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Natural adjuvants: Endogenous activators of dendritic cells
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Dendritic cells, the most potent antigen-presenting cells, need to be activated before they
can function to initiate an immune response. We report here that, in the absence of any for-
eign substances, dendritic cells can be activated by endogenous signals received from cells
that are stressed, virally infected or killed necrotically, but not by healthy cells or those dying
apoptotically. Injected in vivo with an antigen, the endogenous activating substances can
function as natural adjuvants to stimulate a primary immune response, and they may repre-
sent the natural initiators of transplant rejection, spontaneous tumor rejection, and some

forms of autoimmunity.

The stimuli that activate dendritic cells’* (DCs), and thereby initi-
ate immune responses, are the subjects of intense study, not only
because they are crucial for the production of more effective adju-
vants for use in vaccines, but also because they are essential to the
initiation of transplant rejection, tumor immunity, autoimmunity
and the immunobiology of the maternal-fetal interface.

There are now two lines of thought concerning the nature of
DC activating signals. The first suggests that cells involved in in-
nate immunity, like those mediating adaptive immunity, are fo-
cused outward towards the recognition of foreign entities. For
DCs, such recognition is thought to occur through a set of pat-
tern recognition receptors that have evolved to recognize con-
served molecules on bacteria and other evolutionarily distant
organisms*>®. In favor of this view are findings that DCs can be
activated by bacterial lipopolysaccharide (LPS) and that they
have receptors for the mannans of yeasts”®.

Alternatively, it has been proposed that DCs, like platelets
and endothelial cells’, may be focused inward, and respond to
endogenous signals released by cells undergoing stress, damage
or necrotic death'®'. Favoring this view is evidence that DCs
can be activated by secondary mediators of inflammation, such
as tumor necrosis factor-o and activated T cells'>. However,
these are features of an immune response that require activated
antigen-presenting cells (APCs) for their inception and are thus
likely to be part of a positive feedback loop, rather than the ini-
tiators of immunity.

To search for early, non-immune, endogenous DC activators,
we used an in vitro system in which activation of resting DCs
can be assessed by changes in surface markers involved in their
function as APCs, such as the antigen-presenting molecules
MHC class I and II, the co-stimulatory molecules B7.1 and B7.2,
and the receptor for T-cell signals CD40. To determine whether
such activation is immunologically functional, we used in vitro
and in vivo tests of immunity. We found that direct stress, sig-
nals from necrotic cells, and a virally induced cytokine were
able to activate resting DCs, whereas healthy cells or those
dying normal programmed cell deaths did not.

Activation without addition of foreign substances
We grew DCs from bone marrow precursors, modifying a pub-
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lished method", to manipulate the cells as little as possible. After
6-7 days, the cultured DCs had a relatively unactivated pheno-
type, expressing low levels of activation markers in a manner
that resembled the immature, resting DCs serving as peripheral
sentinels in vivo' (Fig. 1a). However, they had reached a level of
maturation wherein they were able to upregulate B7.1 and B7.2,
MHC class II and CD40, and achieve a classical activated/mature
immunostimulatory phenotype in response to the powerful bac-
terial activator, LPS. (Fig. 1b). To determine whether direct stress
would have an effect, as it does on platelets and some plant
cells’®, we pipetted the DCs to dissociate any cell interactions,
and placed them into fresh plates overnight. Such manipulation
induced activation equivalent to that induced by LPS (Fig. 1¢).
We do not yet know if the activation is due to direct stress to the
DCs themselves, perhaps from loss of contact with fibroblasts or
extracellular matrix molecules laid on the plastic, or to damage
to other cells in the culture. In either case, it does not require any
bacterial or otherwise foreign substances. LPS given to the DCs at
the same time as the transfer, was only slightly additive (Fig. 1d),
indicating that the transferred DCs were fully activated and did
not respond better to further stimuli.

