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IL-21 dependent IgE production in human and mouse in vitro culture 
systems is cell density and cell division dependent and is augmented 

by IL-10
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Abstract

IL-21 is known to enhance immunoglobulin production using human in vitro models. Using either PBMC or puriWed tonsilar B cells
both stimulated with anti-CD40, IL-4§ IL-21, this enhancement was shown to correlate with increased cell division especially for IgE
and to a lesser extent for IgM and total IgG. Cell division was monitored by CFSE staining and maximum cell division was found at low
initial cell plating densities. A correlation between increased cell division and IL-10-mediated enhancement of IgE production was also
seen; however, increased cell division plays a smaller role with IL-10 than IL-21. This is further emphasized in that when IL-10 and IL-21
were added together there was a further synergistic increase in IgE seen, but no accompanying further increase in cell division. The mouse
system was also examined for IL-21 eVects as a function of cell concentration, and as in humans, IL-21 added to murine cells increased
IgE production over IL-4/CD40 stimulated cells at lower cell concentrations; however, IL-21 signiWcantly reduced IgE at higher plated
cell concentrations.
© 2006 Published by Elsevier Inc.

Keywords: IgE; IL-21; IL-4; IL-10; Cell density; In vitro culture

1. Introduction For isotype switching to IgE to occur, antigen-activated
IgE plays an important role in allergic disease. Evolu-
tionarily, it is thought to be the most recent of the Wve iso-
types that are expressed in humans: IgM, IgG, IgA, IgE,
and the B cell surface receptor, IgD. The primary role of
IgE is in protecting against parasitic infections, which have
been largely eliminated from industrialized societies. How-
ever, in the developed world, innocuous particles such as
pollen or dust mite particles have become the primary trig-
gers for the IgE response. As much as 20% of the world’s
population suVers from allergic disease and a higher inci-
dence in developed societies is well known and indeed has
increased two to three fold in the last 40 years [1].
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IgM+ IgD+ B cells are thought to require two signals [2];
the Wrst being provided by either IL-4 or IL-13 [3,4], the sec-
ond by CD40L expressed on activated T cells [5]. In vitro,
IL-10 added to IL-4/anti-CD40 treated cells has also been
shown to enhance IgE production in B cells and PBMC [6].
Human in vitro IgE production studies, while somewhat
variable, are usually in the picogram per milliliter to nano-
gram per milliliter range, requiring highly sensitive ELISAs
for detection. This can complicate experiments which seek
to examine agents which inhibit IgE production. Genera-
tion of an in vitro model in which larger amounts of IgE
are produced would greatly assist future studies looking at
ways to control IgE synthesis.

Murine studies by several investigators have demon-
strated that IgE production, rather than being proportional
to B cell concentration, is optimal at very low cell concen-
trations, in the range of 5£ 102 to 5£103 cells/well [7,8].
Studies by Hodgkin et al. have demonstrated that speciWc
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classes of antibody require multiple B cell divisions before
isotype switching can occur, providing a potential explana-
tion for the cell density eVect. In the mouse in vitro system,
a minimum of three divisions are required before IgG is
observed; whereas Wve divisions are required for IgE [9,10].
This may be explained by the observation that mouse B
cells display sequential switching Wrst from IgM to IgG1
and then to IgE [11,12]. Recently, it has been shown that the
cell division relationship persists in the human in vitro
model for IgG [13,14]. However, demonstration of a similar
phenomenon for human IgE has been hindered by the low
level of IgE that is produced in vitro.

In vitro IgE synthesis levels in the murine system easily
reach microgram per milliliter (�g/ml) levels suggesting that
additional stimuli may be needed for optimal IgE produc-
tion in the human system. Given its relationship to B cell
proliferation, a logical candidate would be IL-21 [15]. In
view of this Wnding, we examined human and mouse IL-21
for its ability to enhance IgE production in vitro. While this
work was in progress, several reports were published dem-
onstrating that human IL-21 plus IL-4/anti-CD40 could
induce class switching to IgG1 and IgG3, as well as enhance
IgE production [16], and that IL-13 and IL-21 added to IL-
4/anti-CD40 stimulated cells increased both proliferation
and IgE [4]. However, these studies only examined a single
concentration of cells in culture. Furthermore, the depen-
dence of cell division on IL-21 mediated IgE production
was not tested, and the IL-13 paper [4] examined B cells
puriWed from PBMC but did not examine cell division and
cell density. In this study, both human and mouse IgE pro-
duction was examined as a function of cell concentration in
the presence of combinations of IL-4/anti-CD40 and IL-21.
IL-21 stimulation of naïve human tonsilar B cells resulted
in increased production of IgE, total IgG, and IgM in a cell
density-dependent manner. While mouse IL-21 did enhance
B cell proliferation, IgE production was reduced by the
inclusion of IL-21 at high cell densities. However, at lower
cell densities, IL-21 modestly enhanced IgE production in
the mouse system as well. Finally, while IL-10 addition
caused an increase in IgE production, increases in cell divi-
sion were modest. Addition of both IL-10 and 21 gave a
synergistic increase in IgE but no further increase in cell
division.

2. Materials and methods

2.1. Animals, antibodies, reagents, and cytokines

Six–eight-week-old BALB/c mice were obtained from
National Cancer Institute (Frederick, MD) and housed in
an accredited animal facility. All animal studies were per-
formed according to an approved IACUC protocol. Bacu-
lovirus supernatant containing recombinant murine IL-4
was a gift from Dr. William Paul (National Institutes of
Health, Bethesda, MD). Recombinant murine IL-5, recom-
binant murine interleukin-21, human IL-4, and huIL-21R-
Fc chimera were purchased from R&D Systems (Minneap-
olis, MN). Recombinant CD40 ligand trimer (CD40LT)
and mouse IgG1 anti-CD40LT clone M15 [17] were
obtained from Amgen (Seattle, WA). Mouse anti-human
IgD-FITC and anti-human IgE-HRP were obtained from
Becton–Dickenson Biosciences (San Diego, CA) or Dako
Cytomation, Inc. (Ft Collins, CO), respectively. Mouse
anti-human CD40 clone G28-5 (American Type Culture
Collection, (ATCC), Manassas, VA) was puriWed from asci-
tes by salt fractionation and FPLC using MEP-Hypercel
chromatography (Ciphergen, Fremont, CA). PuriWed mAb
(99%) was eluted with acetate buVer, pH 4.9, and dialyzed
against PBS prior to use in culture. IL-10 (Sigma, St. Louis,
MO) was brought to a working concentration of 12.5 �g/ml.
Human IgE standards were puriWed from JW8 IgE
myeloma cells (ATTC), grown in Integra CeLLine 1000
Xasks (IBS Integra Biosciences, Switzerland). Collected
supernatants were dialyzed three times against PBS and
puriWed by FPLC using MEP-Hypercel. IgE elutes at pH
5.5 and was further puriWed (98%) by gel Wltration. Goat
anti-human Ig, goat anti-human and anti-mouse IgM (AP
and unlabeled), goat anti-mouse IgG1-unlabeled, goat anti-
mouse IgG1-AP and mouse anti-human IgM-HRP were
obtained from Southern Biotechnologies (Birmingham,
Alabama). Goat anti-human IgG-Fc-AP, human poly-
clonal IgG, and human IgM were obtained from Sigma.
Production of biotinylated rat anti-mouse IgE mAb R1E4
and B1E3 has been previously described [7]. [3H]Thymidine
(50 Ci/mMole) was purchased from NEN (Boston, MA.)

