
Introduction
Ig isotype switching allows a single B-cell clone to pro-
duce Ab’s with the same fine specificity but different
effector functions determined by the heavy-chain 
isotype. Two events are involved in B-cell isotype
switching (1). The first event is the activation of tran-
scription at a specific region of the Ig locus, thus
determining isotype specificity. The second event is
the activation of the recombination machinery,
resulting in DNA switch recombination. Binding of
the Th2-derived cytokines IL-4 or IL-13 to their recep-
tor on the B cell induces transcription of the Cε
heavy-chain gene locus (2, 3). This is amplified by
engagement of the B-cell antigen by its ligand
(CD40L, CD154), a member of the TNF superfamily
that is expressed on activated T cells (4). CD40L and
IL-4 synergize in activating deletional switch recom-
bination to IgE (5). This has been shown recently to
involve induction of the cytidine deaminase, activa-
tion-induced deaminase (AID) (6).

The importance of CD40L-CD40 interactions in iso-
type switching is illustrated by several observations.
The mAb’s directed against CD40 can replace T cells in
IL-4–driven isotype switching to IgE in vitro (7). Solu-
ble human CD40 (sCD40) inhibits in vitro T cell–driv-
en IL-4–dependent IgE synthesis (8). Patients with the
X-linked hyper-IgM (X-HIM) syndrome are deficient in
CD40L and lack serum IgG, IgA, and IgE due to defec-
tive isotype switching in vivo (9). In addition, mice with
targeted disruption of the CD40L or CD40 genes lack

serum IgE and fail to undergo isotype switching after
immunization with T cell–dependent antigens (10–12).

Steroid hormones are synthesized and secreted by
endocrine cells. They enter target cells by simple or
facilitated diffusion, and then bind to specific steroid
hormone receptors (SHR) (13). The SHR superfamily
represents the largest known family of transcription
factors in eukaryotes. It includes the receptors for glu-
cocorticoid (GR), mineralocorticoid, androgen, prog-
esterone, and estrogen, as well as receptors for thyroid
hormone, vitamin D, retinoic acid, 9-cis retinoic acid,
and a large number of “orphan receptors,” the ligands
for which are not known. SHRs exist in inactive forms
either in the cytoplasm or nucleus, usually in complex
with other proteins. Upon binding their respective
hormonal ligands, SHRs undergo an activation step.
In the case of GR, this involves dissociation from chap-
erones followed by nuclear translocation, binding a
DNA glucocorticoid-response element (GRE), and
activation of the transcription of a cis-linked gene. In
addition to its role in the activation of gene transcrip-
tion by GRE binding, ligand-bound GR may repress
gene induction by binding to a negative GRE or by
binding to and interference with other transcription
factors, e.g., AP-1 (14, 15). GR also interacts and coop-
erates positively with transcription factors such as
STAT3, STAT5, OCT, and, in the case of the myf5 gene,
even with AP-1 (16–20).

We and others have shown previously that the glu-
cocorticoids (GCs) hydrocortisone (HC) and dexam-
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ethasone (DM), but not mineralocorticoids or sex
steroids, induce in the presence of IL-4 IgE synthesis
by human B cells (21, 22). This was shown to involve
deletional switch recombination (23). The mechanism
of induction of IgE isotype switching by HC is
unknown. We here show that induction of IgE isotype
switching by HC is dependent on CD40L and that HC
upregulates CD40L mRNA in human PBMCs and
surface-protein expression on PBMCs and on purified
T and B lymphocytes.

Methods
Patients. Five patients with X-HIM syndrome were stud-
ied. They included one set of brothers. The mutations
in CD40L were identified in four of these patients as fol-
lows: One patient had a C→A mutation at nucleotide
590 in the coding region and a deletion of the adjacent
591 nucleotide resulting in a frameshift with introduc-
tion of a stop codon after amino acid 240 (24). The sec-
ond patient had a 58-bp deletion from nucleotides
289–346, which changes the reading frame (24). The
two brothers had a 6-bp in-frame deletion (nucleotides
424–429) (25). After activation with phorbol myristate
acetate (PMA) and ionomycin (IO), no CD40L expres-
sion was detected on the surface of the T cells from any
of the patients.

