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IgMa+b- cells do not harbor cryptic but productive VH7183-
DH-JH rearrangements on the WTb allele
To test the possibility that the presence of Em on the VHEma allele 
was in some way prohibiting surface expression of a m-chain 
from the other productively rearranged Ighb allele, we sorted 
IgMa+b2 cells (single producers) from both VHDa/WTb and 
VHEma/WTb mice and cloned VH7183-DH-JH rearrangements 
that had taken place on the WTb allele. In an initial experiment 
focusing only on VHDa/WTb mice, four out of five VH7183-DH-
JH rearrangements on the WTb allele cloned from IgMa+b2 cells 
were unproductive, whereas seven out of seven VH7183-DH-JH 
rearrangements cloned from the same WT allele but from 
IgMa+b+ cells (double producers) were productive (unpublished 
data). In a second experiment involving both VHDa/WTb and 
VHEma/WTb mice, all VH7183-DH-JH rearrangements on the 
WTb allele cloned from IgMa+b2 cells (single producers) were 
unproductive (14 unique clones from VHDa/WTb cells and 18 
unique clones from VHEma/WTb cells; unpublished data). Sur-
face expression, therefore, faithfully reflects VDJ assembly status 
on the WT Ighb allele, providing no support for a model of Em-
dependent and allele-specific silencing.

Double-producers in VHDa/WTb mice are enriched among marginal zone B cells in spleen and B1 B cells in the peritoneal cavity
As shown in Fig. 3, double producers were found in large numbers in the peritoneal cavity of VHDa/WTb mice. Three kinds 
of phenotypically and functionally distinct B cell populations have been described in both mice and people: follicular B cells 
(also known as conventional B cells or B2 B cells), marginal zone (MZ) B cells, and B-1 B cells. Follicular and MZ B cells, as 
their names imply, occupy distinct regions in the spleen and can be distinguished by surface phenotype (Martin, F., and J.F. 
Kearney. 2002. Nat. Rev. Immunol. 2:323–335). Follicular B cells make up the majority of B cells in blood, lymph nodes, and 
spleen. The peritoneal cavity, on the other hand, is largely populated by B-1 B cells, although B-1 B cells are also found in 
small numbers elsewhere. B-1 B cells are subdivided into those that do (B1a) and those that do not (B1b) express CD5.

Using markers to distinguish marginal zone and follicular B cells, we examined VHDa/WTb mice and found that the single-
producers were predominantly of the follicular cell phenotype (CD23hi, CD21lo, IgDhi, IgM+; Supplemental Fig. 2). In con-
trast, the double-producers in these animals were almost equally divided between those with the follicular and those with the 
MZ phenotype (CD23lo, CD21hi, IgDlo, IgMhi). In the peritoneal cavity, both VHDa/WTb and VHEma/WTb mice had reduced 
numbers of cells with the B1 phenotype (relative to WTa/WTb mice; Fig. S2). When we analyzed the peritoneal cells for IgMa 
and IgMb, however, IgMa+b2 single producers were almost uniformly of the B2 phenotype (IgDhiCD52IgM+B220+), whereas 
a large proportion of the double producers had a B1 phenotype (IgDdull CD5+/2IgMhiB220lo) (Fig. S2). In fact, among CD5+ 
cells in the peritoneal cavity, almost all proved to be double producers.

Double producers in fetal liver and newborn spleen
To test the hypothesis that double producers were arising more frequently within progenitors to B1 B cells, fetal livers from six 
VHDa/WTb embryos (day 16–18, approximately) were examined for IgM+ cells. B220+ cells were gated for analysis of the two 
Igh allotypes. As shown in Fig. S1 A, IgMa+b2 cells were detected in these fetal livers, but there were no obvious double pro-
ducers, lending no support for the idea that B1 B cell progenitors are enriched for double producers.