2.2. Human IL-21 preparation

4£ 107 T cells were obtained by MACS puriWcation of
disrupted human tonsils and stimulated overnight with
PMA (10 ng/ml) and ionomycin (2�M). RNA was isolated
with Trizol (Invitrogen, Carlsbad, CA) and RT-PCR was
performed with GTGTCCAACTGCAAG (anti-sense) and
GTCTAGCTCTACTGTTGG (sense) primers (Applied
Biosystems, Foster City, CA). The IL-21 cDNA was cloned
into pCR2.1 (Invitrogen, CA) and conWrmed by sequenc-
ing. For expression, the cDNA was inserted into pEF4My-
cHisA (Invitrogen) using BamHI and NotI and used to
transfect HEK293T cells (ATCC), using Fugene6 (Roche
Diagnostics Corp., Indianapolis, IN) according to manu-
facturer’s directions. Transfected cells were cultured for
72 h and supernatants were collected and pooled. Superna-
tants were dialyzed against PBS and kept at ¡70 °C prior to
use.

2.3. Human B cell puriWcation and culture

Human B cells were puriWed from PBMC or tonsils.
PBMC were obtained from Virginia Blood Services, (Rich-
mond, VA) as a buVy coat preparation, and leukocytes
were puriWed by diVerential density centrifugation over
Ficoll–Hypaque (Amersham Biosciences, Piscataway, NJ).
For some experiments, tonsilar B cells were puriWed as
described. Whole tonsils were qualiWed as an approved
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exemption under Institutional Review Board regulations as
discarded anonymous tissue. In some experiments CD19+ B
cells were puriWed from PBMC. In others IgD+ tonsilar B
cells were isolated as follows. Tonsil disruption was accom-
plished using a Cellector Tissue Sieve (VWR International,
West Chester, PA) using two wire screens, mesh sizes
0.14 mm and 0.0381 mm, respectively. PBMC or disrupted
tonsils were diluted 1:2 in RPMI, layered over Ficoll–Hyp-
aque, centrifuged at 200g for 20 min at 4 °C, and washed
twice with 1% FBS/PBS. The cells were then stained for
30 min at 4 °C with mouse anti-human IgD-FITC (isotype
I) (Pharmingen). After 2 washes, the cells were incubated
for 10 min at 4 °C with anti-FITC microbeads (Miltenyi
Biotech), washed and re-suspended in PBS containing 1%
BSA and 2 mM EDTA. Cells were then placed over a
MACS LS separation column with the magnetically
retained cells being the IgD+ or CD19+ fraction. Note that
the monoclonal anti-IgD is not stimulatory to B cells, in
contrast to polyvalent anti-IgD [18]. For the PBMC puriW-
cation, CD19+ staining was followed by the anti-FITC-
microbeads. After removal of the magnet, the retained cells
were collected then centrifuged and then resuspended in B
cell media Complete culture medium (CRPMI-10) con-
sisted of RPMI-1640 supplemented with 10% heat inacti-
vated (56 °C, 30 min) fetal bovine serum (Atlanta
Biologicals Norcross, GA), 2 mM L-glutamine, 50 �g/ml
penicillin, 50 �g/ml streptomycin, 100 �M non-essential
amino acids, 1 mM sodium pyruvate, 50 �g/ml amphoteri-
cin B, 50 �M 2-mercaptoethanol, and 20 mM Hepes buVer
(all from Invitrogen Carlsbad, CA). FACS analysis with
anti-CD19 indicated B cell purities were above 95% using
this protocol. B cells were cultured in 96 well culture plates
at the indicated cell densities for 96 h with last 16 h pulsed
with [3H]thymidine or 12–14 days for antibody production,
respectively.

2.4. Mouse B cell preparation

Resting B cells were puriWed as previously described [7].
BrieXy, B cells were isolated from BALB/c spleens and
enriched by complement lysis of T cells and further puriWed
using by Percoll gradient centrifugation. Resting B cells
were collected from the 66–70% Percoll layer, washed and
placed in culture. To examine the eVect of murine IL-21
(mIL-21) on cell proliferation and IgE production, B cells
were plated from 0.1£103 to 50£ 103 cells/well in 96-well
culture plates in the presence of IL-4, IL-5, CD40LT, M15
(standard activation cocktail), and with or without 25 ng/ml
mIL-21 in mouse B cell media (RPMI 1640 containing 10%
FCS, 50 �M 2-ME, 1 mM pyruvate and 1£ non-essential
amino acids) [7] for 3 or 8 days. Standard activation cock-
tail contained 0.1 �g/ml CD40LT, 5 ng/ml IL-5, and
10,000 U/ml mouse IL-4, and 0.1 �g/ml M15. Proliferation
was measured on day three by [3H]thymidine incorporation
(1 �Ci/well) during the last 8 h of culture and antibody
secretion was determined by ELISA after 8 days of culture.
Stimulations were conducted in triplicate.
2.5. ELISA protocols

Human IgE ELISA utilized the monoclonal anti-human
IgE clones 4.15 and 7.12 (HB 235 and 236 from ATCC) as
capture antibodies [19], which were plated in combination
at 5 �g/ml in 0.05 M borate-buVered saline (BBS), pH 8.5.
Samples and standards were detected using rabbit anti-
human IgE-HRP diluted in PBS/2% FBS. Human IgE stan-
dards and samples were serially diluted 1:2 in RPMI media
containing 10% FBS. The lower limit of linear detection
was »5 ng/ml. Total human IgG was detected by coating
plates with 3�g/ml goat anti-human IgG (H + L) in borate-
buVered saline (BBS). Capture antibodies were goat anti-
human IgG-Fc-AP, diluted in Tris buVer/0.5% bovine
serum. Standard curves were generated from polyclonal
human IgG. Human IgM ELISA utilized goat anti-human
IgM (Sigma) as capture at 5�g/ml for coating and samples
and standards were detected using mouse anti-human IgM-
HRP and detected using HRP substrates (51-2607KC and
51-2606KC BD Pharmingen). Standard curve was gener-
ated using polyclonal human IgM.

Mouse IgE, IgG1, and IgM production was measured by
ELISA as described previously [7]. BrieXy, mouse IgE
ELISA utilized biotinylated rat anti-mouse IgE mab B1E3
and R1E4 [20], while IgG1 and IgM utilized goat polyclonal
reagents from Southern Biotech. Color was generated by
addition of AP substrates (S0942-Sigma). Plates were read
on a Molecular Devices SpectraMax 250 ELISA plate
reader at either 405 nm for alkaline phosphatase (AP), or
450 nm for horseradish peroxidase (HRP) detection, respec-
tively.