Cell preparation. PBMCs were isolated from
heparinized blood obtained from patients with X-HIM
syndrome or normal nonatopic donors by density-gra-
dient centrifugation on Ficoll Hypaque (Amersham
Pharmacia Biotech, Piscataway, New Jersey, USA) (7).
Cells were then washed and resuspended in RPMI-1640
containing 10% heat-inactivated FCS (Hyclone Labora-
tories, Logan, Utah, USA), 2 mM L-glutamine, 50 µg/ml
streptomycin, and 100 U/ml penicillin (Life Technolo-
gies Inc., Rockville, Maryland, USA) (complete medi-
um). Purified B-cell populations were isolated from
PBMCs by positive sorting with Dynabeads conjugated
to CD19, while T cells were purified by negative sorting
using the Dynal T-cell negative isolation kit according
to the manufacturer’s instructions (Dynal Inc., Lake
Success, New York, USA). FACS analysis of the resultant
purified cells showed that B cells were more than 99%
CD19+ and T cells were more than 96% CD3+.

Cell cultures. For IgE production, PBMCs (1.5 × 106

cells/ml) were cultured in complete medium in the
presence or absence of IL-4 (100 U/ml; DNAX
Research Institute, Palo Alto, California, USA), plus
either anti-CD40 mAb 626.1 (5 µg/ml; a kind gift of
S.M. Fu, University of Virginia, Charlottesville, Vir-
ginia, USA), or HC (10–6 M; Sigma Chemical Co., St.
Louis, Missouri, USA). After 14 days, supernatants
were harvested and assessed for their IgE content. For
Epstein-Barr virus–stimulated (EBV-stimulated) cul-
tures, cells (2 × 106 cells/ml) were suspended in com-
plete medium plus supernatant from the marmoset
B95-8 cell line (1:1 ratio; American Type Culture Col-
lection, Rockville, Maryland, USA) in the presence or
absence of IL-4. Every 3-4 days, half the culture super-

natant was replaced by new complete medium with or
without IL-4 as described previously (26). Super-
natants were assessed for their IgE content after 21–24
days. In certain experiments, actinomycin D (Cal-
biochem), RU-486 (a kind gift of Katia Karalis, Chil-
dren’s Hospital, Boston, Massachusetts, USA), anti-
CD40L mAb (5c8; a kind gift of Chris Benjamin,
Biogen Inc., Cambridge, Massachusetts, USA), or
sCD40-IgG and sCD44-IgG as described (27), were
added to the cultures.

IgE measurement. Levels of IgE in culture supernatants
were measured using ELISA. Microtiter plates (Max-
isorb; Nunc, Rochester, New York, USA) were coated
overnight at 4°C with 50 µl/well of anti-human IgE
mAb’s 7.12 and 4.15 (a kind gift of Andrew Saxon, Uni-
versity of California–Los Angeles School of Medicine,
Los Angeles, California, USA) at 2 µg/ml each in 0.1 M
NaHCO3 buffer pH 9.0. After washing with PBS con-
taining 0.05% Tween 20, wells were blocked for 4 hours
at room temperature with 2% dry milk in PBS contain-
ing 0.01% sodium azide. Culture supernatants or puri-
fied IgE standards (Amersham Pharmacia Biotech)
were added 50 µl/well to washed plates and kept in a
humidified chamber overnight at 4°C. Plates were
washed and 50 µl of 1:1,000 diluted horseradish per-
oxidase–labeled (HRP-labeled) rabbit anti-human IgE
(DAKO Corp., Carpinteria, California, USA) was added
for 4–6 hours at room temperature. After washing, the
plate was developed with 100 µl of o-phenylenediamine
dihydrochloride (OPD; Sigma Chemical Co.), and the
reaction was stopped by adding 100 µl of 10% H2SO4

and read at 492 nm using an ELISA reader (LP 400;
Sanofi Diagnostic Pasteur, Marnes-la-Coquette,
France). Net IgE synthesis was calculated by subtract-
ing the amount of IgE detected in the supernatants of
cycloheximide-treated (100 µg/ml, Sigma Chemical
Co.) cultures. The sensitivity of the assay was 0.3 ng/ml.

