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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
mechanisms 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 1B (IL-1B). 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-1B, and IL-12. This final maturation of DC is mediated by surface molecule in-
teractions (e.g., CD40L/CD40) and by T cell-derived cytokines such as interferon-y. 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-B 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 Inmunology
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1. INTRODUCTION

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
1:100 - 1:1000 DC:T cells [stimulators:responders] results in responses that are greater
than standard 1:1 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-205 receptor
Antigen presentation: High MHC class I and 1, invariant chain

Abundance of molecules for T cell binding and costimulation, e.g. CD40,
CD54/ICAM-1, CD58/LFA-3, CD80 and CD86/B7-1 and B7-2

Cytokines: Abundant IL-12 production; resistance to IL-10
DC-restricted molecules: p55/fascin, CD83, S100b

Absence of macrophage-restricted molecules and function:
CD14, CD115/c-fms/M-CSF responsiveness, low CD68
Myeloperoxidase, lysozyme
Bulk endocytic activity [pinocytosis, phagocytosis)
Adherence to glass/plastic

Stability: No reversion/conversion to macrophages/lymphocytes

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'?. 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 CD8- cell in mouse spleen that is abundant in the periphery of the T cell area
in the marginal zone, and the OX62+ DCs in rat airway epithelium and liver.

Table 2. New features of dendritic cells under study

Fas/fas-ligand

NF-xB/rel transcription factors

Antigen uptake, processing, and presentation MIIC’s; the exogenous MHC I pathway
CD43

CD44 isoforms

DC-restricted promoters, e.g., CD11c and HIV-1 5’-LTR
Cytoskeleton e.g., p55/fascin and microtubules

FcyR and FceR

Chemokines and chemokine receptors

Responses to cytokines like IL-10, TGF-B, 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 form of MIICs

Presence of CDla

Low/absent adhesive and costimulatory molecules [CD40/54/58/86]
and T cell sensitization in vitro

Low/absent CD83, p55, CD25, DEC-20S, 2A1 antigen

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 macrophages*.
Another “preDC” or “proDC” would be the CD4+CD3- progenitor of Shortman that is
postulated to give rise to both DCs and T cells*®.

Two papers from the Schuler and Bhardwaj labs’™* 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 Il and CD86; lower CDla, CD115, and CD14; 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-1] 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 1] 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-R/CD40 family and their associated TRAF proteins? Evidence is
accumulating for the latter thesis. Even IL-1, long known for its capacity to enhance DC
function’"", is now known to activate TRAF-6'2. TRAFs lie upstream of NF-kB, and DCs
are unusually rich in all members of the NF-kB/rel family'’. The TNF-R also can couple
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via FAN, a nonTRAF molecule that activates neutral sphingomyelinase'’. The latter in
turn could catalyze the formation of ceramide that mediates the decrease in endocytic ac-
tivity during DC maturation'®.

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 of CD14 and CD32, and higher levels of MHC 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 assays'®. 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, NK1.1 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 1], 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 CD1a+CD14- cells that
arise rapidly from CD34+ cord blood progenitors, and Young’s committed CD34+ pro-
genitor in human cord blood and adult marrow'’. 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 Locations Features
Sentinel/nonlymphoid Epidermis Cadherin+
? interstitial

? mucosal associated

Migratory/myeloid Spleen marginal zone Bipotent precursors:
? afferent lymph CD11b/13/14/33+,
monocyte/IL-4 c-fms+ precursor

airway epithelium

Tolerogenic/lymphoid T cell areas CD11b/13/14/33-,
Thymic medulla CD4+CDl Ic- precursor
fas-L+
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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 liver/intestinal-cad-
herin for other DCs. This pathway may require TGF- as discussed by Udey.

The lymphoid pathway was first described by Shortman’s Lab™®. 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 CDI11b,
CDI13, CDI14, and CD33. In blood, the lymphoid precursor may be the CD4+CDl Ic-
“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
CD13, CDI14, 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 blood**. 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 CD14, 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'*"’. 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
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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.' 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.” and Romani et al.’ have established pro-
cedures that make use of the more abundant monocytic CD34-negative and CD14+
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 cells*’.

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 CD14+ cells) were plated into 6-
well tissue culture plates and cultured for 7 days in the presence of 800 and 1000 U/ml 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 1% autologous plasma.
This method has been published in detail recently*”.

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 10° and 2—4 x 10°
mature dendritic cells in culture media containing 10% fetal calf serum and 1% 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 described’. Both culture conditions yielded immature dendritic cells.

3.1. Morphology

Figure 1 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.1A). Mature
dendritic cells, in contrast, display long and thin cytoplasmic processes. Only when these
processes are elaborated to a degree as shown in Figure 1B can one speak of typical

Figure 1. Phase contrast of immature (A) and mature (B) dendritic cells. Maturation of cells in panel B was in-
duced by monocyte-conditioned media. Note the abundance of cytoplasmic veils displayed by the mature cells.
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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 CD115 (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’. Two ad-
ditional markers have turned out to be indicative of maturation: CD83® and CDI115 (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. CDI115 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 of CD68 (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 macropinocytosis’. In addition—as shown in
other types of dendritic cells—mature dendritic cells have stopped the biosynthesis of
MHC and invariant chain products®'® and have a diminished number of organelles where
processing can take place'"'%.

3.4. Stability of the Mature, Inmunostimulatory 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. CD14 re-expression has been shown for immature
dendritic cells readhering on collagen substrates'’. 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'*. 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'*'®. 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'”™'®. Dendritic
cells are special in that the amounts of IL-12 released are much higher than in other cell
types, e.g. in macrophages'’.
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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 cells 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 help of magnifying glasses)(B).

3.6. Resistance to the Inibitory Effects of IL-10

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-10?. IL-10 has been
shown to interfere with the maturation process of dendritic cells’'**. This is also true for
the culture system described here. Normal maturation does not occur in the presence of
IL-10 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 of IL-10. In spite of the presence of this cytokine they remain CD83+

and immunostimulatory 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 organs™***. 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
al., 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 expanded®. 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 CD83% and the down-regulation of macropinocytosis and antigen processing’
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 here** 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 (IL-10 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 elsewhere®® should facilitate
clinical trials employing dendritic cells.

REFERENCES

1. Caux, C., C. Dezutter-Dambuyant, D. Schmitt, and J. Banchereau. 1992. GM-CSF and TNF-a cooperate in
the generation of dendritic Langerhans cells. Nature 360:258-261.

2. Sallusto, F. and A. Lanzavecchia. 1994. Efficient presentation of soluble antigen by cultured human den-
dritic cells is maintained by granulocyte/macrophage colony-stimulating factor plus interleukin 4 and
downregulated by tumor necrosis factor a. J. Exp. Med. 179:1109-1118.

3. Romani, N., S. Gruner, D. Brang, E. Kdmpgen, A. Lenz, B. Trockenbacher, G. Konwalinka, P. O. Fritsch,
R. M. Steinman, and G. Schuler. 1994. Proliferating dendritic cell progenitors in human blood. J. Exp.
Med. 180:83-93.

4. Romani, N., D. Reider, M. Heuer, S. Ebner, E. Kdmpgen, B. Eibl, D. Niederwieser, and G. Schuler. 1996.
Generation of mature dendritic cells from human blood: An improved method with special regard to clini-
cal applicability. J. Immunol. Methods 196:137—151

S. Bender, A., M. Sapp, G. Schuler, R. M. Steinman, and N. Bhardwaj. 1996. Improved methods for the gen-
eration of dendritic cells from nonproliferating progenitors in human blood. J. Immunol. Methods
196:121-135



Generation of Mature Dendritic Cells from Human Blood 13

13.

14.

20.

21.

22.

23.

24

25.

26.

Zhou, L.-J. and T. F. Tedder. 1995. Human blood dendritic cells selectively express CD83, a member of the
immunoglobulin superfamily. J. /mmunol. 154:3821-3835.

Sallusto, F., M. Cella, C. Danieli, and A. Lanzavecchia. 1995. Dendritic cells use macropinocytosis and the
mannose receptor to concentrate macromolecules in the major histocompatibility complex class 1l com-
partment: Downregulation by cytokines and bacterial products. J. Exp. Med. 182:389-400.

Kampgen, E., N. Koch, F. Koch, P. Stdger, C. Heufler, G. Schuler, and N. Romani. 1991. Class Il major
histocompatibility complex molecules of murine dendritic cells: Synthesis, sialylation of invariant chain,
and antigen processing capacity are down-regulated upon culture. Proc. Natl. Acad. Sci. USA
88:3014-3018.

Puré, E., K. Inaba, M. T. Crowley, L. Tardelli, M. D. Witmer-Pack, G. Ruberti, G. Fathman, and R. M. Ste-
inman. 1990. Antigen processing by epidermal Langerhans cells correlates with the level of biosynthesis of
major histocompatibility complex class 11 molecules and expression of invariant chain. J. Exp. Med.
172:1459-1469.

Becker, D., A. B. Reske-Kunz, J. Knop, and K. Reske. 1991. Biochemical propertics of MHC class |l
molecules endogenously synthesized and expressed by mouse Langerhans cells. Eur: J. Immunol. 21:1213

. Stossel, H., F. Koch, E. Kdmpgen, P. Stoger, A. Lenz, C. Heufler, N. Romani, and G. Schuler. 1990. Disap-

pearance of certain acidic organelles (endosomes and Langerhans cell granules) accompanies loss of anti-
gen processing capacity upon culture of epidermal Langerhans cells. J. Exp. Med. 172:1471-1482.

. Kleijmeer. M. J., V. M. J. Oorschot, and H. J. Geuze. 1994. Human resident Langerhans cells display a

lysosomal compartment enriched in MHC class I1. J. Invest. Dermatol. 103:516-523.

Radmayr, C., G. Bock, A. Hobisch, H. Klocker, G. Bartsch. and M. Thurnher. 1995. Dendritic antigen-pre-
senting cells from the peripheral blood of renal-cell-carcinoma patients. /nt. J. Cancer 63:627-632.

Pope, M., M. G. H. Betjes, H. Hirmand, L. Hoffman. and R. M. Steinman. 1995. Both dendritic cells and
memory T lymphocytes emigrate from organ cultures of human skin and form distinctive dendritic-T-cell
conjugates. J. /nvest. Dermatol. 104:11-17.

Heufler, C., F. Koch. U. Stanzl, G. Topar. M. Wysocka, G. Trinchieri, A. Enk, R. M. Steinman, N. Romani,
and G. Schuler. 1996. Interleukin-12 is produced by dendritic cells and mediates T helper | development as
well as interferon-gamma production by T helper | cells. Eur: J. Immunol. 26:659-668.

. Macatonia, S. E.. N. A. Hosken. M. Litton, P. Vieira, C.-S. Hsich, J. A. Culpepper. M. Wysocka, G.

Trinchieri, K. M. Murphy. and A. O’Garra. 1995. Dendritic cells produce IL-12 and direct the development
of Thl cells from naive CD4" T cells. J. Immunol. 154:5071-5079.

. Koch, F., U. Stanzl, P. Jennewein, K. Janke, C. Heufler, E. Kimpgen. N. Romani, and G. Schuler. 1996.

High level IL-12 production by murine dendritic cells: Upregulation via MHC class Il and CD40 mole-
cules and downregulation by I1L-4 and IL-10. J. Exp. Med. 184:741-746.

Cella, M., D. Scheidegger, K. Palmer-Lehmann, P. Lane, A. Lanzavecchia, and G. Alber. 1996. Ligation of
CD40 on dendritic cells triggers production of high levels of interleukin-12 and enhances T cell stimula-
tory capacity: T-T help via APC activation. J. Exp. Med. 184:747-752.

. Shu, U., M. Kiniwa, C. Y. Wu, C. Maliszewski. N. Vezzio, J. Hakimi, M. Gately. and G. Delespesse. 1995.

Activated T cells induce interleukin-12 production by monocytes via CD40-CD40 ligand interaction. Euw:
J. Immunol. 25:1125-1128.

Dummer, W., B. C. Bastian, N. Ernst. C. Schinzle, A. Schwaaf, and E. B. Brocker. 1996. Interleukin-10
production in malignant melanoma: Preferential detection of IL-10-secreting tumor cells in metastatic le-
sions. /nt. J. Cancer 66:607-610.

Buelens, C., F. Willems, A. Delvaux, G. Piérard, J. P. Delville. T. Velu, and M. Goldman. 1995. Interleukin-
10 differentially regulates B7-1 (CD80) and B7-2 (CD86) expression on human peripheral blood dendritic
cells. Eur. J. Immunol. 25:2668-2672.

Péguet-Navarro, J.. C. Moulon, C. Caux, C. Dalbiez-Gauthier, J. Banchereau, and D. Schmitt. 1994. Inter-
leukin- 10 inhibits the primary allogeneic T cell response to human epidermal Langerhans cells. Eur: J. Im-
munol. 24:884-891.

Austyn, J. M. 1996. New insights into the mobilization and phagocytic activity of dendritic cells. J. Exp.
Med. 183:1287-1292.

Lukas, M., H. Stéssel, L. Hefel, S. Imamura. P. Fritsch, N. T. Sepp, G. Schuler, and N. Romani. 1996. Hu-
man cutaneous dendritic cells migrate through dermal lymphatic vessel culture model. J. /nvest. Dermatol.
106:1293-1299.

Hsu, F. J., C. Benike, F. Fagnoni, T. M. Liles, D. Czerwinski, B. Taidi, E. G. Engleman, and R. Levy. 1996.
Vaccination of patients with B-cell lymphoma using autologous antigen-pulsed dendritic cells. Nature Med.
2:52-58.

Zhou, L. J. and T. F. Tedder. 1996. CD14" blood monocytes can differentiate into functionally mature
CD83’ dendritic cells. Proc. Natl. Acad. Sci. USA 93:2588-2592.



GROWTH AND DIFFERENTIATION OF HUMAN
DENDRITIC CELLS FROM CD34"
PROGENITORS

Paul Szabolcs,'” David H. Ciocon,' Malcolm A. S. Moore,’ and
James W. Young'*

'Laboratory of Cellular Physiology and Immunology

The Rockefeller University

’Bone Marrow Transplantation Service

Department of Pediatrics

Memorial Sloan-Kettering Cancer Center

*James Ewing Laboratory of Developmental Hematopoiesis, Cell Biology and

Genetics Program

Sloan-Kettering Institute for Cancer Research
*Allogeneic Bone Marrow Transplantation and Clinical Immunology Services
Division of Hematologic Oncology, Department of Medicine

Memorial Sloan-Kettering Cancer Center

New York, New York 10021

1. 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 CD14 - HLA-DR™"*** dendritic cells and CD14"
HLA-DR™" macrophages shared expression of most accessory molecules. However, im-
munostimulatory activity segregated to the mature CD14 - 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 discrete population of CD14 - HLA-DR™**** dendritic cells was present by day 6,
and possibly as early as day 4 (6). In addition, a separate population of CD14* HLA-DR*
cells was cytofluorographically identifiable, despite the removal of mature macrophages.
This CD14" 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 CD14* 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
CD14" 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
CD14" 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 CD14.
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 CD14" 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

Figure 1. 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 TNFa 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 100-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 CD14 expression by all clonogenic dendritic cell progeny. Variable expression of
a-naphthyl butyrate esterase and CD1a was consistent with asynchronous terminal differ-
entiation within individual colonies. CD83, a marker of mature myeloid dendritic cells

GM-CSF O
CD34t ——m—>

granvM¢

X

GM-CSF X
CD34+

TNF(, @

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"
CFU-GM/105 CD34+ CFU-DC/105 CD34+

cells plated + SEM cells plated + SEM
Cytokine condition in clonogenic assay
KL + GM-CSF 2,583 328 17217
KL + GM-CSF + TNFa 433 £ 164 3,967 £ 109
Representative >HTdR incorporation [cpm 373+ 88 30,515 + 8,749

SEM] by 5 x 10* allogeneic T cells, after
stimulation by the respective colony type

(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 ~1% 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 56 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+TNFa 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 CD14-derived DC, related to monocyte-derived DC, characterized by the
expression of CD1a, CD9, CD2 and factor Xllla. 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 CD14-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 56 days of culture for FACS-sorting according to CD1a and CD14
expression into CD14°CDl1a’, CD14'CDl1a". Sorted cells were seeded in the presence of
GM-CSF+TNFa for 6-7 additional days.

RESULTS

1. CD34" Cells Differentiate Along Two 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 CD1a and CD14 emerge independently (11). Both precursor sub-
sets mature at day 12—14 into DC with typical morphology and phenotype (expression of
CD380, 83, 86, 58, high HLA class II). CD1a" 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 CD14" progenitors mature
into CD1a" DC lacking Birbeck granules, E-cadherin and Lag antigen but expressing CD2,
CD9, CD68 and the coagulation factor XIIla described in dermal dendritic cells. The two
mature DC were equally potent in stimulating allogeneic CD45RA" naive T cells. Interest-
ingly, the CD14" precursors, but not the CD1a" precursors, represent bipotent cells that can

MACROPHAGE-
LIKE CELLS

l CD14*, CD1a", CD83", CD86- 1

INTERSTITIAL
DENDRITIC CELLS ?
(ie: Dendrocytes)
SEE&ENITOR CD14°, CD1a*, CD83+, CD86*
@ CD9*, CD36*, CD68*, Fact. XIlla*+
BG", E-Cad", Lag",
Cp34*
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. EPITHELIAL
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e __{ +TNFa ) (ie: Langerhans cells)
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Figure 1. Different dendritic cell populations originate from different progenitor cells. CD1a" precursors represent
DC specific precursors leading to epithelial type DC (ie: Langerhans cells). CD14" precursors represent precursors
with dual differentiation potential leading to either interstitial type DC (ie: dermal DC) in response to GM-
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 CD14" derived DC related to dermal DC or circulating
blood DC (Fig.1).

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 (CD1a", 147, 80", 86, 83", class
11", moderate T cell priming). Following CD40 activation those cells develop into fully
competent mature DC (CD1a"", 14", 80", 86°, 83", class II"*", 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 CD14+ derived cells which develop a phenotype similar to Mo-DC
(CDIla*, 147, 80", 86, 83, class II'™, 11b", 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 CD14" precursors suggest that Mo-DC and CD14"
derived DC represent the same pathway of DC development.

3. Function of DC Subsets

CD14" derived DC demonstrate a potent antigen uptake activity (FITC-dextran or
peroxidase) that is about 10 fold more efficient than that of CD1a" precursors. This uptake
of CD14" derived DC was long lasting (from day 8 to day 13) while the weak activity of
CDla’ cells was restricted to the immature stage (day 6) (Fig.3A). The capture of FITC-

CD1a HLA-DQ CD83 CDBO CD86 cb11b CD23

il
AL

Day 14: GM-CSF+TNF o |::|
Day 5: FACS-sorting < :
Day 14:GM-CSF+TNF a+L-4 -

Figure 2. IL-4 blocks maturation of CD14 derived DC. After Facs-sorting, cells were cultured in presence of GM-
CSF+TNFa with or without 50 U/ml IL-4. At day 12 cells were processed for cell surface phenotype.
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Figure 3. Differential functions of CD1a and CD14 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 mg/ml 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 IL-2 (16). Supernatants were harvested after 15 days of culture and assayed for the pres-
ence of IgM.

dextran was in both cases exclusively mediated by receptors for mannose polymers. The
high efficiency of antigen capture of CD14" derived cells is coregulated with the expres-
sion of non-specific esterase activity, a tracer of lysosomial 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 CD14" 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 CD14-derived DC may be involved in initiation of humoral
responses.

DISCUSSION

The present studies lead us to propose that epithelial DC (CD1a" 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 CD14" 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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MYELOID DCs DEDUCED FROM MONOCYTES

In-Vitro and in-Vivo Data Support a Monocytic Origin of DCs
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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 of monocytes (Mo) and macrophages (M), 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 colleagues® 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
Meo. However, DC development from a precursor common with M@ may be less depend-
ent on the presence of M-CSF. Indeed, DC development was achieved at only low concen-
trations of M-CSF", or without®*.

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 MPS’. Based on se-
lected markers and electron-microscopic evidence, Hoefsmit et al.® concluded that
Langerhans cells (LC), veiled cells and IDC may constitute discrete subpopulations of
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Mo, which was also supported by Parwaresch et al.” An additionally report described the
phenotypic transformation of M to skin LC®.

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.1).

