Mechanisms of inhibition of IgE synthesis by
nedocromil sodium: Nedocromil sodium
inhibits deletional switch recombination in

human B cells
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IgE synthesis requires IL-4 and a T cell-B cell interaction that involves the B-cell antigen
CD40 and its ligand expressed on activated T cells. Nedocromil sodium (NS), an effective
prophylactic agent in asthma, inhibits IgE synthesis by human B cells. In this report we
examined the mechanisms of this inhibition. NS targeted the B cells because it inhibited IgFE
synthesis induced by anti-CD40 and IL-4 in highly purified B cells (>98% CDI197). NS had
no effect on the induction of € germline transcripts by IL-4 but strongly inhibited CD40-
mediated Sp—Se deletional switch recombination. The effect of NS was not specific for
CD40 because it inhibited IgE synthesis in B cells stimulated with hydrocortisone plus 1L-4.
Moreover, the effect of NS was not specific for IgE because it inhibited CD40/IL-4—driven
IgG , synthesis by B cells sorted for lack of surface expression of IgG,. NS caused only
modest inhibition of spontaneous IgE synthesis by B cells from patients with hyper-IgE
syndrome, suggesting that it has little effect on B cells that have already undergone isotype
switching. These results strongly suggest that NS inhibits IgE isotype switching by inhibiting
deletional switch recombination and that NS has a novel potential mechanism for the
prevention of asthma and other allergic diseases. (J Allergy Clin Immunol 1996,97:1141-50.)
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Nedocromil sodium (NS), a pyranoquinoline
dicarboxylic acid, is an antiinflammatory drug that
has been proven to be efficacious in the treatment
of patients with reactive airway disease and allergic
rhinitis.! NS has been shown to act on a wide
variety of inflammatory cells associated with both
early- and late-phase allergic responses.? The pre-
cise mechanism by which this drug exerts its clini-
cal activity is still poorly understood.>* Several
studies have demonstrated the efficacy of NS in
diminishing the late asthmatic response.” It has
also been shown to downregulate the activity of
various effector cells in vitro such as monocytes,
mast cells, neutrophils, T cells, and eosinophils.> ¢
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Abbreviations used
AET: 2-Aminoethylisothiouronium bromide
mAb:  Monoclonal antibody
NS: nedocromil sodium

PBMCs:  Peripheral blood mononuclear cells
PCA: Polymerase chain reaction
PHA: Phytohemagglutinin A
PMA: Phorbol myristate acetate

requires two signals. The first signal is delivered by
the cytokines IL-4 or I1.-13 and results in € germ-
line transcription.” ' A second signal, normally
delivered by T cells,!! is required for isotype
switching and IgE synthesis. The T-cell signal can
be replaced by monoclonal antibody (mAb) to
CD40,*>13 Epstein-Barr virus,'* or hydrocorti-
sone.'> !¢ Interaction between CD40 on B cells and
its ligand expressed on activated T cells plays an
important role in physiologic T-cell-dependent
isotype switching for IgE.}7- 18

We have previously shown that sodium cromo-
glycate, an antiallergic drug with clinical effects
similar to those of NS, although stucturally dissim-
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ilar, inhibits IgE synthesis and deletional switch
recombination in human B cells.” Recently,
Kimata and Mikawa?” reported that NS also inhib-
its human IgE synthesis. The mechanism of this
inhibition is not known. In this report we confirm
that NS inhibits IgE synthesis by peripheral blood
mononuclear cells (PBMCs) from the majority of
normal human subjects, as well as IgE synthesis by
highly purified human B cells stimulated with
anti-CD40 plus IL4. NS had no effect on the
induction of € germline transcripts by IL-4 but
strongly inhibited CD40-mediated deletional
switch recombination. NS also inhibited isotype
switching to IgG, in B cells. These results strongly
suggest that NS acts on B cells to inhibit immuno-
globulin class switching.