RT-PCR for CD40L expression. Total RNA was extracted
from cell cultures using TRIzol (Life Technologies Inc.)
according to the manufacturer’s instructions. First-
strand cDNA was synthesized from 2-5 µg of total cel-
lular RNA as described previously (24). The cDNA was
subjected to 30 cycles of amplification using a PTC-100
thermal cycler (MJ Research Inc., Waltham, Massachu-
setts, USA) and Taq polymerase (Roche Molecular Bio-
chemicals, Indianapolis, Indiana, USA). The primers
used were 5′-CACCTTCTCTGCCAGAAGATACCATTTCAA-
3′(sense) and5′-TTATGAAGACTCCCAGCGTCACGT CCAC-
CA-3′ (antisense), which permitted the amplification of
the entire coding region of human CD40L cDNA. After
denaturation at 94°C for 5 minutes, the amplification
conditions were as follows: 1 minute at 94°C, annealing
at 62°C for 1 minute, and extension at 72°C for 3 min-
utes. The PCR products were resolved on a 1.2% agarose
gel. For equal loading, primers that amplify a 438-bp
cDNA fragment of the housekeeping gene GAPDH
were used as described previously (28). The intensity of
the CD40L and GAPDH PCR products were assessed by
densitometry and quantitated by using the NIH Image
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program 1.62 (Wayne Rasband, NIH); CD40L mRNA
expression was calculated as the ratio of the intensity of
the CD40L band to the GAPDH band.

FACS analysis. Cells were cultured for 6 hours with
medium, PMA (20 ng/ml; Sigma Chemical Co.) and IO
(0.5 µM; Calbiochem-Novabiochem Corp., San Diego,
California, USA), or HC (10–6 M), The cells were then
harvested, washed in PBS containing 2% BSA, 5% FCS,
and 0.005% sodium azide, and resuspended in 50 µl of
this buffer supplemented with human IgG (300 µg/ml)
to block nonspecific binding. Staining of cells was per-
formed either by the standard method or by the enzy-
matic amplification technique developed by Kaplan
and Smith (29). In the standard method, the cells were
stained with either anti-CD40L phycoerythrin (PE)
mAb or isotype control (Ancell Corp., Bayport, Min-
nesota, USA), according to the manufacturer’s instruc-
tions. For the amplification staining, cells were incu-
bated with either biotinylated anti-CD40L or
biotinylated mouse IgG1 control (Ancell Corp.), fol-
lowed by an amplification step using the Enzymatic
Amplification Staining kit (Flow-Amp Systems, Cleve-
land, Ohio, USA) according to the manufacturer’s
instructions. This amplification consists of sequential
10-minute incubations at room temperature with
streptavidin-HRP, followed by biotinylated tyramide in
the presence of 0.01% peroxide, with a washing step in
between. As a detector reagent, streptavidin conjugat-
ed to CyChrome (SA-Cy5; BDPharMingen, San Diego,
California, USA) was used. The cells were then washed,
and a minimum of 10,000 total events were analyzed
using a FACScalibur flow cytometer (BD Immunocy-
tometry Systems, San Jose, California, USA).

Results
HC+IL-4 induces IgE isotype switching in normal B cells, but
not in B cells from CD40L-deficient patients. We have shown
previously that HC+IL-4 induces IgE synthesis in nor-
mal PBMCs and in highly purified normal B cells (21).
The range of concentrations of HC that resulted in IgE

isotype switching was 10–7 M to 10–5 M with an opti-
mum at 10–6 M. To explore the role of CD40L in the
induction, we examined the response of PBMCs from
five patients with X-HIM syndrome. Table 1 shows that
HC+IL-4 failed to induce IgE isotype switching in
PBMCs from all five patients. As reported previously
(27), PBMCs from the CD40L-deficient patients failed
to synthesize IgE in response to IL-4 alone, an event
that is strictly dependent on CD40L-CD40 interac-
tions. In contrast, anti-CD40+IL-4 induced IgE syn-
thesis in PBMCs from all patients, confirming that
there is no intrinsic defect in the ability of their B cells
to undergo isotype switching. Furthermore, incubation
with EBV+IL-4 also resulted in IgE isotype switching in
B cells from all four CD40L-deficient patients tested.
These results suggest that CD40L may be required for
the induction of IgE isotype switching by HC+IL-4.