ELISA for determining IL-21 content in supernatants
were performed using 1�g/ml rabbit anti-human IL-21 (aa
121–135) in BBS (QED, San Diego, CA) as coat. Blocking
used 10% FBS/PBS for 30 min at 37 °C. IL-21 (BioSource,
Camarillo, CA) was used for standard curve and superna-
tant dilutions were analyzed. IL-21 was detected using
1:200 chicken anti-human IL-21 (Genway, San Diego, CA).
Color was generated using 1:1000 rabbit anti-chicken IgY
HRP conjugate (Upstate, Lake Placid, NY) and TMB sub-
strate. 293HEK transfected IL-21 containing supernatants
contained 2.5 ng IL-21 per microliter supernatant.

2.6. Analysis of cell division

CarboxyXuorescein diacetate succinimidyl ester (CFSE)
(Molecular Probes Eugene, OR) was prepared according to
the manufacturer’s recommendations. Resting B cells were
washed and resuspended at 107 cells/ml in PBS/0.1% BSA.
CFSE was then added to Wnal concentration of 5�M (1�M
for mouse studies) and incubated in the dark at 37°C for
10min. After washing twice, cells were resuspended in B cell
media. CFSE-labeled human B cells were plated at the indi-
cated density and cultured for 8 days with 10ng/ml IL-4
alone, 1000ng/ml anti-CD40, or IL-4, and anti-CD40. Murine
CFSE-labeled cells were plated§IL-21 at the indicated cell
density and cultured for 4 days with IL-4 alone or IL-4, IL-5,



4 T.H. Caven et al. / Cellular Immunology xxx (2006) xxx–xxx

ARTICLE IN PRESS
CD40LT, and M15. Post culture cells were analyzed by Xow
cytometry using a FC500 (Beckman-Coulter, Miami, FL).
The percentages of cells in each cell division were determined
by setting sequential gates one-half intensity starting with the
highest intensity peak, which represents undivided cells.

2.7. Data analysis

Data are summarized as mean§ standard deviation
(SD). The statistical analysis of the results was performed
by the paired student t test. A p value of <0.05 was consid-
ered signiWcant.

3. Results

3.1. Enhancement of B cell proliferation by IL-21

Human IL-21 was cloned by RT-PCR, and supernatants
from transfected HEK293T cells were used as the source of
IL-21; the amount of IL-21 in the supernatant was deter-
mined by ELISA. As can be seen in Fig. 1A, addition of
increasing levels of IL-21 (from transfected supernatant)
resulted in increased B cell proliferation, when used in con-
junction with anti-CD40 and IL-4. No proliferation was
induced by HEK293T control supernatant alone (data not
shown), while B cell proliferation was increased 13 fold by
the inclusion of IL-21, compared to IL-4/anti-CD40
(Fig. 1B). We determined that the increase was due to IL-21
contained in the supernatant, as the addition of soluble IL-
21R-chimera abrogated the eVect in a dose dependant man-
ner, and that the supernatant alone had no eVect. In addi-
tion, the presence of IL-21 caused massive aggregation of
the growing B cells in culture (Figs. 1C–E).

3.2. Enhancement of immunoglobulin production is seen at 
low cell densities

To determine the eVect of IL-21 on antibody production
in the human system, IgD+ tonsilar B cells were puriWed
(>98%) and cultured at increasing cell densities in the
Fig. 1. IL-21 increased human B cell proliferation in a dose-dependent manner. (A) PuriWed human B cells from PBMC were cultured with IL-4 (10 ng/ml)
and anti-CD40 (103 ng/ml) for 96 h in the presence of IL-21 supernatant (25 ng/ml (�), 2.5 ng/ml (�), 0.25 ng/ml (�), or no IL-21 (�)). Cells were pulsed
with 1 �Ci [3H]thymidine/well for the last 16 h of a 96 h culture. (B) PuriWed IgD+ B cells were cultured and pulsed as in (A). Receptor-Fc chimera was
added where indicated at 50, 10, 1, and 0.1 �g/ml, respectively. Error bars represent one standard deviation (SD) (*p < 0.02). Experimental results represen-
tative of two of similar design. (C–E) Ten times magniWcation a 5 day culture of IL-4/anti-CD40-activated CD19+ B cells puriWed from PBMC. Cultures

A

B

were treated with 2.5, 25, and 125 ng/ml IL-21 supernatant, respectively.
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presence of anti-CD40 and IL-4 in the absence or presence
of increasing concentrations of IL-21. Analysis of IgE levels
in supernatants after 14 days of culture revealed that the
inclusion of IL-21 resulted in increased IgE production
(Fig. 2). Note that the highest level of IgE was obtained at
3000 cells per well in the additional presence of IL-21, one
quarter of the cell number that produces maximum IgE
when cells are cultured in IL-4/anti-CD40 alone. The inset
shows an expanded plot of the IgE production seen in the
absence of IL-21. It is shown to emphasize the dependence
on cell concentration and the diVerences when IL-21 is
present. The maximum production of IgE occurred at a
higher cell density in the absence of IL-21. Controls in
which cells were stimulated with IL-4 alone, or IL-4 plus
IL-21 only, produced no IgE, indicating that preformed IgE
did not contribute to detected IgE levels (data not shown).
Note that similar Ig production and proliferation enhance-
ment is seen when B cells are isolated by negative selection
(data not shown) conWrming that the monoclonal anti-IgD
is not inXuencing B cell activity in the assays.

Fig. 2. IL-21 signiWcantly increases IgE production in puriWed human IgD
+ B cells. (A) The indicated concentrations/well of IgD+ B cells were stim-
ulated with IL-4 and anti-CD40 in the presence of 25 ng/ml (�), 10 ng/ml
(�), 2.5 ng/ml (�), or no IL-21 (�). IgE was measured by ELISA on 12
day supernatants. Data are represented as total IgE production (A) or IgE
production/cell (B). (Inset) Enlargement of IL-4/anti-CD40 only condi-
tions, showing optimal IgE in absence of IL-21 is also cell concentration
dependent. Error bars represent § one SD. Experiment results representa-
tive of four of similar design.
To emphasize the dramatic increase IgE at low cell con-
centrations, this data is redisplayed as a function IgE pro-
duced per input B cell in the presence of IL-21 (Fig. 2B). In
addition to IgE, production of other isotypes was also inXu-
enced by the inclusion of IL-21 in the culture. Fig. 3A
shows production of IgG and Fig. 3B IgM in the presence
and absence of IL-21 again, as a function of cell density.
The data are plotted as the Ig produced per B cell initially
plated, and the increased production of both total IgG and
IgM is evident. Thus, the presence of IL-21 resulted in
increased immunoglobulin production at low input cell
concentrations for all isotypes tested. Thus, in the human
in vitro culture system, IgE, as well as IgG and IgM pro-
duction is cell density dependent and production is
enhanced by the presence of IL-21.

