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ABSTRACT Help for the induction of cytolytic T lympho-
cytes is mediated by dendritic cells (DC) that are conditioned
by CD40 signaling. We identified tumor necrosis factor family
member CD27L/CD70, which is expressed by cytolytic T
lymphocytes on interaction with DC to control CD154
(CD40L) up-regulation on CD45RA™* helper T cells for sub-
sequent DC stimulation. The results show that the initiation
of a cytolytic immune response is determined by regulatory
circuits, requiring simultaneous activation and differentiation
of all cells involved in T lymphocyte-DC cluster formation.

On activation in the periphery, early dendritic cells (DC)
differentiate and move antigen into draining lymph nodes.
During this process, DC lose their capacity to capture antigen.
However, after maturation, DC up-regulate plasma-
membrane class II molecules loaded with antigenic fragments,
forming stable peptide/major histocompatibility complexes
(MHC) capable of stimulating T cells (1-3). In T cell-rich areas
of lymph nodes, DC rapidly cluster with an abundant number
of T lymphocytes to initiate or to anergize specific T cell
responses (4).

DC excel at processing and presenting exogenous viral,
bacterial, tumor, and transplantation antigens in association
with class I and class II MHC molecules to cytolytic T
lymphocytes (CTL) and helper T cells (Th; ref. 5), and DC
form long lasting and high avidity conjugates with T cells that
are specific for the antigen presented (6, 7). Thus, the micro-
environment for the primary induction of a cytolytic immune
response is a multicell complex in which distinct cell types are
in close proximity, enabling signaling by surface molecules and
short-range lymphokines. Recent reports indicate that Th are
required for cross-priming and efficient induction of specific
CTL responses (8). In this respect, the DC is the entity that
links and coordinates antigen-specific activation events by
presenting epitopes for both Th and CTL (4, 9).

In spite of its importance, regulatory elements that initiate
productive interactions within T lymphocyte-DC clusters are
not defined well. Tumor necrosis factor family members
CD27L/CD70 and CD40L/CD154 are rapidly inducible mol-
ecules preferentially expressed by lymphocytes. Although
CD70 is expressed on activated, but not on resting, T cells, its
ligand CD27 is expressed stably on virtually all CD45RA™* and,
at lower levels, on the majority of CD45RO™ type T cells (10,
11). Disruption of CD27L/CD70 signaling in mixed lympho-
cyte reactions as well as in phytohemagglutinin-, anti-CD2-, or
anti-CD3-induced T cell stimulations results in abrogation of
cytolytic or proliferative responses, thus underscoring the
importance of this costimulatory pathway for T cell activation
and T-T cell interactions (12). Moreover, recently CD27L/
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CD70 costimulation has been estimated as equal if not superior
to CD80/CD86 signaling in a mouse-tumor model in vivo (13).
CD40L/CD154 is expressed preferentially on activated, but
not on resting, Th, and CD40 is expressed highly on profes-
sional antigen-presenting cells (APC), suggesting important
regulatory functions in T cell-DC interactions (14). Impor-
tantly, the crucial role of CD40L/CD154 ligation for DC
maturation and differentiation has been reported in various
model systems, and DC, stimulated by CD154-expressing Th,
are potent activators of murine CTL in vitro as well as in vivo
(15-17).

Here, we show that human CTL, on interaction with DC,
up-regulate CD70 molecules for subsequent stimulation of
CD45RA* Th. CD70-costimulated Th cells up-regulate inter-
leukin (IL) 2 and interferon (IFN) vy for mutual interaction
with CTL and CD154 molecules to condition DC for efficient
CTL induction.

MATERIALS AND METHODS

Cells. Cells were prepared by using previously described
methods and reagents (18). Briefly, HLA-A2-positive human
peripheral blood mononuclear cells were isolated from healthy
individuals by Ficoll density gradient centrifugation (Amer-
sham Pharmacia). T lymphocyte subsets were negatively se-
lected by using mAbs reactive with CD3, CD4, CDS§, CD14,
CD45RO, CD45RA, MHC class 11, «, A, and goat-anti-mouse
IgG-conjugated magnetic beads (PerSeptive Diagnostics,
Cambridge, MA) or Multisort Macs Reagents (Miltenyi Bio-
tec, Auburn, CA). CTL and Th thus obtained were >95% CD8
and CD4 positive, respectively, as determined by flow cytom-
etry analysis. CD4/CD45R A and CD4/CD45RO populations
were >90% positive for CD45R A or CD45RO, and monocytes
were >85% reactive with anti-CD14 mAb, containing less than
3% contaminating B or T lymphocytes.