Activation by pre-packaged signals

In the transfer experiment described above, the DCs were di-
rectly manipulated. In vivo, however, an infectious or non-infec-
tious insult can damage the cells of a tissue without necessarily
involving the DCs themselves. We therefore tested whether DCs
can respond to signals from damaged cells that do not belong to
the immune system by adding to the resting DCs (Fig. 2a) syn-
geneic fibroblasts that had been rendered necrotic (by repeated
freezing and thawing) or apoptotic (by ceramide treatment), or
had been left to grow in log phase. The addition of necrotic cells
induced upregulation of MHC and co-stimulatory molecules
(Fig. 2d), indicating that DCs can respond to pre-existing signals
from neighboring cells made available upon the loss of mem-
brane integrity during necrosis. The addition of equal numbers
of healthy syngeneic fibroblasts had no stimulatory effect on
the resting DCs (Fig. 2b). Instead, the number of spontaneously
activated DCs decreased, indicating that the fibroblasts con-
tributed to the health of the culture, perhaps by secreting cy-
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Fig. 1 Resting dendritic cells can be activated by mechanical manipula-

tion in the absence of foreign substances. Bone marrow-derived B10.SCID
DCs were grown for 6 d and then either collected and transferred into fresh
wells (transfer +) or left in the starting wells (transfer -), incubated for an ad-
dition 24 h in the presence (+) or absence (-) of 1 pg/ml LPS, then collected
and stained for the DC-specific marker CD11c and activation markers (left
margin). Upper left corners, percentages of CD11c-positive cells that are
positive for the activation markers.

tokines that keep DCs in a resting state. Similarly, apoptotic fi-
broblasts induced no activation (Fig. 2¢), and except for B7.1,
which was sometimes slightly increased by apoptotic cells (not
shown), the levels of co-stimulatory molecules were often lower
than in control cultures. This stabilizing effect, which was also
seen with cells driven into apoptosis by serum starvation after
treatment with mitomycin C (not shown), may also be due to
cytokines released by fibroblasts during the apoptotic process,
either as a last sign of vitality or as an active anti-inflammatory
reaction'*". Thus pathological and harmful death, like necrosis,
exposes signals that activate DCs, whereas normal apoptotic
cell death does not.

Resting DCs capture both apoptotic and necrotic cells

Previous studies®** have shown that DCs can endocytose apop-
totic cells and that antigens captured in this manner can be dis-
played on the surface. Those early studies, however, did not
discriminate between resting and activated DCs. We therefore
tested the endocytic capacity of cultured resting C57BL/6-re-
combination activation gene (Rag) knockout (H-2") DCs by
adding either necrotic or apoptotic BALB/c (H-2¢) fibroblasts pre-
viously stained with the green intracellular dye CFSE. After the
incubation, we stained the mixed cultures with monoclonal an-
tibodies against CD11c and H-2D¢ (the latter cannot penetrate
the DC membrane and thus labels only the free BALB/c fibrob-
lasts). Using these three reagents, we could discriminate free-
floating fibroblasts (green, H-2D* ) from those that had been
engulfed (green, CD11c*, H-2D*) and those that were simply at-
tached to DCs (green, CD11c", H-2D%) (Fig. 3b and ¢). The rest-
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ing DCs (Fig. 3a) picked up necrotic and apoptotic cells to the
same extent (Fig. 3e and f). Thus, resting DCs are indeed able to
capture antigens from apoptotic cells, but in conditions in which
the number of apoptotic cells is not overwhelming (two apop-
totic cells for each DC), and when both the DCs and the fibrob-
lasts are handled as gently as possible, this does not induce
activation or the upregulation of MHC or of co-stimulatory mol-
ecules (Fig. 2c). Presentation in this case would most likely lead
to induction of T-cell tolerance?'.

