5% of cultured OC constitutively expressed IL-12. How
ever, following ligation of C040, MHC II, or a combination, the percentage of C086+ OC 
staining for IL-12 increased several-fold, with up to 40% of OC expressing cytoplasmic 
IL-12 following co-ligation of C040 and MHC II. The secretion of hIL-12 p75 was also 
evaluated after cross-linking OC for 24-72h (Figure 3b). The secretion patterns of IL-12 
following ligation of C040 and MHC II were in keeping with the patterns of intracellular 
staining for each given condition, with C040 and MHC II ligation leading to 4-8 fold in
creases in secretion over background levels. The co-ligation of C040 and MHC II induced 
the largest amount of secreted IL-12. 

3.4. Activation of DC by Cross-Linking Leads to the Secretion of 
Pre-Formed IFN-a 

Although freshly-isolated peripheral blood-derived OC have been shown to produce 
IFN-a following stimulation with viruses such as HIV (Ferbas et al. 11, 1994), to our 
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Figure 3. A and B. Induction of1L-12 and secretion oflFN-alpha by DC following ligation ofCD40 and MHC II. 
DC were incubated with mAb specific for MHC I. MHC II. and CD40. then cross-linked using anti-mouse Ig as 
described in Materials and Methods. In figure 3A. 24h following cross-linking. DC were harvested and first 
stained for expression of surface CD86. followed by permeabilization and staining for intracellular expression of 
IL-12 and IFN-alpha as described. Results are depicted as a percentage of CD86+ DC which also express the 
given cytokine. In figure 3B. cell-free supernatants from DC cultured for 48h following cross-linking were col
lected and analyzed for presence of IL-12 or IFN-alpha by ELISA. as described. 

knowledge this is the first time that IFN-a production has been evaluated in cultured hu
man blood-derived DC following activation. Based on intracellular staining at 24h post
treatment, we find that a high percentage of untreated DC (i.e. no cross-linking) express 
IFN-a, and the percentage of cells expressing this cytokine decrease to varying degrees 
following crosslinking, with the most marked decrease following MHC [[ ligation (Figure 
3a). In the case of secreted IFN-a, the amount of cytokine secreted varies inversely with 
the levels expressed intracellularly under a given condition, with the highest amounts of 
secreted IFN-a detected in the supernatants of DC activated by MHC [[ ligation. These 
data suggest that ligation of MHC II on DC may give a signal to secrete pre-formed IFN
a, thereby depleting intracellular stores of this cytokine. We are currently investigating 
which culture conditions or other factors might contribute to the production of IFN-a in 
cultured DC. 

3.5. DC Activation via Cross-Linking Enhances Primary Allospecific 
CTL Induction in Vitro 

DC are potent stimulators of allospecific T cell responses, yet primary induction of 
allospecific CTL may require multiple rounds of stimulation in vitro before killing is ob
served (unpublished observations). We investigated whether this process of CTL induc
tion could be enhanced by activating DC prior to T cell priming (Figure 4). We observed 
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Figure 4. DC activation via cross-linking enhances primary allospecific CTL induction in vitro. Donor HLA
A2+/ A3- DC (day 7) were generated as outlined in Materials and Methods. These cells were then cross-linked as 
indicated for 48h. irradiated. and used to stimulate allogeneic HLA-A2- responder peripheral blood T cells for 7 
days. T cells were harvested and used in 4h cytotoxicity assays against EBV-BCL generated from the DC donor. 
EBV-BCL expressing only the HLA-A2 alloantigen (C I R.A2). or EBV-BCL expressing an irrelevant allospeci
ficity (C I R.A3). 

that although little response was noted I week following induction by unactivated DC, DC 
activated by ligation of MHC II and CD40 (alone and in combination) were potent in
ducers of allospecific CTL in this same time period. As might be expected, responses were 
strongest against the fully mismatched target (B-LCL from the DC donor), but positive re
sponses could still be observed against targets expressing the single relevant alloantigen 
HLA-A2 in those T cell cultures primed by cross-linked DC. It is of interest to note that 
strong allo-CTL were also induced by DC following co-ligation of MHC I and CD40 (but 
not MHC I alone), and we are further investigating these responses in terms of MHC class 
I or II restriction and CD4+ versus CD8+ T cell phenotype. 

4. DISCUSSION 

Significant progress has been made in characterizing DC and defining their role as 
the most potent APC for inducing antigen-specific T cell responses (reviewed in 1,11). 
Progress has also been made in the recent past which supports the use of DC as biologic 
adjuvants in cancer vaccines (12,13). In order to increase the clinical utility of DC, it will 
be important to better understand the immunobiology of DC and their interactions with T 
cells. 

DC are capable of priming both MHC class 1- and II-restricted, antigen-specific T 
cell responses, however, in most antigen-limiting conditions the generation of CD8+ ef
fector T cells is probably preceded by the induction of Th I CD4+ antigen-specific T cells. 
DC have been shown to secrete IL-12, a potent Thl-promoting cytokine (14,15), follow
ing interaction with CD4+ T cells (16), and more recently have been shown to secrete 
large amounts of IL-12 following CD40 ligation (5,6). As activated CD4+ T cells have 
been shown to be the major expressors of CD40L, it follows that both MHC II/peptide-
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TCR as well as CD40-CD40L interactions would be critical events leading to the genera
tion of cellular immunity. We have confirmed the findings, with respect to IL-12 produc
tion by DC following CD40 ligation, reported by Cella et al and Koch et aI., and 
furthermore, we propose a more prominent role in T cell induction for signaling events oc
curring through MHC II molecules on DC. We also report that MHC II ligation augments 
the production ofIL-12 by DC, leads to upregulation of costimulatory molecules, and may 
serve as a secretory signal for the release of IFN-a. The increased expression of costimu
latory molecules following CD4+ T cell-mediated signals should serve to enhance DC 
APC function as well as to further activate the T cell. The production and secretion of IL-
12 by DC following interaction with CD4+ T cells could serve to enhance both T helper 
development and function, ultimately leading to enhancement of effector CDS+ CTL gen
eration most likely through IFN-y. As viruses and other foreign antigens have been shown 
to induce the production of IFN-a by DC (17) and other APC, the subsequent ligation of 
MHC II on such an activated DC by CD4+ T cells during antigen presentation could lead 
to increased secretion of this cytokine. IFN-a has been shown to have a number of immu
nomodulatory effects, including increasing the frequency of IFN-y-producing CD4+ T 
cells (IS), stimulating IL-2 production in activated T cells (19), and suppressing Th2 cy
tokines and the development of Th2 clones (20,21). In a recent report by Tough et al.(22), 
IFN-a was also shown to induce the proliferation of bystander CTL in vivo. The ability of 
DC-CD4+ T cell interactions to augment these effects could significantly impact on the 
resulting immune response. 

In many instances we have noted a suppressive effect on surface marker expession 
and even cytokine production following co-ligation of CD40 and MHC I on DC. Although 
these data are preliminary, it is interesting to postulate a possible down-regulatory role for 
TCR-MHC I ligation following DC-CDS+ T cell interaction. Once effector cells have 
been primed, this might be a means of turning down, or regulating, stimulatory T cell sig
nals from DC. 

We are currently investigating the impact of activating DC by cross-linking on their 
ability to promote enhanced induction of antigen-specific T effector cells in vitro. Prelimi
nary studies show that DC activated by ligating CD40 or MHC II are superior at priming 
allogeneic-specific cytotoxic T cells. We also have evidence that DC activated by MHC II 
ligation are better stimulators of MHC class I-restricted, peptide-specific CTL (unpub
lished results). We hope to apply these concepts toward the development of more effective 
anti-viral and anti-tumor DC-based vaccines and therapies. 
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ABSTRACT 

FcyRIII (CDI6), a low affinity FcR which binds IgG-containing immune-com
plexes, exists under membrane-associated forms and under a soluble form (sFcyRIII). The 
latter, present in biological fluids (serum, saliva), is generated by proteolytic cleavage of 
the two membrane-associated FcyRIII isoforms, FcyRIII-A (expressed by macrophages 
and NK cells) and FcyRIII-B (expressed exclusively by neutrophils). Herein we demon
strate that dendritic cells (DCs), generated by culturing monocytes with GM-CSF and IL-
4, bind biotinylated recombinant sFcyRIII. This binding is specific and involves the 
complement receptor CR3 (CDllb/COI8) and CR4 (COllc/COI8). Indeed, preincuba
tion of DCs with anti-COIl b and anti-COIl c mAbs decreased by 52 % and 62 % respec
tively the binding with sFcyRIII. Moreover, electron microscopy showed that binding of 
gold-labeled sFcyRIII to DCs maintained at 4°C occured within clathrin-coated pits. Once 
internalized, at 37°C, sFcyRIII entered the endocytic pathway and reached the MHC class 
II compartments. Furthemore, DCs incubated for 48 h with multivalent sFcyRIII expressed 
increased levels of C040, CD80, CD86, CD54, CD58, HLA class I and class II molecules 
and decreased levels of CD23 and C032. These effects result in an increased capacity of 
OCs to trigger proliferative responses by CD4+ CD45RA+ allogeneic T cells. RT-PCR am-
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plification demonstrated that incubation of DCs for 20 h in the presence of multivalent 
sFcyRIII induced the appearance of GM-CSF and IL-12 p40 mRNA. Among the cytokines 
constitutively expressed, IL-I ~ and IL-8 were strongly up-regulated whereas IL-6 and IL-
12 p35 mRNA were increased to a lesser extent and the expression ofMIP-la mRNA re
mained constant. Finally, ELISA tests demonstrated that DCs incubated with multivalent 
sFcyRIII secreted the cytokines IL-I~, IL-6, IL-8, GM-CSF and IL-12 p75. Thus, while 
becoming internalized sFcyRIII could affect the capacity of DCs to present antigens and, 
via the induction of accessory molecules and the release of the IL-12 p75 protein, could 
initiate Th I type immune response. 

1. INTRODUCTION 

Over the last few years it has been shown that maturation of DCs can be induced in 
vitro by pro inflammatory stimuli or interactions with lymphocytes involving particular re
ceptor-ligand pairs. Thus DCs(\) can be triggered by pro inflammatory stimuli such as 
TNF-a, IL-l, and LPS to mature and to upregulate (i) the expression of adhesion factors 
and costimulatory molecules and (ii) their capacity to stimulate allogeneic T cells. like
wise binding of CD40 present at the DC surface with the CD40 ligand (CD40L) induces 
(i) an increase in the level of adhesion factors and costimulatory molecules, (ii) an en
hancement of their stimulatory capacity in autologous and allogeneic MLR and (iii) the 
production of massive amounts ofIL-12(2). 

Soluble FcyRIII (sCD 16) is the major species of soluble FcyR found in blood. It is 
produced by proteolytic cleavage of membrane-associated FerRIll found on the surface of 
NK cells, macrophages, activated monocytes and neutrophils. Recent experiments have 
shown that sCD 16 binds to the complement receptors CR3 (CD II b/CD 18) and CR4 
(CD II c/CD 18) and that this interaction induces the secretion of pro inflammatory cytoki
nes such as IL-6 and IL-8 by monocytes(3). The engagement of CR3 by specific mAbs also 
triggers activation signals and TNF-a production by monocytes(41• Since differentiated 
DCs obtained from monocytes cultured in the presence of GM-CSF and IL-4 express high 
levels of CR3 and CR4, we investigated in the present work whether such DCs bind 
sCDI6. We show that DCs not only bind sCDI6 but also that this binding induces (i) an 
increase in the level of adhesion factors and costimulatory molecules as well as of the 
MHC class I and class II molecules, (ii) an enhancement of the stimulatory capacity of 
DCs in allogeneic MLR and (iii) the production of various cytokines by DCs, among 
which IL-12. 

2. MATERIALS AND METHODS 

2.1. In Vitro Differentiation of Peripheral Blood Monocytes into Des 

Human blood monocytes were isolated by continuous flow centrifugation leukapher
esis and counterflow centrifugation elutriation as previously described(5). They were cul
tured in RPMI 1640-10 % FCS supplemented with 50 nglml GM-CSF (Shering-Plough, 
Levallois-Perret, France) and 200 Vlml IL-4 (PeproTech, Rocky Hill, NJ) for 7 days. Be
cause at day 7 a small percentage of the cells occasionally were CDI4+, cells were rou
tinely treated with magnetic beads coated with an anti-CDl4 mAb and the disappearance 
of the CDl4 reactivity checked by FACS analysis. 
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2.2. Activation ofDCs by sCD16, TNF-a, and CD40L 

On day 7, DCs were cultured, for 24 to 48 h, in the presence of either gold-conju
gated recombinant sCDl6 (sCDI6-Au) « 0.1 IU/ml endotoxins), polymeric recombinant 
sCDI6 « 0.6 IU/ml endotoxins), gold-conjugated BSA (BSA-Au) « 0.1 IU/ml endotox
ins) (British BioCell International, Cardiff, UK), gold-conjugated F(ab')2 fragments of the 
anti-CDllb or anti-CD I Ie mAb, 20 nglml recombinant human TNF-a (Genzyme, Boston, 
MA) or irradiated J558L cells transfected with CD40L (a generous gift of Dr. Peter Lane, 
Basel Institute for Immunology)(6) at a I : I ratio. Polymeric recombinant sCDI6 was puri
fied from supernatants of CHO cells cotransfected with pKC3 and C4bp. Recombinant 
sCD16 was obtained as described{3}. Gold-conjugation was performed as previously de
scribed(7). 

2.3. Immunofluorescence Analysis 

Cell staining was performed using mouse mAbs followed by FITC-conjugated, af
finity isolated, F(ab')2 fraction of a sheep anti-mouse IgG antibody (Silenius, Hawthorn 
Victoria, Australia). The following mAbs were used: BL6 (lgGI, anti-CD la, Immunotech, 
Marseille, France), MAB89 (lgGl, anti-CD40, Immunotech), MABI04 (lgGI, anti-CD80, 
Immunotech), B70/B7-2 (lgG2b, anti-CD86, Pharmingen, San Diego, CA), IV.3 (igG2b, 
anti-CD32, Medarex, Annandale, NJ), Bearl (IgG I, anti-CD II b, Immunotech), BU 15 
(lgG I, anti-CD 11 c, Immunotech), MHM6 (JgG I, anti-CD23, Dako, Copenhague, Dane
mark), 84HIO (IgGI, anti-CD54, Immunotech), AICD 58 (IgG2a, anti-CD58, Immu
notech), W6/32 (IgG2a, anti-HLA class I, Dako), L243 (IgG2a, anti-HLA-DR, Becton 
Dickinson, San Jose, CA), and appropriate isotype controls. In some experiments DCs 
were incubated successively (i) immediately with biotinylated sCD 16 (prepared as pre
viously described!») or after a preincubation with either anti-CD 11 b or anti-CD I I c mAb 
and (ii) with streptavidin-phycoerythrin. Samples were analysed on a FACScan (Becton 
Dickinson) using propidium iodide to exclude dead cells. 

2.4. Immunogold Labeling Procedure 

DCs were cooled to 4°C for 15 min, incubated at 4°C for 60 min in the presence of 
sCD 16-Au and fixed at 4°C for electron microscopy. Specificity of the binding was con
trolled by adding a 40-fold excess of unlabeled sCD 16 during the incubation period. In an
other experiment, DCs were warmed to 37°C for 5-10 min and fixed, at 37°C, for electron 
microscopy. Finally, DCs were directly incubated at 37°C for 15 min and seD 16-Au was 
added for 15, 30 or 45 min before fixation and pellets were embedded either in Epon or in 
Lowicryl(H). Lowicryl ultrathin sections were successively incubated with (i) a rabbit antis
erum directed against the DR a chain (a generous gift of Dr. Jacques Neefjes, The Nether
lands Cancer Institute) and (ii) 20-nm gold-conjugated goat anti-rabbit antibodies. Finally, 
ultrathin sections were examined under a Philips CM 120 BioTWIN electron microscope 
(120 kV). 

2.5. Cellular Cytokine mRNA Expression 

mRNA was extracted from DCs according to manufacturer's instructions (Bioprobe 
Systems, Montreuil-Sous-Bois, France). Total RNA was reverse transcribed using AMV 
reverse transcriptase, random primers and dNTPs in presence of RNAase inhibitor (all 
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from Boehringer Mannheim, Meylan, France). The cDNA were amplified using cytokine
specific primers, dNTPs and DNA Taq polymerase (Promega, Madison, WI). Thirty cy
cles were performed each consisting of 30 sec at 94°C and 55°C and I min at noc. The 
specificity of the products was tested by hybridization using internal oligonucleotide 
probes. 

2.6. Detection of Cytokines in Culture Supernatants by ELISA 

After 24 h of culture, DC supernatants were collected and assayed for IL-I13, IL-6, 
IL-8, GM-CSF, IL-15 and IL-12p75 by sandwich ELISA. Tests samples were added and 
incubated according to the manufacturer's instructions: R&D Systems (Minneapolis, MN) 
for IL-I13, IL-6, IL-8, and IL-12p75, Genzyme (Cambridge, MA) for IL-15, and Medgenix 
(Fleurus, Belgium) for GM-CSF. Sensitivity of the ELISA were 0.3 pg/ml for IL-I 13, 0.7 
pg/ml for IL-6, 3 pg/ml for IL-8, 3 pg/ml for GM-CSF, 10 pgiml for IL-15, and 5 pg/ml 
for IL-12p75. 

2.7. Mixed Lymphocyte Reaction 

DCs were cultured for 48 h in medium or with sCDI6-Au, 20 ng/ml recombinant 
human TNF-(l (Genzyme), or with irradiated J558L cells transfected with CD40L and 
used as stimulators in allogeneic MLR. Graded numbers of stimulator cells were cocul
tured with 1.5 x \05 CD4+ CD45RA+ responder T cells in round-bottom, 96-well micro
plates. Thymidine incorporation was measured on day 5 by an 18-h pulse with 
CH)thymidine .. 

3. RESULTS 

3.1. Soluble CD16 Binds Specifically to CR3 and CR4 Present on the 
DC Surface 

Binding of sCDl6 to DCs was demonstrated by F ACS analysis using biotinylated 
sCD 16 followed by streptavidin. Preincubation of DCs with 10 Ilg/ml of the anti-CD II b 
mAb Bear-I (IgG 1) or with the anti-CD II c mAb BUl5 (lgG I) reduced by 52 and 62 % 
respectively the intensity of the sCDI6 labeling. No modification of the intensity of the 
sCD 16 labelling was observed when DCs were preincubated with an identical concentra
tion of a control mouse IgG I. Finally, in order to investigate the specificity of the binding, 
competition experiments were performed and examined under the electron microscope. 
Adding a 40-fold excess of unlabeled sCDI6 - during the incubation period, at 4°C, with 
sCD 16-Au - dramatically reduced the intensity of the DC surface labeling by gold parti
cles. 

3.2. Receptor-Mediated Endocytosis Allows Soluble CD16-Au to Reach 
the MHC Class II Compartments Through the Endocytic Pathway 

In a first approach, meant to define the fate of sCD 16 that binds to CR3 and CR4 at 
the DC surface, DCs were incubated for 60 mins at 4°C in the presence ofsCDI6-Au. Un
der the electron microscope numerous gold particles were already located in coated pits. 
These data rule out the possibility that internalization of sCDl6-Au was caused by CD 16-
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Au-induced CR3/CR4 crosslinking and imply that a spontaneous and continuous internali
zation of CR3 and CR4 in DCs occurs. This conclusion was further confirmed by incubat
ing DCs in the presence of gold-conjugated F(ab')2 fragments of the anti-CD II b or 
anti-CD II c mAb which showed, likewise, gold particles located in coated pits. Moreover, 
when DCs were incubated for 60 mins at 4°C and then for 5-10 mins at 37°C, gold parti
cles were also found in coated vesicles and in tubulo-vesicular endosomal structures. After 
IS to 45 min of internalization at 3rC, the intracellular compartments-where MHC 
class II molecules accumulate-were also labelled with internalized sCD 16-Au, as ob
served under the electron microscope in Epon as well as Lowicryl thin sections. Indeed, in 
Epon thin sections sCD 16-Au were located in vesicles characterized by concentric arrays 
of internal membranes or showing membrane infoldings whereas, on Lowicryl thin sec
tions, sCD 16-Au clearly colocalized in compartments which could be heavily labeIled by 
a polyclonal anti-DRa chain antibody. 

3.3. Binding of Soluble CD16 Onto DCs Results in Upregulation of 
Adhesion Factors, Costimulatory and HLA-A, B, C and -DR 
Molecules and in Downregulation of the Low Affinity FcR CD23 
and CD32 

As internalization of sCD 16 in DCs is likely to facilitate the uptake of immune com
plexes by DCs we wondered whether binding/internalization of multivalent sCD 16, i.e., 
sCD 16-Au, would induce modulation of accessory molecules on the DC surface, i.e. , 
"phenotypic" maturation of the DCs. Therefore, "immature" DCs were incubated for 48 h 
- in the presence of GM-CSF and IL-4 - with either TNF-a (known to induce the matura
tion of monocyte-derived DCs (I» or sCD 16-Au or remained "untreated". DCs were 
stained with a panel ofmAbs revealed by the FITC-conjugated F(ab')2 fraction ofa sheep 
anti-mouse IgG antibody. As shown in Fig. I, DCs incubated in the presence ofsCDl6-
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Figure 1. Binding ofsCDl6-Au to DCs induces upregulation of accessory and MHC molecules. Dotted lines: iso
type controls; tine lines: unstimulated DCs; bold lines: DCs stimulated for 48 h with sCDI6-Au. 
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Table I. Relative level of DC cytokine mRNAs in the presence of sCDl6-Au with 
respect to BSA-Au. RT-PCR amplification products were scanned and 

the band intensities quantified. Results were normalized by comparison 
with the intensity of a J3-actin band amplified from the same cDNAs 

Cytokine 
mRNA 

pactinc 
D..-l~ 
IL-6 
D..-8 
MIP-la 
D..-12p3S 
D..-12p4() 
GM-CSF 

Fold increase 
sCD161BSA 

0,92 
9,9 
4,7 

10,1 
1,1 
3,6 
9,8 
8,9 

Au upregulated the expression of CD54, CD5S, CD40, CD SO and particularly of CDS6. 
MHC class I and MHC class II were also upregulated, while the expression of the two low 
affinity FcR for Ig present on the DC surface, i.e., CD23 and CD32, was downregulated. 
TNF-a had similar effects, although less pronounced, on the expression of CDSO, CDS6, 
MHC class I and MHC class II. 

3.4. Binding of sCD16 to DCs Induces Cytokine Production 

Since sCD l6-Au was able to induce, at least according to "phenotypic" criteria, 
maturation of DCs, we then asked whether such "maturation" of DCs was concomitant 
with the production of cytokines. Therefore, DCs were incubated for 24 h in medium or in 
the presence of either sCD16-Au, polymeric recombinant sCD16 or, for control purposes, 
with BSA-Au. In a first step DC mRNAs were subjected to RT-PCR analysis. As shown 
in Table I, incubating DCs for 24 h in the presence of sCD 16-Au induced the appearance 
of GM-CSF and IL-12 p40 mRNA. Among the cytokines constitutively expressed, IL-l J3 
and IL-S were strongly up-regulated whereas IL-6 and IL-12 p35 mRNA were increased 
to a lesser extent and the expression ofMIP-la mRNA remained constant. Cytokine pro
duction was then measured in 24 h DC supernatants using specific ELISA assays. As 
shown in Table II, DCs secreted the cytokines IL-IJ3, IL-6, IL-S, GM-CSF and IL-12 p75 
whereas IL-15 was not detected. 

3.5. Stimulatory Capacity of Soluble CD16-Treated DCs in Allogeneic 
MLR 

Since DCs treated with sCD16 undergo phenotypic alterations characteristic of ma
ture DCs we investigated whether DCs also acquire the ability to stimulate CD4+ 
CD45RA+ allogeneic T cells. We found that, whatever the cell ratio, DCs incubated with 
sCDI6-Au were better stimulators of CD4+ CD45RA+ T lymphocytes than TNF-a treated 
DCs which in tum were superior to untreated cells. Preliminary experiments show that 
DCs incubated with sCD16-Au were as good stimulators ofCD4+ CD45RA+ allogeneic T 
cells as CD40L-treated DCs (data not shown). 
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Table II. Induction of cytokine secretion in DCs stimulated either by 
sCDl6-Au or BSA-Au 

Stimulation IL.l~ 1L·6 IL·8 GM·CSF IL.Up75 
(pJ/ml) <PI/ml) (nWml) <PI/ml) <PI/ml) 

0 <0.3 24.3±7.0 4.7±2.6 3.0±1.2 <5 
BSA-Au <0.3 23S±63 lS.OtlO.4 3.0±1.2 <5 

sCDl6-Au 51Otl0 1551±2S SO.3±11.4 394.4±59.9 1025±25 

4. DISCUSSION 
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In the present study we demonstrate that DCs not only bind sCDl6 but also that this 
binding induces maturation of DCs and production of several cytokines including IL-12. 
Maturation of DCs can be induced in vitro by proinflammatory stimuli such as TNF -n, IL
l, and LPS(I) or by ligation ofCD40(\' 9.10). This ligation also induces IL-12p75 production 
by monocytes treated for 48 hours in GM-CSF and IFN-y(\l) and by human and murine 
DCs(2.IO). While monocytes produce only low levels of IL-12p75 (50-100 pg/ml)(II) 
CD40L-stimulated DCs release high levels ofbioactive IL-12 (up to 15 ng/ml for human 
monocyte-derived DCs(2) and between 263-4726 pg/ml for murine spleen DCS(IO). Sur
prisingly, the stimuli which share with CD40L the capacity to trigger DC maturation, i.e., 
LPS and TNF-n, are less efficient or ineffective in driving IL-12p75 production by DCs. 
On the other hand, pathogens that have been reported to induce IL-12 production by mur
ine macrophages--such as Staphylococcus aureus. Pseudomonas aeruginosa. Candida a/
hicans. and Leishmania major--appear less effective or ineffective at all on DCs(2). This 
selectivity of DCs in their capacity to produce IL-12, under the influence of different stim
uli, appears to be dependent on the ligation of some of the DC surface molecules: 
CD40(2.1l1), MHC class II molecules(JO) and, as demonstrated in the present work, CR3 and 
CR4. Indeed, incubating DCs with gold-conjugated F(ab')2 fragments of an anti-CD II b 
or anti-CD Ilc mAb instead of CDI6-Au induces the same level of secretion of lL-12p75 
(data not shown). 

Presentation of exogenous soluble antigen to Th cells is a complex process that re
quires uptake of proteins by APC, their digestion into immunogenic peptides, their intra
cellular association with MHC class II molecules, and the transport of the resultant 
immunogenic complexes to the plasma membrane for recognition by Th cells. Targeting 
of antigen to specific cell surface receptors enhances the efficiency of presentation by 100 
to more than 1000 fold compared with that obtained with soluble antigen. Since 
sCDI6/FcyRIII binds IgG-containing immune complexes and targets the DC surface re
ceptors CR3 and CR4, it is likely that its internalization into DCs enhances the efficiency 
of presentation of an antigen complexed to IgG. This is what is expected given that 
sCDI6-Au reaches, via receptor-mediated endocytosis and the endocytic pathway, the 
MHC class II compartments. These events could take place in nonlymphoid organs where 
memory T cells recirculate. Activation of these cells would be further stimulated since 
binding of sCDI6 to DCs induces DC maturation - leading in particular to an increase in 
B7 molecules (CD80 et CD86) - and secretion of cytokines, among which IL-12. The lat
ter cytokine is expected to favor the generation and maturation of Th type I cells all the 
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more so since the interaction of B7 from DCs with CD28 molecules on T cells synergizes 
with IL-12, in inducing proliferation and cytokine production ofT cells('2). Moreover, the 
interaction of CD40, highly expressed on the surface of mature DCs, with the CD40L of 
activated T cells and the interaction of the TCR with the MHC class II molecules from 
DCs should also amplify IL-12 secretion(2. 10) until negative feedback mechanisms medi
ated by IL-IO and possibly by IL-4 interrupt the IL-12 production. However, other cytoki
nes secreted by DCs under the influence of sCD 16 can also affect T cells. Thus IL-l~, in 
association with IL-6, can costimulate T cell activation(lJ" while IL-8 will chemoattract 
neutrophils, basophils and a subpopulation of lymphocytes, and GM-CSF will promote 
survival and influence the distribution and functional activity of DCs('4). As we have also 
recently found that DCs are themselves able to secrete IL-l 0 under the influence of certain 
stimuli, it is apparent that according to the type of ligation occurring on the surface of 
DCs, these cells can contribute to the development of either a strong cell mediated immu
nity or a hapten-specific tolerance('5). 

5. ACKNOWLEDGMENT 

This work was supported by INSERM, the Agence Fran9aise du Sang, Roussel
Vclaf, Institut Curie and the Etablissement de Transfusion Sanguine de Strasbourg. 

6. REFERENCES 

I. Sallusto F., Lanzavecchia A. J. Exp. Med., 1994, 179: 1109-1118. 
2. Cella M., Scheidegger D., Palmer-Lehman K., Lane P .• Lanzavecchia A., Albert G. J. Exp. Med., 1996, 

184: 747-752. 
3. Galon J., Gauchat J.-F., Mazieres N., Spagnoli R., Storkus w., Lotze M., Bonnefoy J.- Y., Fridman W.-H., 

Sautesc. J.lmmunol., 1996, 157: 1184-1192. 
4. Fan S .. Edgington. T. J. Immunol .. 1993, 150: 2972-2980. 
5. Faradji A., Bohbol A., Schmitt-Goguel M., SifTert J.e., Dumont S .• Wiesel M.L., Piemont y', Eischen A .• 

Bergerat J.P., Bartholeyns J., Poindron P., Wilz J.P., Oberling F. J. Immunol. Methods. 1994, 174: 297-309. 
6. Lane P., Burdet C., Mc Connell F., Lanzavecchia A .• Padovan E. Eur. J. Immunol., 1995,25: 1788-1793. 
7. Hanau D., Fabre M .. Schmitt D.A., Garaud J.-c., Pauly G., Tongio M.-M., Mayer S., Cazenave J.-P. Proc. 

Natl. Acad. Sci., 1987,84,2901-2905. 
8. Gachet C., Hanau D., Spehner D., Brisson e., Garaud J.-e., Schmitt D.A., Ohlmann P., Cazenave J.-P. J. 

Cell BioI., 1992, 120: 1021-1030. 
9. Caux c., Massacrier c.. Vanbervliet 8., Dubois B., Van Kooten C., Durand I.. Banchereau J. J. Exp. Med., 

1994, 180: 1263-1272. 
10. Koch F., Stanzl U., Jennewein P., Janke K., Heufler C .• Kampgen E., Romani N., Schuler G. J. Exp. Med., 

1996,184: 741-746. 
11. Shu U., Kiniwa M., You Wu C., Maliszewski C., Vezzio N., Hakimi J., Gately M., Delespesse G. Eur. J. 

Immunol., 1995,25: 1125-1128. 
12. Kubin M., Kamoun M., Trinchieri G. J. Exp. Med., 1994, 180: 211-222. 
13. Cumberbatch M., Dearman RJ., Kimber I. Immunology, 1996, 87: 513-518. 
14. Markowicz S., Engleman E.G. J. Clin. Invest., 1990,85: 955-961. 
15. Enk A.H., Saloga J., Becker D., Mohamadzadeh M., Knop J. J. Exp. Med .. 1994, 179: 1397-1402. 



INDUCTION OF FCeRIa mRNA AND PROTEIN 
SYNTHESIS BY INTERLEUKIN 4 IN CD34+ 
CELLS-DERIVED CDla + DENDRITIC CELLS 

Roland Magerstaedt, '.2 Stefan Kraft,' Isolde Strobel,' Maren Jurgens,' 
Daniel Hanau/ Joerg Wessendorf,' and Thomas Bieber' 

'Department of Dermatology 
2Genzentrum of Ludwig-Maximilians-University of Munich 
Munich, Germany 

JLaboratoire d'Histocompatibilite 
Etablissement Regional deTransfusion 
Sanguine, Strasbourg, France 

INTRODUCTION 

57 

IgE-bearing human epidermal Langerhans cells (LC) are suspected of playing a key 
role in the pathogenesis of atopic dermatitis (AD). We and others have shown that these 
cells bind IgE via the high affinity receptor Fc epsilon RI (Fc&RI) (I, 2). Recent findings 
have shown that the expression of this receptor on LC and related dendritic cells in the 
skin is highly upregulated in lesions skin of AD when compared with nonatopic individu
als and this is correlated to a high IgE serum levels (3). Functionally, LC from normal skin 
differ from those of atopic skin in terms of calcium mobilization upon receptor ligation 
(4). Beside qualitative alterations in the activation cascade, unresponsiveness also may be 
related to inefficient triggering in normal LC displaying low amounts of receptors. Thus, 
the variations in receptor expression may be crucial for the outcome of the signal 
transduction initiated by FC&RI-cross-linking on LC, implying the need of a better under
standing of the mechani'sms regulating the receptor display on LC. However, detailed 
functional, biochemical and molecular biological analysis of Fc&RI + LC is hampered by 
the limited number of LC routinely obtained from skin biopsies or surgical samples. Re
cently several cytokines, especially granulocyte/macrophage colony-stimulating factor 
(GM-CSF) and tumor necrosis factor alpha (TNF-a), have been identified that speed the 
development of dendritic cells from blood and bone marrow precursors in suspension cul
tures (5, 6, 7,8,9). We took advantage of this progress to establish a model for the study 
of the regulation of Fc&RI on LC and other dendritic cells. 
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MATERIAL AND METHODS 

After gradient density centrifugation, CD34+ cells were isolated from cord blood as 
described by Caux et al. by the means of anti-CD34 microbe ads and the MACS system 
(Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were then seeded at a density of 
8 x 104 - I X 105 cells/ml in Iscove's modified Dulbecco's medium (IMDM) containing 
10% heat-inactivated FCS, 100 U/ml penicillin and 100 ng/ml streptomycin in 24 well tis
sue culture plates. Cultures were maintained by replacing one half of the culture medium 
with fresh cytokine-supplemented medium every 4 days for a maximum 8 weeks. Human 
recombinant cytokines were used at the following final concentrations: GM-CSF 
(300U/ml), TNF-a (50U/ml), IL-4, (250-300U/ml) to support the proliferation ofDCs cy
tokines in suspension culture. 

At different time points of the culture (24h, 48h, 72h, 96h, 124h, 144h, 250h), the 
cells were harvested and the surface and intracellular expression of several molecules was 
analysed by flow cytometry as described in detail (10). 

For analysis of mRNA transcripts of FCERI subunits, highly purified in vitro gener
ated LC/DC were obtained by positive selection using anti-COla antibody (lOT6a) bound 
to sheep-ant i-mouse coated 280nm magnetic beads according to the manufacturer's proto
cols (DynaI, Oslo, Norway). Highly purified in vitro generated LC/DC were not contami
nated by basophils as shown by the failure to detect PCR-products using specific primers 
for tryptase in the same samples. Total RNA was extracted and cDNA was obtained by 
RT as described (I). Specific primer sequences for each gene were as described (I). 

Analysis of calcium mobilization was performed as described in detail (4). 

RESULTS AND DISCUSSION 

Characterisation by extensive phenotyping of the cells at day 9-12, revealed that den
dritic cells were CDla, COlc, HLA-DR, HLA-DQ, CD4, CDlla, CDllb, CDllc, CDl3, 
CD33, CD83 (II), CD32, CD36, CD23, CD45RA, CD45RO, B7.I, B-7.2, CD40 and CD54. 
They also expressed the intracellular marker p55 (12) and Birbeck granules (25%). 

Spontaneous surface expression of FCERIa was found in a limited number of cases 
(9/60) of cultures performed with GM-CSF and TNF-a. 

Since IL-4 is known as a key cytokine in the biology of IgE, we asked whether its 
addition to the culture may induce/enhance the expression of FCERIa. However, under 
these conditions, no effect was observed when analysing the cell surface of CDla+ cells. 
In contrast, we could show that IL-4 was able to induce the presence of intracellular 
FCERIa moieties in CDla+ cells. This induction was confirmed by RT-PCR experiments 
where transcripts for FCERIa could be detected in those cultures exposed to IL-4. Low but 
significant amounts of FCERIy were reproducibly found in all conditions. 

Finally, we asked whether ligation of spontaneous expressed FCERI may lead to acti
vation ofCDla+ as determined by calcium mobilization. As already shown for normal epi
dermal LC, cross-linking of FCERI on in vitro generated CDla+ DC did not provoke 
measurable calcium influx. 

Taken together, our results suggest that IL-4 plays a crucial role in the regulation of 
the FCERI expression on dendritic cells by inducing at least the transcription, protein syn
thesis and intracellular localization of FCERIa. However, in contrast to bone marrow de
rived mast cells (13), other yet-to-be-defined factors are required for the surface 
expression and the function of the receptor on these cells. 
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1. INTRODUCTION 

Helper T cells in mice have been divided into two functionally distinct subsets based 
upon the pattern of cytokines secreted,l,2 with Th type I (Th I) cells producing IL-2 and IFN-y 
upon activation and predominantly mediating cell-mediated immunity (CMI), and Th type 2 
(Th2) cells producing IL-4, IL-5, IL-6, and IL-I 0 upon activation and primarily mediating hu
moral immunity by providing T cell help via cytokines for Ig isotype and subclass re
sponses. l-4 For T cell activation, dendritic cells (DC) are the most potent inducers of primary 
in vivo T cell responses and are the principle in vitro stimulators of naive T cell activation in 
both mice and humans.s.b Previous studies showed that DC from different lymphoid tissues 
could possess similar7 or different8 functions. These studies supported the notion that PP DC 
induce preferential IgA production (predominantly found at mucosal sites) and SP DC support 
IgM production by controlling the cytokines produced by T cells in mucosal and systemic tis
sues, respectively. Recent studies suggest that cytokines present during primary activation of 
naive T cells playa role in determining the pattern of cytokines produced during subsequent 
antigenic challenge.9 Perhaps more important to these stimulatory events are the APC or ac
cessory cells (AC) resident in the local tissues that can stimulate initial cytokine secretion in 
this inductive milieu. In this regard, the present studies have addressed tissue specificity of 
the AC component of T cell activation using a single type of AC, namely, DC isolated from 
two different anatomical sites. We asked whether SP DC and PP DC, isolated under identical 
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conditions, induce production of similar levels ofT cell-derived cytokines that are involved in 
regulation of immune responses. 

2. MATERIALS AND METHODS 

2.1. Mice 

Male C3HIHeN mice (8-20 wks of age) were obtained from the Frederick Cancer 
Research Center (Frederick, MD) and used for preparation of SP and PP DC. 

2.2. Antibodies and FACS (Fluorescence-Activated Cell Sorter) Sorting 

The following were used as primary antibodies for flow cytometric analysis and 
sorting: N4 t S, biotinylated or unlabelled hamster anti-mouse CD II c, DC restricted in 
mice,1O HB 224, (American Type Culture Collection [ATCC], Rockville, MD); 3301, 
anti-mouse dendritic cell, II TIB 227, (ATCC); F4/S0, biotinylated anti-mouse macro
phage,12 HB 19S, (ATCC); and 11-5.2.1.9, fluoresceinated anti-mouse lak, TIB 94, 
(A TCC). Secondary antibodies were: biotinylated or fluoresceinated rabbit anti-hamster 
IgG (Accurate Chemical, Westbury, NY) to detect N41S binding and RG717.6 (fluorescei
nated mouse anti-rat kappa light chain, TIB 172, ATCC) or fluoresceinated mouse anti-rat 
IgG (Boehringer-Mannheim, Indianapolis, IN) to detect 33DI binding. A tertiary reagent 
used with biotinylated antibodies was PE-avidin (UAB Immunochemical Facility, Bir
mingham, AL). Other antibodies included 2.4G2, anti-mouse Fc receptor, I) HB 197, 
(ATCC) used to block non-specific binding; and those antibodies used in ELISA protocols 
as described below. For FACS analysis and sorting, cells were washed and stained in heat
inactivated FCS (5% v/v; Intergen, Purchase, NY) in PBS. Cells were pre-treated with 
2.4G2 (anti-mouse Fc receptor) for 30 min on ice to block non-specific binding through 
Fc receptors. Cells were stained with primary and secondary antibodies (and PE-avidin as 
required) for 30 min on ice with one wash between stains. Normal mouse serum (l % v/v) 
was mixed with biotinylated rabbit anti-hamster IgG (0.5% v/v) for 30 min at room tem
perature prior to its use to aid in blocking non-specific binding. Cells were sorted by fluo
rescence on a F ACStar Plus cell sorter (Becton Dickinson, San Jose, CAl. 

2.3. Cells 

For DC purification, SP and PP tissues were digested with Dispase® and were applied to 
dense BSA gradients as previously described. Buoyant cells were maintained overnight at 
1 x 107 cells/ml complete medium at 4°C as previously describedl4 prior to FACS sorting as 
indicated above using N41S mAb. Macrophage (F4/S0) or B cell (B220) contamination was 
<10%. Confirmatory staining with 3301 correlated well with N41S staining (not shown). 
Greater than 96% of SP and PP DC stained positively for cell surface la molecules. Pigeon cy
tochrome c-specific ThO T cell clones (L9A.l and 16B.2) previously shown to be capable of 
producing Th I and Th2 cytokines were kindly provided by Dr. Dan Mueller (Univ. ofMinne
sota, Minneapolis, MN) and maintained in culture as previously described. IS 

2.4. Supernatant Generation and Cytokine Determinations 

Complete medium (RPMI 1640 supplemented with 50 J.1g/ml gentamicin, 2 mM L
glutamine, 5% heat-inactivated FCS, 50 J.1M 2-ME, 100 V/ml penicillin, and 100 J.1g1ml 
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streptomycin) was used to generate culture supernatants from T cell clones. Cells were 
cultured in 24-well, flat-bottomed tissue culture wells at 2.~32.0 x 104 Ag-specific T 
cells/ml with graded numbers (8.~50.0 x !03/ml) of SP or PP DC. Culture supernatants 
were harvested at various timepoints and filter-sterilized (Millex-GV, Millipore, Bedford, 
MA) prior to determination of cytokine levels. IFN-y levels were determined in triplicate 
using WEHI-279 cells '6 (provided by K. Bottomly, Yale University, New Haven, CT) by 
comparison of supernatant dilutions with recombinant cytokine dose-response curves as 
previously described. '7 IL-4 determinations by enzyme-linked immunosorbent assays used 
procedures similar to those previously described 'x and purified rat anti-mouse IL-4 mAbs 
(II B II and BVD6-24G2; Pharmingen, San Diego, CA). Statistical comparisons were per
formed using two-tailed Student's t tests and reported as mean ± SO. 

3. RESULTS 

3.1. Antigen-Specific Stimulation of T Cell Cytokine Production 

Production of T cell cytokine patterns was determined using the pigeon cytochrome 
c-specific ThO T cell clones L9A.I and 16B.2. Graded numbers of purified, N418+ SP and 
PP DC were cocultured with either 16B.2 (Fig. I) or L9A.1 (Fig. 2) ThO clones in the 
presence of antigen (50 ~g/ml pigeon cytochrome c). As with polyclonal activation of T 
cells shown in a previous study,'9 purified SP DC induced higher levels of IFN-y than pu
rified PP DC in Ag-stimulated T cell activation cultures (Fig. I). Patterns of IFN-y similar 
to these were induced by SP and PP DC using the A.E7 Th I clone,20 thus confirming these 
findings (data not shown). In contrast, PP DC stimulated pigeon cytochrome c-specific 
ThO clone L9A.1 cells to produce elevated levels of lL-4 relative to the levels stimulated 
by SP DC (Fig. 2). Although these data do not address the possibility of variable antigen 
processing and presentation by DC from different tissues, the fact that they parallel the 
data generated previously using mitogens suggests that the different patterns of cytokines 
produced by DC-activated T cells is a function of the DC tissue of origin and not due to 
differential antigen handling. 
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Figure I. For IFN-y production (Fig. I), graded numbers of N418+ FACS-sorted SP DC or PI' DC were cultured 
for 16 hours with 3.2 x 10" 16B.2 T cells. Supernatants tested for IFN-y that fell below the limits of detection (4 
U/ml) were graphed as 2 U/ml; supernatants not depicted here that had <4 U/ml IFN-y included 3.2 x 10" 16B.2 T 
cells alone as well as 3.2 x 10', 1.6 x 10', and 8.0 x 10J SP DC alone and 1.6 x 10' PP DC alone (other PP DC 
numbers not included due to limited cell yield). 
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Figure 2. For IL-4 production (Fig. 2), N418+ SP or PP DC (5 x I O'/well) were cultured for 60 hours with 2 x 10' 
L9A.1 T cells/well and 50 Ilg/ml pigeon cytochrome c. 

4. DISCUSSION 

Previous studies provide evidence for diversity of functional capabilities of a given 
type of APC. An example of macrophage diversity as a function of buoyant density is re
flected by the production of different quantities of tumor necrosis factor-a in pulmonary 
fibrosis by different density-defined alveolar macrophage subpopulations.21 Examples of 
DC diversity as a function of tissue origin are presented here and in the work of Spalding 
and colleagues.s For example, Spalding demonstrated that SP and PP DC induced differ
ent profiles of Ig regardless of the T cell and B cell tissue origin. Experiments described 
previously (manuscript submitted) indicate that periodate-modified whole SP cells prolif
erate and produce IL-2 from 3- to 20-fold more readily than identically treated whole PP 
cells, respectively. Although provocative, these experiments did not use DC enriched by 
identical techniques, thus possibly introducing bias into the measures of their functions. 
To further investigate this tissue-specific diversity, it was therefore necessary to use a uni
fied procedure, such as FACS sorting, for enriching DC from SP and PP. 

The possibility that different APC may induce divergent cytokine production pro
files has been suggested by others and has only recently been demonstrated for different 
cell populations, e.g., B cells versus macrophages.22 The studies presented here comple
ment these past observations and suggest that the same cell type, i.e., DC, from distinct 
tissues (SP versus PP) can induce divergent T cell-derived cytokine production profiles. 

Other workers determined that SP DC could be isolated by flow cytometry using the 
hamster anti-mouse DC mAb raised against the CDllc molecule (DC restricted in mice) 
(N418, American Type Culture Collection, Rockville, MD).IO We then tested PP DC for 
N418 staining and determined that both SP and PP DC could be isolated using this Ab and 
a FACS. DC staining with N418 correlated well with the DC-specific 33Dl mAb for both 
SP and PP DC. Ia\ N418' cells were also found, however, these cells lacked stimulatory 
capacity for proliferation and IL-2 induction in oxidative mitogenesis reactions and were 
not tested further. To confirm that the AC that were to be used in these experiments were 
indeed DC and not some uncharacterized, contaminant population, we performed multiple 
control experiments (these experiments used 2.4G2-pre-treated spleen cells---see below 
for explanation for this pre-treatment). It was demonstrated that: 1) >95% of the N418+ 
cells were la\ and 2) >97% of the stimulatory activity in oxidative mitogenesis reactions 
was found in the fraction of buoyant SP cells that stained strongly for N418 and la, thus 
strongly supporting the F ACS data that DC (the cell population responsible for stimula-
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tion in oxidative mitogenesis reactions23 ) stain with N418, 33Dl, and anti-Ia. Moreover, 
the non-DC population did not augment DC-induced IL-2 production when mixed with 
half-maximal numbers of DC. This experiment controlled for any putative unknown con
taminant cell type being responsible for augmenting DC function. These results firmly 
support and confirm the view that the induction of cytokines in our cultures is mediated by 
DC and not some contaminant population. 

The exact mechanism by which DC from different tissues induce different cytokine 
secretion profiles is unclear. Nonetheless, several possibilities can be considered. Firstly, 
the possibility that DC from different tissues may themselves produce different cytokines 
must be considered. It has been shown that SP DC stained positively for the p40 subunit 
of IL-12 intracellularly24 and would thus favor induction of Th I cells. The cytokines pro
duced by PP DC have not been defined. Secondly, T cell activation not only requires liga
tion of the TCR:CD3 complex by MHC plus peptide, but also binding of accessory 
molecules on the T cell surface (e.g., LFA-l, ICAM-I, CD2, CD28) with the appropriate 
counter receptors on the surface of the APC. Expression of different combinations of these 
counter receptor molecules on DC from different tissues could result in different signals 
being delivered to T cells which could affect the profile of elaborated cytokines. Finally, 
the local microenvironment from which the DC are isolated must be considered. Lym
phoid cells in gut-associated lymphoid tissues are continually in contact with bacterial 
products such as endotoxin, food-derived antigens, and breakdown products of epithelial 
cell turnover. As a result of exposure to the constituents of this microenvironment. gut DC 
may have an activated phenotype; such conditions are unlikely to be found in the spleen. 
Also. it has been suggested that exposure to these environmental products may influence 
induction of cytokine secretion or modification of counter receptor expression. Taken to
gether. these findings support the current concept that different tissues, each with their 
distinct microenvironment of cytokines, hormones, and cellular elements, are involved in 
the selection, promotion, and/or maintenance of different immune responses. With regard 
to DC induction of T cell-derived cytokines, it is apparent that the tissue of DC origin de
termines the cytokine profiles produced and that DC from different tissues favor either 
cellular versus humoral immune responses by influencing T-cell cytokine production. 
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ABSTRACT 

59 

In order to investigate the impact of an inflamatory mediator PGE2 on the functions of 
maturing DC we used an in vitro model of DC generation from peripheral blood monocytes. 
Addition ofPGE2 (lo-"M-I<r'M) to the cultures performed in the presence ofGM-CSF and 
IL-4 did not alter the morphology nor high levels of expression of class II MHC and co-stimu
latory molecules on arising DC, although at concentrations above 1O-li M, the acquisition of 
CD I a was selectively prevented. Control DC and the DC maturing in the presence of PGE2 

(PGE2-DC) induced a similar proliferation of naive Th cells. Control DC produced high 
amounts of IL-12, and only trace amounts of IL-I 0, whereas PGE2-DC produced no IL-12 
and high levels of IL-I 0, when stimulated after the removal of PGEr The deficient IL-12 pro
duction by PGE2-DC was observed after stimulation both in the absence and in the presence 
of IFNy, and was not compensated during further 48 h culture in the absence of PGE2• Com
pared to control DC, PGE2-DC induced development ofTh cells secreting elevated amounts 
of IL-4 and IL-5, from naive precursors. These data indicate that elevated tissue levels of 
PGE2 may promote type 2 Th responses by impairing the ability of locally maturing DC to 
produce IL-12. Since Th2 responses mediate protection in Thl-related autoimmune disorders, 
the use ofPGE2-DC in immunotherapy of such disorders may be considered. 

INTRODUCTION 

The release of inflammatory cytokines at the site of pathogen entry increases the 
turnover of local DC and, by increasing their immunostimulatory potential, contributes to 
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Table I. Comparison ofthe surface phenotype and the functions of DC 
obtained from peripheral blood monocytes in the absence (control DC) 

and the presence (PGE2-DC) of PGE2 

Control DC PGE2-DC 

HLA-A,B,C, +++ +++ 
HLA-DR +++ +++ 
HLA-DP +++ +++ 
HLA-DQ +++ +++ 
CD80 ++ +/++ 
CD86 ++ ++ 
CD40 +++ ++/+++ 
CDla +++ +++/- • 
CDl4 -/+++ * 

Stimulation of naive Th cells +++ +++ 

IL-12 production +++ 
IL-IO production -/+ +++ 

Cytokine profile induced in naive 
Th cells ThlIThO Th2IThO 

-: negative, +: low, ++: high, +++: very high. 
·Concentrations of PGE2 above 10" M selectively prevented the disapearance of 
CDl4 and the acquisition ofCDla. 

P. Kalbiski et al. 

the initiation of antigen-specific immune responses. GM-CSF, a factor involved in the re
cruitment of DC precursors to the tissues (l), promotes the generation of CD 1 + DC from 
human bone marrow or peripheral blood precursors in vitro, when combined with TNFa 
or IL-4 (rev: 2). This in vitro model facilitates studies on the impact of additional mi
croenvironmental factors on the functional maturation of human DC. 

Elevated production of an inflamatory mediator prostaglandin E2 (PGE2) is observed 
in several Th2-related diseases (3-5). At concentrations above 10-7 M, PGE2 favors the in 
vitro production of type 2 cytokines in Th cells directly, via the selective downregulation 
of type I cytokines (6). The presence of much lower concentrations of PGE2 during stimu
lation downregulates the production of the major Thl-promoting factor IL-12 in whole 
blood cultures (7), which raises the possibility that PGE2 may also promote Th2-type re
sponses indirectly. 

This study addresses the question whether the pre-exposure of DC to PGE2 in the 
tissues may bear functional consequences for the subsequent priming of naive Th cells in 
lymph nodes. To this aim, we tested if the exposure of DC to PGE2 during their in vitro 
development from peripheral blood precursors, modifies their subsequent ability to induce 
a particular cytokine profile in developing naive Th ceIls. The data obtained are summa
rized in Table I. 

RESULTS AND DISCUSSION 

APC maturing in the absence and in the presence of PGE2 develop DC phenotype 
and potent stimulatory activity for naive Th ceIls. 

Adherent monocytes cultured for 6 days in GM-CSF and IL-4 (8), in the absence or 
in the presence of PGE2 (l0-9-10-{, M) developed into nonadherent ceIls of dendritic mor-
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phology. DC obtained in the absence (control DC) and in the presence of PGE2 (PGE2-

DC) both showed high expression of MHC class I, HLA-DR, -DP, -DQ, and the costimu
latory molecules CD80, CD86 and CD40, although the expression of CD80 and CD40 on 
PGE2-DC was often slightly lower. At concentrations above 10-8 M, PGE2 prevented the 
disappearance of CD 14 and the acquisition of CD I a, without any major influence on the 
expression of other markers. After removal of all the factors which had been present dur
ing the initial 6 days of DC cultures, both PGE2-DC and control DC obtained from the 
same donors showed comparable capacity to induce the proliferation of allogeneic 
CD4+CD45RA high naive Th cells as well the responses of autologous naive Th cells to su
perantigen, while monocytes from the same donors were clearly less effective. 

PGEZ-DC Have a Stably Impaired Ability to Produce IL-12 

Control DC produced substantial levels ofIL-12 p70 (mean 42 pg/ml and 35 pg/ml; 
n = II donors) upon stimulation with SAC or LPS, respectively. Addition ofIFNy upregu
lated IL-12 production by DC to nanogram per ml concentrations and allowed for high 
production of IL-12 in response to a soluble trimeric CD40 ligand (9). DC maturing in the 
presence of even the lowest PGE2 concentrations tested (10-9 M) showed 90% inhibition 
of the subsequent IL-12 production, while the DC maturing in the presence of 10 7 M 
PGE2 did not produce any detectable IL-12. This concentration of PGE2 was therefore 
used in subsequent experiments. The deficient IL-12 production by PGE2-DC was ob
served in all experimental conditions; in all donors and after all modes of stimulation. Im
portantly, this deficit was not compensated in the presence of high amounts of IFNy, 
which strongly upregulates IL-12 production in APC in most of the experimental condi
tions described thus far. 

PGE2-DC produced high amounts of IL-l O. However,. the addition of IL-l 0 neutral
izing antibodies did not restore IL-12 production in SAC-stimulated PGE2-DC, indicating 
that their inability to make IL-12 does not result from elevated IL-IO production. Addi
tional support for this comes from the observation that PGE2-DC did not secrete IL-12 af
ter stimulation with CD40L plus IF Ny, which induced only marginal IL-IO production. 
Both control DC and PGE2-DC produced similar amounts of IL-I~, which were 10 - 100 
times lower compared to the monocyte-derived macrophages from the same donors, which 
were obtained in the presence of GM-CSF alone. 

The difference in the cytokine profile of the two DC populations persisted for 48 h 
after removal of PGE2, in the cultures supplemented with GM-CSF, the combination of 
GM-CSF and IL-4, or none of these factors. 

PGEZ-DC Promote the Production of Type 2 Cytokines in Maturing 
Th Cells 

To study whether the maturation of DC precursors in a PGE2-rich environment has 
consequences for the type of immune responses initiated by these cells, we compared the 
ability of PGE2-DC and control DC to induce the production of type 1 (lFNy) and type 2 
(IL-4 and IL-5) cytokines in maturing naive Th cells. Autologous naive Th cells were 
primed with the superantigen (SEA) presented by the two types of DC. Within the period 
of 14 days, Th cells acquired the CD45RO memory marker and the number of Th cells 
primed by either type of DC increased similarly about 200- to 500-fold. After restimula
tion with CD3 mAb, in the absence of DC, Th cells primed with control DC displayed 
ThO-like cytokine profiles. In 7 independent experiments, despite a donor to donor vari-
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ation with respect to the absolute amounts of the cytokines produced, naive Th cells 
primed with the PGE2-DC produced as an average 3-fold higher amounts ofIL-4 and IL-5, 
whereas the average IFNy production was only 70% of the levels induced by control DC. 
This bias was observed already after I round of stimulation of Th cells, and most likely 
represents the acquisition of a different cytokine profile by naive Th cells, rather than a se
lective outgrowth of contaminating Th2-like memory cells, since the purity of the starting 
CD4+CD45RAhigh population was above 98% and both DC types induced similarly strong 
proli ferative responses, yielding similar numbers of Th cells after 14 days of culture. Ad
ditionally, a similar steering effect was observed in an accessory cell-free model, which 
was established previously in order to eliminate any possible selection by providing the 
conditions in which naive and memory Th cells have similar proliferation rates (10). In 
this case the supernatants from SAC-activated DC and PGE2-DC were added to the naive 
Th cells stimulated with immobilized CD3 mAb in the presence of CD28 mAb. After res
timulation, the Th cells primed in the presence of PGE2-DC supernatants produced less 
IFNy but more IL-4 and IL-5, compared to the cells primed in the presence of supernatants 
from control DC, indicating the involvement of soluble factors in the differential steering 
effects of the two DC types. These differences were abolished when IL-12 neutralizing Ab 
were added to the cultures, indicating that the absence ofIL-12 production by PGE2-DC is 
responsible for their ability to induce high levels of type 2 cytokines. Although these data 
underlines the dominant role of IL-12 in the differential steering of Th development by 
PGE2-DC versus control DC, they do not exclude the possible participation of other sol
uble of cell surface-related APC factors. 