To determine whether double producers dominated among the early migrants to spleen, spleen cells were isolated from 
newborn mice. As illustrated in Fig. S3 (and quantified in Fig. 3C), double producers in newborn spleen made up a mean of 
4.4% IgM+ cells, much as in the immature B cells of BM. Taken together, these data suggest that the large number of double 
producers consistently found in the spleens of VHDa/WTb mice (~20%) results from peripheral expansion of a small pool of cells 
arising in the BM. The double producers found in the peritoneal cavity may similarly result from peripheral expansion of a small 
pool arising in fetal liver.

Figure S1.  PCR analysis of WT and mutant F1 mice. Top, primers 
generate 322-bpproduct from WT Igh alleles and 848-bp product from VH 
knockin alleles. Bottom, primers generate ~1,500-bp product before and 
400-bp product after deletion of neoR.
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Figure S2.  Surface phenotype of double-producers in spleen and peritoneal cavity of VH∆a/WTb mice. (A) CD23, CD21, IgD, and IgM expression on 
splenic IgMa+b2 cells (single producers; shaded curve) and IgMa+b+ cells (double producers; dark line). Non-B cells were included as controls (IgMa2b2; 
dotted line). Cells were gated on the basis of IgMa and IgMb expression and histograms generated for expression of the third surface marker. (B) IgD ex-
pression on peritoneal cells (plotted versus forward scatter [FSC]). Percentage of total cells in three IgD gates (negative, dull, high) provided. (C) IgD levels 
on peritoneal cells gated as IgMa2b2, IgMa+b2, and IgMa+b+. Left, contour plot of anti-IgMa and anti-IgMb staining, with gates and percentage of total cells 
indicated. Right, histogram of IgD levels on gated populations as in A. (D) IgM allotype expression on peritoneal cells. Cells were stained with antibodies 
to CD5, IgMa, and IgMb. Cells gated on the basis of CD5 and IgMa expression (left) were analyzed for IgMa and IgMb expression (middle and right).
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Figure S3.  Ontogeny of double-producers in heterozygous VH∆a/WTb mice. (A) IgM allotype expression in adult BM and fetal liver of VH∆a/WTb mice. 
Lymphocytes isolated from one adult BM or pooled from six fetal livers (z16–18-d embryos) were stained with FITC-conjugated anti–mouse IgMb, PE-
conjugated anti–mouse IgMa, and APC-conjugated anti–mouse B220. Plots shown are gated for B220+ cells. Numbers shown are IgMa+b+/IgM cells 3 100. 
(B) IgM allotype expression in splenic lymphocytes of a newborn C57BL/6 (WTb/WTb) mouse, a VH∆a/VH∆a homozygous mouse, and a VH∆a/WTb heterozy-
gous mouse (representative of two mice analyzed). Spleen cells from z2–3-d-old newborn mice were stained with FITC-conjugated anti–mouse IgMb and 
PE-conjugated anti–mouse IgMa. Numbers shown are IgMa+b+/IgM cells 3 100. *, In these cases, the number shown is IgMa+b+/(IgMa+b2 + IgMa+b+) 3 100 
because the signals in the bottom right quadrant are a result of background staining that is present in mice that lack Ighb allele (middle).
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Figure S4.  Quantitative analysis of V-DJ rearrangements. (A) Representative blot of HS4 PCR products using twofold serially diluted DNA samples. 
Dilutions of four independent samples are shown. PCRs were carried out as described in Materials and methods except that the 30-cycle PCR was re-
duced to 20 cycles. (B) Representative blots of VDJ PCR products using two-fold serially diluted DNA samples as template. Methods were as described in 
Fig. 5B. Dilutions of three independent samples are shown. (C) Quantitative analysis (ImageQuant) of HS4 blots like that shown in A. Dilutions of a total of 
eight independent samples were included in these analyses. For each set of twofold serially diluted samples, the amount of template in the first sample 
was assigned a value of 1, the second a value of ½, the third ¼, and so on. Relative amount of PCR product for each dilution point in a series was calcu-
lated as follows: sum of template amount used in the dilution series (e.g., 1 + ½ + ¼ for a series of three dilutions) 3 (ImageQuant reading of the PCR 
product for the sample in question)/ (ImageQuant reading of the sum of the products in the dilution series). The graph is the best-fit line for data col-
lected from eight sets of twofold serially diluted samples (Microsoft Excel trendline). (D–F) Quantitative analysis (ImageQuant) was performed as de-
scribed in C for VDJ rearrangements using the promiscuous VH primer (D), the VHJ558 family primer (E), and the VH7183 family primer (F). D–F are each 
plots of data collected from 14 independent twofold serial dilutions. Error bars show SD.
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Table S1.  Absolute cell numbers in WT and mutant mice
Ighb(n = 3) VHEma/VHEma(n = 3) VHDa/VHDa(n = 3)

