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Summary

Immunoglobulin (Ig) class switch recombination is associated with the production and splicing
of germline IgCy; messenger RNA transcripts. Levels of y1 transcripts in mouse spleen sections
were assessed by semiquantitative analysis of reverse transcriptase polymerase chain reaction
(PCR) products during primary and secondary antibody responses to chicken gamma globulin
{CGG). This was correlated with the appearance of CGG-specific B cells and their growth and
differentiation to plasma cells. After primary immunization with CGG, y1 switch transcripts
appeared after 4 d, peaked at a median of six times starting levels between 10 and 18 d after im-
munization, and returned to background levels before secondary immunization at 5 wk. By
contrast, after secondary challenge with CGG, a sevenfold increase in transcripts occurs during
the first d. The level again doubles by day 3, when it is six times that which is seen at the peak
of the primary response. After day 4, there was a gradual decline over the next 2-3 wk. Within
12 h of secondary immunization, antigen-specific memory B cells appeared in the outer T zone
and by 24 h entered S phase, presumably as a result of cognate interaction with primed T cells.
Over the next few hours, they migrated to the edge of the red pulp, where they grew expo-
nentially until the fourth day, when they synchronously differentiated to become plasma cells.
The same pattern was seen for the migration, growth, and differentiation of virgin hapten-spe-
cific B cells when CGG-primed mice were challenged with hapten protein. The continued
production of transcripts after day 3 indicates that switching also occurs in germinal centers, but
in a relatively small proportion of their B cells. The impressive early production of switch tran-
scripts during T cell-dependent antibody responses occurs in cells that are about to undergo
massive clonal expansion. It is argued that Ig class switching at this time, which is associated
with cognate T cell-B cell interaction in the T zone, has a major impact on the class and sub-
classes of Ig produced during the response.

Generally cells producing IgG, IgA, or IgE in the ab-
sence of IgM or IgD have undergone switch recombi-
nation of the Ig heavy chain genes (1, 2). In this process,
genetic material between the rearranged V region genes
and the selected IgH constant region genes is deleted (3-5).
Several groups have noted a close correlation between
switch recombination to a particular IgH isotype and the
previous production of switch transcripts (6—10). These are
sometimes referred to as sterile or germline IgCy tran-
scripts. Switch transcripts are derived from the genes that
encode the relevant heavy chain constant region isotype
together with the flanking switch region and a small exon
upstream of the switch region. Deletion of the upstream
exon has been found to abolish switching (11, 12). The
transcription product is processed with the switch region
being deleted and the transcript of the 5’ exon spliced to
that of the IgH constant region (13). The spliced out tran-
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scripts of the intron are able to form DNA-RNA hybrids
with the switch region; it has been suggested that this prop-
erty may be of functional significance (14). The processing
of the transcript is required to induce high levels of switch-
ing (15, 16). Recent studies of B cells from transgenic mice
indicate that the production and splicing of mouse y1
switch transcripts, but not the production of the unspliced
message alone, is sufficient to indnce Ig switch recombina-
tion (17). Switch transcripts have no or only very small
open reading frames and therefore probably do not encode
functional proteins (13).

Most studies of the association of Ig isotype-specific
switch transcripts have been carried out in vitro, where the
ability of cytokines to induce switching to a particular iso-
type has been assessed. IL-4 classically induces switch to
IgG1 and then IgE (18-21). The contrary effect is brought
about by IL-2, and IFN-vy — IgG2a synthesis is induced and
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the production of IgG1 and IgE is lowered (18, 22). Cyto-
kines delivered in vivo such as IL-4, IFN-vy, and IL-12 can
have a marked effect on the class of Ig produced during an
antibody response (23-27). Relatively little work describ-
ing the stage(s) during physiological antibody responses
where switch recombination occurs has been published.
Nonexclusive candidate targets for the induction of switch-
ing are: (a) B cells that have taken up and processed antigen
as they make cognate interaction with primed T cells in the
T zones of secondary lymphoid organs (28-30); (b) centro-
cytes making cognate interaction with T cells during selec-
tion in germinal centers (31); () B blasts undergoing clonal
expansion in germinal centers or extrafollicular foci (28-30).
To address this problem, we have studied the level of y1
switch transcripts in cryostat sections of the spleen during
the response of B10A mice to primary and secondary im-
munization with chicken gamma globulin (CGG).! This
has been correlated with the distribution, growth, and dif-
ferentiation of antigen-specific B cells assessed by immuno-
histology in serial sections from the same spleen. To com-
pare the behavior of memory and virgin B cells, some groups
of CGG-primed mice were challenged with (4-hydroxy-3-
nitrophenyl)aceryl (NP) conjugated to CGG. This way, the
response of virgin NP-specific B cells was compared with
that of memory CGG-specific cells.

Materials and Methods

Mice. Female B10A mice (homozygous 1gCy®, H,*) were
used in all experiments. These were isolator-bred, specific patho-
gen-free animals (Harlan UK Ltd., Bicester, Oxford, UK). They
were kept in autoclaved filter boxes, and their bedding, food, and
water were also autoclaved. These mice have a low background
of immune response in their spleens; germinal centers are rarely
seen in the spleens of unimmunized mice. Experimental groups
were age and weight matched.

Antigens. CGG (Sigma, Poole, Dorset, UK) was used either
as a solution in sterile saline or as an alum precipitate (32). NP-CGG
and other NP-protein conjugates used in immunohistology and
ELISA were prepared as described (33) using the succinimide
ester of NP (Cambridge Research Biochemicals, Northwhich,
Cheshire, UK). Bordetella pertussis vaccine was obtained from
Lederle Labs (Gosport, Hants, UK).

Immunizations. Mice received primary immunization when
aged between 7 and 10 wk. This was with a 50-pg alum precipi-
tate of either CGG or NP-CGG given intraperitoneally together
with 10° chemically killed B. pertussis. Secondary immunizations
were given intravenously 35 d later as either 50 pg soluble CGG
or 50 pg soluble NP-CGG.