The impact of exogenous PGE2 on the cytokine profile of maturing DC was observed at 
a wide concentration range, with a strong effect even at 10-9 M. This implicates its physiologi
cal relevance. since these and higher PGE2 levels are found in inflamed tissues (3, II) or are 
secreted by tumor cells, or tumor stroma (12,13). Although the distinct effect on cytokine pro
files was seen already at a concentration as low as 10-9 M, even the highest concentrations of 
PGE2 tested (10-6 M) did not prevent the acquisition of the dendritic morphology, high expres
sion of class I and II MHC and co-stimulatory molecules by DC, nor their high activity in 
stimulating naive Th cells. Concentrations above 10-l! M selectively prevented the appearance 
of CD I a marker and the disappearance of CD 14. Such CD 1· cells obtained in high concentra
tions of PGE2 resembled CD I + dendritic cells in respect to their morphology, potent stimula
tory capacity for naive Th cells and low production of the inflammatory cytokine IL-I B. Their 
relation to CDl4+ DC observed in the epithelia of upper airways (14), in the lung (15), or the 
dermis (16) has yet to be established. 

The stability of PGE2-induced IL-12 deficiency implies that the modulation of the 
cytokine pattern of DC in tissue compartments will be preserved after emigration of DC to 
the draining lymph nodes, where they thus contribute to the development of Th2-biased 
responses. Such a stability is important for the possible therapeutic application of PGE2-

DC. Since the induction of antigen-specific Th2 responses may prevent, or even amelio
rate already ongoing, autoimmune processes in EAE and IDDM, murine models of human 
multiple sclerosis and diabetes (rev: 17), PGE2-DC may be considered for use in antigen
specific therapies ofThl-related autoimmune disorders. 

The present data suggest that elevated levels of PGE2 in the tissue promote type 2 
Th responses via a stable impairment ofIL-12 production in locally maturing DC. 

Such stable modulation ofIL-12 production in maturing DC, by a factor present in a 
local inflammatory environment, indicates that the tissue factors induced at the site of 
pathogen entry may influence the character of the primary immune response, by the 
modulation of the function of local APC. 
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INTRODUCTION 

We have previously shown that the injection of antigen-pulsed DC induces the syn
thesis of specific IgG 1 and IgG2a antibodies. whereas macrophages favor the production 
of IgG I and IgE antibodies specific for the antigen. These data indicate that the isotype 
and the amplitUde of the B cell response can be regulated by the nature of the APC. sug
gesting that Th cell differentiation is controlled at the level of antigen presentationu . In 
this report, we directly evaluate Th 1 and Th2 functions in lymph nodes of mice that were 
immunized by injection of dendritic cells or peritoneal macrophages pulsed with the anti
gen. We show that macrophages induce Th2 differentiation in vivo, whereas DC drive the 
development of cells able to secrete Th I and Th2-derived cytokines. 

RESULTS 

Dendritic Cells and Macrophages Pulsed in Vitro with Antigen 
Sensitize T Cells in Vivo 

DC and macrophages were purified and pulsed with HGG (IOOJlg/ml) as previously 
described2.3, and injected into the fore and hind footpads, according to a protocol de
scribed by Inaba et al. 4 . The data in Figure I show that lymph node cells from DC- but not 
macrophagcs-injected mice proliferated in vitro in the presence of HGG. Some mice were 
then challenged by a second injection of antigen-pulsed APC and tested 2 d later. Lymph 
node cells from mice injected twice with DC or macrophages developed specific antigen 
responsiveness (Figure I). The background proliferation of lymph node cells from mice 
injected twice with HGG-pulsed DC was elevated in all experiments performed and may 
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Figure I. HGG-pulsed DC and macrophages sensitize T cells in vivo. BALB/c mice (3-to-4 mice per group) re
ceived one (I) or two (II) injection(s) of 3 x lOs HGG-pulsed DC (DC) or macrophages (Mac), 50 JIg HGG (sol
uble) into the fore and hind footpads or were left untreated (control). Brachial and popliteal lymph nodes were 
harvested 5 days (I) or 2 days (II) later and 6 x lOs and 3 x lOs cells were cultured in 96-well microtiter plates with 
or without HGG (100 Jlg/ml). Proliferation was measured by [3H] thymidine incorporation during the last 16h of 
72h culture. The data are expressed as the mean CPM of duplicate wells for each culture condition. Five experi
ments have been performed with similar results. 

represent the continuous proliferation of T cells activated in vivo and/or may be due to re
maining antigen associated with APC from primed mice. 

DC But Not Macrophages drive Development of Thl-Type Cells 

Antigen-specific T cells from mice injected with APC were tested for the ability to 
secrete the lymphokines characteristics of Th 1 responses. As shown in Figure 2, lymph 
node T cells from mice immunized by 2 injections of DC pulsed with HGG produced IL-2 
and IFN-y when rechallenged with the same antigen ill vitro. By contrast, T cells from 
macrophages-injected animals did not secrete detectable amounts of IL-2 nor IFN-y in the 
same conditions. 

DC and Macrophages Pulsed with Antigen Prime IL-4 and 
IL-5-Producing T Cells 

We next compared the ability of lymph node T cells from mice immunized with 
either APC to secrete lymphokines characteristics of Th2 responses. Figure 3 shows that 
both groups of mice produced IL-4 and IL-5, although macrophages secrete slightly 
higher levels of cytokines in several independent experiments. 

DC but Not Macrophages Express IL-12 mRNA 

RNA was prepared from purified DC and macro phages, and PCR amplification was 
used to detect mRNA specific for IL-12, which has been shown to stimulate the IFN-y 
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Figure 2. DC. bul not macrophages, prime IL-2- and IFN-y-producing T cells. Balb/c mice (pool of 2 or 3 ani
mals per group) were immunized by two injections of 3 x 10~ HGG-pulsed DC or macrophagl:s (Mac) into the 
fore and hind footpads. or were left untreated (NT). Brachial and popliteal lymph nodes were harvested 2 d ays at~ 
ter second injection and purified T cells were cultured with irradiated syngeneic spleen cells. with or without addi
tion of 100ltg/ml HGG. Supernatants were tested for (A) IL-2 content by a bioassay and (8) IFN-y content by 
ELISA. Results are expressed in Ulml. This eltperiment is representative of five independent cltpcrimcnts. 
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Figure 3. DC and macrophages induce development of IL-4- and IL-5-secreting T cells. 8alb/c mice (pool of 3 
animals per group) were immunized by 2 injections of 3 x 10' HGG-pulsed DC or macrophages (Mac), or werc 
left untreated (NT). T cells were purified from brachial and popliteal lymph nodes harvested 2 days after second 
injection and cultured (3 x 10') with irradiated syngeneic spleen cells (2 x 10') in the presence of 10 Itg/ml or 100 
Itg/ml HGG. or in the absence of antigen. (A) IL-4 content was evaluated by increase of MHC-II on splenic cells 
after 40-h of culture. Anti-IL-4 mAb (II B II) was added to some cultures, as indicated. Results are expressed as 
U/m!. (8) Supernatants were assayed for IL-5 content by ELISA and the results are eltpressed as mean absor
bance. Four additional experiments were performed with similar results. 
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Figure 4. PCR analysis of IL-12 gene expression in splenic DC and peritoneal macrophages. Primers specific for 
the cytokine sequence were used to amplify RNA isolated from spleen DC and peritoneal macrophages. The 
housekeeping HPRT gene was used to assess the amount and the integrity of the RNA. After preparation of cDNA, 
PCR was performed essentially as previously described6.1. The PCR products were analyzed by 3% agarose gel 
electrophoresis and visualized by ethidium bromide staining. The size of the bands (base pair) is given for the am
plified products and for the molecular weigth markers. Sample are I) P35 mRNA in DC; 2) P40 mRNA in DC; 3) 
P35 mRNA in macrophages; 4) P40 mRNA in macrophages; 5) and 6) negative controls (no RNA) for P35 and 
P40. respectively. 

production by Thl ceIls5• The data in Figure 4 show that DC, but not macrophages, ex
press mRNA for IL-12 p40. 

DISCUSSION 

Our data show that the nature of the ceIl presenting the antigen to naive T lympho
cytes could influence the preferential development of Thl and/or Th2 cells. DC drive the 
development of T ceIls secreting Thl-and Th2-derived cytokines, whereas macrophages 
induce the development of a polarized Th2 phenotype in vivo. T cells primed by DC ill 
vivo could be Th I and Th2 ceIls, each producing a polarized set of Iymphokines, or alter
natively a ThO population, able to produce low levels of IL-4 and IFN-y simultaneously. 
The analysis of the cytokines produced at the single ceIl level will help to clarify this is
sue. The finding that DC can prime Th 1- and Th2-like ceIls is consistent with the data of 
Ronchese el aJ. showing that IFN-y and IL-4 producing T cells can be primed on DC in 
vivoS. In vitro, Macatonia et aJ. showed that dendritic ceIls induced low levels of IFN-y 
and IL-4 during secondary reactivation with antigen of T cells derived from unimmunized 
up TCR transgenic mice5• 

The differentiation of Th cells may be influenced by the strength of the activation 
signaI9•1O• There is evidence that high antigen doses favor the differentiation of Thl, 
whereas low dose of peptide induces the development of IL-4 producers. This observation 
may be relevant to our studies, since the relative affinity of the binding of Ag/MHC com
plexes as well as adhesion molecules and costimulatory signals on corresponding recep
tors on T lymphocytes is expected to be of much higher affinity on DC than on 
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macrophages" . Furthermore, soluble (IL-12, IL_4)12,13 and membrane-(B7-1, B7-2, 
CD40)13.14.15 bound signals delivered between T cells and APC have been reported to in
fluence Th I or Th2 commitment. In particular, purified DC but not macrophages express 
mRNA specific for inducible chain of IL-12 (p40) (Figure 4). The injection of specific 
blocking antibodies will help to evaluate the role of B7-1, B7-2, CD40 and IL-12 in the 
in vivo priming by dendritic cells or macrophages. 
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1. INTRODUCTION 

Differential cytokine production (Th I versus Th2) by CD4+ T cells during an im
mune response plays an important role in determining the biological implications of the 
response. Th I cells are characterized by the dominance of IFN-y production while Th2 
cells produce predominantly IL-4. It is now well established that IL-12 is essential for the 
priming of Th I cytokine secreting T cells I while IL-4 is critical in the priming of Th2 cy
tokine secreting T cells'. While it has been suggested that CD I specific NK 1.1 CD4+ T 
cells in the spleen'. or CD4- CDS-, TCRurr T cells restricted by MHC class 14 might be 
the potential sources of IL-4 during primary immune responses, these have not been 
clearly demonstrated. 

Dendritic cells (DC) are the most potent antigen presenting cells (APC) in priming 
naive T cells and they have been used as APC in Thl and Th2 differentiation assays25. Al
though it has been suggested that IL-l 0 may have a role in Th2 cell development, there is 
no direct evidence that IL-I 0 induces the differentiation of Th2 cells~·6. In previous experi
mental systems used to examine helper T cell differentiation, DC (or other APC) and na
ive T cells were exposed to antigen in the presence of influential cytokines (IL-I 0, IL-4 or 
IL_12)1.~.h.7. While the overall effects of added cytokines were evaluated in such systems, 
the precise cellular targets of these factors could not be identified. Physiologically, DC 
spend a certain amount time in the peripheral tissues such as skin or gut wall before they 
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migrate to draining lymph nodes and present antigens to T cells there8•9•1O• The original mi
croenvironment of DC may influence their antigen presentation properties. We hypothe
size that DC may prime naive T cells for either Th I or Th2 development depending on 
their cytokine environment. To test this hypothesis we developed an in vitro priming sys
tem with separate preparations of highly enriched DC and naive OVA-specific TCR trans
genic T cells, allowing the specific evaluation of the biologic effects of cytokines on DC. 
Our results demonstrate that DC pretreated with IL-I 0 (IL-IO DC) can prime naive T cells 
to secrete IL-4 while DC treated with rIL-4, rIL-12 or medium prime for almost exclu
sively Thl cells. Since IL-IO and IL-12 are often present in the early immune response de
pending on the type of antigen, DC exposed to these cytokines may determine the 
differential T helper cell development (Thl versus Th2). 

2. MATERIALS AND METHODS 

2.1. Animals 

BALB/c mice carrying the I-Ad-restricted, DOIl.lO TCR-a/3 transgene specific for 
amino acids 323 to 339 of ovalbumin (OVA), were a generous gift of Dr. Dennis Lohll 
and bred in a facility managed by the Division of Veterinary Medicine of Harvard Medi
cal School. 

2.2. Preparation of Cytokine Treated DC 

Spleen cells from BALB/c mice were cultured in I OOx 15mm culture dishes for two 
hours. Non-adherent cells were rinsed away with warm medium and the adherent cells 
were cultured overnight in fresh complete DMEM in the presence or absence of 2 ng/ml 
of mouse rIL-4, rIL-1 0 or rIL-12. I mglml OVA was added into the cultures 3-4 hours be
fore harvesting non-adherent cells from the overnight cultures. DC were enriched by den
sity separation with 15% Percoll. The enriched DC (40-60%) were further purified to 
80-92% as judged by staining with DC specific mAb N418 by removing B220+ cells with 
BioMag cell sorting. All DC preparations were irradiated prior to subsequent culture. 

2.3. Preparation of Naive T Cells from OVA-Specific TCR Transgenic 
Mice 

Spleen cells from OVA-TCR transgenic mice were passed over a nylon wool column 
and the eluted cells were further purified by removing cells other than CD4+ T cells with 
BioMag cell sorting using mAb specific for MHC class II, B220, CD8 and F4/80 (a macro
phage marker). The remaining highly enriched T cells (90-95% CD4+) were layered over Per
coli step-gradients of 50%, 60%, 66% and 70% and centrifuged at 400g. High density cells 
were recovered from the interface between 66% and 70%. These cells were CD25 negative, 
CD44 low, CD45 RB high, Mel 14 (CD62L)hish, a naive T cell phenotype (not shown). 

2.4. Priming Naive OVA-TCR Transgenic CD4+ T Cells with Cytokine 
Treated DC 

5 X 106 naive T cells per well were cultured in 24 well plates with 2.5 x IO~ cytok
ine-treated, OVA-pulsed DC for 4--5 days. Alternatively, 2 x 106 naive T cells were cul-
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tured with I x 10' cytokine-treated and OVA-pulsed DC in 48-well plates for 4-5 days. 
The recovered cells from 4-5 day cultures were washed three times and rested for another 
4··5 days with irradiated APC. Viable cells of resting cultures were obtained by density 
gradient centrifugation using Isopaque-Ficoll. The recovered viable cells were restimu
lated in X-VIVO 20 with OVA (50 IJ.g/ml) and irradiated splenic cells. Supernatants were 
harvested 22 h after restimulation and cytokines were measured with ELISA kits (Pharm
ingen, see Fig. I A). 

3. RESULTS AND DISCUSSION 

3.1. IL-IO DC Prime Naive CD4+ T Cells to Secrete IL-4 upon 
Restimulation 

To examine whether exposure to cytokines can influence the ability of DC to prime 
T cells for differential cytokine secretion, a culture system was established involving sepa
rate preparations of purified DC and T cells (See Figure I A and Materials and Methods). 
In this system, DC were purified from adherent spleen cells that had been previously ex
posed to cytokines overnight (rIlA, rll-IO or rll-12) and then antigen (OVA). In the 
priming cultures, naive CD4+ T cells (high density, Mel_14high , CD44 Io,,) purified from 
OV A-TCR transgenic mice were exposed to the treated DC for 4-5 d. These T cells were 
then allowed to "rest" for 4-5 days in the presence of fresh irradiated splenic APC without 
further added antigen and then restimulated with fresh splenic APC and OVA for 22 
hours. Supernatants were then assayed for IL-2, IL-4, IL-IO and IFN-y. Il- \0 pretreated 
DC primed naive CD4+ T cells to secrete IL-4. IL-2, IFN-y and IL-IO (ThO) upon restimu
lation while IL-4. IL-12 or medium treated DC primed naive T cells secreted exclusively 
Thl cytokines. e.g., IL-2, IFN-y (Fig.IB). When these primed T cells were restimulated 
one more time ill vitro, Th2 dominant cytokines were produced in IL-IO DC primed T 
cells while IL-12 or medium treated DC primed T cells still produced exclusively Th I cy
tokines (Fig. I B). The effect of various doses of IL-I 0 in the preincubation culture was 
also tested. T cells primed by DC exposed to the higher dose (6 ng/m\) secreted predomi
nantly the Th2 like cytokines such as IL-4 and IL- \0 with little IFN-y and IL-2 upon sec
ondary restimulation while T cells primed by DC exposed to lower doses (0.5 ng or 2 
ng/ml) produced ThO type cytokines (Fig. I C). 

3.2. Mechanisms Involved in Priming of IL-4 Secreting T Cells by 
IL-IO DC 

IL-IO can inhibit macrophage-dependent stimulation of Th I cells through blocking 
IL-12 production of macrophages '2 . IL-IO suppresses DC-stimulated IFN-y production by 
CD4 T cells '1. We also noticed in the primary culture that IL-IO DC stimulated much less 
IFN-y when compared to IL-4, IL-12 or control pretreated DC (Fig.IB), suggesting that 
expression of IL-12 in preincubation cultures may be inhibited by IL-I O. To confirm this, 
we measured levels of the p40 subunit of IL-12 in preincubation cultures into which dif
ferent cytokines were added. Supernatants of IL- \0 pretreated cultures contained signifi
cantly less IL-12 p40 than that of control culture (not shown). To further determine the 
role of IL-12 in regulating IL-4 priming capacity by IL-I 0 DC, rlL-12 was added either 
directly into the priming cultures or the preincubation cultures and IL-4 production upon 
restimulation was measured. Addition of r1L-12 into the priming cultures completely 
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Figure 2. I L-4 secretion of T cells primed by IL·I 0 DC: A. rlL·12 present in priming cultures. B. rlL·12 present 
in preincubation culrures. 

blocked IL-4 priming capacity ofIL·IO treated-DC (Fig. 2A). When we added r1L·12 into 
the preincubation cultures which contained rIL- 10, we observed reduced capacity of IL·! 0 
DC to prime for IL-4 secretion dependent on the dose oflL-12 (Fig. 2B). Thus, the regula
tion of IL-!2 production in preincubation cultures is essential for determining whether 
Th I or Th2 type responses predominate. 

IL·IO down-regulates expression of B7.2 but not B7.1 on blood DC 14 and also inhib· 
its B7.1 and B7.2 expression on Langerhans' cells 1'. However, no significant difference in 
the number of DC expressing B7.1 or B7.2 was found in preparations exposed to doses of 
IL-IO up to 8 nglml (0, 0.5, 2, 8 ng/ml) and the staining intensity was also similar (not 
shown). B7.2 is a critical costimulatory molecule in the initial production of IL_4 16 and in 
the Th2 pathway 17. To determine the contribution of B7 molecules to the priming capacity 
of IL·I O-DC, anti-B7.1 or anti-B7.2 mAb were added to the priming culture. Only anti
B7.2 inhibited IL-4 priming capacity of IL-IO DC (Fig. 3a) while anti-B7.! slightly in
creased IL-4 priming capacity oflL-IO DC. The effect ofanti-B7.2 was not due to toxicity 
since reduced IL-4 production was accompanied by increased IFN·y production (Fig. 3B). 
Neither anti·B7.1 or anti-B7.2 induced IL-4 priming by medium-treated DC (not shown). 
No significant differences were found in the levels of expression of ICAM-I or MHC 
class II on IL-I 0 treated or control DC (not shown). Significantly, the ability of IL-I 0 DC 
to prime T cells to secrete IL-4 is dependent on direct cell to cell contact as well as IL-4 
production in the priming culture (not shown). 

4. CONCLUSION 

Splenic DC exposed to IL-IO prime naive CD4+ T cells to secrete IL-4 leading to 
Th2 cell development. IL-4, IL-!2 medium-pretreated DC induce exclusively Thl effector 
T cells. The balance between IL-12 and IL- 10 in the preincubation cultures determines 
whether IL-4 secreting T cells are developed. Direct contact between IL-I 0 DC and naive 
T cells is required for the priming of IL-4 secreting cells. Although the expression of B7.1 
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Figure 3. Cytokine secretion of T cells primed by Il-IO DC in the presence of anti-B7 antibodies. A, Il-4. B, 
IFN-y. 

and B7.2 on both control and IL-IO DC are similar, anti-B7.2 antibody inhibits the prim
ing for IL-4 secreting T cells. 
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SUMMARY 

The cellular requirements for generating potent human CD8+ CTLs to influenza A 
virus in vitro have been defined. Furthermore, we have developed improved methods for 
generating large numbers of DCs from non-proliferating progenitors. These developments 
have enabled the design of new strategies to elicit CTLs in vivo. For example, together 
with IL-12, antigen-pulsed DCs may be a useful approach for boosting CTL responses 
against infectious agents and malignancies. Our results also reopen the potential use of in
activated virus preparations as immunogens for CTL responses. 

INTRODUCTION 

CD8+ CTLs are important mediators for resistance to infections and malignant dis
eases. Vaccines and immunotherapies that preferentially prime this arm of the immune re
sponse are critical for establishing effective host immunity. We have previously identified 
the cellular requirements for generating potent human CD8+ CTLs to viral antigens using 
influenza A virus as a model agent. Small numbers of dendritic cells [DCs] induce sub
stantial responses from fresh blood T cells [T:APC ratio of 50: I - 100: I] within 7 days, 
while B cells and monocytes are inactive (I). Whereas both DCs and monocytes are in
fected with influenza virus, the former serve as effective APCs for the induction of CD8+ 
CTLs while the latter act as targets for the CTLs that are induced. The strong CD8+ T eell 
response to influenza-infected DCs is manifested by extensive proliferation. Furthermore, 
the CTLs are generated in the absence of CD4+ helper cells or exogenous cytokines and 
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recognize virus infected or peptide pulsed targets in a class I restricted fashion. These 
findings indicate that DCs are potent adjuvants for the generation of anti-viral CTLs and 
will be useful agents in the design of vaccines where CTL generation is the desired end
point. Below we describe additional studies demonstrating the critical role of DCs as im
munogens for human CTL responses. 

INACTIVATED NON-REPLICATING INFLUENZA VIRUS 
ELICITS HUMAN CD8+ CYTOLYTIC T CELL RESPONSES 

The generation of CTL responses is thought to require replicating virus, primarily to 
provide enough antigen for processing and presentation on MHC class I molecules of 
APCs. We have found that equally potent human CD8+ CTL responses are generated 
when non-replicating, inactivated influenza virus is pulsed onto dendritic cells (2). Fur
thermore, the CTLs are generated in the apparent absence of CD4+ helper cells or exoge
nous cytokines. We have confirmed that there is little to no detectable viral protein in DCs 
pulsed with non-replicating virus. In particular, NS-l protein, which is only synthesized in 
the infectious cycle, is evident in <1% of cells by FACS staining. These results indicate 
that active viral protein synthesis is not a requirement for charging class I molecules on 
DCs. To be optimally effective, the inactivated virus must retain its fusogenic activity and 
presumably gain access to the cytoplasm. Fusogenic activity can be blocked by altering 
the envelope hemagglutinin molecule [HA), which is required for receptor mediated endo
cytosis, entry into endosomes and subsequent fusion with the endosomal membrane. Fu
sion can be blocked by pre-treating the influenza virus at pH 5 [which alters the 
conformation ofHA) or using virus with a precursor non-cleaved HA. Neither form of vi
rus elicits CTL responses when pulsed onto DCs. Thus DCs probably do not rely on an ex
ogenous pathway to present non-replicating virus but are capable of efficiently processing 
small amounts of protein brought in by the non-replicating virus. 

IL-12 IN CONJUNCTION WITH DCS ENHANCES ANTI-VIRAL, 
CD8+ CTL RESPONSES IN VITRO 

IL-12 is a heterodimeric cytokine with multiple immunoregulatory activities (3,4). It 
is produced early during the inflammatory response by macrophages, enhances NK cell 
cytoxicity several fold and induces the production of IFNy which is critical for increasing 
the anti-microbial activity of phagocytic cells (5---8). IL-12 also participates in the devel
opment of acquired immune responses. It induces the differentiation of Th I cells through 
its ability to prime naive ThO cells for high IFNy production (9,10). Furthermore, it is a 
potent growth factor for CD8+ T cells (9) and enhances cytolytic responses to alloantigens 
(11-13) and in anti-CD3 redirected assays (14). 

Dendritic cells effect the development ofThl cells from ThO cells by the production 
of IL-12 (15), suggesting that IL-12 is a key component by which these APCs induce T 
cell mediated immune responses. We therefore evaluated the role of IL-12 in the genera
tion ofCTLs to influenza infected dendritic cells. Significant levels ofIL-12 were not de
tectable in supernatants of infected-dendritic cells, or during CTL generation (16). 
Furthermore, anti-IL-12 antibody did not block CTL generation. However, exogenous IL-
12 [3(}-300 pg/ml) enhanced CD8+ T cell proliferative and cytolytic responses. The great-



Dendritic Cells as Immunogens for Human CTL Responses 385 

est effect was seen in individuals with weak reactivity to influenza virus or at APC:T cell 
ratios of I: 100 or less. IL-12 augmented interferon y production during CTL generation. 
Neutralizing anti-interferon y antibody did not block the CTL inducing function ofIL-12. 
however. Thus antigen-pulsed dendritic cells together with IL-12 may be a useful ap
proach for boosting CTL responses against infectious agents and malignancies. 

IMPROVED METHODS FOR THE GENERATION OF DENDRITIC 
CELLS FROM NONPROLIFERATING PROGENITORS IN 
HUMAN BLOOD 

We have developed an improved method for generating mature dendritic cells from 
nonproliferating progenitors in human blood (17,18). I % human plasma is used in the 
place of 10% fetal calf serum and two steps are involved. The first step or "priming" 
phase is a 6-7 day culture of T cell depleted mononuclear cells in medium supplemented 
with GM-CSF and IL-4. The second step or "differentiation" phase requires exposure to 
macrophage conditioned medium. Substantial yields are obtained using this two-step ap
proach. About 1-3 x I Of> mature dendritic cells are generated from 40 ml of blood vs. <0.1 
x 106 from non-cytokine treated blood. The dendritic cells derive from progenitors found 
primarily in a population of CDI4+ and adherent blood mononuclear cells. They express 
several features of mature cells, including a stellate cell shape, nonadherence to plastic. 
and very strong T cell stimulatory activity. Strong APC function was evident for both the 
proliferation of allogeneic T cells in the MLR [Figure I]. and the generation by syngeneic 
T cells of class I restricted. CTL responses to influenza virus. Cells pulsed with nM levels 
of matrix protein peptide are effective at inducing potent CD8+ CTLs. A panel of den-
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CD14 CD83 CD86 

CD1a CD25 HLA-DR 

Figure 2. Cytofluorographic analysis of dendritic cells grown in GM-CSF/IL-4 and conditioned medium. Mature 
DCs were stained with a panel of abs. Dead cells and contaminating lymphocytes were exciuded by light scatter 
properties. Dot plots of the remaining cells are shown. 

dritic cell restricted markers was also expressed. including CD83 [Figure 2], p55, and per
inuclear CD68. The cells lacked CD14 and CDla but expressed high levels of DR, CD25 
and CD86. These dendritic cell properties were retained for at least 3 days when the cy
tokines were removed, suggesting that these populations are stable and terminally differ
entiated. We predict that these cells will be effective adjuvants in vivo for active 
immunotherapy. 
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I. ABSTRACT 

Dendritic cells (DC) carry antigen into lymph nodes where they may cluster with 
CD4 and CD8+ lymphocytes and activate both subsets in the initiation of immune re
sponses. Since DC do not leave the lymph nodes in the efferent lymph they may die 
within the lymph nodes. Another possibility is that they are targets for cytotoxic T cells 
(CTL) when expressing appropriate epitopes. This possibility was tested in vitro using hu
man peripheral blood DC to stimulate the development of primary CTL in response to 
HIV-l or one of its T-cell epitopdes (e.g. env 111-126) and secondary CTL in response to 
type A influenza virus. Pooled CTL generated during six day cultures in 60 replicate 20J,l1 
hanging drops were tested in a conventional CTL assay. The HIV or HIV peptide stimu
lated CTL lysed HIV infected DC while the influenza-virus induced CTL killed DC tar
gets infected with this virus. DC were not lysed significantly until they had been exposed 
to virus for 2-3 days and thus are not highly susceptible to lysis. However, killing of DC 
after 2-3 days infection with virus may be a feedback mechanism for removing antigen 
presenting cells after they have stimulated T cell responses. Removal of persistently in
fected DC by CD8+ CTL may also contribute to the reduction in DC numbers observed in 
blood and skin in HIV infection. 

2. INTRODUCTION 

DC as exemplified by Langerhans' cells of the skin are continuously entering the af
ferent lymphatics and migrating to lymph nodes where it is believed that they may become 
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DC populations within or surrounding T cell-dependent areas(I.2l. The influx of DC into 
lymph nodes is significantly increased following exposure to antigens in the periphery and 
DC within the lymph nodes are then able to stimulate T cell responses to the antigens(3,4l. 
Despite the continuous influx of DC into the lymph nodes, there is no evidence that sig
nificant numbers of DC leave the lymph nodes within the efferent lymphatics except in 
exceptional circumstances where lymph nodes may be damaged. There must, therefore, be 
mechanisms for removal of DC within the lymph nodes following the stimulation of im
mune responses. It has been reported that DC exposed to antigens may become targets for 
natural killer cells in in vitro studies(Sl. In this study we examined whether DC could be
come targets for virus specific CTL. 

In some viral infections in mice such as lymphocytic choriomeningitis virus 
(LCMV) there is evidence that CD8 CTL present in lymph nodes during the virus infec
tion may deplete antigen presenting DC and it has been hypothesised that this may make a 
major contribution to the development of pathology(6.7l. There is some debate about the 
role that CTL play in HIV-I infection. CD8+ CTL are present at a high level in asympto
matic individuals while they are lost as patients develop AIDS. In addition, some indi
viduals who are known to have been exposed to HIV -I but do not develop the disease 
(e.g. some Gambian prostitutes) may have cell mediated immunity including CD8+ CTL 
responses to the virus in the absence of antibody(Hl. CTL are thus believed, on this evi
dence, to be associated with protective effects in the disease, although defects in HIV-I 
co-receptor may contribute to resistance in some mUltiply-exposed individualslQ ). There 
are also high levels of CTL within lymph nodes, and there are losses in the numbers of DC 
present in lymph nodes, in the circulation and within the skin(lo.lIl, suggesting that a severe 
loss of DC numbers appears to occur during HIV infection. In addition to acting as a use
ful feedback mechanism to remove antigen presenting cells it is possible, therefore, that 
CTL might cause pathological effects by continuous removal of antigen presenting cells 
during persistent infection with HIV -I. The possibility that DC exposed to HIV -I can act 
as target cells for CD8+ CTL was therefore studied. 

3. MATERIALS AND METHODS 

3.1. Cell Separation 

Ficoll-separated peripheral blood mononuclear cells from normal defibrinated hu
man peripheral blood were incubated overnight in medium (RPMI 1640, Dutch modifica
tion, with 100 IU/ml penicillin and 100~g!ml streptomycin and 10% foetal calf serum on 
petri dishes (NUNC, Glaxo, Uxbridge, Middlesex, UK) at 37°C in a 5% CO2 incubator. 
Non-adherent cells were removed and layered onto hypertonic metrizamide gradients 
(13.7w/v, Nygaard, Oslo, Norway) and centrifuged for 10 min at 600g. Low density cells 
at the interface were collected, washed in medium and contained 30-35% DC. These cells 
were treated with a cocktail of antibodies to CD 14, CD56, CD 19 and CD3 and then incu
bated on petri dishes coated with rabbit anti-mouse, IgG as previously described. The pu
rified cells were >90% DC(l2l. 

3.2. Antigens 

Infectious human immunodeficiency virus-type 1 (HIV -1) was stored at -70°C as 
culture supernatant from H9 cell lines persistently infected with HIV strain IIIB a T cell 
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tropic line. DC (0.5--1 x lOb were incubated with \05 tissue culture infectious doses 
(TCID50) of HIV in 200J.11 of culture supernatant for two hours at 37°C and washed three 
times before the cells were used to stimulate primary CD8+ T cell responses. Control DC 
were incubated in supernatants from uninfected cultures. Alternatively, DC were pulsed 
for two hours with 20J.1g/ml of HIV-I envelope 15 mer peptide (en v 111-126) which was 
previously shown to be T cell epitope of HIV stimulating the development of primary 
CTL which kill virus-infected target cells(I3). Recombinant influenza A strain virus X31 
was a gift from Dr. A. Hay (National Institute for Medical Research, Mill Hill, UK). 

3.3. Induction of CD8+ Cytotoxic T Cell Responses 

Enriched human T cells were prepared from the cells of the metrizamide gradient by 
rosetting them overnight with sheep red blood cells treated with neuraminidase (Sigma, 
Poole, Dorset, UK). T cell rosettes were separated on Ficoll and sheep red cells were lysed 
using Gey's solution. Enriched human T cells were cultured in 20111 hanging drops at 105 

T cells per drop and stimulated with 2 x \04 autologous DC exposed in vitro for 2 hr to 
HIV, HIV peptide or influenza virus. After 6 days, 60 drops were pooled for the cytotoxic 
assay. Target cells were prepared by stimulating autologous or homologous lymphocytes 
for 3 days with phytohaemaglutinin (PHA) (lJ.1g/ml) and recombinant interleukin-2 (IL-2) 
(30 units/ml) and then infecting with 104 TCID 50 of IIIB strain of HIV -lor 500 HAU in
fluenza virus in 200J.11 medium and culturing for a further 3 days as previously de
scribedlD ). Additionally, DC were cultured per se for 3 days and exposed to the viruses for 
the last I or 2 days. The cells were labelled with 51Cr and used as targets for the CTL\ I.,. 
After 6hr in the presence of the CTL population, percentage specific 5ICr release from 
lysed cells was calculated as 100 x [c.p.m. (sample release) - c.p.m. (spontaneous re
lease)]/c.p.m. total release. Total release in cells lysed by triton was between 1900 and 
3500 c.p.m. and the spontaneous release between 10 and 22% of this total. 

4. RESULTS 

Cultures of lymphocytes stimulated by DC pulsed with X31 influenza virus were 
harvested after six days to measure cytotoxic activity and this is shown in Fig.l. Specific 
chromium release from target cells by CTL reached almost 40% using autologous, 3 day 
influenza virus-infected PHA blast cells as targets with a killer to target cell ratio of 40/1. 
Using the same conditions, the specific lysis of the infected DC population was almost 
50% when the target cells were exposed for 3 days to virus. Low levels of killing were 
seen using uninfected DC target cells. Lysis by CTL of DC targets pulsed for only 1 or 2 
days with X3 I virus was considerably lower. 

Figure 2 shows that similar results were obtained when a primary CTL response was in
duced by DC pulsed for two hours with HIY. The DC targets were exposed to HIV virus for 3 
days. Thus both X31 and HIV exposed DC could serve as targets for CTL. Primary stimula
tion ofT cells with the ENV peptide 111-126 after pulsing the DC for two hours also gener
ated CTL which could kill both virus-infected DC and PHA-stimulatcd blast cells with 
specific 5ICr release of 28% and 34% respectively at a killer to target cell ratio of 40 to 1. 

5. DISCUSSION 

DC separated from peripheral blood and exposed for 3 days either to HIV or to in
fluenza virus could act as targets for virus-specific CD8+ CTL. Low levels of lysis were 
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Figure 1. Infected dendritic cells as targets for anti-influenza specific cytotoxic T lymphocytes. Anti-influenza 
eTL were generated in 20 III hanging drops by stimulating T cells (10') with DC (103) pulsed with A/X31 virus in 
20 III hanging drop cultures for 6 days. Pooled eTL from nonnal donors were tested for their capacity to lyse a) T 
cell blasts, b) dendritic cells. Untreated targets (0); Targets pulsed with tetanus toxoid for 3 days as a control anti
gen(e), or targets pulsed for 3 days (_).2 days (.). or I day (+) with influenza virus. 

40 
Targets:-

a) PHA Blasts b) Dendritic cells 

O+---~--r---r---.--.'--.---'--~---' 
5 10 20 40 5 10 20 40 

Killer:target cell ratio 

Figure 2. Infected dendritic cells as targets for anti-HIV specific cytotoxic lymphocytes - Primary CTL were gen
erated by stimulation with HIV-I in vitro as for influenza CTL in Figure I. eTL were assessed for lysis of un
treated targets (0), targets exposed to AIX31 influenza virus for 3 days (e) or targets infected for 3 days with 
HIV-I (_). 
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found when target cells were exposed to virus for only I or 2 days but after 3 days the vi
ral antigens were expressed sufficiently to allow moderate levels of lysis by specific CTL. 
Lysis of DC targets was at a similar level to that seen using autologous PHA stimulated 
blast cells as targets for the CTL; neither population is easily killed by CTL without a long 
incubation with virus. The present study used DC, pulsed for just two hours with the vi
ruses, to stimulate the primary or secondary CTL responses, harvested after six days of 
culture. Thus, DC after just a short exposure to virus in vitro are able to process and pre
sent the virus and stimulate both primary and secondary proliferative and CTL responses. 
Longer times of exposure of DC to virus results in a loss in the capacity to stimulate T cell 
proliferation11O) In vivo, it is therefore likely that DC carrying antigen into lymph nodes 
will rapidly stimulate primary T cell responses. Following the activation of CTL they 
could themselves then be removed by the action of CTL. The capacity of DC to become 
targets for CTL may require a final maturation of the DC within the lymph nodes. Disap
pearance of specific antigen-presenting 'DC from lymph nodes draining the site of expo
sure to a contact sensitizer occurs between two and six days following exposure to 
antigenl141. Previous studies have provided evidence that DC that have presented antigen 
in vitro can also become targets for natural killer cells (5). 

lt seems likely that during a resolving virus infection, removal of antigen presenting 
cells following the first rounds of exposure to virus would act as a normal feedback inhibi
tion mechanism for inhibition of further immune responses within lymph nodes. However, 
in cases of persistent virus infection, the CTL could act as a double-edged sword by clear
ing virus and infected cells but also causing a detrimental deletion of DC. In transgenic 
mouse models of persistent infection with LCMV, immune suppression is associated with 
a CD8+ T cell-dependent loss of interdigitating cells from the periarterioler lymphoid 
sheaths of the spleen; this effect is not seen when the virus strain is given to immunocom
petent mice that clear the virus. This immunosuppressive virus also causes high levels of 
infection in DC in the white pulpI6). Removal of DC by CTL may occur and contribute to 
immunosuppressionI6,71. In HIV infection, a reduction in the numbers of DC both in the pe
ripheral blood and in the skin in HIV-infected individuals has been reportedIIO.J1I. Since 
there is also evidence ofa low level but persistent infection of DC with HIV_I(151, removal 
of DC by CTL could contribute to this finding. Recent studies show that the reduction in 
DC numbers in blood is inversely proportional to the level of infection in the DC (Patter
son, English, Pinching, Helbert and Knight, in preparation). This raises the possibility that 
the persistent lytic activity of CTL on antigen presenting cells may contribute towards the 
loss of DC and to pathology in this disease. 

6. REFERENCES 

I. Lens. J.W., Drexhage. H.A .• Benson. W. and Balfour. B.M.lmmunology. 49:415-22,1983. 
2. Silberberg-Sinakin.l., Fedorko.M.E .. Baer,R.L., Rosenthal, S.A., Berezowsky, V. and Thorbecke, G.J. 

Cell.lmmwJOI. 32(2):400-16, 1977. 
3. Knight, S.c., Krejci. J., Malkovsky, M., Colizzi. v., Gautam, A. And Asherson, G.L. Cell.lmmunol. 

94:427-434, 1985. 
4. Macatonia, S.E .• Taylor, P.M., Knight, S.c. and Askonas, B.A. J. Exp. Med. 169: 1255-64. 1989. 
5. Shah, P.O .. Gilbertson. S.M. and Rowley. D.A. J.Exp.Med. 162:625, 1985. 
6. Borrow. P., Evans, C.F. and Oldstone, M.B.A. 1. Virol. 69: 1059-70, 1995. 
7. Zinkemagel, R.M. Curr.Opin.lmmunol. 7:462-70, 1995. 
8. Rowland-Jones, S.L.. McMichael, A Curr.Opin.lmmunol. 7:448-55, 1995. 
9. Liu, R .• Paxton, WA., Choe, S., Ceradini, D., Martin, S.R., Horuk, R., MacDonald, M.E., Stuhlmann, H., 

Koup. R.A. and Landau, N.R. Cell 86:367-77, 1996. 



394 S. C. Knight et ilL 

10. Macatonia, S.E., Lau, R., Patterson, S., Pinching, A.J. and Knight, S.C. Immunology, 71:38-45,1990. 
II. Belsito, D.V., Sanchez, R., Baer, M.D., Valentine. F. and Thorbecke, G. N.Engl.J.Med. 310: 1279-82, 1984 
12. Macatonia, S.E., Gompels. M., Pinching, A.J., Patterson, S. And Knight, S.C. Immunology. 75:576-581, 

1992 
13. Macatonia, S.E., Patterson, S. and Knight, S.C. Immunology, 74:399-406,1991. 
14. Macatonia, S.E., Edwards, A.J. and Knight, S.C. Immunology, 59: 509-14,1986. 
15. Knight, S.C. AIDS 10(8):807-17, 1996. 



CUTANEOUS DENDRITIC CELLS PROMOTE 
REPLICATION OF IMMUNODEFICIENCY 
VIRUSES 

64 

Melissa Pope, I Sarah Frankel,2 Ralph Steinman, I David Elmore,' David Ho,4 
and Preston Marx4 

I Laboratory of Cellular Physiology and Immunology 
The Rockefeller University 
1230 York Avenue, New York 10021 

2The Armed Forces Institute of Pathology 
AIDS Division, Washington DC 20306 

'Charles River Biomedical Resources Foundation Inc. 
305 Almeda-Genoa Road 
Houston, Texas 77047 

4The Aaron Diamond AIDS Research Center 
The Rockefeller University 
455 First Avenue, New York 10016 

1. CUTANEOUS DENDRITIC CELL-T CELL MIXTURES 
PROVIDE A "NATURAL" MILIEU FOR HIV REPLICATION 

The body surfaces [such as the linings of the vagina, cervix, anus, and oropharynx] that 
are potentially exposed to HIV-I during sexual and perinatal transmission, are similar to the 
skin in histology and dendritic cell [DC] content. Since large amounts of fresh skin are more 
readily available, the skin-derived leukocytes have been used as a model for the mucosal leu
kocytes to study their interaction with virus and potential roles in viral pathogenesis. 

DCs and memory T cells [both CD4+ and CD8+ subsets] emigrated from organ cul
tures of normal human skinl.2. The DCs exhibited a characteristic "mature" morphology 
and phenotype, expressing high levels of MHC proteins and several adhesion and costimu
latory molecules. Although some of the T cells were tightly bound to the DCs, the major
ity of the T cells were not cycling, as determined by the lack of expression of the Ki-67 
nuclear antigen3.4. 

When HIV -I was added to this DC-T cell mix, considerable virus replication took 
place2.3. Much of the new virus was produced by multinucleated syncytia that formed fol
lowing the fusion of DCs with CD4+ T cells3. Virus replication did not require the addition 
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of exogenous stimuli or that the T cells be actively proliferating3•4• Similar virus growth in 
multinucleated syncytia has been observed with numerous isolates of HIV -I. These in
cluded both macrophage and T cell tropic lab-adapted and primary isolates2•3, as well as 
several primary isolates designated as Clade E or B strains [Pope et aI, in preparation]. 

If either the DCs or the T cells were separately exposed to the virus, productive in
fection only ensued once the two cell types were mixed back together. Usually fewer than 
100 copies of proviral DNA were detected in 50,000 DCs or T cells alone. Whereas, thou
sands of HIV DNA copies were present in the DC-T cell mixtures within days of exposure 
to virus. Interestingly, this low level infection in the DC population was blocked by AZT, 
as was the ability of virus-pulsed DCs to initiate infection upon binding to CD4+ T cells2, 

Therefore, we have identified a natural environment created when skin-derived DCs 
and T cells interact, that supports extensive replication of HIV -I in the absence of exoge
nous stimulation of the T cells to proliferate. Similar environments in vivo may provide a 
niche for amplification of virus and spread from cell to cell. 

2. VIRUS-PRODUCING SYNCYTIA IN THE TONSILLAR MUCOSA 
OF HIV-I-INFECTED INDIVIDUALS 

Recent studies have identified a similar environment in vivo, where mature DCs and 
T cells can continuously interact and where significant virus replication can occur. DCs 
are located in the surfaces covering the palantine and pharyngeal tonsils. In particular, nu
merous DCs are positioned within the epithelium lining the deep crypts or surface invagi
nations typical of these tissues. The mucosa of the tonsil changes from a stratified 
squamous epithelium on the surface to a much more loosely keratinized lymphoepi
thelium, which contains many Band T lymphocytes, lining the crypts. It is within this 
Iymphoepithelium that mature DCs can constantly interact with T cells. 

During a study of the adenoids of 13 HIV-I-infected individuals, Frankel et al found 
that virus-producing syncytia could be detected within and just beneath the lymphoepi
thelium5• These adenoids had been removed as they were obstructive, and the patients 
were basically asymptomatic of HIV disease. The patients fell into various risk groups and 
were likely originally infected via different routes. Large numbers of S 100-positive DCs 
were identified within the Iymphoepithelium of the tonsillar crypts. When stained for viral 
p24 proteins, many profiles carrying intracellular p24 protein were identified in this area. 
These virus-positive profiles were multinucleated syncytia that stained for two markers, 
S I 00 and p55, that are expressed by mature DCs. 

More recent investigations of another 13 tonsils obtained from patients with known 
medical histories have revealed very similar results [Frankel et aI, in preparation]. Again, 
this was a healthy group of HIV-I-infected individuals with CD4 counts in the range of 
200-900/J.11. Numerous virus antigen-positive syncytia were located within the lymphoepi
thelia lining the tonsillar crypts, but rarely within the surface stratified squamous epithe
lia. Interestingly, many of the syncytia were smaller than those previously described in the 
adenoid mucosa. 

We believe that this DC-T cell environment within the crypt lymphoepithelia is the 
in vivo counterpart of what we had previously described in vitro'. Within this environ
ment, the mature DCs and T cells can interact with each other on a constant basis and cre
ate the milieu known to promote HIV -I replication in vitr02•3• This and similar mucosal 
associated lymphoid tissues [such as in the gut] may provide important "pockets" where 
new virus can be produced and efficiently spread between cells. 
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3. DENDRITIC CELLS, T CELLS, AND THE REPLICATION OF SIV 

3.1. The SIV-Macaque Model 

To better dissect the role of mucosal DCs and T cells in the pathogenesis of primate 
immunodeficiency viruses, we have chosen to study the SlY -macaque system. SlY is mor
phologically and genetically similar to HIVC>-'2 and exhibits a tropism for cells expressing 
the CD4 molecule6•13 • The SIV-macaque model has proven useful to study immune defi
ciencies8, since macaques infected with SIV via the intravenous6.7.'4.'5 and mucosal routes 
[oral '6.'7 and genital'~], succumb to a similar disease to that caused by HIV -I in humans. 
Monkeys infected with SIV develop anti-SIV CTL and Ab responses, a characteristic skin 
rash, usually preceeding the onset of an AIDS-like disease, and eventually become immu
nosuppressed and succumb to opportunistic infectionsC>-8. 

DCs have been identified in the cervical and vaginal mucosae of humans '9- 23 and 
macaques24.25, with the dendritic processes extending to the epithelial surface25 . Early after 
vaginal infection with SIV, SIV-DNA-positive cells that stained for the DC markers SIOO 
and HLA-DR in adjacent tissue sections, were detected25.26. More recently, Marx et al 
demonstrated that animals with progesterone implants exhibited dramatic thinning of the 
vaginal epithelia and an increased sensitivity to vaginal infection with SIV27. In addition, 
infected cells have been observed in the T cells areas of lymph nodes within the first two 
weeks of infection2~. Formal identification of the infected cells in these tissues is still re
quired. 

Therefore, it is possible that virus-carrying DCs and/or T cells move from the initial 
infection site to the draining lymph nodes, targeting the T cell areas. Thereafter, free virus 
and/or virus-carrying cells could seed the peripheral tissues. including the mucosae, where 
DCs and T cells continuously interact, initiating sites for chronic virus replication. 

3.2. Characterization of DCs and T Cells Isolated from Macaque Skin 
and Mucosae 

Our initial studies focused on the isolation and subsequent characterization of leuko
cytes from uninfected macaque tissues. Using the organ culture approach developed for 
human skin', we were able to isolate leukocytes from skin and oral and genital mucosal 
tissues29 • In the case of the skin and genital mucoase, the leukocytes were almost exclu
sively T cells and mature DCs, the DCs representing 30-55% of the total leukocyte popu
lation. However, the genital cell suspensions were contaminated by up to 50% epithelial 
cells and/or keratinocytes. The percentage of DCs in the oral mucosal cell suspensions 
was much lower [<2%] mainly due to the presence of numerous B cells and T cells. 

Phenotypic analysis of these cells revealed that the macaque skin and mucosal DCs 
were very similar to mature human DCs. For example, macaque DCs expressed high lev
els of MHC class II proteins, the costimulator molecules CD86 and CD40, and the two 
recently described molecules that are known to be expressed on mature human DCs, 
CD83 30 and p55 31 . Both CD4+ and CD8+ T cells were present in all suspensions. Some of 
these T cells were also tightly bound to the DCs forming DC-T cell conjugates. Similar 
observations have been made with cells isolated from both cynomolgus and rhesus ma
caques. Therefore, cutaneous and mucosal DCs isolated from uninfected monkeys ap
peared to be similar to mature human DCs in morphology, phenotype, and T cell binding 
capacity. 
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3.3. SIV Replication in DC-T Cell Mixtures 

Having characterized the macaque skin and mucosal leukocytes, we were interested 
in investigating the ability of these cells to support SIV replication in vitro. Cutaneous and 
mucosal DC-T cell mixtures were exposed to SIVmac251 or SIVmac239 and infections 
monitored by measuring the production of reverse transcriptase activity and expression of 
SIV p27 antigens at the cellular level. 

The DC-T cell mixtures from skin, oral and vaginal mucosae, but not cervical mu
cosal tissue, were productively infected by both SIV isolates29• Reverse transcriptase ac
tivity was detected in the culture supernatants of infected cultures within 7-9 days of 
exposure to SIV. Examination of cell cytospins immunoperoxidase labeled for SIV p27 
protein revealed virus-positive profiles, including many syncytia. 5 days after infection. 
These suspensions were also infectible with cell line-grown SIV, suggesting that trace 
contaminants of superantigen or cytokines that may be present in virus stocks grown in ac
tivated peripheral blood cells, were not required to stimulate the T cells in these cultures 
for virus replication to occur. 

Therefore, much like the cutaneous DCs and T cells isolated from human skin, the 
DC-T cell mixtures obtained from the skin and several mucosae of macaques supported 
the replication of a primate immunodeficiency virus. We are now able to use this system 
to facilitate extensive studies and elucidate the roles of mucosal DCs and T cells in the in
itial transmission of infection and in chronic virus replication. 

4. SUMMARY 

The cutaneous or mucosal DC-T cell environments seem extremely supportive of 
immunodeficiency virus replication. Apart from very early after SIV infection28, similar 
virus producing cells have been difficult to detect in the lymphoid tissues where DCs and 
T cells are also known to interact. Large amounts of virus can be visualized in the germi
nal centers of the lymph nodes, much of which represents immune complexed virus that is 
trapped on the follicular dendritic cell surface32- J8• However, whether these virus-carrying 
cells actually make virus or even virus proteins requires further investigation. 

We believe that once an individual is systemically infected, free virus and/or virus
infected cells will seed peripheral tissues and when encountering similar DC-T cell envi
ronments as described in the oral mucosae, can set up sites of chronic virus replication. 
For instance, a virus-carrying T cell that migrates to the periphery would, on entering this 
milieu, interact with the mature DCs and activate virus production. This likely occurs at 
similar sites around the body, such as the mucosal associated lymphoid tissue of the gut, 
and is probably independent of the route of infection. 
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Dendritic cells (DC) are the first immunocompetent cells to encounter antigen at areas 
of inflammation in mucous membranes I , which are the major sites where the initiation of HIV 
infection occurs. HIV enters a mucous membrane and interacts with Langerhans cells 
(LC)/DC resulting in binding of the virus to the cell with or without infection. The cell then 
migrates and delivers virus to the paracortical region of the draining lymphoid tissue; LC/DC 
also provide activation stimuli to CD4+ T cells which become infected leading to replication 
and spread of virus2.3. Recently, in vivo data in the macaque model have clarified certain 
pathogenic events associated with primary simian immunodeficiency virus (SIV) infection. 
SIV was placed in the vaginal vault and infected cells were then identified and followed using 
in situ PCR technology. DC in the lamina propria of the cervicovaginal mucosa were found to 
contain SIV DNA 2 days after exposure to virus. Infected cells were observed in the sub-cap
sular and paracortical regions of the draining lymph nodes; this series of events mirrors the 
course that DCs take upon receiving a signal to migrate from the tissues to lymphoid organs4 • 

Thus, in an animal model of HIV, DC appeared to be responsible for bringing virus from the 
site of inoculation to the paracortical Tcell regions of the draining lymphoid organs leading to 
viral replication and systemic spread of infection. 

Recently, a series of newly identified HIV coreceptors that are necessary for infec
tion of CD4+ cells has been identified. These coreceptors are members of a family of 7-
transmembrane, G protein-linked receptors that bind chemokines5- lo• Of the multiple HIV 
coreceptors that have been identified, two appear to play major roles in the infection of 
CD4+ cells, but have different specificities for macrophage (M) and T cell line (T) tropic 
HIV5- lo• The first is CCRS, whose natural ligands are the beta-chemokines macrophage in
flammatory protein (MIP)-la, MIP-IJ3, and RANTES and is used by M-tropic strains of 
HIV5 -9• M-tropic viruses are observed after transmission and throughout most of the clini-
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cally latent period of infectionll • The second coreceptor, CXCR4 (fusin), whose ligand is 
the alpha-chemokine stromal cell derived factor (SDF)-l, is used by T -tropic strains of 
HIV which are found principally after progression to AIDSIO. Other less predominant HIV 
fusion coreceptors have been identified among the chemokine receptor family and include 
CCR2b and CCR3, the eotaxin receptor present on eosinophils.S-9 

Monocyte derived DC (MDDC), obtained by GM-CSF and IL-4 treatment of mono
cytesl2, have been demonstrated to chemotax to multiple beta-chemokines, including MIP
la, monocyte chemoattractant protein (MCP)-l, and RANTES 1S• Given the roles of DC in 
the initiation4 and propagation3 of HIV -infection and the observation that DC can be in
fected in vivo\ we studied the expression ofHIV coreceptors on different types of DC, in
cluding LC, peripheral blood DC, and MDDC. 

MATERIAL AND METHODS 

Isolation and Study of DC 

MDDC were obtained by GM-CSF (50 ng/ml) and interleukin (lL)-4 (100 ng/ml) (R 
& D Systems, Minneapolis, MN) treatment of Percoll purified monocytes as described 
previously'2. Peripheral blood DC were purified as described previously3. Northern blot
ting was performed as described ll. CD40 cross-linking was performed by coating plates 
with anti-CD40 mAb (10 uglml) (PharMingen, San Diego, CA), followed by removal of 
unbound Ab, and incubation of cells on coated plates for 24 hours. LC were obtained by 
trypsin digestion (0.025% for 30 min) of epidermal sheets. 

Chemotaxis Assays 

96 well chemotaxis plates with 5 or S J.1m pores were used (Neuro Probe, Inc, Cabin 
John, MD). 200 nglml ofchemokines MIP-la, MIP-l~, RANTES, IL-S (R & D), and eotaxin 
(Peprotech, Rocky Hill, NJ) were placed in the lower well or both wells (chemokinesis con
trol), and 1000--2,000 cells were placed above the membrane. After 2 hours, the number of 
cells in the lower well was counted. Samples were run in triplicate and averaged. Epidermal 
cells containing LC (2-4%) were stained with fluorescein-labeled mAb specific for HLA-DR 
and CDIa (PharMingen) and the number of fluorescent cells in the lower well was counted. 