Figure 1. Human monocyte-derived dendritic cells (MoDC).
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Table 1. Accessory activity of mouse MoDC

Stimulator cells - BMC BMDC BMDC Mo MoDC MoDC
Stimulator cells / well 0 1x10* 1x10* 5x10° 1x10* 1x10*  1x10°
Responder cells / well 1x10° 1x10° 1x10° 1x10° 1x10° 1x10°  1x10°
[*H)-TdR (cpm) 1074 460.33  12.1x10°  9.6x10°  6.3x10°  11.5x10° 5.5x10°

BALB/c bone marrow-derived DC (BMDC) were generated using GM-CSF (10 ng/ml, Intergen). Monocytcs werc pre-
pared from blood pooled after cardiac puncture. They were prepared by Ficoll-Metrizamide centrifugation and selective
adherence on hydrophobic Teflon dishes (Petriperm, Bachofer, Reutlingen, FRG). They were differentiated by murinc re-
combinant GM-CSF (5 ng/ml, Intergen), IL-4 (10 ng/ml, Intergen) and IFNy (50 U/ml, 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.

They express high levels of class II antigen and are as potent in antigen presentation
as are DC (for overview see Ref. 1). 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)*’'.
MoDC as the most easily accessible type of human DC bear an enormous impact for hu-
man therapeutic purposes e.g."> For developing an analogous animal model, we have suc-
cessfully generated functionally potent murine MoDC (Table 1).

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-1 and
IL-6", or TNFa'*. Further factors, like IFNy'* 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'®.

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 blood'’, differing in their
expression of the B,-integrin (CD11c). The CD11c-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'®. The CD11c-positive DCs also expressed the activa-
tion antigen CD45R0 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'>?°, 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 hours’'. Gradient medium containing Metrizamide has been described to induce
differentiation of DC from monocytes’, and many other protocols may exert similar ef-
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Figure 2. Traffic and homing of DC. DC 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 M@ or MoDC. 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 others?>%. 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 CD14%™, CD33" cells was classified as DC precur-
sors*. The assumption, however, that strong expression of CD14 is an irreversible marker
of Mo/Me requires re-evaluation, as CD14 is subject to IL-4 regulation'®?, which demon-
strates that CD14 dim or negative cells can emerge from a post-monocytic stage®.

4. DO DC BELONG TO THE MPS?

The case that DC, and M¢ alike, can be obtained homogenously from CD34" precur-
sors, does not contradict their myelomonocytic origin: In rat bone marrow cultures, Giese-
ler et al.” were the first to describe a transient monocytic stage in developing DC and this
was most recently confirmed”’. Therefore, within the myeloid lineage, a pre-monocytic®
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
system®. There is no better proof for the affiliation to the MPS than the existence of
mixed DC-M¢o phenotypes, which can physiologically be encountered in mucosal tissues,
and were first generated in vitro by Goordyal and Isaacson®.
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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'. These
cells express high levels of class I and class II major histocompatibility complex (MHC) pro-
teins, CD11c?, the mannose-receptor like protein DEC205°* and adhesion and costimulatory
molecules'. A substantial proportion of DC express CD8a. as a homodimer®. DC specialize in
processing and presenting foreign and self antigens to induce immunity' or tolerance®’. The
lineage derivation of DC remains controversial, but there is growing evidence that DC can be
subdivided into myeloid-derived®"'” and lymphoid-derived populations'’"°.

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 strategy’®*’. 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-CSF*"". Interestingly, although DC can be generated
in vitro using GM-CSF, the increased level of GM-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 vivo®. 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, FIt3L**. FIt3L has been shown to stimulate the proliferation of
hematopoietic stem and progenitor cells”?.
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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 suspension’’. However, unlike spleen cell suspensions from
mouse serum albumin (MSA)-treated control mice, mice treated daily for 9 days with sub-

Figure 1. Flow cytometric analysis of spleen cells from mice treated with FIt3L. (A) The distribution of CD8a,
CDI1b, CD80, CD86, DEC205 or 33D1 on class II+ CD11c+ spleen cells. C57BL/6 mice (five per group) were
injected once daily, subcutaneously, with MSA (1 pg) plus human Flt3L derived from Chinese hamster ovary cells
(CHO) (10 pg) 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, CA). (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 FIt3L (closed circles). Values represent the mean  SD of 5 mice. Figure 1B is reproduced from The
Journal of Experimental Medicine, 180: p 53—62, by copyright permission of The Rockefeller University Press.
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cutaneous injections of human FIt3L (derived from Chinese hamster ovary cells) resulted
in 20% of spleen cells co-expressing class II MHC and the DC marker, CD1lIc (Fig-
ure 1A). Further phenotypic analysis revealed that class II' CD11c* cells were DEC205",
CD80", CD86", heterogeneous for 33D1%* and could be separated into three populations
using CD11b expression (CD11b, CD11b™" and CD11b®") (Figure 1A). Class II'
‘CDI11c"* cells were CD3", CD19", Gr-1, NK1.1" and Ter1197>. The absolute number of
class II' CD11c" 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 1B). Class II' CD11c" cells
were detected as early as day 5 in the spleen and by day 7 in LN and PB (Figure 1B).
Class II' CDl1l1c* cells were also increased in number in the bone marrow, Peyer’s
patches, LN, liver, lung, thymus and peritoneal cavity®.

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

Lymphocyte-depleted spleen cells from FIt3L-treated mice were examined for the
expression of CD11b and CD11c¢ (Figure 2A). Five distinct populations were identified.
Population A (CD11b*®" CD11c’) was class II', and granulocyte marker Gr-1"*’; popula-
tion B (CD11b™"*™ CDI11c™") was heterogeneous for class Il and Gr-1; whereas popula-
tions C (CD11b*" CD11c¢*) D (CD11b™" CD11c*) and E (CD11b" CD11c") were class II*
and Gr-1*°. Populations A, B and C were composed exclusively of CD8a cells, whereas
populations D, E and DC freshly isolated from the spleens of untreated mice (control DCY*
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 cells. However, populations C, D
and E were highly enriched for cells with veiled and dendritic processes that were indis-
tinguishable from control DC*. 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 11" CD11c" 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 3)*. KLH-specific T cells were not detected in the contralateral LN draining the
foot pads injected with either Flt3L-generated class II' CD11c" 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 II' CD1l1c" cells were rare in the spleens of mice treated with either MSA
alone or with muGM-CSF, or huG-CSF, or muGM-CSF plus mulL-4, or muciktL (Fig-



36 E. Maraskovsky et al.

CD8«u

3H-TdR cpm (x 10

Number of APC per well

Figure 2. Detection and function of multiple spleen cell populations in mice after 11 days of treatment with FIt3L.
(A) The distribution of CD11¢ and CD11b on lymphocyte-depleted spleen cells from Fit3L-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 FIt3L-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
C57BV/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+
CDl1c+ spleen cells from Fit3L-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.

ure 4). However, treatment of mice with FIt3L alone or FIt3L plus GM-CSF or G-CSF sig-
nificantly increased the relative numbers of class II' CD11c* cells in the spleen (Figure 4).
Although all the single growth factor treatments or FIt3L-containing growth factor combi-
nations resulted in an increase in total spleen cellularity over 11 days, only mice treated
with FIt3L or FlIt3L-containing combinations showed a 20- to 30-fold increase in class I1*
CDlIc” cells in the spleen (Figure 4). Interestingly, the addition of either GM-CSF or G-
CSF to FIt3L treatment increased the total number of class II' CD11c" cells only a further
1.3- and 1.5-fold respectively, indicating that for in vivo administration, FIt3L (but not
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Figure 4. Detection of class I+ CD1l1c+ cells in growth factor treated mice. The generation of class Il MHC+
and CDlIc+ 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 + FIt3L (10 pg/mouse/day). Values represent the mean = SD of 4 mice per
group.
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GM-CSF nor G-CSF) is the principal growth factor in the generation of class II' CD11c¢"
cells. In addition, cessation of growth factor treatment at day 11 resulted in a reduction in
the total number of class II' CD11c" cells by day 17, indicating that the generation of
these cells was transient®.

At least three phenotypically distinct DC subpopulations can be identified using
CD11b and CD11c (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 CD11b 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 populations™'®. 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 LN*'.

Population C has not been previously described; however, the high level of CD11b
expression suggests a relationship to the myeloid lineage and it may represent an imma-
ture stage of the myeloid-derived DC population®'’. Interestingly, cells within population
C can be further subdivided on the basis of 33D1 expression®. 33D1 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 FIt3L 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.'>'* 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 FIt3L 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 FIt3L 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 FIt3L dramatically increases the numbers of he-
matopoietic progenitors in the bone marrow, peripheral blood and spleen, resulting in in-
creased myelopoiesis and B lymphopoiesis***. These potent effects on hematopoiesis, as
well as our observations on DC generation, suggest that in vivo administration of FIt3L
facilitates the terminal development of a primitive, FIt3L-sensitive, rapidly expanding
progenitor population into functionally mature DC. This hypothesis is further supported
by studies showing that FIt3L can increase the absolute numbers of mature DC generated
from cultured CD34+ human bone marrow progenitors.’*** In addition, the early detec-
tion of DC in the secondary lymphoid organs of mice after FIt3L-treatment may indicate
that a more mature precursor population (such as a CFU-DC)'*'¢ is also induced to dif-
ferentiate into DC when exposed to FIt3L or Fit3L-inducible signals in vivo. We are cur-
rently investigating whether developmentally mature precursor cells are responsive to
FIt3L in vitro.

These findings indicate that FIt3L 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

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.
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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 U/ml), 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 (1:1) and stained with monoclonal antibodies
by the immunoperoxidase method (Vectastain, Vector). Cells or tissues were blocked with
1% serum-1% BSA before applying the primary antibody. Endogenous peroxidase activity
was inhibited with 0.3% H,O, 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 LiCO, before mounting with Glycergel (Dako).

A monoclonal antibody, K2 (IgG1), 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. CD1a, CD3, CD4, CD14, CD19,
CD56, and HLA-DR analyzed by FACS. Expression of pS5 determined by
peroxidase stain of cytospin preparations

Culture days p55 CDla CD34 HLA-DR CD3 CD4 CDl14 CD19 CDs6

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

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

Day 8-11 82 13 49 66 i1 6.0 12 <] 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=11 n=3 n=11 n=11

Day 16-21 >90 23 <l 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. = not determined
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Antibodies against leukocyte differentiation antigens were used according to the
manufacturers instruction unless otherwise specified: anti-HLA-DR (9.3F10, IgG2a,
ATCC or Anti-HLA-DR, IgG2a, Becton Dickinson (BD)), anti—-CD3 (leu 4, IgG1, BD),
anti-CD19/CD20 (leu 12, IgGl, BD/Leu 16, IgGl, BD), anti-CD14 I1gG1,BD),
anti—-CD14 (3C10, IgG2a, American Type Culture Collection (ATCC), anti-CD56 (leu 19,
IgG1, BD), anti-CD1a (OKT6, IgG1, 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 0—3) progenitor
cells were positive for HLA-DR antigens. In contrast, CD1a, CD3, CD14, and CD19 were
not detected by FACS analysis. At this time point cytospin preparations of the cultures
showed only a few (6%) cells expressing p55 (Table 1).

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, B cells, and monocytes. A large proportion
of the cells expressed the CDla (24%) with a comparable fraction of cells expressing the
CD4 antigen (20%) consistent with other reports (18). 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 1).

Expression of pSS by Circulating and Tissue Dendritic Cells

Dendritic cells isolated from peripheral blood demonstrated a strong cytoplasmic
pSS 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 pSS antigen. In sec-
tions of lymph node and tonsil selective expression of the pS55 antigen was present in the T
cell dependent areas (not shown). The results also showed that the expression of pS5 in
lymph node and tonsil was not by follicular dendritic cells in the B cell follicles. In the
skin preliminary studies showed no p5S5 staining of Langerhans cells in situ, but increased
expression of the p5S antigen was found upon culture of isolated Langerhans cells (unpub-
lished results).

4. CONCLUSION

PS5 was recently demonstrated to be an actin binding protein (19). Actin binding
proteins regulate rearrangements of the cytoskeleton or interaction between the cytoskele-



44 L. Sonderbye et al.

MLR stimulatory capacity of Dcs and PDCs
as compared to that of monocytes

40-.
/\- =8 pC
00 PDC
D\D/G 4= Morno
& Mono

/ Figure 1. Stimulation of allogeneic

T cells with : DCs (closed squares) ,
PDCs (open squares), and mono-

g

3

3H-Thymidine uptake (103cpm)

J N — —1 cytes from 2 donors (open and
— Y T — closed triangles). 50,000 allogeneic
2 4 6 8x10° T cells were used as responder cells

and cultured for 5 days before over-
Stimulator cells 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
pSS5 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 CD1a positive dendritic cells was found in lymph node sections
in the T cells zones (not shown). CD1a is an early maturation marker present on progeni-
tor dendritic cells and Langerhans cells of the skin. The low frequency of CDla positive
dendritic cells could be explained by a small number of immature dendritic cells in the
lymphoid tissues or a loss of the CD1a 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 a lack of p55 expression by Langerhans cells in situ but ex-
pression of pSS 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 CD83 antigen by a subset of dendritic cells. CD83 is, however, also ex-
pressed by follicular dendritic (FDC) cells and by activated T cells (24). The S—100
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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 of lineage 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

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 relB Mutant Mice

RelB was originally cloned as an activation-inducible gene from serum-activated fi-
broblasts.! 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.*™

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 1). 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 mutant 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" 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 V5 and VB11
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Figure 1. 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. (a), 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 appcarance and lower numbers of class II™ cells from relB mutant
cultures; (c), 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.* 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.® 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-



52 L. DiMolfetto et al.

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 11" 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 (C57BL/6) and
syngeneic (B10.D2) responder lymph node cells
were added to enriched stimulators from relB het-
erozygote and mutant (knockout) mice on a
B10.D2 background. In (b), allogeneic responders
were from ko mice, which express a class 11 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.

Counts per minute (x 10° )

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 normal 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" Thy |~ cells, then placed in overnight culture with sorted naive syngeneic wild type
lymph node Thy 1" 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

Lymphoid dendritic cells (DC) play an important role in the immune system. They
are potent inducers of primary T cell responses and play a crucial part as MHC class II”
“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 (1), 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 CD11c promoter we expressed MHC class Il I-E molecules spe-
cifically on DC of all tissues, but not on other cell types.

2. METHODS

A c¢DNA-pool from four human T cell clones, all expressing human CDl1lc, was
used as template for PCR-amplification of a human CDI'lc 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 1000bp around the initiation codon showed 68.8% iden-
tity to the corresponding sequence of the human CD11c gene and were therefore accepted
to represent mouse CDI11c. We used a 5.5kb fragment that contained the 5’ region of
mouse CD11c gene to drive the expression of the I-E,' -cDNA. This transgenic construct
was injected into fertilized eggs of C57BL/6 mice, naturally lacking E_“expression.

Expression of cell surface proteins was assayed by immunofluorescence analysis.
Organs were teased through a mesh and cell suspensions of 1 x 10° viable cells were
stained with 20 pg/ml mAb that was directly labeled. After washing, cells were analyzed
using a FACScan.
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Figure 1. Cell suspensions of different origin were analyzed with mAbs specific for B220, Mac-1, CDl|c, I-E, I-
A . B cells from spleen were stained with anti-B220, -I-A and -1-E. Macrophages from peritoneum were stained
with anti-Mac-1, -I-A and -I-E, while splenic DC from low density gradients were analyzed with anti-CDl Ic, -I-A
and -I-E. Triple immunofluorescence was performed and the gates set on either B220+, Mac-1+ or CD11c+ 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-Ea") expresses an I-Eud transgene under the control of a segment of the I-E
MHC class II promoter. The expression pattern previously described for the B6-E ¢ 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 B 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 B6CD11c-E ¢
mice do not express I-E (grey histograms), while B cells from B6-E_¢ 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. 1 shows that the
Mac-1 positive cells from the three different mice all express similar levels of I-A (white
histograms). But while macrophages from B6-E_? transgenic mice do express transgenic I-
E, the majority of macrophages from B6CDllc-Emd 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. 1) 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
CD11c" cells do express the I-E transgene in B6CD11¢c-E_¢ transgenic mice (Fig. 1).

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 B6CDI1c-E_
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 CDI1lc 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 MIBy2N11 retroviral vector' and their functional properties
have been described’**. 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 line’ 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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RESULTS

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 D1) 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

STAGE 1( ) l > STAGE2 Mauwre) o STAGE 3 (Apopotic)
@ High proliferation raic & Low proliferation ratc = No proliferation
® DC morphology ® DC morphology with cxiended veils @ Cell death morphology (apoptosis)
® Low matility @ High motility
@ Organized actin filaments with adhesion plagucs @ Depolymerized actin lilaments and loss of adhesion plaques
8 High antigen uptake @ Low antigen uptake
8 Cyoplasmic localization of MHC Cl 1l molecules @ Cell surface localization of MHC CI 11 molecules
® Low allostimulatory activity & High allostimulatory activity
® Low cxpression of costimulatory molecules ® High cxpression of costi y
& Efficicnt antigen processing & Reduced antigen processing
@ Elficicnt presentation ol proteins @ Efficient presentation of peplides
® 10 p75 IL-12 production during antigen prescntation @ p7$ IL-12 production during antigen 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 1L-12
but have a high capacity of antigen uptake and processing. Progression from stage 1 to-
wards stage 2 requires signaling and this can be achieved using living bacteria, LPS or
cytokines such as TNFa or IL-18 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
I1 "¢ sorted DI 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 II"™ D1 subpopulation leads to the development of a population which resem-
bles the initial bulk D1 cells (Fig 3). Thus, the D1 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 TNFa plays a crucial role in mouse DC maturation’, as previously reported in
human monocyte-derived® and bone marrow-derived DC’, as well as in Langerhans cells".
We also showed that IL-18 induces phenotypical DC maturation, most likely through a
paracrine induction of TNFa expression, as shown in Langerhans cells’. 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 TNFa expression in DC infected with Gram+ and Gram-
bacteria'®. 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''* 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 systems'?. 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 Th1/Th2 polarization. It has been proposed that DC matu-
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ration continues until DC-T cell interaction occurs (Fig 1) 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 hybridoma®. 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 play a major role in polarizing the immune
response towards the Th1 pathway.

D1 BULK CULTURE

IAb

SORTED POPULATIONS
H
Int. "I Bright [Ab

100

-0
'

SORTED CELLS AFTER 6 DAYS

5.
-

" IAb

Figure 3. Cell sorting of Class II intermediate (int) and bright D1 cells. Sorted cells were replated in culture and
re-analysed for class Il expression after 6 days of culture.
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Figure 4. Cytoskeleton modifications of D1 cells after TNFa treatment. Confocal laser scanning microscopy of
D1 cells stained with anti-vinculin (green colour, panels ¢ 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,b,c and d). Adhe-
sion plaques can be detected as indicated by the simultaneous staining for F-actin and vinculin (panel ¢, 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 of vinculin 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 cells 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: 1) 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 (1), b) Ag presenting capacity (1,2), 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 cells re-
quire for their optimal growth not only GM-CSF, which was added continuously to XS
cell cultures, but also CSF-1, 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

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 (7-10), b) increased ability to activate naive allogeneic T cells (11), c) a decreased
ability to process complex protein antigens (12), d) increased mRNA expression of IL-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
Ia, CD80, and CD86 molecules only at minimal levels (1); b) are relatively poor in their
ability to stimulate allogeneic naive T cells (1); c) exhibit a potent capacity to process
complex protein Ag (1,2); d) express relatively small amounts of IL-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 Ia, 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-1 in the presence of Ag, they: a) increased the surface expression of CD86
(17); b) increased IL-1p mRNA expression and IL-1P converting enzyme (ICE) activity
and began to secrete relatively large amounts (up to 1 ng/ml) of biologically active IL-1f
(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 CD115 (CSF-1 receptor) and at the same time
their proliferative responsiveness to CSF-1 (19). None of these changes was observed
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Figure 1

when XS52 cells were incubated with HDK-1 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 CD115 mRNA expression in freshly procured LC (4), whereas cultured LC have
been reported to express no detectable CD115 (20), suggesting that lost CD115 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 1).