Tissue Preparation. Mice were given 2 mg of the thymidine
analogue 5’-bromo-2-deoxyuridine (BrdUrd; Sigma) intraperito-
neally to label cells in the S phase of the cell cycle 2 h before they
were killed by CO, asphyxiation when their spleens were re-
moved for immunohistology. The middle third of the spleens was
individually wrapped in aluminium foil and snap frozen by se-
quential dipping in liquid nitrogen. They were then stored in
| Abbreviations used in this paper: BrdUrd, 5’-bromo-2-deoxyuridine; CGG,
chicken gamma globulin; FDC, follicular dendritic cell; NP, (4-hydroxy-
3-nitrophenyl)acetyl.
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sealed polythene bags at —70°C. 5-pm sections of the spleens cut
from the convex to concave surface were either mounted on four
spot glass slides for immunohistology or placed in a 1.5-ml
polypropylene microfuge tube for mRNA extraction. The glass-
mounted sections were air dried for 1 h and then fixed in acetone
at 4°C for 20 min. They were again dried for 10 min before seal-
ing in polythene bags and were stored at —20°C until used.

Immunohistology. CGG-binding cells were marked in tissue
sections using biotinylated CGG prepared using biotin succinimide
ester (34). The cells binding CGG-biotin were then detected us-
ing the streptavidin alkaline phosphatase reagent, StreptABCom-
plex/AP (Dako, High Wycombe, Bucks). NP-binding cells were
identified using NP-conjugated rabbit IgG followed with bioti-
nylated goat anti—rabbit IgG (Dako) and then StreptABComplex/
AP. When NP-binding cells were identified together with CGG-
binding cells, NP-conjugated sheep IgG was used, followed by
donkey anti—sheep IgG peroxidase conjugate (The Binding Site,
Birmingham, UK). Cells expressing IgD, IgG, IgA, and IgM
were identified using the appropriate sheep IgG anti-mouse Ig-
isotype (The Binding Site) and donkey anti—sheep IgG peroxidase
conjugate. CD3-expressing cells were identified using a rat IgG2a
mAb KT3 specific for mouse CD3 (Serotec, Kidlington, Oxford,
UK) followed by biotinylated rabbit anti-rat IgG (Dako) and
StreptABComplex/AP. All reagents were used at dilutions that
have been predetermined to give the best specific staining with
minimal background. Where paired staining was carried out, the
two first reagents were added for 1 h. The reagents were then ab-
sorbed onto tissue paper before the slides were washed in Tris-
buffered saline, pH 7.6. The two secondary reagents were then
added to each section for a further hour, before their removal and
washing, as described before. Where a biotinylated second re-
agent was used, StreptABComplex/AP was added for 30 min be-
fore washing, as described before. Peroxidase activity was devel-
oped using freshly prepared and filtered diaminobenzidine, one
10-mg tablet (Sigma) in 15 ml Tris-buffered saline, pH 7.6, with
1 drop of 30% wt/wt H,0,. Alkaline phosphatase activity was
developed using 1 mg/ml Fast Blue BB salt (Sigma) with 0.4 mg/
ml naphthol AS-MX phosphate (Sigma) containing 0.8 mg/ml
levamisole to block endogenous alkaline phosphatase activity.
The staining for CGG- and NP-binding cells was considered to
be specific in that no or minimal cell staining was seen when tis-
sues from nonimmunized mice were examined. In addition,
when simultaneous staining for NP- and CGG-binding cells was
carried out, no double-positive cells were seen, while the im-
mune complex bound to follicular dendritic cells (FDC) gave
mixed staining. To distinguish NP-specific cells in follicles from
NP-specific immune complex on FDC, double staining was done
for IgA and NP. In this situation, the immune complex stained
black and the NP-specific cells stained blue. The same means
were used to distinguish between CGG-specific B blasts and
CGG-specific immune complex in the first 7 d of the responses
to NP-CGG in CGG-primed mice.

BrdUrd uptake was detected after the first two staining proce-
dures had been completed. The sections were treated for 20 min
with 1 M HCI at 60°C. This renders the epitopes on DNA con-
taining BrdUrd accessible while destroying the activity of previ-
ously bound immunchistological reagents but leaving the blue
and yellow/brown colored precipitates intact. The slides were
washed in two changes of distilled water and then Tris-buffered
saline. DNA with BrdUrd was then detected using mouse anti-
BrdUrd mAb clone BU20a (Dako), secondary reagent goat anti—
mouse biotin and final reagent streptavidin ABC. These were ap-
plied as for the immunoalkaline phosphatase staining described
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above. The alkaline phosphatase activity was developed using Fast
Red TR (Sigma) with naphthol ASMX. The slides were
mounted in glycerol gelatin (BDH, Poole, Dorset, UK).

Assessment of Germinal Center Size.  Sections stained to identify
CD3, IgD, and BrdUrd uptake were used. Germinal centers were
identified as IgD~ areas surrounded by IgD* follicular mantle;
germinal centers were distinguished from the T zone by the
much larger concentration of CD3* cells in the latter. The germi-
nal center areas were assessed using the point counting technique
of Weibel (35).

Quantitation of Extrafollicular Antigen-specific B Cells and Plasma
Cells and Assessment of Germinal Center Size. For this purpose,
we used slides that carried three serial sections stained, respec-
tively, to show (@) CD3, IgD, and BrdUrd uptake; ()) CGG-
binding cells, IgD and BrdUrd uptake, and (¢ NP-binding cells,
IgD and BrdUrd uptake. These sections were examined as de-
scribed above using the point counting system. The concentra-
tion of these extrafollicular antigen-specific cells was expressed as
the number of cells counted per unit area of spleen section
screened. The proportion of CGG- or NP-specific cells that had
taken up BrdUrd in the 2 h before the spleen was removed was
also determined.

Quantitation of Switch Transeripts.  Oligo-TdR—coated magnetic
beads (36) were used for cDNA preparation. This was prepared
from each spleen from a 5-pm cryostat section taken from the tis-
sue block immediately after those used for immunohistology.
Each section was placed into a sterile 1.5-m] polypropylene tube
and lysed in 250 ul cold lysis buffer (100 mM Tris-HCI, pH 8.0,
500 mM LiCl, 10 mM EDTA, 1% Li-dodecylsulfate, 5 mM
dithiothreitol) and homogenized by repeatedly passing through a
21-gauge needle. The lysate was centrifuged at 12,000 g for 2 min,
and the supernatant was incubated with 250 wg oligo-TdR
Dynabeads (Dynal, Wirral, UK) at room temperature for 5 min.
The tubes were inserted into a magnet. After 2 min, the superna-
tant was discarded and the beads were washed twice in cold
washing buffer (10 mM Tris-HCI, pH 8.0, 150 mM LiCl, 1 mM
EDTA, 0.1% Li-dodecylsulfate) and three times with the same
washing buffer without Li-dodecylsulfate. After the last wash, 10
wl 2 mM EDTA, pH 8.0, was added and the tubes were heated
to 65°C for 2 min. The tubes were placed in the magnet. 10 ul
supernatant was transferred to a new tube, and 1 pl TdR,_;5 (500
wg/ml; Pharmacia, Uppsala, Sweden) added. The mixture was
heated to 70°C for 10 min and quickly chilled on ice; 4 pl first-
strand buffer, 2 pl dithiothreitol (100 mM), 1 pl ANTP (10 mM),
1 pl RNAse inhibitor (RNAguard; Pharmacia), and 0.5 pl re-
verse transcriptase (M-MLV; Life Technologies, Paisley, UK)
were added and the mixture incubated for 2 h at 42°C. The re-
verse transcriptase was then inactivated by heating to 90°C for 10
min, and the samples were diluted to 50 pl with water and stored
at 4°C.