METHODS
Cell preparation, cell culture, and IgE assay

Highly purified B cells were prepared as previously
described?! from the blood of nonatopic subjects after
informed consent was obtained for a protocol approved
by our istitutional review board. Briefly, PBMCs were
isolated on Ficoll-Hypaque (Pharmacia, Uppsala, Swe-
den) and adhered twice on plastic for 1 hour at 37° C in
10% AB™ serum to deplete monocytes; nonadherent
cells were rosetted twice for 2 and 16 hours, respectively,
with 2-aminoethylisothiouronium bromide (AET)-
treated sheep red blood cells to deplete T cells, then
treated twice with anti-CD3 mAb (OKT3; Ortho Diag-
nostics, Raritan, N.J.) plus rabbit complement (Pel-
Freeze Biologicals, Inc., Rogers, Ark.). The B cell-rich
populations thus obtained contained more than 70%
CD19" cells, less than 1% CD3" cells, less than 5%
CD14™ cells, and up to 20% CD16™ cells and did not
proliferate in response to phytohemagglutinin (PHA; 10
pg/ml) but strongly proliferated in response to phorbol
myristate acetate (PMA; 25 ng/ml) plus ionomycin (0.5
wmol/L). PBMCs were also isolated from two patients
with hyper-IgE syndrome whose serum IgE values were
~4,000 U/ml and ~12,000 U/ml, respectively.

PBMCs and B cells were suspended in RPMI 1640
medium supplemented with 10% fetal calf serum (Hy-
clone Sterile Systems, Inc., Logan, Utah), 2 mmol/L
L-glutamine, 100 U/ml penicillin, and 50 p.g/ml strepto-
mycin (complete medium) in the presence or absence of
IL-4 (50 U/ml) and anti-CD40 mAb (5 pg/ml) or
pokeweed mitogen (1 mg/ml). Control cultures for the
evaluation of preformed immunoglobulin were set up in
the presence of cycloheximide (100 pug/ml; Sigma Chem-
ical Co., St. Louis, Mo.). In day 10 of culture, superna-
tants were assessed for their IgE level by a radioimmu-
noassay with a sensitivity limit of 150 pg/ml.?? IgG, levels
were determined by a commercially available ELISA
(The Binding Site, Birmingham, U.K.) with a lower limit
of sensitivity of 2.1 ng/ml.

J ALLERGY CLIN IMMUNOL
MAY 1996

Reagents

NS, donated by Fisons plc, Pharmaceutical Division
(Loughborough, Leicestershire, U.K.) was dissolved in
water at 1 X 1072 mol/L and filtered through a Millipore
filter (Millipore Corp., Bedford, Mass.) and was further
diluted in complete medium. Human recombinant 11.-4
(specific activity 2 X 107 U/mg) was obtained from
Amgen Biologicals (Thousand Oaks, Calif.), and the
anti-CD40 mAb 626.1 has previously been described.?
Hydrocortisone, PHA, PMA, concanovalin A AET, and
ionomycin were purchased from Sigma Chemical Com-
pany. Hydrocortisone was dissolved in ethanol at 1 X
1072 mol/L, filtered, and stored at —20° C. Hydrocorti-
sone was diluted in complete culture medium before
use. Tritiated thymidine and Econofluor were from New
England Nuclear (Boston, Mass.). Soluble (s)CD40 and
sCD44 were products of fusion of complementary DNA
segments encoding the extracellular domain of CD40**
and CD44? to genomic DNA segments encoding human
1gG, and were purified on a protein A column.

Cell surface expression of the CD40 ligand

T cells, isolated from PBMCs by rosetting once with
AET-treated sheep red blood cells, were left untreated
or were stimulated with PMA, 20 ng/ml, and ionomycin,
0.5 pwmol/L. The cells were then suspended in staining
buffer and incubated successively for 30 minutes on ice
with 20 pg/ml sCD40 or sCD44 as a control, 10 pg/ml
biotinylated protein G (Calbiochem Novabiochem
Corp., San Diego, Calif.), and phycoerythrin-labeled
streptavidin (R&D Systems, Minneapolis, Minn.) as
previously described.”® Fluorescence was examined by
using a FACScan cytofluorometer (Becton Dickinson,
Mountain View, Calif.). There was no detectable bind-
ing of sCD44 with or without stimulation (data not
shown).