DC were generated by culturing monocytes in the presence
of 100 ng/ml granulocyte—-macrophage colony-stimulating fac-
tor (Leukomax, Novartis, Basel, Switzerland) and 1,000
units/ml IL-4 (Genzyme) for 7 days, according to published
protocols (19). DC thus obtained show clear dendritic mor-
phology and high expression of MHC class I and class II, as
well as CD40 and CD54, but were negative for CD14 mole-
cules. In some experiments, metrizamide-enriched DC were
isolated according to manufacturer’s instructions (Sigma).

The murine pre-B cell line 300-19 was transfected with
cDNA encoding human CD27 or CD70 molecules or with the
vector alone (mock) as described (18). The transfectants were
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cytolytic T lymphocytes; DC, dendritic cells; IFN, interferon; IL,
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transfectant.

8To whom reprint requests should be addressed. e-mail:
stuart_schlossman@macmailgw.dfci.harvard.edu.



Immunology: Stuhler et al.

fixed with 2% neutral-buffered paraformaldehyde before they
were added to the cultures.

Antigens/Peptides. The HIV-RT476_4s4 (ILKEPVHGYV; ref.
20) and the GP2 (IISAVVGIL; ref. 21) peptides were prepared
according to published sequences with an automated peptide
synthesizer (Applied Biosystems model 432A) using fluore-
nylmethoxycarbonyl chemistry and analyzed by HPLC. These
peptides carrying HLA-A2 motifs were used as epitopes for
CTL. The Pan-DR binding peptide [PADRE; a(X)VAAW-
TLKAAa; ref. 22] was used as helper epitope.

In Vitro Cultures and Assays. Cultures were set up in
a-MEM (GIBCO/BRL) supplemented with penicillin (100
units/ml), streptomycin (100 wg/ml), 10% mercaptoethanol,
and 10% heat-inactivated fetal calf serum. DC were pulsed for
2 h with 20 pg/ml of the indicated peptide antigens before
being added to the cultures. Cells of the indicated types and
numbers were mixed in 200-ul cultures in 96-well flat-bottom
plates and incubated for the indicated times, after which
SICr-release assays, flow cytometry analysis, and ELISA tech-
niques were performed.

Specific lysis was determined by adding 5 X 103>!Cr-labeled,
HLA-A2 positive, the antigen processing mutant lymphoblast
hybrid T2 (147xCEM.T2) targets to the cultured cells. T2 cells
were pulsed for 2 h with 20 pug/ml HIV-RT or GP2 peptides
before *!Cr-labeling. Spontaneous release and maximum re-
lease was determined by incubation of >'Cr-labeled T2 cells in
medium or detergents, respectively. The percentage of specific
lysis was assessed after a 4- to 6-h incubation at 37°C as 100 X
(experimental release — spontaneous release)/(maximum re-
lease — spontaneous release). Standard deviations of dupli-
cates were <15% of the specific lysis values shown.

Lymphokine analyses for IL-2, IL-4, IFN-v, and IL-12 were
carried out by using ELISA techniques for secreted cytokines,
according to manufacturer’s instructions (Becton Dickinson
for IL-2, IL-4, and IFN-v; Genzyme for IL-12).

CD27, CD70, and CD154 expression was determined by
three-color flow cytometry analysis. T lymphocytes (5 X 10%)
of the indicated type were cultured as duplicates with DC (10°)
in the presence of CD27, CD70, and mock transfectants
overnight in 96-well plates. T cells were stimulated by using
superantigens (SAGs; 0.1 ng/ml staphylococcal enterotoxin A,
0.1 ng/ml staphyloenterotoxin B, and 0.1 ng/ml toxic shock
syndrome toxin 1; Sigma) for the indicated times and analyzed
with chromophore-labeled antibody (Ab) reactive with CD27
(phycoerythrin), CD70 (fluorescein isothiocyanate), CD154
(fluorescein isothiocyanate), CD45RA (phycoerythrin), and
CD3 (APC) on a FacsCalibur cytometer (Becton Dickinson).
For detection of CD154, 2 ug/200 ul anti-CD40 Ab (Alexis,
Grunberg, Germany) were added to the cultures during SAG
stimulation.

