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Summary

Although the rabbit igH locus contains approximately
100 VH genes, the majority of B cells rearrange VH1.
To produce a primary repertoire containing a sufficient
number of protective antibodies, rearranged VH1-DH-
JH sequences may diversify within rabbit B cells in an
organ that functions like a chicken bursa, sheep ileal
Peyer’s patch, or both. It was suggested many years
ago that the rabbit appendix could be a bursal equiva-
lent. To reexamine this possibility, we analyzed re-
arranged heavy chain variable region sequences in B
cells from light and dark zones of appendix germinal
centers from 6-week-old rabbits. Our findings indicate
that antibody diversification occurs by gene conver-
slon-like and somatic hypermutation mechanisms in
appendix germinal centers of young rabbits.

Introduction

Early in life, different antibodies with unique binding speci-
ficities are generated that protect against a muiltitude of
invasive antigens. In species such as humans, mice, and
rats, combinatorial assortment contributes to antibody di-
versity. This random joining of one of many distinct germ-
line variable region VH, diversity (DH), and joining (JH)
gene segments for the heavy chain; VL and JL for the light
chain (reviewed by Blackwell and Alt, 1988), has been
described as the generation of a high copy number primary
antibody repertoire (Cohn and Langman, 1990; Langman
and Cohn, 1993). Diversification of the amino acid se-
quences in the third complementarity determining region
(CDRB3) during recombination occurs because of impre-
cise coding joint formation. The coding ends of VH, DH,
and JH genes may be shortened by exonuclease activity
or lengthened by P and N nucleotide additions (McCor-
mack et al., 1989; LaFaille et al., 1989; Alt and Baltimore,
1982).

Not all species use combinatorial mechanisms to pro-
duce a diverse primary antibody repertoire. In chickens,
with only one rearranging VH and VL gene, upstream VH
and VL pseudogenes are used as DNA donors to diversify
the rearranged V by gene conversion (Reynaud et al,,

1987, 1989; Thompson and Neiman, 1987). Some junc-
tional diversity and somatic hypermutation also occurs
(Parvari et al., 1990). The diversification of rearranged
chicken V genes occurs in the bursaof Fabricius, a primary
lymphoid organ located in the hind gut (Glick et al., 1956).
Due to a limited pool of functional VL genes, sheep diver-
sify their rearranged light chain variable region genes in

-a peripherally located primary lymphoid organ, the ileal

Peyer's patch (Reynaud et al., 1991). Unlike chickens,
sheep appear to use only somatic hypermutation for VL
sequence diversification (Reynaud et al., 1991).

The rabbit IgH locus contains one gene family, VHIII,
with approximately 100 VH genes (reviewed by Knight,
1992; Mage, 1993). Many are pseudogenes, but several
can and do rearrange (Allegrucci et al., 1991; Short et al.,
1991; Chen et al., 1993). Of peripheral B cells in normal
rabbits that have undergone a productive VH-DH-JH
gene rearrangement, 80%-95% utilize the VHa allotype-
encoding VH1 gene, which is located at the 3’ end of the
VH cluster (Becker et al., 1990; Knight and Becker, 1990;
Becker and Knight, 1990; Allegrucci et al., 1991). The utili-
zation of VH1 by a majority of rabbit B cells thus limits the
contribution of combinatorial diversity to production of the
primary high copy number antibody repertoire (Langman
and Cohn, 1993). The production of the vast array of anti-
gen-binding sites that protect the rabbit may involve mech-
anisms to diversify rearranged VH1-DH-JH that share
some similarity to those in chickens and sheep. Evidence
presented by several laboratories has suggested that in
peripheral B cells of the rabbit, donor DNA from upstream
VH gene sequences was used in a gene conversion-like
process to generate diversity of rearranged VH-DH-JH
sequences (Becker and Knight, 1990; Roux et al., 1991).
The lymphoid organs and compartments in which this di-
versitication occurs in rabbits were not determined. In con-
trast with data on the chicken, where sequential segmental
gene conversion events have been shown to leave donor
sequences unaltered (Carlson et al., 1990), the nonrecip-
rocal nature of the mechanism used by rabbits remains
to be documented. Hence, we refer to the mechanism in
rabbits as gene conversion-like.