Cell sorting

To obtain highly purified B cells, B cell-rich popula-
tions of cells were labeled with fluorescein isothiocya-
nate—conjugated anti-CD19 mAb and sorted by a
FACStar Plus flow cytometer (Becton Dickinson). Set-
ting of the markers and analysis of the sorted cells were
performed as previously described.’> Reanalysis of the
sorted B cells revealed more than 98% CD197, less than
1% CD14", less than 1% CD16™, and less than 1%
CD3" cells.

Enriched populations of B cells were depleted of
surface IgG,-bearing B cells by magnetic cell sorting
with mouse anti-human IgG, mAb (The Binding Site)
and magnetic beads coated with goat anti-mouse IgG.
Depletion of surface IgG,™ cells was monitored by
FACS analysis with mouse anti-human IgG, mAb and
fluorescein-conjugated goat anti-mouse IgG.

Northern blot analysis

Total cellular RNA was prepared by cell lysis with
guanidium isothiocynate, followed by centrifugation of
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the lysate through a cesium chloride step gradient.
Northern blot analysis was carried out with 10 pg of total
cellular RNA by using phosphorous 32-labeled gel-
purified DNA probes. A 0.88 kb Hinfl fragment, which
spans the first two exons of Ce, detects both germline
and mature Ce transcripts. The human cDNA B-actin
probe was kindly provided by Dr. Cox Terhorst (Beth
Israel Hospital, Boston, Mass.). Prehybridization, hy-
bridization, washing, and autoradiography conditions
were as previously described.’ Densitometric analysis
was performed with an LKB Ultrascan XL densitometer
(LKB, Bromma, Sweden).

Polymerase chain reaction
primers/amplification of Sj./Se “switch
fragments”

High molecular weight DNA was prepared from 5 to
10 X 10° cultured B cells with the A.S.A.P. Genomic
DNA isolation kit (Boehringer Mannheim Biologicals,
Indianapolis, Ind.). Nested primer polymerase chain
reaction (PCR) analysis for Sp/Se “switch fragments”
was performed on high molecular weight DNA isolated
from cultured B cells with the following four primers as
previously described?”:

56:5'-CTGCAGACTCAGAAGGGAGGGGATGCTC
CG-3'
54:3'-ACTGATCCAAGACAGGAGTGTGGCGGA
TGT-5'
S7:.5'-GAGGGTGGTAATGATTGGTAATGCTTTG
GA-3
59:3'-GAACCCTGAGGTCCGGTCCCCGCTITCCC
GG-5'

The first round of PCR was performed with primers
S6/S4. The second round of PCR was performed on a 5
wl aliquot of the first-round PCR mixture with primers
S$7/S9. PCR amplification and purification of the ampli-
fied fragments were carried out as previously de-
scribed.?”

RESULTS
NS inhibits IL-4-induced IgE synthesis
by PBMCs

We first examined the effect of 10~ % mol/L NS
on IgE synthesis induced by IL-4 in PBMCs. We
chose this concentration of NS because it is in the
range of the peak NS level measured in the serum
of patients after inhalation of the drug?® One
micromole NS reproducibly caused strong inhibi-
tion (>85% inhibition) of IgE synthesis by PBMCs
in 10 of 15 subjects, each tested on at least on two
separate occasions. In the remaining five subjects,
inhibition of IgE synthesis was less than 50%.
Because of this bimodal distribution, we focused
the remainder of our studies on subjects whose
PBMCs were susceptible to inhibition by NS. Fig. 1
represents the results of five experiments in which
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FIG. 1. Effect of NS on IgE production by PBMCs in the
presence of IL-4 {50 U/ml}. PBMCs at a concentration of
1.5 X 10° cells/ml were cultured for 10 days with different
concentrations of NS. Supernatants were harvested after
10 days, and IgE levels were measured by radioimmuno-
assay. Values represent mean = SEM net synthesis IgE
(picograms per milliliter) of five experiments.

the effect of various concentrations of NS on IgE
synthesis was examined. Concentrations of NS of
1 X 107® mol/L and higher caused substantial
inhibition of IgE synthesis by PBMCs stimulated
with IL-4.