HIV Infection of DC 

Various populations of DC were pulsed with HIV (Ba-L or IIIB) for 2 hours, 
washed, cultured for 2 days, lysed, and analyzed for the presence of HIV gag DNA by 
PCR using the SK3S/39 primerl4. Chemokines (200 ng/ml), SDF-I containing supernatant 
(50% V/V), or OKT4a mAb (20 J.1g1ml) (Ortho Diagnostic Systems, Raritan, NJ) were 
added to some cells at the time of viral pulsing until the end of the culture. 

RESULTS 

Initially, the ability of different types of DC to chemotax through porous membranes 
was investigated. We found that MDDC chemotax in response to RANTES, MIP-Ia, 
MIP-I~, IL-S, MCP-l, MCP-3 and eotaxin (Figure lA and data not shown); peripheral 
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Figure 1. DC chemotax in response to multiple chemokines_ A) MODe, B) peripheral blood (PB) DC, either un
stimulated or stimulated for 24 hours on anti-CD40 coated plates, and C) LC were placed in the upper well of 96-
well chemotaxis chambers for 2 hours followed by counting the number of cells that migrated to the lower well. A 
single chemokinesis control, chemokine in top and bottom wells, for RANTES is shown; similar results were ob
served for the other chemokines tested. 
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blood DC chemotaxed in response to MIP-la, MIP-IB, and RANTES only if they were 
activated with CD40 cross-linking (Figure IB), and LC responded to RANTES, MIP-Ia, 
MIP-I p, and eotaxin, but not to IL-8 (Figure I C). The response to eotaxin, which is 
known to activate CCR3, a receptor previously reported only on eosinophils'\ was sur
prising. To extend the chemotaxis results, northern blotting demonstrated the presence of 
specific mRNA for CCR3 in MDDC, as well as mRNA for CCRI. CCR2b. CCR5, and 
low levels ofmRNA for CXCR-4 (Fusin) (data not shown). 
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Figure 2. Infection of ~DDC by T-tropic virus is inhibitable by SDF-I, while M-tropic virus infection is incom
pletely inhibited by a combination of chemokines. MDDC were infected with HIV-IIIB (A) or HIV-Ba-L (B). Day 
o are cells that were lysed immediately after addition of virus and are a control for gag DNA in the viral stock. 
HIV gag DNA (SK 38/39 primer) was measured 2 days after infection. ACH-2 controls were used for quantifica
tion on a phosphorimager. 200 nglml of each chemokine were added at the initiation of viral pulsing; TRIO repre
sents the combination of MIP-I n, MIP-I B, and RANTES at 200 nglml each. Similar results were observed with 
up to \000 nglml (data not shown). Viral entry into T cell blasts was completely inhibited by similar concentra
tions of SDF-I or the TRIO (data not shown). 
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The ability of T -tropic and M-tropic strains of HIV to infect DC was determined us
ing HIV gag DNA PCR. MDDC were infectable by HIV-IIIB and this infection was inhib
ited by treatment of the DC with anti-CD4 mAb or SDF-l containing supernatant. No 
inhibition was observed when RANTES, MIP-l a., MIP-l /3, and eotaxin were added (Fig
ure 2A). MDDC were also infected with the M-tropic strain HIV-Ba-'L. The addition of 
RANTES, MIP-I a., MIP-I/3 (TRIO) resulted in a moderate amount of inhibition (68%) 
while the addition of eotaxin and SDF-l to the TRIO increased the inhibition to almost 
95% (Figure 2B). SDF-l supernatant alone did not inhibit HIV-BAL infection of MDDC 
(data not shown). 

DISCUSSION 

DC have been demonstrated to be the first cells infected in vaginal tissue after expo
sure to SIV, and their role in the initiation of HIV infections remains an important area of 
research. We have analyzed the expression and use of various HIV fusion coreceptors on 
different populations of DC. Peripheral blood DC did not express known functional 13-
chemokine receptors as determined by a lack of chemotaxis in response to appropriate li
gands. However, when they were activated through CD40 cross-linking, they were able to 
chemotax to MIP-I13, suggesting upregulation of expression of CCR5, the only known 
chemokine receptor that binds MIP-I13. LC and MDDC chemotaxed in response to multi
ple 13-chemokines including eotaxin, and by Northern blot analysis the MDDC expressed 
mRNA for the CCR3 receptor, which had previously only been found on eosinophils". T
tropic strains of HIV infected MDDC, and this infection could be blocked by the addition 
of SDF-l, suggesting that a SDF-l receptor was being used, preliminary results suggest 
that the SDF-I receptor on DC is not CXCR4 (fusin). Infection with M-tropic strains 
could not be completely blocked by the addition of multiple chemokines (Figure 2B). In
terestingly, RANTES, MIP-l a., and MIP-l/3, could only moderately suppress infection 
with an M-tropic strain of HIV and the addition of eotaxin and SDF-I increased this sup
pression. This suggested that other HIV coreceptors in addition to CCR5 are used by M
tropic strains of HIV in the infection of DC. Identification of CCR3 mRN A in DC and the 
observation that these cells can chemotax in response to its agonist, eotaxin, suggest an 
additional role for DC in allergic diseases. Moreover, the ability of eotaxin to suppress 
Ba-L infection in DC implicates CCR3 as an HIV coreceptor used by M-tropic viruses to 
infect DC. The delineation of HIV coreceptor usage by DC will lead to a better under
standing of the pathogenesis of acute infection and may lead to the development of agents 
that can interfere with these early events. 
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1. INTRODUCTION 

66 

Cells from the dendritic lineage presumably play an important role in the pathogene
sis of human immunodeficiency virus (HIV) infectionu . Langerhans cells (lC), are prob
ably among the first targets for HIV in genital mucosae3.4. later, in T-cell dependent areas 
of lymphoid organs, dendritic cells (DC) may also be involved in both virus transmission 
to CD4+ T cells and the generation of an effective anti-HlV immune response2. There is 
now agreement that mature DC/lC can take up the virus, reverse transcribe its RNA, clus
ter to and form syncytia with CD4+ T cells, but the real degree of their permissivity to 
HIV still remains debatedl.5,6. A precise knowledge of the relationships of cells of the DC 
lineage with H1V is important for understanding AIDS pathogenesis as well as for deline
ating possible new immunotherapy strategies. Studying their interactions with HIV in dif
ferent models is therefore warranted. 

DC are are known to be of hematopoietic origin2•71O • They may be generated in vitro 
from CD34+ hematopoietic progenitor cells by using combinations of granulocyte/macro
phage-colony stimulating factor, tumor necrosis factor-a and stem cell factor7- 'o. Using 
such an in vitro differentiation system, we recently characterized a population of 
CD13hiLin. cells that appears after 5 days of culture and comprise precursors of the den
dritic lineage (CD la+) but also of macrophages (CD 14+) and of granulocytes (CD 15+)7,H. 
CD 13hiLin. cells express CD4 and they are therefore potential targets for HTV. 

We examined here whether DC precursors are susceptible to HIV, and if DC differ
entiation and/or function are affected by HIV infection Ill. 
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2. RESULTS AND DISCUSSION 

2.1. HIV Infection of Day 5 Cultured Bulk Cells 

Day S cells from CD34+-derived cultures, which are a mixture of CDl310 and 
CDl3hiLin- cells with a minority of already CDla+, CDI4+ and CDIS+ cells, were exposed 
for 3 hrs to SOO TCIDso of macrophage-tropic (HIV -I S.-L' HIV -1 ADA' HIV -I JR-FL) or Iym
photropic (HIV -I LAI) virus strains. The cells were further cultured for 8 days without me
dium change, but fresh cytokines were added every 3 days. Under these conditions, high 
viral production was noted only with the macrophage-tropic strains. On day 8 post-infec
tion (PI), p24 levels in supernatants ranged from SO to 1000 nglml in HIV -I Sa-L or HIV
I ADA -infected cultures, and reached SO nglml in HIV -I JR-FL -infected cultures. Low virus 
production levels (p24 24ng/ml) were noted in HIV -I LAI-infected cultures. As reported II, 
the kinetics of macrophage-tropic virus replication paralleled that of the differentiation of 
adherent macrophages in cultures, suggesting that the latter cells were mainly responsible 
for amplifying virus production. Under the conditions used, replication of macrophage
tropic strains was highly cytopathic for both the adherent and non-adherent (NA) cell 
populations: syncytia appeared on day S PI in cultures infected with HIV -I ADA and on day 
7--8 with HIV-I 8a_L. NAC numbers were then reduced to S4±23% of controls (p= 0.OS7 by 
the paired Student t-test) with the latter viral strain. There was no cytopathicity in HIV
I LAI- or in HIV -1 JR-FL -infected cultures at that time. 

2.2. Characterization of HIV-Infected Cells in the Cultures 

NAC from HIV-lsa_L-infected cultures were examined by immunocytochemistry on 
day 7 PI. Most p24+ cells were involved in syncytia that were also stained by CDI4, CDla 
and LC-specific anti-S 100 antibodies, indicating that they comprised cells of the MA line
age as well as DC. The latter point was confirmed by the finding of individual CDla+ or 
SIOO+ DC clustering and fusing to syncytia. Individual SI00+p24+ DC were rarely found, 
indicating that, if at least some DC were indeed productively infected by HIV, they were 
not major contributors to virus production. Altogether, these observations suggest two 
nonexclusive possibilities based on the natural tendency of DC to cluster: that DC were 
infected by HIV and rapidly formed syncytia with other DC as well as with other cells; 
that, even if or when not productively infected, DC readily clustered to and then fused 
with syncytia primarily formed by the major HIV -producing cells in this system, which 
were most probably of the MA lineage according to CD 14 labeling and the viral strains 
that replicated best. Moreover, the presence of DC and their tendency to cluster may well 
be one reason for the unusually strong cytopathicity occurring with a reputedly non
syncytium-inducing strain such as HIV-I 8a_L. These data also suggest in addition that the 
fusogenic capacity of DC is not restricted to T cells2•S•12 • 

2.3. Susceptibility to HIV ofCDla+ DC 

DC in infected cultures harbored HIV DNA was then examined by nested pol PCR 
of single viable CD 1 a +CD IS- cells F ACS sorted from day 7 PI HIV -I Sa-L -infected cultures 
after being fixed in 4% paraformaldehyde (PF A). Viral DNA amounts were then about S
to lO-fold greater in CDla+CDIS- than in CDla-CDIS+ cells, though sometime lower than 
in unsorted bulk cells (Table I). 
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Table 1. peR detection of viral DNA in HIV-infected cultured cells 

Inverse of endpoint HIV ONA + dilution in cells 

Initially infected cells Oay PI COla+COIS' COla'COIS+ COI3',,'-'n, COI3h,L"" 

( I) day S bulk 7# 5 - 10 
(2) sorted day-8 cultured cells 50 - 100 5 
(3) sorted day-5 cultured cells 10 - 50 
(4) sorted day-5 COI3h,L'., cells 2# 5 0- I 

The cells analysed were as follows: (I) day 7 PI paraformaldehyde (PFA)-fixed sorted COla+COIS' and COlaTOIS+ 
cells; (2) soned CDI_COIS' and COlaCOIS+ cells from day 8 noninfected cultures exposed to HIV-Is .. ; (3) soned 
day S COI3'oL,., and COl3h,L .. , cells incubated for 24 hrs with HIV-IB.,L prior to the PeR; (4) PFA':fixcd sorted 
COlaCOIS'and COlaCOIS+ cells derived from day S-soned COl3h,L .. , cells that were then incubated for 24 hrs with 

HIV-ls.,L' 
Relative HIV pol DNA contents of the different cell samples were determined by nested PCR performed in serial dilu
tions oflysates of the HIV-infected cells in HIV-negative A301 celllysates (endpoint dilution assay), When already HIV
infected cells were assayed. they were tirst fixed with PFA before FACS-soning (noted as #), Sensitivity orthe assay was 
I copy per 10· unfixed cells and 10-100 copies per 104 4% PFA fixed cells 
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We next showed that HIV DNA could also be found in single CDla+ cells exposed 
to the virus after F ACS-sorting from uninfected day 8 cultures. which indicated their 
susceptiblity to HIV infection in vitro (Table I). 

These findings indicate that, in both cases, at least one round of reverse transcription 
had occurred in these cells. Therefore, in addition to MA, DC appear to be infected by 
HIV in this system. 

Using HIV-ILAI' viral DNA was also noted in CDla'CDI5+ cells sorted from in
fected cultures, or shortly after exposure to the virus, suggesting that these cells or their 
CD4+ precursors had been infected. No attempt was made to further investigate this point. 

2.4. Susceptibility to "IV of the CD13hiLin- Cell Population 

The presence of viral DNA in DC of cultures that had been infected 7 days earlier 
did not allow to discriminate whether DC precursors were infected at the onset or if virus 
spread only later from the other infected cells to DC that subsequently differentiated in 
culture. To examine this point, HIV DNA was assessed in day 5 CD 13hiLin, cells that had 
been exposed to HIV after sorting. Indeed, although CD 13h,LIn, cells were CD4 + and repre
sented 44±8% of the cells at that time, it is possible that productive infection of the bulk 
population could only involve the minor populations ofCDla+ and/or CDI4+ cells already 
present in cultures. Viral DNA was preferentially detected in day-5 sorted CD 13hiLIn' vs, 
CDI3'" cells 24 hrs after exposure to HIV-Illa,L' and it was also found in the short-term 
(48-hr) CDla- progeny of such CD13h,Lin, cells (Table I). These data indicate that 
CD 13hiLin, cells and. among these. DC precursors are susceptible to HIV. 

2.5. Effect of HIV Infection on DC Differentiation and Function 

Despite the strong cytopathicity occurring in HIV -I B.,t-infected bulk cell cultures, 
F ACS analysis on day 7 PI failed to show significant modifications of the proportion of 
DC and, apart from CD4 downmodulation related to HIV production, overall expression 
of accessory and costimulatory molecules and of HLA-DR was similar to that of controls. 

In order to assess DC antigen-presenting function, graded amounts of cells from day 
7 HIV -infected or uninfected cultures. or of cells cultured with HI virus, were added to al-
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logeneic normal PBL in the continuous presence of DDI used to prevent HIV propagation 
to responder cells. The ability of DC from HIV -infected cultures to stimulate the mixed 
leucocyte reaction was affected but in a limited manner«IO fold) ifany. Due to the use of 
DOl this effect, which could not be accounted for by phenotypic changes of the stimulat
ing cells, was independent of the transmission of HIV from infected DC to primary CD4+ 
T cells nor could it be induced by viral supernatants. Reduced T lymphocyte responsive
ness to infected NA cells was therefore problably due to a functional defect of the stimula
tor cells, the basis of which remains unclearl•13• 

3. CONCLUSION 

The observations presented here indicate that precursors of DC and their in vitro dif
ferentiated progeny are susceptible to HIV. Apart from the consequences of viral cytopa
thic effects, virus production in these cells and in adjacent cells of the MA lineage does 
not apparently affect DC differentiation and only in a limited manner DC antigen-present
ing function. The in vivo relevance of these findings remains to be established. 
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INTRODUCTION 

67 

The migration route of dendritic cells (DC) from peripheral tissues to lymph nodes 
(I) and their capacity to pass HIV infection to T cells (2-4) support a critical role for DC 
in the early events of HIV infection. It is assumed, but not yet demonstrated, that DC are 
the first HIV target cells in the mucosa and that their migration to draining lymph nodes 
will result in the transmission of HIV to T lymphocytes. Interestingly. this can be studied 
in a murine model. although murine cells are not susceptible to HIV infection. Indeed. (i) 
murine DC pre-incubated with HIV are able to transfer it to human T lymphocytes as effi
ciently as human DC (4); (ii) murine DC can be manipulated in vitro, re-injected. and their 
in vivo migration can be analysed. 

The aim of our work was to develop a murine model to study HIV transport by DC. 
especially after mucosal inoculation, in order to test new molecules for blocking infection. 
In the present study, we have analysed the capacity of mouse bone marrow-derived DC in
jected subcutaneously to migrate and to carry infectious HIV into draining lymph nodes. 

MATERIALS AND METHODS 

DC were derived from the bone marrow of either DBAl2 mice or transgenic mice 
expressing the human CD4 (hCD4) under the control of MHC class I promoter (5). We 
used these mice with the idea that the expression of CD4 onto the surface of DC could fa
vor the binding of HIV, although it is clear that we did not expect productive infection of 
these DC. In addition the expression of a transgene could be used as a marker for tracing 
DC migration. 
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Bone marrow cells were cultured for 7 days in the presence of GM-CSF as pre
viously described (6, 7), which resulted in 4~70% of MHC-class II cells showing the 
morphological and cytochemical characteristics of DC. In some experiments, DC were 
further purified by sorting by flow cytometry. 

In order to analyse their migration, DC were stained with a fluororescent dye 
(PKH2) and injected subcutaneously into the footpad of mice. The detection of fluorescent 
cells was performed on frozen sections of popliteal and inguinal lymph nodes 6 and 24 
hours later. 

In order to investigate their role in the transport of HIV-I, DC generated from normal 
and hCD4 transgenic mice bone marrow were incubated with either heat-inactivated (Hi) or 
infectious HIV-I LAI supernatant for 2 hours, washed twice and injected into the footpad of 
syngeneic non transgenic mice. Popliteal and inguinal homo-and contralateral lymph nodes 
were harvested 24 hours later. HIV-l gag and hCD4 sequences were detected by RT-PCR fol
lowed, when appropriate, by a specific hybridization of gag RT-PCR products. The persist
ence of the HIV virulence after transport to lymph nodes was assessed by cocultivation of 
popliteal and inguinal lymph node cells with the human lymphoid HUT-78 cell line. The ki
netics of viral p24 production in culture supernatants was determined by ELISA. 

RESULTS 

Mouse Bone Marrow-Derived DC Fix and Transmit HIV-l to T-Cells 

After incubation of bone marrow-derived DC with either Hi-HIV-I or infectious 
HIV-I, the virus was detectable by RT-PCR in DC immediately, 3 and 24 hours after the 
pulse. When HIV -I-pulsed-DC were cocultured with HUT -78 cells, a viral p24 production 
was observed after 7 days of coculture (data not shown). These findings demonstrate that 
murine bone marrow-derived DC even in absence of infection are able to fix HIV and to 
transmit HIV infection to CD4 lymphoid cells, as previously shown for splenic DC (4). 

Mouse Bone Marrow-Derived DC Can Migrate to Draining Lymph 
Nodes 

After the subcutaneous injection of PKH2-stained DC into the mouse footpad, 
stained cells were found on sections of the draining homolateral popliteal lymph node 
which was the first one draining the footpad injected. Fluorescent cells were already de
tected 6 hours after DC injection, and their numbers increased until 24 hours. This obser
vation indicates that bone marrow-derived DC can migrate to the draining lymph node 
after subcutaneous injection. 

Transport of HIV-l to Lymph Nodes by DC 

HIV RNA sequence was detected in the homolateral popliteal node 24 hours after 
injection of Hi-HIV -I-pulsed DC, but not in the homolateral inguinal nor in the contralat
eral popliteal and inguinal lymph nodes (figure I). Similar results were obtained after in
jection of DC obtained from hCD4 mice: the viral RNA as well as hCD4 RNA were 
detected in the same homolateral popliteal node of mice injected with unsorted and sorted 
DC (table I). This finding supports the participation of injected DC in the transport of 
HIV. 
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Figure I. Dendritic cells (DC) from DBA/2 mice were incubated with Hi·HIV-1 supernatant for 2 hours, washed 
extensively, and injected into the footpad of syngenic mice. HIV-I gag sequences were amplified by RT-PCR fol
lowed by specific hybridization of PCR products, 24 hours after injection, in homo-and contralateral popliteal 
(Pop) and inguinal (Ing) nodes. Positive control is DC incubated with HIV-I before injection. 

HIV Is Still Infectious after Transport to Lymph Nodes 

After mice were injected with HIV -lor with HIV -1 pulsed DC, lymph node cells 
were cultured with the human HUT-78 lymphoid cells. p24 production revealing the pres
ence of infectious HIV was only observed with the draining popliteal node cells after 15 
days of coculture (data not schown). These results demonstrate that HIV retains its infec
tivity after transport from the periphery to the lymph nodes in mice. 

DISCUSSION AND PERSPECTIVES 

Our data confirm the previous observations of Cameron et al.(4) on the capacity of 
murine DC to transmit HIV to human lymphoid cells. Furthermore, they indicate that the 
early events following HIV transmission can be studied in mice. We are now using this 
model to study the HIV migration from the vaginal mucosa to its draining lymph nodes. 

Table I. After a two-hour incubation with Hi-HIV-l supernatant, DC derived from hCD4 transgenic 
mice were injected into the footpad of mice. 24 hours after, the detection of HI V in homo-

and contralateral popliteal (Pop) and inguinal (lng) nodes was performed by RT-PCR 
with gag primers. The detection ofhCD4, that is only expressed by the injected DC, 

was similarly performed with appropriate primers 

RT-PCR detection 

gag hCD4 

Homolateral Contralateral Homolateral Contralateral 

Unsorted DC I HIV 
Sorted DC I HIV 

Pop 
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INTRODUCTION 

The proliferative status of the host cells influences the life cycle of retroviruses l ,2. 

For oncogenic retroviruses cell division is considered a prerequisite for integration and vi
ral replication. Lentiviruses differ from oncogenic retroviruses because they can complete 
their replicative cycle indipendently from cell division. The HIV -I lentivirus uses a gag 
targeting cell to access the nucleus and integrate into macrophages. HIV -I productively 
infects monocytes and terminally differentiated macrophages in speci fic organs like brain 
and cultured blood monocytes3A . The predominant target for HIV-l in the blood is a CD4+ 
T lymphocyte, but activation of T cells is required for productive infection. Nonetheless, 
HIV -I is capable of infecting and persisting in resting T cells without producing virions'. 
Once infected the resting T cell can synthesize an incomplete form of viral DNA' without 
complete reverse transcription. Following stimulation of the infected quiescent cells, pro
ductive infection occurS. 5,6 Dendritic cells represent a distinct lineage of white cells that 
derive from CD34' progenitors in the bone marrow. They are motile and widely distrib
uted in most of the tissues and in all components of lymphoid system [for review see7]. 

Dendritic cells are specialized antigen-presenting cells for T cells in situ, both for self-an
tigens during T cell development and foreign antigens during immunity. Although rela
tively few in number, dendritic cells are effective antigen presenting cells because they 
express not only high levels of MHC class I and II but also several of the accessory mole
cules that are required for T cell binding and activationx,'1. In many tissues dendritic cells 
express CD4 as in skin lO, tonsil ll , thymus l2 , and several mucosae!>. Recently, methods to 
generate large quantities of mature dendritic cells from blood precursors have been de
scribed l4 . 
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Whether HIV -1 can productively infect blood dendritic cells is still controversial. 
Some studies report that blood dendritic cells are susceptible to HIV -1 infection 15.16, while 
others report no infection in dendritic cells but transmission of cytopathic infection to 
stimutated T cells I7- 20• These discrepancies may be due to the state of maturation of the 
DCs. . 

Transcription of the HIV -1 genome depends on the intracellular environment into 
which the virus integrates. This transcription is regulated by a complex interplay between 
viral proteins [ tat, rev] and cellular transcription factors interacting with the HIV -1 L TR, 
which contains two NF-kB and three Spl binding sites. Activated T celis, but not resting 
T cells, replicate virus efficiently owing to active nuclear NF-kB proteins. In contrast, ma
ture DCs are infected with HIV -1 poorly or not at all. 

In this study we have investigated HIV-I infection in mature DCs generated in cul
ture from blood progenitors to determine the level at which virus replication in DCs is 
controlled. 

NF-kB BUT NOT Spl ARE DETECTED IN DeS GENERATED 
FROM BLOOD PRECURSORS 

DCs with mature phenotype were generated by culturing ER' cells for 7 days with 
GM-CSF and IL-4 and then for 4 more days with macrophage conditioned medium l4• 

These differentiated DCs have a characteristic stellate shape, are not plastic adherents and 
express a panel of markers that are characteristic of DCs from other sources [i.e. CD83, 
p55, CD86, HLADR]. 

Previous work showed that dendritic cells isolated from skin and blood express all 
the members of the NF-KB/Rel family in high amount, but lack or have undetectable lev
els of Sp I protein21 • Cell lysates of 11 day cultured dendritic cells, depleted of T cells and 
B cells by cell sorting, were analyzed by western blot for the presence of the above men
tioned transcription factors. As seen in fig. I mature and fully differentiated dendritic cells 
do not express Spl but do express the NF-KB/Rel proteins. Moreover, Spi binding activity 
was also undetectable in nuclear extracts ofDCs [not shown]. 
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Figure 1. Expression of NF-kB/rel but not Spl proteins in mature DCs. II day cultured DCs were sorted [large 
FCS, fluorescent negative for CD3 and CD20]. Cell Iysates [I 0llg] of sorted cells were immunoblotted and the 
membrane probed with antibodies to the indicated Rei and Spl proteins. Bound antibodies were visualized with 
peroxidase anti-immunoglobulin, followed by ECL. 
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HIV-l ENTRY INTO Des 

Previous work showed that dendritic cells purified from blood are resistant to HIV-1 
infection and are not productively infected'9 • To investigate whether the CD4+ cytokine
derived dendritic cells are susceptible to HIV -1 infection, we have pulsed dendritic cells 
with HIV -1 and have used polymerase chain reaction to analyze and quantitate reverse 
transcripts in the infected cells. We focused on the detection of early reverse transcripts 
[RlU5] and of full length reverse transcripts [LTRlgag]. The signal for RlU5 DNA se
quences was weak at time Oh, 90 min after adding virus to purified DCs. HIV -I DNA then 
increased for 6-8h to reach a plateau up to 24h [fig 2A and 3]. Relative to a standard 
curve, we detected 10'_104 copies of RlU5 sequences for 5 x 104 DCs. The RlU5 DNA 
was weaker in T blasts [fig. 2A]. Soluble CD4 as well as CD4 blocking antibodies inhib
ited virus entry into DCs [fig. 2B]. 

Some controls ruled out absorption of virions containing R/U5 DNA sequences. Few 
transcripts were found if virus was added on ice. The signal obtained by infecting the cells 
at 3i' C was insensitive to trypsinization indicating internalization [fig. 2C]. Moreover. 
heat inactivation of the virus did not lead to detection of the R/U5 reverse transcripts [fig. 
2D]. Pretreatment with AZT only partially inhibited the synthesis of RlU5, most probably 
a result of inefficient incorporation of nucleotide analogs into short reverse transcripts 
[fig. 20]. 

Several HIV-I isolates entered and began reverse transcription in DCs. The M
tropic strains Ba-l and SF-162 were particulary efficient followed by ADA and JR-FL 
[not shown]. The T -tropic, TClA adapted IIIB, was also highly infectious [fig 2]. 

In contrast to the R/U5 sequences, few l TRigag sequences were detected in infected 
DCs [fig 3]. As seen in fig. 3, the signal is detected as expected in infected T blasts be
cause infection is productive in T blasts. 

Figure 2. Early reverse transcripts [R/US) are detected in 
HIV-I infected DCs. A) Kinetic of synthesis of R/US se
quences. DNA was prepared at different times from infected 
DCs and T blasts and then R/US sequences amplified by PCR. 
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Figure 3. Stages of reverse transcription of the IIIB isolate in DCs, T celis, and T blasts at different time points. 
DNA extracted from 5 x 10' celis was amplified for RlU5, LTRIgag sequences. 

CHEMOKINE RECEPTORS FOR HIV-l INFECTION IN DCs 

The identity of chemokine receptors that mediate HIV -I entry into DCs was as
sessed with a panel of chemokines as blockers. The entry of Ba-L was almost completely 
blocked by RANTES and by MIP-I n, which are known ligands for the CCR5 receptor for 
M-tropic HIV-I [fig. 4f2.23. No block was found with SDF-I, the recently described li
gand for the fusin/LESTR, CXCR4 receptor for TCLA isolates24•2s • In contrast, the entry 
of IIIB into DCs was sensitive [50% or more inhibition] to SDF-I [fig. 4]. Several other 
chemokines were without detectable effects when added at a dose of 100nM. These in
cluded the CC chemokines eotaxin, MCP-I, and MCP-3, and the CXC chemokines, IL-8, 
y Ip-IO, Mig, and PF-4. 

CONCLUSIONS 

These studies establish new features on the capacity of HIV-I to infect cells of the 
immune system. First, HIV -I does enter DCs and with greater efficacy than T cells. The 
infection is detected by the novo production of early reverse transcripts. Second, DCs are 
receptive to both M-tropic and TCLA strains, and consistent with prior findings, distinct 
chemokine receptors are used for each. For M-tropic viruses the CCR5 predominates since 
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Figure 4. Blocking of Ba-L and IIIB entry into DCs with the selected ligands for the chemokine receptors. DCs 
were preincubated for 30 min with IOOnM of the indicated chemokines and then infected with HIV-I isolates. Af
ter 5h DNA was prepared and amplified for the RlUS sequences. 
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patients with mutated CCR5 are resistant to entry of Ba_L26. Third, the chemokines RAN
TES, MIP-Ia. are potent inhibitors of M-tropic isolates in DCs. Fourth we believe that 
productive infection does not occur in mature DCs due to the lack or unsufficient level of 
the Sp I transcription factor, a cellular factor required for the complete synthesis of the full 
length DNA provirus. 

Our results indicate that the HIV-I life cycle is blocked at two different points in 
mature DCs; one block is at the level of reverse transcription, probably before the synthe
sis of the plus-strand sequences. The lack of Sp I may generate the second block. 
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1. INTRODUCTION 

Measles is characterized by lifelong immunity and a transient immunosuppression 
which, in developing countries, is responsible for a high morbidity and a high mortality 
consecutive to secondary infections. Strickingly, the immune suppression is coincident 
with MV -specific immunity and continues for several weeks after apparent recovery from 
measles. The immune suppression is characterized by the loss of delayed-type hypersensi
tivity skin test responses to recall antigens, such as tuberculin, and by the inhibition of an
tibody production and cellular immune responses to new antigens (I ). 

Measles virus (MV) infection is initiated during the first two days of the incubation 
period by virus replication in tracheal, bronchial and pulmonary epithelial cells ( 2). Virus 
is then transmitted from the respiratory tract to local lymphoid tissues where replication 
gives rise to syncitia of lymphoid or reticuloendothelial giant cells. Dendritic cells resi
dent in mucosal tissues play an important role in local immune surveillance against invad
ing pathogens. The DC of the respiratory tract are located within the upper layers of 
epithelial cells of the epithelium and extend their dendrites towards the luminal side of the 
tissue (3,4). DC of the respiratory mucosae are specialized in the uptake of antigen pene
trating through surface epithelia, its transport and presentation to T cells in draining lymph 
nodes, where specific immune responses are then initiated (5). We have hypothesized that 
DC could be a target of MV and that MV-induced immune suppression could result from 
impaired antigen presentation by MV-infected DC. 
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2. HUMAN CULTURED DENDRITIC CELLS CAN BE INFECTED 
BY MEASLES VIRUS 

Human dendritic cells were derived from cord blood CD34+ hematopoietic stem 
cells by culture in the presence of GM-CSF and TNF-a, as previously described (6). The 
cells recovered on day 9 of culture (mostly CDla+ dendritic cells) were infected with a 
vaccine-like strain (Halle) or a wild type strain ofMV (Lys-l) isolated from a patient with 
acute measles. Dendritic cell infection by MV was demonstrated by the appearance of 
syncitia of giant cells containing the viral nucleocapsid and by expression MV enveloppe 
glycoproteins on the cell surface. MV could be titrated from the cell cultures indicating 
that the infection was productive.lnfection of DC with MV (Halle), but not with MV (Lys
I) requires virus binding to CD46, the putative cell surface receptor for MV (7). 

3. MEASLES VIRUS INFECTED DENDRITIC CELLS CAUSE 
IMMUNE SUPPRESSION 

CD 1 a+ DC differentiated from CD34+ stem cells are able to process and present 
protein antigens in peptides associated with cell surface MHC class II to CD4+ T cells (8). 
Infection of DC with MV did not affect their ability to internalize an irrelevant antigen 
through receptor-mediated endocytosis. Alternatively, MV-infected DC could no longer 
stimulate T cells in allogeneic MLR. Furthermore, addition of as few as 1 MV -infected 
DC to cultures containing uninfected DC and allogeneic CD4+ T cells completely inhib
ited T cell proliferation. The inhibitory effect of DC required DC infection with live MV 
and is associated with transmission of the virus to T cells without affecting T cell viabil
ity. Studies are in progress to determine whether inhibition of T cell proliferation is due to 
transmission of the virus to T cells or could be also induced by the MV -infected DC inde
pendently of virus secretion; the effect of MV infection of DC on cytokine production and 
expression of accesory or costimulatory molecules is being studied. 

4. CONCLUSION 

Taken together our data show that DC can be infected by both a vaccine-strain and a 
wild type train of MV, and suggest that these cells may allow dissemination of MV to T 
cells after in vivo infection. Immunosuppression may result from MV transfer to T cells as 
well as from impaired antigen presentation of MV -infected DC. These observation further 
indicate that a subunit vaccine may be preferrable to a live attenuated vaccine, especially 
for vaccination of young children in developing countries. 
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INTRODUCTION 

70 

Interferons (lFN) are potent regulators of the immune response. They modulate host 
defense against infections and induce growth inhibition of tumors. Two types of IFN fami
lies have been described. The type I IFN family includes a, 13 and ill IFN, the type II IFN 
is represented by IFNy as the only member. IFN molecules bind to specific receptors pre
sent on the cell surface. It is thought that the binding of IFN with its specific receptor in
duces the plethora offunctions associated with IFN (6). 

Mice lacking both type I and II interferon receptors (AG 129) have been generated 
(I, 13, 17) and the role of interferons in anti viral response was analyzed. The animals dis
played a high susceptibility to virus such as influenza, VSV and LCMV (13, 17). The sus
ceptibility was explained by a lack of a specific anti viral CTL response in a later phase of 
the infection, probably because of an exhaustion of the CD8 subset of T cells. As ex
pected, the humoral immune response in AG 129 was biased towards an IgG I response (7, 
13, 17). The role of IFN in the function of dendritic cells (DC) is not yet fully understood. 

Therefore, cells from lymphoid (thymus, spleen) and non lymphoid tissue (brain, 
eye, heart, kidney, lung and skin) of AG 129 mice were isolated and immortalized by using 
the MIB2-N 11 retrovirus shown to immortalize DC (8, 12). 

The cell lines obtained have been analyzed morphologically and functionally by de
termining antigen uptake and stimulation ofT cells. 

Dendritic Cells in Fundamental and Clinical Immunology 
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MATERIAL AND METHODS 

Mice 

Inbred AG129 (I_Ab) with deleted IFN receptors I and II (IFN r 0/0) were kindly 
provided by Rolf Zinkemagel (1, 13, 17). DNA from nucleated cells in blood obtained 
from AG 129 mice and from selected cell lines (see below) was tested by PCR as de
scribed (17) in order to confirm the lack of the IFNrs. 

Media and Antigens 

Iscoves modified Dulbeccos culture medium (Gifco BRL, Life technologies, Basel, 
Switzerland) was used supplemented with 10 % FCS and a mixture of antibiotic-antimy
cotic (Gibco BRL) containing penicillin 100 V/ml, streptomycin 100 f..1g/ ml and am
photericin B 0.25 f..1g/ml. The antigens ovalbumin (OVA) and hen egg lysozyme (HEL) 
were from Sigma Chemical Co. (St Louis, MO). 

Cell Lines 

The cell lines used and their source are listed in Table I. 

Antibodies and FACS Staining 

Cell surface expressed molecules were determined with monoclonal antibodies 
(mAb) and analyzed by FACS using standard procedures (8). For this. cultured cells were 
detached by a gentle trypsin-EDT A (Gibco) treatment, the cells counted and the viability 
determined by trypan blue exclusion. Only cells with more than 95% viability were used. 
In order to block the Fc receptors, cell suspensions (106 cells/ml) were incubated on ice 
with mAb 2.4G2 (8). After one wash in FACS buffer (PBS containing 5% FCS and 0.01 
% sodium azide), cells were resuspended in equal volume of F ACS buffer and aliquots of 
100 f..11 of the cell suspensions'(l06 cells/ml) were seeded in individual wells ofa 96 well 
plate. Appropriate concentrations of different mAb (given in Table 2) were added to the 
seeded cells and the mixture incubated on ice for 30 minutes. After three wash cycles with 
F ACS buffer, cells were either fixed with F ACS buffer plus 2% formaldehyde for direct 

Table 1. Cell lines used 

Cell line Characteristics Source * 
VNII Glia origin PRC. 
D2SC Spleen origen PRC 
MT-2 Macrophage cel1line PRC 
Hd-IAC5 HEL specifity, I_Ed SIK 
E3 Ovalbumin specifity, I_Ek SIK 
E8 Ovalbumin specifity, I_Ek SIK 
8097.10.5 Ovalbumin specifity, I_Ab PM,LA 

*The following colleagues have established these cell lines and generously provide 
them for this study. PRC. Paola Ricciardi-Castagnoli. Phannacology. University of 
Milan; SIK. Stephen J. Katz, Department of Dennatology. NIH. Beihesda. Md; 
PM. Philippa Marrack. The Jewish Medical Center. Denver. Co; LA. Luciano 
Adorini. Roche Milano Ricen:he. Milano. Italy (4). 



Immort.11zed Cell Lines with Dendritic Morphology Derived from Mice 427 

Table 2. Monoclonal antibodies 

Antigen Clone· Antibody Labeling 

MI170 Rat IgG2b FITC-anti CD I J b 
53-2.1 Rat IgG2a FITC anti CD90 (Thy 1.2) 

Mac-II CD II b 
CD90 
I-Akll-Ab 
CD4(L3T4) 
8-220 

J 0-3.6/AF6-1 20. I MCWB IgG2a1 MBalb/c IgG2a FITC anti I-AkI FITC anti I-Ab 
h129.19 

RA3-6B2 

CD45 
CD8(Ly-2) 

·PharMingen. San Diego. Ca. 

R35-95 
R35-95 
R35-38 
R35-38 

30FJ J.J 
53-6.7 

Rat IgG2a FITC rat IgG2a 
Rat IgG2a PE anti CD45R 
Rat IgG2a FITC rat IgG2a 
Rat IgG2a PE rat IgG2a 
Rat IgG2b FITC rat IgG2b 
Rat IgG2b PE rat IgG2b 
RatlgG2b PE anti CD45 
Rat IgG2a PE anti CD8 

immunofluorescence (IF) staining or incubated with biotin labelled phycoerythrin fol
lowed by streptavidin (PharMingen, SanDiego, CAl. F ACS analysis was performed with a 
FACS equipment (Coulter Electronics, Hialiah, FL). At least 5000 cells were analysed. 
Analysis of the data was performed with the PC lysis software (Becton Dickinson. San 
Jose, CAl. 

Immortalization of Cells 

Newborn and adult mice were sacrificed under anesthesia and submerged in cold 
ethanol for 5 minutes. Tissues were removed and processed by gentle teasing until cell 
suspensions were obtained. The cells were counted and the viability was determined. Skin 
of newborn mice was teased off the body, cut in small pieces and incubated with I % PBS 
buffered trypsin-EDT A for 30 min. at 37°C. Then, epidermal cell suspensions were ob
tained by gently pi petting the cells through an 18 gauge needle several times. Cell suspen
sions seeded in 25 ml tissue culture flasks (Corning Glass Works, Coming, NY) were 
infected with I: 1 volume of 0.2 f.lM filtered cell free supernatants from the cell line con
taining the MIB2-NII recombinant defective retroviral vector that carries v - myc MH2 
gene (8, 12). After incubation for I hat 37°C, half the volume was replaced by fresh me
dium and the culture was further incubated at 37°C, in 5% CO2• Twice a week half of the 
medium was changed with fresh medium. About 4--{) weeks after infections first cell clus
ters were observed. The clusters were transferred to new flasks (Corning) after a gentle 
trypsin-EDT A treatment. 

Antigen Uptake by the Immortalized Cells as Determined by FACS 
and Confocal Microscopy 

Determination of antigen uptake by the immortalized cells was assayed using 2 x 
105 cells pulsed with OVA conjugated with fluorescein (OV A-FITC, Molecular Probes, 
Eugene, OR) as antigen. Graded doses (0.001 to Img/ml) of antigen was added to cells 
kept on ice for 10 min. Thereafter the cell antigen mixture was incubated at 37°C for vari
ous amounts of time. Control cells incubated with the same amount of antigen were kept 
on ice for the same period of time. Antigen uptake was stopped by adding ice cold F ACS 
buffer (PBS containing 5% FCS and 0.01 % sodium azide). Subsequently, the cells were 
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washed three times with FACS buffer, fixed with FACS buffer containing 2% formalde
hyde followed by F ACS analysis. Data on antigen binding of control cells kept on ice 
troughout the entire experiment were used as control. 

Determination of antigen uptake by cells analyzed by confocal microscopy was per
formed by seeding and culturing 104 cells/well in Lab-tek chamber slide systems (Nunc, 
Inc., Naperville, IL). After 24 hours in culture, the medium was removed from the adher
ent cells, and replaced at various intervals by fresh medium containing OV A-FITC. After 
three gentle washes with cold F ACS buffer, the cells were fixed with I % formaldehyde in 
FACS buffer and analyzed the same day using a Meridian confocal microscope (5, II). 

Antigen-Processing and Stimulation of T Cell Hybridomas 

In order to evaluate the antigen-processing activity of the AG 129 derived cell lines, 
T cell hybridomas with defined antigen specificity were used (4) (see Table 1). Graded 
numbers (100 to 2000 cells/well) of antigen presenting cells (APC) were cocultured in 
triplicates with 5 x 104 to 5 x 105 hybridoma cells in flat bottom 96 well plates (Corning) 
with or without varying concentrations of antigen. The activation of the hybridoma cells 
was determined by the production of IL-2, measured in the supernatants by using a com
mercial ELISA (R&D Systems, Minneapolis, MN). Supernatants were harvested after 48 
hours of coculture. Data reported in pg, represent the mean value of triplicate wells. 5.3 pg 
of IL-2 are equivalent to I unit of standard NIBSC/WHO 93/566. 

Mixed Leucocyte Reaction (MLR) 

MLR was performed by cocultivating variable numbers of the immortalized cells 
from AG 129 (H_2b) mice as stimulating cells for 5 x 10 4 to 2 x 10 5 responder cells from 
spleen of Balb/c mice (H-2d) Spleen cells were depleted of adherent cells by incubation in 
polystyrene flasks at 37°C for two hours. Thereafter, the floating cells were harvested, 
counted and seeded in flat bottom 96 well plates and kept in culture for at least 7 days. Be
fore harvesting, tritiated thymidine (I85 MBq = 5 mCi, Dupont-New England Nuclear, 
Boston, MA) was added at a final concentration of I /-lCi /well for another 18 hours. The 
cells were harvested onto filter paper (Wallac, Turku, Finland) with a LKB Wallac cell 
harvester (Wallac) and thymidine incorporation was measured in a Betaplate-liquid. Scin
tillation counter (Wallac). Data are listed as counts per minute (cpm) and represent the 
means of triplicate wells. 

RESULTS AND DISCUSSION 

1. Immortalization of DC Like Cells from Neonatal AG 129, Adult 
AG129 and Adult G129 

Cells prepared from brain, lung, eye, thymus, kidney, heart, spleen, liver, lymph 
node and skin obtained from neonatal AG 129 mice were infected with the MIB2-NII 
retrovirus. After one month in culture several cell lines with a variety of morphological 
features were obtained. The cells grew without externally added cytokines. In contrast and 
despite several attempts cell lines from brain and lung only were obtained from adult 
AGI29 or from adult GI29 mice using similar tissues as with the neonatal AG129. Some 
of the cell lines have been kept in culture for about one year. 
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CONTROL CD4 CLASS II CDIIb CD90 

Figure I. A representative FACS analysis of the cell lines 116 (top panel) and 101 (lower panel). The control 
FACS profile was obtained by staining of the cells with R35-95 (Rat IgG2a). 

2. Surface Analysis of the DC Lines 

To further characterize the morphological characteristics of the cell lines with den
dritic morphology, cell surface markers were analyzed. The cells were Mac I + and ex
pressed low amounts of MHC class II molecules. The skin, brain and thymus derived cell 
lines expressed significant amounts of the Thy I marker, but expressed weak amounts or 
no CD4 molecules. A representative F ACS profile of the cell lines, 101 and 116 which 
have been analyzed in more detail is shown in Figure I. 

3. Antigen Uptake and Processing by DC Lines 

At certain juvenile stages in the differentiation, normal DC have the capacity to take 
up antigen and to process it. At a later stage in the development of such DC this function 
is lost (5, 11). We thus analyzed antigen uptake by both FACS and confocal microscopy. 
Fig. 3 clearly shows that FITC labeled OVA was taken up within 30 min. and was proc
essed within 2 hr. Therefore, we consider the DC lines we have obtained as juvenile DC 
like cell lines. It was thus important to analyze the capacity of these cells to present anti
gen to T cells. 
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Figure 2. (A) shows the thymidine incorporation (cpm) of a representative MLR using the skin derived cell line 
101 as stimulating cells (white bars). 500 cells (bar I). 1000 cells (bar 2). 1500 cells (bar 3). and 2000 cells (bar 4) 
as the stimulater were used. The responder spleen cells without stimulating cells are displayed in bar 5. In bar 6 
the proliferation of 2000 stimulating cells alone is shown. Standard deviation of triplicates are shown on top of the 
bars. (8) shows the IL-2 production by hybridoma T cell 8097. 105 after antigen stimulation (OVO) using the cell 
lines 116 as APe (black bars) and 101 (white bars). 100 cells (bars I and 7). 150 cells (bars 2 and 8). 200 cells 
(bars 3 and 9). 500 cells (bars 4 and 10). 1000 cells (bars 5 and II). 2000 cells (bars 6 and 12) were used as APe). 
The production of IL-2 by the hybridoma T cell 8097.105 without APe. in presence of antigen. is less than 15 
pglml (data not shown). 

4. MLR and Antigen Presentation 

Antigen presentation and priming of naive T cells are some of the most important 
functions of dendritic cells in vivo and can be shown in vitro by an MLR (2, 3, 9, 14, 15, 
16). Figure 2a, shows the results of a representative assay with the skin derived cell line 
101 indicating that as few as 500 stimulating cells were able to induce a MLR in a dose 
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2 min 30 min 120 min 

Figure 3. Confocal microscopy images of the antigen OVO-FITe taken up by the cell line 101 at 2 minutes (Ieli 
panel). 30 minutes (center panel). and 120 minutes (right panel). 

dependent manner. Simi lar results were also obtained with the brain derived cell line 116 
(data not shown). 

The capability of the cell line \0 land 116 to process and present the MHC II re
stricted soluble antigen OVA to the T cell hybridoma B097.1 05 was also investigated. 
Proliferation of the T cell line was measured by the IL-2 production. As few as 100 anti
gen presenting cells (APC) triggered this T cell hybridoma to produce significant amounts 
of IL-2 (Figure 2b). Hence, the DC-like cells we have obtained are able to process anti
gen, induce MLR and present antigen to T cells. 

The results extend previous observations that retrovirus immortalized immature den
dritic cells could induce priming and proliferation of T cells (5). We also confirmed the 
observation that tissue from neonatal mice was more suitable to obtain cell lines than tis
sue from adult animals. Interestingly, immortalisation of cells from IFN % mice turned 
out to be easier than from wild type 129 animals (data not shown) indicating the role of 
the IFN in tumor biology (6). 

On a functional basis the cells were capable of taking up antigen, process it and pre
sent peptides to T cells in an MHC restricted manner. Despite low or undetectable MHC 
molecules T cell stimulation does not appear to be altered when compared to similarly im
mortalized cells (8) or to data obtained from in vivo experiments (7, 17). It is possible that 
MHC up regulation by IFN-if needed at all for efficient T cell stimulation-may also be 
induced by DC-T cell interaction in the absence of IFN. 

Encouraged by the data, the cell lines will be further analyzed in order to better un
derstand the role of IFN type I and II in the process of antigen uptake and presentation by 
DC or the susceptibility of these cells for infectious agents. 
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1. INTRODUCTION 

Lymphoid organs have been reported to represent the major site for the estab
lishment and the propagation of human immunodeficiency virus (HIV -I) (l). HIV -I infec
tion is characterized by a permanent high-level of viral replication associated with a 
high-level turnover of CD4+ T cells (2). The late stages of the disease are characterized by 
a progressive depletion of CD4+ T cells that eventually lead to the development of the ac
quired immune deficiency syndrome (AIDS). A variety of direct and indirect mechanisms 
have been proposed to account for the decline of the CD4+ T cells (3). Among them, inap
propriate activation of apoptosis, a programmed cell death process, has been proposed to 
contribute to the CD4+ T cell depletion (4). HIV-induced apoptotic cell death has been 
demonstrated not only in vitro but also in infected individuals and is now considered to be 
a major mechanism of HlV -mediated cell death (5-7). 

Several observations have underscore a possible role of the thymus in the patho
physiology of AIDS. Principally, the presence of HIV infection has been detected in a va
riety of thymic cells and severe aberrations have been reported in thymuses of 
HIV-I-infected adults and fetuses (8-12). Apoptosis of un infected cells, presumably me
diated by HIV -I-infected bystander cells, was observed in lymph nodes obtained from in
fected individuals and in thymuses of HIV -infected severe combined immunodeficiency 
(SCID) mice reconstituted with human thymuses (5, 13-15). 

Thymic dendritic cells (DCs) are recognized to playa major role in the intrathymic 
differentiation of T cells. In the present study, we investigated the ability of HIV -\ in
fected purified DCs to mediate cell killing of various uninfected hematopoietic primary 
cells. 
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2. MATERIALS AND METHODS 

Cell Isolation and Culture 

Normal thymic tissue were obtained from children undergoing cardiovascular sur
gery. Dendritic cells were isolated and characterized according to the DS purification 
method described previously (16). This method allows the recovery of >80% HLA
DR+/CD2' cells which exhibit ultrastructural morphological features and functional activi
ties described previously for thymic DC. 

In certain experiments, HLA-DR+ (DCs) and HLA-DR' (contaminating non DCs) 
cell subsets from DC population already isolated with the DS purification method were 
further purified by sorting anti-HLA-DR mAbs-reactive versus non-reactive cells (F AC
Star Instruments, Becton-Dickinson, Mountain View, CA). CD4+ and CD8+ cell subsets 
were obtained from unfractionated thymic cells by magnetic beads depletion of anti-CD8 
or anti-CD4 mAbs reactive cells respectively. 
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Figure I. Cells survival kinetics of A) non-stimulated or B) PHA-IL2-stimulated un fractionated thymic cells. or 
C) purified CD4+ or CDS+ cell subsets. in the presence of HIY-infected DC supernatant. Results represent mean 
values from 2 to 5 independent experiments. Symbols; T: unfraetionated thymic cells, TCD4+ and TCDS+: purified 
CD4+ and CDS+ cells. non treated (cc) or treated (I) with supernatant collected from non-infected DCs (sDC) or 
from DCs infected with HIY- I BaL (sDCBaL) or IIIB (sDClIl) strains. +PHA·IL2: PHA and IL-2 treatment. 
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Virus Stock Preparation and HIV-l Infection 

Original DS-purified DCs, or their highly purified HLA-DR+ or HLA-DR" subsets 
were mock-infected or infected at a m.o.i. of 0.1 TCIDsJcell, or on the basis of identical 
RT, with viral stocks of the T tropic HIV-l I1IB or macrophage tropic HIV-I BaL strains 
prepared and titrated as described in Beaulieu et al., (1996) (8). To evaluate the involve
ment of viral infection of DC in the release of the cytotoxic factor(s), DCs were treated 
with AZT (I JlM) prior and during HIV -I infection. Supernatants from the different cul
tures were collected after 24 hours, filtered through a 0.22-mm syringe-loaded filter unit 
and used in the cell cytotoxicity assay. 

DC Lysate 

To evaluate the cytotoxicity of cell lysates, non-infected DCs were lysed by freeze 
and thaw (4 times) and lysis was verified by microscopic observation. Lysates were fil
tered through a 0.22-mm syringe-loaded filter unit and used in cell cytotoxicity assay. 

Mitogenic Stimulation and Cycloheximide Treatment 

As indicated, thymic cells were stimulated using 7.5 Jlg/ml of phytohemagglutinin 
(PHA) combined to 10 Vim I of interleukine 2 (IL-2), or treated with cycloheximide 
(50 J..lM) 2 hrs prior and during the cell cytotoxicity assays. 

Cell Cytotoxicity Assay 

Cells were incubated in the presence of either DC Iysates or cell-free supernatant 
collected from the indicated DC cultures at a I: 10 dilution. Cell viability was monitored 
daily in the different cultures using the trypan blue exclusion assay previously described 
in Beaulieu et al., (1996) (8). 

3. RESULTS AND DISCUSSION 

As presented in Fig.1 A, a specific killing of purified unfractionated human thymic 
cells is induced upon treatment with cell-free supernatant collected from HIV -I-infected 
DCs. Kinetic of viable cells revealed that thymic CD4+ and CD8+ cell subsets are both 
susceptible to the cytotoxic effect of the HIV -infected DC supernatant (Fig. I C). In con
trast, purified thymic DCs are not themselves affected by the presence of the HIV -infected 
DC supernatant (8). We tested the susceptibility of activated thymic cells to the presence 
of HIV -infected DC supernatant. Viability of thymic cells is increased upon treatment 
with PHA combined to IL-2 (Fig. I B). In these cultures, the addition of HIV -infected DC 
supernatant has resulted in a dramatic decrease of cell viability (Fig. I B). These results 
show that HIV-infected DC supernatant is not only cytotoxic for cells already committed 
in a spontaneous culture killing process but is also cytotoxic for activated thymic cells. 
HIV -infected DC supernatant was also added either to freshly purified resting or stimu
lated human PBMCs. Killing of stimulated PBMCs upon treatment with HIV -infected DC 
supernatant is observed although freshly purified resting PBMCs were resistant to this cy
totoxic effect (not shown). 
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Purified thymic DCs do not represent an homogeneous cell population. Indeed, ap
proximately 20% of the cells represent a HLA-DR· cell subset. The induction of thymo
cyte killing was observed when supernatants collected from either HIV -infected original 
DS-purified DCs or highly purified HLA-DR+ cells were added to un fractionated thymo
cytes (Fig. 2A). In contrast, supernatants collected from the HIV-infected HLA-DR" con
taminating non-DC subset do not induce thymocyte killing. These data clearly indicate 
that among purified DCs, the HLA-DR+ cell subset is responsible for the release of a thy
motoxic factor(s) upon HIV infection. 

We compared viabilities of thymocytes untreated or treated with AZT prior and dur
ing the addition of the HIV -I-infected DC supernatant. The presence of AZT did not sig
nificantly affect the induction of thymocyte killing (Fig. 2B). These data clearly 
demonstrate that the cell killing induced by the HIV -I-infected DC supernatant does not 
result from a viral infection, but is due to the presence of one or several cytotoxic factor(s) 
in the supernatant. 

A 100 

80 

~ 
OJ 60 
> 

E 
::l 

r/J 40 
'ii u 

20 

0 
0 

B 100 

80 

~ 
OJ 60 
> 
E 
::l 

r/J 40 
1l 
U 

20 

0 
0 2 

--0-- Tee 

........ <>........ sDCIT 

· ···0···· sDCHlA-DR+/ T 

sDClIl/T 

sDCHLA-DR+III/T 

sHLA-DR"III / T 

4 6 

Time (days) 

--0-- Tee 

....... <>.... T+AZT 

· ···0· ··· sOC/ T 

··--6---- sDC/ T +AlT 

- - -III- - - sDClIlIT 

sDCIII / T+AZT 

4 6 8 

Time (days) 

Figure 2. A) Cell survival kinetics of unfrac
tionated thymocytes treated with supernatant 
collected from DC populations isolated using 
the OS purification method (sOC) or from their 
highly purified DC (sDCHLA-DR+) or contami
nating non-DC (sHLA-DR") cell subsets and 
either non-infected or infected with the HIV-I 
IIIB strain (III) . B) Effect of AZT treatment on 
thymocyte susceptibility to the HIV-infected 
DC supernatant. Results represent mean values 
from at least 2 independent experiments. Sym
bols are as described in the legend of Fig.l; 
+AZT: thymocytes were treated with AZT prior 
and during their treatment with the indicated su
pernatants. 
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Figure 3. A) Effect of AZT on the release of 
the cytotoxic factor from HIV·infected Des. B) 
Effect of cycloheximide treatment on thymo
cyte susceptibility to HIV·infected DC super
natant. Results represent mean values from at 
least 2 independent experiments. Symbols are 
as described in the legend of Fig.1 and 2; (50 
~M):thymocytcs were treated with cyclohexi
mide. 
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The treatment of DCs themselves prior and during HIV -I infection with AZT pre
vents the release of the cytotoxic factor(s) from DCs (Fig.3A). This suggests that viral in
fection is necessary to induce this DC re!>ponse. 

The cytotoxic factor(s) could be already active in DCs and passively release upon 
HIV -I infection and/or cell death. However. our results revealed that high concentrations 
of non-infected DC lysate are unable to induce the thymocyte kIlling (not shown). This in
dicates that following infection. the cytotoxic factor(s) need to be either activated or ex
pressed de novo. 