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
(IFNvy), 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
CD115, proliferative responsiveness to CSF-1, and adhesive and phagocytotic capacities
upon exposure to supernatant collected from complete cocultures of XS52 DC, HDK-1 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
CDI115 expression, proliferative responsiveness to CSF-1, and adhesive and phagocytotic
capacities of XS52 cells (15,19). With respect to signals leading to IL-1B secretion, we
have observed that anti-la mAb and CTLA4-Ig fusion protein: a) each inhibit T cell-medi-
ated IL-1P secretion by XS52 cells when tested in soluble forms, and b) each trigger IL-
1B 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-
1B 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/Thl subsets of CD4" T cells, an obvious question concerns whether



68 P. R. Bergstresser et al.

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 proinflammatory cytokines and prostagland-
ins, b) expression of surface receptors, d) phagocytosis and pinocytosis, and €) 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
(10°-107"M), to the coculture of XS52 DC, HDK-1 T cells, and KLH, it inhibited substan-
tially or completely T cell-induced maturational changes of XS52 cells, including: a) the
secretion of IL-1B, IL-6, and TNFa, b) elevated expression of CD86, and c) loss of
CDI115 expression and proliferative responsiveness to CSF-1. By contrast, DEX at the
same concentrations inhibited XS52 DC-stimulated IL-2 secretion by HDK-1 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 antigen’. 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*. 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 models’, and clinical trials in cancer patients are being initiated®.

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 migrate’. 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
tissue’. This information on dendritic cell migration has been gleaned from studies using
fluorescently-labeled 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 mice*'’. 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 cancer''. 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 (IL-
4). Approximately 10 million dendritic cells can be cultured and purified from a single
200 mL blood sample using this method''. These cells have all the morphologic, pheno-
typic and functional properties of dendritic cells cultured from human (and murine)
blood*. 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 4(3);
excitation/emission spectra = 484 nm/501 nm] or 1,1’-dioctadecyl-3,3,3’,3'-tetramethylin-
dodicarbocyanine perchlorate [DilC 4(5); excitation/emission spectra = 644 nm/663 nm;
both from Molecular Probes, Eugene, Oregon). In each animal four million dendritic cells
labeled with DiOC,(3) were injected intravenously in the cephalic vein, and the same
number of cells labeled with DiIC 4(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-la-
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
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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-labeled dendritic cells at 24, 48 and
120 hours after injection in animals 1, 2 and 3, respectively

Subcutaneous Route Intravenous route
Tissue Harvested 24 h 48 h 120 h 24 h 48 h 120 h
Skin/subcutaneous tissue + - - ND ND ND
Lymph node, draining ++ +++ ++ - - =

Lymph node, contralateral - - - - — -

ND = not determined.
+ = rare fluorescent cells per high power field: ++ = several fluorescent cells per high power field; +++ = numcrous fluorescent
cells in several different high power fields.

but could not be identified after this time (Table 1). 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 injection’. Proinflammatory mediators such as
tumor necrosis factor a are required for the efficient migration and maturation of Langer-
hans cells in these models'>. 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'’, 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 DilC ,(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 1).

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 1, 2 and 3, respectively.
Cellular association was determined by immunohistochemistry to detect
B cclls (CD19), T cells (CD3) and interdigitating dendritic cells (CD86)

Time after Injection Principal Location in Lymph Node Cell Association in Lymph Node
24 h subcapsular ND
48 h parafollicular zone and paracortex T lymphocytes, interdigitating DC
120 h cortex and paracortex ND

ND = not dctermined.
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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 CD19, 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 of MHC 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 engineered'* 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'®'®. 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 Th1, cellular immune response'®. 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 pulp' 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 liver’. 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
0X62°. Cryosections of the liver were triple immunostained with ED2, OX62 and anti-
type IV collagen as described’. 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 (RT1*) and Lewis (RT1'") 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 attraction’. 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 gradients*. 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-RT1A?, MN, ,, /).
The host proliferative response, detected by BrdU immunostaining’, 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 Austyn® to study binding of DC to frozen sections of vari-
ous target tissues. Some sections were double immunostained with ED2 and RT1A® to de-
tect Kupffer cells® and allogeneic DC, respectively.
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Figure 1. In vivo kinetics of total 0X62+ cells and 0X62+ latex-laden cells in the liver after i.v. injection of latex
particles’. Cryosections were triple immunostained with ED2, 0X62 and anti-type IV collagen and the proportion
of total 0X62+ 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

1 h after intravenous injection of latex particles, the particle-laden DC, defined as
0X62" latex-laden cells, were first found in the sinusoidal area of the liver (Fig. 1), 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 (RT1A™, 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 unseparated
cells. While in the splenic periarterial lymphoid sheath, proliferative response was also
observed but was not significantly higher than the allogeneic unseparated cells.
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Figure 2. In vivo kinetics of total 0X62+ and OX62+ latex-laden cell in the liver perfusate and spleen cell sus-
pensions’. Data arc expressed as mean +SE. Bars represent SE. Three to 6 rats per group were examined.
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Figure 3. In vivo localization of OX62+ cells in the sinusoidal area of normal liver’. Triple immunostaining with
ED2 (black), OX62 (gray) and anti-type 1V collagen (gray line). Note that a close association between OX62+
cells and Kupffer cells (ED2+) is often observed (arrows). V central vein. (x460).

Figure 4. Proliferative response in the hepatic nodes 3 d after cell transfer detected by BrdU labeling (black). (a)
10° unseparated cells did not induce a significant increase in the number of BrdU* cells but (b) 10° latex-laden DC
induced a significant proliferation in the paracortex (P). (x115).



Liver Sinusoids as a Specialized Site for Blood-Lymph Translocation 81

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/mm? 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 of RT1A*" 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 pool’.

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 particulates’, 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-lymph 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 cells may play as 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

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 10 “variable” exons termed vl to v10. 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'"’. 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'®. In addition to its function as main cell surface re-
ceptor for hyaluronate, an important component of the extracellular matrix"®, CD44 has been
shown to play important roles in the immune system. Studies using mAbs have shown that
CD44 is involved in hematopoiesis‘”, homing to mucosal lymphoid tissues'®’, lymphocyte in-
filtration into cutaneous delayed type hypersensitivity sites in mice’® and lymphocyte activa-
tion”. Langerhans cells as well as DCs from blood and lymph nodes strongly express
CD44%%_ Human DCs differenciated from peripheral blood monocytes cultivated in the pres-
ence of GM-CSF and IL-4 also express CD44"'?. 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'”.

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 DCs

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

Figure 1. Surface expression of CD44 and v3, v6 or v9-containing isoforms on DCs stimulated with TNF-a. DCs
were stained with mAbs J173 (pan-CD44, Immunotech) or with anti-CD44v3, CD44v6 (R&D Systems) or
CD44v9 (ATCC) followed by FITC-conjugated anti-mouse IgG (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 ng/ml TNF-a (Genzyme).
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region: (i) v3, because it is present in glycosaminoglycan-modified CD44 isoforms known
to bind growth factors''"; (ii) v6, because it is contained in the CD44v6 form known to be

induced in vivo in activated lymphocytes and macrophages” '?; and (iii) v9, because it is

present in the so-called “epithelial form™ of CD44 containing the v8-v10 region''”.

Monocyte-derived DCs differentiated for 7 days in the presence of GM-CSF and IL-
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. 1); 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 1/20th (in the case of v9) to 1/40th (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 of CD44, spanning exons vl to v10, 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, vS, 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 v10 (Fig. 2) may well correspond to the “epithelial form” of CD44,
CD44v8-v10. Both v9-containing transcripts were significantly decreased (around 4 fold)
in DCs compared to monocytes. Hybridization to the vI0 probe gave two doublets of
300400 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-v10 “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 v10 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''”. The up-regulation of v3, v6 and v9-containing transcripts correlates with their
increase in surface expression following TNF-a stimulation (Fig.1).



86 H. Haegel-Kronenberger et al.

Figure 2. Regulation of CD44 variant transcripts in monocytes, day-7 differentiated DCs or TNF-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 v10. Autoradiograms were scanned and the band intensi-
ties quantified. Results were normalized by comparison with the intensity of a B-actin band amplified from the
same cDNAs.
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2.3. Stimulation by Anti-CD44 Antibodies Can Induce Phenotypic
Maturation of DCs

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 (J173, 5F12) or against CD44v3 or v6 isoforms.
Whereas the SF12 or anti-CD44v3 antibodies did not seem to provoke any changes in the
cultures as compared with a control IgG1, stimulation with the pan-CD44 antibody J173
or with the anti-CD44v6 antibody induced the formation of DC aggregates (not shown).
The aggregates which formed upon stimulation with J173 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. 1).

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, 5F12, anti-v3 or anti-v6. Cytokine transcripts were PCR-amplified (not shown).
Transcripts encoding TNF-a,IL-1f 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 5F12 or anti-variant CD44 antibodies. IL-6 and IL-8 production upon J173
stimulation were confirmed by ELISA testing of culture supernatants (Fig. 3).

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 pg/ml antibodies J173, 5F12 (pan-CD44), anti-CD44v3 or anti-
CD44v6, or a control 1gG1. 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 J173 was not responsible for cytokine
secretion.
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Figure 4. Up-regulation of MHC class Il surface expression on DCs stimulated by J173 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: DCs cultivated for 24 h on a control IgG1. 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'”. 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 5F12- or anti-CD44v3-stimulated cells compared to control IgG1-
treated cells. In contrast, DCs cultivated in the presence of the J173 or the anti-CD44v6
antibody showed enhanced class II surface expression (Fig. 4). In addition, surface expres-
sion of CD40 and B7-2 (CD86) 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 J173 mAb, recognizing all CD44 forms, induces in addition IL-6 and IL-8 secre-
tion.



Regulation of CD44 Isoform Expression in Human Dendritic Cells 89

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''*'® and in lymphocyte activation'*'®. It has
been suggested that retention of cells in the lymph nodes might be mediated through inter-
action of CD44v6 with an unknown ligand®. 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''”.

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 J173
may mimic ligation by the CD44 ligand hyaluronate, since this mAb has been reported to
inhibit hyaluronate binding by T cells''®. DC aggregation was induced not only upon
treatment with J173 (anti-standard CD44) but also with an anti-CD44v6 mAb. Concommi-
tantly, stimulation using J173 or anti-CD44v6 mAbs induced phenotypic maturation of
DCs. Up-regulation of MHC class Il antigen as well as B7-2 and CD40 expression is
characteristic of DC maturation observed following TNF-a stimulation''”. 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 J173, 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-1B and M-CSF'"**". Secretion of TNF-a or IL-18 is
not induced upon J173-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'. In the spleen,
two populations of DC have been demonstrated which show differences in location and
immunophenotype’. Classic interdigitating cells (IDC) 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 clodronate (dichloromethylene-bisphosphonate, a gift
from Boehringer Mannheim GmbH, Mannheim, Germany). Extensive characterization of
this method has shown that clodronate, 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 IDC are de-
pleted by in vivo clodronate-liposome treatment as
determined by CDI3/ER-BMDMI labeling.
C57BL/6 mice were injected i.v. with 200 ul PBS (a)
or 200 pl clodronate-liposomes (b), prepared as de-
scribed®. Two days later, mice were sacrificed by
CO, exposure and spleens were removed. Efficacy of
clodronate-liposome 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-BMDMI 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 CD13 mAb
ER-BMDMI°. In previous studies we have shown that CD13 is a useful marker for exam-
ining in vivo distribution of DC*’. Under steady-state conditions, CD13 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 CD13. The same
holds true, however, for other DC-markers such as NLDC-145 / DEC-205 and N418 /
CDI1Ic®.

Figure 1a 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-BMDM 1 la-
beling. Two days after clodronate-liposome treatment, however, the marginal DC popula-
tion has vanished completely, whereas the IDC population is undisturbed (Fig. 1b).

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 N418" cells,
were labeled with Dil as indication of liposome phagocytosis during the overnight period
after administration of the liposomes. Macrophages, identified as F4/80" 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 vivo applied Dil-liposomes. Spleens were obtained 18h after administration
of Dil-liposomes (Dil-lipo) or PBS (control) and a single cell suspension was prepared over a 100 pm filter after
collagenase / DNase treatment. Cells were stained for flowcytometry using N418 (CD1lc) or F4/80 followed by
the appropriate second step reagents to identify DC (A) and macrophages (B), respectively. Uptake of Dil
liposomes was determined by gating on N418™ or F4/80™ 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 11 antigens and a low, but uniform level of ER-BMDM1 / CD13 (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 others’. Interestingly, when we determined the
expression levels of markers considered typical for tissue macrophages, we found fresh
splenic DC to be uniformly positive for both F4/80 and Mac-1 / CD11b (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 flowcytometry using N418 (CDllc)
combined with anti-MHC class II, ER-BMDMI (CDI13) and NLDC-145
(DEC-205) as DC markers and F4/80 and Mac-1 (CD11b) as macrophage
markers. DC were identified in the samples by gating on N418" 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.’, 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. 10,11, and Ricciardi-Castagnoli et al., 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)'?. 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 lymph-
cannulation® or fluorescence labelling of migrating cells*’. Skin-explant emigration assays
were applied for in vitro studies®’. Single DC have been investigated migrating on plastic sur-
faces®®. 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'® 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'' and Inaba, respectively'?. Human
DC were prepared from PBMC-enriched cultures as described by Romani'’. 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'®. 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% CO,) and subsequently overlaid with media (RPMI, 10%
FCS (Seromed, Berlin, Germany), 1 mM L-Glutamine, 50 uM 2-ME, 50 pg/ml 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;
B21/2, ATCC TIB 229, hybridoma supernatant) for 20 min at 4°C, washed twice and then
incubated with 10 pg/ml 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 1. Morphology and migration of dendritic cells within a 3D-collagen matrix. Murine epidermal LC (A) or
cultured human DC (B-D) 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 of a murine cultured LC optimised for the representation
of dendritic processes. (B-D) 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 turn 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% CO, ). 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) 1. 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 1 um 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'®. 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. 1). These pseudopods showed a permanent dynamic motility. Furthermore,
cells were kept viable for several days (not shown) and exhibited considerable locomotion
throughout (Fig. 1).

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 of a 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 intermediate position (B-D, arrowheads). The corresponding transmission light image of
the same cell is shown in E-G. 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 (G).

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 pm (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 I1. Viable
human cultured DC adhering on a glass surface (A transmission light / B fluorescence image) or murine bone mar-
row DC embedded within a 3D-collagen lattice (C/D) were stained for MHC 11 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 Il molecules. Scalebar is 10 pm.

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 11
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. 1). Both observations, dendritic shape and migration, have always been de-
scribed as hallmark of DC'. 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 multifocally 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 al, 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'>'® may lead to
a better understanding of the cell biology underlying the maturation process'’. 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 strategies'®, 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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1. INTRODUCTION

Salmonella typhimurium is an enteropathogenic bacterium that invades the murine
Peyer’s patches (PP), the mucosal lymphoid tissue of the small intestine (1), 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 Sa/monella 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 PhoP® point mutation which attenuates bacterial survival within macrophages in vitro
(4), and c) the Acyacrp 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°,Acyacrp) or the wild
type strain all of which expressed GFP. Specific markers (N418 for dendritic cells (7),
B220 for B cells (8) and mac-1 (9) for macrophages and neutrophils) 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.

FACS 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 N418+
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-1 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.

FACS 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 bacteria/mouse)

Days post oral

immunization PhoP* (GFP) cyacrp (GFP) Wild type (GFP)
1 410.7 2.240.3 2.4+0.5
3 3.4£0.05 3.8+0.01 3.740.3

10 3.1+0.2 3.4+0.2 no survivors
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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 FITC + Peyer’s patch cells
Phop® (GFP) 0.5%

cya crp (GFP) 0.1%

Wild type (GFP) 10%

Wild type alone 10%

4. DISCUSSION

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 al.(10) 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.(log 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 macl+ 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 Sa/monella attenuated
vaccines to mucosal PP T cells, resulting in an antigen specific mucosal immune response
at local and distant sites (13).
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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

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 (1): a population of interdigitating dendritic cells
(NLDC145",CD11c") in the interfollicular areas, whereas a dense layer of NLDC145
CDlIc" cells could be observed just beneath the dome epithelium. This strategical loca-
tion of PP’s CDl1lc” 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. 1). In this context, we are interested to investi-
gate the possible role of PP’s CD11c" 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 1, ¢c-DC) CDI11c" 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 1. Two distinct populations of dendritic cells localized in the PP’s. Interdigitating dendritic cells
(NLDC145'CD1Ic") in the interfollicular areas and a dense layer of NLDC145CD11c" dendritic cells just beneath
the dome epithelium.

24 h culture in presence of GM-CSF (20 ng/ml) and TNF-a (50 ng/ml) or by binding the
CD40 molecule. A panel of mAb (anti- I-A, anti-CD44, anti-ICAM-1, anti-NLDC145, anti-
CDA40, anti-B7.1, anti-B7.2) was tested on f-DC and c-DC, respectively, using a FACScan®.

For the FACS-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 CD40L/J558 cells.

T cell stimulation assays (MLR and oxidative mitogenesis) were performed as fol-
lows: DC from PP’s (f-DC and ¢-DC) were irradiated with 2000 rad and mixed at graded
doses with 2x10° purified T cells in 96-well plates. For oxidative mitogenesis, we used
syngeneic periodate-treated T cells (H-2¢), and for allogeneic MLR assays allogeneic T
cells isolated from C3H/He mice (H-2%). T cell proliferation was assessed by *H-thymid-
ine (1uCi/well) uptake.

For metabolic labelling, freshly isolated and in vitro stimulated CD11¢" cells (GM-
CSF + TNF-a and anti-CD40) were incubated for 1 h with [**S]methionine/cysteine mix,
immunoprecipitated with MHC class II (N22), invariant chain (In-1) 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-labelled ovalbumin at a concentra-
tion of 1 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 FACScan®.

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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DO11.10 T cells obtained from ovalbumin TRC transgenic mice. CD11c* cells (1x10°)
were pulsed for 3 h with 1 mg/ml whole protein ovalbumin, with 10 pM 323-339 ovalbu-
min peptide and only medium without any antigen and cocultured with T cells (4x10%).
Proliferation was assessed by *H-thymidine (1uCi/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
CDA40 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 of a highly purified population of CD11c" cells
involving enzymatic digestion, density centrifugation and cell sorting on the basis of
CDl Ic 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 11, adhesion molecules (ICAM-1, CD44), costimulatory molecules (B7.1 and B7.2)
and, in the case of cytokine treatment, of CD40 expression. In addition, all stimulated
CDlIc’ cells expressed the NLDC 145 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 CDIlc’
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 CD11c" 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 of the 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, CD11b, heat stable antigen and
CDA44 cell surface markers. They exhibit moderate to low levels of expression of mouse
DC-restricted markers (DEC-205, 33D1 and N418 [CD11c]) as well as low levels of MHC
class II and B7-2 molecules, features characteristic of “immature” mouse DC.'** 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', a molecule that
is spatially associated with DC in the portal triads of normal liver.*” 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.*

Liver DC progenitors were propagated from normal mice or from animals treated
with Flt3 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.** The DC progenitors propagated from normal of
FL-treated mouse liver have a typical immature DC phenotype and weak allostimulatory
capacity (Drakes et al., manuscript in preparation).
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2. MATERIALS AND METHODS

2.1. Animals

Adult 8-12 week old male B10.BR (H-Zk, I-E*), C57BL/10SJ (B10; H-2°, I-A®, I-E)
and C3H/HeJ (C3H; H-2", I-A*, I-E¥) were purchased from The Jackson Laboratory (Bar
Harbor, ME).

2.2. Fit3 Ligand (FL) Treatment of Mice

CHO-cell derived human FIt3 ligand (FL) (0.025ng endotoxin/mg Fit3 L) (Immunex
Corp., Seattle, WA) was administered intraperitoneally for 10 days to B10 mice at a dose
of 10pg/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 B10.BR or B10 mice as described elsewhere in detail.'

2.4. Culture of NPC with GM-CSF

2 x 10° liver NPC were cultured in 1ml volumes in each well of a 24-well plate in
RPMI-1640 (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 of a 24-well plate was coated with either type-1 collagen purified from rat
tail tendon (Sigma; 50ug/ml in 0.02 N acetic acid) or fibronectin from bovine plasma
(Sigma, St. Louis, MO, 2ug/ml) or laminin from basement membrane of Engelbreth-
Holm-Swarm mouse sarcoma (Sigma;2 pg/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 (1x10°
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-E* or I-A®), 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 1pCi [*’H] 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 B10.BR liver NPC were grown in the presence of
GM-CSF for 7 days and transferred to uncoated plates or plates coated with type-1 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 I1
(I-E¥) 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 B10.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 10° B10 T
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 30.2 284 18.8
FcyRII(CD32) 68.4 29.4 26.7
1-E¥ (MHC class I1) 5.0 13.1 28.4
B7-2 (CD86) 10.4 325 29.8

Phenotypic characterization of DC 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 B10.BR mice were exposed to collagen or fibronectin in the contin-
ued presence of GM-CSF for a further 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 of y-irradiated, GM-CSF-stimulated B10.BR DC progenitors following expo-
sure to fibronectin-coated or uncoated plates. Controls included allogeneic B10.BR spleen cells and syngeneic
B10 spleen cells. Responder cells were 2 x 10° B10 T cells in each well of a 96-well round bottomed plate. Values
represent mean cpm of [’H]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 1). Similar investiga-
tions were undertaken with y-irradiated DC progenitors from FL-treated B10 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 B10.BR
mice had low DEC-205, MHC class II (I-E¥) 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 of fibronectin 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 LN®° and in the
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Figure 2. Allostimulatory activity of y irradiated DC progenitors propagated from livers of FL treated B10 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 B10
spleen cells. Values represent mean cpm of [*H]TdR for triplicate wells. DC grown on ECM protein-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.'

