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0OX40 Costimulation Enhances Interleukin-4 (IL-4) Expression at Priming and
Promotes the Differentiation of Naive Human CD4+ T Cells Into High
IL-4—Producing Effectors

By Yusei Ohshima, Liang-Peng Yang, Takashi Uchiyama, Yuetsu Tanaka, Peter Baum, Martin Sergerie,
Patrice Hermann, and Guy Delespesse

Th2 cell development is critically dependent on the presence
of interleukin-4 (IL-4) at priming. The cellular origin and the
mechanisms regulating this early production of IL-4 at the
site of naive T-cell priming are extensively investigated. We
previously reported that anti-CD3-activated and CD28-
costimulated naive human CD4* T cells themselves release
very low but sufficient levels of IL-4 to support their develop-
ment into high IL-4-producing cells. We show here that
ligation of OX40 Ag, a member of the tumor necrosis factor
receptor (TNF-R) family, on activated umbilical cord blood
CD4* T cells upregulates IL-4 production at priming and
thereby promotes their development into effector cells pro-

ducing high levels of the type 2 cytokines IL-4, IL-5, and IL-13.
OX40 ligation increases four times the expression of IL-4
MRNA after 48 hours of anti-CD3/B7.1 activation and signifi-
cantly augments the release of IL-4 and IL-13 in primary
cultures. The effects of OX40 costimulation on Th cell
differentiation are observed in the presence of optimal and
suboptimal CD28 stimulation. Because OX40 ligand is ex-
pressed on dendritic cells, the OX40 costimulation pathway
may be involved in the physiological regulation of Th cell
development by augmenting the differentiation of IL-4-
producing cells.
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N VIVO AND IN VITRO observations have indicated that original source of IL-4, which they release in very small but

Th subset development is regulated very early in the coursagufficient amounts to promote their development into high IL-4
of the immune response, at the time when naive CD4ells  producers via an autocrine pathwsB.25:26 For example,
first encounter Ag presented by dendritic cells (D€Beveral  cell-sorted purified and phenotypically naive murine CDB
factors have been implicated in the regulation of naive T-cellcells were shown to release IL-4 at priming and to develop into
differentiation into Th1 or Th2 effectors, including (1) the Th2 effectors upon in vitro priming with a low concentration of
intensity and the nature of T-cell receptor (TCR)-mediatedAg or altered peptide ligandsMoreover, the acquisition of a
activation signa?, (2) the strength and the nature of costimula- 11, phenotype was abolished by neutralization of IL-4 in
tory signal8* (3) the cytokine and hormonal milieu in which - ining cultures. In agreement with these observations, we
T c_eIIs are primet'3 and (4) the genetic bacl_<ground of the previously reported that virtually every naive human CD&
naive T cells:* Among all these factors, cytokines appear to cell of neonatal or adult origin grown in single-cell culture

exert the most important role, with interleukin-4 (IL-4) and developed into high IL-4/IL-5 producers after multiple cycles of

IL-12 promoting Th2 and Th1 responses, respecti¥elyThe . . . . . .
other factors may act by influencing the production of these tWOSFI_mUIatIOn with anti-CD3 monoclonal antibody (MoAb) immo-
cytokines at priming. Whereas the cellular origin and the bilized on CD32/B7.1-transfected L cells and IL-2 expangion.

mechanisms leading to the early production of IL-12 at the time' "2t IL-4 was released during the first 3 days of anti-CD3/B7.1
of T-cell priming have been elucidatdd® the origin and the ~ activation was evidenced by the following three observations:
regulation of IL-4 production at priming are still under investi- (1) the addition of anti-IL-4R neutralizing Ab to primary

gation2° Depending on the experimental system used to inducéultures reduced the acquisition of IL-4/IL-5—-producing capac-

a Th2 response, different types of cells were shown to bety While increasing that of interferog-(IFN-v)*; (2) IL-4
involved in the early production of IL-4, including CD4 MRNA was detected after 48 hours of naive CDZ%-cell

