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Summary  
In this study we determined the role of immunoglobulin (Ig) germline transcripts in the isotype 
switch differentiation of the cloned lymphoma B cell line CH12.LX. In initial studies, we showed 
that addition of transforming growth factor fl (TGF-fl) and interleukin 4 (IL-4), either alone 
or in combination, augment switching from membrane (m)IgM + to mlgA + cells, and that 
increased switching is preceded and paralleled by an increase in the steady-state level ofce germline 
transcripts (o~GLT). Interestingly, TGF-fl and IL-4 affect switching in different ways, as shown 
by the fact that IL-4 increases and TGF-fl decreases the number of dual-positive (mlgM+/ 
mlgA +) cells; in addition, TGF-fl and IL-4 have different effects on the time course of induction 
of otGLT. In subsequent studies, we established that we could downregulate c~GLT levels in 
CH12.LX B cells by transfecting an expression vector that can be induced to produce transcripts 
antisense to the Io~ exon. Using this approach we downregulated c~GLT in CH12.LX B cells 
undergoing switching in the presence of TGF-fl and IL-4 and showed that such downregulation 
led to decreased switching, as evidenced by decreased appearance of dual-positive B cells as well 
as decreased IgA synthesis relative to IgM synthesis. This result was corroborated by the fact 
that incubation of CH12.LX cells with phosphorothio-oligo antisense DNA to Ioc sequence 
also led to a decrease in the number of dual-positive cells and in the IgA/IgM secretion ratio. 
In summary, IgA isotype differentiation in CH12.LX B cell, particularly the steps necessary for 
the elaboration of mlgM +/mlgA + switch intermediate cells, is inhibited by downregulation of 
oeGLT; it is therefore apparent that c~GLT plays a key role in the initial stage of isotype switch 
differentiation. 

A cell of the B lineage can undergo two types of Ig gene 
rearrangement during its differentiation. The first in- 

volves V region genes, which determine the specificity of the 
B cell antigen receptor. The second involves C region genes, 
which determine the isotype and the effector function of the 
B cell (1-3). It is now well established that lymphokines/ 
cytokines play an important role in the second type of gene 
rearrangement, i.e., isotype differentiation (4, 5). In this re- 
gard, it has been shown that certain cytokines, solely or in 
combination with other cytokines or activation stimuli, 
influence Ig isotype differentiation in either primary B cell 
culture (6-9) or B cell lines adapted to culture (10-12). These 
studies favor the theory that B cell isotype differentiation is 
not a stochastic process followed by selection; rather, it is 
a directed process by which factors outside the B cell act to 
bring about certain types of differentiation. 

Recent studies have provided support for an accessibility 
theory of isotype switching, which holds that isotype switch- 
ing is initiated when a 5' region of a C, gene locus becomes 
accessible to "switch recombination machinery" and becomes 
transcriptionally active. Thus, it has been established, using 
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either normal murine B cells or transformed B cell lines, that 
germline transcripts (GLTs) 1 relevant to a particular C. gene 
are produced before rearrangement of that gene (13-15). In 
addition, it has been shown that LPS + IL-4 or TGF-fl in- 
duce DNase-hypersensitive sites at C. gene loci to which the 
cell will ultimately switch (16). The accessibility theory ob- 
viates the need for isotype-specific recombinases since it im- 
plies that a "generic" recombinase could bring about any type 
of isotype switch after it gains access to a 5' switch region. 
However, the theory is neutral concerning the role of GLTs 
in the switch process. On the one hand, it is compatible with 
the concept that GLTs can simply be byproducts of increased 
transcriptional activity and have no functional role; on the 
other hand, it is also compatible with the idea that GLTs have 
definite function in isotype switch, either directly or through 
a translated product (17, 18). In the present study we address 

1 Abbreviations used in tkiSlmper: GLT, germline transcript; m, membrane. 
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the question of the role of GLTs in isotype differentiation 
by studying the effect of downregulation of Ic~ GLT levels 
on IgA isotype switching in CH12.LX B cells. We show that 
such downregulation reduces cytokine-driven IgA switching, 
as evidenced by the occurrence of reduced numbers of dual- 
positive (mlgM +/mlgA +) B cells and reduced secretion of 
IgA relative to IgM. 

Materials and Methods 
Cell Lines and Culture Conditions. The CH12.LX B cell lym- 

phoma cell line was a generous gift of Dr. Geoffrey Houghton (Uni- 
versity of North Carolina, Chapel Hill, NC) (19). CH12.LX.A2, 
a subdone of CH12.LX cells expressing and secreting exclusively 
IgA, was established in our laboratory as previously described (20). 
CH1 (mlgM-expressing lymphoma) and MOPC-315 (IgA-secreting 
myeloma) were obtained from American Type Culture Collection 
(RockviUe, MD). Cells were maintained in RPMI containing 10% 
FCS, 5% NCTC 109 media (both from Whittaker M. A. Bio- 
products, Walkersville, MD), 20 mM Hepes (Biofluids, Kockville, 
MD), 2 ram t-glutamine (Gibco BRL, Gaithersburg, MD), and 
50 gM 2-ME (Sigma Chemical Co., St. Louis, MO). 