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.*” In addition, receptors
for collagen and laminin have been identified on murine T lymphocytes.'” Splenic and
pulmonary DC have been shown to bind to fibronectin."

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 fibrosis*'?, hepatic cancer and chronic liver disease* 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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STIMULATION OF LANGERHANS CELL
MIGRATION IN MICE BY TUMOUR NECROSIS
FACTOR a AND INTERLEUKIN 1f

M. Cumberbatch, R. J. Dearman, and 1. Kimber
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Alderley Park, Macclesfield
Cheshire, SK10 4TJ, United Kingdom

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.' We have demonstrated previously that tumour ne-
crosis factor a (TNF-a), a keratinocyte-derived epidermal cytokine, provides one stimulus
for LC migration.’ 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.’* 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.” In the present investigations we have
examined whether another epidermal cytokine interleukin 13 (IL-1B), a product of LC,
also plays a role in LC migration. Attention has focused on IL-1f for three reasons. First,
it has been shown that the development of contact hypersensitivity is compromised in IL-
1B gene deletion transgenics,” or in mice that have been treated with an anti-IL-1B anti-
body.” Second, there is evidence suggesting that IL-1p, a cytokine which is upregulated
very rapidly following contact sensitization,® is able to provoke the increased expression
of TNF-a by keratinocytes.” Third, it has been claimed on the basis of experiments per-
formed with human skin explants that IL-1B may affect LC migration in vitro.” We here
describe investigations in which the influence of IL-1B 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=10 for
evaluation of DC accumulation in draining lymph nodes) were treated, by intradermal in-
jection (30ul) into both ear pinnae, either with 50ng of recombinant murine TNF-a (spe-
cific activity 2x10°U/mg) or with the same amount of recombinant murine IL-1p (specific
activity 1-2 x 10°U/mg). Additional groups of mice were exposed in the same way to 30pl
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 (Ia) anti-
gen expression.* In untreated mice the frequency of LC in epidermal sheets remained rela-
tively constant at approximately 900 LC/mm’. 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,* 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-1p 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 1a).

In parallel experiments the ability of TNF-a and IL-1B 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.® 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 previously’ 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-1p, but not at 2 hours (Figure 1b).

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 investigations.>* It is apparent, however, that IL-1B also
has the ability to stimulate LC migration and DC accumulation, albeit with somewhat
slower kinetics. One possibility is that [L-1p serves to induce or upregulate the production
by keratinocytes of TNF- that then acts on neighbouring LC to stimulate their migration.
Certainly it has been shown that intradermal injection of mice with concentrations of IL-
1B comparable to those used here caused a very substantial increase in the epidermal ex-
pression of mRNA for TNF-a.” The need for IL-1p 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-1B may influence directly the activity of LC; this being a possibility since
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Figure 1. Influence of homologous TNF-a and IL-1P on epidermal LC frequency (a), and draining lymph node
DC numbers (b). Groups of mice [(a) n=3; (b) n=10] received 30ul intradermal injections into both ear pinnae of
equal amounts (50ng) of TNF-a or IL-1p in 0.1% bovine serum albumin (BSA). Control mice reccived an equiva-
lent amount of BSA alone or were untreated (-). (a) Ears were removed 30 mins or 2 hrs following treatment, epi-
dermal sheets 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. (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 1 and type II recep-
tors for IL-1."" Irrespective of the mode of action for IL-1B, 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-R1 and TNF-
R2." The former, a 55kDa receptor, displays most homology between species in the ex-
tracellular domain, whereas TNF-R2, a 7S5kDa 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-R1, is species specific with respect to the cytokine. Langerhans
cells resident in the epidermis appear to express only TNF-R2'*'? 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 effect.>* Human TNF-a will, however, induce re-
sponses by murine keratinocytes (increased expression of intercellular adhesion molecule-
1)*; cells that are known to express the 55kDa TNF-R1." 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-R1 gene
knockout mice. In such mice DC accumulation could, however, be inhibited if animals
were treated with a neutralizing anti-TNF-a antibody.'*

Taken together the data reported here indicate that, in addition to TNF-a, IL-1p is able
to induce the migration of LC from the epidermis and the accumulation of DC in draining
nodes. The mechanisms through which IL-1 is able to stimulate such responses are currently
unknown. Despite the activity of IL-1p, the available evidence suggests that the initiation of
LC migration requires as one stimulus the direct interaction of TNF-a with epidermal LC.
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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.' 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).** 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,** ultraviolet B light,® or the skin irritant sodium lauryl sulphate.*

There is evidence that another cytokine, interleukin 1 (IL-1B), a product exclu-
sively of LC in murine epidermis,”* is also important in this context. This cytokine has
been shown to be required for the induction of contact sensitization.”'® In addition, IL-1B
is able to stimulate the migration of LC in vivo'' and possibly in vitro."?

In the present investigations we have examined, using the respective neutralizing
anti-cytokine antibodies, the contributions made by TNF-a and IL-1f to LC migration and
the accumulation of DC in draining lymph nodes. The influences of anti-TNF-a and anti-
IL-1B 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-1f on the
stimulation of LC migration by, respectively, IL-13 and TNF-a.

2. RESULTS

In the first series of experiments the influence of anti-TNF-a and anti-IL-1§ on the
induction by oxazolone of DC accumulation in draining lymph nodes was investigated.
Groups of BALB/c strain mice (n=10) were injected intraperitoneally with 100ul of either
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anti-TNF-a or anti-IL-1B, 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.’ Pretreatment of mice with anti-TNF-a. or anti-IL-1B
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 (30pul) in both ear
pinnae, 50ng of either homologous recombinant TNF-a (specific activity 2x10°U/mg) or
homologous recombinant IL-1p (specific activity 1-2x10°U/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-18. Epidermal sheets were pre-
pared and LC identified by expression of MHC class II (Ia) antigen using indirect im-
munofluorescence.” The results are summarized in Figure 1. Intradermal injection of
mice with TNF-a (Figure 1b) or IL-1B (Figure 1c), 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-1f inhibited significantly the induction
of LC migration by dermal TNF-a (Figure 1b). Similarly, the stimulation of LC migration
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Figure 1. Influence of anti-TNF-a and anti-IL-1B on epidermal LC migration induced by cytokines. Groups of
mice (n=3) received, by intraperitoneal injection, 100u1 of anti-IL- 1B (b) or anti-TNF-a (c). Two hours later mice
were treated, by intradermal injection (30pl) into both ear pinnae, with 50ng of either TNF-a (b) or IL-1B (¢) in
0.1% bovine serum albumin. Control mice were untreated (a). Ears were removed 30 minutes (b) or 17 hours (¢)
following dermal exposure to cytokine. Epidermal sheets were prepared and the frequency of Ia® LC measured by
indirect immunofluorescence. Results are recorded as mean LC/mm? + SE from the examination of 10 fields/sam-

ple for each of 4 samples.
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by IL-1P was impaired markedly in mice that had been treated previously with neutraliz-
ing anti-TNF-a antibody (Figure 1c).

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-1B of DC accumulation and, in the same
way, anti-IL-1p 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-1B. In
part these results may be reconciled by the fact that IL-1p is able to induce keratinocyte
TNF-a. Intradermal injection of mice with recombinant IL-1 was shown to cause a rapid
and substantial increase in epidermal expression of mRNA for TNF-a.” 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-1f 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-1B is upregulated very
quickly.” The assumption would be that this increased expression of IL-1p itself resulted
from the interaction of sensitizing chemicals with epidermal LC, possibly via association
with membrane la determinants."’ Such a scheme, where LC are activated to synthesize
and secrete IL-1P 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-1f inhibit oxazolone-induced DC
accumulation and why anti-TNF-a is able to prevent the stimulation of LC migration by
IL-1B. 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-1f 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;*'' a faster response
than is seen when IL-1B is administered via the same route.'' Second, epidermal LC ex-
press the species-specific (75kDa) form of the TNF-a receptor (TNF-R2)'*'* and only ho-
mologous TNF-a is able to stimulate LC migration and DC accumulation in draining
lymph nodes.”’ Third, in mice lacking a functional gene for TNF-R1, 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 of IL-1f, 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-1P 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,'* it is possible that IL-1p 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-1,'® E-cadherin'’ and CD44'®), 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-1B,
in addition to stimulating TNF-a 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-a and IL-1B 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

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.” Thus,
for instance, it has been found that the membrane expression of intercellular adhesion
molecule-1 (ICAM-1, 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-1 antibody the accumulation of DC in draining lymph nodes is
significantly inhibited.* 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.** 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.’

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
B1 integrins and it has been suggested that very late antigen (VLA) proteins, VLA-4
(a4l integrins) and VLA-6 (a6B1 integrins) may, respectively, allow the association of
LC with fibronectin and laminin.?® It has been suggested also that (because a4 integrin ex-
pression is enhanced markedly during culture of LC) VLA-4 plays a major role in LC mi-
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gration.” 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 of BALB/c mice (n=10) received by intraperitoneal injection (100ul) anti-a4
antibody, anti-a.6 antibody or an isotype-matched control antibody. Two hours later mice
were exposed topically on the dorsum of both ears to 25ul of 2% oxazolone in 4:1 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.'® 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 of LC 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.'®'' In a final series of
experiments the influence of anti-a6 antibody on the stimulation of LC migration by TNF-
o 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 50ng of TNF-a (specific activity 2x10°U/mg).
Ears were removed 30 minutes following administration of TNF-a. Epidermal sheets were
prepared and the frequency of MHC class II (Ia) antigen-positive LC measured by indirect
immunofluorescence as described previously.'' The results of a representative experiment
are illustrated in Figure 1.

Consistent with previous observations'' it was found that dermal exposure of mice to
homologous TNF-a induced a rapid reduction in the frequency of Ia* 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 1).

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 of anti-a6 antibody on epidermal LC migration induced by TNF-a. Groups of mice (n=3) re-
ceived, by intraperitoneal injection, 100ul of anti-a6 or isotype-matched control (IgG2a) antibodies. Two hours
later mice were treated, by intradermal injection (30ul) 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. Epidermal 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 arc shown only
when they exceed 0.2 (x10°) LC/mm”,

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.

It is known that LC express B1 integrins also.® VLA-6 comprises an a6B1 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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1. INTRODUCTION

The process of differentiation of resident epidermal Langerhans cells (LC) gener-
ates: 1) 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'. 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 1 (IL-1) can trigger the trafficking
of DC from non-lymphoid tissues (i.e. skin, lung, gut, heart and kidney) towards secon-
dary lymphoid organs®”. 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 explants®. 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-4*'°. 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''.
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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 DC'2.

2. RESULTS

2.1. Expression of C5aR 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 (8 = 1.077 g/cm’) were analysed
for the expression of C5aR by double labelling immunofluorescence flow cytometry. LC
were identified by their positivity for CD1a. The percentage of CD1a positive cells was
further enriched from 6-9% to 100% by electronic gating. A small subset (< 6%) of the
epidermal population of CD1a positive cells were also positive for C5aR. Similar results
were obtained using either the mAb S5/1 or the mAb W17/1, both specific for the ex-
tracellular domain of the C5aR". 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 of C5aR on a low number of resident LC (< 3 cells/mm’ 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-1 (CD54) 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 original 5—6% to approximately 70% of the whole population of DC.

Skin migratory DC obtained after culturing skin organ explants for 3648 h and en-
riched up to 80-90% by Universal Separation Medium (Sigma) gradient (d=1.067 g/cm’)
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 CDIc; (iii) the positivity for the myeloid markers CD13 and CD33 and the ab-
sence of the monocyte/macrophage markers CD14 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 CD1a"* C5aR positive DC; and (ii) a minority subset
that comprised CD1a"®" C5aR negative DC. A culture of dermal explants devoid of epi-
dermis demonstrated that the CD1a"" C5aR positive DC subset was dermis derived. In
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contrast, the CD1a"" 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 10* 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 um pore size. The lower compartment was filled with 0.5 ml control medium (RPMI
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% CO, 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 rCSa was found at 108 M with a sigmoidal dose re-
sponse curve, 2 hr after placing migratory DC in the upper chamber (fig 1).
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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. (B) Dose-response curve of DC in response to different concentration of rC5a 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 Dose In upper compartment
lower
compartment -9 -8
0 10 M 10 M

0 1,485 + 138 822 + 12 1,038 » 70
-9

10 M 5840 - 215 1,474 + 14S
-8

10 M 9,365 + 313 5960 + 267 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 C5a'*. 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 CDllc; (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 epithelium'®>. 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-1, TNF-alpha and GM-CSF to differentiate into
fully mature antigen presenting cells. Epidermal LC express receptors for IL-1 and TNF.
After generation of IL-1, 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'®.
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1. INTRODUCTION

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:1) 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 (290%) human HPCs
from normal human peripheral blood (PB)'", and subsequently identified the culture con-
ditions allowing the selective differentiation into a single hematopoietic lineage (“unil-
ineage HPC cultures™)”®. 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),
ft3 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 (<100 cells / colony).

We then tested the clonogenetic 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®®:

1. 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 290% purified CD34" clonogenetic HPCs.

Morphological characterization was performed on cells cytocentrifuged onto glass
slides and stained with May-Griinwald 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% C0,, 5% O,, 90% N, atmosphere. The initial density was
5x10* cells/ml. Every two days the cell concentration was adjusted at 1x10° 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 10° T cells/well 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 1 pCi *H-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, +/-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 ng/ml and 1 ng/ml did not influence proliferation
or DC differentiation. Reduced FL concentrations from 1 ng/ml to 0.1 ng/ml 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 ng/ml).
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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 1 ng/ml, FL 1 ng/ml, IL-4 10 ng/ml, 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 (< 9%) and a very low number of monocytes/ macrophages (<1%).

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 CD1a*, 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. CD14" 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 - Griinwald 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 1/2000 and increased in
parallel with DC concentration reaching, at the highest DC/T cell ratio tested (1/100), 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 (CD1a, CD80, CD86)"'?. 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'"'?, 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:""® this cytokine may also play an important role in promoting growth and differen-
tiation of CFU-DC"'®, 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)."*'®
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SUMMARY

The CDI14 surface molecule is predominantly expressed by cells of myeloid origin
and regarded as a specific marker for macrophages (M¢). Thus, in human mononuclear
cell preparations, CD14 expression is a widely used parameter to distinguish M¢ from
dendritic cells (DC). Since a murine homologue of CD14 was recently identified, this
study investigated expression of CD14 by murine M¢ and DC. Flow cytometry with a
monoclonal antibody directed against murine CD14 revealed that bone marrow-derived
DC express CD14 to various extents during differentiation. Functionally, CD14"*" and
CD14"* DC did not differ significantly in their capacity to present alloantigen, protein an-
tigen or immunogenic peptide. Furthermore, surface expression of CD14 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 CD14 surface expression, whereas exposure of
BmDC to LPS (1 pg/ml) led to upregulation of CD14. After blockage of CD14 molecules
by incubation of DC with anti-CD14 antibodies, downregulation of LPS triggered IL-1 re-
lease could be detected. In addition, other M¢ markers such as CD11b, F4/80, BM8, and
ER-TRY, are also expressed on DC. Therefore, we conclude that CD14, like other M¢
markers, is expressed on murine DC during maturation. Thus, M¢ and DC cannot be dis-

* Correspondence address: Dr. Stephan Grabbe, Department of Dermatology, University of Miinster, Von-
Esmarch-Str. 56, D-48149 Miinster, Germany. Phone: +49-251-83 56582; Fax: +49-251-83 58579; e-mail:
grabbe@uni-muenster.de.
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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 [24], it is widely used as a specific marker for human monocytes (MO**)/macro-
phages (M¢). CD14 may function as a receptor for lipopolysaccharide (LPS), since bind-
ing of LPS to CDI4 results in release of proinflammatory cytokines such as
tumor-necrosis-factor (TNF)-a. and interleukin (IL)-1 by human MO. Moreover, in in-
flammatory situations where high amounts of LPS are present, CD14 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 CD14 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 CD14 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 CD14 during matura-
tion [11], CD14 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 CD14 molecules. By using DC lines as well as bone marrow-derived DC (BmDC) we
demonstrate that DC are capable of expressing CD14 both at the mRNA and at the protein
level. CD14 surface expression is modulated by IL-4 and LPS, and blockage of CD14 mole-
cules by anti-CD14 antibodies (Ab) results in marked downregulation of LPS-induced IL-1
release by DC. We therefore conclude that CD14 functions as a receptor for LPS on murine
DC, and that CD14 expression is not unique to M¢ but can also be observed on DC.

2. MATERIAL AND METHODS

2.1. Cell Lines and Media

The cell lines CB-1, D2SC-1 and MT-2 were generated by P. Ricciardi-Castagnoli
(CNR Center of Cytopharmacology, University of Milan, Milan, Italy), and maintained in Is-
cove’s medium containing 5 % FCS, 1 % non essential amino acids (NEAA), 1% HEPES, 1%
glutamine, 50 pM 2-mercapto-ethanol, 1% 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]. P388D1 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 uM 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 10° cells were placed in 24-well plates
(Becton-Dickinson, Heidelberg, Germany) in 1 ml CM medium, (5% FCS) supplemented
with 200 U/ml GM-CSF (Laboserv, Giessen, Germany). After 4 days of incubation, 650
ul medium was removed and the same volume of fresh CM (5% FCS), containing 200
U/ml 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-18, IL-4, TNF-a;
R&D Systems, Wiesbaden, Germany) or LPS (serotype 055:BS; 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 pg of total RNA were reverse transcribed using
myeloblastosis virus reverse transcriptase (Promega, Heidelberg, Germany). For PCR ampli-
fication of the CD14 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 10° cells
were incubated with monoclonal Abs against murine CD14 (clone rmC5-3, Pharmingen,
Hamburg, Germany), I-A**9, I-E** (clone M5/114; Boehringer, Mannheim, Germany),
F4/80 (Dianova, Hamburg, FRG), BM8 (kindly provided by Dr. C. Sorg, Institute for Ex-
perimental Dermatology, University of Miinster), CD11b (Mac-1, clone M1/70, ATCC,
10% culture supernatant), B7—-1 ( clone 1G10, Pharmingen, San Diego, CA), B7-2 (clone
Gl-1, Pharmingen), CD40 (clone 3/23, Pharmingen), CD11c (clone N418, Endogen, Cam-
bridge, MA), or rat IgG as isotype control (Dianova, Hamburg, Germany) for 45 min on
ice (1pg/ml diluted in PBS/0,5% BSA (v/w)). Thereafter, cells were washed twice with
PBS/0.1% BSA (v/w) and incubated with FITC-conjugated goat anti-rat IgG (Dianova, di-
luted 1:50 in PBS/1% mouse serum (v/v)) for 45 min. on ice. Finally, propidium iodide
(100 pM; 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 IA? (clone AMS-32.1, Pharmingen) was used and the primary
Ab specific for CD14 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 1 h with anti-CD14 Ab (1 pg/ml) on ice. After removing un-
bound Ab by three washes with medium, the cells were cultured with or without LPS (1
pg/ml) for 8 h and the amounts of IL-18 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 M5/114, Mac-1 and B220 and immu-
nomagnetic 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-2%) which had been separated into CD14* and
CD14" populations by cell sorting with anti CD14-coated immunomagnetic microbeads
(MiniMACS, Miltenyi Biotech) were cocultured with purified T cells from C3H/HeN (H-
2) or C57/BL6 (H-2") mice in complete medium without essential amino acids and FCS,
but supplemented with 1.5% mouse serum and 5 pg/ml indomethacin (‘MELR medium’).
Serial dilutions of triplicate samples of DC were mixed with a constant amount (2 x 10°)
of allogeneic T cells in 96 well culture dishes. Cells were cultured for 6 days, and pulsed
with 1 mCi/well of [*H]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 DO11.1 was used,
which produces IL-2 in response to OVA presented by I-A®. The OVA-derived peptide,
OVA323-339, contains the specific immunogenic epitope recognized by DO11.1 and does
not require further processing. BmDC were generated and sorted into CD14" and CD14
cell populations as described above. Graded numbers of BmDC were then incubated to-
gether with 1 x 10° DO11.1 cells in the presence or absence of 1 mg/ml ovalbumin or 1
pg/ml OVA323-339 peptide for 24 hr at 37°C in a total volume of 200 ul. One hundred ul
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 CD14, total RNA was
isolated from BmDC, as well as from the dendritic cell lines CB-1 and D2SC-1 [13], and
from the macrophage lines MT-2 and P388. RNA was treated with DNAse and subjected
to RT-PCR. Using CD14 specific primers, a PCR product of the expected size could be
amplified from BmDC and both DC lines (Fig. 1). 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 CD14 mRNA by DC. Total RNA of BmDC, CB-1, D2SC-1, MT-2, and P388 cells was
isolated and subjected to RT-PCR, using CD14 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 CD14 on their cell surface, flow cytomet-
ric analysis was performed using a monoclonal Ab directed against murine CD14. As
shown in Fig. 2, BmDC, the skin-derived DC line XS52, the splenic DC lines CB-1 and
D2SC-1, as well as the monocytic cell line MT-2 all exhibited high surface expression of
CD14, when compared to isotype control samples. Interestingly, frehly prepared or GM-
CSF-cultured epidermal Langerhans cells did not express significant amounts of CD14
surface molecules (Fig. 2 and data not shown). As expected, no CD14 expression could be
detected in A20 B-cells, confirming the specificity of the CD14 Ab used. In BmDC cul-
tures, most experiments revealed a minor population of CD14" and a major population of
CD14" 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,
CDl1¢, CD40 and B7-2 (Fig.3). Since high surface expression of MHC class Il molecules
is characteristic for DC, double staining experiments were performed with anti-CD14 Ab
vs. anti-I-A Ab. As shown in Fig. 4, the majority of BmDC, which co-express high levels
of IA, also expresses CD14 (75%). However, a subpopulation of I-A* BmDC lacks expres-
sion of CD14 (10%). In addition, BmDC also express high amounts of CD11b (Mac-1) 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 M¢ [1-3]. Moreover, upon two colour
staining for CD14 vs. F4/80 and BMS, 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 CD14.