RESULTS AND DISCUSSION

CD70 Positively Regulates Induction of Specific Cytotoxic-
ity Within T Lymphocyte-DC Clusters. Immune regulatory
mechanisms were studied by using a modified system for
primary induction of human-peptide-specific CTL in vitro.
HLA-A2 positive DC were used to present HIV-RT-derived
peptides and PADRE to autologous CTL and helper T lym-
phocytes, respectively. Cluster formation of DC and, typically,
5-20 T lymphocytes occurred within 1 day of starting the
cultures, when DC changed from a nonadherent phenotype to
aphenotype that was adherent and had elongated cells (9). The
induction of peptide-specific cytotoxicity was assessed after 9
days by the ability of the cultured cells to lyse peptide-pulsed
T2 target cells in a standard °'Cr-release assay.

To determine the significance of CD27L/CD70 interaction
within human T lymphocyte-DC clusters, we analyzed the
effects of murine 300-19 cells transfected with cDNA coding
for human CD27 [CD27 transfectant (Tx)], CD70 (CD70 Tx),
or the empty vector (mock Tx) on the efficiency of CTL
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Fic. 1. CD27L/CD70 signaling is essential for CTL induction. T
lymphocytes (10°) were incubated with various numbers of paraform-
aldehyde-fixed CD70 Tx, CD27 Tx, or mock Tx and autologous DC
(10%) presenting HIV-RT peptides for CTL and PADRE helper
epitopes. After 9 days, induction of specific cytolytic activity was
determined by the ability of cultured cells to lyse 5,000 >'Cr-labeled T2
target cells coated with HIV-RT epitopes (4) or irrelevant GP2
peptides (B). (C) Metrizamide-enriched DC (3 X 10%) were pulsed
with HIV and PADRE peptides and cultured with CTL (5 X 10°) and
CD45RO* Th (5 X 10%), CD45RA™ Th (5 X 10°), or without Th cells
in the presence of various numbers of fixed CD27 Tx, CD70 Tx, or
mock Tx. After 9 days, specific lysis of HI'V peptide-coated T2 cells was
determined as described. Specific lysis of T2-targets expressing an
irrelevant antigen was <15% in this culture. Data are representative
for five independent assays. Standard deviations were <15% of the
values shown.

induction. The data presented in Fig. 14 show increased lysis
of HIV-RT-coated T2 target cells after the addition of CD70
Tx to cultures containing Th, CTL, and DC, compared with
mock controls. Conversely, the addition of CD27 Tx to these
cultures obviously inhibited lysis of T2 targets presenting
HIV-RT epitopes, thus clearly indicating the essential role of
CD27L/CD70 ligation in the regulatory process of CTL
induction. T2-target cells expressing the irrelevant HER2/
neu-derived peptide GP2 (21) were not lysed in HIV-
PADRE-stimulated cell cultures, thus confirming the speci-
ficity of the cells induced (Fig. 1B). No lysis of HIV-RT-pulsed
T2 cells was observed in cases where either DC or CTL were
omitted (not shown). Moreover, addition of the transfectants
to HIV-PADRE-stimulated T lymphocytes during the >'Cr-
release assay had no effect on the lysis of target cells expressing
the appropriate antigen, suggesting that CD27L/CD70 signal-
ing is crucial for induction of CTL and does not interfere with
effector functions (not shown).

Previous reports indicate that CD27, the ligand for CD70, is
expressed differentially and regulated on Th subsets defined by
their CD45 isomorphs. With this information, we next set out
to define T cell populations that are affected by CD27L/CD70
signaling. Consequently, we separated CD45RA™ and
CD45RO™* Th to culture with purified CD8" CTL, metriz-
amide-enriched DC presenting HIV and PADRE-peptides
and CD27 Tx, CD70 Tx, or mock Tx, respectively. When this
regime is used, CD70, but not CD27 or mock-transfected cells,
significantly enhanced lysis of HI'V peptide-coated T2 targets
in cultures where CD45RA* Th were recruited for CTL
induction (Fig. 1C). In contrast, no overt activation of peptide-
specific cytotoxicity was observed in cases in which Th were
omitted or in situations where CD45RO* Th cells were used
for CTL induction. The data clearly indicate the essential role
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for CD45RA™ Th cells in CTL induction, and this requirement
is not overcome by the addition of CD70 Tx. To exclude the
possibility that the distinct Th subsets may respond differen-
tially to the helper epitope used in this system, we performed
proliferation assays using DC to present PADRE peptides to
separated CD45RA™* or CD45RO™ Th cells. No significant
difference in the proliferative capacity was found, suggesting
that both Th subsets recognize and are activated by PADRE
peptides (not shown).