We next determined whether de novo protein synthesis is necessary for the induction 
of thymocyte killing upon treatment with HIV-infected DC supernatant. For that purpose, 
thymocytes were treated with cycloheximide prior and during the addition of the cytotoxic 
supernatant. A rescue of viability was observed upon cotreatment with cycloheximide 
demonstrating that the cell killing induced upon treatment with the HIV-infected DC su
pernatant required de novo protein synthesis and thus is an active cellular process 
(Fig.3B). 

4. CONCLUSION 

In vitro HIV -I infection of thymic DC is unique as its trigger killing in trans , 
namely in the absence of cellular contact. In vitro and in vivo observations make thymic 
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DCs as a potential intermediate in the induction of killing of bystander uninfected thymo
cytes in HIV -infected individual: I) DCs participate in the thymic microenvironment, 2) 
these cells were shown to be a target for HIV-I infection (8), 3) they produce a cytotoxic 
factor(s) upon infection and finally 4) this factor(s) induce killing of multiple population 
of thymocytes. 

Taken together these findings suggest that in vivo infection of thymic DCs by HIV-l 
could results in the release of a soluble cytotoxic factor( s) in the thymic microenvironment 
which could eventually participate in apoptosis of bystander non-infected thymic cells. 
We are currently investigating the role of cytokines, such as soluble form of the TNF fam
ily members (TNF-a, FasL, CD30L. .. ), as candidate for such cytotoxic factor. The thymo
cyte killing, combined with HIV-associated peripheral destruction of CD4+ T cells, may 
lead to their rapid depletion, resulting in early disease progression, particularly in pediat
ric AIDS given the dominant role of the thymus in children. 
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DENDRITIC CELL SURFACE MOLECULES 
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Dendritic cells (DC) are specialist antigen presenting cells (APC) derived in com
mon with other leukocytes from bone marrow stem cells. I., A myeloid derived precursor' 
gives rise to immature circulating blood DC which enter the tissues and after interacting 
with antigen migrate to the T lymphocyte dependent areas of lymph nodes, where they de
liver stimulatory signals to responding T lymphocytes. Recent studies suggest the growth 
and differentiation of myeloid DC is heavily influenced by cytokines, notably tlt-3 ligand, 
SCF. GM-CSF, IL-4 and TNFn4 {'. A unique DC precursor in blood can be distinguished 
from freshly isolated blood monocytes. 7 ,R However, considerable evidence suggests that 
monocytes exposed in vitro to certain cytokine combinations (notably including IL-4, 
which downregulates CDI4) can acquire many, if not most DC characteristics." The DC 
series also includes a lymphoid precursor derived cell 'o a subset of which, in the mouse, 
has an inhibiting effect on responding T lymphocytes. Lymphoid precursor cells have 
been described in man" 12 but their function is unknown. 

The definition of cell surface and intracellular molecules expressed selectively by 
DC is an essential prerequisite to understanding the growth and di fferentialion of both 
lymphoid and myeloid derived DC as well as understanding their unique stimulatory or 
inhibitory properties. The difficulties involved in isolating pure DC for immunization 
and screening has frustrated attempts to produce specific monoclonal antibodies (mAb) 
to DC. Nonetheless, a series of useful reagents 33DI,13 NLDC-145,'4 and N4IS i5 have 
been used to study mouse DC. Reagents applicable to studies on human DC have until 
recently been more limited. Our laboratory has used both mAb and molecular techniques 
in an effort to define new molecules associated with DC differentiation, activation or 
function. 

The CMRF-44 mAb reacts with an antigen expressed in low levels on a subset of 
circulating human blood DC and its expression is upregulated rapidly so that all DC be-
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come positive during a short period of in vitro culture. 16 We have found CMRF-44 ex
tremely useful for identifying the DC population present in low density cultured T lym
phocyte depleted peripheral blood mononuclear cells (PBMC).17.18 The CMRF-44 mAb 
has also proved useful in defining the DC populations emerging in cytokine cultured 
PBMC preparations (Vuckovic et ai, in preparation). Double labelling studies allow 
CMRF-44+ DC to be distinguished from CD14+ macrophages in the T lymphocyte areas of 
lymph node. The antigen recognized has some features suggesting it is a glycolipid but 
further attempts to isolate and characterize the target antigen are in progress. 

Another mAb CMRF-S6, which reacts with activated blood DC, has been produced 
recently using a similar immunization and screening process. This mAb is of particular 
interest as it reacts with an antigen on activated DC, which is absent from other resting 
and in vitro activated leucocyte populations including monocytes. The CMRF-S6 mAb 
has a different specificity to both CMRF-44 and the CD83 mAb HB IS'9.2°and these latter 
two mAb cap antigen independently of the CMRF-S6 antigen on the Hodgkins disease 
derived cell line L428. Furthermore, CMRF-S6 does not bind to either recombinant 
CD83 antigen or to CD83 antigen expressing COS cell transfectants. Analysis of the ki
netics of antigen expression by freshly isolated blood DC following in vitro culture indi
cated that the CMRF-44 antigen is upregulated prior to the CD83 and CMRF-S6 
antigens. Interestingly, a smaller proportion of cytokine cultured PBMC express the 
CMRF-S6 antigen compared to CMRF-44 and the functional properties of this popula
tion are under investigation. 

The DC cell surface receptors which may be involved in antigen loading are also un
der investigation. The CMRF-3S mAb recognizes an antigen which has some features 
reminiscent ofFc receptors. 21 .22 Attempts to clone the gene have led to the discovery ofa 
family of related cDNAs and we are currently attempting to clarify their role, if any, as 
IgM binding proteins. Data on the human homologue of mouse DEC-20S, a pattern recog
nition molecule with lectin-like characteristics,23 has been sought. The human cDNA is 
very similar to the mouse sequence although its tissue distribution may be somewhat 
wider (Kato et ai, in preparation). 

Studies on the cytokines produced by DC have been difficult to date because of the 
problems involved in obtaining high purity DC preparations. We have shown previously 
that human tonsil DC did not produce IL_I,24 nor did blood DC produce TNFa. 25 A re
cent RT-PCR analysis by Zhou and Tedder of CD83 purified human DC suggested a rela
tively restricted expression of cytokines. 26 However, as suggested previously2 activation 
of DC may be critical to obtain DC cytokine production and release. We therefore stud
ied DC production of IL-7 before and after a period of in vitro culture. DC produced sig
nificant IL-7 mRNA after activation and a series of experiments suggest that IL-7 
produced by DC is important in DC activation of T lymphocytes (Sorg et ai, in prepara
tion). 

The technique of differential display is being applied by a number of laboratories to 
the search for DC specific gene products. Our own studies have generated four cDNA 
clones which show restricted expression in a range of leucocyte populations including DC. 
One of these has been selected on the basis of its sequence homology for more extensive 
investigation and attempts to isolate a full length cDNA clone are in progress. 

Whilst none of the molecules described above are expressed exclusively by DC, the 
ability to use mAb or RT-PCRlin situ hybridization to follow their expression is contribut
ing significantly to studies on DC growth and differentiation, including DC infiltra
tion/function in arthritis and malignancy. In time the isolation of these molecules and 
molecular characterization should allow their function to be determined. 
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1. SUMMARY 

73 

To increase our understanding of dendritic cell (DC) function we have used two ap
proaches to search at the genetic level for molecules which are specifically expressed by 
these cells. First, we have performed random sequencing of cDNA libraries prepared from 
DC. Second, we have employed differential display PCR (DD-PCR). DD-PCR is a power
ful technique for the identification at the RNA level of molecules which are expressed in a 
cell type-specific manner. In our study, we have compared RNA from DC with RNA from 
a panel of leukocyte cell lines. Here we present a summary of our findings using these two 
approaches, and show that both methods are complementary and can be used to identify 
molecules that are specific to DC. 

2. INTRODUCTION 

Among the professional antigen presenting cells of the immune system, dendritic cells 
(DC) stand out as the most adept. In particular they appear to be the only cells capable of 
priming naive T cells. Their potent antigen presenting ability can be explained in part by their 
unique life cycle, since DC exist in two maturation states. As immature cells. DC reside in the 
periphery and are efficient in the uptake and processing of antigen. They can take up large 
amounts of antigen by macropinocytosis, and also by mechanisms which involve the macro
phage mannose receptor I . Maturation of DC occurs upon antigen uptake, following which the 
DC migrate to lymph nodes where they efficiently present antigen to T cells . 

• To whom correspondence should be addressed. 
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Molecular analysis of DC function has been hampered by the relatively low amounts of 
DC present in blood mononuclear cells, and the absence of DC-specific markers. The recent 
description of methods for the generation of DC in vitro has broadened the possibilities for 
the exploitation ofthese cells2•3• In particular these cells could be used in a clinical setting, for 
example in the generation of anti-tumor responses in vivo. Increasing our understanding of 
DC function would allow for the optimization of such immunotherapeutic strategies. We have 
therefore employed two methods, random sequencing of cDNA libraries and differential dis
play PCR (DD-PCR), for the identification of DC-specific molecules. 

3. MATERIALS AND METHODS 

3.1. Cells 

DC were generated in vitro from human monocytes using a modification of de
scribed methods2•3• Monocytes were obtained by leukapheresis followed by centrifugal 
elutriation, resulting in a population of cells that were greater than 85% CDI4+. These 
cells were cultured in the presence of800U/mi GM-CSF and 500U/ml IL-4 for 5-7 days. 

3.2. Random Sequencing of DC cDNA Libraries 

Complementary DNA libraries were prepared from the following populations; I) 
DC cultured as in 3.1, 2) DC further stimulated with TNFa (15 nglml) and IL-I (75 LAF 
U/ml) for 4 or 20 hrs, or 40% monocyte conditioned medium (MCM) for 4 or 20 hrs, and 
3) DC further stimulated with LPS (2 ~g/ml) for 4 or 20 hrs. Messenger RNA was iso
lated, and first and second strand cDNA was prepared using the SuperScript™ Plasmid 
System (Gibco BRL). The resulting double-stranded cDNA were then cloned unidirection
ally into the pSportl vector (Gibco BRL), and sequenced from the 5' end. Nucleotide se
quences were analyzed against the non-redundant GenBank and EMBL databases using 
the BLAST program4 • Clones were considered identical to known sequences if there was 
greater than 90% sequence identity over at least 100 bp. 

3.3. DD-PCR 

DD-PCR was performed essentially as describeds. The 3' primers used were TI2CN, 
where N represents A, C, G or T. The 5' primers were randomly-designed oligonu
cleotides of 10 bases. PCR was performed in the presence of 3sS_dA TP to allow visualiza
tion of the products following separation by denaturing polyacrylamide gel 
electrophoresis. PCR products that were reproducibly cell specific were eluted from the 
gel, reamplified by PCR and cloned using the T A cloning kit (Invitrogen). Cellular speci
ficity of the clones was determined by RT-PCR followed by Southern hybridization. 

4. RESULTS AND DISCUSSION 

4.1. Random Sequencing of DC cDNA Libraries 

The three cDNA libraries used for random sequencing were selected in an attempt to 
cover all the known stages of DC maturation, as TNFa, IL-l, MCM and LPS have all 
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Table 1. Categories of cDNA sequences identified in DC libraries 

Category Number Percentage Examples 

Unknowns 101 39% 
Repetitive sequences 20 8% Alu sequences 

CA repeats 
Housekeeping genes 45 17% ribosomal proteins 

GAPDH 
cystatin B 

Mitochondrial genes 21 8% 
Nuclear proteins 14 5% X box binding protein 

RNA helicase 
histone H3.3 

Cytoskeletal proteins II 4% actin 
vimentin 
tubulin 

Signal transduction 14 5% phospholipase C-a 
rho A GTP-binding protein 

protein tyrosine phophatase I: 
Molecules involved in 9 4% class I. II. invariant chain 
Antigen presentation/uptake CDlb 

man nose receptor 
Ferritin \0 4% 
Cell surface receptors 7 3% a-catenin 

CD23 
transferrin receptor 

Secreted proteins 6 3% IL-IRA 
prothymosin a 

Oncogenes 2 < 1% 
Unclassified 2 <1% NMB (pMELl7 homolog) 

MAGE-II 
Total sequenced 262 100% 

been shown to induce DC maturation 1.3.6. This would therefore maximize the chances for 
the identification of important molecules from all stages of DC function. More than 250 
clones from the three libraries were randomly sequenced. These were categorized as 
shown in table I. Many of the clones encoded proteins that were expected to be expressed 
by DC. Some examples of these are also shown in table I. The largest category repre
sented the unknown sequences, which accounted for 39% of the clones. Of the unknown 
sequences, several clones (13%) showed high homology (around 75%) with known pro
teins, and therefore may encode new members of gene families. These include adhesion 
molecules, kinases and signaling molecules. We are now further analyzing a small panel 
of these clones which, based on their homology with known proteins, may shed light on 
DC function. One of these clones encodes a new member of the C-C chemokine family. 
Further investigation of this clone by Northern analysis has revealed that it is specifically 
expressed by DC. We are currently analyzing the functional properties of this new 
chemokine. The findings will be published elsewhere. 

4.2. DD-PCR 

The second approach we have adopted for the analysis of DC at the molecular level 
is DD-PCR. For this purpose, RNA from 3 independent DC donors was compared to RNA 
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Table 2. Categories of cDNA sequences identified by DD-PCR 

Category 

Novel sequences 
Identity with EST 
Known sequences 

Total sequenced 

Number 

14 
4 
5 

23 

Examples 

hCIC-K2 (chloride channel) 
oriP binding protein 

mitochondrial ubiquinone binding protein 
SS RPI (high mobility group box protein) 

ribosomal protein L3 

from 3 T cell lines (Jurkat, CEM and Peer), 3 EBV-transformed B cell lines (JY, BR and 
SR) and 3 monocytic cell lines (U937, THP-I and MonoMac 6). Three DC donors were 
used in an attempt to eliminate the identification of donor-specific molecules. Seventeen 
different primer combinations were tested, and 8 bands which were DC-specific in two in
dependent experiments were rescued from gels and cloned. Sequence analysis revealed 
that most of the bands contained multiple PCR products, resulting in the identification of 
23 clones. None of these clones was identical to any of the clones identified by random se
quencing. Database analyses of the nucleotide sequences of these 23 clones revealed that 
5 were identical to known cDNA, and 18 were either novel or identical to expressed se
quence tags (table 2). 17 of these 18 clones were analyzed further. 

DD-PCR is known to result in the cloning of many mRNA of low abundance which 
fail to be detected by Northern blotting7• This hinders the verification of the cellular speci
ficity of interesting clones. We opted, therefore, to do an initial screening by RT-PCR fol
lowed by Southern hybridization. The results showed that one clone, 17d620, was specific 
to DC. Screening of a DC cDNA library with an oligonucleotide corresponding to 17d620 
yielded a cDNA of approximately 1.4 kb. Sequence analysis revealed that the 5' 650 bp 
were identical to the mRNA encoding the macrophage mannose receptor. The remaining 
750 bp, which contained the entire clone identified by DD-PCR, represented novel se
quence. 

The gene for the mannose receptor has 30 exons which code for a protein that con
tains a cysteine-rich domain at the N-terminus followed by a fibronectin type II repeat, 8 
carbohydrate recognition domains (CRD), a transmembrane spanning region and a short 
cytoplasmic domainS. The point at which our cDNA changed from the published sequence 
was at the junction between exon 14 and intron 14 which occurs within CRD 4. This CRD 
has been shown to be essential for the efficient binding and endocytosis of carbohydrate 
ligand9• 

Further RT-PCR analysis on RNA from DC, using a 5' primer specific for the man
nose receptor and a 3' primer specific to the novel sequence, revealed the presence of 
three more variants. Nucleotide sequence analysis of variant I revealed that it contained 
sequence identical to intron 14 of the mannose receptor. Subsequently the entire sequence 
of intron 14 was determined from a genomic clone which spanned exon 13 to intron 15 of 
the human mannose receptor gene. The intron was found to be approximately 1 kb long 
and contained all the novel sequence from the 4 variants, suggesting that the variants may 
result from alternative RNA splicing (figure 1). In support of this view, the putative 3' 
cleavage sites used in all variants were preceded by the consensus sequence for a 3' (ac
ceptor) splice site which consists of a pyrimidine-rich region followed by the sequence 
NY AG, where N is any base and Y is a pyrimidine. 
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exon 14 exon 15 

3' splice sites 
a TrAG 

variant 4 b TCAG 
c TrAG 

Figure I. Scheme showing exon 14. intron 14 and exon 15 of the macrophage mannose receptor gene. Variants 2, 
3 and 4 all share the 5' donor splice site from exon 14. but use different 3' acceptor splice sites at the points a (180 
bp from the beginning of intron 14). b (355 bpI and c (710 bp) respectively. Variant I contains sequence from in
tron 14 without deletions. and most likely represents unspliced mRNA. 

The macrophage mannose receptor, which has a restricted expression pattern, has re
cently been reported to be highly expressed by DC, and has been shown to be involved in 
antigen uptake for presentation to T cells I. If the variants that we have identified are trans
lated in DC, they would give rise to truncated proteins due to the presence of stop codons 
within intron 14. These truncated proteins would lack CRD 4--8 which have been shown to 
be necessary for the binding of known ligands9 • They would also lack the transmembrane 
region, suggesting that they could be secreted. However they would still contain the cyste
ine-rich domain at the N-terminus, followed by a fibronectin type II repeat and CRD 1-3, 
which could be involved in the binding of as yet unknown ligands. This would be sugges
tive of a role for these truncated molecules in the regulation of mannose receptor expres
sion or function. However, several observations suggest that these variants are expressed 
in DC at very low levels. Firstly, screening of the cDNA library indicated an abundance of 
1/100,000 mRNA. Secondly, PCR with two competing 3' primers, one of which bound 
within intron 14 (to detect the variants) and the other within exon 15 (to detect the man
nose receptor), yielded only one product corresponding in size to the mannose receptor. It 
is. therefore. hard to imagine a functional role for the variants in DC, given their low ex
pression in comparison with the man nose receptor. However. they may be expressed more 
abundantly at specific points in the DC life cycle which we have not yet analyzed. The 
significance of the production of these variants by DC therefore remains unclear. 

5. CONCLUDING REMARKS 

We have used two approaches for the analysis of DC at the genetic level. We have 
shown that both random sequencing of cDNA libraries from DC and DD-PCR can lead to 
the identification of DC-specific molecules, and that the two methods complement each 
other. Although only a limited number of clones have been analyzed so far. there was no 
overlap between the clones identified by random sequencing with those identified by DD
PCR. While random sequencing of cDNA libraries affords no selection for cell-specific 
molecules, it avoids the technical difficulties which can be encountered when using DD
PCR, for example the identification of high numbers of false positives. We are currently 
investigating clones identified using both techniques, and hope that the findings will help 
to provide a better understanding of DC function. 
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INTRODUCTION 

74 

Dendritic cells (DC) represent a specific subset of leukocytes that playa critical role 
in the initiation of T. cell-mediated immune responses. Recently, we have established, 
from the epidermis of BALB/c mice, long-term DC lines, termed the "XS series", which 
resemble resident epidermal DC (i.e., Langerhans cells) in many respects, including their 
morphology, surface phenotype, antigen presenting capacity, and cytokine and cytokine 
receptor mRNA profiles (1-3). Taking advantage of these stable lines, we sought to study 
unique attributes of DC at a molecular level by identifying molecules that they express se
lectively. For this aim, we employed a subtractive cDNA cloning strategy in which cDNA 
prepared from the XS52 DC line was subtracted with mRNA isolated from the J774 
macrophage line. In this brief communication, we outline our methods as well as the iden
tities of cDNAs isolated in this manner. 

MATERIALS AND METHODS 

Cells 

The XS52 DC line was established from the epidermis of newborn BALB/c mice; its 
phenotypic and functional characteristics have been described previously (1-3). 

Construction of a Subtractive eDNA Library 

A subtractive eDNA library was constructed using methods reported by Rubenstein 
et al. (4). Briefly, poly(A)+ RNAs (5 ~g) isolated from XS52 cells were reverse-tran
scribed into cDNAs, ligated unidirectionally into the lambda ZAP II vector, and then con
verted into a single-stranded phagemid library (in the anti-sense orientation). 
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Subsequently, this cDNA library (1.2 ~g) was hybridized with biotinylated, poly(A)+ 
RNA (50 j.Lg) isolated from the 1774 macrophage line. Unhybridized cDNAs were puri
fied by the streptavidin-phenol extraction method and converted into a double-stranded 
form by Taq DNA polymerase as described previously (4). 

Library Screening 

The subtracted cDNA library was screened sequentially by colony hybridization, 
slot blotting, and Northern blotting. In colony hybridization, colonies were transferred 
onto nylon membranes and hybridized with total cDNA probes prepared from XS52 DC 
poly (A)+ RNA and with probes from J774 macrophage poly (A)+ RNA; we selected only 
those colonies that showed preferential hybridization with XS52 probes (but not with 1774 
probes). In slot blotting, the cDNA inserts were PCR-amplified, slot-blotted onto nylon 
membranes, and hybridized with XS52 probes and with 1774 probes; once again, we se
lected the clones that were hybridized preferential with XS52 cDNA probes. In Northern 
blotting, cDNA inserts were excised by enzymatic digestion and then 32P-Iabeled, and to
tal RNAs (10 j.Lg) isolated from XS52 DC line, as well as the J774 macrophage, 7-17 den
dritic epidermal T cell (DETC), and Pam 212 keratinocyte lines were hybridized with 
these probes. We selected the cDNA clones that were expressed selectively by XS52 cells. 

DNA Sequence Analyses 

The selected cDNA clones were sequenced using an automated DNA sequencer and 
then analyzed for homologies the nucleotide sequences that were registered in the EMBL 
46 and GenBank 95 nucleic acid database. 

RESULTS 

Summary of Construction and Screening of Subtracted cDNA Library 

Through subtraction of XS52 DC-derived cDNAs with mRNA isolated from 1774 
macrophages, we sought to eliminate the abundant cDNA sequences (e.g., house keeping 
genes) that are expressed in common by both cell types. In fact, we did remove over 95% 
of the starting cDNA clones in this procedure, as estimated by counting colony forming 
units before and after subtraction. 

Approximately 12,000 independent clones of this subtracted cDNA library were 
SUbjected to three rounds of screening.· In the first screening with colony hybridization, 
about 50% of the clones were clearly detectable with total cDNA probes prepared from 
XS52 cells; these clones most likely represented genes that were expressed at relatively 
high levels. Most of these clones, however, were also detectable with 1774 cDNA probes, 
indicating that our "subtracted" cDNA library still contained relatively large numbers of 
cDNAs that were expressed in common by DC and macrophages. On the other hand, 226 
clones were detectable only with XS52 probes, but not with the J774 probes (Fig 1). We 
selected the clones showing this differential hybridization profile. When these clones were 
examined by slot blotting, more than 50% (140/226 clones) showed preferential hybridiza
tion with XS52 probes (Fig 2). These 140 clones were then tested in Northern blotting; we 
selected 50 clones that were expressed preferentially by XS52 DC and at detectable levels 
(Fig 3). 
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Figure I. First screening (colony hybridization): Twelve thousand colonies in the subtracted cDNA library were 
hybridized with total cDNA probes prepared from J774 macrophages (left) or XS52 DC (right). We selected only 
those clones (indicated with a through d) that hybridized preferentially with XS52 probes. 

Identities of cDNA Clones Isolated by Subtractive Cloning 

Through DNA sequencing and cross-hybridization, we found that our cDNA pool 
(50 independent clones) selected from the three rounds of screening contained II distinct 
genes. Homology search of their sequences revealed 6 genes that encode currently recog
nized polypeptides in mice, including CIO (a p-chemokine) (5), IL-I P (6), cathepsin C (a 
cysteine protease) (7), spermidine/spermine Nl-acetyltransferase (SSAT) (8), and A I (a 
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Figure 2. Second screening (slot-blotting): cDNA clones selected in the first screening were slot-blotted and hy
bridized with 1774 macrophage probes (left) or XS52 DC probes (right). We selected 140 of the cDNA clones (in
dicated with a through g) that hybridized preferentially with XS52 probes. 
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Figure 3. Third screening (Northern blotting): Data shown represent Northern blot analyses in the third screen
ing. Note that all six genes are expressed most abundantly by the XS52 DC among the tested cell lines. 

hemopoietic cell-specific early response gene) (9). We have also identified a gene that en
codes a mouse equivalent of rat rab-2 (a ras-related protein) (10). Importantly, XS52 cells 
expressed all six genes constitutively and at relatively high levels. Moreover, these genes 
were expressed in substantially lower levels by the 1774 macrophage line, the line used for 
subtraction, and they were minimally expressed or undetectable in Pam 212 keratinocytes 
and 7-17 DETC (Fig 3). The remaining 5 genes showed no significant identity to nucleo
tides currently registered in the EMBL or GenBank data base. These results validate that a 
subtractive cDNA cloning strategy is applicable to identify genes that are expressed pref
erentially by DC. 

DISCUSSION 

Recent establishment of short-term and long-term DC lines has made it feasible to 
apply modem technologies in molecular biology to study the biology of DC. In the present 
study, we demonstrate that a subtractive cDNA cloning strategy can be used to identify 
genes that are expressed preferentially by DC. In this regard, other methodologies have 
also been used to identify genes that are expressed in a tissue- or cell type-specific man-
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nero These include differential hybridization (screening of a cDNA library with total or 
subtracted cDNA probes), PCR-based differential display, and PCR-based construction of 
subtractive cDNA libraries. Each methodology has advantages (and disadvantages). For 
example, differential hybridization is ideal for identifying genes that are expressed abun
dantly in a given tissue or cell type; differential display can be conducted without con
struction of cDNA libraries; and PCR-based subtractive cDNA cloning requires relative 
small amounts of mRNA. The subtractive cDNA cloning strategy, which we employed in 
this study, has been used successfully to identify several immunologically relevant mole
cules, including T cell receptors (II), CD4 (12), and CDS (13). A major technicallimita
tion of this method is that we can only identify cDNA clones that are expressed at 
relatively high levels. In fact, one half of our cDNA clones were discarded in the first 
screening without further analysis, simply because they were not detectable with total 
cDNA probes from XS52 cells. Such discarded clones may have contained one or more 
cDNAs that are expressed in a DC-specific manner, but at relatively low levels, and that 
encode polypeptides playing important roles in DC function. Nevertheless, the present 
study validates the feasibility of our approach in identifying DC-associated molecules by 
subtrative cDNA cloning. It also verifies that our XS52 cell line is clearly distinguishable 
from macrophages by the preferential expression of selected genes. 

Our observations that XS52 DC express predominantly IL-l P, C I 0, and cathepsin C 
mRNA are consistent with previous reports that: a) Langerhans cells express IL-l P 
mRNA constitutively (14-16), b) Langerhans cells express mRNA for several chemokines 
(e.g., macrophage inflammatory protein-I a and I y) (14,16,17), and c) DC are capable of 
digesting complex protein antigens, a process that requires several proteases (IS). On the 
other hand, the functional relevance of mRNA expression of SSAT, rab-2, and A I remains 
unknown. It is tempting to speculate that the respective products of these genes play roles 
in the development, maturation, and/or function of DC. In addition to these six genes, we 
have identified five novel genes that are expressed preferentially by XS52 DC. We believe 
that further analysis of these genes will provide a new insight into the biology of DC. 
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l. INTRODUCTION 

In the last years evidence was presented for the activation of dendritic cells (DC) un
der stimulation with contact sensitizers. Most data were obtained for murine Langerhans 
cells (LC) whereas in man blood-derived dendritic cells were found to be a more suitable 
model to study the mechanism of DC activation by haptens. The first observation was the 
upregulation of MHC class II molecules on murine Langerhans cells in vivo ' followed by 
their migration from the epidermis into regional lymph nodes". Very early events during 
this activation include the upregulation of IL-I /3 in murine LC3 as well as the endocytotic 
activation of this cell type4 • Based on the last observation attempts were made to use this 
mechanism for predictive in vitro testing of contact sensitizers employing murine LC.'·6 as 
well as human dendritic cells. 7 

To uncover the molecular details of this hapten-mediated activation we studied the 
phosphorylation of tyrosine residues. a central event of signal transduction pathways.R.'I 
Up to now only few data on the expression and function of the regulating enzymes of tyro
sine phosphorylation. protein tyrosine kinases (PTK) and protein tyrosine phosphatases 
(PTP) have been presented for DC,o".'2, but nothing is known on the regulation of tyro
sine phosphorylation under stimulation with contact sensitizers. 

2. RESULTS AND DISCUSSION 

2.1. Induction of Tyrosine Phosphorylation by Stimulation with Hapten 

Mononuclear cells from buffy coats of healthy blood donors were stimulated with 
the strong contact sensitizer 5-chloro-2-methyl-4-isothiazolin-3-one (MIIMCI). The 
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Figure t. PBMC from healthy blood donors were 
stimulated with (+) or without (-) 0.41lglml MIIMCI for 
15 min. at 37°C, solubilised in the presence of Triton X 
100 and several inhibitors for proteinases and phos
phatases. Cell Iysates obtained from each 101 PBMC 
were subjected to SDS-PAGE followed by detection of 
p-Tyr containing proteins using a Western blot technique 
and the p-Tyr specific antibody 4GI0 or isotype anti
body as well as ECl reagents. The amount of p-Tyr in 
PBMC as detected by flow cytometric analysis is shown 
in the lower panel as fluorescence intensity of p-Tyr
bound specific antibody. 

amount of phosphorylated tyrosine residues (p-Tyr) was quantified by flow cytometry us
ing a specific antibody after permeabilization of cell membranes with the detergent 
saponin. The capacity of this approach to detect changes in the phosphorylation of tyro
sine-proteins was confirmed by use of a Western blot technique. Following stimulation 
with MI/MCI, p-Tyr was found to be upregulated using both techniques (Fig. I ) . 

2.2. Analysis for the Regulation of Tyrosine Phosphorylation in DC 
under Stimulation with Hapten 

Using a multi-color flow cytometric technique selective analysis of human DC in 
mononuclear cell preparations for their total content of p-Tyr was possible. The basal 
level of p-Tyr was quite low but a rapid and significant increase became apparent during 
the tirst 15 minutes of stimulation with MIIMCI (Fig.2A). 

This hapten-mediated effect was not detectable by stimulation in the cold and re
quired viable cells with intact cell membranes (Fig.2B). When DC were stimulated under 
optimal conditions followed by permeabilization and further incubation with A TP in a 
buffer used for tyrosine kinase assaysl3 a more pronounced increase ofp-Tyr was demon
strated for MI/MCI-stimulated cells in comparison with the medium control (Fig.2B). The 
potent PTK inhibitor tyrphostin B46 was able to block this difference and the A TP com
petitor genistein abolished any further phosphorylation at all (Fig. 2B). To exclude a di
rect inhibitory effect of MI/MCI on PTP, untreated cells were subjected to in vitro 
phosphorylation in the presence of this hapten or the potent PTP inhibitor sodium 
vanadate. Whereas the later one resulted in excessive formation of p-Tyr, MI/MCI had no 
effect (Fig. 2B). These data suggest an active role of PTK for the increased tyrosine phos
phorylation under stimulation with a contact sensitizer rather than a passive inhibition of 
PTP. 
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Figure 2. Selective flow cytometric analysis of 
DC for the intracellular amount of p-Tyr follow
ing stimulation with MI/MCI. Examples for DC 
populations under stimulation with or without 
MIIMCI are shown (A). In (8) the absolute fluo
rescence intensities of p-Tyr-bound antibodies are 
depicted. The following experiments were per
formed: stirn.: stimulation of viable cells at 37°C; 
stirn. on ice: stimulation of viable cells on ice; 
sap+stim.: permeabilisation of cells with saponin 
before stimulation; stim.+sap.+ATP: further incu
bation of stimulated cells after permeabilisation 
with saponin in the presence of ATP; tyr.: in vitro 
phosphorylation in the presence of 100 11M tyr
phostin B46. gen.: in vitro phosphorylation in the 
presence of 100 lIg1ml genistein: sap.+stim.+ATP: 
stimulation with MIIMCI or sodium vanadate in 
the presence of ATP after prior permeabilisation 
with saponin. The results of a typical experiment 
are shown. 
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2.3. Selective Induction of Tyrosin Phosphorylation by Haptens But 
Not Irritants 

The suitability of the p-Tyr induction under stimulation with small chemicals as pa
rameter for predictive testing of contact sensitizers was studied by testing subtoxic con
centrations of water soluble conservatives, irritants and strong experimental contact 
sensitizers. Whereas compounds with significant risk to induce contact hypersensitivity in 
animal models and man (MI/MCI, dibromodicyanobutane, Bronopol, formaldehyde, 
thimerosal, 2,4,6-trinitroclorobenzene, 2,4-dinitrofluorobenzene) were able to induce vig
orous tyrosine phosphorylation, neither the very weak sensitizers phenoxyethanol and 
methyl paraben nor the irritants benzoic acid, benzalkonium chloride and sodium lauryl 
sulphate were able to elicit a response (Fig.3). 

In aggregate the activation of human DC by contact sensitizers includes augmented 
phosphorylation of tyrosine residues. It strongly depends on the activity of PTK although 
the details of this process need to be uncovered. A possible mechanism might be an in
creased activity of PTK on the molecular level by conformational changes and phosphory
lation at regulatory sites as demonstrated for PTK of the Src-family'4. Alternatively 
recruitment of PTK into complexes with phosphorylation sites for PTK, as discussed for 
certain signal transduction pathway in lymphocytes '5 , might be responsible. Although a 
direct inhibition of PTP by haptens was not demonstrated in our experiments a transloca
tion of regulatory PTP, induced by haptens in the viable cell only and leading to a local 
imbalance between PTK and PTP, could not be ruled out with certainty. 

Irrespective of its further molecular characterization this hapten-specific mechanism 
should be very useful for predictive in vitro testing of new chemical compounds. 
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Figure 3. Reactivity of strong experimental contact sensitizers (8 )!glml DNFB. 0.4 )!glml TNCB). water soluble 
preservatives with known sensitizing capacity (0.4 )!glml MI/MCI. 2 )!glml dibromodicyanobutane. 5 )!glml 
Bronopol. 50 )!glml formaldehyde. I )!glml thimerosal) and weak sensitizers or irritants (50 )!glml sodium lauryl 
sulphate. 2 mglml benzoic acid. I )!glml benzalkonium chloride. 2 mglml phenoxyethanol. I mglml methyl para
ben). All compounds were tested in the highest but still subtoxic concentration. the fluorescence intensity ofp-Tyr
bound antibody is shown in percent of the medium control. The mean and SD of at least four experiments are 
shown. 
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INTRODUCTION 

76 

Over the past few years, several protocols have been established to differentiate an
tigen-presenting dendritic cells (DC) from DC progenitors grown in vitro (1--4, see also 
review of Peters et aI., 5). While these procedures yield fully competent DC in large num
bers, there is also some heterogenity in the cultures obtained since the cell populations are 
not clonal. Several DC lines were also established (6-10) which however in most in
stances recapitulate only part of the DC specific phenotype. Recently we have developed 
an in vitro differentiation system for DC which is based on the conditional hormone-in
ducible V-reIER oncogene (II, 12). V-rei represents a retrovirus-transduced version of c
reI and is a member of the NF-kB/rel transcription factor family. In the chimeric V-relER 
gene, V-rei is fused to the hormone-binding domain of the human estrogen receptor, thus 
making the transforming capacity of V -rei hormone-inducible. Accordingly V -relER is ca
pable of transforming chicken bone marrow cells in the presence of estrogen while it is in
active in the absence of hormone. Most importantly, V -relER transformed bone marrow 
cells can be grown as clonal homogenous cell populations to large cell numbers and in
duced to differentiate into DC after experimentally "switching off' V -relER activity by re
moving estrogen or by adding the estrogen antagonist ICI 164,384 (12, Fig. I). 

The gene expression repertoire of DC progenitor cells versus fully differentiated DC 
can now be assessed by employing differential cDNA cloning strategies. As a first step in 
this direction we have determined tyrosine kinase expresssion in V -relER cells using a set 
of degenerate primers and PCR amplification (modified from 13). We reasoned that iden
tification of appropriate receptor tyrosine kinases would lead us to their cognate ligands 
which, when applied to DC, might provide some growth promoting activity. One of the 
cDNAs identified in the course of this study encodes the type-I insulin-like growth factor 
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~ 
v-relER progenitor v-relER dendritic cell 

Figure I. The V-reIER differentiation system for DC. The conditional hormone-inducible V-reIER oncoprotein 
transforms progenitor cells present in chicken bone marrow. V-reIER cells proliferate in the presence of estrogen 
(+E2). Addition of an estrogen antagonist ICI 164,384 allows to experimentally "switch off" V-reIER activity and 
induces progenitors to differentiate into fully competent antigen-presenting dendritic cells (+ ICI). 

receptor IGFR. Additionally, we show that IGFR is functional in V-reIER cells since the 
administration ofIGF-I ligand supports sustained growth ofV-relER progenitors in vitro. 

MATERIALS AND METHODS 

Cell Culture 

Cell culture and differentiation conditions for V -relER cells are described (II, 12). 
In proliferation assays V-relER clones 22 and 25 were used. Recombinant human IGF-I 
was obtained from: IGF-I (A) Promega, Madison, WI, USA (#G5111), IGF-I (B) R&D 
Research, Minneapolis, MN, USA (#291-Gl) and a Long R3 IGF-I recombinant analog 
from Sigma, St. Louis, MO, USA (#1-1271); IGF-I was used at IOng/ml. In 3H-thymidine 
incorporation assays V -relER cells were seeded at 7 x lOs cells per well in microtiter 
plates and 3H-thymidine incorporation was measured in triplicates one day after addition 
ofIGF-I (14). 

Cloning of Tyrosine Kinase-Specific cDNA 

Total RNA from V-relER cells was prepared as previously described (15). First strand 
cDNA was synthesized from 21lg of total RNA employing MMLV reverse transcriptase and 
random hexamers using conditions recommended by the manufacturer (Promega, Madison, 
WI, USA). For PCR amplification a set of degenerate primers for the region encoding the 
catalytic domain of tyrosine kinases was designed according to 13. First strand cDNA were 
subjected to 35 cycles of PCR amplification using the following cycle profile: 94°C for 30 
sec, 42°C for 60 sec and 63°C for 60 sec. PCR products were purified from agarose gels, 
reamplified under the same conditions as above and cloned into pCRII vector (Invitrogen, 
San Diego, CA, USA). Selected clones were sequenced by an ABI DNA sequencer. 

RESULTS 

To analyse tyrosine kinase gene expression, V-relER cells were grown in the pres
ence of estrogen or induced to differentiate into V -relER DC by ICI 164,384 treatment (3 
days); RNA was prepared and used for cDNA synthesis. Degenerate tyrosine kinase-spe
cific primers (modified from 13) and PCR amplification were used to generate a pool of 
203 bp PCR fragments which were cloned in peRIl plasmid vector. The identity of indi-
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Figure 2. IGF-I stimulates prolifera
tion of V-reIER progenitors. V-reIER 
cells were grown in standard culture 
medium in the presence of estrogen 
and IGF-I (A). IGF-I (8) or Long 
Range IGF-I as shown. Cells numbers 
were determined at the time points in
dicated in the graph. Cell density was 
readjusted to 3.5 x 10· cells/ml by 
adding fresh medium containing IGF-I 
(lOng/mI). Control: no factor added. 
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vidual tyrosine kinase-specific PCR products was determined by DNA sequencing. By 
this approach we were able to identify a number of receptor and non-receptor tyrosine ki
nases expressed in V -relER cells_ One of the highly expressed genes was the type-I insu
lin-like growth factor (lGF-1) receptor IGFR, a member of the insulin receptor family. 
IGFR was expressed in both V-reIER progenitors and differentiated progeny (DC) at simi
lar levels ( 16). 

To determine the impact ofIGF-I on proliferation ofV-relER progenitors. cells were 
grown in the presence and absence of IGF-I using standard growth conditions. Three dif
ferent sources of recombinant human IGF-I were used: IGF-I (A). IGF-I (8) and a modi
fied long range IGF-I (see Materials and Methods). Cumulative cell numbers were 
determined in regular time intervals. Fig. 2 shows that IGF-I efficiently enhanced V-reIER 
cell proliferation with recombinant human IGF-I (A) being the most effective. IGF-I (8) 
and long-range IGF-I exhibited a comparable but lesser activity in this assay. 

To extend these results we measured the effect of IGF-I on DNA synthesis in V
relER progenitors by 'H-thymidine incorporation. Recombinant human IGF-I (A) and (B), 
and long range IGF-I were tested. now also employing different serum concentrations 
(0_5% and 2.5%, and no serum). Figure 3 shows that all of the IGF-I samples tested en
hanced V-reIER cell proliferation under serum-free conditions and at low serum concen
trations (0.5%) as reflected by an increase in 3H-thymidine incorporation, when compared 
to controls without addition of factor. In contrast. the effect of IGF-I was lost at higher se
rum concentrations (2.5%), presumably due to the presence of an IGF-l-Iike activity in se
rum. Thus, IGF-I effectively supported V-reIER cell proliferation in two assays: first by 
measuring cumulative cell numbers and second by determining the rate of DNA synthesis 
in 'H-thymidine incorporation experiments. 

DISCUSSION 

In the present study we attempted to identify cell surface receptors that. when acti
vated by ligand. support growth of DC progenitors in vitro and, thus, might qualify for 
Dendritic Cell Growth Factor (DC-GF) receptor. We argued that ligands of receptor tyro
sine kinases might represent a particular rich source for such growth factor activities. 
Therefore we have determined tyrosine kinase gene expression in DC using our V-reIER 
differentiation system. Among various receptor tyrosine kinases identified, one of them, 
the type I insulin-like growth factor receptor IGFR, supported sustained growth of V
relER DC progenitors in culture when activated by IGF-I ligand. We consider this an im-
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Figure 3. IGF-I enhances the rate of DNA synthesis in V-reIER progenitor cells. )H-Thymidine incorporation was 
measured for V-reIER cells grown under different serum concentrations: No Serum, 0.5% FCS and 2.5% serum 
(2% FCS + 0.5% chicken serum; see Materials and Methods). Data shown represent the average of triplicate val
ues (7 x 105 cells per microtiter plate well). Control: no factor added. 

portant finding, however emphasize that other growth factor receptors might exist, which 
might also be more restricted in their activity to specific DC progenitor SUbtypes. In line 
with this idea, activation of the c-kitlstem cell factor (SCF) receptor expands the DC pro
genitor pool present in CD34+ precursors from human bone marrow or cord blood 
(17-21 ). Additionally, different growth factor activities might have to act in concert to 
support optimal growth of DC precursors, as observed for SCF plus GM-CSF and TNFa. 

It is also clear that there is a growing need to identify protein factors with DC-GF activ
ity to support expansion of DC progenitor populations in vitro under synthetic, well-defined 
and serum-free conditions. This is because the potential of DC as antigen-presenting cells for 
tumour-specific epitopes in immunotherapy of cancers is currently being assessed. Such stud
ies require growth and in vitro differentiation conditions in the absence of heterologous or 
animal sera (like eg fetal calf serum) and then autologous sera become a limiting factor. The 
identification of IGF-I as a protein factor that supports growth of DC precursors in vitro (at 
least in the V-reIER system) should allow some of these limitations to be overcome. 

IGFR expression was detected in both V-reIER progenitors and differentiated V
relER DC containing an active and inactive V-reIER oncoprotein, respectively. Thus. 
IGFR expression appears not to be subject to regulation by V-relER. Additionally, the 
presence of IGFR in V -relER DC suggests that IGFR might have a function also in fully 
differentiated DC, eg by enhancing their survival. Some initial experiments would be in 
line with such an idea. 
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1. SUMMARY 

77 

We have compared the pattern of gene expression in long term cultured precursor den
dritic cells (DC), either untreated (immature) or cultured for two days in the presence ofre
combinant murine (rm)-TNFal (mature). The hybridization signature of complex cDNA 
probes prepared from total RNA extracted from immature and mature DC were analyzed us
ing a mouse thymic cDNA library, gridded on high density filters. For each clone spotted on 
the filters, we have measured using an imaging plate device the hybridization signals of the 
complex probe obtained from immature or mature DC. Comparative analysis of these values 
allowed us to identify differentially expressed gene products. Our goal is to identify a new set 
of genes induced or repressed during DC maturation elicited by rmTNFa treatment. 

2. INTRODUCTION 

To perform their antigen presentation function, immature DC residing in non-lymphoid 
tissues need to be activated2• This process, referred to as DC maturation is characterized by 
profound changes in MHC class II distribution, antigen processing capacity, expression of 
costimulatory molecules and a marked rearrangement of adhesion molecules that is likely to 
allow DC migration to lymphoid organs> 5 • Little is known on gene up- or down-regulation 
during this maturation process. To identify genes likely to be induced or repressed at different 
stages of DC maturation, we have generated large numbers of spleen-derived murine DC, that 
maintain characteristics of immature DC during the in vitro culture' . This DC population can 
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be induce to mature using nn-TNFu. To identify differential gene expression, cDNAcomplex 
probes were generated from total RNA extracted from immature and mature DC. The relative 
amount of sequence-specific mRNA in the complex probe is related to the transcriptional ac
tivity of the corresponding gene. Clones from a mouse thymus cDNA library have been grid
ded in high-density colony filters6-1 allowing the simultaneous screening of a large number of 
clones. A high throughput method was implemented to study gene expression in murine im
mune system, using an imaging plate device and specially developed software to quantify the 
hybridization signals9• 

3. MATERIALS AND METHODS 

3.1. Mice 

6-10 weeks of age C57BL6 mice were purchased from Charles River Laboratories 
(Calco, Como, Italy). 

3.2. Cells 

long tenn cultured murine splenic DC were propagated in Iscove's modified Dul
becco medium (Sigma) containing 10% heat-inactivated fetal bovine serum (Hyclone, 
Utah), 100 IU/ml penicillin, 100 J1g1ml streptomycin, 2mM L-glutamine (all from Sigma, 
MO), 500 J1M 2-I3ME supplemented with 30% NIH-3T3 supernatant containing 8 ng/ml 
rmGM-CSF, according to'. 

3.3. Complex cDNA Probes 

cDNA complex probes were prepared as described inB• Briefly, total RNA was ex
tracted from DC using Trizol (Gibco-BRL). Oligo dT and Reverse Transcriptase in the 
presence of 32p-dCTP were used to 32P-labelled cDNA production. 

3.4. Hybridization Conditions 

Hybridization conditions for filter hybridization the total probe (30 106 cpm) la
belled as above was added to 50 ml of hybridization mixture (5x SSC, 5x Denhart, 0.5% 
SDS in DEPC water). Prehybridization was perfonned for I day at 65°C in the presence of 
the hybridization mixture alone. Hybridization was perfonned in the same mixture, adding 
the labelled probe and 150 J1g1ml of ssDNA sonicated and denatured for 1 day at 65°C. 
The filters were then washed 5 times in 0.1 xSSC, 0.1 % SDC, for I hour at 65°C. 

3.S. Signal Quantification 

The hybridization filter was exposed to an imaging plate for 3 days and than 
scanned in a FUJIX BAS 1000 (Fuji) system. This result in a 2-megabyte image file repre
senting the distribution of radioactivity on the filter. Hybridization signatures were deter
mined by a modified version of the Bioimage software (Millipore, USA) running on a 
Unix workstation9• After hybridization, exposure to an "Imaging Plate Fuji" and quantifi
cation, comparative analysis of the signals was performed with Excel and Kaleidograph 
softwares9 to identify differential clones. 



Differential mRNA Expression In Untreated Murine Dendritic Cells Precurson 

/" 1';lm propagation of splenic 
DC, untreated or treated 

with IOOUml ofT:\F alpha 

"ous~ adult thymic 
cD:\A librar~ 

organisation on 
lIIicrotit~r plat~s 

Total R:\A 
extraction 
from DC 

Pr~paration of high d~nsit~ mt~rs 
(using th~ B~ckman Biom~k roboll 

Labeling of the cD:\ A 
complex probe 

Pictur~ acquisition 
W,inl( th~ Fuji\ Ba, 11111(1 ) 

(b~ rnerse transcription) 

Dl·t~ction and quantification 
of hybridization signals 

(\\ ith th~ \lilliporc Bioi mag~ sofl\' ar~) 

Comparati\~ anal~ sis of th~ hybridilation signals 
obtain~d \\ ith the ditl"erent complex probes 
(\\ith Excel and Kaleidograph sofl\,ares) 

Figure I. Flow chart of the differential screening. 

4. RESULTS AND DISCUSSION 

469 

DC maturation was induced by culture for 2 days in the presence of rm-TNFa. Total 
RNA were extracted from cells in the two conditions and complex labelled cDNA probes 
were produced for hybridization on high density filters as described ins. Fig.l shows a 
schematic representation of the method we used to quantify differential gene expression in 
immature and mature DC. 

1536 cDNA clones derived from a thymic cDNA library were spotted in a 4x4 array 
on an 8x 12 cm nylon filter. The filters were then hybridized with the complex probe. Fig.2 
shows an example of a filter hybridized with a probe prepared from bone marrow derived 
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Figure 2. Localization of positive and negative controls in a high density filter containing mouse thymic cDNAs. 
High density filter containing 1536 colonies from a thymic cDNA library hybridized with a complex cDNA probes 
obtained from bone marrow derived DC total RNA. 90 positive controls are spotted at the low left corner of each 
16 clones array and is represented by equal amounts of cytochrome C cDNA. 6 negative controls (poly A RNA) 
indicated by white arrows in the figure, are localized at positions C3, 04. E5. E8, D9 and E I 0 of the grid. 

DC. At the lower left comer of each 4x4 squares, 90 positive controls, representing equal 
amounts of Arabidopsis Thaliana cytochrome C cDNA were spotted and revealed in each 
experiment (Arabidopsis Thaliana cytochrome C cDNA has been added during each hy
bridization at a known concentration). White arrows indicate at positions C3, D4, E5, E8, 
D9, ClO, the six negative controls, represented by poly A (oligodT has been added in each 
hybridization to block possible recognition of poly A tails and non-specific binding). 

Fig.3 shows an autoradiograph of the data obtained after imaging plate exposure. 
Panel A represents immature DC-derived cDNA hybridization; panel B TNF-a elicited 
DC-derived cDNA hybridization. Two examples of differentially expressed clones are 
shown by black arrows. Table I summarizes the results obtained by the quantification of 
the different hybridization images and the comparison of the different cDNA hybridized 
on the same high density filter. The columns report for each single clone the actual inten
sity of the hybridization signal (int.) and the intensity normalized on the basis of the vec
tor hybridization alone (int.lnorm.), obtained using cDNA probes from mature and 
immature DC. The ratio between int.inorm in mature and int.lnorm. in immature DC was 
also evaluated. The clones of interest were selected on the basis of different criteria re
ported in the table on the hatched cells reported above any list of clones. In particular the 
first selection, aimed to identify genes up-regulated by TNF-a treatment, excluded clones 
having low values of intensity (defined on the basis of the less intense of the 90 positive 
controls), and included clones whose signal upon TNF-a treatment increased more than 3 
times (ratio between mature and immature DC > 3). The second selection was aimed to 
identify clones down-regulated during TNF-a treatment; the criteria were accordingly 
modified, as reported in Table I. Finally in the third selection we have collected the 
clones poorly expressed «0.015) in immature DC but highly stimulated after TNF-a 
treatment (>0.1). Most of the identified clones have not yet been sequenced (N.S.) or after 
sequencing have been classified as unknown genes (New) (see Table I). Sequencing of 
the unknown clones and in situ hybridization will be used to identify new genes expressed 
during DC maturation and to investigate their in vivo expression. Three known gene prod
ucts, namely thioredoxin, cytoplasmic j3-actin (cyto. j3-actin) and 13-2 microglobulin (13-2 /-L 
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Figure 3. Identification of signals differentially expressed upon TNF-a treatment. Hybridization of high density 
filters with complex cDNA probes obtained from immature (panel A) and mature (panel 8) DC total RNA. Two 
differentially expressed clones (MTA.D04.071. corresponding to ~2-microglobulin and MTA.FOS.078. corre
sponding to an unknown gene) are indicated by black arrows. 

globulin) were up-regulated during DC maturation. The latter gene represents an internal 
control of our detection system, as TNF-a is a we\1 known inducer of 13-2 microglobulin 
expression in cells belonging to different lineages 'o. Cyto. l3-actin is a cytoplasmic isoform 
of actin. associated to stress fiber bundles and to the peripheral actin-rich lame\1ipodia 
structures I I. Under the control of highly conserved 3 'UTR sequence in the RNA, cyto. 13-
actin mRNA is directed to the ce\1 periphery and the proper regulation of this process has 
been implicated in the control of actin cytoskeleton and in the regulation of the morphol
ogyl2. This is of particular interest, as a well characterized step of DC maturation is repre
sented by the migration of DC from the periphery to lymphoid organs2• We have recently 
started the characterization of the molecular mechanisms underlying the profound changes 
in adhesion properties and cytoskeleton organization underlying this migration I. Thiore
doxin, the third gene massively up-regulated by DC after TNF-a treatment, is a sma \1 u
biquitous redox regulatory molecule which through dithiol/disulfide exchange activity 
regulates the oxidation state of ce\1 protein thiols IJ. Cytokine synthesis is tightly regulated 
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Table 1. Genes differentially expressed upon TNF-a treatment 

Int. Immature Int.lnorm. Int.lnorm. 
Spot Name DC ImmatureDC Int. Mature DC MatureDC Ratio Gene 

>0.1 >0.05 >3 
MTA.A05.072 0,163 0,713 0,075 2,170 3,045 N.S. 
MTA.A07.071 0,319 1,918 0,185 9,177 4,785 N.S. 
MTA.AI2.079 0,958 6,583 0,396 22,919 3,482 Mitochondrial 
MTA.B09.075 0,138 1,006 0,155 3,166 3,148 Mitochondrial 
MTA.C05.072 0,188 1,966 0,168 6,482 3,298 N.S. 
MTA.C12.078 0,234 1,759 0,094 5,440 3,094 Mitochondrial 
MTA.D01.079 0,122 1,087 0,560 4,137 3,808 New 
MTA.D09.065 0,187 1,363 0,138 6,846 5,023 N.S. 
MTA.D09.079 0,209 2,094 0,200 7,717 3,685 N.S. 
MTA.F06.065 0,306 2,103 0,310 6,728 3,200 N.S. 
MTA.FI0.068 0,107 0,715 0,113 3,924 5,490 N.S. 
MTA.FIO.069 0,136 0,909 0,191 3,316 3,650 N.S. 
MTA.G08.067 0,271 2,507 0,313 8,361 3,335 N.S. 
MTA.G09.073 0,106 0,772 0,121 2,334 3,022 Thloredoxln 
MTA.G09.075 0,183 1,158 0,324 4,167 3,598 Mitochondrial 
MTA.GIO.076 0,318 2,941 0,306 10,626 3,613 N.S. 
MTA.HI2.072 0,856 8,234 0,520 25,796 3,133 Cyto.J3 acdn 

>0.015 >0.02 <0.3 
MTA.A07.067 0,098 1,683 0,023 0,444 0.264 N.S. 

<0.1 >0.3 
MTA.F05.075 0,090 0,601 0.366 4,539 7,550 N.S. 

<0.015 >0.1 
MTA.AI2.065 0,000 0,000 0.158 10,973 Mouse EST 
MTA.B03.079 0.000 0,000 0,177 2,049 N.S. 
MTA.COI.076 0,000 0,000 0,172 1,457 N.S. 
MTA.C02.067 0,000 0,000 0,153 3,125 N.S. 
MTA.C02.078 0,012 0,289 0,208 2,889 10.011 New 
MTA.C02.079 0,000 0,000 0,122 1,926 Human EST 
MTA.D01.080 0.000 0,000 0,412 2,601 N.S. 
MTA.D04.071 0,008 0,101 0,143 2,759 27,244 132 J.I glob. 
MTA.D05.073 0,000 0,000 0,191 6,030 N.S. 
MTA.D05.079 0.000 0,000 0,169 3,452 N.S. 
MTA.D06.067 0,007 0,060 0,110 1.910 31,767 N.S. 
MTA.D06.068 0,014 0.168 0,101 0,974 5.787 N.S. 
MTA.DII.079 0.000 0,000 0,595 8,983 N.S. 
MTA.F03.070 0,000 0,000 0,118 1,366 N.S. 
MTA.F05.078 0,000 0,000 0,127 1,378 N.S. 
MTA.HOI.077 0,000 0,000 0,131 0,858 New 
MTA.H05.076 0,000 0,000 0,173 2,146 N.S. 
MTA.H06.070 0,000 0,000 0,182 1,975 N.S. 

by redox-dependent reactions and thioredoxin is known to increase the expression of 
TNF-a in macrophage cell lines13• This is the first report concerning thioredoxin expres
sion and regulation in DC. Upregulation ofthioredoxin during DC maturation, i.e. ofa po
tent costimulatory signal for the expression of different cytokines, including TNF-a itself, 
may provide a molecular explanation for the elusive requirements necessary for in vitro 
and in vivo maturation of DC. 
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1. INTRODUCTION 

In order to identify genes whose differential expression in Langerhans cells (LC) is 
increased by a potent, specific stimulus that is associated with the antigen-processing and 
-presenting activity of these cells, we have begun the analysis of phagocytic stimulation of 
freshly isolated human LC in culture (cLC) using zymosan particles. Previously it has 
been shown that cLC actively take up zymosan, and that phagocytosis of these particles is 
mediated by the mannose/l3-glucan receptor(s)'. Genes that are preferentially expressed in 
cLC following phagocytic stimulation were identified by mRNA Representational Differ
ence Analysis (RDA)2.3 and DNA sequence analysis of cloned RDA difference products 
(DP). In order to address the question of cell type-specific molecular activation patterns, a 
similar set of experiments with monocytes cultivated with GM-CSF and IL-4 (MoDC) was 
included in this analysis. In total, more than 150 recombinant plasmid clones containing 
DP were isolated, sequenced and compared with primate sequence databases and EST da
tabases. 