3.3. Effects of Cytokines and LPS on Surface Expression of CD14 by DC

In a next series of experiments, we tested whether the cytokines IL-18, 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 CD14 by BmDC. Accordingly, BmDC as
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Figure 2. CD14 is expressed on the surface of DC. Dendritic cells (CB-1, D2SC-1, XS52), BmDC, freshly pre-
pared epidermal Langerhans cells, monocytic cells (MT-2) and B cells (A20) were stained for cell surface expres-
sion of CD14 molecules (solid lines) by using the monoclonal antibody rmC5-3 and analysed by flow cytometry.
Staining with IgG served as control for unspecific binding (dotted lines).

well as CB-1 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
CD14 expression by BmDC (Tab. 1). However, CD14 expression on DC lines CB-1 and
D2SC-1 was not affected by any of the cytokines tested in these experiments.

Since human CD14 is known to serve as a receptor for LPS which in turn upregu-
lates CD14 expression on MO/M¢, we further investigated whether CD14 expression on
murine DC is affected by LPS. For this purpose, DC lines and BmDC were incubated with
S pg/ml LPS for different periods of time and analysed for surface expression of CD14
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Figure 3. Surface phenotype of BmDC. BmDC were stained for cell surface expression of the DC surface mole-
cules CDIlc, CD40, CD80, CD86 and la (a). as well as the macrophage surface molecules CDI1b (Mac-1),
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 CD14 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,
CD14 surface expression increased constantly, reaching a maximum with up to 70% of
BmDC expressing CD14. Thereafter, the increase of CD14 expression declined and even
after an additional overnight incubation period (14 h) with LPS the CD14 expression did
not change significantly as compared to a 6 h stimulation period. In these experiments sur-
face expression of MHC class 1l molecules (IA) by BmDC was analysed in parallel
(Fig. 5, upper panel). A constantly high expression of MHC class Il molecules (I1A) 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/M¢ did not contribute to
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Figure 4. Coexpression of MHC class Il (IA) molecules and CD14 by BmDC. (a) BmDC were double stained
with anti-CD 14 (rmC5-3, detected by phycoerythrin-conjugated secondary antibodies) and a FITC-labeled mono-
clonal antibody directed against MHC class II (IA) molecules, followed by flow cytometric analysis. Percentage
of cells in each quadrant: 1=10%; 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-1 (Fig. 5) and
D2SC-1 (data not shown) were exposed to LPS, no significant effects on CD14 surface
expression could be recorded after 6 h, but after an ovenight incubation period (14 h), a
downregulation rather than upregulation of CD14 by LPS could be observed, indicating
that LPS might regulate surface expression of CD14 differentially in DC of different ori-
gin.

3.4. LPS Induced Release of IL-1 by DC Is Suppressed by Anti-CD14
Abs

As LPS is known to induce the release of IL-18 by DC [18], we further tested

whether CD14 expressed on the surface of murine DC may be involved in mediating these
LPS induced effects. Accordingly, the DC lines D2SC-1 and CB-1 cells were incubated

Table 1. Effect of different cytokines on CD14 surface expression by DC

BmDC CB-1 D2SC-1
GM-CSF 82 15 95 +4 98 +7
GM-CSF + TNF-a 78 +4 96 +6 95 +6
GM-CSF +IL-18 79 +4 96 £5 97 +3
GM-CSF +1L-4 69 +5" 98 +3 97 +4

BmDC and DC lines CB-1 and D2SC-1 were incubated with GM-CSF, TNF-a, IL-18,
[L-4 (100 U/ml) for 48 h, thereafter CD14 surface expression was determined by flow
cytometry. The percentage (mean + SEM) of CD14" cells is given. 'Signiﬁcamly
(p<0.05) different compared with GM-CSF treated BmDC.
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Figure S. LPS upregulates CD14 expression on murine
DC. BmDC and the DC line CB-1 were cultured in the
presence of LPS for different time intervals. Thereafter,
cells were harvested, stained and analysed by flow cy-
tometry for presence of CD14 and IA molecules. The
lower panel shows the percentage of CD14" cells of a
representative experiment. Less than 1% of the cells ex-
hibited non-specific binding as determined by IgG
stained control. In the upper panel, the high expression
of MHC class Il molecules (solid lines) by BmDC is
shown in comparison to isotype stained samples (dotted
lines), verifying that the cells investigated here belong to
the DC lineage.

with anti-CD14 Ab, followed by stimulation with LPS. Thereafter, supernatants were har-
vested and tested for the presence of IL-18 and TNF-a using ELISA. LPS induced release
of IL-1B was significantly reduced in CB-1 cells and completely abolished in D2SC-1
cells by CD14 blockage (Fig. 6). In contrast, LPS induced TNF-a release was not affected
by anti-CD14 treatment in each cell line (data not shown), indicating that different path-
ways are involved in IL-18 and TNF-a release by LPS.

3.5. Allostimulatory Capacity of CD14-Sorted BmDC

To further investigate the influence of CD14-expression on DC function, cells were
seperated by immunomagnetic beads into CD14" or CD14" cells and tested for their al-
lostimulatory capacity. The proliferation of allogeneic responder T cells was determined
by incorporation of [*H]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 of CD14" and CD14° BmDCs to present soluble protein antigen
to primed T cells, the ovalbumin specific T-T hybridoma DO11.1 was used. The CD14"
BmDC population induced a slightly weaker T-cell response then the CD14° 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 CD14" population being approximately five-fold less efficient
than the CD14" population.
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Figure 6. Incubation of DC with anti-CD14 antibodies reduces LPS induced release of 1L-18. CB-1 and D2SC-1
cells were incubated with anti-CD14 antibodies for | h, washed and incubated for 3 h with or without LPS. Con-
trol cells were not treated with antibodies prior to their cultivation. Thereafter, IL-1B content in supernatants was
determined using an ELISA. Mean values (£ SEM) of three experiments are shown, * indicates significant (p<
0.01) difference compared to controls.
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Figure 7. Allogeneic mixed lymphocyte reaction of CD14+ and CD14- BmDC. Graded numbers of BALB/c-de-
rived (H-2%) CD14" and CD14° BmDC were coincubated with 2 x 10° allogeneic purified T cells from C57BL/6
mice (H-2°) in an allogeneic MLR and incubated for 5 days at 37°C, followed by overnight pulse with *H-thymid-
ine. Background proliferation of BmDC or T cells alone was always below 10 000 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 CD14" and CD14° BmDC. The graphs show IL-2 production of the
OVA323-339 specific T cell hybridoma, DO11.1, in response to BmDC plus | mg/ml OVA and | pg/ml
OVA323-339, respectively.

4. DISCUSSION

Traditionally, CD14 expression has been a hallmark of M¢, since almost all sub-
types of human M¢ express CD14, whereas only a few other human cell types were found
to also express CD14 [3]. Likewise, in vitro generated DC derived from CD34" cord blood
progenitors, as well as human Langerhans cells did not express CD14 on their surface
[19,20]. Consequently, absence of CD14 has been accepted as one indicator for DC [21].
However, recent investigations showed that CD14 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 CD14 as well
as CDla [22], and CD14" 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 CD14-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 CD14 during GM-CSF and
TNFa-dependent differentiation into mature DC [11]. Similar data have been generated
by others, also suggesting that human DC derive either from a distinct DC-precursor cell,
or from a CD14" cell type which has already acquired a monocytic phenotype [26]. More-
over, an interconversion from CD14* M¢ to DC seems to be possible, as in the human sys-
tem in vitro incubation of CD14" 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 CD14 and acquire phenotypical as well as functional features of DC. Taken to-
gether, these data show that CDI14 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 11
and CD14 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 CD14 molecules. However, we observed that in most experiments,
CD14 expression of the CD14" 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 CD14" DC, suggesting that CD14°
cells represent more mature DC. Nevertheless, CD14 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 CD14" 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 CD14" 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 M¢ 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
M¢’.

Addition of IL-4 to bone marrow cultures results in a downregulation of surface ex-
pression of CD14, 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 of GM-CSF and IL-4 leads to BmDC which express little or no CD14 at day 7-9
of culture, while BmDC generated by culture of bone marrow in the presence of GM-CSF
alone express abundant CD14 (data not shown). It is still unclear whether addition of IL-4
to the bone marrow cultures merely suppresses CD14 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 CD14 (S.G., unpublished observation).
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Little is known about the functional significance of CD14 expression on DC and
MO/M¢ in mice. In Kupffer cells, LPS has been shown to upregulate CD14 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 M¢ and Kupffer cells [6], showing a rapid upregulation of CD14 after an one h incu-
bation period with LPS. Moreover, after an 18 h incubation period with LPS a downregu-
lation of CD14 expression by CB-1 cells was detectable which confirms previous results
obtained in the human system, showing that high doses of LPS downregulate the expres-
sion of CD14 by means of shedding CD14 molecules from the surface of M¢ [27]. In con-
trast to these results obtained with BmDC, the surface expression of CD14 on the splenic
DC-lines CB-1 and D2SC-1 did not alter significantly after treatment with LPS for 8 h.
Therefore these data may indicate, that LPS differentially modulates CD14 expression in
various types of murine DC. In vivo, LPS as well as TNFa and IL-1 induce DC emigra-
tion from nonlymphoid organs [28]. As LPS is known to induce leukocyte production of
IL-18 and TNF-a [13], we further investigated whether CD14 might be involved in medi-
ating these LPS induced effects. Occupation of CD14 molecules by anti-CD14 Ab dimin-
ished the LPS induced release of IL-1, indicating that CD14 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 CD14, 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, CD14 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 CD14, and that expression of CD14 as well as of
other M¢-associated surface molecules is not a valid criteria to differentiate between M¢
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 CD14 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-1: interleukin 1; LPS: lipopolysac-
charide; MHC: major histocompatibility complex; M¢: macrophages; MO: monocytes;
OVA: ovalbumin; PBS: phosphate-buffered saline; PCR: polymerase chain reaction;
TNF-a: tumor necrosis factor a.
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1. INTRODUCTION

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."** More recent data suggest that at least two in vitro
differentiation pathways for the development of DC seem to exist.*** 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 CD14" monocytoid intermediate cell
stage.’

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.’
These LC type DC develop along a recently described differentiation pathway.® Simulta-
neous generation of CD14" 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 1 (TGF-B1) 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) (1-3x10* cells in 1 ml/ well) at
37°C in a humidified atmosphere and in the presence of 5% CO, 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 pg/ml). Cultures were supplemented with opti-
mized concentrations of the following human cytokines: transforming growth factor-beta
1 (TGF-B1; 0,5 ng/ml; purified from platelets; British Biotechnology, Abington, UK), tu-
mor necrosis factor alpha (thTNFa; 50 U/ml; Bender, Vienna, Austria), granulocyte-
macrophage colony-stimulating factor (thGM-CSF; 100 ng/ml; Sandoz, Basel,
Switzerland) and stem cell factor (rhSCF; 20 ng/ml; Amgen, Thousand Oaks, CA). 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.®

For indirect suspension stainings of the intracellular Lag antigen (mAb clone Lag,
IgG1, 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 Inmunocytometry Systems, San Jose, CA).

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 CD1a*/CD14" dendritic cell and CD1a/CD14" mono-
cytoid cell populations when added to serum/plasma supplemented medium.’

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 1 (TGF-B1). This highly pleiotropic 25-kDa homodimeric polypeptide’ has been
shown before to be present in serum and plasma samples'® and to promote the in vitro
growth of committed hemopoietic progenitors and monocytoid cells.""'*"

Addition of TGF-B1 at low concentrations (0.5ng/ml) 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 of CD1a" cells. At day 10, 35 £4% of all
cultured cells in the presence of TGF-B1 expressed CD1a and cultures initiated with 1x 10*
CD34" cells yielded on average 8 +3x10* CDla’ cells. In contrast, CD14"/CDla” mono-
cytic cells remained infrequent in the presence of TGF-B1 (<8%, n=6). Parallel cultures
set up in the presence of 10% cord blood plasma but not of exogenous TGF-B1 gave rise
to significantly higher percentages of CD14°/CDla’ monocytoic cells (25 + 3%, n=6,
p<0.05) but significantly lower percentages of CD1a" 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-B1-supplemented culture medium, each
in the presence of GM-CSF plus TNFa and SCF, were strikingly different (Figure 1). Cells
grown in plasma- and TGF-B1-free culture medium were round shaped, devoid of cells with
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PLASMA-FREE/ PLASMA-SUPPLEMENTED TGFR1-SUPPLEMENTED
TGFR1-NON SUPPLEMENTED

Figure 1. Microscopic appearance of 10-day cultures. CD34" CB cells were cultured in GM-CSF+TNFa+SCF
supplemented plasma-free medium (left), or with additional supplementation with 10% cord blood plasma (cen-
ter) or 0.5 ng/ml TGF-B1 (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-f1-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-B1 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." As shown in Figure 1, a substantial subset of cells generated in the presence of
TGF-B1 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.’ Strikingly, Lag" cells were only observed in
TGF-B1 supplemented serum-free cultures and could neither be detected in parallel cultures
without TGF-B1-supplementation nor with plasma-supplementation (Figure 2).

Thus we demonstrated that TGF-B1 represents an important co-stimulatory cytokine
for the in vitro development of Langerhans cells in serum free medium. Recent data
showed that TGF-B1 null mice (-/-) lack epidermal Langerhans cells (M. Udey, this issue),
suggesting that also in vivo TGF-B1 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*/CD1a” monocytic intermediate cell stage since
CD14%/CDla’ cells remained highly infrequent throughout the 10 day culture period. This
clearly fits to recent observations by Caux et al.’ who showed that Lag® DC unlike simula-
taneously developing Lag' DC do not develop from an intermediate CD14*/CDla” mono-
cytoid cell stage.



164 H. Strobl et al.

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 CD1a expression.

Strikingly in plasma-supplemented medium substantial proportions of cells acquire
CD1a expression but do not show Lag reactivity. One explanation could therefore be that
these Lag/CD1a" DC derive from a distinct progenitor cell subset and/or differentiation
pathway.’ Alternatively, simultaneously developing monocytes/macrophages may inhibit
further DC differentiation, as recently described.*
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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-OVA), 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 1 x
10° FSDC with OVA and DX were for 30-60 min at 1 mg/ml in a 37°C CO,-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% paraformaldehyde 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-DX 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 FACS, 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-OVA, 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 1 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
lysososmes (not shown). Only little DAMP (5 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. 1). Those vesicles resemble large electron-lucent macropinosomes, which
have acquired the lysosomal membrane protein Lamp-1 and the lysososmal 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 (11). 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. 1), in contrast to small endosomes (not shown). This
might explain why OV A 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 824 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 Il-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 of ligands.

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 HC10, anti-human
class II a-chain mAb 1BS, anti-human class II B-chain mAb anti-8, anti-human DMA
mAB 5C1, mouse anti-human class II mAb TU36, anti-human class II mAb PdV 5.2, anti-
biotin, anti-CD63 mAb CLB/Granl2, anti-human calnexin, anti-human mannose receptor
D547, anti-human cathepsin D, anti-human rab 5, anti-human lamp-1 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-10% FCS
supplemented with 800 U/ml GM-CSF and 1000 U/ml IL-4. DCs were used for experi-
ments between day 6-8.

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 (11). Ultrathin
cryosections were incubated with antibodies followed by immunogold staining.

3.5. Proliferation Assay

1.0 x 10* T cells were cultured in 96 flat-bottom microplates with 5 x 10* irradiated
(3000 rad) HLA-typed DCs or 5 x 10* irradiated (3000 rad) HLA-typed PBMCs in the ab-
sence or presence of various concentrations of peptides. [’ H]Thymidine incorporation was
measured at day 3 after a 20 h pulse with [*H]thymidine (1 Ci/well).
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4. RESULTS AND DISCUSSION

4.1. Subcellular Distribution of the Mannose Receptor and Proteins
Involved in Antigen Presentation

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
lysosomes, 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 lysosomes, 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 MIIC.

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

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 generally 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/fucosylated antigens (3, 6), respec-
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(DIAID), Department of Dermatology, University of Vienna Medical School, Wiahringer Giirtel 18-20, A-1090
Vienna, Austria. Telephone: +43 1 4036933, Fax: +43 1 4031900.

Dendritic Cells in Fundamental and Clinical Immunology
edited by Ricciardi-Castagnoli, Plenum Press, New York, 1997 175



176 D. Maurer et al.

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 FceRI 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 FceRI-expressing DC population and the conse-
quences of IgE-FceRI interactions for the antigen presentation capacity of these cells.

VARIOUS TYPES OF DENDRITIC CELLS EXPRESS FceRI

In humans, the high affinity receptor for IgE (FceRI) is expressed on Langerhans
cells (9, 10), dermal DC (9, 11), and monocytes (12). To better characterize the spectrum
of FceRI-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 FceRI but fail to express monocyte-specific markers (e.g., CD14). We found that,
in addition to basophils and monocytes, a third type of FceRI-expressing cells circulates in
the peripheral blood of both atopic and healthy individuals (13). On the surface of these
cells, FceRI occurs as a multimeric structure containing FceRla and FceRly chains but,
unlike its counterpart on basophils, lacking FceRIB. Further experiments revealed that
these FceRlIay-expressing cells are peripheral blood DC (PB-DC) based on their immuno-
phenotype (HLA-DR"®", HLA-DQ"®"; CD4*, CD11a*, CD32*, CD33", B7/2 [CDS86]";
CD11b**, CD14"*, CD40"*, CD54"*, CD64""), typical cell morphology, and the capacity
to induce primary alloreactive T cell responses (13).

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

To see whether targeting of allergen to FceRI on DC is followed by efficient antigen
presentation, we used an allergen focusing system that allows the binding of haptenized
(i.e., nitrophenacetyl [NP]-conjugated) recombinant major birch pollen allergen (rBet v 1)
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. 1). 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 FceRI as# the principal IgE receptor on DC mediating IgE-
dependent allergen uptake and presentation since the addition of an anti-FceRIa 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. 1).