The failure of HC+IL-4 to induce IgE switching in
B cells from CD40L-deficient patients was not due to
a difference in the sensitivity of lymphocytes from
these patients to HC. Incubation of PBMCs from the
patients with concentrations of HC that ranged from
10–5 M to 10–8 M in the presence of IL-4 did not result
in IgE synthesis (data not shown).

Induction of IgE isotype switching by HC+IL-4 is inhibited by
sCD40 and by anti-CD40L mAb. It could be argued that
the failure of B cells from CD40L-deficient patients to
respond to HC might simply reflect their development
in an abnormal environment rather than a requirement
for CD40L. To assess the role of CD40L in the induc-
tion of IgE synthesis by HC+IL-4 in normal B cells, we
examined the effect of blocking CD40L-CD40 interac-
tions. For this purpose, we used a soluble CD40-IgG
fusion protein (sCD40) and a mouse anti-human
CD40L mAb (5c8), which have been shown previously
to inhibit IL-4–driven CD40L-dependent IgE synthesis
in PBMCs (8, 30). Figure 1a shows that sCD40-IgG, but
not the control sCD44-IgG fusion protein, inhibits
induction of IgE synthesis by HC+IL-4. The enhance-
ment of IgE synthesis observed with sCD44 in the
experiment presented was not reproducible, because it
was not observed in two other experiments. Figure 1b
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Table 1
IL-4+HC induces IgE synthesis in normal B cells but not in B cells
from CD40L-deficient patients

Net IgE synthesis (ng/ml)

Controls Patients

Stimulus (n = 4) 1 2 3 4 5

Medium <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
IL-4 3.6 ± 3.4 <0.3 <0.3 <0.3 <0.3 <0.3
IL-4+anti-CD40 30.1 ± 23.1 2.7 15.1 9.8 7.1 8.8
IL-4+HC 49.9 ± 9.0 <0.3 <0.3 <0.3 <0.3 <0.3
IL-4+EBV 23.9 ± 8.9 16.7 2.4 2.1 ND 19.7

PBMCs from normal donors or from CD40L-deficient patients were stimulated
with medium, IL-4 (100 U/ml) alone, IL-4+anti-CD40 mAb (5 µg/ml), or HC
(10–6 M). EBV was added as a culture supernatant from B95-8 EBV infected cells
as described in Methods. Culture supernatants were collected on day 14 and
assessed for their IgE content by using ELISA. Net IgE was calculated as described
in Methods. Patients’ results shown represent the mean of duplicate cultures; val-
ues for controls represent the mean of four different donors. ND, not done.

Figure 1
Inhibition of HC+IL-4 induction of IgE synthesis in PBMCs by
sCD40-IgG and anti-CD40L mAb. PBMCs from normal donors
were stimulated with HC (10–6 M) plus IL-4 (100 U/ml) for 14 days
in the absence or presence of (a) sCD40-IgG (5 µg/ml) or control
sCD44-IgG (5 µg/ml) and (b) anti-CD40L mAb (5c8, 0.1 µg/ml)
or isotype control IgG2a (0.1 µg/ml). Results shown are represen-
tative of three experiments.



shows that mouse mAb 5c8, but not isotype control
mAb, inhibits HC+IL-4 induction of IgE synthesis.
These results support the notion that induction of IgE
isotype switching by HC+IL-4 is dependent on CD40L.