Cytokines. rib4 was a kind gift of Dr. William E. Paul (Labora- 
tory of Immunology, NIAID, NIH). It consisted of the supernatant 
of cells infected with an Ib4-expressing recombinant baculovirus. 
In some of the studies, rib4 expressed in yeast (Genzyme, Cam- 
bridge, MA), specified as MIb4 in text and legends, was also used. 
Porcine TGF-/31 was purchased from K&D Systems (Min- 
neapolis, MN). 

Expression Vector Constructs and Gene Transfection. A genomic 
BamHI-HindIII fragment of 5'So~ containing Icx, kindly provided 
by Dr. Janet Stavnezer (University of Massachusetts, Worcester, 
MA), was filled in at both restriction sites and ligated to the Sinai 
site, just downstream to mouse mammary tumor virus (MMTV)- 
LTR of the expression vector plasmid pMSG (Pharmacia Fine Chem- 
icals, Piscataway, NJ) in both sense (pSE-10) and antisense (pAS- 
11) orientation. A vector with no insert was used as a nonsense 
control (pM), which only produces transcripts from a selection 
marker gene. Transfection was performed by electroporation in 
phosphate-buffered sucrose media (272 mM sucrose, 7 mM sodium 
phosphate, 1 mM MgClz, pH 7.4) using a Gene Pulsar (Bio-Rad 
Laboratories, Richmond, CA) at 320 V and 25 gFD capacitance. 

Coincubation with Oligo DNA. Antisense (AS-M) and sense 
(SE-M) phosphorothio-oligo DNA (Synthecell, Houston, TX) to 
nucleotides 231-245 of the RNA sequence from the Ic~ exon (17) 
were prepared, as were antisense (AS-2) and sense (SE-1) oligos 
to nucleotides 188-203 or 126-140 of the same exon sequence, 
respectively. In coincubation studies, CH12.LX B cells were washed 
twice in HBSS, then cultured in Opti-MEM (GIBCO BRL) con- 
taining 5% NCTC 109, and the cytokines were specified at 10 s 
cells per well in 24-well plates, (Costar Corp., Cambridge, MA) 
for 8 h. The cells were then coincubated with 20-30 #M of 
phosphorothio-oligo DNA for 24 h. Finally, after a 24-h incuba- 
tion, the cells were transferred again to complete media with the 
cytokines specified and cultured for an additional 2 d, after which 
they were processed as indicated in Results. 

Flow Cytometric Analysis. Membrane (m)Ig was detected by im- 
munofluorescence using an EPICS 753 (Coulter Electronics Inc., 
Hialeah, FL) or a FACStar Plus | (Becton Dickinson & Co., Moun- 
tain View, CA). Cells were washed twice with HBSS (Biofluids, 
Inc., Rockville, MD) followed by resuspension in HBSS containing 
0.2% BSA without phenol red (NIH Media Unit) and stained with 

FITC anti-IgA and PE anti-IgM, as previously described (21). In 
most cases, before addition of fluorochrome-labeled antibodies, 
30-50/~g/ml of anti-Fc-yR (2.4G2; Pharmingen, San Diego, CA) 
was added to each tube to prevent cytophilic binding of 
fluorochrome-labeled antibody (22). The FITC goat anti-IgA, FITC 
goat anti-IgG control, and PE goat anti-IgM were obtained from 
Southern Biotechnology Associates (Birmingham, AL), Propidium 
iodide was added to final cell suspension and gates were set so as 
to exclude dead cells. 

Proliferation Assays. 8-h [3H]TdK incorporation and viable cell 
counts using trypan blue to exclude dead cells were used as measures 
of proliferation as previously described (21). In brief, transfected 
CH12.LX cells were incubated at a density of 5 x 104 cells/ml 
in flat-bottomed 96-well plates (Costar Corp.) for 72 h along with 
various concentrations of II,-4, TGF-3, and dexamethasone. During 
the last 8 h, 1 gCi of [3H]TdR (New England Nuclear, Boston, 
MA) (sp act, 6.7 Ci/mmol) was added to each well. Radioactivity 
was measured in a liquid scintillation counter (LS2800; Beckman 
Instrs., Inc., Fullerton, CA). 

ELISA for Ig Secretion. Transfected CH12.LX cells were cul- 
tured in 48-well flat-bottomed plates (Costar Corp.) in complete 
media containing cytokines indicated in Results and/or dexameth- 
asone for 2 or 3 d. Assays were done as previously reported (21). 
Unlabeled goat anti-IgM, goat anti-IgA and alkaline phosphatase 
conjugates of goat anti-IgM, and goat anti-IgA were obtained from 
Southern Biotechnology Associates. Results are presented as the 
means of assays performed in triplicate. Standard deviations of in- 
dividual values obtained in these assays were always <10%. 

Northern Blot and Southern Blot Analysis. Total KNA was pre- 
pared by the acid guanidium thiocyanate-phenol-chloroform ex- 
traction method as previously described (23). RNA for reverse tran- 
scriptase (RT)-PCR assay was further treated with KQ1 RNase-free 
DNase (Prnmega Biotec, Madison, WI) followed by phenol- 
chloroform extraction. Genomic DNA was prepared by a standard 
method (24). For Northern analysis, 10 #g of total RNA from 
each sample to be analyzed was subjected to electrophoresis in a 
1% agarose-formaldehyde gel, transferred onto a Nytran membrane 
(Schleicher & Schuell, Inc., Keene, NH), and then hybridized to 
the random-primed 32P-labeled cDNA probes specified in Results. 
For Southern analysis, 10/~g of genomic DNA from various cell 
lines and liver was digested with the indicated restriction enzymes, 
subjected to electrophoresis in a 0.8% agarose gel, and transferred 
onto a Nytran membrane by standard methods. Blotted filters were 
pretreated with 50% formamide, 5x SSPE, lx Denhardt's solu- 
tion, 100 gg/ml of denatured salmon sperm DNA, then hybrid- 
ized for 12-16 h at 42~ with probes indicated in Results. 