Functional consequences of activation

To determine whether the phenotypic activation induced by en-
dogenous signals was accompanied by functional activation, we
tested the ability of our DCs to present antigen to Marilyn, an
IAP-restricted, CD4" T-helper cell type 1 (Th1) clone specific for
the male antigen H-Y. Because H-Y is expressed only on male
cells, we could assess the ability of DCs to process and present
their own intrinsic cellular antigens (using male DCs) or to
process and present antigens captured from other cells (using
male fibroblasts and female DCs). We first tested male DCs,
which carry their own H-Y antigen, and found that this CD4" T-
cell clone responded very well to male DCs that had been co-cul-
tured with necrotic male fibroblasts, but not to resting male DCs
or to those that had been co-cultured with apoptotic male fi-
broblasts (Fig. 4a).

To determine whether the enhanced function of the activated
DCs was simply due to increased co-stimulatory capacity or
whether they were also able to process exogenous antigens, we
added necrotic or apoptotic male fibroblasts to resting female
DCs, which do not express H-Y. Co-culture with necrotic, but
not apoptotic, male fibroblasts stimulated the female DCs to
process the male antigen and induce strong T-cell proliferation
(Fig. 4b). Thus, resting DCs can be induced to upregulate expres-
sion of co-stimulatory molecules and to capture, process, and
present antigens from dying necrotic cells.

In responses against foreign transplants, activated donor DCs
induce CTL immunity against the donor antigens. It is com-
monly believed, however, that T-helper responses to foreign tis-
sues are due to the ‘indirect’ pathway, in which host APCs
present the donor antigens®®*. To determine whether endoge-
nous signals can induce DCs to present their own intrinsic anti-
gens to CD4 T-helper cells by the direct pathway, we cultured
resting male DCs with female fibroblasts, thus supplying activa-
tion signals but no additional source of H-Y. Necrotic female fi-
broblasts were indeed able to induce male DCs to present their
own H-Y antigens, though not to the same extent as DCs that
had been activated by necrotic male fibroblasts (Fig. 4c). This in-
dicates that signals from necrotic cells may activate both the di-
rect and indirect pathways of antigen presentation in DCs,
though, for MHC class II, the indirect pathway seems somewhat
more efficient.

DCs, activated by the manipulations necessary to prepare
them for the T cell stimulation, were also able to present anti-
gens that they had previously captured from apoptotic cells (Fig.
4b and c), although the effect was blunted by the brevity of the
assay. This has important implications for autoimmune diseases,
in which extrinsic inducers of cell death (such as pathogens) or
intrinsic mutations in the genes controlling apoptosis may lead
to recurrent or persisting activation of local APCs.

Activation by inducible signals
If DC activating signals came only in ‘pre-packaged’ form,
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apoptotic fibroblasts, fibroblasts that had been frozen
and thawed, IFN-a, complete Freund’s adjuvant (a pos-
itive control), or phosphate-buffered saline (PBS; a
negative control for non-specific damage from the in-
jection), subcutaneously at the base of the tail into

LPS

56

B7.2

naive BALB/c mice. To avoid in vitro culture effects, we
also injected OVA mixed with freshly isolated and
damaged blood vessels. We chose blood vessels, rather
than a solid organ, because they are involved in the

MHC
class Il

early events of blood clotting and are likely to be in-
jured in most cases of tissue damage. Then, 7-8 days
later, we challenged the mice intradermally in the foot
with 10 pg OVA, and 48 hours later we measured the
degree of local swelling resulting from the delayed-

CD40 |

type hypersensitivity response. Both types of necrotic
cells and IFN-a were excellent adjuvants for the pri-
mary anti-OVA delayed-type hypersensitivity, al-
though they were slightly less potent than complete

Fig. 2 Resting dendritic cells can be activated by co-culture with necrotic syngeneic
cells. B10.SCID bone marrow-derived DCs were grown for 6 d; then stimuli (above
plots) were added to the wells for a further 24 h of culture. Cells were then collected
and stained for the DC-specific marker CD11c and activation markers (left margin).
a, Untreated. b, 1 x 10° healthy B10.SCID fibroblasts in log phase growth.

¢, Ceramide-induced apoptotic fibroblasts. d, Frozen-thawed fibroblasts.

LPS. Upper left corners, percentages of CD11c-positive cells that are positive for the

activation markers.