Switch transcripts were detected by intron-spanning reverse
transcription (RT)-PCR. Intron-spanning primers were designed
using OLIGO version 4.1 (National Biosciences, Plymouth, MA)
with the sequences for IgG1 (GenBank accession no. M12389
and J00453). The following primers were used for amplification
of ¥1 switch transcript (GGG AAC TAG CCC TTG ACC AGG
CAT C) and (CCT CCT AGA CAA GCA CAG GCA TGT
AGA). Primers were obtained from Pharmacia. Mouse B-actin—
specific primers were obtained from Stratagene (Cambridge, UK).

1 wl of each cDNA preparation was amplified by PCR. over 26
cycles for B-actin as described below. 6 pl of the resulting PCR
product was analyzed on an ethidium bromide gel to obtain an
estimate of its cDNA content. This gel contained a standard
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B-actin amplificate and three threefold dilutions of this. These
were used to estimate the concentration of cDNA template in
each original cDNA preparation. A volume between 0.3 and 3 pl
cDNA template yielding signals of the same density for all B-actin—
specific PCR was used for the PCR amplification of switch
mRNA. This concentration fell comfortably within the logarith~-
mic range for B-actin amplification with the conditions used.
PCR was performed in 1X PCR buffer (50 mM KCl, 10 mM
Tris~-HCI, pH 9.0, 0.1% Triton X-100), 1 mM of each primer,
200 pM of each ANTP, 1.5 mM MgCl, and 0.5 U Taq poly-
merase (Promega, Madison, WI) in a volume of 20 pl. Samples
were cycled for 30 s at 94°C, 30 s at an annealing temperature of
65°C for IgG1, 60°C for B-actin, and 1 min plus 2 s for every cy-
cle at 72°C. PCR for B-actin was performed for 26 cycles, and
PCR for the switch mRNAs was performed for 34 cycles. The
PCR products were separated on a 2% agarose gel containing
0.15 pg/ml ethidium bromide with a 100-bp ladder (Life Tech-
nologies) as a molecular weight standard. Preliminary experi-
ments with different cycle numbers followed by dot blot quanti-
tation ensured that amplifications using these cycle numbers were
still in their logarithmic phase.

The amplified product was quantified by dot blot analysis; 2 pl
of the PCR reaction product was diluted 1/40, 000 with 0.4 M
NaOH and 25 mM EDTA; 200 wl of this were transferred onto a
prewetted Hybond N* membrane (Amersham International, Lit-
tle Chalfont, UK) using a dot blot apparatus (Bio Rad, Hemel
Hempstead, Hertfordshire, UK). The membrane was washed in
2X SSC and incubated overnight at 65°C in hybridization solu-
tion (2X SSC, 1% SDS, 0.5% fat-free milk, 10% dextransulfate);
50 ng PCR product from an earlier experiment was used as a
probe. The specificity of this probe for the amplificate was shown
by Southern blotting a gel of an earlier PCR specific for IgG1
switch transcript and hybridizing under the same conditions as for
the dot blot. The probe was labeled with P?PJdCTP (ICN,
Thame, Oxfordshire, UK) using an oligolabeling kit (Pharmacia).
Hybridization was petformed at 65°C in hybridization solution
including 100 pg/ml salmon testis DNA (Sigma). Blots were
washed in 2X SSC with 1% SDS for 20 min at room temperature
and then sequentially in 1X, 0.5X, and 0.1X SSC with 1% SDS
for 5 min at 68°C, which resulted in negligible background hy-
bridization. Blots were imaged and quantified using a phosphor-
imager (Molecular Dynamics, Kent, UK). To account for vari-
abilities in the starting cDNA concentration, all values obtained
for the amount of switch RNA amoplification product were nor-
malized to B-actin expression.

A further check was made that y1 switch transcripts were not
being underestimated through the starting cDNA concentration
being too high to yield logarithimic amplification. This was car-
ried out on the five samples that yielded the greatest amount of
amplified product of cDNA of the y1 switch transcripts. For
these samples with high levels of y1 switch transcript, further
PCR for both B-actin and y1 switch transcript was carried out on
three fourfold dilutions of each cDNA preparation. These further
studies showed that all of these cDNA samples produced a loga-
rithmic increase in the amount of cDNA over the 34 PCR cycles
used.

Results

The Rapid Appearance of y1 Switch Transcripts during the
Secondary Response to CGG. Mice were primed intraperi-
toneally with alum-precipitated CGG plus B. pertussis and
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Figure 1. Rapid induction of y1 switch transcripts in CGG-primed

mice after challenge with CGG, NP-CGG. Control mice were primed
with CGG and challenged with BSA. Each track corresponds to one ani-
mal. The one animal, which did not produce switch transcripts 24 h after
challenge, did not have CGG-specific B cells in adjacent spleen sections.
S, molecular weight marker; —, buffer control.
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5wk later were challenged intravenously with soluble
CGG or NP-CGG. Tissue taken from frozen sections of
spleens before and at 12 and 24 h after the secondary chal-
lenge were processed by RT-PCR to detect the appear-
ance of 'y1 switch transcripts. The results of this experiment
are shown in Fig. 1. Already by 12 h after challenge, there
was a marked increase in the amount of y1 switch tran-
script recovered from the spleens, and this had increased
substantially by 24 h. There was no obvious difference be-
tween the increase in transcripts in mice challenged with
CGG alone or with NP-CGG, suggesting that much of the
early switching occurred in memory B cells. Control mice
that had been primed with CGG and challenged with BSA
showed no early change from the low level of switch tran-
scripts that were seen 5 wk after priming.