RT-PCR. RT reaction was performed according to the manufac- 
turer's protocol (GIBCO BILL). In brief, heat-denatured RNA (3-5 
/~g) was mixed in a final volume of 30 gl RT reaction buffer 
containing 1 mM each dNTP (GIBCO BRL), 40 U of RNasin 
(Promega Biotec), 1.5 #g of oligo d(pT)16 (Sigma Chemical Co.), 
3 gg of acetyl-BSA, and 300 U of moloney murine leukemia virus 
(GIBCO BRL) in diethyl procarbonate-treated HzO. RT was per- 
formed at 39~ for 60 rain. In a second step, PCK amplification 
was carried out by adding a small aliquot (5 gl) of the cDNA ob- 
tained in the first step to a PCR. reaction mixture that was com- 
prised of 1 mM each of dNTP, 1 gM each of primers, lx PCR 
buffer (10 mM Tris CI, pH 9.0, 50 mM KC1, 2.5 raM MgClz, 
0.01% [wt/vol] gelatin), and 0.5 U ofTaq DNA polymerase (Perkin 
Elmer Cetus, Norwalk, CT) in a final reaction volume of 20/~1. 
PCR was carried out with a thermal cycler (Perkin Elmer Cetus). 
The cycle was programmed for initial denaturation by heating to 
96~ for 6 min, followed by 25-30 cycles of amplification, each 
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consisting of a denaturation step at 94"C for 45 s, an annealing 
step at 60"C for 1 rain, and an extension step 720C for 1.5 rain. 
The final cycle was followed by an extension step at 72~ for 7 min. 
In the PCR reaction using GAPDH primers, the reaction was ter- 
minated at 15 cycles. The number of PCR cycles was adjusted for 
each primer combination by measuring [32p]dCTP incorporation 
so that amplification was carried out during an exponential phase. 
After agarose separation, PCR products were blotted onto a nitrocel- 
lulose membrane (Schleicher & Schuell, Inc.) and hybridized with 
specific probes. 

Probe DNA. A genomic Styl-PstI fragment of lot that is in- 
ternal to the lot primer sites was used for detection oflot and lot-Cot 
in RT-PCR, Southern, and Northern blots. A EcoRI-HindlII frag- 
ment olin(J558 ) for 3'Cot, a PstI fragment of pot(J558) for 5'Cot, 
and a PstI fragment of p/~(3741) for 5'C# were used in Southern 
blot analysis. Finally, a PstI fragment of GAPDH/pGEM3Z was 
used as a probe of GAPDH. All probes were labeled by random 
priming to a specific activity of 5 x 10 s to 109 cpm//~g DNA. 

Primer Sequences. Primers used in this study were as follows: 
lot 5' primer, 5'-CAGCCAGACCACAGGCCAGA-3'; lot 3' primer, 
5'-GACGACACCGCCTTGTGCCT-Y (nucleotides 1-20 and 
481-500 ofM29011, respectively); Cot 3' primer, 5'-TGTGATC~T- 
GGCATCTGAA-3' (nucleotides 676-695 of V00785); GAPDH 5' 
primer, 5'-CAGCCAGACCACAGGCCAGA-3'; GAPDH 3' primer, 
5'-GCATCGTGGAAGGGCTCATGAC-3' (nucleotides 330-351 
and 554-575 of M32559, respectively). 

Data Analysis. Statistical analysis was done by a paired student's 
t test. Blot data were analyzed by densitometry using an Ultroscan 
XL ((Pharmacia LKB, Uppsala, Sweden) and Image Quant TM 

(Molecular Dynamics, Inc., Sunnyvale, CA). 

Results 

Effect of ZL-4 and TGF-[3 on IgA Zsotype Switching and Ice 
Germline Transcription in CH12.LX B Cells. CH12.LX B cells, 
in the resting state, are comprised of ,,o98% mlgM + and 
1-2% mlgA + cells. In initial studies, we determined the 
status of CH12.LX B cells with regard to IgA isotype 
switching and production of Io~ GLTs under various culture 
conditions. In these studies, CH12.LX B ceils (5 x 103/ml) 
were cultured in media containing various concentrations of 
IL-4 and TGF-/3 for 3 d and analyzed by flow cytometry on 
day 4. As shown in Fig. 1, the presence of IL-4 and TGF-3 
in cultures of CH12.LX B cells additively increased the number 
of total mlgA + B cells present at the end of the culture. 
However, while IL-4 led to increased numbers of both 
mlgM +/mlgA + and mlgM-/mlgA + cells at every concen- 
tration of TGF-3, TGF-3 led to decreased numbers of 
mlgM+/mlgA + cells and increased numbers of m l g M - /  
mlgA § ceils. Since the effects of IL-4 and TGF-~ on IgA 
isotype switching plateaued at 4-8 x 103 U/ml and 1 
ng/ml, respectively, we have used these concentrations of 
cytokines in all subsequent studies, unless otherwise specified. 