CTL, but Not Th, Rapidly Up-Regulate CD70 Molecules on
Activation. We next set out to identify the cell population
physiologically expressing CD70 antigens within T lymphocyt-
e-DC clusters. Negatively separated Th and cytotoxic T cell
subsets were stimulated with SAGs in the presence of autol-
ogous DC. Expression of CD70 and CD27 antigens was
monitored over a period of 6 days. SAG were used to provide
a means of polyclonal T cell activation under conditions
mimicking best T cell antigen receptor/MHC/peptide affini-
ties in the presence of DC costimulation (23, 24). Consistent
with previously published data, we found that CD8* CTL
uniformly and rapidly up-regulate CD70 molecules, with peak
expression between day 2 and 4 as assessed by three-color flow
cytometry analysis (Fig. 2; ref. 25). In contrast, CD4* Th did
not express a significant amount of CD70 molecules until 6
days after stimulation, when two distinct subpopulations
emerged mutually exclusively expressing CD70 and CD27
antigens. The significance of these findings was confirmed by
using different activation procedures. CTL that were stimu-
lated with soluble OKT-3 Ab in the presence of DC displayed
CD70 expression comparable to the data shown. On the other
hand, OKT-3 stimulated Th in the absence of DC and con-
verted into an activated phenotype but did not express CD70
molecules exceeding >10% positive cells within the 6 days of
the experiment (not shown). Interestingly, by using a phorbol
12-myristate 13-acetate/ionomycin regime without DC, 40%
of both CTL and Th cells stained positive for CD70 molecules,
suggesting that both T cell subsets are indeed capable of CD70
up-regulation (not shown). In the mouse system, it has been
shown that the presence of MHC class II molecules with APC
stimulate CD45RB" “naive” type Th subset and negatively
regulate the CD45RB" “memory” type Th subset that is
recognized to express CD70 antigens on activation. Because
the regimes using DC for Th stimulation resulted in low CD70
expression, it is possible that a similar mechanism may be
responsible for the effects we observed (26).

CD70 Molecules Costimulate CD45RA Th Lymphocytes to
Produce IL-2 and IFN-vy. With this information, we studied the
effects of CD70-expressing CTL on Th subsets within the
clusters. CD70 Tx, CD27 Tx, and mock Tx were used to mimic
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Fic. 2. CTL, but not Th cells, rapidly up-regulate CD70 on
activation. Negatively selected CD8 and CD4 cells (5 X 10°) were
stimulated with SAG (0.1 ng/ml staphylococcal enterotoxin A, 0.1
ng/ml staphylococcal enterotoxin B, and 0.1 ng/ml toxic shock
syndrome toxin 1) in the presence of autologous DC (10°). After the
indicated times, three-color flow cytometry analysis was performed by
using fluorochrome-conjugated Ab with specificities for CD70 (fluo-
rescein isothiocyanate), CD27 (phycoerythrin), and CD3 (APC).
Gates were set on CD3* lymphocytes. Data are representative for two
independent assays.
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and control the influence of activated CTL on Th induction.
DC presenting PADRE helper epitopes were used to stimulate
isolated CD45RA™* or CD45RO™" Th in the presence of the
transfectants. IL-2 contents in the supernatants were analyzed
after 1 day, and IL-4 and IFN-vy concentrations were assessed
after 4 days of culture by using ELISA techniques. As shown
in Fig. 3, CD70 Tx greatly stimulate CD45RA Th, but not
CD45RO Th, to produce IL-2 and IFN-v; this stimulation was
much greater than that of mock controls. However, in these
cultures, no significant difference was found in the ability of
the transfectants to stimulate the Th subsets to produce IL-4.
The results shown strongly support the hypothesis that CD70-
expressing CTL may provide costimulatory support for
CD45R A Th activation via CD70-CD27 interaction. Interest-
ingly, APC-derived signals like CD80, CD86, or IL-12, as well
as Th-derived IL-2, have been reported to mediate CD70
up-regulation, suggesting that the expression of IL-2 and CD70
molecules is positively regulated mutually (27).

CD70 Molecules Induce CD45RA* Th to Up-Regulate
CD154 Antigens. Recently, it has been shown that help for
CTL generation is mediated by DC that are conditioned by
CD154* Th (15-17). Importantly, CD154 molecules are ex-
pressed preferentially on CD45RA™ helper T lymphocytes
(28) and are recognized to provide crucial stimulatory signals
for the differentiation of DC leading to IL-12 production and
up-regulation of CD80, CD86, and other molecules for T cell
activation (29).