3.3. Nutrient depletion does not explain diVerences in IgE 
production

As can be seen in Fig. 4A, cells that were treated with IL-
4, anti-CD40, and 25 ng/ml IL-21 had the highest level of

Fig. 3. IL-21 increases IgG and IgM production in human in vitro cul-
tures. IgD+ B cells were stimulated with IL-4 and anti-CD40 in the pres-
ence of 25 ng/ml (�), 2.5 ng/ml (�), 0.25 ng/ml (�), or no IL-21(�). Day
12 supernatants were collected and the concentration of secreted IgG (A)
or IgM (B) was determined by ELISA and plotted as amount produced/
cell. Error bars represent one SD. Experiment representative of three of
similar design.
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IgE at initial cell plating of 5k/well, while IL-4-anti-CD40
alone had max IgE produced at 75k/well. In view of the
increased cell numbers (75k vs. 5k) and accompanying pro-
liferation as seen on day 4 (Fig. 1), we explored whether the
Ig diVerences seen were merely due to nutrient depletion.
Since high cell number per well exhibited high levels of pro-
liferation on day 4 (Fig. 1), on day 5 these wells had 100 �L
media replaced either with IL-4/anti-CD40 alone or with
IL-21. As can be seen in Fig. 4B, the replacement of media
and nutrients did result in a modest increase the levels of
IgE produced but the levels remained ca 1 log10 less than
seen at the optimal cell concentration in the presence of IL-
21. In addition, adding increased levels of anti-CD40 and/
or IL-4 did not further increase IgE production (data not
shown), indicating that these reagents were not limiting.
Thus, these results argue against media depletion being
exclusively the explanation for the IgE production shift to
lower cell densities.

Fig. 4. Media and cytokine replacement does not explain cell density
eVect. (A) Tonsilar B cells were cultured with IL-4/anti-CD40 alone (�) or
the same plus 25 ng/ml IL-21 (�) were plated the indicated cell concentra-
tions and IgE levels determined after day 12. Shown is a representative
experiment of 3 performed. (B) Wells plated at 100 K/well with IL-4/anti/
CD40/IL-21 were untreated or had one half (100 �l) media replaced; acti-
vation agents were also added as indicated and after day 12 IgE levels
determined. Shown represents an average of 3 experiments done in same
manner. *p D 0.002.
3.4. Increased cell division occurs at low cell inputs in the 
human in vitro system

Given the correlation between cell division and isotype-
speciWc antibody production, we investigated the contribu-
tion of IL-21 to cell division as a function of initial cell con-
centrations. Cell division was assessed using CFSE-labeled
human B cells activated with anti-CD40 and IL-4 in the
presence or absence of IL-21 (Fig. 5). Because discrete
peaks at each cell division were not clearly evident, esti-
mated cell divisions were determined by dividing the histo-
grams into equally spaced intervals, with the brightest peak
(far right) representing cells which had not divided.
Increased rounds of cell division, as evidenced by reduced
CFSE concentration, were seen when starting cultures had
a lower cell input (Compare Figs. 5A–C). These data were
used to calculate the proportion of total cells in each round
of cell division by partitioning the histogram as described
above (Figs. 5B and D). The increase in cell division with
IL-21 addition was clearly seen, with dramatically higher
cell division evident at lower initial cell inputs (Fig. 5C,
solid line). In addition, inclusion of IL-21 resulted in a
higher percentage of cells that underwent at least one divi-
sion, as seen by the lower percentage of cells remaining in
an undivided state (Fig. 5D). Culture conditions that exhib-
ited the highest levels of cell division correlated with highest
IgE production (Fig. 2), consistent with previous data for
IgG and IgE in the mouse [9] and total IgG in the human
systems [13].

3.5. IL-21 increases IgE production by IL-10/IL-4/anti-
CD40 stimulated PBMC and puriWed Tonsilar IgD+ cells

IL-10 has been shown to increase in vitro IgE produc-
tion in IL-4 and anti-CD40 stimulated PBMC [21]. We
sought to determine whether IL-21 further enhances the
amount of IgE produced in cells treated with IL-4/IL-10/
anti-CD40 cells. PBMC were treated with IL-4/anti-CD40
plus IL-10. As seen in Fig. 6A, the addition of both IL-10
and IL-21 to IL-4/anti-CD40 treated cells shows higher
proliferation than when only IL-21 or IL-10 alone is added.
As shown in Figs. 6B and C, IL-10 resulted in an increase in
IgE production, with the higher amount of IL-10 (10 ng/ml)
(Fig. 6C) giving a 4-fold increase in IgE production, com-
pared to IL-4/anti-CD40 alone. Indeed at this concentra-
tion IL-10 was more eVective than IL-21 alone in inducing
IgE production. The addition of both cytokines further
increased IgE production in an additive manner. However,
when the lower (1 ng/ml) of IL-10 were used (Fig. 6B), the
addition of both cytokines increased IgE production syner-
gistically. To determine whether synergy or addition would
be found in B cells alone, puriWed tonsilar B cells were cul-
tured with IL-4/anti-CD40 in the presence or absence of IL-
10 and IL-21. As seen in Fig. 6D, IL-21 had a greater eVect
on IgE production compared to IL-10. As seen with
PBMC, IL-10, and IL-21 added together to IL-4/anti-CD40
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cells resulted in a synergistic increase in IgE. The levels of
IgE produced by IL-4/anti-CD40 alone were 2 ng/ml.

3.6. IL-10 increases IgE production in puriWed tonsilar B cells 
and caused a modest increase in cell division

PuriWed tonsilar B cells were labeled with CFSE and
activated with IL-4/anti-CD40 in the presence of IL-10.
Similar to the studies with IL-21 (Figs. 7C and D), IL-10
addition also showed IgE production correlated with cell
division, albeit to a lesser degree (Figs. 7A and B). When
both IL-10 and IL-21 were added together to IL-4/anti-
CD40 stimulated cells there was a further increase in total
IgE production as seen in Fig. 7E.

To determine the generality of this Wnding, seven tonsils
were collected and IgD+ cells were puriWed and treated with
IL-4/anti-CD40 in the presence or absence of IL-10 and 21,
added together or separately. IgE production is shown in
Fig. 7E. In six of the tonsils there was an increase of IgE
over IL-4/anti-CD40 alone when 10 ng/ml IL-10 was added.
In one case, IgE production with IL-4/anti-CD40§ IL-10
was below levels of detection. Interestingly, in that tonsil,
the production of IgE was very good of IL-21 alone
(145 ng/ml) and IL-10 + IL-21 (340 ng/ml) to IL-4/anti-
CD40 stimulated cells. The average IgE production is
shown and a signiWcant increase is seen with IL-10/21 as
compared to IL-21 alone; note in general the increase is
synergistic rather than additive. With regard to cell divi-
sion, the highest level of IL-21 resulted in a mean Xuores-
cent intensity (MFI) to around 60; addition of IL-10 did
not result in a further decrease in MFI. Thus, the increase in
IgE production seen with the double cytokine addition did
not correlate with further cell division (Fig. 7F).