In recent experiments we started to explore the molecular mechanisms involved in
FceRI/IgE-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 FceRI/IgE complexes into few distinctive
cytoplasmic DC compartments which contain MHC class II antigens, HLA-DM and
lysosome-associated proteins (Maurer et al., 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 FceRI to present allergen to HLA-DR-restricted T cells in an IgE-dependent manner. Indicated
numbers of peripheral blood DC were reacted with IgGl (open squares), 1gG1l 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 1. T cells of TCC 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 al., 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 ITAM motifs
of the FceRI 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). FceR1I-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
[I-peptide assembly of those located within the binding site of IgE may be suppressed. In
summary, FceRI/IgE-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 Il 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'”. 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)’ promotes growth and
maturation of large quantities of DC issued from bone marrow progenitors* provided us
with a tool to study the MHC class 11 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 response’. 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 (li) in
the endoplasmic reticulum (ER)® and are targeted to the endocytic pathway. Class II mole-
cules accumulate transiently in endocytic compartments designated MHC class II com-
partment (MIIC)"*® or class II vesicles (CIIV)'*'". CIIV are physically and biochemically
distinct from endosomes and lysosomes 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 1.
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-CSF*. 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. 1).
Early in development (day 3—4), DCs are mainly concentrated in proliferating clusters
which are loosely attach to a more firmly adherent stroma‘. These clustered DCs have
been shown to give rise to mature dendritic cells when purified and left in culture with
GM-CSF*. 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'?.
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-

little surface CLII new CLII to surface new CLII to surface
intracellular CLII in MIIC Intracellular CLIl in ClIlV no vesicular CLII
dispersed lysosomes lysosomes clustering lysosomes perinuclear dot
invariant chain in MIIC/ER invariant chain in ER invariant chain in ER

B7-2 negative B7-2 surface low B7-2 surface high

small round or elongated cell medium round cell small cell with processes
HRP uptake HRP uptake noflow HRP uptake?

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 cells’. 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-M"*.

Class II dimers and i are strongly interconnected, li serves as a chaperone and pro-
vides the targeting signal necessary for the class II molecules delivery to the endocytic
pathway'*. 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 li and MHC class II molecules are
found co-distributing with heavy density lysosomes. Interestingly, only the CLIP contain-
ing pl0 proteolytic fragment of Ii'* could be detected in the heavy density fractions. The
p10 fragment is normally generated in early endosomes and is very short lived, unless the
cells are incubated with a protease inhibitor such as leupeptin'®. In contrast, invariant
chain could only be found within the ER of intermediate and late DC, where it colocalizes
with Calnexin'’. The distribution of invariant chain in late DC was confirmed by percoll
fractionation where it could only be detected in light density fraction. Interestingly P10
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'®. P10, still able to influence
the targeting of the class Il dimers, could induce the class I molecules transport to
MIIC/lysosomes, in a similar fashion as an artificial treatment with leupeptin'®'®. 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 II molecules show a rather poor rate of arrival at the plasma membrane when
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'’. 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 Il
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. 1). 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 Il molecules in the maturing
cells. These changes in class I1 molecules distribution and trafficking define 3 major
stages of DC maturation (Fig.1). 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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MIIC/lysosomes and a slow degradation 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 play a 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.

REFERENCES

Fossum, S. Curr. Top. Pathol. 15, 101-124 (1989).

Steinman, R.M. Annual Review of Immunology 9, 271-96 (1991).

Rasko, J.E. & Gough, N.M. in The Cytokine Handbook, 2nd ed 344-369 (Academic Press Limited, 1994).
Inaba, K., et al. Journal of Experimental Medicine 176, 1693-702 (1992).

Meliman, 1., Pierre, P. & Amigorena, S. Curr: opin. Cell Biol. 7, 564-572 (1995).

Lamb, C.A. & Cresswell, P. J. Immunol. 148, 3478-82 (1992).

Peters, P.J., Neefjes, J.J., Oorschot, V., Ploegh, H.L. & Geuze, H.J. Nature 349, 669676 (1991).
Tulp, A., Verwoerd, D., Dobberstein, B., Ploegh, H.L. & Pieters, J. Nature 369, 120126 (1994).
Qiuy, Y., Xu, X., Wandinger-Ness, A., Dalke, D.P. & Pierce, S.K. J. Cell Biol. 125, 595-605 (1994).
Amigorena, S., Drake, J.R., Webster, P. & Meliman, 1. Nature 369, 113- 120 (1994).

. West, M.A., Lucocq, J.M. & Watts, C. Nature 369, 147-151 (1994).

Kleijmeer, M.J., et al. J. Immunol. 154, 5715-5724 (1995).

Sanderson, F., et al. Science 266, 1566—1569 (1994).

Cresswell, P. Cell 84, 505-507 (1996).

Romagnoli, P. & Germain, R.N. J. Exp. Med. 180, 11071113 (1994).

Amigorena, S., et al. J. Exp. Med. 181, 1729-1741 (1995).

. Hammond, C. & Helenius, A. J. Cell Biol. 126, 41-52 (1994).

. Romagnoli, P., Layet, C., Yewdell, J., Bakke, O. & Germain, R.N. J. Exp. Med. 177, 583-96 (1993).
Neefjes, J.J. & Ploegh, H.L. EMBO Journal 11, 411-6 (1992).

P NAND W~

SEIARFEERESe



31

MANNOSE RECEPTOR MEDIATED ANTIGEN
UPTAKE AND PRESENTATION IN HUMAN
DENDRITIC CELLS

Anneke J. Engering,'? Marina Cella,' Donna M. Fluitsma,’
Elisabeth C. M. Hoefsmit,” Antonio Lanzavecchia,' and Jean Pieters'

'Basel Institute for Immunology

Basel, Switzerland
’Department Cell Biology and Immunology
Vrije Universiteit

Amsterdam, The Netherlands

1. ABSTRACT

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 Il 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.' After uptake, antigens are processed in the endosomal/lysosomal pathway
and peptides are loaded onto class II molecules in specialized compartments, MHC class
11 compartments.” ® 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 material.*’ 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.”'® 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
ng/ml GM-CSF and 1,000 U/ml IL-4, as described.®

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.'' Ultrathin cryosections were prepared as de-
scribed'? and labeled with antibodies, followed by colloidal gold particles coupled to
protein A."

3.3. Subcellular Fractionation

Subcellular fractionation was performed as described.” Markers for lysosomes, as
well as the total amount of protein in the different fractions were assayed as described.'*"
The migration of plasma membrane was analyzed by cell surface iodonation.” 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. 1, 10
nm gold). Double labeling with anti-class II antibodies showed the majority of MHC class
II molecules to be present in multivesicular and multilaminar compartments (Fig. 1, 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



Mannose Receptor Mediated Antigen Uptake in Human Dendritic Cells 185

Figure 1. Immunocytochemical analysis of mannose receptor and MHC class Il containing compartments. Ul-
trathin sections from fixed DC were double labeled with antibodies against the mannose receptor (3.29; IgG1; 10
nm gold) and MHC class Il molecules (polyclonal serum against the a-chain; gift from H.L. Ploegh; 15 nm gold)
as described in Methods. Magnification: 130,000x.

Figure 2. Isolation of distinct subcellular compartments containing mannose receptor or MHC class Il molecules.
DC were homogenized and the subcellular organelles were separated by electrophoresis. In each’ fractions the
amount of protein (squares) and B-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 B-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 Il 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 ng/ml) 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.'® 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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Figure 3. Enhanced antigen presentation of mannosylated BSA. DCs were incubated with mannosylated BSA or
BSA and their ability to stimulate T cell proliferation was analyzed using a proliferation assay."
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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' 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 vivo®.
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
play a 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 al.', 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 1A 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 1B). 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 1A). Depletion of B lymphocytes from spleen cells from immune mice (Figure
1C) 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 Imnmunogenic 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 puri-
fied DC. The results in Figure 2A show that DC from naive mice bear immunogenic frag-

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 pg 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 10* T hybridoma cells with (B) or without (A) addition of 20 pg/ml 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-E%-restricted, myoglobin-specific hybridoma 13—26-8*. 24 h culture supernatants were assayed for IL-2 pro-
duction. Each point represents the mean of triplicates. Similar data were obtained in S independent experiments.
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cells / well (xl0-3)

Figure 2. DC isolated from mice pulsed in vivo with myoglobin present immunogenic fragments of the antigen.
Ten BALB/c mice were either untreated or injected with 100 pg of myoglobin emulsified in CFA. Half of the mice
(closed symbols) were injected 14 days later with 4 mg of myoglobin intravenously (in vivo pulsing). After 2 h,
the spleens were harvested and the DC were purified’. At the end of the purification steps (after 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 pg/well of myoglobin. 24 h culture supernatants were assayed for IL-2 production, as described
in Material and Methods. Each point represents the mean of triplicates. Similar data were obtained in 6 indc-
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 in 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 2B)
only partially increased activation of T cell hybridoma, a finding which correlates with the
downregulation of the processing capacity of DC in vitro®’.

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 MHC/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 Il 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 pg 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 cavity®. Adherent cells
were cultured overnight, collected using a rubber policeman, and cultured with 3 x 10* T hybridoma cells with (B)
or without (A) addition of 20 ug/ml 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 CFA but not in animals injected with CFA 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 concentrations’. 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 macrophages®. 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 vivo®®. By contrast, there is some evi-
dence that antigen-experienced T cells have less stringent conditions of activation. In
particular, Inaba and Steinman® 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 vitro®'* and in vivo’.

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

We investigated in H-2" mice bearing a genetically disrupted invariant chain (li)
gene', 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 li, class II a/B heterodimers are ex-
pressed on the DC membranes to a similar extent than in control mice, in contrast to
splenic B cells. Class Il molecules immunoprecipitated from the plasma membrane of li
deficient DC are compact indicating that the dimers are stabilized by antigenic peptides’.
Furthermore DC from li 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 i mediated targeting of class 1l com-
plexes.

2. INTRODUCTION

Presentation of exogenous antigens to CD4" T lymphocytes requires antigen inter-
nalization and processing in endocytic compartments’. Newly synthetized o and B 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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route*® 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 proposed”'°.

In contrast to dendritic cells, B cells from mice bearing a genetically disrupted Ii
gene"'"'? 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 li is required for the efficient assembly of
class II dimers in allelic variants only: B cells from mice with an H-2° background mostly
accumulate in the ER free a and B chains in the absence of Ii, while class II dimers from
H-2* and H-2¢ background are efficiently assembled even in the absence of Ii'’. 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'*"". In this study we
investigated in SpDC and BMDC the li 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 B10.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 EcoR 1-digested tail DNA as described'.

3.2. Antibodies (Abs)

Anti-IA*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
B 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'®. 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'’ modified. CD34* precursors were grown for 15 days in
RPMI additioned with 20 ng/ml of recombinant murine GM-CSF (Granzyme). The culture
medium was changed every three days. All the I-AX restricted T cell hybridomas utilized
in this study (3A9, ICS.1, 2B6, 3B11) were generously provided by Luciano Adorini (Mi-
lano, Italy). IL-2 dependent CTLL-2 cells were purchased from ATCC.

3.4. Flow Cytometry, Inmunohistology, and Confocal Microscopy

Staining was performed as described in*’. Samples were analyzed in a FACScan 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’' and results visualized by a Leica TCS 4D
(Leica Lasertechnik, Heidelberg, Germany).

3.5. SDS-PAGE of Surface Class II Complexes

15 x 10° 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 '**I (1mCi), lactoperoxidase and
H,0, (10 pl of a 1/30000 dilution in PBS). H,O, 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 1-A* 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% B-mercaptoethanol to preserve the peptide loaded, compact, MHC class II 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, 3B11) (5 x 10* /well), in the presence or in the absence of
10-fold serial dilution of the relevant antigens with different APC populations (BMDC, §
x 10*/well; spleen derived B cells, 10°/well, or SpDC pulsed overnight with different anti-
gens and further purified over a Percol gradient as above, 5 x 10°/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-2* 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.1,
panel A). In vitro derived cells were tested for Ii expression by western blot (Fig.1, 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 li ko mice. All mice were tested at three weeks of age by southern blot analysis of genomic
DNA (A). The expression of Ii molecule was also verified in bone marrow-derived DC by western blot (B).

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 B 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 1 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 of Ii,
with long polypeptides, as described in other systems?.
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Figure 2. FACS analysis of class 1 expression. Spleen-derived B cells (A), spleen-derived DC (B) and bone-mar-
row-derived DC (C) were analyzed for class 11 expression using the 10.2.16 mAg. li positive cclls (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
DC B Cells
Ii +/+ li-/- li+/+ I -/-

25°C 95°C 25°C 95°C 25°C 95°C 25°C 95°C
HMW - - 19.2 - - - — -
CF 90 - 52 - 96 - - -
Unstable 10 100 27.8 100 4 100 100 100

[HEL] uM [HEL] pM

Figure 3. HEL antigen presentation. The ability of li positive B cells (lightly dotted bars), i ko B cells (), Ii posi-
tive DC () and Ii ko Dc ( heavily dotted bars) to present to the 3A9 hybridoma (specific for the HEL-derived
4661 peptide) HEL protein (panel A) was tested. As control (panel B) the presentation of the in vitro syntetized
46-61 peptide was also tested.
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4.3. DC from Ii Ko Mice Present with High Efficiency li-Dependent
Epitopes to Class II Restricted T Cells

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'. However this does not apply to Ii deficient DC
(Fig.3), which present different antigens derived from HEL protein, in contrast to li 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 li-dependent and
-independent epitopes: in particular, it has been proposed that different epitopes may re-
quire different pH and intracellular conditions to be generated’. 1i could indeed be re-
quired to bring class Il molecules in the same intracellular compartment where these
particular peptide epitopes are generated, while the a/B chain targeting motives alone
could be sufficient to reach the compartments where other li-independent peptides are
generated. The ability of DC to present also in the absence of li 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 Il dimers may
reach all sites of epitope generation allowing peptide loading to occur through an li inde-
pendent pathway. This characteristic may reflect their unique properties in antigen uptake,
storage and presentation to CD4" T cells.”**
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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."* Cul-
ture or cytokine induced increases in DC stimulatory activity correlate with the
upregulation of the 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 the CD86:CD28 or CD40:CD40L interaction,"* paraformaldehyde fixed, freshly
isolated DC are incapable of initiating T lymphocyte proliferation unless they are sub-
jected to a period of culture prior to fixation."” 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.**’

DC costimulator expression in vitro may be enhanced by monocyte conditioned me-
dia,” however fresh DC populations purified by depletion of lineage marker positive cells
are still capable of costimulator upregulation in the absence of conditioned media'* 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 DNJ 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,"'®'" 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."'*"" 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.'” Freshly isolated LC express moderate lev-
els of CD40, which is also increased upon in vitro culture.'"'? 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."'""® 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."'
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-2"'* and IL-4"° secretion by CD4* T lymphocytes. This interaction also appears to
act in synergy with TCR/CD3 and CD28 ligation for T lymphocyte proliferation and IL-4
secretion.'’ 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.'®'’. CD40 signalling can also drive
the maturation of CMRF-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.'*?' 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."

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 16—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 observed 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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Figure 1. Schema of T lymphocyte modulation of costimulator expression on fPBDC in in vitro coculture (see
text).

fPBDC, as paraformaldehyde 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'*?* 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. 1.

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 (leukosialin, CD43) is a leukocyte membrane glycoprotein very rich in
sialic acid residues and with an extended, mucine-like structure'. 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 lymphocytes®*. Dendritic cells (DC) are the antigen pre-
senting cells (APC) most efficient in the activation of naive T cells and in the induction of pri-
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-1B. 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., CD40L/CD40) and cytokines re-
leased by T cells®. 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 6-10 days (Mo-DC).*’

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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Figure 1. Epidermal LC in suspen-
sion and Mo-DC express CD43. (A)
Freshly prepared epidermal cell sus-
pensions were enriched for LC and
double stained with control IgG1 or
anti-CD43 mAb (DFT-1) followed
by PE-conjugated goat anti-mouse Ig
and FITC-conjugated anti-HLA-DR.
About 30% of epidermal cells co-ex-
press HLA-DR and CD43. (B) Mo-
DC were strongly positive for CD1a,
CDI1b, HLA-DR and CD43 (MEM-
59) and negative for CD14, CD16,
CD19 and CD3. Incubation with
neuraminidase (from Vibrio cholerae
and Arthobacter ureafaciens) for 40
min at 37°C resulted in a marked
down-regulation of CD43 expres-
sion.

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*, IgG1; 1-50 pg/ml) or with control mouse IgG1 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. fLC (A) or Mo-DC (B) were incubated with control IgG1 (50 ug/ml) (O) or with MEM-
59 (50 pg/mi, @) 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 Arthobacter ureafaciens) for 40 min at 37°C, washed and then co-cultured with T cells (A). Proliferation of T
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 fLC when co-cultured for
2-3 days with allogeneic T lymphocytes formed small aggregates. In contrast, fLC 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 IgG1. In addition, fLC 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 contacts®®. 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 signaling®®. 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 mADb expressed higher levels of CD54, CD40, CD80 and CD86. In addition,

Figure 3. Transient incubation with the anti-CD43 mAb MEM-59 up-regulates HLA-DR, ICAM-1, B7-1, B7-2,
CD40 and CD83 on Mo-DC. Cells were incubated with control IgG1 or MEM-59 (both at 50 ug/ml) 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 molecules critical for antigen presentation.

S. 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'®. Epidermal LC, peripheral blood DC'"'? as well as Mo-DC express CD43.
The natural ligand(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 cells'’ 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 cancer'*'°.
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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 (S, 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 Il-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 1). SC
DC preparations contained 80—-100% class II- and B7- positive cells, that also expressed
33D1 and NLDC-145 antigens. BM DC preparations contained 30—40% class II- and B7-
positive cells, (almost) no 33D1, 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-1 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 Ia® 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 of IL-4 (10° U/ml)
and GM-CSF (10’ U/ml) 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-Ia®), 33D1 (DC marker), NLDC-145 (DEC-205, DC marker),
F4/80 (macrophage marker), CTLA4Ig (ligand of B7.1 and B7.2), N418 (P150,95) and
3E2 (ICAM-1). 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 1). Based on the same
number of class II- 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 Il-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 (HPV16), 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
I- 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 events.

In different tumor models (HPV16-containing and adenovirus type 5 El-containing
tumors), we were able to provide complete protection against a tumor challenge by intra-
vencous 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 are more efficient than BM DC at CTL response induction
in vitro and in vivo. Listed are the number of unprimed T cells (spleen cell population
of naive C57 BL/6 mice depleted for B cells and adherent cells), class 1I- 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 CTL 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 restimulated in vitro with cells endogenously expressing the
antigen. By immunization with BM DC lower CTL responses were obtained
than with SC DC, depicted as percentage antigen-specific lysis at E/T ratio 30
(data obtained from three independent experiments). The following peptides
were used: K -binding OVAS, SIINFEKL; K®-binding VSV8. RGYVYQGL.;
D’-binding HPV9, RAHYNIVTF

In vitro requirements

Responders unprimed T 5x 10° / well
Stimulators SC DC 1x10*-5x10* / well
BM DC 25 x 10* / well

One i.v. immunization with

In Vivo requirements
10° SC DC 60 - 80 % Ag-spec. lysis at E/T ratio 50
2-4x10° BM DC 20 - 40 % Ag-spec. lysis at E/T ratio 50
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Figure 1. 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 gradiént 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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Table 2. Protein-pulsed BM DC and also protein-pulsed SC DC are specifically
recognized by class I-restricted T cells. SC DC and BM DC were pulsed
overnight with 10 uM protein (from day 0 to day 1 and from day 7 to day 8,
respectively). Class II- and B7- positive DC previously pulsed with protein
antigen and CTL were co-cultured for 18 hours. The results of three independent
experiments are shown as percentage response, i.e. in a TNFalfa -release assay
as a percentage of maximal WEHI cell death (exp. I and II) and in a blue cell assay
as a percentage of maximal triggering of a CTL clone that carries an inducible
Lac-Z gene fused to the IL-2 enhancer (exp. III). Similar results were obtained when
SC DC were pulsed for 4 hours on day 1 of the isolation procedure, and when
BM DC were pulsed earlier in the culture period, namely on day 2 or day 5
(data not shown). Supernatants of protein-pulsed SC DC or BM DC did not
contain peptide fragments that could be detectected in a CTL assay (data not shown)

OVAS8 + K" CTL HPV9 + D° CTL
Experiment nr. I Il 111 I Il
SCDC 18
SC DC + OVA8 95
SC DC + HPV9
OVA- pulsed SC DC 48
E7 - pulsed SC DC
BM DC 20 20 12 20 16
BM DC + OVAS8 81 65 21
BM DC + HPV9 23 60
OVA- pulsed BM DC 85 77 42 28 21
E7 - pulsed BM DC 32 16 61 78

CTL response induction by ovalbumin-pulsed DC

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 OVAS8 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 E/T 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

Myeloid dendritic cells (DC), macrophages and granulocytes are descendants of a
hematopoietic progenitor cell that originates in the bone marrow'. 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 maturation® .