HC induces CD40L mRNA expression in human PBMCs.
The above results suggest that HC may upregulate
CD40L expression. We first examined CD40L mRNA
expression by RT-PCR in human PBMCs stimulated
with HC. Cells treated with PMA+IO served as positive
control. Figure 2a shows that unstimulated PBMCs
express low levels of CD40L mRNA. Treatment with HC
for 3 hours upregulated CD40L mRNA expression, but
to a lesser extent than treatment for 3 hours with
PMA+IO. In six experiments, HC stimulation for 3
hours induced a 4.9 ± 2.5-fold significant increase in
CD40L mRNA expression as compared with unstimu-
lated cells (P < 0.03, one sample t test), while a 20.4 ± 9.0-
fold increase was seen after stimulation with PMA+IO.
Similar results were obtained with DM, which has rela-
tively more pure GC activity than HC (data not shown).
Progesterone, which fails to induce IgE synthesis in 
IL-4–stimulated B cells (22), failed to upregulate CD40L
mRNA expression (data not shown).

Upregulation of CD40L mRNA expression by HC
may have resulted from enhanced transcription of the
CD40L gene and/or from enhanced stabilization of
pre-existing CD40L mRNA. To distinguish between
these possibilities, we examined the effect of the tran-
scription inhibitor actinomycin D on the upregulation
of CD40L mRNA by HC. Figure 2b shows that upreg-
ulation of CD40L mRNA by HC was abolished by acti-
nomycin D, suggesting that it resulted from increased
transcription of the CD40L gene. Furthermore, culture
with actinomycin D for 3 hours abolished baseline
expression of CD40L mRNA, which is consistent with
the short half life for CD40L mRNA.

CD40L mRNA expression in T cells stimulated by
PMA+IO or via the TCR/CD3 is rapid and transient
(31). Figure 2c depicts the kinetics of upregulation of

CD40L mRNA after stimulation of PBMCs. In three
experiments, upregulation of CD40L mRNA expres-
sion occurred 3 hours after HC stimulation and sub-
sided by 6 hours. In the same experiments, and as pre-
viously reported (31), upregulation of CD40L mRNA
expression after stimulation with PMA+IO peaked at
3 hours, was still evident at 6 hours, and subsided by
24 hours (Figure 2d).

HC induces CD40L surface-protein expression in human
PBMCs and T and B cells. FACS analysis was used to
examine whether HC also induces surface expression
of CD40L. Standard staining with PE-conjugated anti-
CD40L mAb revealed that HC induces a small, but
reproducible, shift of the fluorescence intensity pro-
file compared with unstimulated cells (data not
shown). Enhanced flow cytometry using enzymatic
amplification was subsequently used. Figure 3a shows
that low expression of CD40L was detected on unstim-
ulated normal PBMCs This was specific because, using
the same technique, there was no detectable CD40L
expression on either unstimulated or PMA+IO-stimu-
lated PBMCs from a patient with X-HIM syndrome
who had absent CD40L protein expression as deter-
mined by standard staining. Stimulation of normal
PBMCs with HC resulted in an increase in the per-
centage of CD40L-expressing cells as well as in the
mean fluorescence intensity (MFI) of CD40L staining.
As predicted, CD40L was upregulated in PBMCs stim-
ulated with PMA+IO as control.

The capacity of HC to induce CD40L expression in
highly purified T- and B-cell populations was examined.
HC induced CD40L expression in both purified normal
human T- and B-cell subpopulations (Figure 3b). It
should be noted that only unstimulated T cells, but not
B cells, expressed baseline CD40L. Furthermore, fol-
lowing stimulation with HC, the intensity of surface
CD40L expression was higher on T cells than B cells.