In related studies we determined the effect of TGF-3 and 
IL-4 on Ic~ GLT expression in CH12.LX cells. As shown in 
Fig. 2, CH12.LX B cells constitutively expressed Iot GLTs, 
and increased such expression upon culture with TGF-~ or 
D10 supernatant, i,e., a Th2 cell line culture supernatant 
known to contain IL-4 or rlL-4. While maximum induction 
of Ioe GLT otpression was seen at 12 h in the presence of 
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Figure 1. Flow cytometric analysis ofCH12.LX B cells cultured in var- 
ious concentrations oflb4 and TGF-B for 4 d and stained with PE-labeled 
anti-IgM and FITC-labeled anti-IgA. (a) mlgM and mlgA dual-positive 
cells, and (b) mlgM-negative and mlgA-positive -cells. Concentrations of 
TGF-B are 0 ng/ml ([]), 1 ng/ml (0), 5 ng/ml (ll), and 25 ng/ml (O). 

TGF-3, it was seen at 48 h in the presence of either D10 
supernatant or rIL-4. Taken together, these data show that 
TGF-B and IL-4 induce IgA isotype switching in CH12.LX 
B ceils. In addition, they show that such switching is accom- 
panied by increased production of lot germline transcripts 
as previously reported in other systems (9, 13-15, 25, 26). 
Finally, these data show that the effects of TGF-/~ and IL-4 
on IgA switching in CH12.LX B cells are distinguishable 
by their different effects on the number of dual-positive 
mIgM +/mIgA + B cells produced and on the time course of 
Ioe GLT expression. 

Kinetics of a Ice GLT Production and Su[face Ig Class Switching 
in Relatively Long-Term Cultures of CHI2.LX B Cells. The 
relationship of lot GLT expression and mlgA switching was 
further explored in relatively long-term cultures. In this case 
CH12.LX B cells were cultured in media with or without 
1 ng/ml of TGF-~ plus 4 x 103 U/ml IL-4 at the cell den- 
sity of 5 x 104/ml for '~20 d. At various time points, small 
aliquots of ceils were analyzed for mlgA expression and Ioe 
GLT synthesis. Initial cell density was maintained in these 
cultures by splitting and feeding with fresh media containing 
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Figure 2. oeGLTs of CH12.LX 
cells induced by D10 cell culture su- 
pematant, TGF-fl, and rlL-4. (a and 
b) Northern blot analysis ofIoe GLTs 
in different culture conditions and 
time points: D10 cell supernatant 
(I0%), TGF-fl (1 ng/ml), and 
mouse rlL-4 (MIL,4 100 U/ml). The 
same filters were rehybridized with 
a GAPDH probe. (c and d) Histo- 
grams of densitometry ofloe expres- 
sion normalized with GAPDH in 
blots a and b, respectively. Media 
only (filled bar), media + D10 sup. 
or MIL-4 (hatched bar), and media 
+ TGF-fl (stippled bar). 

TGF-fl/IL-4 every day until day 6 and 2 d thereafter. As shown 
in Fig. 3, the number of mlgA + cells increased by day 2 and 
reached a peak at day 8; at this point "~20% of the cultured 
cells were mlgA + . Concomitant lot GLT expression in cul- 
tures containing TGF-fl/IL-4 was biphasic with a small ini- 
tial peak occurring at 24 h of culture and a larger peak occur- 
ring after 4-6 d and paralleling in IgA expression; the small 
peak was not seen in cultures not containing TGF-fl (exp. 
3). These studies indicate that IgA isotype switching in 
CH12.LX B cells is quantitatively paralleled by lot GLT ex- 
pression. 

Expression Vectors Producing Antisense and Sense Ic~ Tran- 
scripts. Having demonstrated that Ice GLT expression corre- 
lates with mIgA expression in CH12.LX B ceils, we sought 
to determine the effects of altering the Ice GLT production 
on IgA isotype switching. Our approach here was to trans- 
fect CH12.LX B cells with an expression vector that, upon 
induction, would produce antisense transcripts spanning tran- 
scription initiation sites and splice donor sites of the Ice exon 
to destabilize complementary mRNA produced by host cells 
(27, 28). 

Three expression vectors were constructed for this purpose: 
pAS-11 (antisense), pSE-10 (sense), and pM (nonsense). In 
preliminary studies, since germline transcripts can be pro- 
duced by genes on either the productive or nonproductive 
allele, we transfected the pAS-11 and the pSE-10 into 
CH12.LX.A2 cells, i.e., an mIgA + subclone of CH12.LX 
cells that has deleted Iot genes from both aUeles (see Fig. 4), 
to demonstrate the transfectability and inducibility of the 
vectors used. As shown in Fig. 5, CH12.LX A2 cells trans- 

fected with pSE-10 produced exogenous lot mRNA, and such 
production was increased 6-15-fold in culture containing 
10 -6 M dexamethasone. Maximum induction was seen at 
12-24 h and was augmented by IL-4. Similar results were 
obtained with the pAS-11 vector. Thus, cells of CH12.LX 
series can be transfected with the vectors used and the latter 
can be induced to produce lot transcripts in a controlled fashion. 