2. METHODS 

LC were isolated from epidermal sheets obtained from fresh surgical specimens by 
modification of a previously described method4 • These cell preparations were reproducibly 
7~0% CDla+ and HLA-DR+ as assessed by FACS analysis. For each experiment, LC 
were placed in duplicate cultures in RPM I 1640 medium supplemented with 10% FCS, 
100 Vlml GM-CSF (Sandoz) and 10 U/ml IL-4 (R&D Systems); zymosan (Sigma) was 
prepared as described' and added to one of the cultures, and the second served as the un
stimulated control. After 24 and 48 hr, cells were withdrawn from both cultures, total 
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RNA was extracted (Trizol, BRL), and cDNA was prepared (MuMLV reverse transcrip
tase, BRL). For the RDA, cDNA prepared from LC obtained from three different donors 
was pooled in order to normalize variability between specimens. MoDC were prepared es
sentially as describeds, using monocytes from peripheral blood purified by centrifugal elu
triation (kindly provided by W. Neruda and H. Loibner); for the latter, only a 48 hr time 
point was taken from stimulated and control cultures for the RDA. RDA was performed 
essentially as described2, but using the thermostable DNA polymerase from T. brockianus 
(Finnzyme). Quantitative RT-PCR was performed with modifications of a described 
method6, with f3-actin as internal control; for these analyses, one of the primers for each 
sequence to be amplified was end-labelled with 32p, and the PCR products were denatured 
and resolved on urea-polyacrylamide gels. Quantification was performed by phos
phoimager analysis. Linearity of amplification with respect to the f3-actin control was 
demonstrated by performing the amplifications over a IOOO-fold range of template dilu
tions, for all templates employed. 

3. RESULTS 

3.1. RDA Difference Products from Phagocytic ally-Stimulated cLC 
and MoDC 

RDA is a method that consists of three rounds of heteroduplex hybrid-competition 
coupled to PCR amplification, designed to selectively enrich for cDNA sequences 
uniquely expressed (or quantitatively overexpressed) in a target versus a driver cell popu-

Table 1. Summary of the database analysis of DP isolated from MoDC and cLC after phagocytic 
stimulation 

MODe Le 48hr Le 24hr 

Number of analvsed clones 48 87 23 
Oxidative burst associated 

Cytochrome b X62996 10 22 
cYtochrome b U95000 3 

Metabolic enzymes or associated 1 1 
DNA bindina proteins 1 
Protein synthesis 2 1 
Chaperone 1 
Proteases 

Cathepsin B 2 
Protein OhOSDhotvrosvl ohOSDhatases 1 
Membrane-associated 

Fc-epsilon receptor y-chain 2 
CD53 1 
TNF-aRI 2 

Microtubular oroteins 1 
Glucocorticoid-Inducible 

Lioocortin 1 
Reoetitive DNA I A1u seauences 1 12 
Unknown function or not well characterized 1 
Unknown 18 42 23 
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lation. In the experimental design described here, sequences were enriched from the 
phagocytically stimulated dendritic cell cultures by competition with material from the 
parallel, unstimulated cultures. Therefore, the RDA difference products should represent 
gene sequences whose differential expression is increased by phagocytic stimulation. Se
quence analysis of cloned RDA difference products from 24 hr- and 48 hr-stimulated cLC, 
and 48 hr-stimulated MoDC. is summarized in Table I. 

48 clones from phagocytically stimulated MoDC, 87 clones from cLC stimulated for 
48 hr. and 23 clones from cLC stimulated for 24 hr have been analyzed. Of the sequences 
that could be identified by database analysis, most clones correspond to genes associated 
with the oxidative burst phenomenon. e.g. cytochrome b and cytochrome c oxidase, both 
encoded by the mitochondrial genome. Because all of the RDA difference products for cy
tochrome b were greater than 96% homologous with the corresponding database entry, 
this homology level was set as the criteria for a positive sequence identity. A number of 
other identified sequences whose expression may be relevant to immune activity corre
spond to Cathepsin B, FCERI y-chain, CD53, TNFa.-RI and lipocortin. A very large 
number of clones were also isolated that contained DP whose identity could not be estab
lished by database sequence comparison. In the case of the 24 hr-stimulated cLC, all of 
the isolated DP clones correspond to only two unique, unknown sequences that have been 
termed Lc509 and Lc526. 

3.2. Quantitative RT-PCR Analysis of Gene Expression in cLC 

To assess by a second criteria the selection by RDA of some of the DP, gene expres
sion was analyzed by quantitative RT-PCR relative to f3-actin in unamplified cDNA from 
LC, and from cLC cultured for 24 and 48 hr with and without zymosan stimulation 
(Fig. I). 

With Lc509 and cytochrome b (Fig. I, upper left and right panels, respectively) the 
differential expression in stimulated cultures could easily account for the selective enrich
ment by RDA. The very high levels of expression of cytochrome b in stimulated cultures, 
about 20 times that of f3-actin, would also account for the large numbers of cytochrome b 
clones isolated as DP. The results with Lc526 (upper middle panel) at the 24 hr time point 
would indicate that also small differences in expression levels would contribute to RDA 
enrichment. However, the analysis of TNFa.-RI and Cathepsin 8 expression (both of 
which were isolated by RDA as DP clones from stimulated MoDC, but not from stimu
lated cLC) revealed also significantly increased differential expression in stimulated ver
sus unstimulated cLC (lower left and middle panels, respectively). And for CDIlc, which 
was not isolated by RDA from either stimulated MoDC or cLC, considerable increased 
differential expression in cLC upon phagocytic stimulation is seen by RT-PCR analysis 
(lower right panel), and at the 48 hr stimulation time point an extremely high relative level 
of expression, nearly \00 times of that of f3-actin, was obtained. 

3.3. Southern Blot Analysis of DP Enrichment during Sequential RDA 
Cycles 

One possible explanation for the discrepancy between RDA enrichment and RT
PCR analysis of (especially) CDllc expression in stimulated versus unstimulated cLC is 
that certain sequences may not in fact be progressively enriched by RDA. Therefore, 
Southern blot analysis of the DP cycles during RDA of cLC was performed, to follow the 
progressive enrichment of Lc509 and CDllc sequences (Figure 2). In the case of Lc509 
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Figure I. Quantitative RT-PCR ofOP in freshly isolated LC (Fr). unstimulated cLC controls (24 hr. 48 hr). and 24 
hr and 48 hr zymosan-stimulated cLC (24 hr +Z, 48 hr +Z). 

Lc509 CD11c 
24hr 48hr 24hr 48hr 24hr 48hr 

DP 2 3 2 3 MW DP 2 3 1 2 3 DP 1 2 3 1 2 3 

Figure 2. Electrophoretic and Southern blot analysis of OP resulting from differential subtractions (cONA from 
stimulated cLC competed with that from unstimulated cLC). In the left panel is shown the discrete pattern of OP 
products obtained from the first (OP I), second (OP 2) and third (OP 3) cycles of RDA, from 24 hr and 48 hr
stimulated cLC cultures, as revealed by ethidium bromide staining. Southern blot analyses of this gel with Lc509 
and COlic probes are shown in the middle and right panels, respectively. 
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sequences, a selective enrichment in the RDA cycles is clearly detectable, but this is not 
the case for CD II c. Possibly the high level of expression in unstimulated cells simply out
competes the amplification of the RDA procedure; however, this effect should be more 
carefully examined. In general, it is important to bear in mind that any of the various tech
niques relying on cDNA synthesis and PCR amplification (e.g., RT-PCR, RDA, RDD, or 
related techniques) all have a degree of inherent variability. 

4. CONCLUSIONS 

Several of the DP obtained by RDA would be consistent with the acquisition of an 
enhanced professional immune function of cLC and MoDC following phagocytosis. The 
isolation of DP corresponding to cytochrome b and Cathepsin B sequences is consistent 
with elevated antimicrobial7.8 and antigen-processing9 activities, respectively. The isola
tion of FCERI y-chain, TNFa RI and CDS3 may suggest signal transduction effects and a 
potentiation to respond to further stimulatory signals. 

The experiments described here have examined differential gene expression in cLC 
only after 24 hr of phagocytic stimulation; an RDA enrichment was also attempted at ear
lier time points (2+4+6 hr stimulation, combined), however, no DP were obtained (data 
not shown). This would indicate that LC isolated from epidermis and immediately placed 
in culture with GM-CSF/IL4 may have a slow gene induction response following phago
cytosis. This could reflect either that phagocytic stimuli per se are weak for generating 
transcriptional effects in cLC, or cLC have already begun a differentiation step associated 
with a weak response. In addition, or alternatively, a slow gene induction may be simply 
consistent with a relatively slow phagocytic activity, as previously observed in murine 
cLC'. How this activity may relate to that of LC in the skin is yet another question to be 
addressed. 

The number of isolated sequences obtained by RDA that could not be identified by 
database comparisons is striking. One possibility is that DC may represent a particularly 
rich source of previously unknown genes. cDNA clones corresponding to several of the 
unknown difference products from Langerhans cells are currently being sought by hybridi
zation of large, unsubtracted cDNA libraries. 
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1. INTRODUCTION 

Epidermal Langerhans cells (LC) represent immature dendritic cells (DC) resident in 
the skin, which are not yet able to prime naive T cells I. In vitro cultivation of LC in the 
presence of keratinocytes. supplying survival and differentiation signals, induces matura
tion events in LC2• These are highlighted by the downregulation of the biosynthesis of 
MHC class II molecules3, by the upregulation of the surface expression of adhesion and 
costimulatory molecules like CD80. CD86. CD54 and CD584.5, and by the acquisition of a 
potent immunostimulatory capacity for T cells6 • Mature LC are potent inducers of naive T 
cells. Thus LC represent an ideal model system to investigate the maturation of DC (re
viewed in 7). 

We studied freshly isolated LC (fLC) and cultivated LC separated from epidermal 
cell suspensions after 1-3 days of cultivation (cLC) with respect to differential gene ex
pression using molecularbiological techniques. namely differential display and differential 
screening of a cDNA library prepared from cLC cultured for 3 days. With the two tech
niques we compared cDNA expression patterns of fLC and cLC and selected for differen
tially expressed cDNAs. As fLC and cLC are expected to share the housekeeping genes 
and typical LC-specific genes. it is likely that differentially expressed genes are involved 
in maturation events. 

2. DIFFERENTIAL DISPLAY 

The differential display protocol we used. which is based on the original protocol of 
Liang and Pardee8, is outlined in Figure I. Several modifications were introduced includ
ing additional verification steps. Briefly, cells were harvested and mRNA was isolated ac
cording to standard procedures. followed by reverse transcription ofmRNA using T.1MN 
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Figure I. Differential display procedure. For further explanation see text. 
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primers (M = G, A or C; N = G, A, C or T) in order to reverse transcribe only part of the 
total mRNAs. Other parts of the total mRNAs were reverse transcribed with additional 
TIIMN primers in parallel reactions. PCR was performed under low stringency using a 
randomly selected decamer as second primer after heat denaturation of the products. The 
cDNA-products were separated on agarose gels in order to monitor the success of the am
plification. This additional step allows equalization of the overall product yield of the cor
responding PCR-reactions from fLC and cLC before the samples were subjected to 
reamplification with radiolabelled nucleotides. The nonradioactive amplification avoids 
unequal amplification of the complementary DNA-strands because of unbalanced nucleo
tide composition. It also avoids premature stops of DNA-synthesis due to incorporation of 
partly destroyed radiolabelled nucleotides. 

Figure 2 shows a typical result. Differential display reactions using fLC and 3-day 
cLC with the same primer combination were loaded next to each other onto the gel. For all 
reactions the same oligo-dT primer was used while the decamer primer was diffferent for 
the reactions shown in lanes 112 as compared with lanes 3/4, 5/6 and 7/8. Though the 
separation of the gel is not sufficient to distinguish all fragments, it clearly shows that 
similar patterns were obtained with fLC and cLC using the same pair of primers, while 
different decamer primers yielded different results. Similar product yields were obtained 
with fLC and cLC and therefore the same amounts were subjected to radioactive reampli
fication. 

After reamplification in the presence of radiolabelled nucleotides the products were 
separated on high resolution polyacrylamide gels and visualized by autoradiography. 
Products obtained in parallel reactions starting from fLC and cLC cultivated for 1, 2 and 3 
days were loaded onto the same gel. Differentially expressed cDNAs (arrows in Fig. I) 
were cut out of the gel and recovered as described by Bauer et al.9 

Two verification procedures were persued before the cDNA fragments were cloned 
and sequenced: The fragments were reamplified using the same pair of primers as was em
ployed for differential display, and aliquots of the products were transferred to nitro-cellu-

1351 
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Figure 2. Agarose gel separation of nonradioactive differential display reactions. The same oligo-d T primer was 
used for all reactions. The decamer primer differed for the reactions shown in lanes 112, 3/4, 5/6 and 7/8. Even 
numbers: differential display reactions using flC; uneven numbers: differential display reactions using 3-day cLe. 
Marker (M) : cJ>X 174 x Hae III. Molecular weight is denoted in basepairs. 
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lose filters by dot blotting. Two replica-filters were hybridized with radiolabelled total 
cDNA of fLC and cLC, respectively. In order to obtain sufficient amounts of total cDNA 
for radiolabelling we prepared double stranded cDNA, ligated double stranded adaptor
molecules to the ends and amplified the cDNAs with adaptor-specific primers. After veri
fication of differential expression, the remaining aliquots were loaded on agarose gels. 
fLC- and cLC-specific fragments were loaded alternately onto the gel. Afterwards electro
phoresis sandwich blots were performed. As a result replica-filters were obtained from the 
same gel. One filter was hybridized with fLC-specific probes while the other filter was hy
bridized with cLC-specific probes. The alternate loading of fLC- and cLC-specific frag
ments verified that both filters were of good quality and that both probes worked well. 
Differentially expressed cDNA-fragments were cloned and sequenced. 

3. DIFFERENTIAL SCREENING 

For differential screening we constructed a cDNA library of cLC in lambda Zap II 
containing 18-106 independent clones. Recombinant phages were plated, and phages from 
the plaques were transferred to nitro-cellulose filters twice independently in order to ob
tain replica-filters. One of the filters was screened with total radiolabelled cDNA from 
fLC while the corresponding filter was screened with radio labelled cDNA from cLC. Re
combinant phages solely hybridizing with probes derived from cLC, but not from fLC, 
were isolated and sequenced. 

4. CONCLUSIONS 

With the two methods outlined we isolated genes differentially expressed in tLC and 
cLC. Approximately 1-3% of the total cDNAs appear to be differentially regulated. Based 
on statistical estimates, the technique of cDNA-library screening is likely to result in the 
isolation of the most abundant differentially expressed cDNAs. In fact we isolated the 
most abundant differentially expressed genes repeatedly. In contrast, the amplification at
tained by differential display depends on primer annealing. Therefore maximum identity 
with the randomly selected primer sequences will result in strong signals even for weakly 
expressed proteins, typical of many cytokines and transcription factors. Indeed. the differ
entially expressed cDNAs isolated by differential display were different from the genes 
obtained by differential screening. Furthermore, it is possible to isolate upregulated as 
well as downregulated genes by differential display while only upregulated genes are de
tectable by differential screening ofa cLC-cDNA library. 

Computer database searches revealed that we isolated known as well as unknown 
cDNAs. The corresponding proteins of the known cDNAs are for example involved in 
gene regulation, signal transduction, structural maturation and antigen processing, and 
their differential expression appears reasonable in the light of the functional capacities of 
LC. The main focus of our research is directed towards the exploration of the function of 
the so far unknown genes. upregulated in cLC. 
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1. INTRODUCTION 

1.1. Morphology 

FDC occur as clusters in the B cell areas (follicles) of lymph nodes, spleen, tonsil 
and Peyers patches. Anatomically these clusters appear as a locally specialized compart
ment of a cellular meshwork that spans the secondary lymphoid tissues. FDC are mostly 
considered to differentiate from the fibroblast-like cells forming that meshwork (1-6). 
However there is experimental support for the alternative view that FDC might originate 
from the bone marrow (2,7,8). It is possible to distinguish FDC by ultrastructural criteria 
from other cells of the reticular meshwork (4,6,9). Identification by light microscopy re
quires specific markers, e. g. antibodies against complement receptors (CR) (10). The 
monoclonal antibody FDC-MI detects FDC in the mouse (11). Binding of immune com
plexes, e. g. peroxidase-anti-peroxidase, in vivo as well as in tissue sections constitutes a 
further criterion for identification of FDC (12). 

1.2. Function 

The putative functions of FDC in affinity maturation of antibodies and in the pro
duction of memory B cells are linked to their capacities to store and to deliver antigens on 
the one hand (13,14), and to deliver costimulatory signals to B cells on the other hand 
(l, 15-17). Testing those hypothetical functions relied so far on cocultures of lymphocytes 
with enriched FDC preparations (15,16) or with a FDC cell line (1). The availability of 
mouse mutants lacking FDC offers new opportunities for assessing the functions of FDC 
in vivo. 
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2. FDC DEFICIENCY IN MICE 

2.1. Severe Combined Immunodeficiency 

The development of FDC is dependent on immunocompetent lymphocytes. Thus, FDC 
are lacking in SCID mice but they do differentiate after reconstitution with normal lympho
cytes (18). Clearly, on account of the defective maturation ofT and B cells, this strain is not 
appropriate for evaluating specifically the functional consequences of the lack ofFDC. 

2.2. LT and TNFILT Deletion Mutants 

These mice display profound alterations of the lymphoid system. Lymph nodes are 
missing and a structural organization of the spleen is lacking. In the spleen neither germi
nal centers nor FDC are detectable (19,20). Adoptive transfer of wild-type bone marrow 
cells leads to the differentiation of FDC (Ryffel et aI., submitted) and germinal centers 
(21) in the mutant recipients. Inversely, irradiated wild-type mice lose their FDC and ger
minal centers after adoptive transfer of bone marrow from mutant mice. 

2.3. TNF Receptor Type 1 Deletion Mutant (TNFRI-I-) 

TNFRI-/- mice also lack FDC (19) (Fig. I) and germinal centers (19,21) (Fig. 2) but 
in contrast with LT-/- mice they display normal development and architecture of lym
phatic organs. Among the FDC-deficient mouse strains they seem to represent the only 
case with apparently normal Band Tcell compartments. Thus they represent so far the 
best model to study the effect ofthe lack of FDC. 

3. FUNCTIONAL CONSEQUENCES OF FDC DEFICIENCY 

3.1. Formation of Germinal Centers 

Germinal centers are lacking in murine strains lacking FDC (19,20). This probably 
reflects a role of FDC in the organization of germinal centers. 

Figure I. Complement receptor I immunoreactivity (clone 8C12) in the spleens of wild-type (A) and ofTNFRI-I
(8) mice. FOC meshworks are absent in the TNFRI-I- mice. The weak diffuse immunoreactivity represents 8 
cells. Magnification: x 140. 
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Figure 2. Peanut agglutinin (PNA) binding in the spleens of wild-type (A) and ofTNFR 1-/- (B) mice. Accumula
tions of PNA-positive germinal center B cells are visible in the wild type only. Arrowheads: central arterioles. 
Magnification: x140. 

3.2. Iso type Switch 

This takes place in the FDC-deficient strains LT-I- (20) and in TNFRI-/- (19). How
ever FDC might be important for isotype switch at low doses of antigen (20). 

3.3. Time Course of the IgG Response 

Until now the most striking alteration of antibody response in TNFR 1-/- mice is the 
early leveling-off of the IgG after a primary or a secondary challenge with SRBC injected 
intraperitoneally (19) (Fig. 3A). This does not represent an intrinsic inability to produce 
IgG for longer periods of time since the increase of antibody titers can be extended in time 
if SRBC are repeatedly injected (Fig. 3B). Thus, FDC seem to allow a sustained IgG pro
duction by constituting an antigen repository. 
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Figure 3. Specific anti-sheep erythrocytes (SRBC) IgGI titer. SRBC were injected i. p. at day 0 (A), at days 0,4, 
8 and 12 (B) or at days 0 and 28 (C). Titers are expressed as the reciprocal value of the dilution showing an optical 
density of 0.1 above background. Similar patterns were obtained for IgG2a, IgG2b and IgG3. Mean values for 5 
mice are given with the SD. Closed circles: wild type; open circles: TNFR 1-/- mice. 
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3.4. B-Cell Memory 

Memory has not been specifically investigated in LT-/- or in TNFRI-/- mice. How
ever, the weak secondary response to SRBC in the latter strain (Fig. 3C) might well repre
sent a failure to produce normal amounts of memory B cells. 

3.5. Affinity Maturation 

The importance of FDC for affinity maturation might depend on the dose of antigen 
since it occurs in LT-/- mice at a high dose, but not at low doses of antigen (20). 
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1. INTRODUCTION 
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If animals lack C3 or if C3 is destroyed by cobra venom factor, antibody responses 
are dramatically depressed 1-5. Treatment of animals with mAb against CR2 or COI9, 
which are part of the CO 19, CR2 TAPA-I complex on B cells, also result in dramatically 
depressed antibody responsesrH!. Furthermore, if animals are treated with a soluble con
struct of CR2, which will bind C3 fragments, the ability to mount a humoral response is 
markedly suppressed8• In addition, a recent study of CR2 knockout mice revealed that B 
cell expression of CR2 is required for immune responses to T-dependent antigens9 • Fur
thermore, complement markedly lowers the threshold at which B cells respond to antigen 
and this effect may be attributable to the co-ligation of CR2 to BCR via the association 
with C3b-associated antigen1o•11 • It is also known that cross-linking of CR2 on the B cell 
by multiple C3b fragments on a carrier renders B cells more easily stimulated by mitogens 
including anti_~12.13. These results suggest that CR2 is associated with an important signal
ing mechanism which is involved when B cells proliferate and differentiate into antibody 
forming cells (AFC). 

Follicular dendritic cell (FOC) are known to provide potent costimulatory signals 
which promote B cell proliferationl4 but the nature of the molecules involved is not 
known. However, FDC are known to retain immune complexes on their surface for long 
periods of time2.15. Immune complexes can activate C3 and lead to generation of iC3b, 
C3dg and C3d and these molecules can serve as CR2 ligands (CR2L). Thus CR2L may be 
retained on FOC surfaces and CR2L-CR2 interactions might be a part of the mechanism 
of FOC costimulation. Fragments of C3 are known to be present on the FOC surface l6.17 
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and FOC-B cell interactions are intimate with FOC processes wrapping around B cells. 
We reason that the complement fragments in the immune complexes on the FOC may en
gage and co-ligate BCR and CR2 and this may relate to whyB cells may be stimulated by 
FOC associated Ag-Ab complexes l8. In this study we sought to determine if blocking the 
CR2-CR2L interactions using a mAb reactive with CR2 might interfere with the ability of 
FOC to provide costimulatory signals for B cell proliferation and antibody production. 
The data support the hypothesis that CR2-CR2L interactions are important in FOC-B cell 
interactions. 

2. MATERIALS AND METHODS 

2.1. Mice 

Female BALB/cByJ, 6-8 weeks of age, were purchased from Jackson Laboratory, 
Bar, Harbor, ME. Food and water were supplied ad libitum and the mice were used be
tween 8-20 weeks of age. Mice were immunized with OVA as explained by Wu, et al. 18 

2.2. FDC and 8 Cell Isolation and Cell Cultures 

FOC and B cells were isolated from the draining lymph nodes of BALB/c mice as 
explained by Wu, et al. 18 In some experiments non-immunized mice were used as a source 
of FOC and B cells, and these FOC would bear only environmental antigens (EAg). En
riched FOC preparations (l x lOS cells) were added to 3 x lOS Band T memory cells in 96 
well tissue culture plates (Cat. No. 3595, CoStar; Cambridge, MA) containing 200 III 
complete culture medium per well. 

2.3. Monoclonal Antibodies Reactive with CRI and CR2 

The anti-CRI,2 ( 7G6 ) and anti-CRI (8CI2)6.19 hybridomas were given by Or. Ki
noshita (Osaka University, Osaka, Japan). 

2.4. Proliferation and Antibody Assays 

The cultured cells were stimulated with anti-S+ IL4 or LPS and3H-thymidine incor
poration assay was used to monitor B cell proliferation 14. Culture media was collected 
from the lymphocyte cultures each 6--7 days and anti-OVA specific IgG was measured by 
means ofa solid phase ELISA as described by Helm, et al.20 and Wu, et al. 18 

3. RESULTS 

We first sought to determine if addition of anti-CR2 could inhibit FOC mediated 
costimulation. The data from a typical experiment are presented in Table I. Note that ad
dition of FOC to anti-S and IL-4 stimulated B cell cultures resulted in a marked increase 
in the proliferative response an4 this is typical of FOC mediated costimulation (increased 
from about 20,000 CPM to 70,000 CPM). The addition of anti-CR2 to cultures containing 
the FOC significantly reduced the costimulatory response mediated by the FOC. In con
trast, addition of anti-CR2 to cultures lacking FOC had no inhibitory effect. Adding more 
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Table 1. Effect ofanti-CR2 on FDC mediated co stimulation of mitogen induced 
B cell proliferation 

Stimulator Costimulator Inhibitors cpm±SE p Value 

a-I) + IL4 FOC None n033±3030 
a-I) + IL4 FOC a-CRI,2 54207±3780 <0.02 
a-I) + IL4 FOC a-CRI 71 621±2660 NS 
a-I) + IL4 FOC Isotype 73373±4970 NS 
a-I) + IL4 None None 21653±1250 <0.001 
a-I) + IL4 None a-CRI,2 20367±1380 <0.001 

Note: I. The cpm±SE of other control groups were: B cell alone 1161 ± I 02. FOC" alone 791 ±25. B+FDC 
(no mitogen) 2734±142. 
2. Anti-CR I ,2=7G6, anti-CR I =8C 12, used at I ~g/well. NS=not significant. 
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anti-CR2 further inhibited FOC mediated costimulation but these higher doses also re
sulted in some inhibition of 8 cell proliferation in the absence of the FOe. The same re
sults have also been obtained when LPS was used as the primary signal, i.e., about half of 
the FOC mediated costimulatory effect could be eliminated by addition of anti-CR2. In 
short, anti-CR2 appeared to be able to reduce FOC mediated costimulation under condi
tions where it has no direct effect on 8 cells in the absence of the FOe. 

We next sought to determine if the ability of FDC to use immune complexes to in
duce memory responses in vitro could be inhibited by the addition of FOC and the data 
from a typical experiment are presented in Table 2. Note that in the absence of FOC the 
immune complexes were unable to elicit an in vitro secondary antibody response. How
ever, the addition of FOC from normal animals results in a potent secondary response 
(over 10 Ilg of specific antibody/ml produced over a 6 day period). The addition of anti
CR2 reduced this response by about 50% and the addition of anti-CR I resulted in a slight 
inhibitory effect. In short, anti-CR2 appeared to be able to reduce FOC's ability to present 
immune complexes to specific 8 cells and elicit in vitro secondary antibody responses. 

4. DISCUSSION 

Previous results prompted the hypothesis that the FOC enhanced 8 cell proliferation 
and antibody production may be mediated, at least in part, by the C3 fragments on the 
FOC engaging 8 cell-CR2. To begin testing this hypothesis, we sought to determine if 
anti-CR2 would block FOC mediated augmentation of anti-& or LPS induced 8 cell prolif-

Table 2. Effect of anti-CR2 on FDC mediated costimulation of antibody response 

Cell Cultures Inhibitors Anti-OVA IgG (ng/ml) p Value 

LyOVA+(COVA+FDCEA. none 11861±1372 
LyOVA+ICoVA+FOCEAg anti-CRI,2 4664±340 <0.005 
LyOVA+ICoVA+FOCEA. anti-CR 1 7527±826 <0.01 
LyOVA+ICoVA+FDCEA. isotype 9883±1165 NS 
LyOVA only none <10 < n.ool 

Note: I.The culture supernatant was replaced with fresh culture medium at day 7 and the antibody pro
duction was measured at day 14. 
2. Anti-CRI,2=7G6, anti-CRI=8CI2, used at \O~g/well. (COVA= OVA-anti-OVA immune complex in 
antigen excess. NS=not significant. 
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eration. The data indicated that anti-CR2 reduced the FOC mediated augmentation of anti
cS or LPS induced B cell proliferation. In contrast, the addition of anti-CR2 had very little 
effect on mitogen induced B cell proliferation in the absence of FOC suggesting that the 
antibody blocked FOC-B cell interactions. Furthermore, potent secondary antibody re
sponses were elicited in vitro when FOC were isolated and cultured with memory T & B 
cells in the presence of appropriate antigen-antibody complexes. Addition of anti-CR2 in 
such cultures inhibited this in vitro secondary response. These data support the concept 
that CR2L-CR2 interactions between FOC and B cells are important and provide support 
for a basic two signal model. Signal one would be from the FOC-Ag to B cell BCR and 
the second would be delivered via C3 fragments on the FOC engaging CR2 on the B cell. 
This two-signal model has parallels with other two signal models including MHC-Ag to 
TCR with B7-C028 interactions providing the co-stimulatory signals. 

A weakness in the data is that the inhibition of FOC mediated costimulation by the 
anti-CR2 was not complete. It is possible that there are other costimulatory molecules and 
that the CR2L-CR2 interactions are only a part of the FOC effect. We noted that high con
centrations of anti-CR2 were able to interfere with B cells in the absence of FOC in our in 
vitro experiments. The dramatic inhibition mediated by anti-CR2 in the in vivo studies 
may relate to an ability of high concentrations of an antibody to directly interfere with the 
B cell. Alternatively, the lack of complete inhibition in this study may be attributable to 
the ability of the Fc portion of the anti-CR2 to bind FcR on FOC and thus providing a di
rect link between the B cell CR2 and FDC. The direct binding of FDC to B cell through 
anti-CR2 might provide a positive signal to the B cell. In future experiments we plan to 
use Fab where both coligation and cross-linking of receptors will be minimized. In one ex
periment with F(ab)2 we have seen better inhibition than with the intact antibody. In fact, 
our basic hypothesis would be strengthened if the intact anti-CR2 antibody can provide a 
costimulatory signal (even a weak signal) when in contact with the FDC while the Fab 
anti-CR2 cannot. We look forward to these extended experiments with interest. 
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1. INTRODUCTION 

Follicular dendritic cells (FOes) retain the antigen on their membranes usually in 
the form of antigen-antibody complexes which disappear slowly with time ( I). Foe is un
able to retain the antigen for a long time, and replaces the old antigens with new ones, 
even if the antigen is the same (2). Recently FOe was reported to degenerate in individu
als manifesting persistent generalized lymphadenopathy after infection with human immu
nodeficiency virus (HIV). It has been considered that the antigen retention is 
indispensable to form the FOe network. In this case FOe retained the antigens but the 
network was disrupted (3). It may be due to the incomplete antigen retaining ability of 
FOe for the practice of its role. 

We thought that the Foe's ability of the binding, retention and replacement of anti
gens was related to the adjustment of the immune system. We make this clear by the re
peated injection of the same antigens into the rat footpads and studying under light and 
electron microscopes. 

2. MATERIALS AND METHODS 

We examined the immunized and non-immunized 6 weeks female rats after repeated 
antigen injections. To clarify the localization of the antigen, horseradish peroxidase (HRP) 
binding colloidal gold ( diameter, 5 and 20 nm) and HRP binding beads with fluorescence 
( diameter, 50 and 1500 nm) were used in addition to the HRP solution as antigens. The 
labeled HRP was injected at the beginning and lor end of the repeated injections. 

The popliteal lymph node of the rats were dissected after perfusion of 1/2 Kamovsky's 
fixative solution. They were sectioned at 100 m thick with a vibratome (Lancer Series 1000) 
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and reacted with 0.5% 3.3 diaminobenzidine (DAB; Sigma Co.) in 0.5% Tris HCl buffer (pH 
7.6). The sections were observed by light and fluorescent microscopy and postfixed with 2% 
Os04 and were treated by the conventional methods for electron microscopy. 

The photographed slides of the vibratome sections were processed for image analysis 
and the areas were calculated about the number of pixels and the tone in the gray scale. 

3. RESULTS 

3.1. Non-Immunized Rats 

After 25-30 times injection of HRP, the last injected HRP-G was observed, but after 
60-65 time injections, no HRP-G was seen. The germinal center (GMC) was developed in 
the cortical area (Fig.l). By the image processing with the computer, the HRP reaction ar
eas were almost the same. However, the tone of the GMC was darker in 25 times than 60 
times injection rats. As the injection times increased. the intensity of the color in the GMC 
became weaker. 

3.2. Immunized Rats 

In all the repeated injections group, HRP-G which was last injected was not seen 
and the HRP reaction deposits were scattered in the follicle. The deposits were the mate
rial phagocytosed by the tingible body macrophages. In the border between the subcapsu
lar sinus and cortical area there was the HRP reaction (Fig.2). In this area, the cells which 
elongated their processes into the subcapsular sinus contained HRP, HRP-G and HRP-b. 
These cells were considered to be antigen transporting cells (A TC). In the GMC typical 
FDCs elongated their processes among the lymphocytes and made up the complex laby
rinth by the invaginating membrane (Fig.3) . The dense material, HRP deposits, existed in 
and between the cytoplasmic invagination. However, no HRP-G or HRP-b injected at the 
start and end of the repeated injections was observed (Fig. 4a). On the other hand, in the 
pre-immunized rats without repeated injections, the purple color of HRP-G was distinct in 
the GMC. FDCs retained many HRP-G on their cytoplasmic membrane (FigAb). 

Figure I. The popliteal lymph node of the non-immunized rats which were injected of the HRP solution 60 times 
in the footpads repeatedly. Germinal center (G) developed but no HRP reaction was observed in the follicle. Tingi
ble body macrophages (arrows) contained scattered metachromatic materials. Stained with toluidine blue. x63. 
Figure 2. Popliteal lymph nodes in the pre-immunized rats S days after the 20 times repeated injection. At the last 
injection HRP-G was used instead of HRP solution. HRP reaction was seen in the follicle and at the border (ar
row)between the subcapsular sinus and the cortical area. The reaction was seen in the tingible body macrophage. 
No color of the HRP-G or no reticular reaction of HRP which indicated the antigens on FOe was observed. G: 
germinal center x 34. 
Figure 3. Electron micrograph of the lymph node of the pre-immunized rat with repeated injection. The HRP-b 
was injected at the last injection into the footpads. Typical FOe (FOe) was seen in the germinal center. The proc
esses of Foe made up the complex labyrinth in which homogenous materials were present. xS.300. 
Figure 4. High magnification of the processes of FOe of the pre-immunized rat. a: With the repeated injection. the 
homogenous materials(·) in the intercellular matrix were located but no labeled antigen (HRP-b) injected last was 
observed. x 40.000. b: Many HRP-Gs (arrows) which were injected last were located in the intercellular matrix of 
FOe after a small number of injections. x 40.000. 
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4. DISCUSSION 

FOC not only retains the same antigens for a long period of time and if the same an
tigen invades again into the lymph node, FOC is able to exchange the pre-existing anti
gens with new ones quickly (2). In our study after the repeated antigen injections, the last 
injected antigen, HRP-G was not found on the membrane of FOC. FOC may have ex
changed the pre-existing antigens with newly arrived antigens. because the labeled antigen 
which was injected at an early time was not seen in the GMC. These phonemena certainly 
indicated that the repeated injection induced the reduction of the ability of antigen binding 
and replacement. Recently Masuda et at. (1994)(4) reported that the ability ofFOC to trap 
new antigens disappeared around the second and third weeks of infection with murine ac
quired immune deficiency syndrome (MAIDS). They said that a loss of retained antigen 
would be expected to be followed by a loss of specific serum antibody. 

ATC was reported by Szakal et at. (5) as a non-phagocytic cell which was related 
with antigen transport into the follicle and might be a precursor of FOC. We observed 
ATC played an important role in the antigen transport into the cortical area (6). After re
peated injection the cell at the border between the subcapsular sinus and cortical area had 
HRP. A TCs may trap much antigens and suppress the immune reaction. 

This investigation suggested that repeated injections induced the reduction of the 
ability of the binding and replacement of antigens on FOC. The negative action may be re
lated with the adjustment of the lymph node to reduce the over-reaction of the immune re
sponse. 

5. CONCLUSION 

After repeated antigen injection, A TC existing in the border between the subcapsu
lar sinus and cortical area had the HRP-G and HRP-b. On the FOC in the GMC the last in
jected labeled antigens, no HRP-G or HRP-b was not seen. Repeated injections of the 
same antigens induced the reduction of the ability of binding and replacement of the anti
gens of FOC. Reduction of the ability of FOC in binding and exchange of antigens may 
regulate the immune system to suppress the over reaction to the antigens. 
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Cancer can be cured in mice by adoptive transfer of T cells specific for the malig
nant cells or by vaccination to tumor-specific antigens. The application of immunotherapy 
to the treatment of human cancer hinges on the identification of human tumor antigens to 
which specific immunity can be elicited. 

Recent efforts to identify human tumor antigens have revealed that some tumor-as
sociated antigens recognized by T cells or serum antibodies are non-mutated self proteins 
expressed by normal as well as malignant cells. 1,2 These self antigens include proteins ex
pressed during fetal development but only on rare adult tissues (e.g., MAGE-1 3 ), proteins 
related to the differentiation state of the tissue of malignant origin (e.g .. tyrosinase,4 
Melan-A/MART-1 5,6 and gpl007) as well as proteins that are expressed at higher levels by 
malignant cells than by normal cells (e.g., HER-2/neux- IO). 

These findings indicate that the immune repertoire to some self proteins has not 
been deleted and that responses to self proteins can be generated in some situations, with
out clinical signs of autoimmunity. Despite this, the presence of the tumor alone does not 
seem to be sufficient to generate an adequate immune response, since tumors grow and 
progress in vivo. Reasons for inadequate or non-existent immune responses to potential 
tumor antigens could include: I) functional tolerance, 2) a lack of the appropriate co
stimulation necessary for T cell priming, 3) tumor-induced immuno-suppressive factors, 
4) dominant responses to other tumor-associated proteins, and 5) lack of immunogenicity, 
due to the protein not being processed in such a way that it can be presented to T cells. 
Given anyone of the first four possibilities, a protein might still be an appropriate target 
for immunotherapy if measures were devised to elicit or augment immunity against it. 
Possible strategies include stimulation of an individual's T cells in vitro with tumor or pu
rified tumor antigen and autologous antigen presenting cells (APC) in order to generate 
specific T cells for adoptive transfer, or immunizing patients with a vaccine containing the 
tumor antigen. The latter would be a straightforward method of eliciting immunity; how-
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ever, the practical barriers to initiating human vaccine trials are great. The development of 
effective and reproducible methods for generating immune T cells in vitro would, there
fore, be very advantageous. 

In vitro, T cells may be primed under the appropriate conditions of co-stimulation 
by the appropriate APC, away from any negative influences of the tumor microenviron
ment. In addition, a system for priming T cells in vitro could be used to answer questions 
that are essential for the development of effective vaccines and adoptive immunotherapy: 
Which tumor-associated proteins are most immunogenic; which epitopes of these proteins 
are presented; what forms of an antigen are most effective for priming class 1- versus class 
II-restricted responses; and which proteins elicit responses that are physiologically rele
vant, in other words, responses in which T cells can recognize autologous tumor or APC 
presenting antigens shed by the tumor. Moreover. in vitro it should be possible to bias the 
type of immune response generated (e.g. cellular or humoral) by using separated popula
tions of CD4+ or CD8+ T cells and different combinations of cytokines (e.g. IL-4. IL-12, 
or interferon-y) during the sensitization stepll-14. 

To address these issues, we have established a system using autologous, bone mar
row-derived dendritic cells (DC) as APC to rapidly generate antigen specific T cells from 
the PBL of normal individuals. DC are considered to be the most effective stimulators of 
T cell immunity.ls.16 The use of cultures enriched for DC as APC can improve the sensitiv
ity of assays for detecting primed responses and has allowed the induction of priming in 
vitro. 

We and others have shown that functional DC can be elicited and grown in vitro 
from CD34+ hematopoietic progenitor cells (HPC) derived from bone marrow or periph
eral blood. 17- 19 Culture of CD34+ HPC with GM-CSF and TNF-a yields a heterogeneous 
population containing cells with typical dendritic morphology. Phenotypic studies demon
strate a loss of the CD34 molecule over one week and an increase in cells expressing sur
face markers associated with DC: COla, CD80 (B7/BB1), CD4, CDI4, HLA-DR. and 
CD64 (FcyRI).17.18 While these DC have excellent ability to stimulate an allogeneic MLR, 
in our hands they had variable function when presenting specific protein antigens. More
over, the proliferation of T cells in response to autologous DC in the absence of exoge
nous antigen (the autologous MLR) was quite high. There is much evidence demonstrating 
that DC can exist in two functionally distinct stages of maturation. 2()"23 Immature DC proc
ess and present intact protein antigens, but have relatively low levels of surface class II 
and co-stimulatory molecules. Mature DC are specialized for activating naive T cells, hav
ing increased cell surface levels of class II and co-stimulatory molecules, but have down
regulated the ability to process and present intact antigens. Maturation of DC in vitro has 
been shown to be induced by cytokines/2,23 CD40-ligand interactions/4 or T cells2s (and 
our unpublished data) and sometimes occurs 'spontaneously' after culture of DC in vitro. 
These observations suggested that the DC populations grown in GM-CSF and TNFa 
might have included cells of a relatively mature phenotype, i.e, cells that were highly ef
fective at stimulating an MLR, but less efficient at presenting exogenous antigen. 

As one of our goals was to establish a system allowing processing and presentation 
of intact protein antigens for priming T cell responses. we focused on optimizing condi
tions to generate APC with these capabilities. To this end, we tested a number of different 
cytokines for stimulating in vitro growth of DC. In these experiments, bone marrow de
rived CD34+ cells from healthy donors were used as the starting population. The CD34+ 
HPC were cultured with GM-CSF alone, GM-CSF and TNFa, GM-CSF and IL4, or GM
CSF and IL6. These cytokines were chosen based on their reported abilities to influence 
DC differentiation and/or growth. 17,23,26 Growth of DC appeared to be similar with TNF-a, 
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IL4, and IL6 in addition to GM-CSF; but, in the majority of experiments using tetanus 
toxoid as antigen, the background autologous MLR was lowest using IL6. This is an im
portant point since a lower background proliferation can aid in detecting specific re
sponses, whereas high backgrounds can obscure them. An additional factor contributing to 
the reduction of background proliferation was the use of serum-free medium. Based on 
these experiments, our current method of deriving DC capable of priming in vitro, but 
with the lowest relative autologous MLR, uses GM-CSF and IL6 in serum-free medium. 

Using DC populations derived by this method, we have been able to prime naive 
(defined here as being positive for the CD45RA molecule) CD4+ T cells to the foreign an
tigens keyhole limpet hemocyanin (KLH) and ovalbumin (OVA). Of note, priming was 
detectable by the seventh day of culturing T cells with dendritic APC. Specificity was 
validated by showing that DC-stimulated CD4+ T cells responded to the priming antigen, 
but not to an irrelevant antigen, when tested three weeks following initial stimulation with 
antigen and DC. It should be noted that monocytes grown under the same conditions as 
the CD34+ HPC cultures did not present KLH to naive (CD45RA+) CD4+ T cells, 
whereas DC cultures did. This result validates that the CD34+ HPC-derived APC cultures 
have functional properties characteristic of DC. 

Our current studies, using this priming system, focus on the elicitation of immunity 
to the self, tumor-associated protein HER-2/neu, as a prototype antigen. Our goal is to ap
ply the methods and concepts developed in this system to investigations of the immuno
genicity of other potential tumor antigens. HER-2/neu is a non-mutated, self protein that is 
overexpressed by certain human tumors. It is a cell surface, transmembrane protein of I R5 
kD, consisting of a cysteine-rich extracellular domain (ECD) that functions in ligand bind
ing and an intracellular domain (lCD) with kinase activity.27 It is a member of the epider
mal growth factor receptor family and is presumed to function as a growth factor 
receptor. 27 Monoclonal antibodies to HER-2/neu are capable of inducing either stimula
tory or inhibitory signals to the receptor. 2X•2" The HER-2/neu protein is expressed during 
human fetal development and at low levels on the epithelial cells of many normal adult 
tissues.") ]n normal cells, the HER-2/neu gene is present as a single copy.ll Amplification 
of the gene and/or protein overexpression has been identified in many human malignan
cies, including cancers of the breast, ovary, uterus, stomach, and lung.,12-36 ]n breast can
cer, HER-2/neu is overexpressed on the malignant tissue of 20-40% of invasive ductal 
carcinoma patients, as well as in 50-60% of ductal carcinomas in situ, suggesting that 
overexpression of HER-2/neu may be related to cancer formation. 37 HER-2/neu protein 
overexpression correlates with a significantly worse clinical outcome in most subsets of 
breast cancer patients. IS 

Evidence to support the use of HER-2/neu as a target for immunotherapy has re
cently been accumulating. Studies have shown that antibodies directed against HER-2/neu 
protein can be detected in the sera of some patients with breast cancer. 8. 1 '1 The frequency 
of antibody to HER-2/neu is higher in patients with breast cancer than in normal individu
als and higher in patients with HER-2/neu-positive cancers than in patients with HER-
2/neu-negative cancers, suggesting that immunity developed as a consequence of the 
expression of HER-2/neu by the cancer cells. 

In addition, preliminary studies have shown that some patients with breast cancer 
have existent CD4+ T cell responses to HER-2/neu protein and/or peptidesx.:19 (and unpub
lished observations). When overexpressed, the ECD of HER-2/neu is often shed and pre
sent in soluble form in the extracellular environment, both in vitro, in the culture media of 
rapidly growing HER-2/neu-positive breast cancer cell I ines40.4 I and in the sera of patients 
with breast cancer. 2,43 Since CD4+ T cells generally recognize soluble, exogenous anti-
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gens processed and presented by APC in the class II MHC pathway, ECD shed by tumor 
should be available for presentation to CD4+ T cells. In addition to ECD shedding, HER-
2/neu may be present in the extracellular environment due to tumor necrosis. In animal 
models, CD4+ T cells are effective in tumor immunotherapy provided that the protein rec
ognized is abundant and available for processing the class II MHC antigen processing 
pathway. Thus, HER-2/neu-specific CD4+ T cells have the potential to be useful in immu
notherapy. 

CD8+ cytotoxic T lymphocyte (CTL) immunity to HER-2/neu has been found in 
ovarian cancer patients.9.,o.44 Furthermore, HER-2/neu peptide-specific CTL have been 
generated in vitro from normal PBL, and some CTL could lyse HER-2/neu positive cancer 
cells.39.45 In these studies, conducted prior to the optimization of our dendritic APC culture 
method, synthetic HER-2/neu peptides capable of binding HLA-A2 were used to repeat
edly stimulate PBL from normal individuals homozygous for HLA-A2. CTL were gener
ated that could lyse autologous B cells incubated with the immunizing peptide. In one of 
the two instances, the peptide specific CTL could also lyse HER-2/neu-positive. HLA A2-
positive breast cancer cells.39 

Taken together. the data suggest that some individuals can develop immunity to 
HER-2/neu by virtue of its overexpression on autologous cancer cells. Moreover, they 
support the idea that immune responses to an overexpressed self protein need not lead to 
destructive autoimmunity. 

We are currently testing the use of cultured DC as APC to elicit CD4+ and CD8+ T 
cells specific for HER-2/neu from normal individuals. The expectation is that specific T 
helper cells and CTL will be more easily generated using DC as APC than by the method 
previously used to generate HER-2/neu-specific CTL. which required multiple restimula
tions. The use of DC as APC should aid in the identification of immunogenic forms of 
HER-2/neu which are suitable for eliciting both class 1- and class II-restricted T cell re
sponses. 

In preliminary experiments using the DC system described above, CD4+ T cells 
from normal donors were primed to HER-2/neu peptides derived from both the ECD and 
the ICD. CD4+ T cell lines specific for the ECD-derived peptide p3l9-333 were estab
lished from two donors. A T cell line specific for the lCD-derived peptide p776-790 was 
also generated from one of the donors. The ability of these cell lines to recognize whole. 
recombinant HER-2/neu is the next step to determine whether peptide-specific T cells can 
respond to protein. In addition, studies will determine whether CD4+ T cells can be 
primed to intact HER-2/neu protein presented by auto~ogous DC. 

Experiments have also been done in attempt to elicit CD8+ CTL to HER-2/neu us
ing autologous DC as APC. Bone marrow-derived DC from four normal donors were in
fected with recombinant vaccinia virus expressing either the ICD or the ECD of 
HER-2/neu, and these APC were used to stimulate autologous CD8+ T cells. Two sub
sequent stimulations were done at one week intervals, using autologous monocytes in
fected with the same recombinant virus. The T cells were tested for cytotoxic function 
following the third stimulation. Each T cell line tested recognized and lysed autologous 
Epstein-Barr Virus (EBV) immortalized B cells that were infected with either the HER-
2/neu-recombinant vaccinia virus or the control wild type vaccinia (20-60% lysis at 20: I 
effector to target ratio), but did not lyse uninfected, autologous EBV -immortalized B cells, 
demonstrating that the bulk of the response had been elicited to the virus. One cell line has 
been cloned by limiting dilution and screened for reactivity with the HER-2/neu-recombi
nant virus. One hundred and fifty six clones grew and were tested. The results of two 
rounds of screening showed that 41 clones (26%) were either non-lytic or non-specifically 
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lytic, 105 (67%) were vaccinia-specific. and 10 clones appeared to preferentially recog
nize the recombinant virus over the wild type virus. Further testing is needed to validate 
specificity for HER-2/neu. 

This system using bone marrow-derived DC for in vitro priming has promise to be a 
useful tool to aid in the determination of which tumor-associated proteins may be appro
priate targets for T cell immunotherapy and which peptides, fragments, or forms of a pro
tein are most immunogenic. When combined with T cell cloning, it can be used to 
determine which antigen-specific T cells are capable of responding to tumor cells express
ing the protein. 
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INTRODUCTION 

Cytotoxic T lymphocytes (CTL) are an important component ot the host's immune 
response to cancerl.2. A number of genes encoding tumor-associated antigens (T AA) and 
their peptide products which are recognized by CTL in the context of major histocompati
bility complex (MHC) class I molecules have recently been identified3.4. Our group has fo
cused on the translation of these new insights into the development and application of 
novel immunotherapies. 

Dendritic cells (DC) playa crucial role for the induction of primary, cell-mediated im
mune responses5.b• Advances in culture techniques allowing for the generation of large num
bers of immunostimulatory DC from precursor populations in bone marrow and blood7 II 
have stirred considerable clinical interest to use DC as a biological adjuvant for the induction 
of CTL-mediated antitumor immunity. Cultured DC pulsed with peptides constituting rele
vant CTL epitopes can induce protective and therapeutic antitumor immune responses in 
mouse tumor models with defined CTL epitopes I2- IX. Of note, such responses can also be elic
ited with completely normal self-peptides derived from p5317. This resembles the expected 
clinical situation. since melanoma peptides recognized by CTL also derive from completely 
normal germ line-encoded genes. Self-reactive CTL capable of lysing HLA-matched allo
geneic melanoma cells can be generated in vitro using autologous cultured human DC pulsed 
with synthetic melanoma peptidesl~21. A clinical trial with peptide-pulsed DC for the treat
ment of patients with malignant melanoma is about to start at the University of Pittsburgh. 

As an alternative to peptides, DNA-based vaccines have recently been investigated 
for the immunotherapy of cancer22- 28. We describe here the possibility to insert genes en
coding T AA directly into immunostimulatory DC leading to endogenous production and 
processing of relevant antigenic peptides. DC were genetically modified using a particle
mediated gene transfer technology29- 12 and their ability to mediate protective antitumor 
immunity assessed in vivo in two well-characterized murine tumor models. 

Dendritic Cells ill FUlldulIlellfa/ and C1inica/llIllllllll%gy 
edited by Ricciardi-Castagnoli. Plenum Press. New York. 1997 511 
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MATERIALS AND METHODS 

Animals 

Female C57BLl6 mice, (rIO weeks old, were obtained from Taconic (Germantown, 
NY). Female BALB/cJ mice, (rIO weeks old, were obtained from The Jackson Labora
tory (Bar Harbor, ME). All animals were maintained in a specific pathogen-free facility 
(Central Animal Facility, University of Pittsburgh). 

Cell Lines 

C3 is a sarcoma obtained by transfecting mouse embryo cells of C57BLl6 origin 
with the entire genome of the human papilloma virus type 1633 and was maintained in 
RPMI 1640 supplemented with 10% heat-inactivated FCS, 2mM I-glutamine, 50 IJM 
HEPES, and 100 IU/ml penicillin, and 100IJglmi streptomycin (all reagents from GIBCO
BRL, Gaithersburg, MD). CMS4 is a chemically induced BALB/c sarcoma17 which is con
tinuously passaged in vivo. 

Pep tides 

The H-2Db-binding peptide HPV-E'(aa49-S') has the sequence RAHYNIVTF33 • The H-
2Kd-binding wild-type peptide p53(aa232-240) has the sequence KYMCNSSCM " . Peptides 
were synthesized by standard F-moc chemistry and purified by HPLC in the Peptide Syn
thesis Facility of the University of Pittsburgh Cancer Institute (shared resource). 

Plasmid DNA 

The plasmid pCMVluc contains a firefly luciferase gene driven by the CMV imme
diate-early gene enhancer/promoter and was kindly provided by Agracetus (Middleton, 
WI). The plasmid pCI-E, was constructed by subcloning the open reading frame of human 
papilloma virus (HPV) 16-E, into the expression plasmid pCI (Promega, Middleton, WI). 
Using PCR-techniques a SalI-Notl-fragment was generated from a plasmid containing the 
entire genome of HPVI6 and ligated into pCI. The plasmid pCI-p53(aam_28Swt) was con
structed by subcloning bp675 to 855 of the mouse p53 cDNA previously isolated from the 
CMS4 sarcoma17 into the expression plasmid pCI. Using PCR-techniques a SalI-NotI
fragment was generated including artificial start and stop codons allowing for translation 
of the resulting minigene and ligated into pCI. All inserts were sequenced in both direc
tions to exclude mutations introduced by PCR. Plasmids were grown in E. coli strain 
DH5a and purified using Qiagen Plasmid Maxi Kits (Qiagen, Chatsworth, CAl. 

Generation of Dendritic Cells 

Dendritic cells were prepared from bone marrow as previously described" with minor 
modifications. Briefly, bone-marrow cells were harvested from femurs and tibias, immunode
pleted oflymphocytes by treatment with anti-B220, -CD4, and -CD8 mAb followed by rabbit 
complement (Accurate, Westbury, NY), and cultured (37°C, 5% CO2) in 6-well plates at 
4x I 05 cells/4ml/well in RPMI 1640 supplemented with 10% heat-inactivated FCS, 2mM 1-
glutamine, I mM sodium pyruvate, 0.1 mM nonessential amino acids, 50 IJM HEPES, 100 
IU/ml penicillin, and 100IJglmi streptomycin (all reagents from GIBCO-BRL, Gaithersburg, 
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MD) as well as 1000 U each of murine rGM-CSF and rIL4 (Schering-Plough, Kenilworth, 
NJ). Loosely adherent cells are harvested on day 8 by gentle pipetting. 40-70% of DC rou
tinely expressed the surface markers MHC Class II, B7.1, and B7.2. 

Particle-Mediated Gene Transfer to Dendritic Cells 

Plasmid DNA was precipitated onto 0.95 or 2.6Jlm gold particles at a density of 2 Jlg 
of DNA per mg of particles as previously described32 . Briefly, gold particles and DNA 
were resuspended in 100JlI of 0.05 M spermidine (Sigma Chemical Co., St. Louis, MO) 
and DNA precipitated by the addition of 100JlI of I M CaCI2• Particles were washed in 
dry ethanol to remove Hp, resuspended in dry ethanol containing 0.075mg/ml of PVP 
(Sigma Chemical Co., St. Louis, MO), and coated onto the inner surface of Tefzel tubing 
using a tube loader. The tubing was cut into 0.5 inch segments resulting in the delivery of 
0.5 mg gold coated with I Jlg plasmid DNA per transfection with the Accell helium pulse 
gun. Gold particles, tubing, tube loader, and the Accell helium pulse gun were kindly pro
vided by Agracetus (Middleton, WI). Bone marrow-derived DC were transfected in sus
pension in 6-well plates. DC were harvested, pelleted by centrifugation, 2x I Oh cells 
resuspended in 20JlI of fresh medium, and spread evenly in the center of a well. Cells 
were bombarded at a pressure of300 psi of helium and fresh medium added immediately. 