Freund’s adjuvant, one of the strongest adjuvants
known (Fig. 6). Apoptotic cells were extremely ineffi-
cient, and the low level of priming they did achieve
might have been due to small numbers of cells in-
evitably damaged in the preparation. Thus, necrotic
cells were able to activate resting DCs in vitro and to
stimulate a primary immune response in vivo, whereas
apoptotic cells did not.

A study using a tumor that is highly immunogenic
when given as an injection of live cells showed that

e, 1 pg/ml

viruses that induce apoptosis would escape immunity. To ex-
plore the idea that virally infected cells might produce signals
that alert their neighboring DCs, even in the absence of
necrotic death, we tested the stimulatory capacity of interferon
(IFN)-a, an antiviral cytokine made by many types of virally in-
fected cells*** (including DCs; ref. 26) that has immunomodu-
latory functions®” and acts in synergy in vitro with tumor
necrosis factor-a in the maturation of DCs (ref. 28). To deter-
mine whether IFN-a could act alone as a DC-activating signal,
we stimulated resting DCs with several different doses of recom-
binant mouse IFN-a. At doses approximating those expected to
occur locally at the site of a virus infection®”, IFN-a acted as a
substantial stimulus to resting DCs (Fig. 5) as well as to DCs that
had been simultaneously given apoptotic fibroblasts (not
shown). Of note, the activation pattern resembled neither that
seen with necrotic cells nor that seen with LPS. IFN-a stimu-
lated greater increases in B7.2 than in B7.1, whereas LPS and
cells that had been frozen and thawed upregulated both of these
co-stimulatory molecules similarly. This indicates that different
types of signals might stimulate DCs in different ways, perhaps
to elicit different functions.

Priming naive T cells

In vitro, our resting DCs responded to endogenous signals by up-
regulating co-stimulatory molecules and gaining the capacity to
activate a T-cell clone. There are, however, two shortcomings
with this system. These are quite immature DCs grown in artifi-
cial culture conditions. Moreover, any T-cell clone comprises
previously activated cells and therefore does not test whether ac-
tivated DCs have become true professional APCs, able to stimu-
late naive T cells*. We therefore tested the activating properties
of endogenous signals in a primary T cell response against oval-
bumin (OVA) in vivo. We injected 10 pg OVA mixed either with
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injections of apoptotic tumor cells did not immu-
nize®'. Another study, also using a highly immunogenic tumor,
found that apoptotic tumor cells were 40-fold less immuno-

DCs cultured with
Fibroblasts

a None b C  Apoptotic

Necrotic

H-2Dd
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CD11c

Fig. 3 Resting dendritic cells are able to engulf necrotic as well as apop-
totic fibroblasts. C57BL/6-Rag knockout bone marrow-derived DCs were
grown for 7 d and then incubated for 24 h with necrotic or apoptotic
BALB/c fibroblasts that had been stained with the intracellular dye CSFE be-
fore being killed. a—c, Entire cohort of co-cultured cells. Free-floating fi-
broblasts stain for H-2D and not CD11c. Fibroblast/DC aggregates stain for
both CD11c and H-2D“. Free-floating DCs and those that have engulfed fi-
broblasts stain for CD11c and not for H-2D. d-f, CFSE staining of DCs that
were negative for H-2D®. DCs that have engulfed the BALB/c fibroblasts are
positive for CFSE. Upper left corners, percentages of CD11c-positive cells
that are positive for CFSE.
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Fig. 4 Functional activation of dendritic cells. B10.SCID bone marrow-
derived DCs were grown for 6 d and then co-cultured with male or fe-
male B10.SCID fibroblasts for 40 h. They were then collected, washed,
irradiated and used in titrated numbers as APCs to stimulate prolifera-

tion of Marilyn, an anti-H-Y CD4 T-cell clone. Each numbered point on
the horizontal axis is a point in the experimental titration. Data repre-
sent two experiments. a, Experiment 1: Male DCs. b, Experiment 2a:
Female DCs. ¢, Experiment 2b: Male DCs.