Induction of IgE synthesis by IL-4 in PBMCs is
T cell-dependent and involves interaction be-
tween the B-cell antigen CD40 and the CD40
ligand expressed on activated T cells. NS had no
effect on T-cell viability, as assessed by trypan blue
dye exclusion or on T-cell proliferation to anti-
CD3 mAb, PHA, the staphylococcal superantigen
TSST-1, and tetanus toxoid antigen (data not
shown). More importantly, NS (1 X 10~° mol/L)
did not interfere with CD40 ligand expression by T
cells after stimulation by PMA and ionomycin (Fig.
2). These results suggested that the inhibitory
effect of NS on IgE synthesis may be exerted at the
B cell level.

NS inhibits IL-4/CD40-induced IgE synthesis
in B cells

To determine whether NS can exert its effect
independently of T cells, we assessed its effect on
IgE synthesis induced by anti-CD40 mAb plus IL-4
in a purified B-cell population depleted of T cells,
as evidenced by a content of less than 1% CD3" T
cells and by failure to respond to an optimal
concentration of PHA. Fig. 3, A shows that anti-
CD40 mAb 626.1 plus IL-4 induced vigorous IgE
synthesis in these B cells. Addition of NS resulted
in a dose-dependent inhibition of IgE synthesis by
B cells, with ~50% inhibition of IgE synthesis at a
concentration of 1 X 107 mol/L NS.
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FIG. 2. Cell surface expression of the CD40 ligand. T cells were left untreated (dotted line) or
stimulated with PMA (100 ng/ml} plus ionomycin (5 pmol/L) (continuous line). CD40 ligand
expression with or without NS was assessed at 6 hours.
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FIG. 3. A, Effect of NS on IgE production by T cell-depleted, B cell-enriched popuiations of cells
in the presence of IL-4 (50 U/ml) and anti-CD40 mAb (5 pg/ml). Cells were cultured at a
concentration of 1 X 10° cells/ml for 10 days with different concentrations of disodium
cromoglycate. Supernatants were harvested after 10 days and IgE levels were measured by
radioimmunoassay. Results represent mean = SEM net synthesis IgE (picograms per milliliter)
of three experiments. B, Effect of NS on IgE production by highly purified B cells isolated by
sorting for CD19 expression. B cells were cultured as described in A. Similar results were

observed in a second experiment.

To establish unequivocally a direct effect of NS
on B cells and to rule out a role for contaminating
monocytes and natural killer cells in the standard
B-cell preparations, we prepared highly purified B
cells by cell sorting for CD19™ cells. On reanalysis,
these populations consisted of more than 98%
CD197 cells and less than 1% CD3", less than 1%
CD147, and less than 1% CD16" cells. Fig. 3, B
shows that NS inhibited IgE synthesis triggered by
anti-CD40 plus IL-4 in these B cells. This effect
was not due to altered cell viability or to nonspe-
cific toxicity because NS did not inhibit B-cell
proliferation to PMA plus ionomycin and to anti-

CDA40 plus I1-4 in 4-day cultures; moreover, addi-
tion of NS to B cells stimulated with anti-CD40
plus IL-4 to mimic the conditions used for IgE
synthesis did not decrease cell viability at the end
of the 10-day culture period as assessed by trypan
blue dye exclusion (data not shown). These results
strongly suggest that B cells are targets for inhibi-
tion by NS.

NS does not inhibit IL-4 induction of ¢
germline transcripts in B cells

The effect of NS on IgE synthesis could be
exerted at the level of induction of e germline
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transcription by IL-4, at the level of CD40-medi-
ated switch recombination, or at both levels. Fig. 4
shows that NS did not affect the accumulation of €
germline transcripts in B cells treated with IL-4. It
should be noted that although the Ce probe we
have used is able to detect both the € germline
transcript and the ~200 bp longer mature € tran-
script, the transcript detected in Fig. 4 is the €
germline transcript because it was induced early (4
days), and more importantly it was induced by 11.-4
alone. In three experiments the mean ratio of e
germline transcript to actin of B cells stimulated
with IL-4 in the presence NS was 0.92 = 0.09 times
that of B cells stimulated with IL-4 in the absence
of NS, as determined by densitometry. NS by itself
did not induce detectable € germline transcripts
(data not shown).