NK1.1* T cells,yd T cells, and FeR1-bearing cell81-24 More stimulation with a mixture of soluble anti-CD3 and anti-CD28
recent studies showed that naive T cells themselves may be tHdoAb; and (3) IL-4 protein could be measured in the superna-
tant fluids of priming cultures performed in the presence of
anti—IL-4R blocking MoAb, preventing IL-4 consumption by
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this fact. costimulation. We provide evidence that ligation of OX40 Ag, a
member of the tumor necrosis factor receptor (TNF-R) fadily,
increases IL-4 production by naive T cells and promotes their
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development into effector cells producing high levels of the Th2 Flow cytometric analysis. Cells were stained with fluorescein
cytokines IL-4, IL-5, and IL-13. isothiocyanate (FITC)-conjugated Act35 or control mouse IgG1. Stained
cells were analyzed with a FACSort (Becton Dickinson, Mountain
View, CA).
MATERIALS AND METHODS Cytokine measurementsTo determine cytokine production capac-
Reagents. Anti-CD3 MoAb (64.1) was a gift of Bristol-Myers ity, T cells (1x 10°/mL) were restimulated with anti-CD3 (100 ng/mL)
(Seattle, WA). Anti-OX40 MoAbs (315 and 131) and anti-OX40L/gp34 immobilized on mitomycin C-treated CD32/B7.1 L cells (0.26
MoAb (5A8) were described previoust§33Anti-OX40 MoAb (Act35) 10f/mL) and the cell-free supernatants were collected after 24 or 48
was purchased from PharMingen (Mississauga, Ontario, Canadajiours, as indicated. IL-4, IL-5, and IF-were measured using a
Neutralizing anti—IL-4 receptor MoAb (MoAb 230) was from R&D two-site sandwich enzyme-linked immunosorbent assay (ELISA) or
Systems (Minneapolis, MN). Isotype-matched negative control MoAbsradioimmunoassay (RIA), exactly as descriBédL-13 and IL-4 in
(mouse IgG1 and mouse 1gG2a) were prepared in our laboratoryPrimary cultures were measured with Quantikine IL-13 and Quantikine
Recombinant human granulocyte-macrophage colony-stimulating facHS IL-4 (R&D Systems), respectively.
tor (thGM-CSF), rhiL-4, rhiL-2, and rhIL-12 were kindly provided by ~ |L-4 MRNA analysis. T cells were collected after 48 hours of
Dr D. Bron (Institute Bordet, Brussels, Belgium), Dr C. Maliszewski anti-CD3/B7.1 stimulation and total RNA was prepared with RNAeasy
(Immunex Corp, Seattle, WA), Dr F.K. Kahn (Hoffmann-La Roche, Total RNAkit (Qiagen, Chasworth, CA). One microgram of RNA from
Nutley, NJ), and Dr M. Gately (Hoffmann-La Roche), respectively. €ach sample was reverse transcribed by GeneAmp RNA polymerase
Recombinant human tumor necrosis facioFh TNF-) was purchased ~ chain reaction (PCR) kit from Perkin Elmer (Cetus, Emeryville, CA)
from Genzyme (Cambridge, MA). CD32 and B7.1 double-transfectedWith oligo d(T)s as the first-strand cDNA primer. One twentieth volume
mouse L fibroblasts were prepared and selected, as deséfifoedhe of reverse-transcription product was mixed with known quantities of
expression of high levels of B7.1. Human OX40L cDNA in pDC410 serially diluted competitive internal standards (PCR MIMICs; Clon-
generated by Immunex Corp was subcloned into pBJ expressiofech, Palo Alto, CA) and was subjected to quantitative reverse
vector3* OX40L transfected L fibroblasts were prepared as descfbed. transcriptase-PCR (RT-PCR) according to the manufacturer’s protocol.
CD4*+ T-cell purification and culture conditions.CD4* T cells  Target-specific primer pairs of IL-4 and G3PDH were also purchased
were isolated from umbilical cord blood of healthy neonates asfrom Clontech. After 40 cycles of amplification, the PCR products were
described® Briefly, mononuclear cells were obtained by centrifugation resolved on a 1.8% agarose gel containing ethidium bromide. The
on Lymphoprep (Nycomed Pharma As, Oslo, Norway) and were treatedntensities of competitor-generated bands and the cDNA sample-
with L-Leucine methy! ester to remove monocytes and natural killer 9enerated bands were compared to determine the quantity of target gene
(NK) cells. Cell preparation was enriched in T cells by E-rosetting andProduct. The amount of target cDNA was ascertained by determining
CD4* cells were obtained by treating rosette-forming cells with the amount of competitor required to produce equal molar quantities of
Lympho-kwik T helper (One Lambda, Canoga Park, CA). The resultingtarget and competitor products. The photographs of agarose gels were
populations were greater than 98% viable (trypan blue negative); werdurther analyzed by computer imaging (NIH image, version 1.61;
greater than 98% CD3 CD4*/CD8", and CD45RA; and contained ~ National Institutes of Health, Bethesda, MD) and the ratio of mean
no detectable CD45R®) CD25+, CD19+, and CD56 cells. histogram of target-generated to competitor-generated band was calcu-
CD4* T cells (1x 10%/mL) were cultured in 48-well culture platesin 1ated. The specificity of the amplified bands was validated by their
0.4 mL of RPMI 1640 medium containing 10% fetal calf serum (FCS), predicted size.
5 mmol/L L-glutamine, 50 IU penicillin G, and 50 pg streptomycin and Statistical analysis. The paired-test was used to determine statisti-
were primed with anti-CD3 MoAb (100 ng/mL) and anti-OX40 MoAb cal significance of the data. VaulesRt< .05 were chosen for rejection
(5 pg/mL) or control mouse IgG in the presence of mitomycin C-treated0f the null hypothesis. The cDNA concentrations were calculated by
CD32/B7.1 L cells (0.25x 10°9/mL). Alternatively, T cells were linear regression test after logarithmic transformation of the concentra-
stimulated with anti-CD3 (100 ng/mL) and mitomycin C-treated tions of competitors and the ratio of gel band intensities. The 95%
OX40L L cells or L cells (0.25x 10%/mL) in 24-well plates (1 mL/  confidence limits are shown in parenthesis.
well). After 3 days, cells were washed and cultured at 2B0%/mL in