genic than live ones®. Both studies found, however, that
necrotic cells that had been frozen and thawed did not immu-
nize at all. There are many differences between those systems
and ours, in antigenic stability, route of administration and so
on. One likely difference concerns signal stability in a necrotic
environment replete with proteases and other destructive en-
zymes. If DC-activating signals are highly labile, they may be
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Fig. 5 IFN-a activates dendritic cells. B6 Rag knockout bone marrow-de-

rived DCs were grown for 6 d, stimulated for 24 h, then collected and stained
for the DC-specific marker CD11c¢ and activation markers (left margin).
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rapidly degraded. This is not normally a problem in vivo, where
DCs are widely distributed and likely to be in close proximity to
any dying cell. To minimize potential signal degradation, we
were careful to keep our ‘frozen-thawed’ cells well-frozen until
immediately before injection, at which time we allowed them to
quickly reach room temperature.

Discussion

Resting DCs thus seem to respond to both pre-packaged and in-
ducible signals from damaged cells in the absence of any exoge-
nous ‘foreign’ substances. They can capture both necrotic and
apoptotic cells, but the latter do not activate them to become co-
stimulatory. We envisage several ways in which these properties
can be combined to elicit different DC functions.

First, unstimulated DCs might continuously capture living cell
exosomes*® or apoptotic bodies, and present the captured anti-
gens without co-stimulation to induce tolerance of autoreactive
T cells®'. This might be an especially important function for CD4*
T cells, which cannot be tolerized directly by MHC class II-nega-
tive tissues, for CD8 T cells specific for tissue-specific antigens ex-
pressed by cells with low levels of MHC class I (ref. 34), and for
tissues that are not patrolled by naive T cells®.

Second, DCs activated by prepackaged signals from necrotic
cells can stimulate immune responses to antigens captured from
those cells and to other local antigens, such as extracellular bac-
teria, toxins and so on, that might be causing the damage. This
would be the basis of protective immune responses to environ-
mental pathogens.

Third, when virally infected cells die apoptotically, local DCs
will nevertheless capture the apoptotic bodies and, if stimulated
by IFN-a (Fig. 5), heat shock proteins®*® and so on, the DCs will
present the captured antigens to initiate an immune response. In
this way, a virus or other pathogen cannot avoid immunity sim-
ply by inducing apoptosis in its target cell. To escape totally, the
invading organism must either be harmless or it must inhibit all
cellular alarm responses to infection or damage.

Fourth, the finding that cellular alarm signals activate resting
DCs supports the initial assumption of the ‘danger’ model'*",
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Fig. 6 Priming naive T cells. BALB/c mice (n = 108) were injected subcutaneously with OVA in PBS
mixed with stimuli (horizontal axis), then 7-8 d later were challenged with OVA injected intradermally
into the foot. Foot diameter was measured 48 h later (delayed-type hypersensitivity assay). Data repre-
sent challenged minus unchallenged foot sizes; numbers between symbols (between thin lines), aver-
ages. Each point represents a single mouse; each symbol, a different experiment. Below, statistical
significance: Student’s t-test (ns, not significant). CFA, complete Freund’s adjuvant.

quences of binding are not the same.
Binding to apoptotic cells leads the
macrophages to phagocytose and clear
the apoptotic debris*’, whereas binding
to LPS leads to death of the
macrophages themselves*. Perhaps the
pattern recognition receptors, like

which envisions that immune responses can be triggered by sig-
nals coming from damaged cells. This has important theoretical
and practical implications. There is an emerging consensus, pio-
neered by Janeway?®, that the evolutionarily ancient ‘innate’ im-
mune system is essential to the initiation of adaptive immunity,
and that cells of the innate immune system are not constitu-
tively active but are activated through pattern recognition recep-
tors that recognize evolutionarily distant pathogens®. This is an
important first step away from the classical self-non-self model;
however, it cannot explain immune responses to transplants or
tumors (where no pattern recognition receptors can be in-
volved). Nor does it cover immune responses to many viruses
(which are often not evolutionarily distant) or most forms of au-
toimmunity.