Induction of IgE synthesis by HC involves the GR. Steroid
hormones may exert activities independent of binding
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Figure 2
RT-PCR analysis of HC induction of CD40L expression. (a)
PBMCs from a normal donor were stimulated for 3 hours with
medium (–), HC (10–6 M), or PMA (20 ng/ml) plus IO (0.5 µM).
Equal amounts of total RNA (5 µg) were reverse transcribed, and
the cDNA was subjected to RT-PCR using primers that amplify the
entire coding region of CD40L cDNA. Final PCR products were
analyzed by agarose gel electrophoresis. For equal loading, primers
that amplify a 438-bp cDNA fragment of the housekeeping gene
GAPDH were used. (b) The effect of actinomycin D (Act D) on
upregulation of CD40L mRNA expression by HC are shown.
PBMCs were examined for CD40L mRNA expression as in a in the
presence or absence of Act D (10 µg/ml). Values represent the
mean plus or minus SE of the ratios of the intensity of the bands
representing the RT-PCR products of CD40L and GAPDH as
assessed by densitometry in three experiments. Kinetics of CD40L
mRNA expression in PBMCs stimulated with HC (c) or PMA+IO
(d) are shown. Values represent the mean ± SE of the ratios of the
intensity of the bands representing the RT-PCR products of CD40L
and GAPDH in three experiments.



to their nuclear receptors. For instance, progesterone
has been shown to bind to the oxytocin cell-surface
receptor and potentiate the activity of oxytocin (32). To
assess the requirement for GR in HC induction of
CD40L expression and isotype switching, we examined
the effect of the SHR antagonist RU-486. Figure 4a
shows that addition of RU-486 (10–6 M) completely
inhibited the upregulation of CD40L mRNA by HC.
Figure 4b shows that RU-486 inhibited induction of
IgE synthesis by HC+IL-4 in a dose-dependent manner.
This effect was specific because RU-486 did not inhib-
it the induction of IgE synthesis by anti-CD40+IL-4.
RU-486 inhibits both GR and the progesterone recep-
tor. However, since progesterone is unable to induce
IgE synthesis in IL-4–stimulated PBMCs (ref. 22 and
data not shown), these results suggest that GR is criti-
cal for upregulation of CD40L mRNA and for induc-
tion of IgE synthesis by HC.

Discussion
The results in this study show that induction of IgE iso-
type switching in human lymphocytes by the gluco-
corticoid HC is dependent on CD40L-CD40 interac-
tions. HC was shown to upregulate CD40L expression
by human PBMCs and purified populations of T and 
B cells in a GR-dependent manner.

A critical role for CD40L-CD40 interactions in HC
induction of IgE synthesis was demonstrated by the
study of patients with CD40L deficiency. PBMCs from
all five patients examined failed to synthesize IgE in
response to HC+IL-4 (Table 1). This failure was clear-
ly not due to intrinsic defects in IgE isotype switching
by the patients’ B cells, because their PBMCs synthe-
sized IgE in response to two T-cell independent stim-
uli, namely anti-CD40 mAb and EBV. The normal
response of B cells from the patients to EBV indicates
that induction of isotype switching by EBV is inde-

The Journal of Clinical Investigation | February 2001 | Volume 107 | Number 3 375

Figure 4
RU-486 inhibits upregulation of CD40L mRNA
and induction of IgE synthesis. (a) Effect of 
RU-486 on CD40L mRNA expression is shown.
PBMCs were left unstimulated or were stimu-
lated with HC (10–6 M) for 3 hours in the pres-
ence or absence of RU-486 (10–6 M). Values
represent the mean plus or minus SE of the
ratio of the intensity of the bands representing
the RT-PCR products of CD40L and GAPDH in
three experiments. (b) Effect of RU-486 on IgE
synthesis. PBMCs were stimulated as described
in Table 1 in the presence or absence of various
concentrations of RU-486. Values represent the
mean of net IgE synthesis measured in dupli-
cate-culture supernatants at day 14.