culture medium supplemented with 50 U/mL rhIL-2 in 24-well plates. RESULTS
After 4 days of IL-2 expansion, cells were washed and stimulated for | jgation of OX40 promotes the development of naive T cells
cytokine production. into Th2-like effectors. In initial studies we determined the

Dendritic cell preparation and mixed leukocyte cultures (MLR). time course expression of OX40 on neonatal CDR cells
Monocyte-derived DC (Mo-DC) were prepared as previously de- activated with anti-CD3 MoAb immobilized on CD32/B7.1 L

scribed®® Monocytes were isolated from peripheral blood mononucleart fectants. OX40 detected by fi t t .
cells (PBMC) from healthy donors by cold aggregation followed by | anStectants. was detected by Tlow cytometry using

E-rosetting and plastic plate adhesion. The adherent cells were culturé:slTC'ConJUQat‘?d MOAb (clone ACt35_) afFer 1,8,24,48,72,and
in RPMI/10% FCS supplemented with 800 U/mL GM-CSF and 25 168 hours of stimulation. As shown in Fig 1, OX40 was absent
ng/mL IL-4. On day 4, the cultures were fed by replacing two thirds of on freshly isolated T cells, became detectable after 8 hours of
supernatant fluids with fresh medium containing GM-CSF, IL-4, and stimulation, reached maximal levels at 48 hours, and was still
TNF-a (final concentration, 10 ng/mL). After 7 days of culture, the cells upregulated at 168 hours after activation. Further experiments
were washed and treated with mitomycin C (25 pg/mL for 30 minutes).showed that the addition of CTLA4-Ig to these cultures slightly
Primary MLR were conducted in 96-well U-bottom tissue culture delayed but did not reduce OX40 expression after 40 hours of
plates by adding different numbers of mitomycin C-treated Mo-DC 10 5 iy ation, suggesting that TCR/CD3-mediated signals were
2 x 1P allogen'.c CD4 T cells in 200 L culture medium in the sufficient for OX40 expression (data not detailed). The influ-
presence of anti-OX40L MoAb (5A8) or control mouse IgG1 (10 L
pg/mL). After 5 days of culture, 100 pL of supernatants was replacedence _Of O_X4O ligation on Th _Ce" _development was next
with fresh medium containing 100 U/mL of IL-2. On days 7 and 9, examined in three-step cultures in which neonatal CDéells
cultures were split and expanded in the presence of 50 U/mL of IL-2.were first activated with anti-CD3 MoAb cross-linked on
After 5 days of IL-2 expansion, cells were washed and tested forCD32/B7.1 L cells (refered to hereafter as anti-CD3/B7.1
cytokine production. activation) in the presence of anti-OX40 MoAb or isotype
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medium alone anti-CD3+B7/CD32 L cells cytokine production pattern of developing Th cells toward Th2,
naive CD4 T cells were primed with anti-CD3 MoAb (clone
64.1) in the presence of OX40 ligand (OX40L)-transfected L
cells or untransfected L cells. As previously repogé4.1
anti-CD3 MoAb is capable of triggering naive T-cell prolifera-
tion and maturation when used in soluble form together with
either anti-CD28 MoAb or untransfected L cells, expressing
low but functional levels of mouse B7.1. The three experiments
summarized in Fig 2B showed that cells primed in the presence
of OX40L transfectants produced at least 10 times more IL-4
i and much less IFNrthan did those primed in the presence of L
¢ \ cells. As expecteé® the basal levels of IL-4 production by T
| cells primed with anti-CD3 together with L cells (Fig 2B) were
I lower than those of anti-CD3/B7.1-primed T cells (Fig 2A),
K confirming the enhancing effect of CD28 cosignal on IL-4
production. Collectively, these two series of experiments thus
A indicated that OX40 ligation favored the differentiation of
’¢ \ IL-4—producing effector cells in the presence of both optimal
(Fig 2A) or suboptimal (Fig 2B) CD28 costimulation. Because
J \ OX40L is expressed on D&,we next examined the role of
Wm"fv\ 0OX40/0X40L costimulation pathway in the differentiation of
= naive CD4 T cells stimulated with allogeneic DC. Neonatal
CD4* T cells were cocultured with allogeneic DC at low (15/1)
or high (300/1) T cells/DC ratios in the presence of a blocking
anti-OX40L MoAb (clone 5A8) or isotype control mouse 1gG.