Assays for Expression of Luciferase 

Expression of luciferase was determined 8-72 hours after gene transfer to dendritic 
cells. Cells were washed with Hanks balanced salt solution (HBSS, GIBCO-BRL, Gaith
ersburg, MD), lysed in 100JlI cell culture lysis reagent (Promega, Madison, WI), and 
stored at -80ne. Samples were thawed, cell debris pelleted, and 10JlI of cell extract as
sayed using Luciferase Assay System (Promega, Madison. WI) and an Autolumat LB 953 
(eG&G Berthold) set to integrate emission data over lOs. The level of sample lumines
cence was recorded as relative light units (RLU). 

Immunization of Mice 

After particle-mediated gene transfer DC were irradiated (3000 rad), washed twice 
with HBSS, and 2.5x 105 cells in 0.2ml HBSS injected in the tail vein of syngeneic mice 
on days 0 and 7. On day 14 mice were injected with 2x 106 C3 tumor cells or with 1.5x I 05 

in vivo grown CMS4 tumor cells subcutaneously in the flank. Tumor growth was assessed 
every 3 to 4 days and recorded as tumor area (mm2) by measuring the largest perpendicu
lar diameters. Data are reports as the average tumor area +1- SEM. All experiments in
clude 5 mice per group and were performed twice. 

RESULTS 

Transgene Expression Following Particle-Mediated Gene Transfer to DC 

We used the firefly luciferase gene as a sensitive reporter gene in order to optimize 
the parameters for particle-mediated gene transfer to DC with the Accell helium pulse 
gun. Maximal levels of transgene were detected 16 hours after transfection (Figure I). DC 
transfected with an irrelevant plasmid only produced background levels of biolumines-
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Figure 1. Luciferase expression in bone marrow-derived murine DC after particle-mediated gene transfer. 

cence. Bombardment of2xl06 DC with Illg plasmid DNA coated onto 0.5 mg gold parti
cles at a pressure of 300 psi of helium resulted in the highest transgene expression. 

DC Genetically Modified to Express TAA Mediate Protective 
Antitumor Immunity in Vivo 

The efficacy of a vaccine using DC genetically modified to express T AA was first 
assessed using a viral T AA. The C3 sarcoma is an HPV 16-transformed cell line32 latently 
expressing the known TAA HPVI6-E7 including the defined CTL-recognized H-2Db-re
stricted peptide epitope derived from aa49-57 12.13•32 • C57BLl6 mice were immunized with 
DC transfected with pCI-E7 or pulsed with the E7(aa49-57) peptide. DC transfected with 
the empty expression plasmid backbone and naive mice served as controls. Immunization 
either with DC expressing E7 or pulsed with the E7 peptide resulted in protection against a 
subsequent challenge with C3, while tumors grew in naive animals or animals immunized 
with backbone-transfected DC (Fig. 2). 

To model more closely the expected clinical situation. we examined whether DC ge
netically modified to express a tumor-associated self antigen can also mediate antitumor 
immunity. The CMS4 sarcoma expresses high levels of p53 molecules because of a mis
sense mutation at codon 194. This leads to natural processing and presentation of the H-
2Kd-binding 'selr-epitope derived from aa232-24017. BALB/c mice were immunized with 
DC transfected with pCI-p53(aa22s-28sw'l or pulsed with the p53wt(aa232-240) peptide. 
Again, DC transfected with the empty expression plasmid backbone and naive mice 
served as controls. Upon challenge with CMS4. a significant reduction of tumor growth 
could be observed in the groups immunized with peptide-loaded or gene-inserted DC. In
terestingly, mice immunized with backbone-transfected DC also showed a considerable 
reduction of tumor growth compared to naive mice (Fig. 3). 

DISCUSSION 

The insertion of genes into primary cells such as dendritic cells is not an easy task. 
The use of viral vectors is probably more efficient for gene transfer to DC34 than nonviral 
methods, but expression plasmids have important advantages: Several genes can readily 
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Figure 2. DC genetically modified to express HPVI6-E, mediate protective antitumor immunity against challenge 
with an HPV 16-transformed tumor cell line. Mean tumor size was measured 21 days after tumor challenge. 
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Figure 3. DC genetically modified to express a fragment of wild-type p53 mediate protective antitumor immunity 
against challenge with a tumor cell line overexpressing p53. Mean tumor size was measured 21 days after tumor 
challenge. 
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be transfected simultaneously, DNA of high purity can easily be produced in large quanti
ties, is highly stable, and there is no risk of recombination. We show here that particle-me
diated gene transfer is feasible, but nonviral gene delivery to DC clearly needs to be 
improved further. 

Our results indicate that the genetic insertion of T AA directly into DC can induce 
protective antitumor immunity in vivo not only to viral but also to self-antigens. While 
peptide-based vaccines require prior knowledge of the patient HLA-haplotype as well as 
the relevant T cell epitopes, DNA-based vaccines lead to the expression of the entire 
T AA. This allows for the presentation of multiple and unknown MHC class I and poten
tially class II epitopes and mimics a viral infection. 

Both tumor models investigated here are clinically relevant. More than 90% of hu
man cervical carcinoma harbor human papillomavirus (HPV), predominantly HPVI6. 
HPVI6, as well as other "high risk" HPV, are considered to play an important role in the 
pathogenesis of human cervical cancer. CTL epitopes have been identified for several 
HLA haplotypes and active specific immunotherapy is pursued for prevention and treat
ment of cervical carcinoma3s• Furthermore, a large number of human cancers overexpress 
p53 due to mutations. CTL epitopes have been identified for HLA-A2 and peptide-spe
cific CTL can be generated in vitr036. Most recently. it was shown that wild-type p53 epi
topes are naturally processed and presented by human tumor cells37, suggesting the 
possibility to target p53 as a tumor antigen. Successes with gene therapy approaches di
rected to replace mutated p53 in cancer cells38 might in part also be a result of the induc
tion of immune responses to p53, a hypothesis favored by tumor immunologists which is 
currently under investigation. Potential safety considerations of DNA-based vaccines such 
as insertional mutagenesis, the induction of unwanted autoimmune responses or, con
versely, of immunologic tolerance have to be carefully assessed. 

Preliminary evidence suggests that antigen-specific CD4+ T cells may also be in
duced using TAA-transduced DC. Cotransfection ofcytokine genes such as IFN-a and IL-
12, which are both produced by antigen presenting cells during viral infections, can 
modulate the nature of the resulting immune responses. Finally, human DC genetically 
modified to express MART-lor gplOO can stimulate antigen-specific CTL in vitro sup
porting the translational potential of this approach. 
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I. ABSTRACT 

Antigen specific cytotoxic T lymphocytes (CTL) are being studied for their potential 
immunotherapeutic benefit in the treatment of cancer. Carcinoembryonic antigen (CEA) is 
an oncofetal protein best known for its overexpression in the majority of colorectal. gas
tric, pancreatic, non small cell lung. and breast carcinomas. We are using dendritic cells 
(DC) pulsed with the CEA CTL peptide epitope to generate CEA specific CTL. DC from 
HLA AZ+ donors were isolated by culturing plastic adherent PBMC in GMCSF and IL4 
for 7 days. As expected these DC expressed the relevant cell surface molecules including 
HLA DR, CD58, CD80, and CD86. The DC were strippped of their endogenous peptides, 
pulsed with the AZ restricted CEA peptide, irradiated and used to stimulate autologous 
CDS+ T cells in the presence of IL 7. Using this approach we have been able to generate 
CEA specific CTL from the PBMC of breast and pancreatic carcinoma patients as well as 
normal donors. These CTL can lyse CEA peptide pulsed TZ targets as well as HLA· AZ+ 
tumor cells expressing the CEA antigen. This data is being used to support a phase I active 
immunotherapy clinical protocol using DC pulsed with CEA peptide to treat patients with 
metastatic malignancies expressing CEA. 

2. INTRODUCTION 

Immunotherapy protocols for cancer have shown promise in experimental animal 
models and in the treatment of some human malignancies 1.2. While approaches such as 
vaccination with non specific immunogens or systemic administration of cytokines have 
been disappointingJ, an emerging understanding of antigen specific cellular recognition 
supports the potential role of specific immunotherapy in human malignancy. 
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CEA is an oncofetal antigen which is expressed on most adenocarcinomas of the colon, 
rectum, pancreas, and stomach, as well as on 50% of breast cancers and 70% of non-small cell 
lung carcinomas4 • It has also been found on normal adult colonic mucosa. Recently, Schlom 
and his colleagues have identified peptides corresponding to human MHC class I CTL epi
topes within the CEA proteins. The immunodominant peptide in this study was a nine amino 
acid sequence, YLSGANLNL. This peptide was designated CAP-I and is an HLA-A2 re
stricted CTL epitope. When CAP-I was used to stimulate peripheral blood lymphocytes of 
patients previously immunized with recombinant human CEA vaccinia virus, CEA specific 
CTL lines could be generated, confirming the immunogenicity of the CEA antigens. However, 
no CTL could be generated from unimmunized patients. 

DC are potent antigen presenting cells (APC) which have been shown to stimulate 
both a naive and memory T cell response in vitro6•7• Recent studies have indicated that DC 
may be more potent in stimulating an anti-tumor immune response when compared to 
other aproaches, including viral vectors expressing tumor antigen genes, gene modified tu
mor cells, naked DNA, or peptide emulsified in adjuvant. In this study, we show that DC 
pulsed with the HLA-A2 restricted CEA peptide can generate a CEA specific CTL re
sponse in vitro from both un immunized carcinoma patients and healthy donors. 

3. MATERIALS AND METHODS 

3.1. Dendritic Cell Isolation 

DC were isolated using a modification of Romani et al.8 Briefly, 1.5 x 108 PBMC 
from an HLA-A2+ donor were allowed to adhere to T150 culture flasks for 2 hours at 
37°C. The adherent cells were then cultured in 30 ml of RPMI-I 0% FCS medium contain
ing 800 units/ml GMCSF and 500 units/ml IL-4 for 6-7 days. 

3.2. Peptide Stripping and Loading 

For peptide stripping, DC were washed once in cold 0.9% NaCI with 1% BSA solu
tion, resuspended at I x 107 cells/ml in stripping buffer (0.13M L-ascorbic acid, 0.06M so
dium phosphate monobasic [pH3], 1% BSA, 3 mg/ml b2microglobulin, 10mg/ml peptide) 
and incubated for 2 min on ice. The cells were then neutralized with 5 volumes of cold 
neutralizing buffer (0.15M sodium phosphate monobasic [pH 7.5], 1% BSA, 3 mg/ml 
b2M, 10mg/ml peptide) and spun at 1500 rpm for 5 min. Finally, the cells were resus
pended in peptide solution (PBS-CMF, 1 % BSA, 30 mg/ml DNAase, and 40 mg/ml pep
tide) and incubated for 4-hr at room temperature. After incubation, the cells were 
irradiated (3000 Rad) and washed prior to being used for stimulation. 

3.3. CTL Generation 

CD8+ responders for peptide specific CTL were generated by adhering PBMC on 
AIS (Santa Clara, CAl CD8 T25 MicroCELLectorR flasks. CD8 captured cells were stimu
lated with irradiated DC loaded with CEA peptides (DC-CEA) at a stimulator to responder 
(S:R) ratio of 1:3. These cells were cultured in RPMI-IO% FCS containing lOng/mIIL-7. 
At day 10-12, the lymphocytes were restimulated with DC pulsed with CEA peptide (1:5 
S:R ratio). Responders were restimulated weekly to a total of 3-4 restimulations at S:R ra
tios ranging between 1:5 to 1:15. As controls, CD8 captured cells were stimulated with IL-
7 only (lOng/ml) or PHAlIL2 (2ug/ml PHA and 500 V/ml IL-2). 
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3.4. Cytotoxicity Analysis 

. HLA-A2 restricted CEA recognition by CTL was assessed by a standard 4-hr SICr re
lease cytotoxicity assay. Recognition of CEA peptide by CTL was assessed using T2 cells pre
incubated for 2-4 hr with peptide at 40mglml. In addition CEA specific cytotoxicity was 
evaluated on the CEAexpressing cell lines SW403 (HLA-A2+l and SWI417 (HLA-A2-). 

4. RESULTS 

4.1. Generation of DC 

DC were used as APC to present CEA peptide to CD8+ T cells. The DC were differ
entiated from PBMC adherent progenitors using GMCSF and IL4 as describedH• The yield 
of DC (based on FACS analysis) generated in this study was approximately 6% of the 
starting PBMC population; the purity of these cells was about 60%. DC expressed high 
levels ofHLA DR, the adhesion molecules CD54 (lCAM-I) and CD58 (LFA3), as well as 
the costimulatory molecules CD80 (B7.1) and CD86 (B7.2). DC did not express CD3, 
CD 14. CD 15, CD 16, CD 19 or CD20 as expected (data not shown). 
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Figure 1. Generation of a CEA peptide response from an HLA-A2+ pancreatic carcinoma patient. CD8 captured 
responders were stimulated with CEA pulsed DC and cultured in IOng/ml IL-7_ Cytotoxicity was assayed after 2 
(shaded) or 3 (slash lines) rounds of restimulation with CEA peptide pulsed DC + IL 7 at effector:target ratios of 
80:1,40:1,20:1,10:1. Control cultures were cultured in IOng/mllL7 (_) or PHA/IL2 (0). The background re
sponse on empty T2 cells has been subtracted_ 
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4.2. Generation of CEA Specific CTL from HLA-A2+ Carcinoma 
Patients 

DC were used to generate CEA peptide specific CTL from an HLA-A2+ pancreatic 
carcinoma patient as described. After two and three rounds of restimulation with DC-CEA 
+ IL 7 the CTL effectors were tested for cytotoxicity using T2 cells pulsed with CEA pep
tide as targets. CEA peptide specific cytotoxicity ranged from 15-20% over background 
levels after two rounds of restimulation with DC-CEA + IL 7 and increased to 60% after 
one additional round of restimulation (Figure 1). Effector cells that had been stimulated 
with IL7 only or with PHAlIL2 showed no CEA specific cytotoxicity. 

Having shown that CTL generated using DC-CEA + IL 7 were CEA peptide specific, 
we next assessed whether the effector CTL could recognize endogenously processed and 
presented antigen. DC were isolated as above, pulsed with CEA peptide, and used to 
stimulate autologous CD8 captured T cells from an HLA-A2+ breast carcinoma patient in 
the presence of IL 7. As shown in Figure 2, CEA peptide induced CTL effectors lysed 
SW403, the CEA+ HLA-A2+ tumor target, at E:T ratios of 70:1 down to 9:1. Since pre
vious studies have determined that the CEA peptide was HLA-A2 restricted, we assessed 
the ability of these CTL to kill SW 1417, a CEA + HLA-A2· targets. Lysis of this tumor tar
get was minimal. Again, effector cells that had been cultured with IL 7 only showed no 
specific cytotoxicity on any target. 
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Figure 2. Generation of an HLA-A2 restricted, CEA specific response from an HLA-A2+ breast carcinoma pa
tient. The cytolytic activity ofCTL generated by stimulation with CEA pulsed DC + IL7 (iOng/mI) was assayed 
on an A2+ CEA+ (SW403; _) and an A2·CEA + tumor cell line (SWI417; D) at efTector:target ratios of70:I, 35: I, 
18: 1,9:1. Cytolytic activity of control cells generated with IL7 only was also tested (SW 403; e) (SWI417; 0). 
Cytotoxicity was assayed after four rounds of restimulation. 
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4.3. Generation of CTL from an HLA-A2+ Healthy Donor 

We next looked at whether CTL could be generated from the blood of healthy HLA
Ar donors. As seen for the carcinoma patients. CEA specific CTL could also be gener
ated from a healthy donor (Figure 3). After 3 rounds ofrestimulation with DC-CEA in the 
presence of IL 7. 30% killing was detected on T2-CEA as compared to T2 cells pulsed 
with an irrelevant peptide at E:T of 80: 1, and 10% killing was detected at E:T of 40: 1. 
Cells cultured in IL 7 only showed no response as expected. 

5. DISCUSSION 

The CEA antigen which is expressed in many cancer types is a potential target for 
tumor immunotherapy. However. the generation of an immune response against the CEA 
antigen has historically been difficult to achieve. Recently. Schlom and colleagues were 
able to generate CTL lines by stimulating PBL with the CAP-l peptide and IL2 from pa
tients previously vaccinated with the CEA gene inserted into vaccinia virus'. However. no 
CTL could be generated from unimmunized patients. 

In our study, we were successful in generating CEA peptide specific CTL from the 
blood of both unimmunized patients as well as healthy donors. The use of DC as APC in 
the CTL protocol may account for the favorable outcome. DC used in our studies express 
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Figure 3. Generation of a CEA peptide response from an HlA-A2' healthy donor. CD8 captured responders were 
stimulated with CEA pulsed DC and cultured in I Ong/mlll-7. Cytotoxicity was assayed aftcr 3 rounds of restimu
lation with CEA peptide pulsed DC + Il7 (slash lines) at effector:target ratios of 80: I, 40: I, 20: I. 10: I. Control 
cultures were cultured in lOng/mill 7 (_). The background response on T2 cells pulsed with an irrelevant peptide 
has been subtracted. 
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high levels of HLA-OR, costimulatory molecules such as C080, C086 and adhesion 
molecules such as CD 54 and CD58. This may explain the ability of DC to playa critical 
role in the initiation of the cellular immune response. DC have been shown to stimulate 
naive T cells to recognize and respond to a variety of antigens in vitro7•9 and can induce 
protective or therapeutic immunity when administered as a vaccine to animals in VivOIlH4 •. 

Recently Bakker et. al. ls have demonstrated CTL specific for tyrosinase, gplOO, and 
MART-I from healthy donors using peptide loaded DC as APC. In our current study we 
show that CEA specific CTL can be generated from unvaccinated carcinoma patients and 
healthy donors when the CEA peptide is presented by DC. The CTL generated using pep
tide-loaded DC were capable of lysing CEA peptide-loaded T2 cells as well as tumor cell 
lines expressing the CEA antigen. These studies indicate that using a specialized APC, 
like the DC, may allow for the induction of an effective cellular immune response without 
the need for prior vaccination. This data is being used to support a phase I active immuno
therapy clinical protocol using DC pulsed with CEA peptide to treat patients with metas
tatic malignancies expressing CEA. 

6. REFERENCES 

I. Rosenberg, S. A et. al. A progress report on the treatment of 157 patients with advanced cancer using Iym· 
phokine activated killer cells and interleukin-2 or high-dose interleukin-2 alone. N. Engl. J. Med. 316. 
889--897 (1987). 

2. Rosenberg. S.A. Immunotherapy of cancer using interleukin-2: Current status and future prospects. Immu
nol. Today 9. 58-62 (1988). 

3. Rosenberg. S.A .• et al. Experience with the use of high-dose interleukin-2 in the treatment of 652 patients 
with cancer. Ann. Surg. 110.474-85 (1989). 

4. Thompson. J.A .• Gruner. F .• and Zimmennann. W. Carcinoembryonic antigen gene family: molecular biol
ogy and clinical perspectives. J. Clin. Lab. Anal. 5. 344-366 (1991 ). 

5. Tsang. K. Y .• et al. Generation of human cytotoxic T cells specific for human carcinoembryonic antigen 
epitopes from patients immunized with recombinant vaccinia-CEA vaccine. J. Natl. Cane. Ins. 87. 982-
990 (1995). 

6. Inaba. K .• Metly. PJ .• Crowley. M.T .. and Steinman. R.M. Dendritic cells pulsed with protein antigens in 
vitro can prime antigen-specific. MHC-restricted T cells in situ. J. Exp. Med. 171.631-640 (1990). 

7. Mehta. D.A .• Markowicz. S .• and Engleman. E.G. Generation of antigen-specific CD8· CTLs from naive 
precursors. J.lmmunol. 153.996-1003(1994). 

8. Romani. N .• et al. Proliferating dendritic cell progenitors in human blood. J. Exp. Med. 180.83-93 (1994). 
9. Mehta. D.A .• Markowicz. S .• and Engleman. E.G. Generation of antigen-specific CD4· T cell lines from 

naive precursors. Eur. J. Immunol. 15.206-1211 (1995). 
10. Mayordomo. J.I .• et al. Bone marrow-derived dendritic cells pulsed with synthetic tumor peptides elicit 

protective and therapeutic antitumour immunity. Nature Med. 1 (12),1297-1302 (1995). 
II. Celluzzi. C.M., Mayordomo. J.I .• Storkus. W.J., Lotze, M.T., and Falo. L.D. Peptide-pulsed dendritic cells 

induce antigen-specific CTL-mediated protective tumor immunity. J. Exp. Med. 183, 283-287 (1996). 
12. Zitvogel. L .• et. al. Therapy of murine tumors with tumor peptide-pulsed dendritic cells: Dependence on T 

cell. B7 costimulation, and T helper cell I-associated cytokines. J. Exp. Med. 183. 87-97 ( 1996). 
13. Ossevoort. M.A .• Feltamp. M.C.W .• van Veen. KJ.H.. Melief. CJ.M .• and Kast. W.M. Dendritic cells as 

carriers for a cytotoxic T-Iymphocyte epitope-based peptide vaccine in protection against a human papil
lomavirus type 16-induced tumor. J. Immunother. 18.86-94 (1995). 

14. Porgador. A .• and Gilboa, E. Bone-marrow-generated dendritic cells pulsed with a class I-restricted peptide 
are potent inducers of cytotoxic T lymphocytes. J. Exp. Med. 181, 255-260 (1995). 

15. Bakker, A. B., et. al. Generation of antimelanoma cytotoxic T lymphocytes from healthy donors after pres
entation of melanoma-associated antigen-derived epitopes by dendritic cells in vitro. Cancer Res. 55, 
5330--5334 (1995). 



TUMOR-INFILTRATING DENDRITIC CELLS 
ARE DEFECTIVE IN THEIR 
ANTIGEN-PRESENTING FUNCTION AND 
INDUCIBLE B7 EXPRESSION 

A Role in the Immune Tolerance to Antigenic Tumors 

Pascal Chaux, Nathalie Favre, Bernard Bonnotte, Monique Moutet, 
Monique Martin. and Fran~ois Martin 

CJF INSERM 94-8 
Department of Biology and Therapy of Cancer 
Faculty of Medicine, 7 Bd Jeanne d'Arc 
F-21033 Dijon, France 
Fax: (33) 80 67 17 88; e:mail: fmartin@u.bourgogne.fr 

INTRODUCTION 

86 

Many human and experimental cancers express abnormal proteins, including the 
products of mutated oncogenes, tumor suppressor genes, or viral genes, fusion proteins re
sulting from translocations, or products of normal but silent genes (I). At least some of 
these abnormal proteins should be recognized as antigens by T lymphocytes and induce an 
immune response leading to tumor rejection. However, these antigens are tolerated by the 
immune system, and tumors, instead of being rejected, progress and ultimately kill their 
host. Among other mechanisms, a defect in the presentation of tumor antigens to the im
mune system could explain this tolerance. 

IMMUNOGENIC AND TOLEROGENIC TUMOR CELL 
VARIANTS: THE PRO/REG TUMOR SYSTEM 

Several clones of tumor cell variants have been obtained from a tumor cell line, de
rived from a chemically-induced rat colon carcinoma (2). Certain clones, named REG, 
give rise to tumors when sc injected into syngeneic hosts, but after 3 to 6 weeks, these tu
mors completely regress. REG tumor regression induces a strong but specific immune pro
tection against the parental tumors and derived clones. Other clones, named PRO, are 
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specifically rejected in syngeneic rats pre-immunized by a prior REG cell rejection, even 
when as many as ten million PRO cells were injected. This demonstrates that PRO cells 
express potent antigens, capable of being recognized by immune effector cells to induce 
tumor cell death. However, ten thousand PRO tumor cells, when injected into naive 
syngeneic rats, are sufficient to give rise to progressive, metastatic and lethal tumors. 
When rats bear a PRO tumor, they are specifically tolerant to the highly immunogenic 
REG tumor cell variants from the same cancer (3). Tumor resection abolishes this toler
ance. These results show that PRO cells are both antigenic (since they are rejected by tu
mor-immune hosts), and tolerogenic (as they prevent the rejection of an immunogenic cell 
variant). 

PRO TUMORS ARE INFILTRATED BY DENDRITIC CELLS 

The dendritic cell is the paradigm of the antigen-presenting cell and its absence, 
rather than its abundance should be expected in a tolerogenic tumor. Paradoxically, PROb 
tumors are infiltrated by a dense network of dendritic-shaped cells that express major his
tocompatibility complex class I and class II molecules, but not the specific markers of rat 
T or B lymphocytes and macrophages (4). These tumor-infiltrating dendritic cells could 
have been expected to process and present to T cells the antigens that are released by the 
adjacent tumor cells. Tumor-infiltrating dendritic cells are located inside the tumor nests 
in direct contact with tumor cells, and are also found together with T cells and macro
phages in the belt of inflammatory cell that surrounds the tumor. 

Dendritic cell progenitors infiltrate PROb tumors as early as twenty-four hours after 
a subcutaneous injection of tumor cells. Many dendritic cells are seen to migrate from the 
blood vessels surrounding the injection site. This suggests that tumor cells produce one or 
several factors that attract circulating dendritic cell progenitors. 

TUMOR-INFILTRATING DENDRITIC CELLS: FUNCTION AND 
PHENOTYPE 

We isolated and purified these tumor-infiltrating dendritic cells to explore their 
function and phenotype. Indeed, tumor-infiltrating dendritic cells, when compared to 
splenic dendritic cells, were poor stimulators of primary allogeneic T cell response, as 
measured by T cell proliferation and cytokine production. [3H]thymidine incorporation 
into allogeneic T cells was about IO-fold lower, and the concentrations of IL-2 and inter
feron-y in the mixed culture supernatant were about 5- and 20-fold lower, respectively, 
when tumor-infiltrating dendritic cells were used instead of splenic dendritic cells for allo
geneic T cells stimulation. The number of allogeneic T cells recovered after 7 days of 
mixed primary culture increased when T cells were mixed with splenic dendritic cells, 
whereas it decreased when they were mixed with tumor-infiltrating dendritic cells. This 
suggests that tumor-infiltrating dendritic cells cause T lymphocyte deletion. 

These dendritic cells express major histocompatibility complex class I and class II 
molecules, as well as ICAM-I and LFA-3 adhesion molecules. However, when stained 
with CTLA4-Ig fusion molecule, less than ten percent of tumor-infiltrating dendritic cells 
expressed B7, an essential costimulatory signal for T cells. The same result was obtained 
after a culture period allowing epidermal Langerhans cells to up-regulate B7 expression. 
A combination of GM-CSF and TNF-a, or cell-associated CD40-ligand, all known as po-
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tent stimulators ofB7 expression on other dendritic cells (5), did not induce 87 expression 
by tumor-infiltrating dendritic cells. This suggests that the lack of B7 expression does not 
result from an immature status of tumor-infiltrating dendritic cells, but rather results from 
a long-lasting blockade due to the tumor microenvironment. 

THE TUMOR-INFILTRATING DENDRITIC CELL: AN INDUCTOR 
OF T CELL TOLERANCE? 

When an antigen is presented in the absence of the B7 costimulatory signal, anergy 
or apoptosis of antigen-specific T cell is expected, in the place of the normal, protective 
immune response (6-8). After a first exposure to tumor-infiltrating dendritic cells, allo
geneic T cells responded poorly to a second challenge to splenic dendritic cells, while 
they responded normally to splenic dendritic cells from a third rat strain. In contrast, allo
geneic T cells that had been exposed to splenic dendritic cells during the primary stimula
tion evoked a typical secondary response to a rechallenge with splenic dendritic cells. This 
suggests that B7-defective tumor-infiltrating dendritic cells decrease the capability of T 
cells to respond to the same antigen. 

INFLAMMATORY CELLS INFILTRATING HUMAN 
COLORECTAL CANCER STROMA ARE ALSO DEFECTIVE IN B7 
EXPRESSION 

The defect in B7 expression of tumor-infiltrating dendritic cells was not restricted to 
the PROb tumor experimental model, but was also found for dendritic cells and macro
phages infiltrating twenty-five individual samples of human colorectal carcinomas. These 
inflammatory cells were stained for CD68, a common marker for macrophages and den
dritic cells, and most of them expressed strongly MHC class II molecules. However, anti
bodies to B7-1 and 87-2 stained either no cell or only less than 1 % of the inflammatory 
cells infiltrating tumor stroma. Thus, like rat PRO cell tumors, human colorectal carcino
mas are infiltrated by inflammatory cells that express MHC class II, but not B7 molecules. 

REJECTION OF IMMUNOGENIC REG TUMOR CELL VARIANTS 
INVOLVES B7, BUT NOT B7-EXPRESSING 
TUMOR-INFILTRATING DENDRITIC CELLS 

The rat colon cancer REG cell variants give rise to tumors that spontaneously re
gress in a few weeks. This regression was delayed or suppressed when rats received one or 
several injections of CTLA4-lg, a fusion molecule that specifically inhibits 87-1 and 
B7-2 binding to their receptor on T cells (10). However, neither REG cells, nor freshly 
isolated MHC class 11+ cells infiltrating REG tumors expressed B7 (II). This suggests 
that the target of CTLA4-Ig was not located inside the tumor. In contrast, MHC class 11+ 
B7+ cells were found in the draining lymph nodes and in the spleen, suggesting that lym
phoid tissue, rather than the tumor itself, was the site of tumor-antigen presentation to tu
mor-specific T cells. REG cells are more sensitive to apoptosis than PRO cells in vitro and 
many apoptotic figures were observed locally during the 48 first hours following REG cell 
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subcutaneous injection. Accordingly, the efficient immune response generated by REG tu
mor cells could depend on their capacity to release tumor antigens upon apoptosis. These 
antigens could reach the secondary lymphoid tissues either as a soluble or particulate 
form, or after being endocytosed and processed by tumor-infiltrating dendritic cells that 
could migrate into spleen or lymph nodes. 

CONCLUSION 

Experimental but also human colorectal tumors are heavily infiltrated by dendritic 
cells that express MHC class II molecules but do not express B7, even after stimulation. 
The failure of tumor-infiltrating dendritic cells to express B7 may prevent them from pre
senting efficiently tumor antigens and could instead induce the anergy or the deletion of 
tumor-specific T cells. The tolerance to antigenic tumors could be explained by this ab
normal presentation of tumor antigens inside the tumor. 
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INTRODUCTION 

The adjuvant properties of dendritic cells have been amply demonstrated. A single 
injection of splenic DC, which have been pulsed extracorporeally with antigen, induces 
primary T (I) and B (2) cell responses in vivo. Recent reports have shown that tumor-bear
ing animals or patients can be immunized against their own tumors by injecting autolo
gous DC pulsed with tumor associated antigens (3, 4). In vivo priming using elements of 
the immune system avoids the toxic effect of external adjuvants and leads to an antigen
specific, anamnestic immune response. 

There is evidence that DC are the antigen-presenting-cells of the primary response, 
as they have the unique capacity to sensitize naive T cells. This property develops during 
a process of maturation that occurs spontaneously in vitro (5) and can be induced in vivo 
(6). During this process, DC upregulate the expression of class II MHC, B7-1 and B7-2 
and lose their capacity to process antigens. Therefore, mature DC express very high levels 
ofantigen/MHC complexes as well as ofcostimulatory molecules of the B7 family. 

In this paper. we evaluated the role of B7 costimulatory molecules in the induction 
of primary responses. We measured the humoral and cellular responses of syngeneic mice 
injected with antigen-pulsed DC with or without blocking anti-B7 antibodies. 

RESULTS 

In a preliminary experiment, we injected 3 x 105 DC, pulsed with human gamma 
globulins (HGG), intravenously into DBA/2 mice that received one or two injections of 
200 Ilg anti-B7-1 plus anti-B7-2 mAbs or were left untreated. The levels of HGG specific 
antibodies were measured in individual sera two weeks later. The data in Figure I A show 
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Figure I. DBA/2 mice (5 per group) received an intravenous injection of3 x lOs DC pulsed extracorporeally with 
HGG (A) or KLH (B) and one or two intraperitoneal injection(s) of 80 JIg anti-B7-1 mAb (I6-IOAI) plus 80"g 
anti-B7-2 mAb (GLI). All mice were bled 13 days later and the levels of antibodies specific for HGG (A) or KLH 
(B) were measured in individual sera. 

that two injections of antibodies abrogated the humoral response induced by DC, whereas 
one injection partially inhibited the synthesis of specific antibodies. Similar data were ob
tained with DC pulsed with keyhole limpet hemocyanin (KLH), as shown in Figure lB. In 
subsequent experiments, all anti-B7-treated animals received two injections of both mAbs, 
one day before and several hours after the priming with DC. 

We next compared the B7-dependency of the immune responses induced by the 
same antigen pulsed on DC or emulsified in Complete Freund's Adjuvant (CFA). The data 
in Figure 2 show that injection of anti-B7-1 and anti-B7-2 antibodies strongly inhibited 
the primary responses of both groups of mice. By contrast, the secondary response of mice 
primed with DC in the absence of functional B7 was impaired following injection of a 
small dose of KLH in saline, whereas animals immunized by injection of KLHlCF A in the 
presence of blocking antibodies mounted a anamnestic response near control levels. These 
observations could result from the persistence of the antigen when injected with CF A, or 
to a B7-independent priming of KLH-specific T and/or B lymphocytes. Furthermore, the 
treatment with either antibody alone only weakly affected the primary humoral response, 
suggesting that B7-1 and B7-2 molecules may have some redundant function. 

A recent report showed that T cell-dependent antibody production was profoundly 
inhibited in transgenic mice that secrete a soluble form of CTLA4, but that T cells were 
primed normally in the same animals. In particular, mCTLA4-Hyl transgenic and control 
Iittermates responded equally well to immunization with KLH-pulsed dendritic cells, and 
the in vivo expansion of antigen-specific T cells was even enhanced in mCTLA4-Hyl 
transgenics (7, 8). Therefore, we injected 3 x lOs antigen-pulsed DC in the fore and hind 
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Figure 2. DBA/2 mice (5 mice per group) were primed by an intravenous injection of 3 x 105 KLH-pulsed DC 
(A, C), or an intraperitoneal injection of 10 Ilg KLH emulsified in CFA (B, D). Some groups of mice were further 
treated with 80 Ilg anti-B7- 1 mAb, 80llg anti-B7-2, or both mAbs. One group of naive mice was included as con
trol. The primary humoral response (A, B) was measured 13 days after immunization. For secondary humoral re
sponse (C, D). all mice received 10 Ilg KLH intravenously one month after priming, and were bled 10 days later. 
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Figure 3. DBA/2 mice were immunized by injection of 3 x lOs KLH-pulsed DC into the footpads. and were 
treated with 80 IIg anti-B7-1. anti-B7-2 or both mAbs one day before and several hours after DC injection. Con
trol groups were injected with isotype-matched antibodies (ctl: parsil9. hamster IgGI and/or ct2: rat IgG2a). 5 
days later. the draining lymph nodes were harvested and the lymph node cells were cultured with or without KLH 
(IOlIglml). The IL-2 secretion was measured in the supernatant by a bioassay. 

footpads and harvested the draining lymph nodes 5 days later, according to a protocol de
scribed by Inaba et al. (I). The results in Figure 3 show that lymph node cells from mice 
primed with KLH-pulsed DC proliferated and secreted IL-2 when restimulated with anti
gen in culture. Injection of the combination of antibodies, however. completely abrogated 
the proliferation and the secretion ofIL-2. The blockade ofB7-1 only did not affect the T 
cell response, whereas the inhibition of B7-2 partially suppressed the proliferation (not 
shown) and secretion ofIL-2 (Figure 3) by lymph node cells. 

DISCUSSION 

The main observation of this paper is that recognition of B7-1 or B7-2 is required 
for the induction of T cell responses and T cell-dependent B cell responses. Dendritic cells 
are the cells primarily responsible for the priming of naive T cells in vivo and express 
some costimulatory activity in situ. The development in sequence of the capacity to proc
ess antigen and to sensitize T cells that correlate with upregulation of expression of B7-1 
and B7-2 may contribute to the potent adjuvant property of dendritic cells. We show in
deed that the capacity of DC to induce primary T and B responses is strictly dependent on 
B7 costimulation. 

The administration of anti-B7-1 mAb has no significant effect on Band T cell re
sponses, whereas injection of anti-B7-2 partially inhibits T cell proliferation and IL-2 se
cretion. The observation that blockade of B7-2 does not affect the humoral response but 
diminishes T cell function suggests that B7-2 is not required for antibody synthesis by B 
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cells and that T cell help generated by B7-1 only is sufficient to induce antibody produc
tion. Treatment with both mAbs abrogates the immune response, indicating that B7-\ and 
B7-2 have some redundant properties. There is some evidence that B7-1 and B7-2 may 
have distinct function in determining the development of Th I versus Th2 lymphocyte (9, 
10). Experiments are in progress to measure the lymphokines produced by lymph node 
cells from mice primed with antigen pulsed DC with or without treatment with selected 
anti-B7 mAbs. 

Our data do not support the hypothesis that B7 costimulation is required for the ef
fector function rather than the proliferation and expansion of antigen-specific CD4+ T 
cells, as reported by Lane et af. (8), but clearly show that priming of antigen-specific T 
cells is B7-dependent. The same authors showed that blocking T cell help to B cells re
sulted in impaired class switching. reduced somatic mutation and absence of germinal 
center formation. 

The two-signal theory of activation predicts that antigen presentation in the absence 
of costimulation would induce a state of tolerance in T lymphocytes (II). Thus. the anti
genic signal and the costimulatory signal are both required to induce optimal activation of 
T cells, and the outcome of T cell receptor occupancy (activation/tolerance) is determined 
by the presence or absence of the costimulatory signal. Since DC express very high levels 
of antigen/MHC complexes, it may be interesting to test whether priming with DC in the 
presence of anti-B7-l and anti-B7-2 mAbs would induce antigen-specific unresponsive
ness. Experiments are under way to test whether injection of antigen-pulsed DC in the 
presence of anti-B7-1/2 mAbs is a null event or induces a form of peripheral tolerance. 
We will use thymectomized animals to prevent emergence of newly educated T cells from 
the thymus. 
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1. INTRODUCTION 

88 

There is evidence that induction of primary immune responses in vitro and ill vivo 
relies on the presentation of antigen by dendritic cells ' . The unique property of DC to sen
sitize naive T lymphocytes may depend on a specialization of function over time that re
sults in a reciprocal regulation of the capacity to process antigens and to activate T cells. 
Fresh DC process antigens and generate high levels of peptides/MHC complexes, whereas 
cultured DC have lost this capacity but havc gained the property to primc T lymphocytes. 
This process of maturation occurs spontaneously in culture and correlates with increased 
expression of class II. B7-1 and B7- 2 costimulatory molecules2--{,. 

Little is known. however, on the maturation of DC in vivo. Recent studies have 
shown that Langerhans cells migrated in skin explants and conc,)mitantly increased their 
immunostimulatory properties, suggesting that cells of the dendritic family may undergo 
maturation ill vivo7. 

We have shown recently that systemic administration of LPS provoked a redistribu
tion of DC populations in spleenx. R. Steinman and collaborators have indeed identified 
two subsets of splenic DC, both of which react strongly with N41S anti-CDllc". One sub
set occupies the periarterial sheaths (the T cell area) and stains strongly with M342 and 
NLDC-145, whereas the other type occupies the marginal zone and lacks M342 and 
NLDC-145. The injection of 251lg LPS induced within 6 h the disappearance of N4IS' 
cells from the marginal zone and an increase in numbers of N4IS+ cells in the T cell area. 
We interpreted these observations as the migration of most DC from the marginal zone to 
the T cell area, although we could not rule out the possibility that DC in T cell area were 
newly emerging DC. To clarify this point, we visualized DC in cryosections from spleens 
at different time after LPS injection. 
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2. RESULTS AND DISCUSSION 

2.1. Injection of LPS Induces DC Migration and Maturation Within 6 
Hours 

LPS was injected to BALB/c mice and cryosections from spleens 2.5, 3, 3.5, 4, 6 
hours later were stained with DC-specific N418 mAb. The data in Figure I show that the 
majority of DC were detected in the marginal zone between red and white pulp, and that a 
few cells were labeled in the T cell area in the white pulp. LPS administration resulted in a 
redistribution of DC, as all N418+ cells were found 6 hours later in the T cell area (Figure 
10. As shown in panels b-e. DC were gradually detected in intermediate regions located 
between the marginal zone and the periarteriolar sheaths. Therefore, the simplest interpre
tation would be that DC migrate from the marginal zone to the T cell area. and that DC in 
the peripheral area give rise to the DC that localize in the center of the white pulp. 

We next tested whether LPS induced the maturation of DC. Spleen cells from untreated 
mice and animals injected with LPS 2, 4, 6 or 8 hours previously were enriched for DC on a 
BSAgradientlO and analyzed for B7-1, B7-2 and class II MHC expression by FACS. The data 
in Figure 2 show that LPS administration results in a time-dependent increased expression of 
B7 and class II molecules. We have recently reported that DC from LPS-injected animals dis
played functional properties of mature DC. as assessed by a decreased capacity to process an
tigens and an increased capacity to sensitize naive T cells 8. Therefore. we conclude that 
immature DC undergo maturation and migrate to the T cell area upon injection of LPS. A 
similar change in phenotype was induced by LPS injection in SCID mice (Figure 2. right 
panel), indicating that functional T and B lymphocytes were not involved. 

2.2. LPS Administration Results in Loss of Splenic DC 48 Hours after 
Injection 

The staining of spleen cryosections revealed that the migration of DC was followed by 
the loss of most N418+ DC 48 hours after LPS injection8.We performed immunofluorescence 
studies on DC-enriched, low density spleen cells. Figure 3 shows that low-density spleen cells 
from mice injected 48 h previously lacked the DC population identified as N418+. This obser
vation as well as the defective APC function of spleen cells from the same animals8 are in fa
vour of a loss of cells rather than a change in phenotype. A similar loss of splenic DC was 
induced in SCID mice (Figure 3), excluding a role for T and B cells in DC depletion. 

The disappearance of DC 48 hours following LPS administration may be due to 
death (by apoptosis?) or to migration of DC out of spleen. However, as most cellular traf
ficking in the spleen is thought to occur through the venous sinuses, loss of LPS-activated 
DC would imply their migration of DC from the T cell area back to the red pulp through 
the marginal zone. Analysis of spleen cryosections 16, 18,20, 22. 24 hours after LPS in
jection failed to reveal N418+ cells around the marginal zone, suggesting that DC do not 
leave the spleen but rather die in situ (data not shown). Experiments are in progress to de
tect apoptotic cells in the T cell area at different time after LPS administration. 

3. CONCLUSION 

Collectively, our data indicate that LPS has time-dependent opposite effects on DC 
function in vivo. A single injection of endotoxin induces the maturation and the migration 
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Figure t. LPS induces migration of N418-positive cells from the marginal zone of the spleen to the T cell area. 
Immunoperoxydase labeling of cryostats sections from spleens of control mice (A) and mice treated 2.5 (B), 3 
(C), 3.5 (D), 4 (E) or 6 (F) hours previously with 25 ~g LPS intravenously. Sections were stained with anti-CDllc 
mAb and were counterstained with hematoxylin. The original magnification was 10. 



538 T. De Smedt et ilL 

BALB/c SCID 

30 30 

20 20 
87.1 ~ 

10 i&! 
10 

0 ~ ~ 0 
0 2 4 6 8 0 8 

~ 
60 80 .. 

i 
40 60 .5 

8 
87.2 

20 
40 

c 

I 20 0 
::::II 

0 -= 0 C 

0 2 4 6 8 0 8 I 
800 

~ 
~. '0 

W,1 

- ,'i~ ~ 
?!5 :~ $; 

"f2 
'7/., W; 
~ ;;;: 

~ - ' ~0, 

~ ri; '~; 

'"":". 
¢-4 ,~ %j, 

T@ ~ f( ~ .'h 

~ - .::< I % '~ if; 
~ I ,> ~" ~ ~f .1"~ ~ 

I I I I I 

600 

Class II 400 

200 

o 

1200 

800 

400 

0 

o 2 468 0 8 

time (h) 

Figure 2. Splenic DC upregulate MHC class II and B7 expression early after LPS injection. Low density spleen 
cells from BALB/c (left panel) and CBI7.SCID (right panel) mice injected with NaCI (0) or LPS 2. 4, 6. 8 hours 
earlier were double stained for red fluorescence with biotinylated anti·CDI Ic mAb followed by streptavidin-PE 
and for green fluorescence with anti-I-Ed (I4-4-4S), anti-B7-1 (1610AI). or anti-B7-2 (GLI) mAbs coupled to 
fluorescein. The data represent the mean fluorescence intensity of the expression of MHC class II . 87-1 and 87-2 
on cells gated for COlic expression. 

of DC, and subsequently provokes the disappearance of these cells from the spleen. This 
sequence of events may be beneficial to both the host and the pathogen, since it down
regulates the pathogen-specific immune response and prevents overstimulation of the im
mune system. 

The colocalization of mature DC and T lymphocytes suggests that DC that have cap
tured exogenous bacterial products, process and present the antigens and undergo matura
tion while migrating to T cell area where they activate T cells specific for bacterial 
antigens. However, the discovery of a third subset of splenic DC that express CD8 and 
Fas-ligand and induces apoptosis in T lymphocytes II may challenge this simple view. 
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Figure 3. LPS injection results in the loss of N418-positive cells from mouse spleen after 2 days. Low-density 
spleen cells from BALB/c and CB 17.SCID mice injected with PBS or 25 lIg LPS 48 hours earlier were stained 
with anti-CD II c coupled to fluorescein. 
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1. INTRODUCTION 

89 

In humans, the protozoan parasite Leishmania major produces a range of cutaneous 
disease manifestations. The skin lesions vary from small papules to non-ulcerated plaques 
to large ulcers with defined, raised edges. Satellite lesions are common. L. major infec
tions are caused by introduction of parasites into the skin during a blood meal of an in
fected sandfly; they heal spontaneously after a few months to more than a year and are 
associated with severe scarring. In mammalian hosts, the parasites are obligatory intracel
lular and reside within macrophages and dendritic cells, which not only serve as a habitat 
for the parasite, but also fulfil antigen-presenting and antimicrobial effector functions. 1.2 

Human leishmaniasis can be imitated experimentally in mice and the outcome of the 
infection is genetically determined. Therefore, the model of murine infection with L. ma
jor has been used for studying the immunological and genetical parameters of disease re
sistance and susceptibility. Mice of resistant inbred strains, such as C57BLl6, are able to 
control the disease and develop only small. self-healing skin lesions, whereas susceptible 
BALB/c mice develop disseminating skin ulcers with fatal impact. These differences in 
the course of infection can be attributed to the Iymphokine secretion pattern of L. major
reactive CD4+ T cells.3 Resistance-mediating T cells have the phenotype of T helper (Th) 
1 cells and secrete interferon y (IFN-y), whereas disease-promoting T cells have the lym
phokine production profile of Th2 cells releasing interleukin (IL) 4, lL-5 and lL-IO. The 
bulk of evidence suggests that CD8+ T cells do not exert a protective role during primary 
infections. Furthermore. antibodies are not involved in either the clearance of parasites or 
the establishment of immunity to subsequent infections. 

2. VACCINATION AGAINST EXPERIMENTAL LEISHMANIASIS 

Vaccination with live Leishmania parasites to produce self-healing lesions at an in
conspicious site has been practiced for a long time in the Middle East. This method in-
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duces resistance in at least 70% of the individuals treated, but serious clinical complica
tions associated with the live vaccine emphasize the need for an attenuated or defined vac
cine against cutaneous leishmaniasis.4 

In the mouse model, significant levels of protection against cutaneous leishmaniasis 
have been achieved by a variety of manipulations, including sublethal irradiation prior to 
infection,s injection of anti-IgM, anti-CD4 or anti-IL-4 antibodies,6-8 treatment with IL-
12,9.10 and immunization with killed or disrupted parasites or defined parasite antigens. 1 1-13 
The efficacy of vaccination depends on the way of immunization. Intravenous immuniza
tion with killed L. major induces protection in genetically susceptible BALB/c mice, 
whereas subcutaneous injection of the same antigen preparation is ineffective or even ex
acerbates the disease. '4 These findings suggest that the site of first antigen encounter is 
critical in determining the type of the resulting immune response. It is possible that effi
cient vaccination depends on the acquisition of antigen by certain antigen-presenting cells 
in the microenvironment that favor the induction of a protective T cell response. There
fore, a detailed knowledge of the specialized functions of different antigen-presenting 
cells in cutaneous leishmaniasis is important for the development of vaccination strate
gies. 

3. THE ROLE OF DENDRITIC CELLS IN CUTANEOUS 
LEISHMANIASIS 

Macrophages, the professional phagocytes, are the typical host cells for Leishmania 
and carry the major parasite load in the infected tissues. However, they are inefficient in 
presenting antigen to naive T cells for induction of the primary immune response. The 
principal sensitizing signal for initiation of the Leishmania-specific T cell immune re
sponse is presumably provided by Langerhans cells. 

After cutaneous infection with L. major, the local inflammatory response induces 
Langerhans cells to cross the epidermal-dermal junction for subsequent phagocytosis of 
parasites in the dermis.'s Parasite uptake by Langerhans cells is mediated by the attach
ment of a lipophosphoglycan on the surface of L. major to the host cells' complement re
ceptor CR3. The mannose receptor, which has been suggested to be involved in antigen 
capture by dendritic cells,16 does not contribute to endocytosis of L. major by Langer
hans cells, as the uptake could not be inhibited by mannan 1s or antibodies against DEC-
205 (Blank and Moll, unpublished), a homologue of the macrophage mannose receptor.' 7 

The parasite load of infected Langerhans cells remains consistently low, indicating that 
they are able to restrict the intracellular replication of the organisms. Unlike macro
phages, however, Langerhans cells are unable to release nitric oxide (NO), the most im
portant effector molecule required for the killing of Leishmania, and cannot be 
stimulated to express the cytokine-inducible NO synthase (iNOS).'8 The ability of 
Langerhans cells to control the parasite growth, on the one hand, and their failure to de
velop iNOS-mediated leishmanicidal activity, on the other hand, may be well adapted to 
the highly specialized accessory function of these cells: a distinguished feature of L. ma
jor-infected Langerhans cells is the transport of parasites from the infected skin to the 
draining lymph nodes, which can be detected as early as 24-48 hours after infection, and 
presentation of parasite antigen to naive T cells for triggering the primary immune re
sponse to L. major. 19 The factors regulating the translocation of Langerhans cells involve 
the cytokines tumor necrosis factor a., IL-l and macrophage inflammatory protein 1 a. 
(Arnoldi and Moll, submitted). 
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Dendritic cells are critical for the regulation of the Leishmania-specific T cell immu
nity not only in the early phase after infection, but also at later stages after cure of skin le
sions in genetically resistant mice. It has been shown that a small number of virulent 
parasites persist in these animals, predominantly in the lymph nodes draining the initial 
site of infection.20 The persistence of Leishmania is not caused by dormant organisms but 
reflects a continuous process of parasite growth and killing.21 Both macrophages and den
dritic cells harbor persistent parasites. However, only dendritic cells but not macrophages 
are able to present residual parasite antigen to L. major-reactive T cells in vitro.22 These 
findings raise the possibility that the survival of a few pathogens may be required for the 
continuous restimulation of memory T cells and the maintenance of protective immunity. 

4. LANGERHANS CELLS AS VEHICLES FOR VACCINATION 
AGAINST L. major 

Given their unique accessory functions both in the initiation of the L. major-specific 
T cell response and the long-term presentation of residual parasite antigen, Langerhans 
cells/dendritic cells are ideal candidates to serve as vehicles for vaccination against cuta
neous leishmaniasis. Their potential as a natural adjuvant has already been demonstrated 
in cancer models.23.24 Mice immunized with dendritic cells that had been pulsed with tu
mor-associated antigens were protected against a subsequent inoculation with cancer cells. 

To determine whether dendritic cells are able to induce immunity to Leishmania in
fection in vivo, we immunized genetically suceptible mice with Langerhans cells that had 
been pulsed in vitro with Leishmania lysate. The results show that a single treatment me
diates resistance against a subsequent challenge with virulent parasites (Figure I). The 
protection was associated with a pronounced decrease in the parasite burden. Furthermore, 
it correlated with a change in the lymphokine production pattern upon in vitro restimula
tion of lymph node cells with L. major antigen. 

LC + L. major lysate 

5 10 15 

weeks after infection 

Figure 1. Schematic presentation of the course of lesion development in L. majo,.-infected BALB/c mice that had 
been immunized with antigen-pulsed Langerhans cells (Le). 
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Analysis of the mechanisms underlying this adjuvant effect of Langerhans cells sug
gests that it involves (I) the ability of L. major-activated Langerhans cells to produce IL-
12 which is known to promote the development ofThl cells associated with resistance to 
Leishmania infection, (2) the presentation of the host-protective Leishmania lipophospho
glycan by Langerhans cells, which can not be achieved by macrophages, and (3) the 
modulation of major histocompatibility complex class II expression after exposure of 
Langerhans cells to Leishmania antigen (Flohe and Moll, submitted). Taken together, the 
data indicate that dendritic cells may serve as initiators of host-protective immune re
sponses to intracellular microorganisms and, thus, as delivery systems for vaccination or 
immunotherapy. The recently developed methods for establishing dendritic cell lines and 
obtaining sizeable numbers of dendritic cells from human peripheral blood provide valu
able tools for this approach. 

5. REFERENCES 

I. R.G. Titus, C.M. Theodos, A. Shankar, and L.R. Hall, Interactions between Leishmania major and macro
phages, in: "Macrophage-Pathogen Interactions", T. Zwilling and T. Eisenstein, eds., Marcel Dekker, New 
York (1993), pp. 437. 

2. H. Moll, S. Flohe, and C. Blank. Langerhans cells in cutaneous leishmaniasis, in: "The Immune Functions 
of Epidermal Langerhans Cells", H. Moll. ed .• R.G. Lande. Austin (1995), pp. 159. 

3. S.L. Reiner and R.M. Locksley, The regulation of immunity to Leishmania major, Annu. Rev. Immllnol. 
13: 151 (1995). 

4. F. Y. Liew and C.A. O'Donnell, Immunology ofleishmaniasis. Adv. Parasitol. 32: 161 (1993). 
5. J.G. Howard, C. Hale, and F.Y. Liew. Immunological regulation of experimental cutaneous leishmaniasis. 

IV. Prophylactic effect of sublethal irradiation as a result of abrogation of suppressor T cell generation in 
mice genetically susceptible to Leishmania tropica. J. Exp. Med. 153:557 (1981). 

6. D.L. Sacks. P.A. Scott, R. Asofsky, and F.A. Sher. Cutaneous leishmaniasis in anti-lgM-treated mice: en
hanced resistance due to functional depletion of a B cell-dependent T cell involved in the suppressor path
way. J. Immunol. 132:2072 (1984). 

7. R.G. Titus, R. Ceredig, J.-C. Cerottini, and J.A. Louis, Therapeutic effect of anti-L3T4 monoclonal anti
body GKI.5 on cutaneous leishmaniasis in genetically susceptible BALB/c mice. J. Immunol. 135:2108 
(1985). 

8. M.D. Sadick, F.P. Heinzel. BJ. Holaday, R.T. Pu, R.S. Dawkins. and R.M. Locksley, Cure of murine leish
maniasis with anti-interleukin 4 monoclonal antibody. Evidence for a T cell-dependent, interferon gamma
independentmechanism.J. Exp. Med. 171:115(1990). 

9. F.P. Heinzel, D.S. Schoenhaut, R.M. Rerko, L.E. Rosser, and M.K. Gately, Recombinant IL-12 cures mice 
infected with Leishmania major, J. Exp. Med. 177:1505 (1993). 

10. J.P. Sypek, C.L. Chung, S.E.H. Mayor, lM. Subramanyam, S.J. Goldman, D.S. Sieburth, S.F. Wolf, and 
R.G. Schaub, Resolution of cutaneous leishmaniasis: interleukin 12 initiates a protective T helper type I 
immune response, J. Exp. Med. 177: 1797 (1993). 

II. M.J. McConville, A. Bacic, G.F. Mitchell. and E. Handman, Lipophosphoglycan of Leishmania major that 
vaccinates against cutaneous leishmaniasis contains an alkylglycerophosphoinositol lipid anchor, Proc. 
Natl. Acad. Sci. USA 84:8941 (1987). 

12. D.M. Yang, N. Fairweather, L. Button. W.R. McMaster, L.P. Kahl, and F.Y. Liew, Oral Salmonella ty
phimurium (AroA") vaccine expressing a major leishmanial surface protein (gp63) preferentially induced 
Th I cells and protective immunity against leishmaniasis, J. Immunol. 145:2281 (1990). 

13. D. McMahon-Pratt. D. Rodriguez, l-R. Rodriguez, Y. Zhang, K. Manson, C. Bergman, L. Rivas, IF. Ro
driguez, K. Lohman, N.H. Ruddle, and M. Esteban, Recombinant vaccinia viruses expressing GP46/M-2 
protect against Leishmania infection. Infect. Immun. 61 :3351 (1993). 

14. F.Y. Liew, C. Hale, and J.G. Howard, Prophylactic immunization against experimental leishmaniasis. IV. 
Subcutaneous immunization prevents the induction of protective immunity against fatal Leishmania major 
infection, J. Immunol. 135:2095 (1985). 

15. C. Blank, H. Fuchs, K. Rappersberger, M. Rol\inghoff, and H. Moll, Parasitism of epidermal Langerhans 
cells in experimental cutaneous leishmaniasis with Leishmania major, J. Infect. Dis. 167:418 (1993). 