BM (3 106)
  Total cells 25.83 ± 2.84 21.83 ± 6.45 21.50 ± 1.00
  Lymphocytes  7.22 ± 0.24  4.94 ± 1.17  5.10 ± 0.56
  B220+  4.20 ± 0.12  1.84 ± 0.44*  2.22 ± 0.37*
  Pro-B  0.49 ± 0.07  0.27 ± 0.06*  0.35 ± 0.10
  Pre-B  2.09 ± 0.26  0.78 ± 0.17*  0.88 ± 0.31*
  Immature B  0.44 ± 0.05  0.21 ± 0.07*  0.19 ± 0.07*
  Mature B  0.88 ± 0.13  0.40 ± 0.14*  0.53 ± 0.20*

Spleen (3 106)
  Total cells 33.00 ± 2.18 31.67 ± 4.80 36.50 ± 5.07
  Lymphocytes 26.85 ± 2.88 25.46 ± 4.09 29.59 ± 3.59
  B cells 14.36 ± 2.68 12.97 ± 2.32 14.60 ± 0.40
  T cells  9.28 ± 0.67  9.61 ± 1.35 11.16 ± 1.95

Cells recovered from BM and spleen of individual mice were counted (total cells). Aliquots were stained for B-lineage markers (B220, CD43, IgD, and IgM in BM) and for CD3-ε 
(T cells) and B220 (B cells) in spleen. Cell number for lymphocyte subpopulations were calculated based on total cell count and the percentage of total cells comprising each 
subpopulation (determined by flow cytometry). *, P < 0.001 (vs. Ighb/Ighb) by two-tailed Student’s t-test. n = number of animals.

Figure S5.  Pie charts showing relative usage of Jk gene segments in splenic B cells from WT and mutant mice. Each PCR product was quantified 
(e.g., Vk-Jk4 products) and proportion for each PCR product was assigned relative to the summed value for all of the products (e.g., Vk-Jk4/(Vk-Jk1 + 
Vk-Jk2 + Vk-Jk4 + Vk-Jk5). Vk-Jk1 and Vk-Jk2 PCR product values were pooled for these analyses.
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Table S2.  VH-DH-JH4 junction sequences on the WT Ighb allele of VHDa/WTb and VHEma/WTb pre-B cells. 

VH7183DHJH4 rearrangements were cloned by PCR from genomic DNA of isolated pre-B cells using a VH7183 family primer and JH4 primer. DNA sequences were analyzed by the IMGT/V-
QUEST program (http://imgt.cines.fr). Because of ambiguity, assigned DH genes were manually revised where necessary, using IMGT/V-QUEST results as guidance, and junctions without a 
perfect alignment of seven or more nucleotides to a C57BL/6 DH gene were not assigned a DH gene. P, productive; NP, non-productive. CDR3 lengths were given for productive clones (the 
IMGT/V-QUEST program assigns the CDR3 to sequences between Cys 104 in the VH and Trp/Phe in the conserved Trp/Phe-Gly-X-Gly motif in JH). Clones were isolated in two separate 
experiments: in one experiment, clones were obtained from pre-B cells of an individual VHEma/WTb and an individual VHDa/WTb mouse; in the second experiment, pre-B cells were isolated 
from a pool of two mice for each genotype. *, in this rearrangement, the VH and JH genes can be identified, but the Cys 104 was missing so the junction was not analyzed. **, the VH used in 
this rearrangement is from another (non 7183) VH family.