These cultures were supplemented with IL-2 atday 5 and T cells
were stimulated for cytokine production at day 10. As ex-
pected® cells primed at a high T/DC ratio produced signifi-
cantly more IL-4 and IL-5 but slightly less IFNthan did those
primed at a low T/DC ratio (Fig 2C). In each case, anti-OX40L
MoAb significantly inhibited the development of IL-4/IL-5—
producing cells, a finding consistent with the notion that
signaling through OX40 enhances the acquisition of IL-4—
producing capacity. Interestingly, anti-OX40L MoAb did not
] _,,:{IM affect the development of IFN—producing cells, indicating
180 Tie 1es  1ee 18 1@z 185 19¢ that blocking the OX40/0X40L pathway during naive T-
cell/DC interaction suppressed the acquisition of IL-4— but not
of IFN-y—producing capacity.
OX40 ligation enhances IL-4 production at primingGiven
the essential role of IL-4 in the generation of Th2 cells, we
examined whether the effects of OX40 ligation on naive T-cell
maturation were dependent on the endogenous release of IL-4
_ in primary cultures. This appeared to be the case inasmuch as
180 182 185 184 addition of neutralizing anti—-IL-4R MoAb or anti—IL-4 MoAb
to primary cultures markedly inhibited the effects of OX40
Fig 1. Expression of OX40 Ag on naive T cells. Neonatal CD4* T |ination on Th cell differentiation (Fig 3). These results not only
cells were stimulated with anti-CD3 MoAb and CD32/B7.1 L cells and L . .
stained after the indicated intervals with FITC-conjugated Act35 (dark indicated that the effects of OX40 C_OStlmwatlon were IL-4—
lines) or control mouse IgG1 (faint lines). dependent, but also supported the notion that IL-4 was produced
in primary cultures. We next asked whether the OX40 cosignal
control mouse IgG. After 3 days of priming, cells were washedenhanced the acquisition of IL-4—producing capacity by upregu-
and expanded with IL-2 for 4 days. The cells were then washedating IL-4 expression during primary T-cell activation. IL-4
and restimulated (anti-CD3/B7.1) for cytokine production. As mMRNA levels were measured 48 hours after anti-CD3/B7.1
seen in Fig 2A, cells primed in the presence of anti-OX40activation of neonatal CD4T cells in the presence of anti-
MoAb (clone 315) produced much more IL-4 (3.7-fold in- OX40 MoAb or control IgG by means of a quantitative RT-PCR
crease), IL-13 (2.7-fold increase), and IL-5 (3.0-fold increase)assay using competitive PCR-MIMICS. These experiments (Fig
but significantly less IFNy (75% inhibition) than did cells 4) showed that OX40 ligation increased the expression of IL-4
primed in the presence of control mouse IgG. Similar resultstranscription from 2.0 (1.3 to 3.3) to 8.1 (4.7 to 136)10°3
were obtained by using another anti-OX40 MoAb (clone 131),attomoles, corresponding to a fourfold increase. The decision to
whereas a third clone (Act35) used to stain the cells in Fig 1 wasneasure IL-4 transcripts after 48 hours of activation was based
inactive. To ascertain that OX40 signaling may skew theon previous studies, including ou¥83>2°showing that, whereas
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Fig 2. OX40 costimulation at priming deviates 3 40 50
the cytokine production profile of primed T cells. T %0
cells were primed either with anti-CD3 and anti- - 2 = =
0X40 (clone 315) or control mouse IgG2a together g % %;, 30
with CD32/B7.1 L cells (A) or with anti-CD3 and & g Z %
OX40L L cells (B). In (C), T cells were cocultured with 3 1 it E
allogenic DC in the presence of anti-OX40L or control = = 10 % - 10
mouse IgG1. In each case, cells were restimulated for oA g o E = 0
cytokine production after IL-2 expansion. IL-4, IL-5, E58 =53 = = == = =
and IFN-y were measured after 24 hours and IL-13 -g g ‘—E" g = ?_n E = 3 § = 3 § = 3 §<
after 48 hours of stimulation. Shown are the mean = 1 P EQ EQ EQ Eg
SEM of five experiments. *P < .05; **P < .01. & & 5 5 & 5
IL-4 mRNA is easily detected within a few hours after the A B
activation of memory/effector CD4T cells, it becomes detect-
y . L Nil H Nil < -
able only 36 to 48 hours after naive T-cell activation.
To examine the release of IL-4 in primary cultures, neonatal mggza