The Relative Levels of y1 Switch Transcripts Produced during
Primary and Secondary Responses to CGG and NP-CGG.
The levels of y1 switch transcripts recovered during the
primary response (Fig. 2 a) were consistently lower than
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Correlation between y1 switch transcript production and the site and time of antigen-specific B cell activation. Results for the primary re-

sponse to NP-CGG are shown in 4, ¢, and ¢; those for the response of CGG-primed mice to CGG or NP-CGG are shown in b, 4, and f. The levels of y1
switch transcripts recovered are shown in a and b; the number of extrafollicular Ag-specific B cells or plasma cells are shown in ¢ and 4, and the area of
sections occupied by germinal centres are shown in ¢ and f. The lines are drawn through the median values at each time point. Two mice on day 2 and
one mouse on day 3 of the secondary reponse yielded low levels of switch transcript (b). These mice also had small numbers of antigen-specific cells (d).
@, mice immunized with NP-CGG; [, mice that underwent a secondary response to CGG only. The semiquantitative analysis of switch transcription is
described in Materials and Methods. The values for extrafollicular antigen-specific cells show the number of cells per square millimeter of section, CGG-
specific plasma cells in the red pulp of the spleen before and for the first 2 d after challenge are excluded from the number of antigen-specific cells, since
they relate to previous immunization rather than the responses to secondary exposure to CGG. Germinal center areas are plotted as the percentage of the

section area they occupy.
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those seen in the secondary response (Fig. 2 b). The peak
levels of transcript during the primary response were only
18% of the highest levels which were found during the sec-
ondary response. A rapid early rise in the level of switch
transcripts was again seen in the secondary response, with
the median levels increasing sevenfold in the first 24 h after
immunization. The median level again doubles to a peak at
day 3 followed by a gradual decline over the next 2-3 wk.
The Location, Growth and Differentiation of Antigen-specific
B Cells in the Response of CGG-primed Mice to Intravenous
Challenge with Soluble CGG or NP-CGG. Before second-
ary challenge, antigen-specific B cells in the spleens of
primed animals were mainly located in the marginal zone
(Fig. 3 a). 12 h after intravenous challenge with CGG, anti-
gen-specific cells were visible in the junction of the T zone
and follicles, but were no longer detectable in the marginal
zone, suggesting antigen-induced migration from the mar-
ginal zone to the T zone. At this stage, the number of
CGG-specific cells at the junction between the T zone and
the follicles was four times that which was found in the

O i
i ﬁ : . g
Photomicrographs of antigen-specific cells in the spleens of CGG-primed mice before and after challenge with NP-CGG: (4) CGG-specific
memory B cells are shown in blue (arrows) in the marginal zone 5 wk after priming, IgD"* follicular mantle (FM) B cells are stained brown. RP, red pulp.
(b) CGG-specific B blasts (arrows) in the area near the junction of the T zone (TZ) and follicle (F) 24 b after challenge; these are stained blue, and those

with red nuclei took up BrdUrd in the 2 h before the spleen was taken. CGG-containing immune complex (black) is seen localized on FDC (top right). ()
large foci (arrows) of CGG-specific plasma cells (blue) in those parts of the red pulp adjacent to T zones 4 d after challenge. Well-developed germ.inal cen-

Figure 3.

ters (GC) are identifiable by their lack of brown IgD* cells and the presence of cells that had taken up BrdUrd (red). (D)

marginal zone before challenge, indicating that antigen-
specific cells had also been recruited from outside the
spleen. By 24 h, the cells at the junction of the T zone with
the follicles had entered S phase, as shown by the uptake of
BrdUrd given 2 h before the spleens were removed (Fig. 3
b). After the first day, CGG-specific cells were mainly iden-
tified in those parts of the red pulp adjacent to the T zone
(Fig. 3 ¢). There they increased in cell number exponen-
tially over 60-72 h when the median increase in cell num-~
ber was 90-fold, indicating that they had gone through six
or seven cell cycles (Fig. 2 b). By day 4 after immunization,
almost all the cells in these extrafollicular foci had come out
of cell cycle and differentiated to become plasma cells. This
synchronous differentiation occurs both in the NP- and
CGG-specific cells in animals challenged with NP-CGG.
On the sixth day after challenge 90% of these plasma cells
disappear and there is morphological evidence that this oc-
curs as the result of apoptosis in situ. The synchronous
events occurring in the extrafollicular response suggests that
a single cohort of memory and virgin cells is recruited into

The same spleen as in ¢ stained to

show CGG-specific cells (blue) and NP-specific cells (brown). The edge of a red pulp focus of plasma cells (PC) is shown top left, in the center is a germi-
nal center with NP-specific B cells and NP~ and CGG-specific immune complex (black) on FDC, memory cells are arrowed in the marginal zone (MZ).

Bars, 100 pm.
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the responses during the first few hours after intravenous
challenge. It seems likely that recruitment is curtailed by
the removal of free antigen as it complexes with preformed
antibody either by phagocytes or by its transport to FDC
(Fig. 3, band ).

After CGG-primed mice were challenged with NP-
CGG, germinal centers were seen developing from day 3
(Figs. 2 f and Fig. 3 d). Even at their largest, they were
about half the peak size of germinal centers in the primary
response (Fig. 2 e). Groups of mice were studied 7 and 10 d
after secondary immunization with soluble CGG; at these
limited time points, there was no obvious difference be-
tween the size of germinal centers in the NP-CGG— and
CGG-challenged mice.

The Primary Response to CGG and NP-CGG. In the pri-
mary response, extrafollicular recruitment and clonal ex-
pansion of antigen-specific B cells was seen to start on day
4 after immunization (Fig. 2 ). The histological picture
suggests an extrafollicular process similar to that which is
seen in the secondary response, but with recruitment of an-
tigen-specific cells taking place over several days rather than
a few hours. It seems likely that this occurs from the time
primed T cells first appear and continues until the onset of
specific antibody production 7 d after immunization, and it
might be extended further as the antigen 1s alum-precipitated.

Signs of germinal center formation were first seen 4 d af-
ter primary immunization with NP-CGG. By day 10,
well-developed germinal centers were apparent. These
reached peak size by day 14 when they occupied a median
of 7% of the splenic section area (Fig. 2 ¢). Their size de-
clined during the third and fourth weeks after immuniza-
tion.