Expression of lcr and Iot-Ccr GLT in CHI2.LX Cells Trans. 
fected with Icr Antisense, Sense, and Nonsense Vectors. In the 
next series of studies, we transfected the expression vectors 
into CH12.LX B cells. After transfection, we cultured the 
cells in conventional media for 24 h and then added dexa- 
methasone at a final concentration of I/zM and/or cytokines 
(IL-4/TGF-fl) at concentrations used in previous studies for 
an additional 48 h. Finally, aliquots of cells were analyzed 
for OtGLT expression by RT-PCR. 

In these experiments, we used primers at the 5' and 3' ends 
of the lot exon to amplify Ia  mRNA transcribed either from 
the host cell gene (endogenous lot mRNA) or from the an- 
tisense or sense vectors (exogenous lot mRNA). Simultane- 
ously, PCR was performed using primers at the same 5' end 
of the lot exon and at the second exon of Cot to amplify 
lot-Cot mRNA transcribed only from host cell gene (see Fig. 
6). As shown in Fig. 7, a and b, in the presence of cytokines 
plus dexamethasone, lot signals increased in cells transfected 
with all three vectors. In contrast, while lot-Cot signals 
reflecting endogenous ot GLT levels were increased in cells 
transfected with pSE-10 (sense vector) and pM (nonsense 
vector), the lot-Cot signal was markedly decreased in cells 
transfected with pAS-11 (antisense vector). Thus, transfec- 
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Figure 3. OtGLT levels compared with surface IgA expression in 
CH12.LX B cells in long-term culture with I1.,4 and TGF-B. (a) mlgA 
expression of CH12.LX B cells cultured in media containing 4 x 103 
U/ml Ib4 and 1 ng/ml TGF-/3 ( , )  and media only (r;1). (b) OtGLT and 
GAPDH transcripts measured by RT-PCR at different time points and 
plotted as the ratio of OtGLT/GAPDH signal densities. Media contain IL-4 
and TGF-/3 in exps. I and 2, and IL-4 only in exp. 3 (100 U/ml of MIL-4). 

Figure 5. Induction of lot 
transcripts of pSE-10-transfected 
CH12.LX.A2 cells, after culture 
in media containing various con- 
centrations of dexamethasone de- 
picted below the autoradiogram. 
Shown is one of the representa- 
tive experiments. 
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Figure 6. Genomic configuration of IgM-positive CH12.LX cells. 
Primer sites and the DNA probe used for detection of otGLTs are shown 
by arrows and a thick bar, respectively. B, BamHl; H, HindIII; E, EcoRI; 
S, SacI. 

Figure 4. Southern blot analysis of high molecular weight DNA from 
BALB/c liver, CH1, CH12.LX.A2, and MOPC 315 digested with EcoRI 
and probed with: (a) Pstl fragment of pot 0558) and (b) Pstl-StyI frag- 
ment of lot genomic DNA. 
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Figure 7. GLTs of CH12.LX B cells transfected with various expres- 
sion vectors. CH12.LX B cells were transfected with vector constructs 
and then cultured in the presence or absence of TGF-~ (1 ng/ml) . IL-4 
(4 • 10 3 U/ml), and dexamethasone (10 -6 M) as specified; lot, Iot-Cot, 
and GAPDH transcripts were then measured by KT-PCK followed by blot- 
ring and hybridization with specific probes. As PCR controls, cloned DNA 
were used for templates. (a) RT-PCR signals; (b) density plots of Iot (hatched 
bar) and Iot-Cot (filled bar) signals normalized with GAPDH signals. 



tion of CH12.LX B cells with an expression vector producing 
antisense lot GLT downregnlates the level of lot-Cot germ- 
line transcripts in cytokine-treated B cells. 

Flow Cytometric Analysis of CH12.LX Cells Transfected with 
Expression Vectors and Nontransfected Control Cells. To deter- 
mine the effect of otGLT modulation on the emergence of 
mlgA-bearing cells, aliquots of transfected CH12.LX B cells 
were subjected to flow cytometric analysis (Fig. 8, a and b). 
In these studies, we found that treatment of untransfected 
CH12.LX cells with TGF-fl/IL-4 in cultures containing dexa- 
methasone leads, after 48 h, to a larger percentage of dual- 
positive (mlgM+/mlgA +) B cells (6.7 _+ 0.9%) than ob- 
tained in culture not containing dexamethasone (3.2 _+ 0.5%; 
refer to Fig. 1); in contrast, mlgM-/mlgA + B cells were 
correspondingly decreased in dexamethasone-containing cul- 
tures (compare open bar in Fig. 8 b with curves in Fig. 1 b). 
This effect of dexamethasone facilitated our evaluation of the 
effects of transfection on dual-positive cells. 