NS inhibits CD40-mediated induction of
switch recombination in B cells

We have previously shown that addition of anti-
CD40 mAb to B cells treated with IL-4 results in
deletional switch recombination as demonstrated
by nested primer PCR amplification of recom-
bined Sp/Se regions. To determine whether NS
interferes with switch recombination, we per-
formed nested primer PCR amplification of re-
combined Sp/Se regions on DNA isolated from B
cells stimulated with 1L-4 and anti-CD40 in the
presence or absence of NS. We have previously
documented, by cloning and sequencing, that the
PCR bands obtained in the anti-CD40 plus I1L-4
system are indeed Sp/Se switch regions.?” Because
different B cells switch or recombine at different
sites within the Sp. and Se regions, the PCR
products from different B-cell clones are of differ-
ent sizes. In the nested PCR semi-quantitative
assay a greater number of PCR products is seen
with higher concentrations of template DNA, re-
flecting the fact that a higher number of B-cell
clones are represented in the samples with the
higher DNA content Fig. 5 shows that PCR prod-
ucts were readily visualized in samples containing
as little as 10 ng of DNA from B cells stimulated
with anti-CD40 plus IL-4, which made ~7000
pg/ml of IgE. In contrast, NS-treated B cells, which
made 847 pg/ml of IgE, produced no detectable
signal in the PCR assay. The nested PCR assay we
have used was probably not sensitive enough to
detect switch junctions in cultures that made less
than 850 pg/ml of IgE.?* 1t should also be noted
that the nested PCR assay is inefficient in amplify-
ing switch junctions that are large in size; the
theoretic maximal size of these products is ~8 kb.
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FIG. 4. Effect of NS on the induction of germline Ce
transcripts in B cells stimulated with IL-4. Total RNA (10
ng) was prepared from normal peripheral blood B cells
incubated with medium or IL-4 (50 U/ml) or IL-4 (50 U/ml)
and NS (1078 mol/L) for 4 days then electrophoresed on a
1% formaldehyde-agarose gel, transferred to a nitrocellu-
lose membrane, and hybridized to a *2P-labeled 0.88 kb
Hinf1 fragment. Densitometric analysis was performed on
germline Ce transcript mRNA bands versus actin tran-
script mMRNA. The autoradiograph was exposed for 5
days. Similar results were obtained in two additional
experiments.

These results strongly suggest that NS inhibits
CD40-mediated deletional switch recombination.

NS inhibits hydrocortisone-mediated
induction of IgE synthesis in IL-4-treated
B cells

It has been previously shown that hydrocorti-
sone plus 1L-4 induces IgE synthesis in B cells.?
This is accompanied by deletional switch recombi-
nation.*® To determine whether the effect of NS on
IgE isotype switching is restricted to CD40, we
examined the effect of NS on IgE isotype switching
induced by hydrocortisone plus IL-4. Fig. 6 shows
that NS inhibited IgE synthesis induced by hydro-
cortisone plus IL-4 in B cells. The dose-response
curve of the inhibition was similar to that seen with
anti-CD40 plus IL-4. These results suggest that the
inhibitory effect of NS on IgE isotype switching is
not specific to CD40.