Dendritic Cells Induce Immunity to Cutaneous Leishmaniasis in Mice 545 

16. F. Sallusto. M. Cella. e. Danieli. and A. Lanzavecchia. Dendritic cells use macropinocytosis and the man
nose receptor to concentrate macromolecules in the major histocompatibility complex class II compart
ment: downregulation by cytokines and microbial products. 1. Exp. Med. 182:389 (1995). 

17. W. Jiang. W.J. Swiggard. C. Heutler. M. Pengo A. Mirza. R.M. Steinman. and M.e. Nussenzweig. The re
ceptor DEC-205 expressed by dendritic cells and thymis epithelial cells is involved in antigen processing. 
Nature 375: 151 (1995). 

18. C. Blank. C. Bogdan. C. Bauer. K. Erb. and H. Moll. Murine epidermal Langerhans cells do not express in
ducible nitric oxide synthase. EIII: 1. Immuno/. 26:792 (1996). 

19. H. Moll. H. Fuchs. e. Blank. and M. Rollinghoff. Langerhans cells transport Leishmania maior from the 
infected skin to the draining lymph node for presentation to antigen-specific T cells. EUI: 1. Immllnol. 
23: 1595 (1993). 

20. T. Aebischer. Recurrent cutaneous leishmaniasis: a role for persistent parasites? Parasi/o/. Todav 10:25 
(1994). 

21. S. Stenger. N. Donhauser. H. Thiiring. M. Rollinghoff. and C. Bogdan. Reactivation of latent leishmaniasis 
by inhibition of inducible nitric oxide synthase. J. Exp. Med. 183: 1501 (1996). 

22. H. Moll. S. Flohe. and M. Rollinghoff. Dendritic cells in Leishmania major-immune mice harbor persistent 
parasites and mediate an antigen-specific T cell immune response. EIII: 1. /mmllno/. 25:693 (1995). 

23. V. Flamand. T. Sornasse. K. Thielemans. e. Demanet. M. Bakkus. F. Tielemans. O. Leo. J. Urban. and M. 
Moser. Murine dendritic cells pulsed in vitro with tumor antigen induce tumor resistance in vivo. Ew: 1. 
Immullo/. 24:605 (1994). 

24. S. Grabbe. S. Beissert. T. Schwarz. and R.D. Granstcin. Dendritic cells as initiators of tumor immune re
sponses: a possible strategy for tumor immunotherapy? ImmIl110/. Today 16: 117 (1995). 



IMMUNE RESPONSE IN DENDRITIC CELL 
DEPLETED MICE 

Benoit Salomon,' Pieter 1. M. Leenen,2 and David Klatzmann ' 

I Laboratoire de Biologie et Therapeutique des Pathologies lmmunitaires 
CNRS ERS 107, CERVI 
Hopital de la Pitie-Salpetriere, Paris, France 

2Department of Immunology 
Erasmus University 
Rotterdam, The Netherlands 

1. INTRODUCTION 

90 

Dendritic cells (DC) are regarded as professional antigen presenting cells capable of ef
ficiently stimulating T cells. In addition, in vitro stimulation of naive T cells can only be 
achieved efficiently by dendritic cells (DC) (1-3). After antigen administration, DC are the 
only cells bearing immunogenic fragments and capable of stimulating specific naive T cells in 
vitro (4, 5). Furthermore, B cells seem dispensable in T cell-dependent immune response in 
vivo (6, 7). However, as yet there is no direct evidence that DC are absolutely required for the 
generation of an ill vivo primary immune response. A possible way to approach this question 
is to use an animal model in which DC are depleted. There are yet no natural animal model of 
a genetic deficit of DC. Recently. a generated relB knock out mice have a DC deficit in lym
phoid tissues. However, secondary lymphoid tissues loss their normal structure, with a strong 
atrophy of splenic white pulp and lymph nodes, rendering complicated the use of this model 
to study the role of DC in immune response (8, 9). 

We have generated an animal model aimed at generating a conditional ablation of 
dendritic cells in transgenic mice (10). The strategy consisted in the targeted expression of 
an Herpes simplex virus type I thymidine kinase (TK) in DC. TK allows the phosphoryla
tion of the non toxic nucleoside analogue ganciclovir into a phosphorylated form that, af
ter further phosphorylation by cellular enzymes, is converted to triphosphated ganciclovir. 
This latter molecule is incorporated into elongating DNA, blocking DNA replication and 
causing cell death (I I). Thus, in transgenic mice, dividing cells expressing TK are the 
only ones to be killed upon ganciclovir administration. Therefore, the initiation and the 
duration of DC depletion can be fully controlled. 

To target TK expression in DC, we have used regulatory sequences derived from the 
HlV long terminal repeat (L TR). This choice was dictated by a previous report showing 
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Figure I. Splenic DC depletion in ganciclovir 
treated chimeric mice. Control and chimeric 
TK mice were treated with ganciclovir at 50 
mglKgld for 7 days as previously described 
(10). Spleen cells were then mechanically dis
sociated, double stained with the DC specific 
antibody N418 and the antibody M5/ 114 
against MHC class II, and analysed by flow cy
tometry. Dendritic cells are identified as a dis
crete population by high level CDIlcIN418 and 
MHC class II expression. 

the preferential expression of a reporter gene under the control of mv -LTR in Langerhans 
cells in transgenic mice (12). There are no clear molecular explanations for such a tissue 
specificity of the HIV -L TR. However, the presence of NFKB sites in these regulatory se
quences could be an explanation since DC express constitutively high level of the 
NFKB/rel transcription factors (13, 14). 

We previously reported that in LTR-TK transgenic mice, expressing TK under the con
trol of HIV-LTR, the transgene was indeed preferentially expressed in DC. The treatment of 
these mice with ganciclovir resulted in a strong DC depletion notably in the spleen (10). This 
was also associated with a wasting syndrome and a thymic atrophy (10, 15). To determine 
whether these phenomena were directly related to DC depletion, we derived chimeric TK 
mice that were generated by transplantation of bone marrow cells from transgenic mice into 
lethally irradiated normal recipient of the same genetic background. As with transgenic mice. 
we reproduced in chimeric TK mice the DC depletion upon ganciclovir treatment (Figure I). 
Importantly, this was not associated with a wasting syndrome and thymic atrophy, indicating 
that these two phenomenons were probably due to a leaky TK expression in non hematopoie
tic cells of LTR-TK transgenic mice (15). Therefore, we used these chimeric TK mice for 
studying the immune response in DC deficient mice. 

2. RESULTS AND DISCUSSION 

First, we analysed the extent of DC depletion in ganciclovir-treated chimeric TK 
mice in various tissues by flow cytometry and immunohistology analyses in order to de
lineate the best experimental system for studying immune response in the absence of DC. 
In the spleen, the major DC subpopulation localised in the marginal zone of the white pulp 
is completely depleted, while the other DC subpopulation localised in the T-cell area 
(Leenen et al. this volume) is only partially affected. Noticeably, the architecture of the 
spleen is not affected, and the proportions of lymphoid and myeloid cells are not signifi
cantly modified by the ganciclovir treatment. In lymph nodes, the ganciclovir treatment 
affects only the subpopulation of DC expressing lower levels of MHC class II (manuscript 
in preparation). The heterogeneity of the depletion of the different DC sub populations in 
these tissues must be related to their tum over, since ganciclovir kills only dividing cells 
expressing TK (manuscript in preparation). In any case, the strong and specific depletion 
of splenic DC observed in our model prompted us to analyse an immune response detect
able in the spleen. We chose to use the classical antibody response in the spleen to sheep 
red blood cells (SRBC). After intraperitoneal injection of SRBC, the immune response is 
revealed by the detection of plaque forming units. 
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At least 6 weeks after bone marrow graft, chimeric TK mice and control mice 
(lethal\y irradiated mice reconstituted with bone marrow cel\s from non transgenic mice) 
were treated for 7 days with gancic\ovir. 8 to 24 hours later, the mice were immunised 
with SRBC and 4 days later, spleen cel\s were recovered and the numbers of specific IgM 
and IgG secreting B cel\s were determined by plaque assay. Meanwhile. the extent of DC 
depletion was assessed at the time of immunisation on similarly treated mice (Figure I). 

These experiments showed that the primary immune response to SRBC is abolished 
in these DC deficient mice (Figure 2), indicating that DC are absolutely essential to initi
ate aT-dependent primary immune response. Similar results were obtained when the im
mune response was analysed 6 days. instead of the current 4 days, after the injection of 
SRBC (not shown). 

Because of the conditional aspect of the DC depletion in our system, the role of DC 
in secondary immune response can also be analysed. In such experiments, mice were first 
primed with SRBC in the absence of ganciclovir treatment. Two months later, the mice 
were treated by ganciclovir for 7 days and 8 to 24 hours later they were re challenged with 
SRBC. This experiment showed that the secondary immune response was diminished but 
still persistent in DC deficient mice (Figure 2). 

These studies indicate for the first time that. at least in the spleen, DC are absolutely 
required for generating primary immune responses to a T-dependent antigen. These cells 
seem less essential in secondary immune response probably because other antigen present
ing cells can stimulate memory T cells (6, 16, 17). Further studies should now be done to 
generalise this observation to other antigens and other lymphoid tissues. 
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Figure 2. Primary and secondary immune response in ganciclovir treated chimeric mice. Primary immune re
sponse (primary). Control (black bar) and chimeric mice (hatched bar) were treated with ganciclovir at 50 
mg/Kg/d for 7 days as previously described (10). 8-24 hours later, mice were immunised intraperitonally (10 mice 
per group) with 200 ,.d of 10% SRBC. Four days later. the number of SRBC-specific plasma cells secreting IgM 
and IgG were counted by the technique of plaque forming units. Secondary immune response (secondary). Control 
(black bar) and chimeric mice (hatched bar) were immunised with SRBC, 2 months later they were treated with 
ganciclovir at 50 mglKgld for 7 days. 8-24 hours after cessation of ganciclovir, the mice were re challenge with 
the antigen, and the antibody response was analysed as for primary response. About 10 mice per group were used. 
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INTRODUCTION 

The recent identification of techniques both in the mouse and in man to culture den
dritic cells which could be adoptively trasnferred for therapy have opened new avenues of 
research. We have applied both synthetic and natural or acid eluted peptides from the tu
mor cell surface in order to elicit effective antitumor responses in vivo and in vitro in mur
ine tumor models as well as in vivo in human preclinical trials. Based on these studies, we 
will soon initiate a human clinical trial utilizing human dendritic cells pulsed with syn
thetic melanoma derived peptides presented by HLA-A2. The delivery of genes into hu
man dendritic cells to constitutively express cytokines, costimulatory molecules or tumor 
antigens represents another potential approach to the development of dendritic cell based 
therapies. 

POTENTIAL TARGETS FOR DC LOADING: MELANOMA 
TUMOR ANTIGENS DEFINED BY T-LYMPHOCYTES 

Several novel melanoma antigens have recently been identified with the help of cy
totoxic T cells recognizing MHC class I presented epitopes on different HLA alleles. Of 
note, all melanoma antigens recognized by cytotoxic T cells have far thus been identified 
using individual patient's TIL or PBL. The tumor-associated proteins yielding antigenic 
peptides (T cell epitopes) are therefore capable of being recognized in vivo by the patients 
own immune system. The passive transfer of CD8+ T- lymphocytes recognizing such T 
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cell epitopes results in objective clinical responses of usually short duration in some pa
tients (1,2). 

The first human melanoma antigen identified was the MAGE-I gene mapping to the 
X -chromosome(3). This antigen yields a peptide recognized by HLA-AI (4), or HLA
Cwl6 (5) restricted CTL. The HLA-AI allele is present in about 26% of the Caucasian 
population, and the MAGE-gene is expressed in 50% of all melanoma lines tested; ap
proximately 10-15 % of melanoma patients may therefore express this antigen. MAGE-I 
is not expressed in normal human tissue, with the exception of the testes. Expression of 
the MAGE-antigen is not restricted to melanoma; MAGE-I is also found in some Epstein
Barr virus transformed B-cell lines, in breast cancer, lung cancer, and in tumors derived 
from neuroectodermal origin, such as neuroblastomas and glioblastomas (6). Glioblas
tomas are also recognized by MAGE-I specific T cells, suggesting that an anti-MAGE-I 
directed cellular immune response may also be useful in the treatment of glioblastomas 
and generally, any MAGE-I positive tumor (7). Expression of MAGE-I in various tumors 
may explain the cross reactivity of anti- melanoma cytotoxic T -cells with tumors of differ
ent histology, such as Ewing sarcomas. Both of these cell types have a common embry
onic origin (i.e., derived from the neural crest) (7). 

MAGE-I belongs to a broad family of closely related genes. Several MAGE family 
members have been detected and one of these (MAGE-3) also yields a peptide recognized 
by cytotoxic T - lymphocytes in the context of HLA-A I (8) and HLA-A2 (9). In contrast 
to MAGE-I, MAGE-3 is expressed in 80% of melanoma cell lines tested. MAGE-3 could 
also serve as a potential target for immunotherapy in other tumors, unrelated to mela
noma: 56 % of head and neck squamous cell carcinomas, 30% of non small cell lung car
cinomas, 12% of breast tumors, and 16 % of colorectal carcinomas also express MAGE-3 
(8).Different gene - families with a similar tissue distribution like the MAGE-family. still 
under investigation, have recently been identified and provide additional immunogenic 
peptides as potential targets for immunotherapy including the melanoma associated anti
gens encoded by BAGE or GAGE (10, II). 

Another target for immunoreactive T cells in melanoma patients is the key enzyme 
in melanin production, tyrosinase (12). Tyrosinase provides at least two different peptides 
recognized by anti melanoma - directed CTL restricted by HLA-A2 (13). A tyrosinase re
lated protein (gp75) has been identified as providing an HLA-A31 presented peptide to 
(CD8+) cytotoxic anti-melanoma specific T-cells (14). Of note, antibodies reacting with 
the gp75 protein have been identified in sera from patients with melanoma indicating that 
gp75 provides both, T and B cell epitopes for immune reactivity (14). Further charac
terization of the gp75 gene product(s) revealed that the immunogenic peptide epitope pre
sented by HLA-A31 appears to be generated by an alternative open reading frame (ORF ) 
detected in both melanocytes, and melanoma cells (15). 

HLA-A2 is the most frequent MHC class I allele in Caucasians and appears to be the 
predominant restriction element for an anti-melanoma directed immune response. MART
I (Melanoma Antigen Recognized by T cells-I) or Melan-A encodes a previously unrecog
nized 13kD protein expressed in melanoma, normal dermal melanocytes, as well as the 
retina and provides three closely related peptides as targets for cytotoxic T cells (16--18). 
A different HLA-A2 presented target for antimelanoma directed T cells is encoded by the 
previously described gene product gp 100 or Pmel 17. providing two T cell epitopes for 
immune recognition (2,19,20) . The gene product of gp I 00 is involved in melanosomal 
formation and is also recognized by the monoclonal antibody HMB45, employed routinely 
in the detection of cells of melanocytic origin. The expression of gp I 00 is therefore also 
restricted to cells of melanocytic lineage. Of note, passive transfer of anti - gp I 00 directed 
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T -lymphocytes, resulted in preferential localization of these immune effector cells in 
melanoma lesions, correlating with objective clinical responses (2).The shared expression 
of antigens presented by normal melanocytes and melanomas may provide one mechanism 
for the clinical observation of vitiligo, which in some cases is associated with regression 
of melanoma lesions. Anichini and coworkers reported that anti-melanoma specific T
lymphocytes are also capable of recognizing normal, HLA matched, melanocytes (21). 
Thus, several protein antigens provide peptide epitopes for an anti-melanoma directed T
cell response. Additionally, most of these proteins provide multiple peptide epitopes al
lowing for recognition by the immune system and presentation by dendritic cells. 

DC IMMUNOBIOLOGY (ACTIVATION AND CYTOKINE 
PRODUCTION) 

Dendritic cells (DC) clearly serve as antigen processing, presenting. and transport
ing cells ferrying potentially immunogenic epitopes to the draining lymphatics where 
clonotypic T cells (and 8 cells) may be activated, mainly in the paracortical regions of the 
lymphoid tissue (22,23). The process of cognate DC-T (or DC-8 or DC-T -8) recognition 
results in an intercellular dialogue spoken in biochemical terminology involving both cell 
surface expressed receptor Iligand signals and secreted cytokines (24,25). In particular, 
costimulatory molecules such as CD40, CD80, and CD86 appear to play significant roles 
serving as "signal 2" elements required for T cell activation (26,27). Using a series of 
monoclonal antibodies directed against DC expressed molecules putatively involved in 
DC-T cell collaboration in crosslinking studies, we have recently determined that a subset 
of human peripheral blood derived DCs may be activated to synthesize and secrete IFN-a, 
IFN-y, and IL-12 (Ma et aI., unpublished data). The levels of secreted cytokine were typi
cally on the order of 50-100 pg/ml/l06 DC/48h as determined by ELISA, with 35-80% of 
CD86+ DC producing the factor as validated by intracellular staining with cytokine-spe
cific mAb. Zhou and Tedder (25) have similarly determined that human CD83+ DC con
stitutively synthesize, or may be induced with phorbol ester to synthesize, IL-J a, IL-J 13, 
IL-6, IL-8, IL-9, IL-IO, TNF-a, TGF-J3, IFN-y, GM-CSF, M-CSF, and G-CSF as deter
mined by PCR analysis with cytokine-specific primer panels. The complex mixture of 
such cytokines produced by DCs in the DC-T cell microenvironment may profoundly bias 
the nature (i.e. ThO-like vs. Th I-like vs. Th2-like) of the resultant antigen-specific T cell 
response (25). 

DC-BASED TUMOR THERAPIES: SYNTHETIC PEPTIDES, 
STRIPPED TUMOR PEPTIDES, AND TUMOR ANTIGEN cDNAs 

The application of autologous dendritic cells in tumor therapies has received inten
sive interest in the past several years (reviewed in refs. 28-30). Animal models have 
clearly documented the ability of syngeneic bone marrow-derived dendritic cells to serve 
as effective immunogens of anti-tumor CTL in vivo when prepulsed with tumor-derived 
peptide epitopes (31-35). Thus dendritic cells generated over the course of 7-8 days of 
culture in the presence of GM-CSF and IL-4 or TNF-a, could be cocultured with micro
gram quantities of synthetic peptides derived from proteins such as ovalbumin, HPV -16 
E7, 6-galactosidase, MUTl (connexin 37), or p53, allowing for the effective loading of 
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these peptides into DC expressed MHC class I complexes. The subsequent vaccination 
and boosting of mice with as few as lOS of these epitope-charged cells, allowed for the 
animal to reject a subsequent challenge with a normally lethal challenge dose of a tumor 
expressing the naturally processed and presented epitope used in the vaccine (31-33). Of 
significant interest, in some cases, animals rejecting such a tumor challenge were also able 
to then subsequently reject a challenge with an otherwise identical tumor that fails to lack 
the epitope used in the original vaccination (32). This concept of "epitope spreading" 
which may be of crucial interest in the induction of immunity against antigenically hetero
genous human tumors. Recently Malcolm Brenner and associates have demonstrated that 
stripped peptides from the A20 B-celllymphoma in the mouse, when applied onto GM
CSF and IL-4 expanded dendritic cells and adoptively transferred into a host bearing a 4d 
tumor led to the late (six to eight weeks) development of an autoimmune disorder that 
mimicked graft versus host disease. This may have been due to the rich display of Class II 
presented epitopes on this tumor. Certainly this should provide some sense of caution 
when considering DC therapies in human clinical trials. 

OTHER POTENTIAL METHODS OF ANTIGEN TRANSFER: 
HEAT SHOCK PROTEINS 

Recent evidence has suggested another pathway for the transfer of peptide antigenic 
determinants from infected or otherwise abnormal cells into the antigen processing path
ways of antigen-presenting cells (APC). Heat shock proteins (hsp) are a class of proteins 
whose expression is upregulated by various stressors, including heat or glucose depriva
tion.(36). hsp have been shown to have important functions in the immune response. They 
act as molecular chaperones (37), playing critical roles in the movement of proteins and 
peptides from the cytosol to the endoplasmic reticulum, where they facilitate the assembly 
of MHC class I molecules with p2-microglobulin and peptide (38-41). hsp have also been 
shown to mediate the transfer of immunologic determinants from tumor cells, allowing for 
the vaccination of naive animals. It seems likely that hsp may be involved in antigen rec
ognition by ya T cells. For example, hsp60 is recognized by specific ya T cells on lym
phoma cells (42). gp96 is expressed in the endoplasmic reticulum (ER) (43,44). In the ER, 
gp96 accepts peptide from the TAP transporter protein (45,46) and passes it on to the 
MHC class I complex in an ATP-dependent fashion (47). hsp 70. found predominantly in 
the cytosol, may provide protection against reactive oxygen species (including nitric ox
ide) or against cytokines such as TNF-a or IL-l (48). The critical role of hsp in class I 
peptide presentation was demonstrated several years ago. Cell lysates from chemically in
duced tumors could be used to vaccinate naive mice against that tumor type but not 
against other tumor types (46,49-51). Fractionation of the tumor lysates showed that the 
responsible components were hsp, in particular gp96, hsp90 and hsp70. More recent work 
has shown that naive mice can be vaccinated with hsp70, gp96, and to a lesser extent 
hsp90 from tumors (51). Immunization with gp96 leads to a CD8+ T cell response but not 
necessarily to a CD4+ response (52). This effect could be blocked by carageenan or silica, 
suggesting that macrophages (or perhaps DC's) were required. 

Tumor cells may not express MHC class I molecules on the cell surface. However, 
hsp can be used to cross-prime across histocompatibility mismatched animals, even if the 
appropriate MHC molecule is missing from the original cell (53). These results suggest 
that hsp-based immunotherapy may be useful in priming precursor CTL even after cell 
lysis induced by infection, antibodies, or CTL (Srivastava et aI., 1994). In addition to the 
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Table I. Relationship between DC infiltration and prognosis in malignancy 

Tumor 

Basal Cell 
Breast 
Bronchoalveolar 
Cervix 
Cervix 
Cervix. Stage III 
Cervix/Penile 
CervixlHIV 
Esophageal 
Esophageal 
Gastric 
Gastric 
Gastric. Stage III 
Hodgkins Disease 
Lung 
Lung 
Melanoma 
Mycosis FungoideslSezary Syndrome 
Prostate 

Reference 

Brit JI Derm 127:575. 1992 
J Pathol 163:25, 1991 
Eur JI Ca 28A: 1365, 1992 
Am JI Clin Path 99:200, 1993 
Cancer 70:2839, 1992 
In Vivo 7:257, 1993 
J UroI147:1268. 1992 
Gynec Oncol 48:210, 1993 
Virchows Arch 61 :409, 1992 
In Vivo 7:239,1993 
Int Surg 77:238, 1992 
Cancer 75: 1478, 1995 
In Vivo 7:223, 1993 
Am J CI Path 101 :761, 1994 
Pathology 25:338, 1993 
J Clin Invest 91:566.1993 
J Invest Derm 100:269, 1993 
In Vivo 7:277,1993 
Prostate 19:73, 1991 

DC infiltration 

? Improved 
?Improved Prognosis 
No effect 
Less in HPV+ tumors 
Improved prognosis· 
Markedly improved prognosis· 
Less infiltrate with HPV infection 
Less infiltrate in AIDS related 
Markedly improved prognosis 
Direct relationship to Grade 
Marked improved prognosis· 
More in tumor draining LNs 
Marked improved prognosis· 
Follicular DC improves prognosis· 
Marked improved prognosis· 
Related to GM-CSF production 
Inverse tumor thicknesslprognosis 
Markedly improved prognosis· 
Improved prognosis 

·Indicates statistically significant difference when compared to either nonnal or less DC's. 
In contrast a comparatively poorer clinical prognosis is observed for patients with lesions that exhibit a sparse infiltration with 
DC and metastatic lesions are frequently deficient in OC infiltration. 

well-documented roles of hsp in MHC class I complex assembly, there is now evidence 
that hsp may be involved in antigen presentation via the MHC class II pathway hsp may 
therefore provide a means of gaining access to the class II pathway for the manipulation of 
immune responses in vivo and in vitro. 

Des OBSERVED WITHIN HUMAN TUMORS 

Of significant clinical interest, the histologic infiltration of DCs into primary tumor 
lesions has been associated with significantly prolonged patient survival and a reduced in
cidence of metastatic disease in patients with oral, head and neck tumors. nasopharyngeal 
tumors, bladder. lung, esophageal. and gastric carcinoma (55-103). Efforts to enhance DC 
delivery to tumors is thus of great interest. 

ESTABLISHMENT OF MOUSE BONE MARROW AND SPLEEN 
DERIVED DC CULTURES 

DC colonies develop from mouse CD34+ bone marrow progenitors during culture (7 
days. 37°C, 5 % CO2) in complete media (CM) (RPMI 1640, 2 mM L-glutamine, 50 
IJ.g/ml gentamicin sulfate, 10 mM Hepes, 10 % FBS (Gibco» supplemented by mrGM
CSF (1000 Vlml) and mrIL-4 (1000 Vlml). The marrow single cell suspensions were 
treated with Abs and rabbit complement (Gibco) to deplete cells that express the lympho
cyte antigens B220, CD4, and CD8. Treatment with Abs (partially purified supernatant of 
hybridoma cell cultures TIB-146, TIB-207, and TIB-105 for B220, CD4, and CD8, re-
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spectively) and complement removed detectable Band T lymphocytes from suspension 
cultures. 

Splenocytes were obtained after digestion. These were similarly depleted of Band T 
lymphocytes and cultured for 7 days in GM-CSF and IL-4. The low level of GM-CSF sup
plementation ensures a low proportion of co-developing macrophages (M<I». Northern 
blot analysis and biosynthetic labeling revealed that under low GM-CSF conditions, class 
II synthesis by bone marrow M<I> does not take place, so DC which are generated under 
these culture conditions are the only cells constitutively expressing class II molecules 
(104). IL-4 acts at least in part by suppressing monocyte differentiation (105). Moreover, 
using GM-CSF and IL-4 has been shown to be permissive for DC antigen capture and 
processing (106). PgE2 down-regulates HLA-DR expression (107). In addition, PgE2 sig
nificantly reduces the number of GM-CFU per femur and spleen in mice (l08) and inhib
its proliferation of GM-CFU in human (109). There is evidence that bone marrow cells are 
capable of producing NO (110) which, in turn, is associated with DC apoptosis (111). Ad
dition of a cyclooxygenase inhibitor, indomethacin (I ~g1ml, Sigma) and a specific inhibi
tor of the L-arginine-dependent nitric oxide synthesizing pathway, NG-nitro-L-arginine 
methyl ester (50 ~M, L-NAME, Sigma), resulted in a significant elevation (4-6 folds) of 
DC number in 7-day cultures. 

In routine 7 day cultures the yield of DC is about 5 0--60 x 106 DC per mouse (4 
femori) and 8-12x 106 DC per mouse spleen. This relatively low yield of splenic DC is one 
of the limiting factors in the use of these cells as an immunotherapeutic tool. GM-CSF has 
been shown to enhance the yield of DC generated in vitro from murine BM progenitors as 
well as peripheral blood (112). Other cytokines such as kit ligand (Szabolcs et aI., 1995), 
TNF-a (114) and IL-4 (lIS) synergize with GM-CSF in in vitro generation of DC. Inter
estingly, FLT3 Ligand (FL) has been used as a component ofmulticytokine-supported cul
ture (IL-I, IL-7, IL-3, IL-6, KIT ligand, TNF, GM-CSF and FL) medium for short-term 
DC cultures (116). However, until recently no growth factor was known to increase the 
amount of DC in lymphoid tissue. Maraskovsky et al. (117) have shown that daily admini
stration ofFL (lO~g) subcutaneously for 9 days resulted in a significant increase in DC in 
spleen, lymph nodes, peripheral blood, bone marrow, Peyers patches, liver and skin. Ex
periments in our laboratory confirm these findings. Splenocytes from FL-treated animal 
were comprised of 15--20% DC in contrast to 0.5% DC found in the saline treated group. 
In FL treated mice there was a 17-20 fold increase in the yield of splenic DC and a 2-3 
fold increase in BM-derived DC after 7d in GM-CSFI IL-4 as compared with the yield 
from saline treated control mice. The DC were distinguished by their cytologic features, 
high levels of MHC class II products, B7.1, B7.2 markers, and ability to stimulate naive 
T-cells. Recently we have demonstrated synergy with IL-12 delivery in murine models 
and some evidence of antitumor effects in early tumor models when applied as a single 
agent. 

FUNCTIONAL ASSAYS 

The important functional role of DC is their initiation of primary responses such as 
the mixed lymphocyte reaction (MLR). DC, obtained from bone marrow and splenic cul
ture were irradiated (2000 rads from 137Cs) and added in graded doses to 3x 105 allogeneic 
or syngeneic T cells in 96-well flat-bottom tissue culture plates (Falcon) in 200 ~l of CM 
per well. T-cells were obtained from spleen cell suspension by passing them through a ny
lon wool column (Robbins Scientific) after lysing erythrocytes (155 mM NH4Cl in 10 mM 
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Table 2. Synthetic pep tides used in murine tumor models 

Peptide 

OVA (257-264) 
E7 (49-57) 
MUTI (Connexin 37 52-59) 
Mutant p53 (232-240) 
Wild-type p53 (232-240) 

H-2 Restriction Expressed by Tumor 

M05 Melanoma 
C3 Sarcoma 

3LL Lung Carcinoma 
MethA Sarcoma 
CMS4 Sarcoma 
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Tris-HCI buffer, pH 7.5, 2S°C). Proliferation was measured by the uptake of eH]thymid
ine (11lCi per well, S Ci/mmol; NEN) pulsed at 80-96 h. Bulk peritoneal macrophages 
were IIS0th to 1I100th as active as cultivated BM-DC in allogeneic stimulation. However, 
only DC induced a syngeneic MLR. DC from FL treated animals were found to be more 
active in MLR than controls. 

MURINE TUMOR PEPTIDE-PULSED DC ELICIT PROTECTIVE 
ANTI-TUMOR IMMUNITY IN VIVO 

We directly assessed the ability of cultured DC to serve as biologic adjuvants promoting 
anti-tumor immune responses in murine models. DC precursors were harvested from murine 
bone-marrow, grown for 8 days in the presence ofrmGM-CSF and recombinant murine inter
leukin-4 (rmIL-4), and shown to demonstrate the characteristic DC "veiled" morphology and 
a CD3-, CDl4-, CD20-, CD40+. CD80+, CD86+, class 11+ phenotype (31). Cells were then 
pulsed with a synthetic tumor-associated peptide (Table 2)(31), prior to extensive washing to 
remove unbound peptide, and injected into the tail-vein of B6 mice on days 0 and 7. Animals 
were then challenged on day 14 with relevant or irrelevant tumors injected s.c. in the right 
flank and tumor progression monitored (31). Animals vaccinated in this manner displayed 
complete and specific resistance to antigen-relevant tumor challenge in each of 4 distinct tu
mor model systems (M05 melanoma (H_2b). C3 sarcoma (H_2b), 3LL lung carcinoma (H_2b) • 

and Meth A sarcoma (H_2d». In comparative experiments. we demonstrated that DCs grown 
in GM-CSF + IL-4 were significantly better in vivo stimulators of anti-tumor immunity than 
DCs grown in GM-CSF + tumor necrosis factor-alpha (TNF-a), DCs grown in GM-CSF 
alone, or cultured, skin-derived langerhans cells (LC) (31,32). The observed efficacy of 
DC/peptide vaccines was directly correlated to the ability of the vaccine to prime in vivo 
splenic anti-tumor CTL and was not dependent upon the route of vaccine administration since 
i.v., i.p., and s.c. routes all yielded animals resistant to tumor challenge (data not 
shown).These results, as well as those of others (33,118-120), supporting the general effec
tiveness in DC/peptide-based vaccines. 

Animals were inoculated in the hind flank with twice the minimum tumorigenic 
dose of a given tumor 5-14 days prior to treatment.Tumor peptides were either synthetic 
(Table 2)(31, 120) or were eluted from explanted tumor tissue by a mild acid elution tech
nique previously demonstrated to preferentially recover soluble MHC class I eluted pep
tides previously expressed on the treated cell surface (121). Peptides were pulsed onto d8 
bone marrow derived DC (GM-CSF + IL-4) for 2h, prior to extensive washing and inocu
lation of peptide-loaded cells i.v. in the tail vein of the tumor bearing-animals every 4-7 
days. Therapies consisting of synthetic tumor peptide pulsed DC cured 80-100% of 
C57BLl6 animals bearing days 14 C3 tumors or days 7 3LL lung carcinomas, typically 
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within 7-10 days (31). 1-2 DC/peptide vaccines are sufficient for successful therapy and 
long-term survival. All disease-free animals were subsequently shown to specifically re
ject rechallenge with higher doses of relevant tumor but not irrelevant tumors (data not 
shown). In the C3 model, treatment was also assessed in days 21 and days 28 models, with 
DC/E7 peptide vaccines curing 60% and 20% of animals, respectively (31). 

These results observed for DC/synthetic tumor peptide vaccines led us to evaluate 
the therapeutic benefit of vaccines consisting of DCs pulsed with unfractionated peptides 
extracted from tumor cell MHC molecules. This strategy was designed to serve as a 
mechanism whereby vaccines might be constructed for tumor histologies where T AA and 
T AA-derived peptide epitopes have not yet been identified, i.e. most non-melanoma his
tologies. Peptides were extracted from freshly explanted tumors grown s.c. in syngeneic 
donor animals. After enzymatic digestion was performed to obtain a single cell tumor sus
pension, cells were briefly incubated in mild (pH 3.3) acid to denature their cell surface 
MHC class I complexes. Peptides were isolated, concentrated, and desalted from the cell
free supernatant, with aliquots of this peptide-containing solution pulsed onto d8 bone 
marrow-derived DC (GM-CSF + IL-4). Peptide pulsed, syngeneic DC were inoculated i.v. 
into C57BLl6 (H_2b) mice bearing either the CL8-1 melanoma, MCA205 sarcoma, or C3 
sarcoma, or into BALB/c (H_2d) mice bearing the TS/ A mammary adenocarcinoma, every 
4-7 days. In most cases, these treatments reproducibly resulted in transient stasis (up to 
30-40 days) of disease progression, but in no cures (121). The exception to this finding 
was the C3 model (d 14) in which all mice were cured within 2 weeks of initial treatment. 
In all cases, therapeutic efficacy of DC/tumor peptide vaccines was tumor antigen-specific 
since irrelevant tumor peptides were ineffective vaccine components, and most of the 
therapeutic effect could be attributed to the first 2 vaccines applied (data not shown). Fur
thermore, it is important to note that despite the virtual certainty of acid-extracting and 
vaccinating animals with diverse "self' peptide epitopes, no overt signs of autoimmune 
pathology were observed in any treated animal. 

TRAFFICKING PATTERN OF I.V. INOCULATED DC IN 
TUMOR-BEARING ANIMALS 

Most of these adoptively transferred APC rapidly localize to the spleen, liver, and 
inguinal lymph nodes of these animals (data not shown). The spleens, inguinal lymph 
nodes, and tumors of treated mice were evaluated for the immunostimulatory impact of 
DC/unfractionated tumor peptide vaccines in the MCA205 sarcoma model. Briefly, ani
mals were inoculated with tumor on day 0, received i.v. DC/tumor peptide therapy on 
days 8 and 12, and were sacrificed, with tissues removed for examination on day 16. Sin
gle cell suspensions of spleen, lymph nodes, and tumor were cultured overnight with irra
diated MCA205 tumor, with culture supernatants collected at 24h for analysis of cytokine 
production. Only those animals receiving DCIMCA205 peptide vaccines demonstrated 
therapeutic benefit and this was correlated with significantly elevated production of IFN-y 
(10-50X control DC alone values) in the lymph node and spleen, but not tumors, of 
treated animals [data not shown, ref.120]. No elevation of cytokine production was ob
served for mice receiving DC alone or DC pulsed with unfractionated splenic-derived pep
tides vs. PBS controls, suggesting that the response was MCA205 tumor-specific. In 
separate experiments, neutralizing anti-cytokine antibodies were inoculated i.p. in tumor
bearing mice, prior to and during, the DC-peptide vaccination protocol. These studies sup
port the critical requirement of IFN-y, TNF-a, and IL-12 in the generation of a 
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vaccine-induced anti-tumor immune response since each of these reagents virtually ne
gated the therapeutic impact of the vaccine (121). The in vivo inhibitory effect anti-IL-12 
only occurred if it was applied before or during the first DC-peptide vaccination, suggest
ing the importance of IL-12 during the initial "priming" of antigen-specific immunity. 
Anti-IL-4 reagents demonstrated a complementary pattern of inhibitory effects, with sta
tistically significant diminishment of vaccine benefit occurring only after the second vac
cination. This finding is consistent with the involvement of IL-4 in a later (i.e. possibly 
humoral) immune response to tumor. 

REQUIREMENT FOR "HELPER" AND "KILLER" T CELLS AND 
FOR T CELL COSTIMULATION 

This was determined by administration of anti-CD4 or anti-CD8 monoclonal anti
bodies and CTLA4-lg fusion protein, a potent inhibitor ofB7 family-associated costimula
tion. Each of these single reagents effectively neutralized the therapeutic benefit of 
DC/tumor peptide vaccines (120). Examination of an MCA205 tumor 8 days after receiv
ing DC-based vaccines revealed a significant elevation in tumor infiltration by CD4+ and 
CD8+ T cells, as well as by, S I 00+ cells only in those tumor-bearing animals receiving 
DC-MCA205 peptide vaccines (Table 3). We believe that these latter cells are host APCs, 
possibly DCs, based on the previously reported cell type reactivity pattern established for 
the S I 00 antibody (121). Our finding that increased S I 00+ cellular infiltration correlates 
with enhanced survival of the tumor-bearing animal is consistent with numerous clinical 
reports noting a prognostic association betweentumor infiltrate with S 100+ cells and en
hanced patient survival (see below) (122-125). 

HUMAN DC/TUMOR PEPTIDE VACCINES ELICIT POTENT 
ANTI-TUMOR CTL IN VITRO 

We (126) and others (I27-130) have recently documented the ability to also gener
ate potent immunostimulatory DC from human peripheral blood in cultures containing 

Table 3. DClTumor peptide vaccines are associated with infiltration 
by S 100+ cells, CD4+ T cells, and CD8+ T cells. Animals bearing 

d8 MCA205 sarcomas were treated on days 8 and 12 with 
syngeneic DCs pulsed with either MCA205-derived peptides, 
splenic (normal) peptides, or no peptides. On day 16, tumors 

were harvested and examined for histologic infiltration 
by APC (S I 00+) or by T cells 

Treatment group 

Untreated 
DC-No Peptide 
DC-Splenic Peptide 
DC-MCA205 Peptide 

Tumor infiltration by 

CD4+ 

+/
+ 

++++ 

CD8+ 

+/
+ 

++++ 

Infiltration is quantitated on a relative - to ++++ scale. 

SIOO+ 

+++ 
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GM-CSF + IL-4. Similar to the murine results reported above, the resulting cells exhibit 
the characteristic dendrites and "veiled" morphology associated with dendritic cells and 
express high levels of MHC (class I and class II) and costimulatory (CD40, CD80, CD86) 
molecules. These DC are efficient stimulators of mixed lymphocyte reactions using allo
geneic responder lymphocytes. Further these cells may be induced to secrete IL-12, IFN
a, and IFN-y, factors important to the induction and maintenence of a Th I-associated 
cellular immune response, when activated by T cell ligands (data not shown). Using se
rum-free AIM-V media (GIBCO-BRL) containing 1000 U rhGM-CSF/ml + 1000 U rhlL-
4/ml, we were able to generate DC from the peripheral blood of 50 (50/50) normal donors 
and from 12 of 12 patients with melanoma. After 7 days of in vitro culture, yields were 
typically 8%-12% of the starting PBMC obtained from the donor. regardless of disease 
status (126). Thus, DC were readily generated from both normal donors and from cancer 
patients. 

We selected 10 normal donors and 10 melanoma patients that were HLA-A2+, de
rived DC from their peripheral blood, and evaluated the ability of these DC when pulsed 
with melanoma T AA epitopes (Table 3) to elicit anti-melanoma CTL in vitro using autolo
gous PBL responders (126). After 2-3 in vitro weekly restimulations with autologous DC 
pulsed with tumor peptide, anti-melanoma CTL responders were demonstrated from both 
normal donor and patient cultures stimulated with some. but not all. of the previously re
ported HLA-A2 presented melanoma epitopes (126,130,131). In particular, MART-l 
27-35, MART-l 32-40, gpl00 280-288, and tyrosinase 368-376 epitopes appeared to be 
immunogenic for most HLA-A2 responders. while the gplOO 457-466, tyrosinase 1-9, 
and MAGE-3 epitopes were less or non-immunogenic (Table 4). 

Based on these pre-clinical results, we have constructed an IRB/FDA-approved pro
tocol using vaccines consisting of autologous DC pulsed ex vivo with the immunogenic 
peptides identified in Table 3 for the treatment of HLA-A2+ patients with AJCC stage III 
or IV melanoma. More recently we have been able to generate antitumor reactive T cells 
from an HLA-A2+ patient with melanoma who had her tumor metastases resected from 
the lung. Approximately 109 cells were obtained which were acid eluted, passed through a 
Sep-pak and lyophilized. 114 of this material was pulsed onto autologous 7day DC. PBMC 
were coincubated at a 30: I ratio with DC's and restimulated on day 14 with autologous 
DC's pulsed with peptide and supplemented with 60 IU/ml IL-2. Peptide reactivity using 

Table 4. DC's pulsed with melanoma peptides elicit HLA-A2 restricted, 
anti-melanoma CTL in vitro. PBL responses to 3 weekly autologous 

DC/tumor peptide stimulations was assessed in 4h cytotoxicity 
assays against HLA-A2+ melanoma 526 

CTl response induced in 

nonnal Donor melanoma Patient 
Melanoma peptide Sequence PBl PBl 

MART-I 27-35 AAGIGILTV 9/10 9/10 
MART-I 32-40 ILTVILGVL 9/10 9/10 
gplOO 280-288 YLEPGPVTA 8/10 8110 
gplOO 457-466 LLDGTATLRL 0110 0110 
Tyrosinase 1-9 MLLAAVLYCL 0110 0110 
Tyrosinase 368-376 YMDGTMSQV 7/10 6/10 
MAGE-3271-279 FLWGPRALV 1/3 1/4 
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peptide fractions obtained from the HLA-A2+ 526 melanoma and cytokine release or cy
tokine release and cytotoxicity against 526 but not the A2+ CIR cell line. 

DCs GENETICALLY ENGINEERED TO SECRETE CYTOKINES 
OR TO EXPRESS TUMOR-ASSOCIATED ANTIGENS SERVE AS 
EFFECTIVE IMMUNOGENS FOR THE INDUCTION OF 
TUMOR-REACTIVE CTL IN VITRO AND IN VIVO 

DC induction of a ThO pattern of cytokine production (i.e. IL-4 and IFN-y) within 
lymphoid tissue in vaccinated animals suggested that the efficacy of DC-based therapies 
might be further enhanced by biasing the immune response towards a more Th I-like re
sponse (i.e. preferential T cell production of IFN-y but not IL-4). This suggested that we 
implement IL-12, a cytokine known to drive principally Th I-associated immunity, to aug
ment a cellular anti-tumor response in our established tumor model. While DC can natu
rally produce IL-12 when appropriately stimulated (i.e. by CD40 ligation or T cell cluster 
formation, ref. 128), it was theorized that the provision of systemic rmIL-12 or the engi
neering of DC with an expression plasmid encoding m1L-12 under a strong viral promoter 
might increase the efficacy of DC/tumor peptide therapies, by providing physiologic doses 
of IL-12 at the outset of vaccination (132). Murine BM-DC (day 8) generated as outlined 
above were transfected using the DFG-mIL-12 retroviral vector (132), with transfected 
cells producing approximately 2ng mIL-12/mIlI06 DC/24h. These IL-12 producing DC 
(DC-IL-12) were then pulsed with MCA205-derived peptides, prior to extensive washing 
and injection i.v. in the tail vein of B6 mice bearing d8 sub-cutaneous MCA205 tumors. 
Tumors in animals treated with DC-IL-12 pulsed with tumor peptides failed to progress 
for longer periods of time than tumors in animals treated with control DC pulsed with 
MCA205 peptides. This enhanced maintenance of tumor stasis correlated with increases in 
tumor-specific CTL in the spleens of DC-IL-12 + MCA205 peptide treated mice. 

We have also evaluated the ability of DC engineered to express the melanoma-asso
ciated antigens MART-I and/or gplOO to promote anti-melanoma CTL in vitro and in 
vivo. DCs transfected with these gene products are conceptually able to process and simul
taneously present tumor epitopes on multiple APC-expressed MHC class I and class II 
molecules. This circumvents the requirement of patient HLA-typing prior to accrual in 
synthetic melanoma peptide-based vaccine protocols. Murine BM-derived (d8) or human 
PBMC-derived (d7) DC grown in IL-4 + GM-CSF containing medium were transfected 
with cDNAs encoding MART-I and/or gplOO using the Accell gene gun. Expression of 
the transgenes (22--45%) was documented by flow cytometry after permeabilizing a por
tion of the DC with saponin and intracellular staining with MART-I-specific (kindly pro
vided by Dr. S.A. Rosenberg, NCI) or gp I OO-specific (HMB-45) monoclonal antibodies 
and FITC-conjugated goat anti-mouse Ig reagents. Transfected DC were irradiated (2500 
rad) and then used to stimulate autologous T cells in vivo in B6 mice (106 DC engineered 
to express both MART-I and gp I 00, injected i.v. on days 0 and 7) or in vitro using using 
PBMC responder T cells derived from a normal HLA-A2+,-A3+ donor (106 engineered 
DC + lOX responder T cells, with boost of 106 engineered, autologous DC on day 7). 
Spleens were removed from the vaccinated mice on day 14 and restimulated for 7 days in 
vitro with irradiated MART-I+, gpIOO+, MHC 1+, MHC IJ+ MEU-l melanoma (10,000 
rad) prior to assessment of anti-MELI-I CTL reactivity in a standard 4h 5lCr-release as
say. Splenic CTL exhibited MELI-I specific reactivity that was not observed if animals 
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were instead vaccinated with DC transfected with the backbone plasmid.The cytolytic re
sponse appeared to contain both MHC Class 1- and Class II-restricted T cell effector popu
lations since anti-H-2Db and anti-H-2IAb reactive MoAb can each significantly inhibit the 
anti-MELI-I killing observed. 

Human CTL primed in vitro with autologous DC expressing either the MART-lor 
gp 1 00 antigens were evaluated in cytolytic assays at day 17 against a series of targets that 
included CIR.A2 (an EBV-B cell line expressing only HLA-A2), CIR.A3, gplOO or 
MART-I transfectants ofCIR.A2 or CIR.A3, or the allogeneic melanoma cell line Mel 
526. Of note, HLA-A2+,-A3+ DC engineered with MART-I cDNA promoted CTL re
sponses against both CIR.A2.MART-I and CIR.A3.MART-I, as well as Mel 526. but not 
against targets transfected to express gp I 00. The reciprocal result was true for CTL in
duced by DC.gpIOO. These results suggest that tumor antigens applied as cDNA in DC
based vaccines may simultaneously prime the expansion of bulk, tumor-specific CTL 
restricted by multiple host class I (and presumably class II) alleles. 

USE OF UNPURIFIED ACID-ELUTED PEPTIDES FROM HUMAN 
TUMORS 

We have performed several preliminary experiments using fresh human tumor and 
cell lines, in order to answer the following questions: I. Is it possible to alter the quantity 
and nature of peptides expressed on the surface of malignant cells by in vitro manipula
tion? 2. Is it possible to use unpurified acid-eluted peptide preparations and APC to stimu
late memory cytotoxic T cells? 3. Is it possible to use unpurified acid-eluted peptide 
preparations from freshly resected human tumors, and autologous peripheral-blood de
rived DCs, to activate naive PBL against that tumor target?; 4. Can other methods be used 
to transfer immunogenic tumor peptide determinants to DCs in order to stimulate naive T 
cells? 

a. The human melanoma cell line 526 expresses the HLA-A2-restricted epitopes of 
the gplOO and MART-l/MELAN-A proteins. We have established conditions to 
maximize MHC class I expression of 526 cells. 526 cells were grown for 1--4 
days in RPM I mediumllO% FBS in the presence or absence of IFN-y, and at 
37°C or 40°C. At 24 hour intervals, the cells were harvested by trypsinization, 
stained with the W6/32 antibody for flow cytometric determination of MHC 
class I expression. IFN-y causes a 1.6X increase in the level of expression of 
class I molecules on 526 cells at 24 hours (Table 5). A similar increase is seen at 
48 hours but not at 72 hours. 

b. 526 cells were also examined for alterations in the peptide profile under condi
tions of heat or IFN-y. 526 cells were grown in RPMI medium/ I 0% FBS for 
several days and then split into 32 T-225 tissue culture flasks. Prior to reaching 
confluency, the flasks were divided into four groups of 8 and treated either with 
or without IFN-y 1000 V/ml, and at either 37°C or 40°C (approximately 2--4 x 
108 viable cells/condition at the end of incubation). After 24 hours the cells were 
harvested by trypsinization, washed several times in PBS, and MHC-associated 
peptides were stripped from the cells by mild acid elution (citrate-phosphate 
buffer, pH 3.2,4 ml for I minute). The acid-eluted peptides were concentrated 
on a C 18 Sep-Pak, washed to remove salt, and eluted with 60% acetonitrile. The 
eluted peptides were then subjected to filtration to remove species of molecular 
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Table S. Changes in MHC class I expression by 526 melanoma cells 
with heat or IFN-y 

Mean channel Fold increase 
Condition fluorescence over baseline 

24 hr, 37"C 143 (Baseline) 
24 hr. 37"C. IFN-y 216 1.5 
48 hr. 37°C 257 1.8 
48 hr. 37°C, IFN-y 467 3.3 
72 hr. 37"C 108 0.8 
72 hr. 37°C. IFN-y 149 1.0 
24 hr. 40°C 136 
24 hr. 40"C. IFN-y 202 1.5 
48 hr. 40"C 195 1.4 
48 hr. 40"C, IFN-y 344 2.5 
72 hr. 40"C 135 1.0 
72 hr. 40"c' IFN-y 275 2.0 
96 hr. 40"C 74 0.5 

96 hr. 40°C, IFN-y 165 1.2 

S63 

mass greater than 3000. The filtrate was concentrated and evaporated to near 
dryness for removal of organic solvents. The resulting solution was examined by 
electrospray ionization mass spectrometry. Treatment of 526 cells with TFN-y 
results in a alteration of the mass ion profile. An approximate 1.5 to 2.0-fold in
crease in total mass ions was detected. This is confirmed in the total ion current 
plots of the non-treated and IFNy-treated cells. The increase in complexity is 
particularly seen in the region between Dale ratios of 800 and 1000. Specific al
terations were seen at particular Dale ratios: ions with ratios of 621.3, 665.2, 
709.3,753.3, 828.1 and 988.1 showed increases, while ions 791.0 and 982.9 
were decreased with IFN-y treatment. Finally, treatment of 526 cells at 40°oC 
was shown to induce increases in specific mass ions (Dale ratios of 663.9, 
678.9, 706.0, 709.7, 823.4, 828, 950.2, 987.9 and 993.3), although the overall 
complexity of ion species generated was reduced. The addition of 1000 Ulml of 
IFN-y caused a further decrease in the intensities of the ions with Dale ratios in
dicated above. These results indicate that IFN-y not only upregulates class I ex
pression on 526 cells, but that the presentation profile of particular peptides is 
altered. 

c. Initial experiments have been performed to address the question of whether 
treatment of 526 cells with IFNy or heat causes differences in the expression of 
biologically relevant class I-associated peptides. Peptides were eluted from 526 
cells as described previously and were reconstituted in water such that equal 
volumes of reconstituted peptides represented equal numbers of starting cells. 2 
ml of each peptide was diluted in 96-well V-bottom tissue culture plates at the 
following concentrations: neat (undiluted), III 0, 11100 and 111 000. The C I R.A2 
B cell line (which expresses HLA-A2) was used as stimulators in this assay, and 
MG 12 or G280 cell lines were used as responders. These T cell lines were de
rived from patients with melanoma and recognize the melanoma epitopes gp I 00 
and MART-IIMELAN-A, and gplOO, respectively, in the context of HLA-A2. 
104 5lCr-labelled CIR.A2 cellslwell were plated in the wells containing peptide 
and were incubated for 1 hour. Following this, the MGI2 or G280 responder 
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cells were added and the plates were incubated for four hours, after which time 
supernatants were collected for estimation of SICr release. CTL reactivity was 
seen even at a I: I 000 dilution of peptide. However, in this experiment no clear 
differences between the preparative conditions (± IFN-y, ± heat) were seen. Fur
ther experiments are planned to attempt to quantitate the differences in peptide 
expression that were inferred from the mass spectrometry experiments described 
in (a) above. 

REFERENCES 

I. Robbins PF, EI - Gamil M, Kawakami, Y, Rosenberg SA. Recognition of tyrosinase by tumor - infiltrating 
lymphocytes from a patient responding to immunotherapy. 1994; Cancer Res54:3 124-3 126. 

2. Kawakami Y, Eliyahu S, Delgado CH, Robbins PF, Sakkaguchi K, Appella E, Yanelli JR, Adema GJ, Kimi 
T, Rosenberg SA. Identification of melanoma antigens recognized by tumor infiltrating lymphocytes asso
ciated with in vivo tumor rejection. 1994; Proc Natl Acad Sci 91 :6458--6462. 

3. Van der Bruggen P, Traversari C, Chomez P, Lurquin C, De Plaen E, Van Den Eynde B, Knuth A, Boon T. 
A gene encoding an antigen recognized by cytolytic T lymphocytes on a human melanoma. 1991; Science 
254:1643-1047. 

4. Traversari C, van der Bruggen P, Luescher IF, et al.: A nonapeptide encoded by human gene MAGE-I is 
recognized on HLA-A I by cytolytic T - lymphocytes directed against tumour antigen MZ2-E. J Exp Med 
1992: 176:1453-1458 

5. Van der Bruggen P, Szikora J-P, Boel, p, Wildmann C, Somville, M, Sensi M, Boon T. Autologous cytolytic 
T lymphocytes recognize a MAGE-I nonapeptide on melanomas expressing HLA-Cw·16018. 1994. Eur J 
Immunol 24:2134-2140. 

6. Zakut R, Topalian SL, Kawakami Y, Mancini M. Eliyahu S. Rosenberg SA. Differential expression of 
MAGE-I. -2, -3 messenger RNA in transformed and normal cell lines. 1993; Cancer Res 53:54-47. 

7. Shamamian p, Mancini M. Kawakami Y. et al.: Recognition of neuroectodermal tumors by melanoma -spe
cific cytotoxic T lymphocytes: evidence for antigen sharing by tumors derived from the neural crest. Can
cer Immunollmmunother 1994; 39:73-79 

8. Gaugler B, Van den Eynde B, van der Bruggen P. Romerao p, Gaforio J J . De Plaen E, Lethe B, Brasseur 
F, Boon T . Human gene MAGE-3 codes for an antigen recognized on a melanoma by autologous cytolytic 
T lymphocytes. 1994; J Exp Med 179:921-930. 

9. Van der Bruggen P, Bastin J, Gajewski T, Coulie PG, Boel P. De Smet C, Traversari C. Townsend A, Boon 
T. A peptide encoded by human gene MAGE-3 and presented by HLA-A2 induces cytolytic T lymphocytes 
that recognize tumor cells expressing MAGE-3. 1994. Eur J Immunol 24:303&--3043. 

10. Boel-P; Wildmann-C; Sensi-ML; Brasseur-R; Renauld-JC; Coulie-P; Boon-T; van-der-Bruggen-P BAGE: a 
new gene encoding an antigen recognized on human melanomas by cytolytic T lymphocytes. 1995. Immu
nity. 2: 167-75 

11. Van den Eynde B, Peeters 0, De Backer 0, Gaugler B, Lucas S, Boon T. A new family of genes coding for 
an antigen recognized by cytolytic T lymphocytes on a human melanoma. J Exp Med 182:689--698, 1995. 

12. Brichard V, Van Pel A, Wolfel T, Wolfel C, De Plaen, E. Lethe B. Coulie P. Boon T. The tyrosinase gene 
codes for an antigen recognized by autologous cytolytic T lymphocytes on HLA- A2 melanomas. 1993; J 
Exp Med 178:489-495. 

13. Wolfe! T. Van Pel, A, Brichard V. Schneider J, Seliger B, Meyer zum Buschenfelde K-H, Boon T. Two ty
rosinase nonapeptides recognized on HLA-A2 melanomas by autologous cytolytic T lymphocytes. 1994; 
Eur J Immunol 24:759--764. 

14. Wang R-F, Robbins PF, Kawakami Y, Kang X-Q, Rosenberg SA. Identification of a gene encoding a mela
noma tumor antigen recognized by HLA-A31 - restricted tumor - infiltrating lymphocytes. 1995; J Exp 
Med 181 :799--804. 

15. Wang R-F, Robbins PF, Kawakami Y, Rosenberg SA. A novel human cancer antigen resulting from transla
tion of an alternative open reading frame ofTRP-1. Science, in press. 