3.7. Mouse B cell proliferation is also enhanced by IL-21, but 
IgE production is inhibited at the peak production values

Current literature indicates that IL-21 is inhibitory to
IgE production in the mouse, while stimulatory in humans
[4,22], however the relationship of mouse IL-21 and cell
density has not been examined. To better compare the
human and mouse system, puriWed mouse B cells were cul-
tured with CD40LT, IL-5, IL-4, and M15 (anti-CD40LT)
in the presence or absence of mouse IL-21. As was seen
with the human system [15], the addition of mouse IL-21 to
activated B cell cultures, also resulted in increased B cell
proliferation (data not shown). Analysis of antibody pro-
duction in response to diVerent initial B cell input indicated
that IgE production was inXuenced in a biphasic manner by
the inclusion of IL-21 in the cultures (Fig. 8A). At high cell
concentrations, IL-21 inhibited IgE production; however,
modest enhancement was seen at low cell inputs. While
Fig. 5. Cell division is correlated to cell density. Human tonsilar IgD+B cells were labeled with CFSE/PBS for 15 min, washed, and cultured for 8 days with
IL-4/anti-CD40, without (A and B) or with (C and D) 25 ng/ml IL-21. (A and C) Flow histograms of cells plated at 105 (,,) or 103 (——) cells/well. (B
and D) Show same data plotted as a function of cell division (see Section 2), again with 105 (�) and 103 (�) cells/well. This experiment is representative of
four of similar design.
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Fig. 6. IL-10 and IL-21 increase proliferation in PBMC, and increase IgE
when added alone and synergistically increase IgE when combined with
PBMC or IgD+ tonsilar B cells. IL-4 and anti-CD40 (4/�40) treated
PBMC were plated at 300,000 cells per well and treated with buVer, IL-10,
IL-21, or IL-10, and IL-21 combined. Twenty-Wve nanograms per millili-
ter IL-21 was used in all conditions. (A) Proliferation was determined by
3H-thymidine incorporation. (B and C) IgE was determined from PBMC
activated as in (A); with IL-10 concentrations of (B) 1 ng/ml or (C) 10 ng/
ml, respectively, with IL-21 added as indicated. (D) IgE production from
75k cells per well IL-4/anti-CD40 stimulated IgD+ tonsilar B cells that
were treated with IL-10 (10 ng/ml), IL-21(25 ng/ml), or IL-10, and IL-21
combined was determined. In (B–D), IgE levels were determined by
ELISA from day 14 supernatants. Cultures were plated in duplicate, col-
lected on day 14, pooled and determined by ELISA. These two results are
representative of seven experiments. Statistics were paired Student’s t test
(*p < 0.05, **<0.01, ***<0.001).
mouse IgG1 and IgM production were not inhibited by the
addition of IL-21 at any concentration, the bulk of IgG1
production was shifted towards lower cell density (Fig. 8B).
Mouse IL-21 had minimal eVect on the cell concentration
dependence for IgM production (Fig. 8C).

To determine whether changes in cell division explained
the inhibitory eVects of IL-21, CFSE-labeled mouse B cells
were incubated with CD40LT, IL-4, and IL-5§ IL-21.
Since mouse cell activation occurs more rapidly than
human, after 4 days of culture, cell division numbers were
examined by Xow cytometric analysis. As with the human
system, addition of IL-21 resulted in increased cell division
as indicated by the peak at decreased CFSE intensity. Thus,
at least at these low cell inputs (500 cells/well) mouse IL-21
addition caused increased cell division, analogous to what
was seen in the human B cell cultures Fig. 9.

To directly compare the mouse and human in vitro sys-
tems, we analyzed the inhibition or enhancement of IgE pro-
duction as a function of the B cells per well due to the
addition of IL-21 relative to IL-4/anti-CD40 conditions
alone. This analysis is shown in Fig. 10 and this Wgure clearly
shows that both the human and mouse systems exhibit a sim-
ilar activity in the presence of IL-21. To show the variability
that is seen, two experiments are plotted in this manner. Note
that the primary diVerence is that the curve is shifted towards
lower cell concentrations in the mouse system, while both
systems exhibit enhancement of IgE at low and inhibition at
high cell densities, respectively. The mean cell number of the
mouse system where an the maximum increase of IgE pro-
duction due to IL-21 was in the hundreds of cells per well
(meanD625 cells per well, 2 experiments) The human system
also displayed a similar trend of IgE production as was
found in the mouse system, but the cell density where that
was found was considerably higher. The average of six exper-
iments was 47k cells per well§25k. Thus, while there is more
donor variability in the human system, perhaps related to the
condition of the tonsilar cells, almost 2 log10 higher cell num-
bers give maximum IgE compared to the mouse system.

4. Discussion

One strategy to reduce allergic symptoms is to block the
IgE from binding to the Fc�RI by using anti-IgE antibodies
[23,24]. This has been found to be clinically eVective and is
currently an available treatment. Since the anti-IgE therapy
does not reduce IgE synthesis [24], there must be near total
blockage of the IgE binding, since granule release requires
cross linking of as few as ten basophil- or mast cell-bound
IgE molecules. Another approach is to try to limit IgE synthe-
sis and this necessitates a good understanding of the mecha-
nisms involved in the isotype switch to this antibody class.

In vitro IgE studies in the human system have been ham-
pered by the low production levels. In the mouse in vitro sys-
tem IgE production is in the microgram per milliliter,
whereas in the human, IgE levels are usually in the upper
picogram to nanogram levels per ml. Therefore we sought to
determine a set of conditions that could be used to induce
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maximal IgE production in the human in vitro model. Cho
et al. [7] found that the level of mouse IgE produced in vivo
was cell density dependent, and further examination of the
cell density phenomenon indicated that the number of cell
divisions was the most likely explanation for the increased
IgE production [8]. A series of studies, primarily by the
Hodgkin laboratory [9,10,13,14] have demonstrated that
increased murine cell division correlates with higher levels of
IgE and to some extent, IgG production after appropriate
in vitro stimulation. One of these studies examined the rela-
tionship between cell division number and IgG production
using human B cells [13]. However, IgE was not examined,
presumably due to the low amounts of IgE produced.