CD4" T cells were stimulated for 3 days in the presence or
absence of anti—IL-4R MoAb and the cell-free supernatant anti-OX40
fluids were assayed by means of the ultrasensitive Quantikin

. . 0 05 1 15 2 25 o 5 10 15 20 25
HS IL-4 ELISA, allowing for the detection of 0.25 pg/mL of NPT st gy
IL-4. As seenin Table 1, trace amounts of IL-4 were released by
anti-CD3/B7—stimulated cells and these were marginally in- 5

creased by anti-OX40 stimulation. However, the addition of €
IL-4R MoAb to priming cultures drastically increased IL-4 N LT, TR
levels, indicating that endogenously produced IL-4 was con- j 2
sumed by activated naive T cells. Furthermore, OX40 ligation
consistently increased the levels of IL-4 released in priming anti-oxa0-£
cultures. It is of note that the IL-4 levels measured in the five
experiments summarized in Table 1 were quite variable and the
the enhancing effect of OX40 costimulation on IL-4 protein
production was less pronounced than that on IL-4 mMRNA Fig3. Effects of anti-IL-4R neutralizing Ab added at priming on the
expression. A possible explanation is that IL-4 transcripts,cytokine profile at restimulation. Cells were primed with anti-CD3,
unlike IL-4 protein, were measured after stimulation in the gnti—OX4O (clone 315) or control mouse 1gG2a, and CD32/B7.1 L cells

_ . n the presence of anti-IL-4R (5 pwg/mL; 1) or control mouse IgG2a
absence of IL-4R MoAb so that, as it has been suggeste E5). Primed cells were restimulated for cytokine production as in the

endogenous IL-4 could upregulate IL-4 gene expression in afkegend to Fig 2. Cells primed with anti-CD3 and CD32/B7.1 alone (T).
autocrine manné¥. That naive T-cell-derived IL-4 may regu- Shown are the mean * SEM of five experiments. *P < .05; **P < .01.
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Fig 4. Quantitative analysis of IL-4 and G3PDH mRNA by competitive PCR. CD4+ T cells were stimulated with anti-CD3 MoAb and
CD32/B7.1-transfected L cells in the presence of control mouse 1gG2a or anti-OX40 MoAb (clone 315; 5 pg/mL) for 48 hours. Total RNAs of both
groups of cells were prepared, and cDNA was synthesized. Quantitative PCR was performed in the presence of a twofold dilution of competitive
internal standards (PCR MIMICs) of IL-4 (A) and G3PDH (B). The mean histogram of each band was analyzed by computer imaging. The ratio of
target to competitors was plotted against the reciprocal of the concentrations of competitors added to the PCR reaction in log scale (C and D).
Data were derived from RNA of (O) control IgG2a-treated cells and (®) anti-OX40 MoAb-treated cells.

late cytokine production during the first 72 hours of primary and in the human system (Byun and Delespesse, unpublished

activation was confirmed by measuring IL-13 and IFN& the observation) have demonstrated that exogenous IL-4 reduces

same culture supernatants as those used to measure IL-4 (Talile ability of IL-12 to prime naive T cells for increased IFN-