The Relative Frequency of CGG- and NP-specific Virgin B
Cells and CGG-specific Memory B cells in Carrier-primed Mice.
The recruitment of both NP- and CGG-specific B cells
seems to start most likely at the same time during the pri-
mary response to NP-CGG, i.e., when primed T cells that
recognize CGG-derived peptides become available. Con-
sequently, the relative number of virgin NP- and CGG-
specific cells recruited into the primary response to NP-
CGAG can be deduced from the respective numbers of these
cells observed during their log phase of growth. Fig. 4
shows that the median number of NP-specific cells is 30
times that of CGG-specific cells during this phase. In the
response of CGG-primed mice to NP-CGG, the recruit-
ment of NP- and CGG-specific cells was confined to the
first few hours after the intravenous challenge. The relative
number of cells recruited during this period can be de-
duced from the observation that six times more CGG-spe-
cific plasma cells than NP-specific plasma cells are gener-
ated by day 4 after immunization (Fig. 3 d). Taken
together, these observations suggest that during the re-
sponse to NP-CGG in CGG-primed mice, 180 CGG-spe-
cific memory cells are recruited for each CGG-specific vir-
gin cell.

The Ig Classes Produced by CGG- and NP-CGG-specific
Short-lived and Persistent Plasma Cells in the Splenic Red Pulp.
By double immunoenzyme staining, it has been possible to
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Figure 4. The primary response to NP-CGG is dominated by NP-spe-
cific cells. The graphs are showing the numbers of extrafollicular NP-spe-
cific and CGG-specific B cells and plasma cells per square millimeter of
spleen area. Each diamond corresponds to one animal. The lines are
drawn between the median values for each time point.

determine the class of Ig produced by antigen-specific
plasma cells. This was carried out at three time points: 5 wk
after priming with CGG, and 4 and 14 d after CGG-
primed animals had been challenged with NP-CGG (Fig.
5). At each time point, the proportion of switched CGG-
specific plasma cells was greater than that of nonswitched
plasma cells, but interestingly, significant numbers of IgM-
producing, CGG-specific plasma cells were present even
14 d after secondary challenge, indicating a persistent non-
switched population. At 4 d after immunization, 14% of
NP-specific plasma cells were switched. This had risen to
64% by day 14.

Discussion

Switch transcripts have been identified in isolated mouse
and human tissues (37, 38), but the search for switch tran-
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Figure 5. Ig class produced by CGG- and NP-specific plasma cells in

the spleen during the response to NP-CGG in CGG-primed animals. Ad-
jacent spleen sections were each stained to identify plasma cells specific for
NP or CGG and one of the Ig classes; [J the number of antigen-specific
IgG-producing plasma cells per square millimeter of spleen section; @ the
number of antigen-specific IgM-producing plasma cells.

Sites of Immunoglobulin Switch Transcript Production In Vivo



scripts in tissue sections using in situ hybridization has been
unsuccessful (39). None of these studies correlated the
presence of switch transcripts with the location and pheno-
type of the B cells that were producing the transcripts. The
present study indicates that switch recombination to the y1
constant region occurs at different times during responses
to NP-CGG. It also shows that the sites of B cell activation
vary during the response. The phenotype of the antigen-
specific cells within and outside follicles varies (40) as does
that of the neighboring cells (41, 42), and consequently,
signals inducing switch recombination are likely to vary. It
is striking that switch transcript production starts within
12 h of secondary challenge with CGG and increases six-
fold before antigen-specific B cells complete their first anti-
gen~driven cell cycle. At this time, the number of antigen-
specific cells is small and the amount of switch transcript
produced per antigen-specific cell in extrafollicular foci is
100 times what is produced on day 4, when exponential
growth of these cells stops (Fig. 6). The early switch activ-
ity seems likely to be associated with cognate interaction
between nonswitched B cells and T cells in the outer T
zone; production of transcripts during cognate interactions
in vitro has been noted (43). The antigen-specific B cells
that are activated during the first 2 d after immunization
undergo extensive proliferation either in the extrafollicular
foci or as part of a germinal center reaction. Switching at
this stage will have a far greater influence on the relative
amounts of each class of antibody that are produced during
a response than a switch event that occurs in a cell that is
about to differentiate into a plasma cell. The lower levels of
switch transcript found after day 3 are likely to be derived
from germinal centers as extrafollicular proliferation of an-
tigen-specific B cells was not apparent at that time. Perhaps
these late switching events are occurring at the time of cen-
trocyte selection by cognate interaction with T cells in the
light zone (44—46). There is a lack of correlation between
the level of switch transcript produced and the size of ger-
minal centers; germinal centers were larger in the primary
response than they were in the secondary response, but

10

-
s PR
T

e
-
}

switch transcript /
Ag-specific cell

L Y
T *

0 1 2 3 4d

A
e
o
Py
+

Figure 6. The level of switch transcript isolated during the response of
CGG-primed mice to NP-CGG or CGG, expressed as a function of the
number of Ag-specific B cells that were detected. The values were calcu-
lated by dividing the amount of switch transcript isolated from each
spleen (shown in Fig. 2 b) by the number of Ag-specific B cells from the
same spleen (shown in Fig. 2 d).
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they were associated with lower levels of switch transcript.
The reason for this finding is not clear and deserves further
investigation.

There is no direct evidence from the present study to in-
dicate the relative contribution of nonswitched memory B
cells and virgin B cells to the production of switch tran-
scripts. Several points suggest that switching occurs in
memory cells as well as in virgin cells. First, the amount of
switch transcript produced after CGG-primed animals were
boosted with CGG was as great as that after boosting with
NP-CGG; it was calculated that >99% of the CGG-spe-
cific B cells recruited in the response to NP-CGG in
CGG-primed mice were memory cells. Some of these
must have been nonswitched, since 8% of the CGG-spe-
cific plasma cells found 4 d after challenge were non-
switched. There also seems to be a persistence of a minority
population of nonswitched CGG-specific cells, since 13%
of CGG-specific plasma cells in the red pulp 14 d after sec-
ondary challenge were IgM™*.

Nonswitched memory B cells are well recognized; these
have been isolated from the human spleen (47, 48), blood
(49), and palatine tonsil (50). The present study indicates
that these cells have the potential to undergo switch re-
combination on recruitment into recall responses. It seems
possible that these nonswitched memory cells are the tar-
gets of neoplastic transformation in multiple myeloma, per-
haps at the time they are induced to undergo switch re-
combination. This disease almost always manifests itself as a
neoplasm of switched plasma cells, but several groups have
identified nonswitched memory B cells in patients that
have the same CDR3 structure and V region mutations as
the neoplastic cells (51-53). This consistent finding suggests
that the neoplasm appears in a cell that has undergone
switch recombination after leaving a germinal center.