One of the newest members of the hematopoietic cyto-
kine family is IL-21 and indeed this is the most recent cyto-
kine that uses the common �c chain as part of its receptor.
Although the initial report of IL-21 demonstrated its ability
to co-stimulate human B cell proliferation [15], the major
focus of research into IL-21 functions has revolved around
NK and CTL activation, especially involving tumor pro-
gression [25–27]. As mentioned in the introduction, recent
reports have shown that IgE production is enhanced using
Fig. 7. IL-10 increases IgE production in IL-21/IL-4/anti-CD40 stimulated tonsilar B cells and correlates with increased cell division: IgD+ B cells were
treated with IL-4/anti-CD40 and the indicated concentrations of IL-10 and either (A) IgE (day 12) or (B) cell division (day 8) was determined. The dotted
line, light grey, med grey, and black lines represent 4/40, or 4/40 plus 0.1, 1, 10 ng/ml IL-10, respectively. (C and D) Represents similar conditions as in (A
and B) except IL-21 were used. In (D) the dotted line, light grey, med grey, and black lines represent 4/40, or 4/40 plus 5, 25, 50 ng/ml IL-21, respectively.
(E) Mean IgE values from seven IgD+ B cell tonsil preparations are shown; conditions shown are 4/40 or 4/40 plus IL-10 (10 ng/ml), IL-21 (50 ng/ml) or
same levels of both IL-10 and IL-21. IgE levels were determined by ELISA on day 14 (*p < 0.05). (F) Relative cell division represented by decreasing mean
Xuorescent intensity (MFI) values from anti-CD40-/IL-4-activated CFSE-labeled B cell cultures containing the indicated levels of IL-10 or IL-21 (both are
ng/ml) are shown. Flow analysis was done on day 8 and values are representative of two experiments.

A

C
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D
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the human in vitro culture model [4,16]. Several studies in
mice, however, have indicated that IL-21 may be beneWcial
in inhibiting Type I allergic disease. IL-21R�¡/¡ mice
exhibit normal lymphoid development, but have elevated
serum IgE levels [28]. In addition, treatment of BALB/c
mice with IL-21 inhibited antigen-speciWc IgE production
as well as eosinophil recruitment into airways [22]. In addi-
tion in this same study, IL-21 was shown to inhibit in vitro
IgE production induced by LPS and IL-4, albeit at a single
cell concentration.

Fig. 8. mIL-21 has a biphasic eVect on IgE and IgG1. (A) IgE levels, (B)
IgG1 levels, or (C) IgM levels were measured from resting B cells plated at
1 £ 102–5 £ 104 cells/well and incubated for 8 days with the cocktail alone
(CD40LT/IL-4/IL-5/M15) (�) or cocktail and 25 ng/ml mIL-21 (�).
Supernatants from the cells were collected on day 8 and assayed for the
respective immunoglobulin by ELISA. Error bars represent one SD. This
experiment is representative of three of similar design.
A cell density-dependent relationship to human IgE pro-
duction is also seen when IL-21 is used in conjunction with
IL-4 and anti-CD40 (Fig. 2). Interestingly, IgG and IgM
production levels are also cell density dependent when both
IL-4 and IL-21 are added to anti-CD40 stimulated B cells
(Fig. 3). ConWrmation that increased cell division is occur-
ring is shown in Fig. 5 with CFSE-labeled B cells, seen both
with lower cell numbers compared to higher cell numbers,
and with the addition of IL-21 to the IL-4/anti-CD40 cock-
tail providing even greater divisions. Our lab has shown
previously that the higher number cell divisions at the lower
cell densities relative to higher cell densities cannot be
explained due to depleted nutrients [8]. Also, studies here
support that the lower IgE production in IL-4/anti-CD40/
IL-21 stimulated cells at higher cell densities is not due to
nutrient or stimulation depletion. The human IgM results
were somewhat surprising, since in the murine system, IgM
production is directly proportional to cell numbers; the
more cells added the greater IgM yield [8]. This indicates
that in the human in vitro system, increasing B cell densities

Fig. 9. Increased cell division is evident at low cell densities in mouse IL-21
containing cultures. Splenic B cells were labeled with CFSE and cultured
at 500 cells/well for 4 days then analyzed by Xow cytometry. (A) Histo-
gram of cells cultured with IL-4 only (– –), stimulation cocktail (CD40LT/
IL-4/IL-5/M15) (– -) or stimulation cocktail plus 5 ng/ml mIL-21 (,,).
(B) Analysis of division numbers from Xow data IL-4 only (�); activation
cocktail plus IL-21(�), or without IL-21 (�), respectively. Experiment is
representative of three of similar design.
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beyond a relatively low (5£ 103 cells/well) cell concentra-
tions, results in decreased antibody production per cell,
compared to maximal antibody production seen at lower
cell densities. This even holds true in the absence of isotype
switching, as exempliWed by IgM.

In the previous study, correlating cell division with
human IgG production [13], the highest level of IgG pro-
duction was seen when IL-4 was used in conjunction with
IL-10. IL-10 had not previously been tested in conjunction
with IL-21, with regard to cell division. We observed that
the addition of IL-10 to IL-4/anti-CD40 stimulated cells
increased both IgE production (Fig. 7A) and cellular divi-
sion (Fig. 7C). And as the addition of IL-10 to IL-21/IL-4/
anti-CD40 treated cells also increased IgE, we anticipated
that there would be a corresponding increase in cellular
division, when both cytokines were used. However, no fur-
ther increase in cellular division was seen (Fig. 7F). Interest-
ingly, cell division, as exempliWed by reduced CFSE MFI,
reaches the same limit seen after the addition of the highest
dose of IL-21 (Fig. 7F). In the case of the two cytokines
used, 50 ng/ml IL-21 was able to reach this division limit
while the highest dose of IL-10 (100 ng/ml) was not. Addi-
tionally, the MFI at all IL-21 concentrations could not be
further lowered even with the additional stimuli of IL-10
added. One possible explanation is that the increase in IgE
is due to an increase of IgE per cell, induced by IL-10, with-
out increased cell division. Another possibility is there
could be additional divisions and IgE production occurring
after day 8 when the CFSE analysis occurred and day 14
when the supernatants were collected and analyzed for IgE.
However, it has been argued that IL-21 can drive B cells

Fig. 10. Comparison of the eVect of cell density on human and mouse IgE
production. (A) The inXuence of IL-21 on the amount of mouse (�) or
human (�) IgE produced is shown as a function of cell density to illus-
trate that IL-21 causes both enhancement and inhibition of IgE synthesis,
depending on the initial cell input. Mouse B cells were activated with
CD40LT/IL-4/IL-5/M15 plus 25 ng/ml mIL-21, while the tonsil B cells
were activated with IL-4/anti-CD40 plus 25 ng/ml human IL-21 superna-
tant. The formula used was IgE level at: ((no IL-21–IL-21)/no IL-
21)£100). Two experimental results for mice are shown. Two experimen-
tal results for human cells are shown, representative of seven experiments
of similar design.
into terminally diVerentiated non-dividing Ig-secreting
plasma cells [29]. This could explain that increase in Ig pro-
duction without the further increase in cellular division.