To test whether CD70-expressing CTL may enhance CD154
up-regulation on Th for subsequent DC stimulation, we cul-
tured CD45RA™ Th and DC in the presence of CD27 Tx,
CD70 Tx, or mock Tx. CD154 expression was monitored after
the addition of SAG to the cultures by using three-color flow
cytometry. As shown in Fig. 44, the addition of CD70 Tx to
these cultures resulted in enhanced and prolonged expression
of CD154 by CD45RA* Th, compared with mock controls.
However, no overt stimulation was seen in cultures set up with
CD27 Tx.

To demonstrate further that CD70-costimulated Th directly
induce DC maturation, we cocultured CD45RA™* Th cells,
CD70 Tx, and DC expressing PADRE epitopes in the presence
of various Ab. After 36 h, concentrations of DC-derived 1L.-12
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Fic. 3. CD70 costimulates CD45RA* Th for IL-2 and IFN-y
production. CD45RA* or CD45RO* Th (5 X 10°) were cultured in
duplicates with autologous DC (10%) presenting PADRE helper
epitopes and varying numbers of CD27, CD70, and mock Tx. IL-2
concentrations were determined after 1 day, and IL-4 and IFN-y
concentrations were assessed after 4 days in the supernatants by using
ELISA techniques. Standard deviations were <15% of the values
shown.
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FiG. 4. CD70 determines CD154 expression by CD45RA™ Th for
DC stimulation. (4) CD45RA™ helper T lymphocytes (5 X 103) were
cocultured overnight with autologous DC (10°) and fixed CD70 Tx,
CD27 Tx, or mock Tx (5 X 10%). T cells were stimulated with SAG (0.1
ng/ml staphylococcal enterotoxin A, 0.1 ng/ml staphylococcal entero-
toxin B, and 0.1 ng/ml toxic shock syndrome toxin 1) for the indicated
time, stained with CD154 (fluorescein isothiocyanate), CD45RA
(phycoerythrin), and CD3 (APC)-conjugated mAb, and analyzed by
flow cytometry. Cells were gated on the CD3* population. (B)
CD45RA* Th cells (10°), DC presenting PADRE epitopes (10°), and
CD70 Tx (10°) were cocultured with the indicated Ab. After 36 h,
IL-12 concentrations in the supernatants were determined by using
ELISA techniques. Results shown are representive for three indepen-
dent assays.

in the supernatants were assayed with ELISA techniques. As
shown in Fig. 4B, cross-linking of CD40 molecules on DC
resulted in significant IL-12 production that is blocked by Ab
directed against CD154 molecules expressed by CD45RA™ Th
cells. Most importantly, CD45RA™ Th cells, if activated by the
addition of CD27-specific Ab-stimulated DC, produce more
IL-12 than CD40 cross-linking. In contrast, Ab directed against
CD70 molecules that were expressed exclusively on the trans-
fectants effectively inhibited productive Th-DC interactions,
leading to reduced IL-12 concentrations in the supernatants.
These findings thus provide striking evidence that CD70-
expressing CTL recruit Th not only for mutual interaction but
to condition them for efficient DC stimulation.

CONCLUSIONS

Recently, a dynamic model of Th-dependent CTL induction
was suggested in which DC first get activated by CD154* Th
to stimulate the binding of CTL (17). Here, we extend this
model by showing that within DC-T cell clusters, Th, CTL, and
DC mutually control each other via regulatory loops.

The data presented here support the view of a multistep
activation process of cytolytic immune responses. By up-
regulating CD70 molecules, antigen-activated CTL costimu-
late CD45RA™ helper T lymphocytes to fulfill two tasks: (i)
they back-stimulate CTL by producing IL-2 and IFN-v, and (ii)
by up-regulating CD154 molecules, Th signal DC to differen-
tiate and produce IL-12, thus facilitating specific CTL induction.

This hypothesis is in agreement with the two-signal model as
originally postulated without a need for a “first effector Th
cell” to initiate productive collaboration. CTL may efficiently
recruit and costimulate Th that recognize their respective
antigens on the DC within the same cell cluster (30). In this
context, control of Th activation by specific CTL may greatly
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reduce unspecific bystander activation and the risk of unnec-
essary cytokine release, factors that are indeed pivotal for
primary CTL induction in many systems. This model does not
rule out that Th that have been activated in the controlled
setting of the clusters may interact serially and activate other
DC presenting processed antigen. The model predicts, how-
ever, that the initiation of cytolytic immune responses is
controlled by mutual activation within clusters, implying par-
allel differentiation and maturation processes of T lympho-
cytes and DC.
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