Considerable progress has been made by studying the
ability of cytokines to drive class switching. Much of this
research has been carried out in vitro (13, 20, 54-56). A
limited number of experiments in vivo have shown that
administered cytokines or a cytokine encoded by a trans-
gene can markedly modify the class of antibody produced
during an immune response: examples include IL-4 (24,
25) and IL-12 (26). Mice that lack functional genes for [L-4
do not switch to IgE (57), and anti—IL-4 treatment inhibits
IgE responses in normal mice (58). IFN- <y reduces in vivo
IgG1 and IgE upon anti-IgD injection and enhances the
IgG2a response (27).

The relative importance of the different signals that can
induce IgH switch recombination is going to be difficult to
define unless the cells where this process occurs are identi-
fied, and their phenotype plus the phenotype of the sur-
rounding cells are determined. The present study makes a
start toward this direction, but its precision would be greatly
increased if analyses of small areas of tissue sections are
made. The technology for identifying genomic DNA has
been refined down to the single cell level for the analysis of
cells that have been identified by immunohistology (59,
60). Identification of Ig class switching at the DNA level
using the PCR technology is hampered by the size of Ig



switch regions. These span several 1,000 bp, and the site of
recombination can occur at almost any point along this re-
gion (61). Direct PCR amplification over the recombina-
tion site in the genome is impractical because of the vari-
ability of the splicing point, but techniques have been
developed to detect switching using inverse PCR (62).
These techniques have not proved to be sensitive enough
for very small cell numbers, and they only indicate that
switching has taken place, not when it has occurred. Al-
though the presence of switch circles is an indication of re-
cent switch recombination, the same restrictions apply to
their detection by PCR that spans the switch recombina-
tion site within the switch circle (63). RT-PCR from in-
tact isolated single cells that have been sorted on the basis of
their surface molecules is well established (64-66), but im-
munohistology in aqueous solutions carried out on cryostat

tissue sections where the cell contents are exposed inevita-
bly leads to degradation of the exposed mRNA. Pilot ex-
periments in our laboratory have shown that it may be pos-
sible to detect switch transcripts by RT-PCR from RNA
isolated from small areas of cryostat tissue sections that have
been fixed in ethanol. Immunohistology on these sections
has not proved practicable, and cells with a particular phe-
notype have to be identified in a serial section, reducing the
precision of the technique. Nevertheless, it is hoped that it
will be possible by these means to analyze switching at dif-
ferent stages in the development of germinal centers and to
distinguish follicular from extrafollicular switching. By
analysis of the phenotype of cells at the sites of switch re-
combination, it may be possible to obtain more precise in-
formation about the signals that are inducing this process in
different situations in vivo.

This work was supported by a programme grant from the British Medical Research Council.

Address all correspondence to I.C.M. MacLennan, Department of Immunology, University of Birmingham

Medical School, Birmingham B15 2TT.

Received for publication 8 November 1995 and in revised form 19 February 1996.

References

1. Nossal, GJ.V., A. Szenberg, G.L. Ada, and C.M. Austin.
1964. Single cell studies on 19S antibody production. J. Exp.
Med. 119:485-503.

2. Coffman, R.L., and M. Cohn. 1977. The class of surface im-
munoglobulin on virgin and memory B lymphocytes. J. Im-
munol. 118:1806-1815.

3. Cory, S, J. Jackson, and J.M. Adams. 1980. Deletion in the
constant region locus can account for switches in immuno-
globulin heavy chain expression. Nature (Lond.). 285:450-
456.

4. Kataoka, T., T. Kawakami, N. Takahashi, and T. Honjo.
1980. Rearrangement of immunoglobulin gammal chain
gene and mechanism for heavy chain class switch. Proc. Natl.
Acad. Sci. USA. 77:919-923,

5. Rabbits, T.H., A. Forster, W. Dunnick, and D.L. Bentley.
1980. The role of gene deletion in the immunoglobulin
heavy chain switch. Nature (Lond.) 283:351-356.

6. Stavnezer-Nordgren, J., and S. Sirlin. 1986. Specificity of im~
munoglobulin heavy chain switch correlates with activity of
germline heavy chain genes prior to switching. EMBO (Eur.
Mol. Biol, Organ.) J. 5:95-102.

7. Yancopoulos, G.D., R.A. Depinho, K.A. Zimmerman, S.G.
Lutzker, N. Rosenberg, and F.W. Alt. 1986. Secondary ge-
nomic rearrangement events in pre-B cells. VhDJh replace-
ment by a line-1 sequence and directed class switching.
EMBO (Eur. Mol. Biol. Organ) . 5:3259-3266.

8. Berton, M.T., J.W. Uhr, and E.S. Vitetta. 1989. Synthesis of
germ line gamma-1 immunoglobulin heavy chain transcripts
in resting B cells. Induction by interleukin 4 and inhibition
by interferon gamma. Proc. Natl. Acad. Sci. USA. 86:2829—
2833.

9. Lutzker, S., P. Rothman, R. Pollock, R. Coffman, and F.W.
Alt. 1988. Mitogen regulated and IL-4 regulated expression
of germ-line Ig-gamma-2b transcripts. Evidence for directed

2310

heavy chain class switching. Cell. 53:177-184.

10. Esser, C., and A. Radbruch. 1989. Rapid induction of tran-
scription of unrearranged S-gamma-1 switch regions in acti-
vated murine B cells by interleukin-4. EMBO (Eur. Mol.
Biol. Organ.) J. 8:483-488.

11. Jung, S., K. Rajewsky, and A. Radbruch. 1993. Shutdown of
class switch recombination by deletion of a switch region
control element. Science (Wash. DC). 259:984-987.

12. Zhang, J., A. Bottaro, S. Li, V. Stewart, and F.W. Alt. 1993.
A selective defect in IgG2b switching as a result of targeted
mutation of the I-gamma-2b promoter and exon. EMBO
{Eur. Mol. Biol. Organ.) J. 12:3529-3537.

13. Coffman, R.L., D.A. Lebman, and P. Rothman. 1993.
Mechanism and regulation of immunoglobulin isotype
switching. Ady. Immunol. 54:229-270.

14. Reaban, MLE., and J.A. Griffin. 1990. Induction of RNA-
stabilized DNA conformers by transcription of an immuno-
globulin switch region. Nature (Lond.) 348:342-344,

15. Bottaro, A., R. Lansford, L.X. Xu, J. Zhang, P. Rothman,
and F.W. Alt. 1994. S-region transcription per-se promotes
basal IgE class switch recombination but additional factors
regulate the efficiency of the process. EMBO (Eur. Mol. Biol.
Organ.) J. 13:665-674.

16. Daniels, G.A., and M.R. Lieber. 1995. Strand specificity in
the transcriptional targeting of recombination at immunoglob-
ulin switch sequences. Proc. Natl. Acad. Sci. USA. 92:5625—
5629.