NS inhibits isotype switching to IgG, in
B cells stimulated with anti-CD40 and IL-4
Immunoglobulin class switching is thought to

involve events that are common to all isotypes, as
well as events that are isotype-specific.®! It was
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FIG. 5. Effect of NS on the generation of Sp— Se switch fragments. Serially diluted aliquots of
total celiular DNA from B cells stimulated with IL-4, IL-4 plus anti-CD40 mAb, or IL-4 plus
anti-CD40 mAb and NS (1078 mol/L) were amplified by nested PCR. The serially diluted template
DNA sample amounts used in the first round of PCR are noted above the gel. The second round
or nested round of PCR used 10% of the original PCR mixture as DNA template. Final PCR
products were subjected to agarose gel electrophoresis. PCR-amplifiable DNA was present in all
three samples, as evident by the control (C) band for which primers specific for the human IL-1
B promoter (—1323x72) yield a 1.4 kb fragment by PCR. The higher intensity of the two bands
seen in the 10 ng of DNA from control B cells compared with the lower intensity of the numerous
bands seen with 50 to 200 ng of DNA from control B cells is probably due to a technical artifact,
which may have included lesser competition for the primers in the 10 ng DNA sample. MW,

Molecular weight markers.

therefore important to determine whether the
inhibitory effect of NS on isotype switching was
restricted to IgE or also extended to other isotypes.
Because IL-4 also directs switching to 1gG,, we
examined the effect of NS on IgG, synthesis in B
cells stimulated with IL-4 and anti-CD40. To en-
sure that we were measuring isotype switching, and
not merely amplification of immunoglobulin secre-
tion by B cells that had already undergone isotype
switching, we used B cells that were magnetically
sorted for lack of IgG, surface expression. There
was no detectable surface expression of IgG, in the
negatively sorted B cells (data not shown). To
ensure that the effect of NS was not exerted at the
level of IL-4 induction of -y, germline transcription,
we preincubated the B cells for 3 days with 1L-4 to
allow for optimal expression of germline tran-
scripts, then stimulated the cultures with anti-
CD40 with or without NS. Fig. 7 shows that
unstimulated slgG,-B cells secreted no detectable

IgG, or IgE into their supernatants. Anti-CD40
plus IL-4 induced the secretion of 1gG, and IgE,
whereas neither of these two agents alone caused
IgG, or IgE synthesis (data not shown). Because of
the low number of B cells recovered after sorting,
we could test the effect of only a single concentra-
tion of NS, 107° mol/L. NS inhibited the secretion
of both IgG, and IgE. In two experiments the
mean = SD inhibition was 63% * 11% for IgG,
synthesis and 72% =+ 13% for I1gE synthesis. These
results suggest that inhibition of isotype switching
by NS is not restricted to IgE.

Effect of NS on IgE synthesis by B cells from
patients with hyper-lgE syndrome

PBMC s from patients with hyper-IgE syndrome
synthesize large quantities of IgE* and their
circulating B cells have undergone deletional
switch recombination.®® Table I shows that addi-
tion of up to 107° mol/L NS to PBMCs from
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FIG. 6. Effect of NS on IgE production by B cells in the
presence of IL-4 (50 U/ml) and hydrocortisone (107°
mol/L). B cells at a concentration of 1 X 108 cells/ml were
cultured for 10 days with different concentrations of NS.
Supernatants were harvested after 10 days, and IgE leveis
were measured by radioimmunoassay. Results represent
mean = SEM net synthesis IgE (picograms per milliliter)
of five experiments.

patients with hyper-IgE syndrome resulted in only
modest inhibition (~25%) of spontaneous IgE
production. These results suggested that NS may
only have a modest effect on IgE synthesis by B
cells that have already undergone isotype switch-
ing.

DISCUSSION

In this article we show that the antiinflammatory
drug NS inhibits IgE synthesis in human B cells
and that this inhibition resides at the level of
deletional switch recombination. These results sug-
gest that NS has a novel potential mechanism for
the prevention of allergic disease.