The ‘danger’ model suggests that immunity might be guided
by even more ancient signals, sent by damaged and dying cells,
such as those involved in blood clotting’®, or the injury-elicited
signals that can lead to the activation of the NF-kB homolog®
and production of antimicrobial peptides in flies*, as well as the
limitation of damage and infection in plants*. From this view-
point, transplant rejection would be initiated by the surgical
damage®, viral immunity would be initiated by the virally gener-
ated damage, as well as IFN-a and heat shock proteins; and the
lack of strong immunity against fetuses and tumors would be ex-
plained by the fact that almost all fetuses and tumors are healthy
tissues. By limiting the amount of damage, we might thus be
able to reduce the incidence and/or severity of transplant rejec-
tion*'. By inducing local damage at the tumor site, or by giving
tumor antigens along with danger signals, we might be able to
elicit tumor immunity*’. And when such danger signals become
further characterized, we might be able to create immunological
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many other cell surface molecules that
have been co-opted by pathogens for their own uses*™, are the
quarry of, rather than the sentinels against, the microbial prod-
ucts they bind.

An immune system tuned to internal signals has the ability to
add context to the plethora of external signals with which it is
bombarded. It is able to continuously reestablish self-tolerance
during its lifetime, to discriminate between harmful and innocu-
ous foreign substances, and to generate immune responses only
when they are necessary. Viewed from this vantage point, a host
of new experimental and therapeutical approaches might begin
to emerge.

Methods

DC cultures. Bone marrow cells from male or female B10.SCID (severe
combined immunodeficiency) mice, bred at the National Institutes of
Health, or C57BL/6 recombination activation gene (Rag) knockout mice (B6
RAG KO; Taconic Farms, New York) were cultured for 5-8 days at a concen-
tration of 1 x 10° cells per well in 1T ml Iscove’s modified Dulbecco’s medium
plus 10% FCS, glutamine, B-mercaptoethanol, antibiotics, 1-3 ng/ml gran-
ulocyte-monocyte colony-stimulating factor (PharMingen, San Diego,
California) and 5 ng/ml IL-4 (BioSource, Camarillo, California); half the
medium was replaced every other day. Recovery averaged 0.5 x 10° cells
per well. Because of variability in the levels of constitutive activation as well
as in stimulation, each experiment had its own positive (LPS) and negative
(untreated) controls, and results were compared only within and not be-
tween experiments. The use of immunodeficient mice allowed us to culture
fresh bone marrow cells, without depleting them of the usual T- and B-cell
contaminants. Dendritic cells arising in these undepleted cultures behave
identically to those from normal mice, and the yield per mouse is higher.

FACS staining. DCs were collected into cold PBS plus 1% dialyzed bovine

serum albumin and 5 mM EDTA, then washed and stained on ice for 10 min
with purified 2.4G2 (rat IgG2b, antibody against FcyRll), followed by vari-
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ous combinations of the following monoclonal antibodies: rat antibody
against mouse B7.2 (GL1, IgG2a) or la (M5/114) (Boehringer); mouse anti-
body against mouse H-2D" (KH95, 1gG2b) and/or H-2D (34-2-12, 1gG2a);
hamster antibody against mouse CD40 (HM40-3, IgM), B7.1 (16-10A1,
IgG) and CD11c (HL3, IgG) (PharMingen, San Diego, California). All anti-
bodies were phycoerythrin-conjugated except antibodies against CD40
and H-2D", which were fluorescein isothiocyanate-conjugated, and anti-
body against CD11c, which was biotinylated and followed by streptavidin-
red670 (PharMingen, San Diego, California).

Fibroblasts. Adult femoral quadriceps of B10.SCID and BALB/c mice were
minced and plated in 10% FCS in Iscove’s modified Dulbecco’s medium
without added growth factors. Debris were removed after 1 week and the
adherent cells trypsinized and expanded. By day 15, only fibroblasts were
growing. We were able to sub-culture these fibroblast preparations for
more than 30 doublings without seeing any transformation.