17. Lorenz, M., S. Jung, and A. Radbruch. 1995. Switch tran-
scripts in immunoglobulin class switching. Science (Wash.
DC). 267:1825-1828.

18. Sideras, P., S. Bergstedt-Lindqvist, and E. Severinson. 1985.
Partial biochemical characterization of IgG1-inducing factor.
Eur. J. Immunol. 15:593-598.

19. Vitetta, E.S., J. Ohara, C.D. Myers, J.E. Layton, P.H. Kram-

Sites of Immunoglobulin Switch Transcript Production In Vivo



20.

21.

22.

23.

24.

25.

26.

27.

28.

mer, and W.E. Paul. 1985. Serological, biochemical, and
functional identity of B cell stimulatory factor-I and B cell
differentiation factor for IgG1. J. Exp. Med. 162:1726~1731.

Coffiman, R.L., and J. Carty. 1986. A T cell activity that en-
hances polyclonal IgE production and its inhibition by inter-
feron-gamma. J. Immunol. 136:949-954.

Coffman, R.L., J. Ohara, M.W. Bond, J. Carty, A. Zlotnik,
and W.E. Paul. 1986. B-cell stimulatory factor-I enhances
the IgE response of lipopolysaccharide-activated B-cells. J.
Immunol. 136:4538-4541.

Snapper, C.M., and W.E. Paul. 1987. Interferon-gamma and
B-cell stimulatory factor-I reciprocally regulate Ig isotype
production. Science (Wash. DC). 236:944-947.

Morris, S.C., K.B. Madden, JJ. Adamovicz, W.C. Gause,
B.R. Hubbard, M.K. Gately, and F.D. Finkelman. 1994. Ef-
fects of IL-12 on in vivo cytokine gene-expression and Ig
isotype selection. J. Immunol. 152:1047-1056.

Sullivan, L.M., L.A. Bober, M.J. Grace, S. Braun, HD. Ma-
cosko, F. Payvandi, C.C. Pugliesesivo, and S.K. Narula.
1994. Potential interaction of interleukin-4 with endogenous
cytokines in vivo. Pathobiology. 62:59-72.

Leal, LM.C.C., D.W. Moss, R.. Kiihn, W. Miiller, and F.Y.
Liew. 1993. Interleukin-4 transgenic mice of resistant back-
ground are susceptible to Leishmania major infection. Eur. ].
Immunol. 23:566-569.

Buchanan, J.M., L.A. Vogel, V.H. Vancleave, and D.W.
Metzger. 1995. Interleukin-12 alters the isotype restricted an-
tibody response of mice to hen egg white lysozyme. Int. Im-
munol. 7:1519-1528.

Finkelman, F.D., .M. Katona, T.R. Mosmann, and R.L.
Coftman. 1988. IFN-gamma regulates the isotypes of Ig se-
creted during in vivo humoral immune responses. J. Immunol.
140:1022-1027.

MacLennan, I.C.M., YJ. Liu, and N.R. Ling. 1988. B-cell
proliferation in follicles, germinal center formation and the
site of neoplastic transformation in Burkitt’s lymphoma. Curr.
Top. Microbiol. Immunol. 141:138-148.

29. Jacob, J., R. Kassir, and G. Kelsoe. 1991. In situ studies of the

30.

31.

32.

33.

primary immune response to (4-hydroxy-3-nitrophenyl)acetyl.
I. The architecture and dynamics of responding cell popula-
tions. J. Exp. Med. 173:1165-1175.

Liu, YJ.,, J. Zhang, P]J.L. Lane, E.Y.T. Chan, and L.C.M.
MacLennan. 1991. Sites of specific B cell activation in pri-
mary and secondary responses to T-cell-dependent and
T-cell-independent antigens. Eur. J. Immunol. 21:2951-2962.
MacLennan, I.C.M. 1994, Germinal centers. Annu. Rev. Im-
munol. 12:117-139.

Chase, M.W. 1967. Preparation of immunogens. In Methods
in Immunology and Immunochemistry. C.A. Williams and
M.W. Chase, editors. Academic Press, New York. 197-209.
Nossal, G.J.V., and M. Karvelas. 1990. Soluble antigen abro-
gates the appearance of anti protein IgG1 forming cell pre-
cursors during primary immunization. Proc. Natl. Acad. Sci.
USA. 87:1615-1619.

34. Johnson, G.D. 1989. Immunofluorescence. In Antibodies, A

35.

Practical Approach, D. Catty, editor IRL Press, Oxford.
179-200.
Weibel, E.R. 1963. Principles and methods for the morpho-
metric study of the lung and other organs. Lab. Invest. 12:
131-155.

36. Jakobsen, K.S., E. Breivold, and E. Homes. 1990. Purifica-

tion of messenger-RINA directly from crude plant-tissues in
15 min using magnetic oligo dT microspheres. Nucd. Acids

2311 Toellner et al.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48,

49.

50.

51.

Res. 18:3669.

Thyphronitis, G., .M. Katona, W.C. Gause, and F.D.
Finkelman. 1993. Germline and productive C epsilon gene
expression during in vivo IgE responses. J. Immunol. 151:
4128-4136.

Weinstein, P.D., and JJ. Cebra. 1991. The preference for
switching to IgA expression by Peyer’s patch germinal center
B cells is likely due to the intrinsic influence of their mi-
croenvironment. J. Immunol. 147:4126~4135.

Islam, K.B., B. Baskin, B. Christensson, L. Hammarstrém,
and C.I.E. Smith. 1994. In vivo expression of human immu-
noglobulin germ-line mRNA in normal and in immunodefi-
cient individuals. Clin. Exp. Immunol. 95:3-9.

Ling, N.R., I.C.M. MacLennan, and D.Y. Mason. 1987. B-cell
and plasma cell antigens: new and previously defined clusters.
In Leucocyte Typing III: White Cell Differentiation Anti-
gens, AJ. McMichael, P.C.L. Beverley, S. Cobbold, M,].
Crumpton, W. Gilks, F.M. Gotch, N. Hogg, M. Horton, N.
Ling, I.C.M. MacLennan, et al., editors. Oxford University
Press, Oxford. 302-335.

Velardi, A., M.C. Mingari, L. Moretta, and C.E. Grossi.
1986. Functional analysis of cloned germinal center CD4*
cells with natural killer cell related features. Divergence from
typical T-helper cells. J. Immunol. 137:2808-2813.