ii 
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dex./TGF.fl+lL.4 

As shown in Fig. 8 a, addition of TGF-B/IL-4 (plus dexa- 
methasone) to cultures of B cells transfected with pSE-11 or 
pM vectors led to a statistically significant increase in dual- 
positive mlgM+/mlgA + B cells (pSE-10, p <0.01; pM, 
p <0.05); results shown are the mean _ SE of at least four 
separate studies. In contrast, we did not see the significant 
increase of dual-positive cells by TGF-fl/IL-4 in cultures of 
B cells transfected with pAS-10. In addition, the percentage 
of pAS-10-transfected B cells that were dual positive after in- 
duction with TGF-fl/IL-4 was statistically less than that in 
cultures ofpSE-11- or pM-transfected B cells ~ <0.05). The 
effect of transfection followed by culture in TGF-fl/IL-4 on 
the emergence of mlgM-/mlgA + B cells was less clear in 
these studies because, as mentioned, the percentage of such 
cells generated in the presence of dexamethasone was quite low. 
In this case, the increase in mlgM-/mlgA + cells induced 
by TGF-3/IL-4 in cultures of both pAS-10- and pSE-11- 
transfected cells was smaller than the increase in pM-transfected 
cells but the difference was not significant (p >0.05). Overall, 
we conclude that CH12.LX B cells transfected with a vector 
producing antisense transcripts, and thus reducing cxGLT levels 
does in fact undergo decreased cytokine-driven IgA switching, 
as manifest in the appearance of reduced numbers of dual- 
positive mlgM+/mlgA + switch-intermediate cells. 

Effect of Transfection of Expression Vectors on IgM/IgA Secre- 
tion. In parallel studies we also determined the ability of 
the CH12.LX B ceils transfected and cultured as described 
above to secrete IgM and IgA into the culture supernatant 
in 4 d. Since IgA switch results in decreased IgM and in- 
creased IgA production by CH12.LX B cells (these cells do 
not produce other Ig isotypes), we used the IgA/IgM secre- 
tion ratio as the most sensitive indicator of IgA switching. 
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Figure 8. Effects of vector transcripts induction on mlgA expression. 
Transfected CH12.LX B cells were cultured in media with or without 
dexamethasone and cytokines (TGF-fl/IL-4) as indicated. (Filled bar) pAS- 
11, (hatched bar) pSE-10, (stippled bar) pM, (open bar) no transfection. (a) 
Dual-positive mlgM +/mlgA + B cells in the presence of dexamethasone 
and cytokines. Percentage of mlgM/mlgA double-positive cells in pAS-11 
transfected cells ~1) are significantly smaller than the cells transfected with 
pSE-10 (p g0.01) and pM (p <0.05). (b) mlgM-/mlgA + B cells. Per- 
centage of mlgA single-positive cells in pAS-11-transfected cells (#) was 
not significant (p >0.05) compared with cells transfected with control 
plasmids. 
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Figure 9. Effects of transfection of CH12.LX B cells on Ig secretion. 
Results are expressed as ratio of IgA/IgM secreted by transfected CH12.LX 
B cells. Shown is mean + SE of six independent experiments. (-) Media 
only, (+) media containing dewamethasone (10 .6 M), TGF-fl (1 ng/ml), 
and IL-4 (4 x 103 U/ml). Significant reduction of IgA/IgM ratio was 
seen in pAS-11-transfected cells in the culture containing TGF-fl, IL-4, and 
dexamethasone ~,  compared with control (-) and with control phsmids, 
pSE-10, and pM (p <0.05). 
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This also allowed us to normalize for different numbers of 
surviving B cells under the different culture conditions. As 
shown in Fig. 9, only in cultures of B calls transfected with 
the vector pAS-11 was there a significant reduction in the 
IgA/IgM secretion ratio. These results indicate that down- 
regulation of CeGLT transcripts in CH12.LX B cells leads to 
decreased IgA switching, as shown by decrease of cytokine- 
induced IgA secretion. 

Effects of Expression Vector Transcription on CH12.LX Cell 
Proliferation. One possible explanation of the effect of the 
expression vector producing antisense transcripts on IgA iso- 
type differentiation was that this vector sdectively altered cell 
proliferation, thereby modulating the number of cells that 
undergo isotype differentiation. We therefore measured cell 
proliferation in cultures containing various doses of dexameth- 
asone along with IL-4 and TGF-B. We found that while dexa- 
methasone reduced cell proliferation in a dose-dependent 
manner, there were no significant differences in proliferation 
among the cultures transfected with pAS-10, pSE-11, and pM 
(Fig. 10). In addition, we did not see a significant difference 
in the proliferation between CH12.LX and post-switch cell 
CH12.LX.A2 when these cells were transfected with pAS-11 
(data not shown). Thus, it is unlikely that the effects of the 
antisense expression vector were due to selective suppression 
of cell proliferation. 

Effect of Modulation of Ice GLT on IgA Switching of CH12.LX 
B Cells as a Result of Incubation of Cells with Phosphorothioate 
Oligo DNA. In separate studies we modulated Ice GLT ex- 
pression in CH12.LX B cells by incubation of these cells with 
antisense or sense phosphorothioate oligo DNA (27, 28). This 
approach allowed us to determine effects of Ice GLT modula- 
tion in the absence of the effects of electroporation or dexa- 
methasone in culture. Accordingly, we cultured CH12.LX 
B cells with phophorothioate oligo DNA (25 #M) in serum- 
free media in the presence and absence of TGF-j3/IL-4 for 

X 104 cpm 

10 

/il/h 
0 1 10 100 

d e x a m e t h a s o n e  ( x lOO ~ M ) 

Figure 10. Effects of transcription from expression vectors on prolifer- 
ation of transfected ceils. CH12.LX B cells were transfected with e~pres- 
sion vectors and cultured in media containing TGF-B (1 ng/mi), Ib4 (4 
x 103 U/ml), and various concentrations of deximethasone as indicated. 

pAS-10 (filled bar), pSE-11 (hatched bar), and pM (stippled bar). 