Susceptibility of normal subjects to the inhibi-
tory effect of NS followed a bimodal distribution.
In two thirds of the individuals tested 10~® mol/L
NS resulted in vigorous inhibition of IgE synthesis
by IL-4-stimulated PBMCs. Inhibition in the re-
maining third of the subjects was weaker. The
reason for this bimodal distribution is at present
unclear. It may reflect genetic differences in the
ability of cellular receptors to bind NS or in the
ability of the cells to metabolize the drug. Experi-
ments are in progress to determine whether sensi-
tivity of IgE synthesis to inhibition with NS corre-
lates with clinical responsiveness to NS. It is of
interest to note that inhibition of IgE synthesis by
sodium cromoglycate also follows a bimodal distri-
bution.' The cellular receptors for NS and sodium
cromoglycate have not yet been identified. How-
ever, there is reason to believe, on the basis of the
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structure of these two compounds, that their re-
ceptors may differ. It will therefore be important to
determine whether sensitivity of IgE synthesis to
inhibition with NS and sodium cromoglycate cor-
relate with each other, which would suggest that
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TABLE |. Effect of NS on spontaneous IgE
synthesis by PBMCs from patients with
hyper-IgE syndrome

Net IgE synthesis (pg/ml}

NS (mol/L} Patient 1 Patient 2
— 12,793 4,051
1077 12,632 3,912
1078 9,614 3,106
1077 9,390 3,313
10°° 9,516 2,921

PBMCs at a concentration of 1.5 X 10° cells/ml werc cultured
for 10 days in the presence or absence of NS (1 X 107%to 1 x
107° mol/L). Supernatants were harvested after 10 days, and
IgE levels were measured by radioimmunoassay. IgE values
represent net IgE synthesis derived by substracting the IgE
values in supernatants of cycloheximide-treated B-cell cul-
tures from the IgE values in supernatants of untreated B-cell
cultures. Results for each experiment represent the mean of
duplicate cultures.

these drugs may share downstream effector path-
ways.

Peak plasma levels after inhalation of 4 mg of
NS were found to be 3.3 = 0.7 ng/ml in healthy
volunteers and 2.8 = 0.5 ng/ml in patients with
asthma (i.c., ~1077 mol/L).?® No information is
available on NS levels in bronchoalveolar lavage
fluid; however, it is likely that NS levels in bron-
choalveolar lavage fluid would exceed blood levels.
Given the fact that inhibition of IgE synthesis in
vitro occurred at concentrations of NS achievable
in vivo, it is also important to determine whether
prophylactic treatment with NS decreases serum
IgE and IgG, levels or inhibits the development of
IgE antibodies.

In the majority of our experiments there was a
steep increase in the efficacy of NS in inhibiting
IgE synthesis between the 107® mol/L and 107
mol/L, rather than a gradual dose-response curve.
The reason for this is not clear, and its explanation
requires clucidation of the mechanism of action of
NS on its cellular targets.

NS did not inhibit the expression of CD40 ligand
by T cells stimulated by PMA plus ionomycin (Fig.
2). NS targeted the B cells because it inhibited IgE
synthesis induced by anti-CD40 and IL-4 in puri-
fied B-cell populations (Fig. 3). These results differ
from those of Kimata and Mikawa,?® who found
that inhibition of IgE synthesis by NS required the
presence of T cells and monocytes. The discrep-
ancy between our results and those of Kimata and
Mikawa?® cannot easily be ascribed to contamina-
tion of our B-cell preparations with T cells and
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monocytes because our standard B-cell prepara-
tions contained less than 1% CD37 cells, and our
highly purified B cells contained more than 98%
CD197 cells, less than 1% CD14" cells, and less
than 1% CD3" cells. However, we cannot com-
pletely rule out a role for a very small number of
contaminating monocytes or T cells in the inhibi-
tion of IgE synthesis by NS.

NS had no effect on the induction of € germline
transcription in B cells by IL-4 (Fig. 4). In contrast,
NS strongly inhibited the CD40-mediated genera-
tion of Sp—>Se switch fragments in B cells treated
with IL-4 (Fig. 5). These data suggest that NS
inhibits IgE synthesis in B cells by inhibiting CD40-
mediated deletional switch recombination.

NS did not inhibit all CD40-mediated signals.
NS did not affect either CD40-mediated B-cell
proliferation or CD40-mediated aggregation of B
cells (data not shown). These observations suggest
that inhibition of IgE synthesis by NS is not specific
for the CD40 receptor but may rather target a step
involved in IgE isotype switching. This was con-
firmed by the observation that NS inhibited IgE
synthesis in B cells stimulated with hydrocortisone
and IL-4 (Fig. 6).