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
stimulation®*"''. 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-1a and the de novo synthesis of IL-12 were detected''.
The production of the latter lymphokine suggested that DC appropriately sensitized might
alter the balance between TH1 and TH2 cells and thus might influence the outcome of an
antigen specific immune response.'”

In this work we investigated the possibility that lymphokines derived from an ongo-
ing TH1 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 microparticles 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 ProDC 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-A?, ATCC HB-3)" 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 XMG1.2 (IgG2a) was used with a neutralizing capacity of 10 U IFN-
y/5ul mAb preparation as determined by ELISA.

2.3. Cell Culture

Bone marrow cells were cultivated as described®. Cells were cultured for 7 days at
37°C with 10% CO, in humidified air.

2.4. Recombinant Mouse Interferon-y

IFN-y was used as a supernatant of transfected 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 XMG1.2
(5ul/ml) (added to the cells every 24h), iii) FITC-labeled 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 1mM 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/1%FCS supplemented with 0.1% NaN, 10°cells were
incubated with anti-MHC class Il mAb MK-D6 for 1h followed by two cycles of washing and
1h incubation with the phycoerythrin-conjugated secondary reagent.

3. RESULTS AND CONCLUSION

We previously described the uptake of FITC-labeled polystyrol particles by developing
dendritic precursor cells in GM-CSF supplemented bone marrow cultures''. To reveal the pro-
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Figure 1. DC precursor cells ingest few fluorescent beads unlike BM-macrophages which are heavily bead-
loaded. FL1: 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 Il ex-
pression and subjected to double fluorescent FACS-analysis. The histogram in Fig. 1 reveals a
distinct set of class 1" (upper left) and class II" as well as phagocytosis” (upper right) DC. The
stepwise increase in FITC-fluorescence intensity (FL1) is correlated with the uptake of one
(M1, 14.9%), two (M2, 8.7%), three (M3, 5.6%) and more than three (M4, 20.0%) microparti-
cles 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 I[I" macrophages showing extensive engulfment of
particles can be distinguished (lower right in Fig. 1).

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 BM 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. 2B). The second test culture
received a daily dose of 5 pl/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 FACS 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-la-
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. 2B) suggesting that the number of class II' 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 lymphokine 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 TH1 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 microparticles
increases significantly, and also the number of particles phagocytozed by the DC is ele-
vated.
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1. CD101: ANEW LEUKOCYTE SURFACE ANTIGEN INVOLVED
IN T CELL ACTIVATION

1.1. Generation of Anti-CD101 Monoclonal Antibodies (mAbs)

CD101 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), BB27 and BA27 (1,2). The two anti-CD101
mAbs BB27 and BA27 were generated by immunization of BALB/c mice with the
CD4+CD8+ thymic clone B12 (3). These mAbs recognize CD101, a disulfide bonded-ho-
modimer, on subsets of circulating T lymphocytes.

1.2. Cell Distribution and Function

CDI101 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 CD101. CD101
participates in T lymphocyte activation and is probably involved in intracellular signal-
ling. CD101 molecule seems to be required for anti-CD28 mAb and PMA stimulation of
PBL (1,2). Recently, CD101 has been described as a costimulatory molecule preferentially
expressed on mucosal T lymphocytes (4).
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1.3. Cloning of the CD101 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
CD101 molecule (Boumsell L, Freeman GJ. & Bensussan A., CD101 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 V7.1, 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 CS1 (5). V7.1 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 1p13 (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 CD101 BY SKIN DENDRITIC CELLS

2.1. In Situ Expression of CD101

As CD101 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 CD1a and CD101.

2.2. Expression of CD101 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 CD101 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, CDl11a, CDllc,
CD40, CD50, CD54, CD58, CD80, CD83, and CD86. We found that CD101 was ex-
pressed by a major subset of these HLA-DR+CD1a+CD1c+ LC-like skin DC.

3. FUNCTIONAL ROLE OF CD101 ON SKIN DC

3.1. BB27 and V7.1 Recognize Different Epitopes of the CD101 Molecule

As BB27 and V7.1 are both anti-CD101 mAb, we addressed the question of whether
they recognized the same or distinct epitopes of the molecule. Cross-block experiments
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Figure 1. Double immunostaining flow cytometric analysis of gated enriched skin DC suspensions. DC suspen-
sions were subjected to immunofluorescence double-labeling using RD1-conjugated anti-CD101 BB27, and FITC-
conjugated anti-CDla WM35 (A), FITC-conjugated anti-CDIc L161 (B), or FITC-conjugated anti-HLA DR
B8.12.2 (C). CD101 was expressed by a major subset of CDla+, CD1c+, and HLA-DR+ skin DC.

using the YT2C2 natural killer cell line (13), that constitutively expresses high levels of
CD101, demonstrated that BB27 and V7.1 recognize distinct epitopes of the CD101 mole-
cule.

3.2. Anti-CD101 mAbs Inhibit Allogeneic and Soluble Antigen-Specific
Mixed Skin DC-Lymphocyte Reactions

We next studied the effect of anti-CD101 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
CD101 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 CD101, as shown by staining
with FITC-conjugated BB27 (A) or V7.1
(B) mAbs. The YT2C2 cells were incubated
with the unlabeled anti-CD101 mAb (BB27
or V7.1) or an isotype-matched anti-CD2
mAb (CD2X11) during 30 min, washed,
and stained with a labeled anti-CD101 mAb
(BB27-CyS5-PE) (C.D,E). Flow cytometric
analysis was then performed. Results show
that V7.1 and BB27 recognize distinct epi-
topes of the CD101 molecule.

3.3. CD101: A Co-Stimulatory 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-CD101 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 CD101, whereas only a minor subset of PBL expressed lower level of
CD101. Therefore, signaling through CD101 might be different in both cell populations.
Taking together, these results suggest that CD101 plays a role in TCR/CD3-mediated T
cell activation. The expression of CD101 during activation seems to be required as a
CD28 costimulatory signal (1). Co-stimulatory signals play a 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 CD80,
CD86, CD40, CD44, CD50, and CD54 (14-19). The activation of T lymphocytes by en-
riched LC is inhibited by anti-CD86 and anti-CD50 mAbs and at a lesser extent by anti-
CD80 mAbs (15,18,20). Anti-CD101 mAbs strongly inhibited the activation of T
lymphocytes by skin DC in allogeneic and soluble antigen-specific proliferations. These
results demonstrate that CD101 plays a major role for the activation of T lymphocytes by
skin DC. Further, our results showed that the inhibition induced by anti-CD101 mAbs
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Figure 3. The concentration-dependent effects of anti-CD101 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 10°
allogeneic enriched DC migrating from skin explants after 3 d. mAbs against CD101 (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. CD101 could thus function as a co-stimulatory molecule, pro-
moting interactions between CD101 positive cells and other cells expressing a ligand for
CD101 that remains to be determined.
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PRESENTATION OF TETANUS TOXOID TO
AUTOLOGOUS T CELLS BY DENDRITIC CELLS
GENERATED FROM HUMAN BLOOD

Improved Specificity with Dendritic Cells Generated Without
Fetal Calf Serum

Susanne Biichele and Reinhard Hopfl
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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 1% 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
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Table 1. Time course of DC-culture

day 0-7: * Generation of DC with GM-CSF and IL-4 from PBMC
depleted of lymphocytes by E- rosetting

in

A) RPMI-1640 medium B) RPMI-1640 medium

+10% FCS + 1% autologous human plasma
day7: immature DC ! PROCESSING !
+ conditioned medium
+ antigen (tetanus toxoid)
+ GM-CSF and IL4

day 7-10: Maturation of DC

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 '2. Maturation of DC in FCS-free
medium was then achieved during an additional three day culture period with monocyte-
conditioned medium as described **. DC generated by both methods (see table 1) 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 1, method B) were useful in our prolif-
eration assay. In contrast DC cultured in RPMI-1640 medium enriched with 10% FCS
(see table 1, method A) induced high background levels of thymidine uptake in autologous
T-cells despite the absence of antigen. Figure 1 shows a comparison of DC generated by
method A) or B) in the setting of a syngeneic mixed leukocyte reaction.

Table 2. Time course of the modified lymphocyte proliferation assay

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

* wash DC
* 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 4. thymidine
day 17: measure incorporation of labeled thymidine
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Figure 1. Response [incorporation of *H-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 (TT)
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
TT remained positive with antigen dilutions up to 1 : 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 (TT) [incorporation of *H-thymidine measured in
cpm] using different dilutions of antigen. TT is presented by DC generated in autologous medium to autologous T-
cells. The proliferation was done in medium containing 10% pooled human serum.

Figure 3. Specific immune response to tetanus toxoid (TT) by 100 000 autologous T-cells [incorporation of *H-
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 distribution'?. They are not homogeneous and even within a particular lymphoid or-
gan distinct subpopulations can be separated’™. If procedures are used which extract all
DC, both CD8a.* and CD8a DC can be isolated from mouse spleen’. 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 LN*". 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
CDS8 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 *H-TdR uptake. The DC were isolated by collagenase digestion, then
EDTA release from spleen fragments, selection of light density cells, immunomagnetic
bead depletion of other cell lineages, then as a final step sorting for CD11c™" DC which
were either positive or negative for CD8a>"*. CD4 T cells from CBA mice proliferated in
a dose-dependent manner to both DC populations from C57BL/6 (B6) mice. However, as
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Figure 1. The kinetics of proliferative response of CD4 T cells stimulated with allogeneic CD8" and CD8" DC.
DC were purified from C57BL/6 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 of T cells was assessed by *H-TdR incorpora-
tion after a 12h pulse. Full details are given elsewhere?. This figure is reprinted with permission from.”

shown in Fig. 1, there was a marked difference in the extent of the response, with CD8"
DC inducing much greater proliferation®. 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.®
The differential T-cell response was not due to insufficient production of cytokines such
as interleukin (IL)-2 in the CD8" 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 CD8* and CD8" DC®.

The major reason for the reduced CD4 T cell proliferation response was a high rate
of T-cell death in cultures stimulated by CD8" 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 breaks®. Since the signal for the apop-
tosis of mature T cells is normally delivered through the Fas molecule (CD95/APO-1) ex-
pressed on the surface of activated T cells*'® we used Fas-deficient C3H/Hellpr CD4 T
cells'""'? stimulated with B6 CD8"* or CD8 DC to assess the role of Fas in the apoptotic T-
cell death. As shown in Fig. 2, Fas-deficient [pr CD4 T cells responded at least as well to
CD8"* as to CD8 DC whereas the control C3H/HeJ CD4 T cells responded much less well
to CD8* DC®. This demonstrates that lack of inherent stimulatory ability by CD8" 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 CD8* and CD8 DC ex-
press similar levels of class Il 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-
vation'*", leading to a T cell-T cell killing'>™"". 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 CD8" versus CD8" DC persisted when CD4 T cells isolated from FasL mu-
tant gld mouse strain'®'® 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 CD8 and CD8" DC. Top, The
response of the control C3H/HeJ CD4 T cells to C57BL/6 CD8" or CD8" DC. Bottom. The response of the Fas-de-
ficient C3H/Hellpr CD4 T cells to C57BL/6 CD8’ or CD8 DC. Recombinant mouse IL-2 was added to the cul-
tures at 100 U/ml; 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 CD8" and CD$§
DC. Immunofluorescence profiles show the binding of a Fas-Fc
fusion protein to C57BL/6 splenic DC. The broken line shows
background staining with purified human IgG. Full details are
given elsewhere® This figure is reprinted with permission from.*
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FasL, we stained CD8" and CD8 DC with the Fas-Fc fusion protein obtained from D.
Lynch'®. As shown in Fig. 3, the CD8" DC all stained exceptionally strongly with this re-
agent, whereas the CD8 DC showed low or negative staining®. This result leads to the
conclusion that CD8" DC, as they exist in the spleen, express high levels of FasL and are
pre-armed for killing of activated, Fas-expressing CD4 T cells®.

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

To determine whether CD8" DC have the same “regulatory” effect on CD8 T cells as on
CD4 T cells, we studied the proliferative responses of CD8 T cells purified from CBA mice to
CD8 and CD8" DC isolated from spleens of B6 mice. As shown in Fig.4, CD8 DC induced
much higher levels of proliferation by CD8 T cells than that obtained with CD8" DC if as-
sayed late after culture initiation. However, a key difference in the way CD8 and CD4 T cells
respond to CD8" DC was apparent from the kinetics of the proliferative response. The re-
duced response of CD4 T cells to CD8" DC was apparent from the earliest times of culture
(Fig. 1). In contrast, up to day 2.5 of culture CD8 T cells responded to CD8" DC at least as
well as to CD8 DC. After this time, proliferation in response to CD8* DC dropped rapidly,
whereas the response to CD8 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-2K"-specific a-TCR transgenic mice and HY-spe-
cific, H-2° restricted, aB-TCR transgenic mice.”

To test if this reduced CD8 T-cell proliferative response late in culture was also due
to Fas-mediated negative signals from the CD8* DC, CD8 T cells were purified from Fas-
deficient C3H.Ipr mice, and compared in their responses to CD8 T cells purified from nor-
mal C3H mice. However, the proliferative responses of normal and mutant CD8 T cells to
the allogeneic CD8 and CD8* DC were identical.”® Both the normal and the Fas-deficient
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Figure 4. The kinetics of proliferative response of CD8 T cells stimulated with allogeneic CD8" and CD8" DC.
DC were purified from C57BL/6 mouse spleen; 500 DC were used per culture. CD8 T cells were purified from
CBA mouse LN and used at 20,000 cells per culture. Proliferation of T cells was assessed after a 12h pulse. Full
details are given elsewhere®. This figure is reprinted with permission from.?’
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Figure 5. The effect of exogenous IL-2 on the kinetics of the CD8 T cells response to CD8" and CD8 DC.CD8 T
cells were isolated from LN of CBA mice and stimulated with allogeneic DC from C57BL/6 mice. 100 U/ml of
IL-2 was added to all cultures. Full details are given elsewhere.” This figure is reprinted with pcrmission from.™

CD8 T cells gave, after day 3 of culture, a reduced response to CD8" DC, compared to
CD8 DC (data not shown). In contrast to the results with CD4 T cells®, Fas-mediated
apoptosis of T cells was not the reason for the differences in the response of CD8 T cells
to these splenic DC subpopulations™.

The explanation for the restricted response of CD8 T cells to CD8* 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 U/ml of IL-2 was added to the
culture medium and the proliferative response of CD8 T cells from CBA mice to CD8"
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 proliferation™.
This result demonstrates that CD8" DC were fully equipped to stimulate CD8 T cells into
division, provided adequate IL-2 was present to maintain proliferation.

The restoration by IL-2 of the CD8 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 CD8" and CD8" 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 CD§
DC stimulated cultures were much higher than in CD8" 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 of IL-2 production by CD8 T
cells was much lower when stimulated by CD8* DC than by CD8” DC*.

4. THE ROLE OF CD8 ON DENDRITIC CELLS IN THE
REGULATION OF CD4 AND CD8 T CELL RESPONSES

There is evidence that CD8, if expressed on an antigen presenting cell, can deliver
negative signals which either inhibit T-cell responses or kill interacting T cells’' **. To test
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Figure 6. The IL-2 production in cultures of CD8 T cells stimulated by allogeneic CD8" or CD8 DC. The condi-
tions were as in Figs. 4, except that C57BL/6 DC were used at 1000 cells per culture. The levels of IL-2 were
measured using an IL-2 dependent cell line. Full details are given elsewhere”. This figure is reprinted with per-
mission from.”

the possible role of CD8 on DC in the regulation of the responses of both CD8 and CD4 T
cells we employed mutant CD8” “knockout” mice** on a B6 background. However, be-
fore using these mice as a model to investigate the function of the CD8 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 CD8" and CD8 DC in the absence of the CD8 marker.

We established that the absence of the CD8 molecule in the CD8" mice did not influ-
ence the numbers of DC in the spleens we used as a DC source. The spleens and LN of the
CD8 “knockout” mice had normal numbers of DC which, apart from CD8a, expressed the
normal spectrum of surface markers. DC development thus appeared to proceed normally in
the absence of CD8a.. We also established a correlation in the normal mouse spleen between
the expression of CD8 and another DC surface molecule, the interdigitating DC marker DEC-
2057, 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 CDS8.

Figure 7. Expression of CD8a and DEC-205 on the
splenic DC surface. DC were isolated from the spleens of
normal C57BL/6 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 CD8a fluorescence on the
DC population, gated as class 11 MHC highly positive
cells with high forward and side scatter, and with Pl-posi-
tive cells excluded.
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Figure 8. Comparison of the proliferation of CD4 T cells stimulated by allogeneic DEC-205" and DEC-205-
splenic DC, isolated from normal or CD8"" “knockout™ mice. DC were enriched from normal C57BL/6 or CD8""
mice, then stained with: fluorescein-conjugated anti-CD1lc; biotinylated anti-DEC-205, followed by phyco-
erythrin-conjugated streptavidin as second stage. The DC were then sorted into CDIIc'DEC-205" and
CD11c"DEC-205" populations. CD4 T cells were purified from LN of CBA 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 N418 mono-
clonal antibodies (mAb) to stain CD1 Ic and to define DC, together with NLDC 145 mAb
to stain DEC-205 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 CD8 T cells. The results were equivalent to those obtained using separation based
on CD8 expression. The DEC-205" DC gave much greater proliferation of both CD4 and
CD8 T cells at day 3, than did the DEC-205" DC (Figs.8 and 9). This correspondence be-
tween DEC-205" and CD8 DC, and between DEC-205" and CD8" DC applied throughout
the whole time-course of the response.

Since DEC-205 appeared to be a satisfactory substitute marker for CD8, we were
able to test whether the CD8 molecule was responsible for any of the regulatory effects.
We compared the T-cell stimulatory abilities of DEC-205" and DEC-205 DC isolated
from CD8" mice, with DEC-205" and DEC-205" DC from the CD8"* B6 background
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Figure 9. Comparison of the proliferation of CD8 T cells stimulated with allogeneic DEC-205* and DEC-205
splenic DC, isolated from normal or CD8"" “knockout” mice. The procedure was similar to that described in Fig.
8, except that CD8" T cells rather than CD4" T cells were isolated from CBA mice, and that the *H-TdR pulse was
for 12h.

mice, using CD4 T cells and CD8 T cells purified from the CBA mice. The “regulatory”
effects were the same regardless of whether CD8a was present or not (Figs. 8 and 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 CD8 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 CD8 DC of spleen have the very high T-cell stimulatory capabil-
ity ascribed to classical antigen-presenting DC'?. The CD8" DC of spleen while also able
to activate T cells, are equipped with additional mechanisms to regulate or limit both CD4
and CD8 T cell responses. Although CD8a marks this regulatory DC population, it does
not itself play a 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 DC*’. 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)." * 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 1 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. B7 (B7—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 37° 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.** Drosophila cells thus have the potential to deliver
a very strong dose of Signal 1 to T cells.

The APC function of Drosophila cells was examined with the aid of the 2C line of
TCR transgenic mice® and defined peptides as antigen.”"' CD8" cells from the 2C line are
MHC class I restricted and undergo positive selection to K® molecules and display allore-
activity to two peptides, p2Ca and QL9, presented by L’ 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-2%, e.g. B10.D2, cells bound to
L%, p2Ca has intermediate binding affinity for soluble L* molecules (4 x 10° M™') and high
affinity for 2C TCR molecules (2 x 10° M~ to 1 x 10’ M™"). QL9 peptide has even higher
affinity for these molecules (2 x 10 M™' for L? and 2 x 10’ 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
(CD44") CD8" 2C cells were exposed to p2Ca or QL9 peptides presented by a panel of
transfected Drosophila cells expressing L alone (L* APC), L* + B7-1 (L°.B7), L* +
ICAM-1 (L“.ICAM) or L? + B7-1 + ICAM-1 (L*.B7.ICAM ). With these transfectants we
assessed the consequences of exposing T cells to Signal 1 alone vs. Signal 1 + 2. In this
respect, the prevailing view is that Signal 1 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.' In the experiments discussed below,'"? 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. 1, presentation of p2Ca peptide by Drosophila cells expressing L*
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 (107 M). These data

Figure 1. Expression of CD25 on CD8" 2C
cells incubated with p2Ca vs QL9 peptides
presented by Drosophila APC. Purified
CD8" 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
CD8’ cells. Data adapted from ref. 12.
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indicate therefore that exposure to Signal 1 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. 1). Thus, strong expression of CD25 occurred when 2C CD8" cells
were exposed to peptides presented by either L°.B7 or L“ICAM 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
LYB7 and L .ICAM APC was quite similar. Interestingly, however, B7-1 and ICAM-1
displayed strong synergism when coexpressed. Thus, with limited concentrations of pep-
tides, induction of CD25 expression was far higher with LB7.ICAM APC than with
either L*.B7 or L“ICAM APC. With the high-affinity QL9 peptide, upregulation of CD25
expression induced by L*. B7.ICAM APC was apparent with peptide concentrations as low
as 10" M.