Damaged vessels. Femoral veins were stripped from a BALB/c mouse im-
mediately after death, mashed through a nylon filter in 400 pl PBS, and
centrifuged at 2,000g to remove any remaining viable cells and large cellu-
lar debris.

Stimulation in vitro. Fibroblasts (1 x 10°) were added to the DCs in 50 pl
medium per 1-ml well. For living cells, fibroblasts growing in log phase
were detached using 5 mM EDTA, and were washed once, resuspended in
medium, and added to the DC cultures. Necrotic cells were detached,
washed, and frozen and thawed four to five times. For apoptotic cells, cells
were incubated for 6-8 or 12 hours in 100 pM ceramide (Biomol, Plymouth
Meeting, Pennsylvania), with 50 pg/ml mitomycin c for 30 min at 37 °C fol-
lowed by overnight incubation in serum-free conditions, then washed sev-
eral times to eliminate residual apoptotic agents. We checked apoptosis
efficiency by staining with the phosphatidylserine-binding protein annexin-
V (PharMingen, San Diego, California) and propidium iodide exclusion
(Fluka, Buchs, Switzerland). We also titrated the ceramide directly onto the
DCs to determine the dose at which DCs respond. This dose (50 pM) is far
higher than the residue left after apoptotic cells were washed.
Lipopolysaccharide (Escherichia coli 026:B6) was from Sigma and recombi-
nant IFN-a (activity, 1 x 10° units/mg) was from Life Technologies.

T-cell proliferation assay. For the stimulation of the H-Y-specific, Th1 CD4
T-cell clone Marilyn, DCs were incubated for 40 h with necrotic or apop-
totic fibroblasts, washed, irradiated (1,500 rad) and titrated into 0.2-ml
wells with 5 x 10* Marilyn cells per well. After 56 h, *H-thymidine was
added and the amount of incorporation was assessed at 72 h. The DCs
were irradiated to prevent some *H-thymidine incorporation. The fibrob-
lasts were treated with mitomycin C before being added to the DC cultures
because we found that irradiation does not stop their proliferation.
Preliminary experiments showed that mitomycin C did not effect their abil-
ity to stimulate DC activation. T-cell proliferation assays have the advantage
of measuring the stimulatory capacity of the DCs, but the disadvantage is
that they take 3 days. This allows for a small amount of stimulation on the
second day by DCs that were activated by the manipulations necessary to
prepare them for the assay. However, as most of the measured proliferation
is induced in the first day, the short-term co-culture of DCs with T cells
lessens the effect of this late activation.

Phagocytosis. BALB/c fibroblasts were stained for 10 min at 37 °C with 10
UM carboxyfluorescein diacetate succinimidyl diester (CFSE; Molecular
Probes, Eugene, Oregon) in PBS, washed twice, killed either necrotically or
apoptotically, and added to the DC cultures as described above. After 24 h,
the cultures were stained for CD11c and H-2D® and analyzed by FACS
(Becton Dickinson, Franklin Lakes, New Jersey).

Induction of delayed-type hypersensitivity. To sensitize the mice, we in-
jected 10 pl PBS, containing 10 ug OVA mixed with stimuli, subcutaneously
at the base of the tail into BALB/c mice (n = 108). Then, 7-8 days later, we
challenged the mice by injecting 10 ug OVA in PBS intradermally into the
left hind foot and, 48 h later, measured the diameter of the foot as an assay
of delayed-type hypersensitivity. Because the feet were different sizes due
to age and sex differences (though the mice were always age- and sex-
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matched in each experiment), we subtracted the size of the unchallenged
foot from that of the challenged foot. As negative controls we used unim-
munized mice. Because we had previously seen variability between cages of
mice, we distributed the treated mice such that each cage contained mice
in all of the treatment groups. Statistical analysis (Student’s t-test) was used
to evaluate the significance of the results.
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