Bowen, M.B.,, A W. Butch, C.A. Parvin, A. Levine, and
M.H. Nahm. 1991. Germinal center T cells are distinct
helper inducer T cells. Hum. Immunol. 31:67-75.

Berton, M.T., and E.S. Vitetta. 1992. IL-4-induced expres-
sion of germline gamma-1 transcripts in B cells following
cognate interactions with T helper cells. Int. Immunol. 4:387—
396.

Gray, D., P. Dullforce, and S. Jainandunsing. 1994. Memory
B cell development but not germinal center formation is im-
paired by in vivo blockade of CD40-CDA40 ligand interac-
tion. J. Exp. Med. 180:141-155,

Casamayor-Palleja, M., M. Khan, and [.C.M. MacLennan.
1995. A subset of CD4(*) memory T cells contains pre-
formed CD40 ligand that is rapidly but transiently expressed
on their surface after activation through the T cell receptor
complex. J. Exp. Med. 181:1293-1301.

Han, S.H., K. Hathcock, B. Zheng, T.B. Kepler, R. Hodes,
and G. Kelsoe. 1995. Cellular interaction in germinal centers.
Roles of CD40 ligand and B7-2 in established germinal cen-
ters. J. Immunol. 155:556-567.

Dunn-Walters, D.K., P.G. Isaacson, and J. Spencer. 1995.
Analysis of mutations in immunoglobulin heavy chain vari-
able region genes of microdissected marginal zone (MGZ) B
cells suggests that the MGZ of human spleen is a reservoir of
memory B cells. J. Exp. Med. 182:559-566.

Insel, R.A., W.S. Varade, and E. Marin. 1994. Human
splenic IgM immunoglobulin transcripts are mutated at high
frequency. Mol. Immunol. 31:383~392.

Van Es, J.H., FH]J.G. Meyling, and T. Logtenberg. 1992.
High frequency of somatically mutated IgM molecules in the
human adult blood B cell repertoire. Eur. J. Immunol. 22:
2761-2764.

Pascual, V., YJ. Liu, A. Magalski, O. Debouteiller, J.
Banchereau, and ].D. Capra. 1994. Analysis of somatic muta-~
tion in 5 B cell subsets of human tonsil. J. Exp. Med. 180:
329-339.

Billadeau, D., G. Ahmann, P. Greipp, and B. Vanness. 1993.
The bone marrow of multiple myeloma patients contains B
cell populations at different stages of differentiation that are



52.

53.

54.

55.

56.

57.

58.

59.

clonally related to the malignant plasma cell. J. Exp. Med.
178:1023-1031.

Corradini, P., M. Boccadoro, C. Voena, and A. Pileri. 1993.
Evidence for a bone marrow B cell transcribing malignant
plasma cell VDJ joined to Cp sequence in immunoglobulin
(IgG)-secreting and IgA-secreting multiple myelomas. J. Exp.
Med. 178:1091-1096.

Bakkus, M.H.C., I. Vanriet, B. Vancamp, and K. Thiele-
mans. 1994. Evidence that the clonogenic cell in multiple
myeloma originates from a pre-switched but somatically mu-
tated B cell. Brit. J. Haematol. 87:68-74.

Isakson, P.C., E. Pure, E.S. Vitetta, and P.H. Krammer.
1982. T cell derived B cell differentiation factor(s). Effect on
the isotype switch of murine B cells. J. Exp. Med. 155:734—
748.

Bergstedt-Lindqvist, S., P. Sideras, HR. MacDonald, and E.
Severinson. 1984. Regulation of Ig class secretion by soluble
products of certain T cell lines. Immunol. Rev. 78:25~-50.
Coffiman, R.L., D.A. Lebman, and B. Shrader. 1989. Trans-
forming growth factor-beta specifically enhances IgA produc-
tion by lipopolysaccharide-stimulated murine lymphocytes B.
J. Exp. Med. 170:1039-1044.

Kiihn, R., K. Rajewsky, and W. Miiller. 1991. Generation
and analysis of interleukin-4 deficient mice. Science (Wash.
DC). 254:707-710.

Finkelman, F.D., J. Holmes, .M. Katona, J.F. Urban, M.P.
Beckmann, L.S. Park, K.A. Schooley, R.L. Coffman, T.R.
Mosmann, and W.E. Paul. 1990. Lymphokine control of in
vivo immunoglobulin isotype selection. Annu. Rev. Immunol.
8:303-333.

Kiippers, R., M. Zhao, M.L. Hansmann, and K. Rajewsky.

2312

60.

61.

62.

63.

64.

65.

66.

1993. Tracing B-cell development in human germinal-cen-
ters by molecular analysis of single cells picked from histolog-
ical sections. EMBO (Eur. Mol. Biol. Organ.) J. 12:4955-
4967.

Zheng, B., W. Xue, and G. Kelsoe. 1994. Locus specific so-
matic hypermutation in germinal center T cells. Nature (Lond.).
372:556-559.

Gntzmacher, C.A. 1989. Molecular aspects of heavy chain
class switching. Crit. Rev. Immunol. 9:173-200.

Chu, C.C., W.E. Paul, and E.E. Max. 1992. Quantitation of
immunoglobulin mu-gamma-1 heavy chain switch region re-
combination by a digestion circularization polymerase chain
reaction method. Proc. Natl. Acad. Sci. USA. §9:6978-6982.
Zhang, K., F.C. Mills, and A. Saxon. 1994. Switch circles
from IL-4 directed epsilon class switching from human B
lymphocytes. Evidence for direct, sequential, and multiple
step sequential switch from mu to epsilon Ig heavy chain
gene. J. Immunol. 152:3427-3435.

Brady, G., and N.N. Iscove. 1993. Construction of cDNA li-
braries from single cells. Methods Enzymol, 225:611-623.
Triimper, L.H., G. Brady, A. Bagg, D. Gray, S.L. Loke, H.
Gnesser, R. Wagman, R. Braziel, R.D. Gascoyne, S. Vicini,
et al. 1993. Single cell analysis of Hodgkin and Reed Stern-
berg cells. Molecular heterogeneity of gene expression and
p53 mutations. Blood. 81:3097-3115.

Toellner, K.-M., D. Scheel-Toellner, R. Sprenger, M.
Duchrow, L.H. Triimper, M. Ernst, H.-D. Flad, and J. Ger-
des. 1995. The human germinal center cells, follicular den-
dritic cells and germinal center T-cells produce B-cell-stimu-
lating cytokines. Cytokine. 7:344~354.

Sites of Immunoglobulin Switch Transcript Production In Vivo