2.2. Proliferative Responses

As for CD4" cells, proliferative responses of CD8" cells to antigen depend upon a
combination of CD25 (IL-2R) upregulation and contact with IL-2."*'* 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 (10~° M) presented by Drosophila cells expressing L*
alone (Table 1). 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. 1) is physiologically significant. With lower doses of QL9 peptide (< 107
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 L’ alone. Very different results occur
when the APC express costimulatory molecules. For the stronger QL9 peptide, L.B7 and

Table 1. IL-2 dependent proliferative response of CD8" 2C cells cultured with
LY-transfected Drosophila APC plus p2Ca or QL9 peptides

[*H]JTdR incorporation (cpm x 10%)
with L* APC plus CD8" 2C cells

Peptides added to culture Without exogenous IL-2 With IL-2 (20 units/ml)

- 97 645
p2Ca (10 ' M) 96 1,009
p2Ca (10 * M) 150 1,754
QLI (107 M) 112 2,848
QLY (10 * M) 161 205,026

Doses of 5 x 10° purified CD8" 2C cells were cultured with 2 x 10° L%transfected Drosophila
cells in the presence or absence of the indicated concentrations of peptides for 3 days. [JH]TdR
was added during the last 8 hours of culture; rIL-2 was added at a final concentration of 20
units/ml. This data refer to the mcan 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 CD8" 2C cells to L*transfected Drosophila APC
expressing the indicated costimulatory molecules. Cells were cul-
tured as described for Table 1 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.

L .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-1 on APC
stimulates strong HI responses of 2C cells with very low doses of QL9 peptide, e.g. 107"
M. With the weaker p2Ca peptide, L°.B7 and L“.ICAM APC fail to elicit HI responses of
2C cells even with high doses of peptide.'? By contrast, strong HI responses to p2Ca pep-
tide occur with LY. 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-1 display striking synergy when coex-
pressed. This synergy is most conspicuous with limiting concentrations of peptides. Very
similar findings apply to IL-2 production.'? Thus, levels of IL-2 are very low when CD8"
cells are stimulated with either L°B7 or L°ICAM APC plus peptides but high with
L‘B7.ICAM 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 of peptide/MHC complexes on these cells and thus delivers a strong dose of
Signal 1 to antigen-reactive CD8" cells. By itself, Signal 1 has little apparent effect on CD8"
cells, at least in terms of stimulating CD25 and CD69 expression. Nevertheless, Signal 1
clearly makes the cells sensitive to Signal 2, i.e. to the effects of costimulation. With a strong
dose of Signal 1, 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 1 is intense, and triggering the cells requires
contact with only a single costimulatory molecule on APC, i.e. either B7—1 or ICAM-1. With
limiting concentrations of peptide, however, Signal 1 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-1, being required for T 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 1/Signal 2 concept, the
strong synergy observed between B7—1 and ICAM-1 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-1 and ICAM-1, is a manifestation of enhanced cell adhesion (conjugate
formation) rather than to signal transduction. However, the definition of LFA-1 as an ad-
hesion molecule'® does not preclude a signalling role for LFA-1. Indeed, there is strong
evidence that LFA-1 does contribute to signalling, especially for human T cells." Hence,
bearing in mind that the APC function of L*.B7 and L*.ICAM APC is virtually identical
for 2C cells, it would seem highly likely that ICAM-1 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-1 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.'” This finding could be relevant to tumor immunotherapy. Thus, studies with a
peptide derived from p815 (H-2) mastocytoma cells have shown that presentation of this
peptide by L* Drosophila cells to H-2¢ spleen cells in vitro generates strong CTL activity
to P815 and rejection of this tumor after adoptive transfer in vivo.'” Whether this approach
is applicable to human tumors is under investigation.
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1. INTRODUCTION

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'~. 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 casily achieved in vitro. However the validity of the conclusions drawn from in vitro
experiments remains to be established. /n vitro studies have demonstrated only quantita-
tive differences in stimulation of naive T cells by APCs as disparate as splenic DC and
transfected L cells’ ’. In contrast, a number of investigators have shown clear qualitative
effects attributable to the activity of different APCs in vivo *'*. 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, in 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'*. Thus induction of immunity and tolerance in 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'”.

Dendritic Cells in Fundamental and Clinical Immunology
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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 Parker'® and Finkelman® 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 subcutaneously'®. 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 excluded', in contrast to prior conclusions
reached using antibody-mediated targeting. Fuchs and Matzinger'' 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 B and T cells into syngeneic or semi-allogeneic scid/scid hosts
(figure 1). This model enables us to visualise the T and B cells as they respond to antigen.
Since the immunogenic peptide of moth cytochrome C requires IE* or IE® for presentation,
IE-negative hosts such as H-2° mice are unable to present cytochrome peptide or protein
to purified T cells derived from anti-cytochrome TcR transgenic mice'’. Thus in our proto-
col only the hen egg lysozyme (HEL)-specific transgenic H-2 B cells'® can act as APC in
the H-2° hosts. In H-2% 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'’. A response was detected by
division of T cells labelled with the intracellular dye, CFSE, whose fluorescence is halved
by each cell division". 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-2° recipi-
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Figure 1. Experimental protocol for restricting antigen-presentation to B cells in immunodeficient hosts.

Figure 2. /n vivo T cell proliferation in response to antigen presented by B cells. T and B cells were isolated from
transgenic H-2" donors, percoll purified and CFSE-labelled before adoptive transfer into H-2° scid/scid 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 vitro 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.
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Figure 3. Proliferation of splenic T cells recovered from H-2° 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 10° H-2™
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-2% 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-2% 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'”.

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 scid/scid 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 line*™', in which ex-
pression of the IEa’ transgene, which pairs with endogenous IEB® from the H-2" host, is
limited to the thymus. 36-2 mice are thus effectively tolerant of IE® without expressing it
in the periphery. The 107—1 transgenic line’**' in which the IEa’ 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 1E-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 362 hosts of adoptively
transferred purified naive 107—1 x Ig double transgenic B cells and 1071 x TcR double
transgenic T cells immunised with HELCYT, although clearly less than when the host it-
self was from the 1071 line (data not shown). This confirms our observations in the
scid/scid 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 APCs*'***?”. 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..* Ronchese and Hausmann"®, and
Epstein et al.”’ 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 submaximal®**?*, 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-2° 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
36-2/107—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 10° cells with a density <= 1.077g/cm’ (comprising
24% CD11c¢'IE'B220 and 56% B220*IE*CDl11c¢ cells) were transferred into 362 recipi-
ents which had previously been injected intravenously with CFSE-labelled 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 SB), indicating that
antigen-presentation was severely limited in the 362 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 362 hosts, a pattern that is associated with generation of immu-
nity in response to subcutaneous peptide rather than tolerance.
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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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1. INTRODUCTION

Dendritic cells and small resting B cells are thought to be immunogenic and tolero-
genic in the periphery, respectively, as dendritic cells but not resting B cells can provide
costimulatory signal(s) (1-7). Fuchs and Matzinger demonstrated that resting B 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 B 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 11", 80.1% B7-1" and 93.7% B7-2". Resting B cells were prepared by
complement lysis of T cells, purification using Sephadex G-10 columns and Percoll gradi-
ents and were 95.7% class 11*, 1.2% B7—1" and 2.5% B7-2".

Mice were pretreated intravenously with either 1 x 10 resting B cells or 5 x 10° LO-
DACs one week before skin grafting or two weeks before heart grafting.
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Figure 1. Resting B cells but not LODACsS induce indefinite survival of H-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/10 (H2") 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 1).

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; 11 and 10
days, respectively C57BL/10 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 (H2*) to CBA (H2")), (MSTs >107 and >99 days,
respectively) (Figure 3). In marked contrast, in a fully allogeneic combination (C57BL/10
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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= 10 days and 22 days, respectively).

3.2.2. Secondary 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

100
_ 801
s
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S
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E 40 A .
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® 20 A
0 v L A 3 T v 1
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Figure 3. Resting B cells and LODACs induced indefinte survival of cardiac grafts mismatched for multiple miH
antigens in 50% of the recipients.
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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' .

However, despite these findings and the subsequent employment of the term “passenger
leukocytes” to illustrate their migratory capacity®, 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® . 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. Al 40329 and DK 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.Raoetal

equivocal. Given their unique capacity to present antigens to naive T cells, it was postu-
lated that perhaps cells of dendritic leukocyte lineage may play a vital role in allosensiti-
zation®. 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 animal’. 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'®'? 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' '* and sub-human primates'®. Our laboratory has shown previously that liv-
ers transplanted orthotopically across most mouse strain combinations are spontaneously
accepted'®. 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". It is interesting to note that or-
gans other than livers which are promptly rejected following Tx also contain, albeit few,
resident immature DC'". 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'®'. 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 play a seminal role in
the induction of donor-specific tolerance' '*2%2'. 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 rodents*>? and humans®*, 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



An Attempt to Induce Tolerance in Organ Allograft Recipients 271

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,
(i1) 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 3-6x10° 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=1) have received multiple
infusions of 1x10°* 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 ** 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=10), 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
cither 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 (LDA-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 rhlL-4-enriched cultures. Sub-
sequent to enrichment for lineage™"/MHC class 11" 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 13/115 (11%) 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 1). 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. BM-Augmented (study) and non-augmented (control) transplant recipients:
follow-up and patient graft survival

Follow-up Patient Survival  Graft Survival

Organs Tx n POD (X+SD) (%) (%)
Liver

Study 60 610+366 53/60 (88%) 51/60 (85%)

Control 32 7984354 28/32 (88%) 28/32 (88%)
Kidney

Study 81 5881311 80/81 (99%) 75/81 (93%)

Control 41 6171311 38/41 (93%) 37/41 (90%)
Heart

Study 24 481+330 21/24 (88%) 21/24 (88%)

Control 20 4291226 18/20 (90%) 18/20 (90%)
Lung

Study 18 3801269 14/18 (78%) 14/18 (78%)

Control 10 478+188 8/10 (80%) 8/10 (80%)
Small Bowel

Study 13 289+234 10/13 (77%) 9/13 (69%)

Control 07 3021219 5/7(711%) 5/7(71%)
Multi-organ

Study 03 508+136 3/3 (100%) 3/3 (100%)

Control 01 248 1/1 (100%) 1/1 (100%)

least 12 months post-Tx (figure 1). 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 2/7
(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 II') 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.”® At a
two-year follow-up, a higher proportion of BM-augmented liver (50%) and lung (60%) re-
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Figure 1. The incidence of steroid-free existence in BM-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.

Figure 2. The incidence of evolvement of donor-specific hypo or intermediate (DSHI) reactivity determined by
MLR assay in BM-augmented and control organ allograft recipients at a two-ycar 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 if not 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.' Evidence also exists however, for DC tolero-
genicity.” During primary activation, mature T cells change from an activation-induced
cell death (AICD) -resistant to an AICD-sensitive phenotype.’ The complete molecular
basis for this transition remains to be determined, but CD9S5 (Fas/Apo-1) and CD95L (Fas
ligand; FasL) appear to play an important role in the homeostatic regulation of T cell re-
sponses.* 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 hyporesponsiveness® and prolonging allograft survival.®
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.” 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.

* Address correspondence to: Angus W. Thomson, D.Sc., Thomas E. Starzl Transplantation Institute, 15th Floor,
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

10-12-week-old male B10.BR/SnJ (BR; H-2), C57BL/10J ( B10, H-2%), C57BL/6J
(B6; H-2°) and B6.Smn.C3H-gld (B6.gld, H-2°; 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 B10.BR mouse BM in GM-CSF+IL-4 as de-
scribed.>® They were purified over metrizamide (to approximately 90% purity; in some
experiments, DEC-205", B7-2" DC (purity >95%) sorted using a FACStar® plus cell
sorter (Becton Dickinson & Co, Mountain View, CA) were used.’

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

FasL expression on DC was analyzed by FACS. Metrizamide-purified BM DC were
first incubated with 0. mg/ml mouse Ig (PharMingen, San Diego, CA), 1% v/v normal
goat serum (NGS; Vector Laboratories Inc., Burlingame, CA) and 50 pg/ml anti-FcR mAb
2.4 G2 (PharMingen) for 10 min at 4°C to block Fc receptor binding. Mouse Fas-Fc fusion
protein (Immunex Corporation, Seattle, WA) or purified human IgG was then added at
50pug/ml and the cells incubated for 30 min. They were then washed and stained with anti-
human IgG-FITC (Caltag Laboratories, South San Francisco, CA) 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
(10pg/ml) to unfixed preparations of DC after incubation with 0.1 mg/ml mouse Ig, 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 pg was used for cDNA synthesis using SuperScript II RT (Life Technologies)
and both Fas L and B-actin primers. The FasL amplified product from the purified DC
c¢DNA was cloned into Bluescript II SK (Stratagene, La Jolla, CA) and sequenced with an
automated sequencer (Applied Biosystems Inc., Foster City, CA).

2.6. Mixed Leukocyte Reactions (MLR)

These were performed using nylon wool purified splenic T cells as responders, as
described previously in detail.'
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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.

2.8. Radiometric Assay for DNA Fragmentation

Splenic T cells activated either with Con A (3ug/ml; 48 h) or irradiated allogeneic
spleen cells (1:1 ratio; 72 h) were labeled for 18 h with 5uCi/ml [*H] thymidine at 37°C in
complete medium. The target cells (10°) were then combined with various numbers of DC
or spleen cells (as effectors) in a total volume of 200ul 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 (1-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 al. (11).

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 II", B7-2"[CD86"], CD40", CDlIc") were highly efficient inducers of
primary allogeneic T cell responses. Blockade of the B7-CD28 costimulatory pathway however,
by addition of CTLA4-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. 1).

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
I1 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 1. 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 gid (FasL-
deficient) mice induced dose-related levels of DNA fragmentation. Similar data were ob-
tained using DC propagated from B10.BR BM. Killing was partially blocked however, by
the addition of Fas-Fc fusion protein at the start of the assay (data not shown).

3.5. Induction of DNA Fragmentation in Activated T Cells and Its
Enhancement by CTLA4-Ig

Con A-stimulated syngeneic (B10.BR) or allogeneic (B10) T cell blasts or allo-acti-
vated T cells were labeled with [*H] thymidine and used as targets. Cultured DC or fresh
bulk spleen cells from B10.BR mice were also used as effectors. The DC induced only a
low level of DNA fragmentation. DC from B10.BR.BM induced similar levels of killing
in B10 (allogeneic) or B10.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 (B10) T cells by normal (BR) mouse BM-derived DC in
the absence or presence of CTLA4-Ig. Addition of CTLA4-1g (200ng/ml) at the start of the cultures markedly in-
creased the death-inducing activity of the DC. Results are means £ 1SD and are representative of 3 separate ex-
periments.

with DC from wild type B6 mice. However, increased levels of killing were induced by
gld DC when CTLA4-Ig 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 (B7) 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 are consistent with a recent report’ that a major
FasL" subpopulation of freshly-isolated mouse lymphoid tissue DC (CD8" FasL") can in-
duce apoptosis in activated T cells. In contrast to the DC studied by Siiss and Shortman,’
however, the FasL® DC that we generated in vitro were CD8". Thus it appcars that the
apoptosis-inducing activity of DC and the expression of CD8 (also present on mouse
“veto” cells [13]) 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."*'* 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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Figure 3. DNA fragmentation in Con A blasts following 4h incubation with FasL-deficient (B6.g/d) DC in the ab-
sence or presence of CTLA4-Ig. Blockade of the B7-CD28 costimulatory pathway by CTLA4-Ig was associated
with increased T cell death. Results are means + 1SD and are representative of 2 separate experiments.

proliferation/induce apoptosis is by the secretion of NO.*'*'” NO may also be induced in
DC by IFN-y, endotoxin or interaction with allogeneic T cells.’

The Fas (APO-1; CD9S5) FasL system has emerged as an important pathway regulat-
ing the induction of T cell apoptosis'*?° and has been implicated in the deletion of graft-
infiltrating cells in immunologically privileged sites.”' 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 bcl-x, within the T cells.”

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 members® 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,”* the therapeutic potential of Fas L* APC, in particular appropri-
ately “engineered” DC is worthy of evaluation.
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1. INTRODUCTION

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.”’ In the immune system, NO is involved
in tumoricidal and microbicidal activity, and inhibition of T cell proliferation.“"7 There are
at least three isoforms of nitric oxide synthase (NOS), the cell type-specific enzyme which
produces NO.® 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-1, TNF-
a, and microbial cell wall products, such as BCG and LPS.>'’ 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 nonlymphoid 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.'>'"* Macrophages, which may share a common ontogeny with
DC, respond to these cytokines in part by the generation of nitric oxide.” 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.

Dendritic Cells in Fundamental and Clinical Immunology
edited by Ricciardi-Castagnoli, Plenum Press, New York, 1997 283
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2. MATERIALS AND METHODS

2.1. Animals

Ten to twelve-week old B10.BR (H-2%, I-E*) and C57BL/10J (B10; H-2°, I-A®) 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 011:B4 L3012) from Sigma Chemical Co. (St. Louis, MO), and NC-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."

2.3. Culture and Purification of DC

Mouse bone marrow cells were cultured in vitro with the method modified'® after
that first described by Inaba etal.'® Briefly, 2 x 10° cells were cultured in 24-well plates in
RPMI-1640 (Gibco BRL) supplemented with 10% v/v fetal calf serum (Nalgene, Miami,
FL), 1000 U/ml r mouse GM-CSF and 1000 U/ml IL-4. Nonadherent cells recovered after
5—6 days of culture were purified on a metrizamide gradient as described elsewhere.'” 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, CA) 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'* (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 10/ml in PBS-0.1% 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 NO," using the dia-
zotization reaction of Griess.'> 100ul 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% H,PO,) 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 10° cells/ml were fixed and stained by a modification of the paraformaldehyde-
saponin procedure as described elsewhere.?’ Polyclonal rabbit anti-mouse inducible (i)
NOS (Transduction Laboratories, Lexington, KY) was added at 2ug/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 1 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 10° nylon wool column-purified T cells in 0.2 ml RPMI-1640 complete medium
10% FCS in 96 well, round bottom plates in 5% CO, in air at 37° for 3—-5 d. NMMA
(0.5mM) was added to selected wells to inhibit NO release. 10ul [’HJTdR (1uCi) 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.

2.8. Identification of Apoptosis

DNA strand breaks were detected using DNA polymerase and biotin-labeled dUTP
in the in situ nick translation as described elsewhere.”’ 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
(10pg/ml), IFN-y (500U/ml), or the two agents combined for 48 h. These mediators are
known to induce NO synthesis in macrophages and neutrophils at similar concentra-
tions.” NO production was determined by measuring the accumulation of the stable end
product NO,  in culture supernatants. As shown in Figure 1A, 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 (0.5uM) at the start of culture blocked
NO release.
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Figure 1. (A), NO, concentrations in supernatants of mouse bone marrow-derived DC or splenocytes cultured in
medium alone or with IFN-y (500U/ml), LPS (10pug/ml) or both combined for 72 h. Selected cultures also con-
tained NMMA (0.5uM) to inhibit NO production by iNOS. All stimulated DC cultures contained high levels of
NO,. NMMA inhibited accumulation of NO2- in these cultures. (B), NO, accumulation in cultures of B7-2*
sorted DC (A), B7-2" sorted DC (0), or spleen cells (O) was measured after stimulation of the cells for 48 h with
IFN-y and LPS. NO2- 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.”> 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 1B).

3.3. Intracellular Staining of NOS in Stimulated DC
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