1). As seen in Fig 5, ligation of OX40 increased IL-13 and production. The data in Fig 6 showed that, in contrast to these

decreased IFN production in primary culture and this effect reported effects of IL-4, OX40 costimulation did not inhibit the

was abolished by anti—IL-4R MoAb. Thus, the ability of OX40 IL-12—mediated upregulation of IFNproduction. These find-

costimulation to promote the development of anti-CD3/B7.1—ings therefore implicate that OX40 costimulation may regulate naive

activated neonatal CD4T cells into Th2-like cells appeared to T-cell development not only by increasing early IL-4 production, but

result from increased IL-4 production at priming. also by additional unknown mechanisms. The ability of OX40
Effects of exogenous IL-12 on OX40-mediated Th2 celkignaling to upregulate IL-4 without inhibiting IL-12—mediated

development. Because Th subset development is known to beupregulation of IFNy production suggests that, in priming condi-

critically dependent on the relative concentrations of IL-4 andtions associated with high IL-12 production, the OX40 costimulation

IL-12 at priming, we next examined the influence of exogenouspathway may favor the early development of mixed populations of

IL-12 on the maturation of anti-CD3/B7.1-activated and OX40- Th cells producing both type 1 and type 2 cytokines.

costimulated naive CD4T cells. Consistent with the notion

that the effects of IL-4 dominate over those of IL-12, the DISCUSSION

experiments summarized in Fig 6 showed that, even at a high There is increasing evidence that conventional naive CD4

concentration, exogenous IL-12 did not affect the enhancingells themselves may be the original source of IL-4 that is

effect of OX40 costimulation on IL-4 production. However,

IL-12 slightly but significantly reduced the OX40-mediated

enhancement of IL-13 and IL-5 production, implicating that A B

IL-12 may also downregulate these two Th2-type cytokines in

an IL-4—independent manner. Previous studies in the mbgkse hi oL 4

migG2a migG2
Table 1. IL-4 Production in Primary Cultures it anti-Oxd0 il
Exp.1 Exp.2 Exp.3 Exp. 4 Exp. 5
Nil 0.68 1.16 0.73 <0.25 5.14 IL-13 (ng/ml) IFN- (ng/mi)
migG2a + migG2a 0.47 0.69 1.03 <0.25 4.95
mlgG2a + anti-OX40 0.95 1.93 1.30 3.14 4.52 Fig 5. OX40 ligation regulates IL-13 and IFN-y production at
Anti-IL-4R + mlgG2a 23.53 15.18 14.14 1.20 100.20 priming. Cells were primed with anti-CD3, anti-OX40 (315) or control
Anti-IL-4R + anti-OX40 40.32 28.86 23.16 21.08 158.03 mouse IgG2a, and CD32/B7.1 L cells in the presence of anti-IL-4R (5
- - - rg/mL; ) or control mouse IgG2a (). Cells primed with anti-CD3
IL-4 was measured after 72 hours of anti-CD3/B7.1 stimulation by and CD32/B7.1 alone (CJ). Supernatants were collected after 3 days
means of Quantikine HS IL-4 ELISA. All antibodies were used at 5 for cytokine measurement. Shown are the mean = SEM of five

pg/mL. Values are given as picograms per milliliter. experiments. *P < .05; **P < .01.
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A B Ag, which is expressed on activated naive T cells, and its ligand,
which is expressed on DC. The OX40 Ag is a member of the
TNF-R superfamily and binds to high-affinity ligand (OX40L)
expressed on APCs such as DC and activated B cells as well as
endothelial cell§1-3436 Expression of OX40 is restricted to
activated T cells, and engagement of OX40 by its ligand is
known to costimulate the proliferation and the production of

1 | i IL-2 and IL-4 by polyclonally activated adult T lympho-

E .E IE cytes313442 OX40L, like the other members of the TNF
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IL-5 (ng/ml)