16. Kawakami Y, Eliyahu S, Delgado CH, Robbins PF, Rivoltini L, Topalian SL, Miki T, Rosenberg SA. Clon
ing of the gene coding for a shared human melanoma antigen recognized by autologous T cells infiltrating 
into tumor. 1994; Proc Nat! Acad Sci 91:3515--3519. 



Dendritic Cell Based Therapy orCaneer S6S 

17. Coulie PG, Brichard V, VanPel A, Wolfel T, Schneider J, Traversari C, Mattei S, De Plaen E, Lurquin C, 
Szikora J-P, Renauld J-C, Boon T. A new gene coding for a ditTerentiation antigen recognized by autolo
gous cytolytic T lymphocytes on HLA-A2 melanomas. 1994; J Exp Med 180:35-42. 

18. Castelli C, Storkus WJ, Maeurer MJ, Martin OM, Huang EC, Pramanik BN, Nagabhushan TL, Parmiani G, 
Lotze MT. Mass spectrometric identification of a naturally - processed melanoma peptide recognized by 
CD8+ cytotoxic T lymphocytes. 1995; J Exp Med 181:363-368. 

19. Bakker ABH, Schreurs MWJ, de Boer AJ, Kawakami y, Rosenberg SA, Adema GJ, Figdor CG. Melano
cyte lineage - specific antigen gplOO is recognized by melanoma derived tumor infiltrating lymphocytes. 
1994; J Exp Med 179:1005-1009. 

20. Cox AL, Skipper J , Chen Y, Henderson RA, Darrow TL, Shabanowitz J, Engelhard VH, Hunt OF, 
SlinglutT CL. Identification of a peptide recognized by five melanoma - specific human cytotoxic T cell 
lines. 1994; Science 264:716-719. 

21. Anichini A, Maccalli C, Mortarini R. Salvi S, Mazzocchi A, Squarcina P, Herlyn M, Parmiani G. Mela
noma cells and normal melanocytes share antigens recognized by HLA-A2 restricted cytotoxic T cell 
clones from melanoma patients. 1993. J Exp Med 177:265-272. 

22. Egner W, McKenzie JL, Smith SM, Beard ME. Hart DN. Identification of potent mixed leukocyte reaction
stimulatory cells in human bone marrow. Putative ditTerentiation stage of human blood dendritic cells. 
Journal of Immunology 1993; 150:3043-3053. 

23. Inaba Koo Witmer-Pack M .• Inaba M. et al. The tissue distribution of B7-2 costimulator in mice:abundant 
expression of dendritic cells in situ and during maturation in vitro. J. Exp. Med. 180:1849-1860, 1994. 

24. Kiimpgen, Koch F, Heufler C, Eggert A, Gill LL, Gillis S. Dower SK, Romani N. Schuler G. Under
standing the dendritic cell lineage through a study of cytokine receptors. Journal of Experimental Medicine 
1994; 179: 1767-1776. 

25. Zhou L-J. Tedder TF. A distinct pattern of cytokine gene expression by human CD83+ blood dendritic 
cells. Blood 1995;86:3295-3301. 

26. Turcovski-Corrales SM, Fenton RG, Peltz G. Taub DO. CD28:B7 interactions promote T cell adhesion. 
European Journal of Immunology 1995;25:3087-3093. 

27. Peguet-Navarro J, Dalbiez-Gauthier C, Rattis FM, Van Kooten C, Banchereau J. Schmitt D. Functional ex
pression of CD40 antigen on human epidermal Langerhans cells. Journal of Immunology 
1995; I 55:4241-4247. 

28. Young JW, Inaba K. Dendritic cells as adjuvants for class I major histocompatibility complex-restricted an
titumor immunity. Journal of Experimental Medicine 1996; 183:7-11. 

29. Paglia p, Chiodoni C, Rodolfo M, Colombo MP. Murine dendritic cells loaded in vitro iwth soluble protein 
prime cytotoxic T lymphocytes against tumor antigen in vivo. Journal of Experimental Medicine 
1996; 183:317-322. 

30. Knight SC, Hunt R. Dore C. Medawar PB.lnfluence of dendritic cells on tumor growth. Proceedings of the 
National Academy of Science 1985;82:4495-4497. 

31. Mayordomo, J.I., Zorina, Too Storkus, W.Joo Zitvogel, L., Celluzzi, C., Falo, L.D., Melief, C.J., Iidstad, S.T., 
Kast, W.M., DeLeo, A., and Lotze, M.T. Bone marrow derived dendritic cells pulsed with synthetic tumour 
peptides elicit protective and therapeutic anti-tumor immunity. Nature Med. I: 1297-1302, 1995. 

32. Celluzzi, C.M., Mayordomo, J.I., Strokus, W.J., Lotze, M.T., and Falo, L.D. Peptide-pulsed dendritic cells 
induce antigen-specific, CTL-mediated protective tumor immunity. J. Exp. Med. 183: 283-288, 1996. 

33. Flamand, V. Murine Dendritic Cells Pulsed In Vitro with Tumor Antigen Induce Tumor Resistance In Vivo, 
EUI: 1. Immunol. 23: 605-610, 1994. 

34. Zitvogel, L., J. I. Mayordomo. T.Tjandrawan, A. B. DeLeo, M. R. Clarke, M. T. Lotze, and W. J. Stork us. 
1996. Therapy of murine tumors with tumor peptide-pulsed dendritic cells: dependence on T cells, B7 
costimulation, and T helper cell-associated cytokines .J. Exp. Med. 183:87-97. 

35. Zou J-P, Shimizu J, Ikegame K, Takiuchi H, Fujiwara H, Hamaoka T. Tumor-immuotherapy with the use of 
tumor-antigen-pulsed antigen-presenting cells. Cancer Immunology Immunotherapy 1992;35: I--{;. 

36. Morimoto RI. Cells in stress: transcriptional activation of heat shock genes. Science 259: 1409-1410. 
1993. 

37. Georgopoulos C and Welch W J. Role of the major heat shock proteins as molecular chaperones. Annu Rev 
Cell Bioi 9: 601--{;34, 1993. 

38. Mariethoz E, Tacchini-Cottier F, Jacquier-Sarlin M, Sinclair F and Polla BS. Exposure of monocytes to 
heat shock does not increase class II expression but modulates antigen-dependent T cell responses. Int Im
munol6: 925-930,1994. 

39. Polla BS and Mariethoz E. More evidence for a case for chaperones in antigen processing. Immunol Today 
13: 421-422,1992. 



S66 M. T. Lotze et td. 

40. Suto R and Srivastava PK. A mechanism for the specific immunogenicity of heat shock protein-chaperoned 
peptides. Science 269: 1585-1588. 1995. 

41. Pierce SK. Molecular chaperones in the processing and presentation of antigen to helper T cells. Experien
tia 50: 102fr1030. 1994. 

42. Kaur I, Voss SO. Gupta RS, Schell K, Fisch P and Sondel PM .. Human peripheral gamma delta T cells rec
ognize hsp60 molecules on Daudi Burkitt's lymphoma cells.1 Immunol : 204fr2055, 1993. 

43. Mazzarella RA and Green M. ERp99, an abundant. conserved glycoprotein of the endoplasmic reticulum. 
is homologous to the 90-kDa heat shock protein (hsp90) and the 94-kDa glucose regulated protein 
(GRP94). J Bioi Chern 262: 8875-8883, 1987. 

44. Booth C and Koch GLE. Perturbation of cellular calcium induces secretion of luminal ER proteins. Cell 
59:729-737,1989. 

45. Van Kaer L, Ashton-Rickardt PG, Ploegh HL and Tonegawa S. TAPI mutant mice are deficient in antigen 
presentation, surface class I molecules, and CD4-8+ T cells. Cell 71: 1205-1214, 1991. 

46. Li Z and Srivastava PK. Tumor rejection antigen gp96/grp94 is an ATPase: implications for protein folding 
and antigen presentation. EMBO J 12: 3143-3151,1993. 

47. Levy F, Gabathuler R, Larsson Rand Kvist S. Cell 67: 265-274, 1991. 
48. Jacquier-Sarlin MR, Fuller K, Dinh-Xuan AT, Richard M-J and Polla BS. Protective effects ofhsp70 in in

flammation. Experientia50: 1031-1038. 1994. 
49. Udono H and Srivastava PK. Heat shock protein 70-associated peptides elicit specific cancer immunity. J 

Exp Med 178: 1391-1396,1993. 
50. Udono H, Levey DL and Srivastava PK. Cellular requirements for tumor-specific immunity elicited by 

heat shock proteins: tumor rejection antigen gp96 primes CD8+ T cells in vivo. Proc Natl Acad Sci USA 
91: 3077-3081,1994. 

5 I. Vanbuskirk A, Crump BL, Margoliash E and Pierce SK. A peptide binding protein having a role in antigen 
presentation is a member of the hsp70 heat shock family. J Exp Med 170: 1799-1809. 1989. 

52. Udono H and Srivastava PK. Comparison of tumor-specific immunogenicities of stress-induced proteins 
gp96, hsp90, and hsp70. J Immunol152: 539~5403, 1994. 

53. Arnold 0, Faath S, Rammensee H-G and Schild H. Cross-priming of minor histocompatibility antigen-spe
cific cytotoxic T cells upon immunization with the heat shock protein gp96. J Exp Med 182: 885-889, 
1995. 

54. Srivastava PK. Udono H. Blachere NE and Li Z. Heat shock proteins transfer peptides during antigen proc
essing and CTL priming. Immunogenetics 39: 93-98, 1994. 

55. Tsujitani S, Oka A, Kondo A,lkeguchi M, Maeta M, Kaibara N.lnfiltration of dendritic cells into regional 
lymph nodes in gastric cancer. Cancer 1995;75 (6 Suppl):1478-1483. 

56. van Heerden WF, Raubenheimer EJ. van Rensburg EJ. Ie Roux R. Lack of correlation between DNA 
ploidy. Langerhans cell population and grading in oral squamous cell carcinoma. Journal of Oral Pathology 
and Medicine 1995;24(2):61-65. 

57. Schreiner TU, Lischka G. Schaumburg-Lever G. Langerhans' cells in skin tumors. Archives of Dennatol
ogy 1995;131(2):187-190. 

58. Zeid NA. Muller HK. Tobacco smoke condensate cutaneous carcinogenesis: changes in Langerhans' cells 
and tumor regression. International Journal of Experimental Pathology I 995;76( I )75:83. 

59. Viac J. Schmitt D. Claudy A. TNF alpha expressing cells in epidennal tumors: correlation with leAM-I in
duction on keratinocytes and Langerhans cell distribution. In Vivo 1994;8(2):221-225. 

60. Alavaikko MJ. Blanco G, Aine R, Lehtinen T, Felbaum C. Taskinen PJ. Sarpola A. Hansmann ML. Follicu
lar dendritic cells have prognostic relevance in Hodgkin's disease. American Journal of Clinical Pathology 
1994; 101(6):761-767. 

61. Girod SC, Kuhnast T, Ulrich S, Krueger GR. Langerhans cells in epithelial tumors and benign lesions of 
the oropharynx. In Vivo 1994;8(4):543-547. 

62. Srivastava BI, Srivastava A, Srivastava MD. Phenotype. genotype and cytokine production in acute leuke
mia involving progenitors of dendritic Langerhans' cells. Leukemia Research 1994; 18(7):499-511. 

63. Kerrebijn JD, Balm AJ, Knegt PP, Meeuwis CA, Drexhage HA. Macrophage and dendritic cell infiltration 
in head and neck squamous-cell carcinoma: an immunohistochemical study. Cancer Immunology. Immuno
therapy 1994;38(1):31-37. 

64. Chan JK, Tsang WY, Ng CS, Tang SK. Yu HC, Lee AW. Follicular dendritic cell tumors of the oral cavity. 
American Journal of Surgical Pathology. 1994; 18(2): 14~ 157. 

65. Zeid NA, Muller HK. SIOO positive dendritic cells in human lung tumors associated with cell differentia
tion and enhanced survival. Pathology 1993;25(4):33~343. 

66. Anonymous. Anticancer activity of dendritic cells. Symposium proceedings of the 4th International Con
ference of Anticancer Research. Crete. In Vivo 1993;7(3):185-313. 



Dendritic: Cell Based Therapy of Canc:er 567 

67. Becker Y. Dendritic cell activity against primary tumors: an overview. In Vivo 1993;7(3): 187-191. 
68. Imai Y. Yamakawa M. Dendritic cells in esophageal cancer and lymph node tissues. In Vivo 

1993;7(3):239-248. 
69. Yamakawa M. Kato H. Takagi S. Karube Y. Seki K. Imai Y. Dendritic cells in various human thyroid dis

eases. In Vivo 1993;7(3):249-256. 
70. Tsujitani S. Kakeji Y. Maehara Y. Sugimachi K. Kaibara N. Dendritic cells prevent lymph node metastasis 

in patients with gastric cancer. In Vivo 1993;7(3):233-237. 
71. Kessler II. Epidemiological considerations in the role of dendritic/Langerhans cells in human cancer. In 

Vivo 1993;7(3):305-312. 
72. Meissner K. Loning T. Rehpenning W. Epidermal Langerhans cells and prognosis of patients with mycosis 

fungoides and Sezary syndrome. In Vivo 1993;7(3):277-280. 
73. Muller HK. Dandie GW. Ragg SI. Woods GM. Langerhans cell alterations in cutaneous carcinogenesis. In 

Vivo 1993;7(3):293-296. 
74. van Rensburg EJ. van Heerden WF. Raubenheimer EJ. Langerhans cells and human papilloma viruses in 

oesophageal and laryngeal carcinomas. In Vivo 1993;7(3):229-232. 
75. Fink-Puches R. Smolle J. Langerhans cells in epithelial skin tumors. A quantitative immunohistological 

and morphometric investigation. In Vivo 1993;7(3):213-216. 
76. Austyn JM. The dendritic cell system and anti-tumor immunity. In Vivo 1993;7(3): 193-201. 
77. Toriyama K. Wen Dr. Paul E. Cochran AJ. Variations in the distribution. frequency. and phenotype of 

Langerhans cells during the evolution of malignant melanoma of the skin. Journal of Investigative Derma
tology 1993; I 00(3 ):269S-273S. 

78. Tazi A. Bouchonnet F. Granssaigne M. Boumsell L. Hance AJ. Soler P. Evidence that granulocyte 
macrophage-colony-stimulating factor regulates the distribution and differentiated state of dendritic 
cells/Langerhans cells in human lung and lung cancers. Journal of Clinical Investigation 
1993;91 (2):566--576. 

79. Spinollo A. Tcnti P. Zappatore R. DeSeta F. Silini E. Guaschino S. Langerhans' cell counts and cervical in
tracpithclial neoplasia in women with human immunodeficiency virus infection. Gynecologic Oncnlogy 
1993;48(2):210-·213. 

!l0. Morelli AE. Sanancs C. DiPaola G. Paredes A. Fainboim L. Relationship between types of human papil
lomavirus and Langerhans' cells in cervical condyloma and intraepithelial neoplasia. American Journal of 
Clinical Pathology. 1993;99(2):200-206. 

81. Drexhage HA. Mooy R. Jansen A. Kerregijn J. Allaerts W. Tas MP. Dendritic cells in tumor growth and en
docrine diseases. Advances in Experimental Medicine and Biology. I 993;329:643'-{)50. 

82. Tas MP. Simons PJ. Balm FJ. Drexhage HA. Depressed monocyte polarization and c1ustcring of dendritic 
cells in patients with head and neck cancer: in vitro restoration of this immunosuppression by thymic hor
mones. Cancer immunology. Immunotherapy 1993;36(2): 108-114. 

83. Koretz K. Moller P. Schwartz-Albiez R. Plasminogen activators and plasminogen activator inhibitors in 
human colorectal carcinoma tissues are not expressed by the tumor cells. European Journal of Cancer 
1993;29A(8): 1184-1189. 

84. Tsujitani S. Kakeji Y. Watanabe A. Kohnoe S. Maehara Y. Sugimaghi K. Infiltration of S-100 protein posi
tive dendritic cells and peritoneal recurrence in advanced gastric cancer. International Surgery 
1992;77(4):238-241. 

85. Fivenson DP. Beck ER. Dunstan RW. Nickolofl' BJ. Moore PF. Dermal dendrocytes and T-cclls in canine 
mycosis fungoides. Support for an animal model of human cutaneous T-cell lymphoma. Cancer 
I 992;70( 8):2091-2098. 

86. Regezi JA. Nickolotl'BJ. Headington JT. Oral submucosal dendrocytes: factor Xllla+ and CD34+ dendritic 
cell population in normal tissue and fibrovascular lesions. Journal of Cutaneous Pathology 
1992; 19(5):39K-406. 

87. Tsujitani S. Kakeji Y. Orita H. Watanabe A. Kohnoe S, Baba H. Anai H, Maehara Y. Sugimachi K. Postop
erative adjuvant immunochemotherapy and infiltration of dendritic cells for patients with advanced gastric 
cancer. Anticancer Research 1992; 12(3 ):645-648. 

88. Morelli AE. Ronchetti RD. Secchi AD, Cufre MA, Paredes A, Fainboim L. Assessment by planimetry of 
Langerhans' cell density in penile epithelium with human papillomavirus infection: changes observed after 
topical treatment. Journal of Urology 1992; 147(5): 1268-1273. 

89. Stene MA, Hohhoj-Asnong C. Cochran AJ. Effect of epidermal Langerhans cells from melanoma patients 
on Iymphoproliferative responses. Melanoma Research 1992;2( I ):57'-{)2. 

90. Daniels TE, Chou L. Greenspan JS, Grady DG. Hauch WW, Greene JC. Ernster VL. Reduction of Langcr
hans cells in smokeless tobacco-associated oral mucosal lesions. Journal of Oral Pathology and Medicine 
1992;21(3): 100-104. 



568 M. T. Lotze et tiL 

91. Nakano T, Oka K, Takahashi T, Moria S, Arai T. Roles of Langerhans' cells and T-Iymphocytes infiltrating 
cancer tissues in patients treated by radiation therapy for cervical cancer. Cancer 1992;70( 12):2839-2844. 

92. Bergfelt L, Larko 0, Lindberg M. Density and morphology of Langerhans cells in basal cell carcinomas of 
the face and trunk. British Journal of Dermatology 1992; 127( 6):57S-579. 

93. Papadimitriou CS, Datseris G, Costopoulos JS, Bai MK, loachim-Velogianni E, Katsouyannopoulos V. 
Langerhans cells and lymphocyte subsets in human gastrointestinal carcinomas. An immunohistological 
study on frozen sections. Pathology, Research and Practice. 1992; 188(8):989-994. 

94. Kumar D. Sanchez RL. Kumar S. Dendrocyte population in cutaneous and extracutaneous Kaposi's sar
coma. American Journal of Dermatopathology 1992;14(4):298-303. 

95. Tosi P, Sforza V, Santopietro R, Lio R, Gotti G, Paladini p. Cevenini G. Barbini P. Bronchiolo-alveolar car
cinoma: an analysis of survival predictors. European Journal of Cancer I 992;28A(8-'-9): 136S-13 70. 

96. Morelli AE. diPaola G. Fainboarn L. Density and distribution of Langerhans cells in the human uterine cer
vix. Archives of Gynecology and Obstetrics 1992;252(2):6S-71. 

97. Furihata M, Ohsuki Y. Ido E, Iwata J, Sonobe H, Araki K, Ogoshi S. Ohmori K. HLA-DR antigen- and S-
100 protein-positive dendritic cells in esophageal squamous cell carcinoma - their distribution in relation to 
prognosis. Virchows Archiv. B. Cell Pathology Including Molecular Pathology 1992;61 (6 ):409-414. 

98. Gallo O. Bianchi S. Giannini A, Gallina E. Libonati GA, Fini-Storchi O. Correlations between his
topathological and biological findings in nasopharyngeal carcinoma and its prognostic significance. Laryn
goscope 1991; I 01(5):487-493. 

99. Gomez-Morales M. Alvaro T. Munoz M. Garcia del Moral R. Aguilar D. Caballero T. Aneiros J. Diffuse 
sclerosing papillary carcinoma of the thyroid gland: immunohistochemical analysis of the local host im
mune response. Histopathology 1991;18(5):427-433. 

100. Wilson AJ, Maddoz PH, Jenkins D. CDla and SIOO antigen expression in skin Langerhans cells in patients 
with breast cancer. Journal of Pathology 1991;163(1):2S-30. 

101. Tefany FJ, Barnetson RS, Halliday GM. McCarthy SW, McCarthy WHo Immunocytochemical analysis of 
the cellular infiltrate in primary regressing and non-regressing malignant melanoma. Journal of Investiga
tive Dermatology 1991 ;97(2): 197-202. 

102. Bigotti G. Coli A, Castagnola D. Distribution of Langerhans cells and HLA class 1\ molecules in prostatic 
carcinomas of different histopathological grade. Prostate 1991; 19( I ):73--87. 

103. Rucci L, Bani D, Gallo 0, Arbi Riccardi R. Borghi Cirri MB, Fini-Storchi O. Interdigitating cells in the 
peri tumoral infiltrate ofJaryngeal carcinomas: an immunocytochemical and ultrastructural study. Orl: Jour
nal ofOto-Rhino-Laryngology and its Related Specialities. 1991 ;53(6):349356. 

104. Scheicher C. Mehlig M. Dienes H-P. Reske K. Uptake of microparticle-absorbed protein antigen by bone 
marrow-derived dendritic cells results in up-regulation of interleukin-I a and interleukin-12 p40/p35 and 
triggers prolonged, efficient antigen presentation. Eur. J. Immunol. 25: I 566-1 572, 1995. 

105. Jansen JH. Wientjens G-JHM. Fibbe WE, Willemze R, Kluin-Nelemans HC. Inhibition of human macro
phage colony formation by interleukin 4. J. Exp. Med. 170:577-582. 1989. 

106. Sallusto F, Cella M. Danieli C. Lanzavecchia A. Dendritic cells use macropinocytosis and the mannose re
ceptor to concentrate macromolecules in the major histocompatibility complex class II compartment: 
Downregulation by cytokines and bacterial products. J. Exp. Med. 182:389-400. 1995. 

107. Snyder DS. Beller OJ. Unanue ER. Prostaglandins modulate macrophage la expression. Nature 
299:16~165. 1982. 

108. Gentile PS, Pelus LM. In vivo modulation of myelopoiesis by prostaglandin E2. Il.Inhibition of granulo
cyte-macrophage progenitor cell (CFU-GM) cycle rate. Exp. Hematol. 15:119-126. 1987. 

109. Pelus LM, Ottmann OG, Nocka KH. Synergistic inhibition of human marrow granulocyte-macrophage pro
genitor cells by PgE and recombinant interferon-a. -~. and -y and an effect mediated by tumor necrosis 
factor. J. Immunol. 140:479-484. 1988. 

110. Nussler AK. Billiar TR. Inflamation. immunoregulation. and inducible nitric oxide synthase. J. Leukoc. 
BioI. 54:171-178.1993. 

111. Lu L. Bonham, Chambers F. Watkins S. Hoffman R. Simmons D. Thomson A. Induction of nitric oxide 
production by mouse dendritic cells in response to interferon-y, endotoxin and interaction with allogeneic 
T cells: Induction of nitric oxide synthase is associated with dendritic cell apoptosis. Submitted. 

112. Inaba K. Steinmann RM, Pack MW. Aya H. Inaba M, Sudo T, Wolpe S, Schuler G. Identification of prolif
erating dendritic cell precursor in mouse blood. J. Exp. Med. 175:1157-1167, 1992(b). 

113. Szabolcs P. Moore MAS, Young JW. Expansion of immunostimulatory dendritic cells among the myeloid 
progeny of human CD34+ bone marrow precursors cultured with c-kit ligand. GM-CSF. and TNF-a. J. Im
munol. 154:5851-5861.1995. 

114. Romani N., Gruner S .• Brang D. et al. Proliferating dendritic cell progenitors in human blood. J. Exp. Med. 
180:8:l-93. 



Dendritic Cell Based Therapy of Cancer 569 

115. Sallusto F, Cella M, Danieli C, Lanzavecchia A. Dendritic cells use macropinocytosis and the mannose re
ceptor to concentrate macromolecules in the major histocompatibility complex class 1\ compartment: 
Downregulation by cytokines and bacterial products. J. Exp. Med. 182:389-400, 1995. 

116. Galy A .. Travis M., Cen D .. Chen B. Human T, B, Natural Killer, and Dendritic Cells arise from a common 
bone marrow progenitor cell subset.lmmullity 3:459-471, 1995. 

117. Maraskovsky E., Brasel K., Teepe M., Roux E., Shortman K .• Lyman S.D .. McKenna H.l. In vivo admini
stration oftlt3 ligand results in the generation of large numbers of dendritic cells in the lymphoid tissue of 
mice. In press. 

118. Porgador A. and Gilboa. E. Bone-Marrow-Generated Dendritic Cells Pulsed with a Class I-Restricted Pep
tide are Potent Inducers of Cytotoxic T Lymphocytes,l. Exp. Med. 182: 255-260, 1995. 

119. Grabbe, S. Tumor Antigen Presentation by Murine Epidermal Cells,l. Immunol. 146: 3656-3661. 1991. 
120. Mayordomo, J.\., Loftus, DJ., Sakamoto. H .• Lotze. M.T., Strokus. WJ., Appella, E .• and DeLco. A.B. 

THerapy of murine tumors with p53 wild-type and mutant sequence peptide-based vaccines. J. Exp. Med. 
183: 1357-1365. 1996. 

121. Zitvogel, L., Mayordomo. J.I., Tjandrawan, T.. DeLeo, A.B., Clarke, M.R., Lotze. M.T.. and Storkus, WJ. 
Therapy of Murine Tumors with Tumor Peptide Pulsed Dependence on T-cells, B7 Costimulation. and 
Th I-Associated Cytokines, J. Exp. Med. 183: 87-98, 1996. 

122. Kerrebijn. J.D .. el al. Macrophage and Dendritic Cell Infiltration in Head and Neck Squamous-Cell Carci
noma: An Immunohistochemical Study. Cancer Immunol. Immullolher. 38: 31-37. 1994. 

123. Zeid, N.A. and Muller, H.K. SIOO Positive Dendritic Cells in Human Lung Tumors Associated with Cell 
Differentiation and Enhanced Survival. Pathol. 25: 338-343, 1993. 

124. Gallo, 0., el al. Langerhans Cells Related to Prognosis in Patients with Larygeal Carcinoma, Arch. 010-
laI)'llgol. 117: 1007-1010. 1991. 

125. Giannini. A .. el al. Prognostic Significance of Accessory Cells and Lymphocytes in Nasopharygeal Carci
noma. Palhol. Res. Pracl. 187: 486-502.1991. 

126. Tjandrawan. T.. Maeurer, MJ., Castelli. C, Lotze, M.T., and Storkus. WJ. Autologous Dendritic Cells 
Pulsed with MART-I/Melan-A. gplOO. tyrosinase. or MAGE-3 Peptides Elicit Anti-Melanoma CTL From 
both Normal Donor and Cancer Patient Peripheral Blood Lymphocytes III Vitro. Submitted for publication. 
1996. 

127. Hsu, FJ., Benike. C, Franjoli. F .. Lilies. T.M .. Tzerwinsky, T., el al. Vaccination of patients with B cell 
lymphoma using autologous antigen-pulsed dendritic cells. Nalure Met!. 2: 52-·55. 1996. 

128. F. Sallusto and A. Lanzavecchia, Efficient Presentation of Soluble Antigen by Cultured I\uman Dendritic 
Cells is Maintained by Granulocyte/Macrophage Colony-Stimulating Factor Plus Interleukin 4 and Down
regulated by Tumor Necrosis Factor Alpha, 1. Exp. Met!. 179: 1109-1118, 1994. 

129. Romani, N .• Gruner. S., Brang. D .. Kampgen. E .. Lenz. A .. el al. Proliferating dendritic cell progenitors in 
human blood . .J. Exp. Med. 180: 83-93. 1994. 

130. Bakker. A.B.. Marland. G .• Dc Boer. A.J .. Danen. H .. Adema. GJ .. and Figdor. e.G. Generation of an
timelanoma cytotox ic T lymphocytes from healthy donors after presentation of melanoma-associated anti
gen-derived epitopes by dendritic cells ill dIm. Callcer Res. 55: 5330--5339. 1995. 

131. Stork us. W.J .. and Lotze. M.T. Biology of Tumor Antigens: Tumor Antigens Recognized By Immune Cells. 
In: V. DeVita. S. Hellman. and S. Rosenberg (Eds.). Biologic Therapy of Cancer. 2nd. ed. J.B. Lippincott 
Company. Philadelphia. 1995. pp. 64-77. 

132. Zitvogel, L., Couderc, B., Mayordomo, 1.1., Robbins, P.D., Lotze, M.T., and Storkus. w.J. IL-12 engineered 
dendritic cells serve as effective tumor vaccine adjuvants ill vivo. New Yt"'k. Acad. Sci .. in press. 1996. 



92 

IDENTIFICATION AND ISOLATION OF CDla 
POSITIVE PUTATIVE TUMOUR INFIL TRA TING 
DENDRITIC CELLS IN HUMAN BREAST 
CANCER 

Brendon 1. Coventry, I Jonathan M. Austyn/ Steve Chryssidis,1 
Debra Hankins,2 and Adrian Harris3 

I Department of Surgery 
University of Adelaide 
Royal Adelaide Hospital 
North Terrace, Adelaide, South Australia, 5000 

2Nuffield Department of Surgery and 
3Department of Clinical Oncology 
University of Oxford 
Headington, Oxford, United Kingdom, OX39DU 

1. SUMMARY 

Identification of dendritic cells (DC) in human tissues has been technically problem
atic due to the lack of truly specific immunohistochemical markers for DC's. Human den
dritic cells express CD I a glycoprotein at certain points in their life cycle. CD I a positive 
cells are present in many human tumours and have been associated with improved sur
vival. However, little information exists concerning the separation of DC from human tu
mours. The current study reports that human breast carcinomas have low densities of 
CDla positive cells with dendritic morphology, and details are shown of a technique for 
successful separation of these cells from tumour tissues. 

2. INTRODUCTION 

T -cell recognition of antigens expressed on tumour cells, leading to MHC restricted 
tumour cell killing has been demonstrated both in-vitro and in-vivo l.2. Dendritic cells are 
potent accessory cells, important in initiating primary immune responses through presen
tation of antigens and co-stimulatory signals culminating in T cell activation. Failure of 
co-stimulation may arise from low DC numbers within tumours or reduction in the capac-

Dendritic Cells in Fundamental and Clinical Immunology 
edited by Ricciardi-Castagnoli, Plenum Press, New York, 1997 571 



572 B. J. Coventry et ilL 

ity of DC to effectively present antigen to T -cells. Increased intra-tumoural dendritic cell 
infiltrates have been reported to be associated with improved survival for thyroid carcino
mas, colorectal cancers, lung carcinomas and gastric carcinomas3-6. The presence of DC in 
breast carcinomas appears not to have been documented. The relationship between DC, 
immunological response and tumour growth is currently unclear as are the possible 
mechanisms behind these observations. Progressive tumour growth is associated with loss 
of DC, and tumour regression is associated with increased DC density7--9. 

The CDla molecule, a member of the CDI antigen family, is a non-polymorphic 
MHC class I-related cell surface glycoprotein expressed in association with Beta 2-micro
globulin 10. It is expressed in cortical thymocytes, DCs/LCs, and interdigitating dendritic 
(reticulum) cells as well as some activated B-cells and macrophages lO• CDla has the limi
tation of not being specific for DC's, although it is one of the only markers for DC identi
fication and has been extensively used. DC's appear to express CDla at different stages of 
development, but not during other stages9•11 • 

The aims of the studies were to (I) investigate the density and distribution of the 
dendritic cell population in invasive ductal breast carcinomas using CD I a antibody and 
(2) separate CDla positive cells from human breast carcinomas. To our knowledge, the 
separation of DC from human tumours has not been reported in the literature. Separation 
of CD I a cells from the tumour microenvironment may provide a source of DC which may 
be able to be cultured and investigated for their antigen presenting capacity. 

3. METHODS 

3.1. Primary Antibodies 

See Table I. 

3.2. Part I: CDla Expression in Breast Thmours 

21 infiltrating ductal breast carcinomas (IDC) were frozen then sectioned and immu
nostained using monoclonal antibodies and high sensitivity di-amino-benzidine tech-

Table 1. The primary antibodies used for Parts I and II 

CD Antibody Dilution Origin 

Part I 
COla M721 111000 (lgG2a) Dako Ltd .• Copenhagen 
CD3 Leu4 1160 (IgGl) Becton Dickinson 
CDI4a FMC32 neat supernatant H. Zola. Adelaide 
negative control X63 I: I 00 (IgG I. JgG2a) ATCC 

Part II 
COla NAII34 neat McMichael. Oxford 
CD68 Y-I/82A neat Mason. Oxford 
CD45 FI0894 1/200 Fabre. Oxford 
Class II L203 11100 Lampson et a!. 

Controls - without primary antibody; without secondary antibody (Bu22 180 I irrelevant antibody as pri
mary); and without Avidin/Biotin complex. Human Tonsil was used for positive control tissue. 
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niques I2.13. Stained cells were counted and averaged per 50 high power fields (x400). 3 
normal breast specimens were also examined in the same way. 

3.3. Part II: CDla Expression and MNC Separation in Breast Tumours 

3.3.1. Tissues. 12 IDC were collected in the operating theatre and cut under sterile 
conditions. Tissue was: (i) frozen for sectioning and immunostaining, and (ii) disaggre
gated using sterile mechanical and enzymatic methods. 

3.3.2. Immunostaining. Blocking using human AB serum and 3% HP2 in water, 
were performed. Avidin-biotin complex (Vector, Elite) AEC/HP2 was used. 

3.3.3. Cell Separation Technique. Tumour infiltrating mononuclear cells were sepa
rated using a method developed from previously described techniques '4-'6. 

1. Tumour was incubated for 45mins at 37°C with: Collagenase, trypsin, DNAse 
mixture (IOmg Collagenase dissolved in 4ml RPMI [Sigma C-2139, 405 
units/mg], Iml DNAse solution [Img Sigma D-0751, 2000Kunits Img DNAse in 
10 mls RPMI]; and 5ml Trypsin solution (2mg/ml) and dilute with 11.5ml RPMI 
= 2mg/ml], then washed and filtered through a sterile stainless steel strainer 
with cold Ca++/Mg++ free RPMI. 

2. Incubation with EDTA solution (1 Om I) for IOmins at 37°C and washed. 
3. Incubation with Collagenase solution (20mg in IOml) for 20mins at 3TC. 
4. The tumour residuum was retained in the filter then pushed through the filter us

ing a 5ml syringe plunger. until no tumour tissue remained. 
5. RIO was used to wash enzyme solution, then centrifugation for 7mins @ 1200RPM, 

foIlowed by resuspension in 1 ml RIO. Viability was assessed using trypan blue. Di
lutions to 1-2 x 105 ceIls Iml were made for cytospins. Tissue section and cytospin 
immunostaining of was assessed by two investigators (JMA, 8JC). 

4. RESULTS 

4.1 Part I: CDla Expression in Breast Tumours 

4.1.1 CD 1 a Staining. Background levels of staining were minimal or absent. and 
crisp positive staining of DCs was observed. CD 1 a expression in normal breast tissue was 
either absent or only a few cells were seen in the entire section. 

4.1.2. FMC 32, CD68, and Leu4. FMC32 (and CD68) labelled both monocytes and 
macrophages, and spatial correlation with other markers was used to determine the nature 
of ceIls labelled. In tissue sections CD 1 a and FMC32/CD68 labelled different cell popula
tions. However, a spatial association was noted between CDla and the CD3 (Leu4) posi
tive T-ceIl population within the breast tumours. 

4.2. Part II: CDla Expression in MNC Separated from Breast Tumours 

The separated mononuclear TIL assessed in each case with trypan blue dye exclu
sion demonstrated viabilities of greater than 95% in all cases. 
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Graph I. Comparison of DC grid counts for each case (cell bodies averaged per 50 high power fields x400 mag
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4.2.1. nssue Section and Separated Cell Immunostaining. 
See Table 3, 

5. DISCUSSION 

Dendritic cells are potent accessory cells, important in initiating primary immune re
sponses through presentation of antigens and co-stimulatory signals culminating in T cell acti
vation, Co-stimulation of T-Iymphocytes occurs through the binding of the B7 molecules 
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Figure I. COla cell density in breast cancers, A: maximum density; B: typical density (X400), 
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Table 2. Mononuclear cell extraction efficiencies 

Total MN cells Sample weight 
Tumour (cells/ml) (g) Cells/g 

CAl 4SxlO' O.Sg 90 x 10' 
CA2 179x10, 0.41g 436 x 10' 
CA3 792x10' 0.71g IllS x 10' 
CA4 44xlO' N/A 
CAS 376x10' N/A 
CA6 1039x 10' N/A 
CA7 3608x10' N/A 
CA8 302x1O' N/A 
CA9 600x1O' 1.68g 3S7 x 10' 
CAIO 316x1O' 0.9g 3S1 x 10' 
CAli 272xIO' I.Sg 181 x 10' 
CAI2 142x1O' 0.39g 364 x 10' 

[N/ A = Not Available j 
Mean Cell Extraction/Gram of Tumour = 413xlO' 
Range: 90 - 1115 x I O' Cells/Gram of Tumour 

present on the DC surface to CD28 or CTLA4 molecules on the T cell surface at the same 
time as TCR binding to Class II molecules on the DC surfacel7• Recent information suggests 
that IL-2 production and IL-2R expression by tumour infiltrating T cells is defective in human 
breast cancers, which may be related to poor antigen presentation and incomplete co-stimula
tion from DC I8• Deficient antigen processing and presentation has been recently proposed as a 
mechanism by which tumour antigens are not recognised by T-lymphocytes within the tumour 
microenvironmene9•2o• Failure of co-stimulation may arise from low DC numbers within tu
mours, reduction in the capacity of DC to effectively present antigen to T cells or down-regu
lation of DC function. Clinical evidence for this is provided by observations that induction of 
infiltration of DC into gastric cancers is associated with improved survivaf I, and studies in 

Table 3. Comparison ofCDla positive cells in (intact) 
tumour sections (TS) and in cytospins (CS) of extracted 

(disaggregated) cells, respectively, from the 

same breast tumour 

Tumour TS CS 

CAl + + 
CA2 ++ +1-
CA3 + + 
CA4 + + 
CAS ++ + 
CA6 N-A + 
CA7 + + 
CA8 +1- +1-
CA9 N-A + 
CAIO + + 
CAli + +1-
CAI2 + + 

(N-A not assessed) 
[Note: This represents a qualitative assessment ofCDla expression 
and is only semi-quantitativej. 
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tumours (other than breast cancers) have shown a direct relationship between CDla (DC) 
number within tumours and improved survival3-6. 

These studies have shown that CDla positive putative dendritic cells are present in 
most human breast cancer tissues but in small numbers, and that CDla positive cells can 
be isolated from breast carcinomas using a combination of mechanical and enzymatic 
techniques. However, in the present study it is not possible to define a specific density of 
DC critical for generation of an effective anti-tumour immune response. This aspect may 
be possible to evaluate when clinical survival and recurrence data are available at 5 and 10 
years post-surgery. TIL viabilities indicate that culture of CDla positive DC from the tu
mour microenvironment of breast cancers should be possible unless these cells are termi
nally differentiated and unable to divide. Culture of DC would then allow more detailed 
investigation of the functional role of DC in tumour antigen presentation and co-stimula
tion ofT-lymphocytes in the anti-tumour immune response. 
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1. DENDRITIC CELLS AS A MAJOR TOOL IN TUMOR 
IMMUNOTHERAPY 

The demonstration of autologous CD8 cytotoxic T lymphocytes (CTL) with speci
ficity for class I MHC -restricted tumor antigens is a cornerstone in the field of tumor im
munology and immunotherapy, raising the critical issue of developing effective means of 
increasing the frequency of tumor-specific CTL and translating a trace repertoire into ef
fective immune responses I , Dendritic cells (DC) are unmatched in their ability to present 
antigen to naive T cells in a way that activates the immune response2, Recent work in our 
laboratory has begun to address this challenge by using DC to elicit antigen-specific CD8 
cell responses in vivo in mice' " In particular, our model system makes use of DC pulsed 
in vitro with a well-characterized peptide related to the tumor rejection antigen P815ABb 

of mastocytoma P815, and the tumor peptide-loaded DC are transferred into recipient 
mice, that are monitored for development of CD8 cell reactivity by a skin test assay, 

2. USE OF A SKIN TEST ASSAY TO MONITOR CLASS 
I-RESTRICTED REACTIVITY IN VIVO TO TUMOR PEPTIDES 
AFTER INJECTION OF PEPTIDE-PULSED DC 

Analogous to the occurrence of class ll-restricted (classical delayed-type hypersensitiv
ity, DTH) responses, skin test reactivity can be elicited in the footpads of immunized mice by 
local challenge with synthetic, class I-restricted peptides administered in saline', Regardless 
of whether or not the eliciting peptide contains class II-restricted epitopes, its local biological 
half-life, which is limited in time, permits presentation only in association with MHC class I 
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molecules, thus resulting in the selective activation of CD8 but not CD4 T lymphocytes. 
However, for effective priming to occur in the afferent induction of reactivity, the class I-re
stricted tumor peptide requires that DC co-present class II-restricted epitopes, that can be pro
vided by unrelated (helper) peptides4• Thus, priming of DC with P815AB in a physical 
mixture with a tetanus toxin peptide (tt), but not with P815AB alone, will initiate P815AB
specific skin test reactivity mediated by CD8 cells. These findings. in line with recent data on 
DC as adjuvants for class I-restricted antitumor activity7, make tumor immunotherapy with 
peptide-pulsed DC an attractive possibility, yet point to the possible requirements for MHC 
class II helper epitopes to implement class I MHC antigen-pulsed DC immunization strate
gies. In a more general context, several questions still remain to be answered regarding the 
possible use of DC as adjuvants in tumor immunotherapy. These include: a) what is the re
quirement in terms of costimulatory molecules and cytokines to obtain peptide-specific CD8 
cell-mediated reactivity in vivo by DC priming? b) is an effective priming by peptide-pulsed 
DC accounted for by the overcoming of an otherwise insufficient immune response or does it 
involve the overcoming of tumor-specific anergy and/or suppressor activity? c) can peptide
pulsed DC induce specific T cell anergy rather than activation under inappropriate priming 
conditions? d) what is the longevity of the response, whether functional or tolerogenic, in
duced by peptide-pulsed DC? 

2.1. Requirements for Costimulatory Molecules and Cytokines: 
The Role of IL-12 

While our early studies using P815AB-pulsed DC to confer class I-restricted DTH on 
recipient mice had demonstrated the need for the co-presence of helper epitopes such as those 

Ceil-mediated 
Immunity 

Figure 1. IL-12 effects on host priming with tumor peptide-pulsed DC. 
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provided by the tt peptide4, recent data have shown that the tt peptide can be replaced by re
combinant IL-12. Exposure of DC in vitro to IL-12 or administration of the cytokine in vivo, 
or a combination of both, can confer strong DTH on mice transferred with DC pulsed with 
P815AB alone5• A series of experiments aimed at providing a mechanistic explanation for 
these effects led us to the following conclusions: a) the exogenous IL-12 requires both CD4 
and CD8 cells for activity; b) the immune response initiated by IL-12 relies on later produc
tion oflL-12 by the host (Fig. 1); c) the early adjuvanticity of exogenous IL-12 involves in
creased presentation and/or recognition of class II-restricted epitopes of P815AB. In 
particular, relative to this last point, recent experiments seem to indicate a dual role of IL-12 
in promoting T cell reactivity: a portion of its effect, mostly affecting peptide presentation by 
DC, may be mediated by IFN-y, while other effects are induced directly by IL-12 on the re
sponding T cells, leading to increased recognition by P815AB-specific receptor bearing CD4 
and CD8 cells5• The IFN-y-dependent effects ofIL-12 on antigen presentation may include in
creased expression of MHC class II and B7 molecules, whereas the effect on T cells (mostly 
CD4) involves triggering ofTh I-biased differentiation. 

2.2. Induction of Thl Differentiation vs Anergy in the Responding 
CD4 Cells 

In principle, the adjuvant activity of DC and IL-12 used in combination could involve 
the potentiation of an intrinsically insufficient immune response to P815AB. However. recent 
experiments have provided evidence that the signals received by the T cells on first encoun
tering P815AB may determine whether receptor ligation results in cell activation or induction 
of P815AB-specific unresponsiveness8• This appears to be of particular interest because 
P815AB is also a self peptide expressed in murine testis and placenta l•b , and there is a strong 
similarity between autoimmune and anti-tumor responses from a regulatory perspective. In 
fact, in the absence of added adjuvanticity such as that provided by a helper peptide or recom
binant IL-12, P815AB presented by DC results in a state of specific unresponsiveness 
(anergy9), characterized by a profound inability ofCD4 cells to produce IL-2 in vitro8 (Fig. 1). 
P815AB-specific anergy is also observed after neutralization of endogenous IL-12 at the time 
of optimal priming with P815AB plus helper peptide8• Therefore, these data on induction of 
functional CD8 cell responses by P815AB-pulsed DC indicate that the necessity and suffi
ciency of IL-12 in our system relates not only to an intrinsic deficiency of the developing Th I 
response, but also to regulation of a balance between activation and tolerogenic signals acting 
on T cells. Of note, recombinant IL-12 is capable of reverting the anergic state induced by a 
tolerogenic priming with P815AB-pulsed DC8 (Fig. I). 

2.3. Longevity of the Response Induced by DC Priming 

Thus, transfer of DC pulsed in vitro with a tumor peptide may either initiate a func
tional CD8 cell response or induce a state of specific unresponsiveness depending on the 
presence of costimulatory molecules and cytokines at the time of priming. The durability 
of either response is of great interest. Early studies in our laboratory using DC and peptide 
combination (P815AB + ttl showed that skin test reactivity mediated by CD8 cells can be 
observed for at least two months after DC transfer·4 • On assaying, in contrast, T cell unre
sponsiveness induced by DC plus P815AB alone, we have recently found that the unre
sponsive state has peculiar kinetics of detection, being maximal at about two weeks but no 
longer detectable at about six to seven weeks after priming8• This is consistent with the 
notion that the unresponsiveness induced by P815AB alone is a reversible state, as typi-
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cally occurs in anergy9. These data also indicate that anergy induction may contribute to 
the "poor immunogenicity" of PSI SAB in vivo. Although representing an effective target 
for rejection responses in preimmunized mice, neither PSI SAB expressed on tumor cells 
nor the synthetic peptide will activate unprimed CDS cells for in vivo reactivity4,s. As this 
condition (poor immunogenicity) is shared by most tumors, this again emphasizes the 
need for developing effective immunotherapy strategies, including the use of DC. 

3. CONCLUSIONS 

In conclusion, our data demonstrate that a synthetic peptide, related to a murine self 
protein and tumor rejection antigen, PSI SAB, can result in a reversible state of antigen-spe
cific T cell anergy under priming conditions that are unsuitable for initiating functional re
sponses in vivo, such as host transfer with peptide-pulsed DC without added adjuvanticity. 
This demonstrates that DC can present antigen in vivo not only in an immunogenic fashion, 
but also in such a way to induce specific tolerance. The anergic state induced by DC and pep
tide under the latter conditions involves unresponsiveness in CDS cells, as detected by skin 
test assay in vivo, and suppression of IL-2 production by CD4 cells in vitro. Endogenous IL-
12 has a key role in determining the outcome and in vivo priming with peptide-pulsed DC, 
acting both as adjuvant and inhibitor of anergy induction. Exogenous IL-12 not only prevents 
the onset of tolerance to PSI SAB, but is also able to revert unresponsiveness to this tumor 
peptide. On the one hand, our data emphasize the role of DC and IL-12 as adjuvants for class 
I-restricted antitumor immunity. On the other, they suggest that several precautions are war
ranted in designing possible DC-based antitumor strategies in humans. First, optimal CDS 
cell priming may require the addition of class II helper epitopes. Second, DC can present tu
mor antigen peptides in a tolerogenic fashion, an occurrence which seems to be obviated by 
the presence of endogenous or exogenous IL-12. 
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1. INTRODUCTION 

Cytotoxic T-cells (CTL) have been shown to be capable of causing tumour-specific 
cell lysis when primed with tumour-specific antigenic peptides presented in conjunction 
with haplotype matched cell surface MHC class I molecules. For this approach to be suc
cessful for immunotherapy of tumours in vivo, it is essential that it is shown to be capable 
of gcnerating adequate numbers of tumour-specific CTL either in vivo for active immuni
sation, or ex vivo for adoptive transfer therapy. A powerful means for ex vivo expansion 
of CTL has been recently shown to be antigen loaded autologous dendritic cells (DC)'. It 
has also become possible to generate large numbers of these cells from bone marrow or 
blood derived precursor cells cultured in the presence of GM-CSF and IL42. Furthermore, 
murine studies have confirmed the efficacy of these cells to evoke significant ex vivo and 
in vivo responses against tumour specific antigenic peptides, in particular, HPV 16 E7 and 
HER-2/neu oncogene products3, thereby creating the possibility of using these antigenic 
targets4 for effective immunotherapy of gynaecological cancers such as cervical and ovar
ian carcinomas in which these tumour associated antigens are expressed with 93%' and 
30%6 frequency, respectively. 
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___ Effector: DC-E7 peptide primed (A2) PBMC 
Target: E7-peptide loaded (A2) BLCL 

~Effector: Non peptide primed (A2) PBMC 
Target: E7-peptide loaded (A2) BLCL 

__ Effector: DC-E7 peptide primed (A2) PBMC 
Target: Non-peptide loaded (A2) BLCL 

___ Effector: Non-peptide primed (A2) PBMC 
Target: Non-peptide loaded (A2) BLCL 

Figure 1. CTL responses using E7 loaded DC. 

To assess the ability of ex vivo E7 or HER-2/neu peptide loaded DC to elicit ade
quate in vitro peptide specific CTL responses against autologous haplotype matched cell 
targets, as a feasibility study prior to clinical trials. 

3. MATERIALS AND METHODS 

The autologous dendritic cells were prepared from individual patients using the in 
vitro culture method of Romani et al (1994) as outlined in table L Their overall yield, 
morphology, immunophenotypology and FACS analysis based cell surface phenotype af
ter 8 days in culture were found to be as described in in tables 2 and 3 and figures 4, 5 and 
6 respectively. 

The 8 day DC were loaded with 3 different varieties of peptides the sequences of 
which are shown in table 4. Individual peptide loaded DC were used to prime CTL using 
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___ Effector: DC-HER-2 peptide primed (A2) PBMC 
Target: HER-2 peptide loaded (A2) BLCL 

~Effector: DC-HER-2 peptide primed (A2) PBMC 
Target: H ER-2 peptide loaded (A I) BLCL 

Figure 1. CTL responses using HER-2/neu loaded DC. 
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Table 1. Preparation of autologous dendritic cells 

I. Isolation of peripheral blood monocytes using nycoprep 1.068 gradient centrifugation. 
2. Lightly adherent fraction cultured with GMCSF (800 Iulml) + IL4 (500 Iu/ml) for 7 - 9 days. 
3. Harvest poorly adherent fraction. 
4. Identify DC using morphological (figure I), immunocytochemical (figure 2) and FACS 

(figure 3) analysis, and determine yield. 
5. Evaluate antigen presenting and T-cell priming ability of DC. 

Table 2. Dendritic cell yields 

Initial cell no.l Dendritic cell no. 
Case % Yield 20ml blood 

I 56% 1.5 x 10" 
2 42% 2.5 x 10" 
3 20% 2.8 x 10" 
4 25% 1.8 x 10· 
5 26% 1.9 x 10· 
6 16% 3.1 x 10· 
7 17% 2.3 x 10" 

I - 2: Palienl receiving radiolherapy for cervical cancer. 
3 - 7: Heahhy Volunleers. 

(day 9). 

8.3 x IO~ 
10.8 x 10~ 
5.6 x IO~ 
4.6 x IO~ 
5.1 x 10' 
5.0 x 10' 
4.0x 10' 
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the method outlined in table 5. The peptide primed CTL were used in CTL cytotoxicity as
say (see table 6) which made use of EBV transformed B-cells (see table 7) as the target. 

4. RESULTS 

The strength and specificity CTL responses obtained using E7 HER-2/neu and flu 
peptides are graphically represented in Figures 1,2 and 3. All these peptides were able to 
cause significant specific CTL responses at 20: 1 effector: target ratios. 

Table 3. Cell surface phenotype 

Case 

Marker 2 3 4 5 6 7 

CDSO(B7.1) + + ++ + + + + 
CDS6 +++ ++ ++ +++ +++ ++ +++ 
HLA-DR (Class II) ++++ +++ +++ +++ +++ +++ +++ 
COla (Class I-like molecules) + ± + ± + ± + 
C054 (ICAM-I) +++ ++ ++ +++ ++ ++ ++ 
C068 (monocytes, marophages) ± + ± + + ± + 
C020 (B-cells) +2% +4% +5% +7% +7% +2% +2% 

I - 2: Palienls receiving radiolherapy for cervical cancer 
3 - 7: Heahhy Volunleers 



586 

80 

70 

60 

'" 50 .w; 
» 40 ....l ... 
0:: 30 .y .. 
Q. 20 VJ 
~ 0 10 

0 

-10 
0 10 20 30 

Err Ra ti~ 

H. Navabi et ilL 

__ Effector: DC-Flu peptide primed (B27)PBMC 
Target: Flu peptide loaded (827) BtCt 

_Effector : Unprimed (B27) PBMC 
Target: Flu peptide loaded (827) BtCt 

Figure 3. CTt responses using Flu loaded DC. 

5. DISCUSSION 

It is likely that for peptide-based immunotherapies to be successful that sufficient 
numbers of tumour specific CTL need to be recruited. Tumour specific CTL may be ex
panded in vivo in the human by immunisation of the tumour antigen. Borysiewicz and col
leagues detected HPV specific CTL 7 in one of three evaluable patients with advanced 
cervical cancer after immunisation with a live recombinant vaccinia virus expressing the 
E6 and E7 proteins of the HPV 16 and 18 virus. An alternative means of indirectly expand
ing tumour specific CTL in vivo which may prove to be suited to the clinical situation is 
to infuse ex vivo tumour antigen peptide pulsed autologous DC as anti-cancer therapyR. 
This approach is supported by recent murine studies3•9• In one tumour modal the murine 
C3 sarcoma which presents HPVI6 E7 antigen treatment of animals bearing established 

Figure 4. Morphological features of DC: day 8 - case 2. 
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Figure 5. Immunophenotypic features of DC: day R - case 4. 

macroscopic tumour (up to I cm2) with DC loaded with HPV16 E7 peptide resulted in sus
tained complete eradication of tumour masses in 80% ofmice3• 

The present study further confirms that it is possible to induce Class I restricted 
CTL responses using ex vivo peptide loaded dendritic cells obtained from human periph
eral blood progenitors cultured with Iymphokines IL4 and GMCSF2• Significant numbers 
of DC have been produced from peripheral blood of normal individual cancer patients. 
Specific CTL responses MHC Class I have been induced using a variety of peptides in
cluding flu, HER-2/neu and HPVI6 E7. The latter two antigens may represent feasible tar-
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CDIA - FIlC I 1 - DUAL Ab 

Code 

HER-2/neu 
HPVI6 E7 
Flu 

HLA-DR - FITC 

Figure 6. FACS characteristics of DC: day 8 - case 2. 

Table 4. Target peptides sequences 

Class I 

A2 specific 
A2 specific 
B27 specific 

aa 

KIFGSLAFL 
YMLDLQPETT 
SRYWAIRTR 

Table 5. Antigen specific priming of CTL 

I. Load DC with peptide + B2 - microglobulin. 
2. Irradiate peptide loaded DC. 
3. Co-culture peptide loaded DC with autologous PBMC. 

CD2B - DUAL Alo 

Position 

369 - 377 
11-20 

383 - 391 

4. Culture in human serum + lL7 for 12 days and restimulate PBMC 
with peptide loaded DC after 7 days. 

5. Add IL2 to culture days 12 - 14. 
6. Harvest for CTL day 15. 

Table 6. CTL cytotoxicity assay 

I. Label + pulse target cells (autologous EBV transformed B cells) 
with 51 Cr and synthetic peptide. 

2. Mix target cells with autologous effector cells. 
3. Incubate 4 - 6 hours. 
4. Count radioactivity. 
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Table 7. Preparation ofEBV transformed B cells as autologous cell targets 

1. Take IOmI of blood into tubes containing preservative free heparin 
2. Separate PBMCs using Histopaque as a density-gradient 
3. Pellet cells and add I.OmI of EBV (B95.8 cell line) supernatant 
4. Incubate for 1 hour at 37°C 
5. Wash cells with RPM I 
6. Pellet cells resuspend in RPMI + 20% FCS. PHA (I % v/v) and I % penicillin/streptomycin 
7. Aliquot into wells of a 24 well plate at I - 2 x 10· cells/well 
8. Culture at 37°C 
9. After two weeks foci of B cells should be visible 
10. Split cells 1:2 as necessary and feed twice weekly by removing half the supernatant and 

replacing it with fresh medium without PHA 

gets for immunotherapy of cervical and ovarian cancer respectively. These data further 
support the rationale for testing autologous tumour antigen peptide primed DC as a poten
tial means of immunotherapy in gynaecological cancer in clinical study. 
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