Common and isotype-specific mechanisms are
thought to be involved in class switching to differ-
ent immunoglobulin isotypes.3! The presence of
common mechanisms for isotype switching is sup-
ported by the finding that patients with X-linked
hyperimmunoglobulinemia M syndrome, who have
been recently shown to have deficient expression
of the CD40 ligand on their T cells, fail to switch to
all isotypes.3* In agreement with Kimata and Mi-
kawa,?® we found that NS inhibited isotype switch-
ing to 1gG, induced by CD40 plus IL-4 (Fig. 7).
This inhibition is unlikely to be due to the effect of
NS on IL-4-induced y4 germline transcription
because NS inhibited IgG, synthesis when added
together with anti-CD40 to B cells that were
preincubated for 3 days with IL-4 to allow for
optimal germline messenger RNA expression.
Taken together, these results are consistent with
the notion that NS inhibits a common step re-
quired for deletional switch recombination.

Spontaneous IgE production by B cells from
patients with hyper-IgE syndrome was only mod-
estly inhibited (~25%) by NS (Table I). This
suggests that NS may exert an inhibitory effect on
immunoglobulin secretion by differentiated B cells
that have undergone isotype switching, in addition
to its strong inhibitory effect on B-cell isotype
switching.

In a previous study we showed that cromolyn
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sodium inhibits IgE isotype switching to IgE and
IgG, in TL-4-treated B cells.'” The mechanisms of
this inhibition paralleled those observed in this
study by NS. Both T cell-dependent and anti-
CD40-mediated, as well as hydrocortisone-driven
IgE synthesis, were blocked by cromolyn sodium.
Furthermore, NS inhibited deletional switch re-
combination but not IL.-4 induction of € germline
mRNA. Therefore both of these drugs appear to
interfere with the pathway necessary for isotype
switching. We have shown that switch recombina-
tion requires tyrosine kinase activation because it
is inhibited by tyrosine kinase inhibitors and by
cross-linking of CD40 to the transmembrane phos-
phatase CD45.2%3% It would be of interest to
examine the effect of NS and sodium cromoglycate
on cellular tyrosine kinases and tyrosine phos-
phatases.

Recently, it has become evident that NS exerts
inhibitory activity on a wide variety of inflamma-
tory cells involved in the allergic response. In vivo,
NS inhibited IL-5-induced airway hyperrespon-
siveness to platelet activating factor and eosinophil
migration into the airways.*” In vitro, NS not only
inhibits anti-IgE—induced histamine release from
mast cells®® and IgGy-induced eosinophil-depen-
dent basophil degranulation,® but also inhibits the
chemotactic response of human eosinophils pre-
treated with granulocyte-macrophage colony-stim-
ulating factor to formyl-methionyl-leucyl-phenylal-
anine and IL-8, as well as the generation of the
arachidonic metabolites, leukotriene B, and 5-hy-
droxyeicosatetraenoic acid, by human alveolar
macrophages.*® #! These in vitro inhibitory effects
are exerted at concentrations of NS similar to
those we found to inhibit IgE synthesis.

Because NS inhibits events triggered by multiple
receptors, it is likely that it interferes with a
postreceptor event common to the signaling cas-
cades triggered by these receptors. The inhibitory
effect of NS in rat mast cells is associated with
rapid phosphorylation of a 78 kd protein*? that
coincides with the termination of the secretory
process.* Tt remains to be seen whether a similar
protein is phosphorylated by NS in B cells and
inflammatory cells.

NS is a water-soluble salt of organic acid with a
pKa value between 2 and 3.8 Thus at physiologic
pH values, it is highly ionized and is consequently
unable to penetrate cells. For this reason, it is
possible that the action of NS involves its associa-
tion with a membrane receptor. Further study will
determine whether NS and sodium cromoglycate,
both of which inhibit IgE synthesis in B cells use a
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common receptor and/or common biochemical
pathways.

We thank Deborah Ahern for cell sorting and Drs.
Alan Edwards and Alan Norris for fruitful discussions.
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