Since IL-10 has previously been used in the in vitro
human IgE synthesis models, we wished to determine the
relative eYcacy of IL-10 vs. IL-21 and whether the combi-
nation was synergistic. As can be seen in Figs. 6 and 7, syn-
ergy was seen with PBMC and with puriWed B cells. Note
that the production of IgE due to IL-21 was consistently
higher than IgE from IL-10. Correspondingly, IL-21 also
caused a greater increase in cell division than was seen with
IL-10 alone, both with PBMC and puriWed IgD+ tonsilar B
cells. When the two cytokines were combined and added to
IL-4/anti-CD40 stimulated cells, a further increase in IgE
was seen; the increase was synergistic rather than additive.
As discussed above, this synergistic increase in IgE occurs
without additional cell division. This possibility can be
explained due to IL-21 inducing the diVerentiation of both
cell cycling and terminally diVerentiated cells [29]. As IL-21
can drive cells to fully diVerentiated plasma cells, it is likely
that the increase of IgE seen in the IL-10/IL-21 treated cells
is from the increase in plasma cell Ig secreting cell numbers.

Studies in the murine system have shown that IL-21 has
an inhibitory eVect on IgE production, both in vivo and
in vitro [22,28]. Since the published studies in vitro used a sin-
gle, relatively high, cell density, the eVect of IL-21 on mouse
B cells was re-examined as a function of cell concentration.
Consistent with other reports [15], we conWrmed that IL-21
enhanced the proliferation of mouse B cells stimulated with
CD40LT and IL-4, and an optimal amount (based on prolif-
eration) of IL-21 was added to increasing concentrations of
mouse B cells. As shown in Fig. 8A, addition of IL-21 shifted
the peak of maximal mouse IgE production to lower cell den-
sities. Mouse IgG1 production was also marginally increased
at lower cell densities (Fig. 8B); IgM levels (Fig. 8C) were
minimally inXuenced by IL-21 addition, and remained pro-
portional to cell density, as reported for IgM with CD40LT
and IL-4 stimulated cells [8]. The lowest cell densities ana-
lyzed in the mouse model are of particular interest; as IgE
levels were enhanced at these cell densities. Indeed, when IL-
21-mediated inXuence on IgE production is plotted against
their respective cell densities, both the human and mouse
in vitro systems give a quite similar pattern (Fig. 10). Thus, a
primary diVerence in the two systems is that optimal IgE pro-
duction is seen in the mouse at lower cell densities. Depend-
ing upon the cell density being examined, IL-21 can cause
both enhancement and inhibition of IgE synthesis in both the
human and mouse in vitro systems.

Overall, the data suggest that IL-21 is driving the IL-4/
anti-CD40 treated cell populations to have increased divi-
sions and increased IgE production, and in the additional
presence of IL-10 to further increase in IgE without the
accompanying increase in cellular division, especially at the
lower cell concentrations. Recent data argues that the pres-
ence of IL-4 inhibits the plasma cell diVerentiation induced
by IL-21. However, this is primarily seen with anti-IgM/
anti-CD40 stimulation [29], not CD40 stimulation alone.
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IgE production in human in vitro culture models requires
the presence of IL-4 (or the related IL-13), regardless of the
stimulus, and IL-21 plus anti-CD40 did not lead to detect-
able IgE production (data not shown and [16,29]). Our data
demonstrates that IL-21 and IL-4 drives increases in IgE
production by CD40 stimulated B cells and that this is
linked to increased cellular division and likely cellular
diVerentiation. Finally, the synergy of IL-10 plus IL-21 on
IL-4 and anti-CD40 stimulated human B cells provides an
interesting avenue for examining the relationships between
the two cytokines and the cell signaling pathways. This data
provides an important and novel system in which to investi-
gate the mechanism of IgE production and regulation in
both model systems.

Acknowledgments

The authors acknowledge Dr. Natalie McCloskey and
Jamie Sturgill for help in obtaining optimal media for
human B cell culture. Dr. Suzanne Barbour, and Jamie
Sturgill are thanked for comments on the manuscript.
Thanks to Dr. Linda Macgovern and her staV from Hen-
rico Doctor’s Hospital, Richmond, VA for willing and con-
siderable assistance with acquiring tonsils.

References

[1] I. Asher, C. Baena-Cagnani, A. Boner, G.W. Canonica, A. Chuchalin,
A. Custovic, E. Dagli, T. Haahtela, M. Haus, M. Hemmo-Loten, S.
Holgate, J. Holloway, P. Holt, A. Host, Y. Iikura, S.G.O. Johansson,
A. Kaplan, M.L. Kowalski, R. Lockey, C. Naspitz, J. Odhiambo, J.
Ring, J. Sastre, T. Schafer, K. Venables, P. Vichyanond, B. Volovitz,
U. Wahn, J. Warner, K. Weiss, N.S. Zhong, World Allergy Organiza-
tion Guidelines for Prevention of Allergy and Allergic Asthma,
Allergy Clin. Immunol. Int. J. World Allergy Org. 16 (2004) 176–185.

[2] H.J. Gould, B.J. Sutton, A.J. Beavil, R.L. Beavil, N. McCloskey, H.A.
Coker, D. Fear, L. Smurthwaite, The biology of IGE and the basis of
allergic disease, Annu. Rev. Immunol. 21 (2003) 579–628.

[3] A.E. Kelly-Welch, E.M. Hanson, M.R. Boothby, A.D. Keegan, Inter-
leukin-4 and interleukin-13 signaling connections maps, Science 300
(2003) 1527–1528.

[4] N. Wood, K. Bourque, D.D. Donaldson, M. Collins, D. Vercelli, S.J.
Goldman, M.T. Kasaian, IL-21 eVects on human IgE production in
response to IL-4 or IL-13, Cell. Immunol. 231 (2004) 133–145.

[5] R.J. Noelle, M. Roy, D.M. Shepherd, I. Stamenkovic, J.A. Ledbetter,
A. AruVo, A 39-kDa protein on activated helper T cells binds CD40
and transduces the signal for cognate activation of B cells, Proc. Natl.
Acad. Sci. USA 89 (1992) 6550–6554.

[6] P. Jeannin, S. Lecoanet, Y. Delneste, J.F. Gauchat, J.Y. Bonnefoy, IgE
versus IgG4 production can be diVerentially regulated by IL-10, J.
Immunol. 160 (1998) 3555–3561.

[7] S.W. Cho, M.A. Kilmon, E.J. Studer, P.H. van der, D.H. Conrad, B
cell activation and Ig, especially IgE, production is inhibited by high
CD23 levels in vivo and in vitro, Cell. Immunol. 180 (1997) 36–46.

[8] D. Rabah, D.H. Conrad, EVect of cell density on in vitro mouse
immunoglobulin E production, Immunology 106 (2002) 503–510.

[9] J. Hasbold, A.B. Lyons, M.R. Kehry, P.D. Hodgkin, Cell division
number regulates IgG1 and IgE switching of B cells following stimu-
lation by CD40 ligand and IL-4, Eur. J. Immunol. 28 (1998) 1040–
1051.

[10] P.D. Hodgkin, J.H. Lee, A.B. Lyons, B cell diVerentiation and isotype
switching is related to division cycle number, J. Exp. Med. 184 (1996)
277–281.
[11] D.A. Lebman, R.L. CoVman, Interleukin 4 causes isotype switching to IgE
in T cell-stimulated clonal B cell cultures, J. Exp. Med. 168 (1988) 853–862.