24 h and recultured them in complete media containing TGF- 
~/IL-4 for an additional 72 h. We then measured IgM and 
IgA in the culture media and analyzed cells for the presence 
of mlgA + cells. As shown in Table 1, the presence of an- 
tisense oligo DNA led to a significantly reduced IgA/IgM 
ratio (p <0.01) as compared with sense oligo DNA (tripli- 
cate studies). Furthermore, as shown in Table 2, antisense 

T a b l e  1. Effect of Antisense and Sense Oligo DNA on Ig 
Secretion by CH12.LX Cells 

IgA IgM IgA/IgM ratio 

ng/ml ng/ml 
Media 375 + 75.1 1,880 _+ 117 0.199 + 0.025 

+TGF-B/IL-4  640 + 133 2,443 _+ 132 0.262 _+ 0.037 

+AS-M 231 _+ 22.8 2,091 _+ 144 0.110 _+ 0.015" 

+SE-M 435 _+ 65.2 1,907 _+ 60.5 0.228 _+ 0.027 
+AS-2 204 _+ 18.9 2,068 _+ 83.9 0.098 _+ 0.005* 

Effects of sense (SE-M) and antisense (AS-M, AS-2) phosphorothio-oligo 
DNA on Ig secretion. The results represent mean _+ SE of four experi- 
ments of triplicate assay for each experiment. IgA/IgM ratio was sig- 
nificantly reduced in culture containing antisense oligo compared with 
culture containing sense oligo. 
* p < 0 . 0 1 .  

Table  2. Effect of Antisense and Sense Oligo DNA on 
Cytokine-induced m~g Expression of CHI2.LX Cells 

mIgM § + m l g M - / I g A  § 

Media 0.88 _+ 0.16 1.69 _ 0.35 

Media 

+ IL-4 /TGF-~  3.35 + 0.63 5.55 _+ 0.76 

Exp. AS* SE* AS* SE* 

1 1.52 1.88 3.85 4.79 

2 1.98 2.08 5.45 5.48 

3 1.89 2.39 4.63 5.17 

4 2.23 2.47 4.87 5.95 

5 1.70 2.45 4.61 3.81 

6 2.69 3.11 4.25 4.48 

7 1.99 3.53 5.48 5.62 

8 2.83 3.85 5.81 6.20 

Effects of sense (SE-M, SE-1) and antisense (AS-M, AS-2) phosphorothio- 
oligo DNA on mlgA and mIgM expression in cytokine-treated CH12.LX 
B cells. Oligo DNA of AS-M and SE-M in exps. 1-4 and AS-2 and SE-1 
in exps. 5-8 were used as antisense and sense oligo, respectively. Differ- 
ence in AS and SE is significant in mlgM+/mlgA + cells and not sig- 
nificant in mIgM-/mIgA + cells, by paired student's t test. 
* p < 0 . 0 1 .  
tp >0.1. 
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oligo DNA led to a decrease in the number of mlgM+/ 
mlgA + B cells occurring at the end of culture as compared 
with sense oligo DNA (p <0.01). These results are thus con- 
cordant with the results obtained by transfection of expres- 
sion vectors as described above. 

Discussion 

In previous studies, we have shown that when CH12.LX 
B cells are incubated with IL-4, the number of mlgA + cells 
increases, and that this increase is not due to preferential in- 
crease of mlgA + cells, but rather is due to switching from 
mlgM + to mlgA + cells (20). In the present study, we have 
shown that TGF-B also enhances the differentiation of 
mlgM + CH12.LX B cells into mlgA + B cells and that 
TGF-3 acts additively with IL-4 in this respect. In addition, 
we have shown that TGF-B increases the production of c~GLTs 
and thus is similar to IL-4 in respect to the latter's effect on 
B cells undergoing IgG1 and IgE differentiation (6, 22). 

In the course of these studies, we observed a clear-cut differ- 
ence between the effect of TGF-fl and IL-4 on CH12.LX 
B cell isotype differentiation. In short-term culture, addition 
of TGF-B to CH12.LX B cell cultures caused a decrease in 
mlgM +/mlgA + B cells and an increase in mlgM-/mlgA + 
B cells, whereas IL-4 caused an increase in both cell types. 
Moreover, TGF-B induced olGLT production peaking as early 
as 12 h, whereas IL-4 induced oeGLT production peaking at 
48 h or later. Similarly, in long-term culture, whereas addi- 
tion of TGF-B and IL-4 to CH12.LX B cell culture led to 
an initial oeGLT peak at 12 h followed by a second, larger 
peak at day 4 (which correlated with peak mlgA + B cell ex- 
pression), addition of IL-4 alone led to the appearance of the 
second peak, but not the only early peak. Taking the results 
of Northern studies and both short- and long-term cultures 
together, it seems likely that the early peak is produced by 
TGF-~ acting early on B cells already committed to c~GLT 
synthesis, whereas the second peak is cell cycle related and 
due to IL-4 acting later to increase the number of cells 
producing c~GLT. 