Figure 3
Upregulation of surface CD40L expression on PBMCs and
T and B cells in response to HC stimulation. (a) PBMCs
(106/ml) from normal donors or from patients with X-HIM
syndrome were cultured for 6 hours with medium, HC
(10–6 M), or PMA (20 ng/ml) plus IO (0.5 µM). Cells were
then washed and stained with biotin-conjugated anti-
CD40L mAb (solid line) or with biotin-conjugated isotype
control (dashed line), using the enzymatic amplification
method described in Methods, and were analyzed using
FACS. Similar results were obtained in two experiments. (b)
Purified T or B cells (106/ml) from a normal donor were
cultured as in a with either medium or HC. Similar results
were obtained in two experiments.



pendent of CD40L-CD40 interactions. This is consis-
tent with recent findings, which suggest that isotype
switching induced by EBV is mediated by the virus
latent infection membrane protein-1 (LMP-1). Intro-
duction of a transgene encoding for LMP-1 into
CD40–/– mice corrects the isotype switch defect in
these mice (33). The intracellular tail of LMP-1 has
homology to the intracellular domain of CD40 and,
like CD40, associates with TNF receptor–associated
factors and with Jak3 (34). Thus, expression of LMP-1,
which oligomerizes spontaneously in the B-cell mem-
brane may mimic CD40 ligation.

A role of CD40L-CD40 interactions in HC induction
of isotype switching was established in normal cells using
reagents that specifically block this interaction. Both
sCD40-IgG fusion protein and the anti-CD40L mAb 5c8
block T cell–driven CD40L-dependent isotype switching
by normal B cells (8, 30). Both reagents were found to
block HC induction of IgE switching (Figure 1). These
results indicate that CD40L-CD40 interactions are criti-
cal for HC induction of isotype switching.

HC was found to upregulate CD40L mRNA expres-
sion (Figure 2a). This effect was GC specific because it
was observed with DM, but not with progesterone. Fur-
thermore, it was likely due to enhanced CD40L gene
transcription rather than to a stabilization of pre-exist-
ing CD40L mRNA, which was detectable in unstimu-
lated cells, because actinomycin D completely abol-
ished upregulation of CD40L mRNA by HC (Figure
2b). Induction of CD40L mRNA by HC was lower and
less sustained than induction by PMA+IO (Figure 2, 
c and d). More importantly, HC induced expression of
CD40L protein on the surface of PBMCs as detected by
FACS analysis (Figure 3). This was difficult to detect
using standard staining methods, but was readily
detectable using enzymatic amplification. Very little
expression of surface CD40L may be needed to induce
isotype switching. IL-4, which is well known to induce
CD40L-dependent IgE isotype switching in PBMCs (8),
fails to induce detectable surface CD40L expression by
conventional staining. However, when assessed by enzy-
matically enhanced flow cytometry, IL-4 causes upreg-
ulation of CD40L expression comparable to that
caused by HC (data not shown).

HC induced CD40L expression in both highly purified
populations of T and B cells. The ability of HC to induce
CD40L expression in B cells may well explain our previ-
ous finding that HC induces IgE isotype switching in
highly purified human B cells in the presence of IL-4 (21).

Use of enhanced flow cytometry revealed a baseline
low level of CD40L expression on PBMCs. This is con-
sistent with the detection in unstimulated PBMCs of
CD40L mRNA by using RT-PCR (Figure 2a). Baseline
CD40L expression is likely to reflect baseline expres-
sion of CD40L by T cells, since only purified T cells,
but not purified B cells, had detectable baseline
CD40L surface expression.

GCs are known to upregulate gene expression by
interacting with GR and causing its translocation to

the nucleus. We have established clearly that GR is
involved in the upregulation of CD40L mRNA expres-
sion by HC because the SHR antagonist RU-486 inhib-
ited HC upregulation of CD40L mRNA (Figure 4a) and
induction of IgE synthesis (Figure 4b). Several poten-
tial mechanisms may be involved in upregulation of
CD40L mRNA expression by GR. Ligand-bound GR
may interact directly with putative GREs in the pro-
moter region of the CD40L gene. Alternatively, GR may
induce the expression of genes, the products of which
may in turn upregulate CD40L gene expression. This is
unlikely, as upregulation of CD40L mRNA expression
by HC was insensitive to the protein synthesis inhibitor
cycloheximide (data not shown). Finally, GR may
enhance the baseline NF-AT/AP-1 complex activity to
drive increased CD40L gene transcription.