[12] R.L. CoVman, D.A. Lebman, P. Rothman, Mechanism and regulation of
immunoglobulin isotype switching, Adv. Immunol. 54 (1993) 229–270.

[13] S.G. Tangye, A. Ferguson, D.T. Avery, C.S. Ma, P.D. Hodgkin, Iso-
type switching by human B cells is division-associated and regulated
by cytokines, J. Immunol. 169 (2002) 4298–4306.

[14] S.G. Tangye, D.T. Avery, P.D. Hodgkin, A division-linked mechanism
for the rapid generation of Ig-secreting cells from human memory B
cells, J. Immunol. 170 (2003) 261–269.

[15] J. Parrish-Novak, S.R. Dillon, A. Nelson, A. Hammond, C. Sprecher,
J.A. Gross, J. Johnston, K. Madden, W. Xu, J. West, S. Schrader, S.
Burkhead, M. Heipel, C. Brandt, J.L. Kuijper, J. Kramer, D. Conklin,
S.R. Presnell, J. Berry, F. Shiota, S. Bort, K. Hambly, S. Mudri, C.
Clegg, M. Moore, F.J. Grant, C. Lofton-Day, T. Gilbert, F. Rayond,
A. Ching, L. Yao, D. Smith, P. Webster, T. Whitmore, M. Maurer, K.
Kaushansky, R.D. Holly, D. Foster, Interleukin 21 and its receptor
are involved in NK cell expansion and regulation of lymphocyte func-
tion, Nature 408 (2000) 57–63.

[16] J. Pene, J.F. Gauchat, S. Lecart, E. Drouet, P. Guglielmi, V. Boulay, A.
Delwail, D. Foster, J.C. Lecron, H. Yssel, Cutting edge: IL-21 is a
switch factor for the production of IgG1 and IgG3 by human B cells,
J. Immunol. 172 (2004) 5154–5157.

[17] J.T. McGrew, D. Leiske, B. Dell, R. Klinke, D. Krasts, S.F. Wee, N.
Abbott, R. Armitage, K. Harrington, Expression of trimeric CD40
ligand in Pichia pastoris: use of a rapid method to detect high-level
expressing transformants, Gene 187 (1997) 193–200.

[18] L.M. Pecanha, H. Yamaguchi, A. Lees, R.J. Noelle, J.J. Mond, C.M.
Snapper, Dextran-conjugated anti-IgD antibodies inhibit T cell-medi-
ated IgE production but augment the synthesis of IgM and IgG, J.
Immunol. 150 (1993) 2160–2168.

[19] E. Macy, M. Kemeny, A. Saxon, Enhanced ELISA: how to measure
less than 10 picograms of a speciWc protein (immunoglobulin) in less
than 8 hours, FASEB J. 2 (1988) 3003–3009.

[20] A.D. Keegan, C. Fratazzi, B. Shopes, B. Baird, D.H. Conrad, Charac-
terization of new rat anti-mouse IgE monoclonals and their use along
with chimeric IgE to further deWne the site that interacts with Fc epsi-
lon RII and Fc epsilon RI, Mol. Immunol. 28 (1991) 1149–1154.

[21] R.J. Armitage, B.M. MacduV, M.K. Spriggs, W.C. Fanslow, Human B
cell proliferation and Ig secretion induced by recombinant CD40 ligand
are modulated by soluble cytokines, J. Immunol. 150 (1993) 3671–3680.

[22] A. Suto, H. Nakajima, K. Hirose, K. Suzuki, S. Kagami, Y. Seto, A.
Hoshimoto, Y. Saito, D.C. Foster, I. Iwamoto, Interleukin 21 prevents
antigen-induced IgE production by inhibiting germ line C(epsilon)
transcription of IL-4-stimulated B cells, Blood 100 (2002) 4565–4573.

[23] P. Jardieu, Anti-IgE therapy, Curr. Opin. Immunol. 7 (1995) 779–782.
[24] C. Heusser, P. Jardieu, Therapeutic potential of anti-IgE antibodies,

Curr. Opin. Immunol. 9 (1997) 805–813.
[25] T. Kishida, H. Asada, Y. Itokawa, F.D. Cui, M. Shin-Ya, S. Gojo, K.

Yasutomi, Y. Ueda, H. Yamagishi, J. Imanishi, O. Mazda, Interleukin
(IL)-21 and IL-15 genetic transfer synergistically augments therapeu-
tic antitumor immunity and promotes regression of metastatic lym-
phoma, Mol. Ther. 8 (2003) 552–558.

[26] E. Di Carlo, A. Comes, A.M. Orengo, O. Rosso, R. Meazza, P. Musi-
ani, M.P. Colombo, S. Ferrini, IL-21 induces tumor rejection by spe-
ciWc CTL and IFN-gamma-dependent CXC chemokines in syngeneic
mice, J. Immunol. 172 (2004) 1540–1547.

[27] G. Wang, M. Tschoi, R. Spolski, Y. Lou, K. Ozaki, C. Feng, G. Kim,
W.J. Leonard, P. Hwu, In vivo antitumor activity of interleukin 21
mediated by natural killer cells, Cancer Res. 63 (2003) 9016–9022.

[28] K. Ozaki, R. Spolski, C.G. Feng, C.F. Qi, J. Cheng, A. Sher, H.C.
Morse III, C. Liu, P.L. Schwartzberg, W.J. Leonard, A critical role for
IL-21 in regulating immunoglobulin production, Science 298 (2002)
1630–1634.

[29] R. Ettinger, G.P. Sims, A.M. Fairhurst, R. Robbins, Y.S. da Silva, R.
Spolski, W.J. Leonard, P.E. Lipsky, IL-21 induces diVerentiation of
human naive and memory B cells into antibody-secreting plasma
cells, J. Immunol. 175 (2005) 7867–7879.


	IL-21 dependent IgE production in human and mouse in vitro culture systems is cell density and cell division dependent and is augmented by IL-10
	Introduction
	Materials and methods
	Animals, antibodies, reagents, and cytokines
	Human IL-21 preparation
	Human B cell purification and culture
	Mouse B cell preparation
	ELISA protocols
	Analysis of cell division
	Data analysis

	Results
	Enhancement of B cell proliferation by IL-21
	Enhancement of immunoglobulin production is seen at low cell densities
	Nutrient depletion does not explain differences in IgE production
	Increased cell division occurs at low cell inputs in the human in vitro system
	IL-21 increases IgE production by IL-10/IL-4/anti-CD40 stimulated PBMC and purified Tonsilar IgD+ cells
	IL-10 increases IgE production in purified tonsilar B cells and caused a modest increase in cell division
	Mouse B cell proliferation is also enhanced by IL-21, but IgE production is inhibited at the peak production values

	Discussion
	Acknowledgments
	References