The CH12.LX B cell differentiation pathway as defined 
above allowed us to delineate the role of c~GLT in IgA 
switching. In our main approach to this question, we trans- 
fected CH12.LX B cells with an inducible expression vector 
producing antisense, sense, or nonsense transcripts with re- 
spect to the Ic~ exon (29-33). In initial studies, we found 
that transfection of an Icx antisense expression vector into 
cells followed by induction led to a marked decrease in en- 
dogenous Io~-Cc~ GLT levels; in contrast, in cells transfected 
with sense or nonsense control vectors, endogenous Io~-Coe 
GLT transcripts were increased. Thus, the transfection of 
CH12.LX B cells with antisense expression vectors followed 
by appropriate induction did indeed downregulate c~3LT tran- 
scripts. 

In further studies, we found that in CH12.LX B cells trans- 
fected with an antisense-producing vector and then treated 
with TGF-fl/IL-4 there was a smaller increase in the occur- 
rence of dual-positive mlgM +/mlgA + B cells as compared 
with cells transfected with the control vectors. The effect of 

antisense vector transfection on the emergence of dual-positive 
cells correlated with the effect in TGF-B/IL-4-induced IgA 
secretion since such transfection also led to a decrease in secre- 
tion of IgA relative to IgM. 

In accompanying studies we determined that the transfec- 
tion and induction procedures used do not, in themselves, 
explain the effects on CH12.LX B cell switching. First, these 
effects were not due to the inducing steroid since addition 
of dexamethasone alone to cultures of CH12.LX B cells led 
to increased switching to IgA. Second, in six independent 
experiments, we did not observe a significant difference in 
the growth of CH12.LX B cells that could be ascribed to 
differences in the type of vector transfected. This last fact 
indicates that the observed effects of the antisense expression 
vector were not due to the preferential inhibition of cell cy- 
cling, which is presumed to be necessary for B cells to un- 
dergo switch (34, 35). 

In a second approach to the question of how o~GLT tran- 
scription is related to IgA switching, we cultured CH12.LX 
B cells in the presence of phosphorothio-oligo DNA that 
were antisense and sense to either transcription initiation sites 
or putative translation initiation sites of the Ic~ exon. This 
approach was complementary to the first since it avoided the 
use of transfection and steroid exposure. The results were con- 
sistent with those obtained with transfection in that we again 
observed decreased appearance of dual-positive mlgM+/ 
mlgA + cells and a decreased IgA/IgM secretion ratio when 
cells were exposed to antisense but not sense oligo DNA. 

In both of the experimental approaches, the primary effect 
of reducing oeGLT level appears to be on the number of 
mlgM +/mlgA + dual-positive cells. In previous studies, we 
have shown that when CH12.LX B cells are incubated with 
IL-4, the number of dual-positive mlgM +/mlgA § cells in- 
creases (20). In addition, murine Peyer's patch B cells are com- 
posed of mlgA + cells, of which *50% are mlgM +/mlgA + 
dual-positive cells (Ehrhardt, R. O., and W. Strober, manu- 
script submitted for publication). Finally, stable dual-positive 
subclones of CH12.LX (36) and BCL1 (10, 37) can be de- 
rived from cells undergoing switching, and these dual-positive 
cells can become single-positive cells in culture (20). Thus, 
dual-positive mlgM +/mlgA + B cells appear to represent a 
switch-intermediate cell producing two class of Ig simultane- 
ously even though the C. genes are in germline configura- 
tion (38-40). It has been recently suggested that such cells 
arise as a result of a "discontinuous transcription and splicing" 
mechanism, which allows widely separated stretches of DNA 
to be transcribed and spliced (37, 41). One possible explana- 
tion of our results, therefore, is that germline transcripts con- 
taining I region transcripts may facilitate such a mechanism. 
A second molecular mechanism for production of dual-positive 
cells, i.e., the "alternative splicing of long-transcripts model" 
(38), is also compatible with our results since such transcripts 
would theoretically contain I region sequences, which can 
be destabilized by antisense transcripts. 

When oeGLT levels were decreased by either of the methods 
used here, we observed a reduction in IgA secretion relative 
to IgM secretion. We can envision two possible explanations 
for this phenomenon. The first and more likely explanation 
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is that reduced OtGLT levels lead to decreased formation of 
dual-positive mlgM+/mlgA + B cells, which then ultimately 
give rise to a decreased number of IgA-secreting B cells. A 
second explanation is based on recent studies by Gaff and 
Gerondakis (42) showing that lot GLT produced by 1.29/x 
cells can be spliced to Cot transcript containing either a secre- 
tory (ots) or membrane (otto) domain. They suggested that 
when the 3' most splice donor site was used, the 3' most 
potential transcription initiation codon in let is in phase with 
the Cot open reading frame. On this basis, it is possible that 
a truncated form of secretory IgA is produced by mlgM- 

positive CH12.LX cells, which produce lot GLTs. Therefore, 
destabilization of such a form of GLTs by antisense methods 
would theoretically lead directly to decreased IgA secretion. 

Overall, the results presented here provide strong evidence 
that OtGLT production is quantitatively associated with IgA 
switching and, more importantly, that such production is 
not simply an epiphenomenon of the switch process. Rather, 
such transcripts appear to play a key role in an early stage 
of IgA isotype switching, during which cells express C/~ and 
Cot simultaneously before ddetional rearrangement. 
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