L]
1

E superfamily (with the exception of TNB), is an integral type Il
] 5 50 0 5 membrane molecule capable of signaling the cells on which itis
IL-12 (pM) IL-12 (pM) expressed@36430X40L is constitutively expressed on a subset
c D of differentiated DC and is inducible, via CD40 ligation, on
more immature DG Ligation of OX40L on CD40L-activated
DC costimulates both their cytokine production (mainly IL-12,
IL-1B, IL-6, and TNFe) and their expression of surface
costimulatory molecules; however, these effects are much more
pronounced on immature than on differentiated B&@/e have
shown here that OX40 was expressed within 8 hours after
anti-CD3/B7.1 activation of naive CD4T cells and that its
ligation by selected MoAbs or by OX40L promoted the
development of effector cells, producing much higher levels of
the type 2 cytokines IL-4, IL-5, and IL-13. These effects of
IL-12 (pM) IL-12 (pM) OX40 costimulation were observed in the presence of both
Fig 6. Interactions between exogenous IL-12 and OX40 costimula- in_fraop_timal and optimal C.:D28 C.OStir.nUIat.ion; finally, the
tion at priming. Cells were primed with anti-CD3 and CD32/B7.1 L disruption of OX40/OX40L interaction in primary MLR be-
cells alone (O) or in the presence of anti-OX40 (315; &) or control tween neonatal CD4T cells and DC markedly inhibited the
mouse IgG2a (E) together with the indicated concentrations of IL-12. development of IL-4/IL-5—producing allo-antigen primed cells.
P”me‘icgg;"(‘;‘]f;‘i*vzx;ml}':fn‘ig‘;;scﬁofzi”g F:iff’i‘i‘;ttilor;hﬁx)?;’:r(‘/paf t)h; Two observations indicated that the effects of OX40 cosignal on
;Tr]\zaenn;ancing effect oprX4O cos.timulatign on IL—5yandIL—13, but.not nave T_Ce” matyra.‘tlon Were secondary to mcreased IL-4
on IL-4 production. production at priming. First, they were abolished by the
addition of neutralizing anti-IL-4R or anti—IL-4 MoAb to
primary cultures (Fig 3), indicating that they were dependent on
required for the development of Th2 respoR8&2527Pheno-  endogenously released IL-4. Second, OX40 ligation signifi-
typically naive murine and human CB4Z cells were shownto cantly increased IL-4 mRNA expression and IL-4 secretion in
express IL-4 mRNA within 36 to 48 hours after primary primary cultures. The OX40-mediated upregulation of IL-4 at
activation and to release low levels of IL-4 protein after 3 to 4 priming accounted for the increased production of IL-13 and the
days; moreover, their differentiation into IL-4—producing effec- decreased production of IF-in primary cultures. Because
tors is inhibited by the addition of neutralizing Abs to IL-4 or 1L-13, like IL-4, downregulates IL-12 production by APC and
IL-4R in primary cultures. Thus, endogenously produced IL-4 because IFNy has the reverse effettthese findings suggest
appears to upregulate in an autocrine manner the acquisition dhat OX40 may promote Th2 development not only via a direct
IL-4—producing capacity by developing Th cells. This notion is effect on T cells, but also indirectly, by reducing IL-12
in sharp contrast with the demonstration that IL-4 production byproduction by DC. However, and most interestingly, unlike
differentiated Th2 cells is IL-4— and STAT-6-independ&nt. exogenous IL-4, OX40 cosignal did not inhibit IL-12 priming
Relatively little is known regarding the regulation of this early for increased IFNy productiont®-38suggesting that this costimu-
IL-4 production, with the noticeable exceptions that it is lation pathway may support the emergence of IL-4—producing
critically dependent on the strength of the TCR-mediatedeffectors in the early stage of a polarized Th1 response against
signals and that it may be upregulated by CD28 costimulatiorpathogens capable of triggering IL-12 production by APCs.
and APC-derived IL-6:252930Naive T cells stimulated with  Alternatively, it is also possible that, in the presence of IL-12,
low concentrations of Ag or with low-affinity TCR binding 0OX40 ligation favors the development of Th0 effectors, produc-
altered peptides produce IL-4, provided that the T cells receive @ng both IL-4 and IFNy, as described most recentiyin fact,
CD28-mediated cosignal; in contrast, higher concentrations 0DX40/0OX40L interaction is bidirectional. On one hand, engage-
Ag do not trigger IL-4 production, even in conjunction with ment of OX40 on activated T cells by its ligand expressed on
CD28 costimulatiors.IL-6 was recently shown to promote Th2 DC enhances their production of IL-4, whereas, on the other
development in vitro by enhancing IL-4 production at priming, hand, ligation of OX40L on DC upregulates their production of
a finding consistent with the earlier observation that NF—IL-6 1L-12.36
and NF-IL-@ may regulate IL-4 gene promot&*041 The The mechanisms whereby OX40 upregulates IL-4 gene
present results suggest an additional mechanism regulating IL-éxpression in naive T cells remain to be determined, and the
production at priming, involving the interaction between OX40 OX40 signal transduction pathway is currently being investi-