Although the promoters of the human CD40L and
IL-2 genes share several features including binding
sites for AP-1, NF-AT, and NF-κB, GCs have an oppo-
site effect on the expression of these two genes, i.e.,
suppression of IL-2 (35) and induction of CD40L
(Figures 2 and 3). This suggests that GCs target ele-
ments in the CD40L promoter that are not present in
the IL-2 gene promoter. Good candidates are GREs.
The consensus sequence for GREs is AGAACANNNT-
GTTCT, with the nucleotides in boldface being almost
invariant. Each of two GRs normally bind to each half
palindromic site and dimerize to create a transcrip-
tionally active complex that associates with coactiva-
tor proteins, e.g., p300 and CBP, and with TFIID (36).
In some promoters, a single GR molecule binds to a
sequence that contains only one half palindromic site
and cooperates with adjacently bound transcription
factors, e.g., STAT5, to drive transcription (37). Exam-
ination of the approximately 2-kb upstream region of
the human CD40L gene reveals five potential GRE
full or half sites at –694 to –713 bp, –1281 to –1298
bp, –1513 to –1530 bp, –1615 to –1634 bp, and –1646
to –1665 bp. Preliminary data from electromobility
shift assays show that GR binds to at least one of
these sites (data not shown). Experiments are in
progress to define the role of these sites in HC upreg-
ulation of CD40L gene expression.

The transcription factor NF-AT is activated by the
calcium-dependent tyrosine phosphatase calcineurin,
forms a transcriptionally active complex with AP-1,
and plays a critical role in the induction of CD40L
expression (38, 39). Baseline CD40L expression may
reflect baseline NF-AT activity. GR may synergize with
this baseline NF-AT activity to upregulate CD40L
expression. This is suggested by our observations that
the calcineurin inhibitor cyclosporin A (CsA), inhibits
both baseline and HC-induced CD40L mRNA expres-
sion (data not shown), although we cannot rule out
effects of CsA that are independent of NF-AT. An
enhancing effect of GR on NF-AT activity may be due
to cooperative functional interactions between GR
bound to sequences in the CD40L promoter and base-
line NF-AT complexes bound to NF-AT sites in the
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CD40L promoter. Alternatively, GR may directly bind
to NF-AT complexes and enhance their activity. This
binding could involve the Jun component of AP-1, but
also possibly NF-AT, as has been recently shown in the
IL-4 promoter (40). Experiments are in progress to
test these possibilities.

In addition to inducing IgE synthesis in vitro, admin-
istration of GCs has been reported to result in a signif-
icant rise in serum IgE in patients with asthma but not
in normal nonatopic subjects (41, 42). This discrepan-
cy may reflect the fact that induction of IgE synthesis
by GCs requires IL-4, and IL-4 is detected in cells and
serum of atopic patients but not of nonatopic controls
(43–47). Despite their propensity to increase IgE secre-
tion, GCs are effective in treating allergic diseases. This
is likely due to their ability to downregulate the syn-
thesis of T-cell cytokines that play a more critical role
in allergic inflammation than IgE. This is evidenced by
the observations that IgE-deficient mice develop aller-
gic airway inflammation and allergic contact dermati-
tis to the same extent as wild-type controls (48, 49).

In addition to induction of isotype switching in 
B cells, CD40L activates a number of CD40-expressing
inflammatory cells, including macrophages, dendritic
cells, and eosinophils, and contributes to the elimina-
tion of pathogenic organisms. The importance of
CD40L in the elimination of organisms is illustrated
by the susceptibility of CD40L-deficient patients to
Pneumocystis carinii pneumonia (50) and by the obser-
vation that exogenous CD40L is required for resolu-
tion of P. carinii pneumonia in scid mice (51). The con-
centration of HC that results in optimal CD40L
expression (10–6 M) is in the range of the serum corti-
sol levels achieved in humans under stress conditions.
Rapid induction of CD40L expression by GCs secret-
ed in response to stress may be advantageous for a host
upon first encounter with an infectious organism,
when antigen-specific T cells have not yet expanded.
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