1L-13 (ng/ml)

IFN- y (ng/mi)
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gated. Recent results showed that OX40 associates with TNF 11. Stiber E, Strober W, Neurath M: Blocking the CD40L-CD40

receptor-associated factor 2 (TRAF2) and TRAF3 and activatediteraction in vivo specifically prevents the priming of T helper 1 cells
NF-kB as well as c-Jun, a component of AP*Because these through the inhibition of interleukin 12 secretion. J Exp Med 183:693,
two transcription factors are known to upregulate IL-6 gene1996

promoter activity’® we have examined whether OX40 might _ 2- Lenschow DJ, Herold KC, Rhee L, Patel B, Koons A, Qin HY,
: L . . . Fuchs E, Singh B, Thompson CB, Bluestone JA: CD28/B7 regulation of
increase IL-4 indirectly by increasing IL-6 expression. Indeed

naive T cells are capable of producing I4&and, as mentioned Immunity 5:285, 1996

earlier, IL-6 promotes Th2 development presumably by augment- 13 Ramirez F, Fowell DJ, Puklavec M, Simmonds S, Manson D:
ing IL-4 at priming? We found that OX40 ligation increased  Gjucocorticoids promote a Th2 cytokine response by €Dacells in
IL-6 mRNA expression in naive T cells by threefold (as shown vitro. J Immunol 156:2406, 1996
by quantitative competitive RT-PCR) from 0.55103to 1.8 14. Hsieh CS, Macatonia SE, O’GarraA, Murphy KM: T cell genetic
X 103 attomoles; however, the levels of IL-6 transcripts were background determines default T helper phenotype development in
one order of magnitude lower than those of IL-4 and, mostvitro. J Exp Med 181:713, 1995
importantly, neutralizing anti-IL-6R MoAb did not alter the ~ 15. Seder RA, Paul W, Davis MM, Fazekas de St Groth B: The
effects of OX40 ligation on cytokine production (data not presence of |nter|(_euk|n 4 d_urlng in vitro priming determines the
shown). Thus, the enhancing effect of OX40 ligation on IL-4 Iymphoklne-producmg potential of CD4T cells from T cell receptor
expression in naive T cells was not secondary to increased IL-gansgemc mice. J Exp Med 176:1091, 1992
. L . . . - 16. Hsieh CS, Macatonia SE, Tripp CS, Wolf SF, O'Garra A,
prqductlon. Therells. increasing eyldencg that, in addition tOMurphy KM: Development of Th1 CD4 T cells through IL-12
being the most efficient APC to prime naive T cells, DC also produced by Listeria-induced macrophages. Science 260:547, 1993
play a decisive role in determining the fate of the activated T 17 Ma X, D'Andrea A, Kubin M, Aste-Amezaga M, Sartori A,
cells. As recently reviewed, DC may either initiate virogous Monteiro J, Showe L, Wysocka M, Trinchieri G: Production of
T-cell-dependent immune response or induce T-cell toleranceahterleukin-12. Res Immunol 146:432, 1996
anergy*8 In addition to providing B7-dependent costimulation, ~ 18. Macatonia SE, Hosken NA, Litton M, Vieira P, Hsieh CS,
which is critical for the development of Th2 response andCulpepper JA, Wysocka M, Trinchieri G, Murphy KM, O'Garra A:
enhances Th1 cell developménBC also regulate Th subset Dendriti_c cells produce IL-12 and direct the development of Th1 cells
development by producing IL-1249or by expressing costimy- fom naive CD4¢ Tcells. J Immunol 154:5071, 1995 B
latory molecules belonging to the TNF/TNF receptor families. 19. QhSh'ma Y, Delespesse G: T Cel."de”ved I.L'4 and dendritic
. cfell—derlved IL-12 regulate the lymphokine-producing phenotype of
Some of these, such as OX40L, may promote the expression %Iloantigen-primed naive human CD4 T cells. J Immunol 158:629, 1997
Th2 cytokine, whereas chef& .SUCh as 4.-1E?BLand CP4O' favor 20. Noben-Trauth N, Shultz LD, Brombacher F, Urban JF Jr, Gu H,
Th1 cell development either directly or indirectly by inducing paul WE: An interleukin 4 (IL-4)-independent pathway for CDRcell
IL-12 productiont%0 IL-4 production is revealed in IL-4 receptor-deficient mice. Proc Natl
Acad Sci USA 94:10838, 1997
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