Recently, we showed through a comprehensive immuno-
histochemical examination of the appendixes of 6-week-old
rabbits that this lymphoid organ shares several morpho-
logical cellular distribution and cell surface glycosylation
features with both the chicken bursa and sheep IPP (SIPP)
(P. D. W. et al., submitted). For example, the germinal
centers (GC) of the chicken bursa and SIPP are devoid
of CD4 and CD8 T cells (Aleksandersen et al., 1990; Land-
sverk et al., 1991; Kon-Ogura et al., 1993), as are those
of the appendix of the 6-week-old rabbit (P. D. W. et al.,
submitted). Histologically, GCs of secondary lymphoid tis-
sues contain a peripheral dark zone (DZ) comprised of
tightly packed large proliferating B cells with little surface
immunoglobulin and a central light zone (LZ) thinly popu-
lated with small and large B cells, macrophages, and follic-
ular dendritic cells (FDC). The GCs of the appendix from
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Figure 1. Summary of Methods Used to Obtain Rabbit Appendix Germinal Center B Cells and their Corresponding VH DNA for Sequencing

(A) The rabbit appendix is a gut-associated lymphoid tissue composed of several hundred B celf foliicles arranged in a spiral with each surrounded
by other foliicles on all sides. Each follicle is composed of a follicle-associated epithelium that protrudes into the lumen and through which antigen
enters the appendix; a dome region containing small IgM* and IgA* B cells and FDC; and a GC with an average cell number of ~2 x 10° compared
with ~1 x 10%*in a GC of human lymph node (Kuppers et al., 1993). The GC consists of a DZ with large proliferating B ceils expressing IgM and
a LZ with FDC (a), scattered macrophages (b), and small B cells expressing either IgM or IgA. Between each follicle is the interfollicutar region
containing primarily CD4* T cells, a few FDC, and high endothelial venules (HEV). In young rabbits, this is the only region containing CD4* or
CDB8" T cells. This follicular and interfollicular organization is similar to that found in the sheep ileal Peyer's patch and chicken bursa of Fabricius.
(B) A 7 um semithin section of 6 week rabbit appendix stained with succinylated wheat germ agglutinin. The dark staining of celis in the LZ and
faint staining of cells in the DZ was the basis for isolation of B cells from the two GC regions. Scale bar represents 2.5 mm.

(C) A 7 um semithin section of & week rabbit appendix stained with succinylated wheat germ agglutinin showing regions where B cells were
collected using an Eppendorf micromanipulator. Two scrapings were taken from each GC DZ or LZ. Note a border of two or three cells left between
the LZ and the DZ. Scale bar represents 2.5 mm.

(D) Summary of PCR strategy and oligonucleotide primers and probes. The primers PDW1, PDW3, and M10 had added bases and EcoRl restriction
enzyme sites (shown in upper case letters) used to clone PCR products. The initial PCR of 35 cycles used the 5’ primer, PDW1, and the 3’ primer,
M10, (Chen et al., 1993). The second set of 35 cycles used a new 5 primer, PDW3, corresponding to a highty conserved sequence in framework
region 2 (FR2) and the same 3’ primer (M10). Two oligonucleotide probes (M8 and M16), whose sequences are underlined, were used to identify
bacterial colonies containing the cloned PCR-amplified VH DNA. The final amplified product collected after the second PCR was ~ 250 bp. A
portion of the germline VH1a2 sequence is shown with the overlapping sequence motifs of Betz et al. (1993) and Chou and Morrison (1993),
hightighted in reverse font near amino acid positions 36 and 62; also highlighted is a recombination signal sequence heptamer motif near Leu
75 (amino acids numbered according to Kabat et al., 1991).
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a 6-week-old rabbit are similarly organized (Figure 1A)
(Waksmanetal., 1973; Nieuwenhuis et al., 1974; P. D. W.
et al., submitted). In the GCs of secondary lymphoid tis-
sues, changes in individual nucleotides of V region se-
quences resulting from a process of somatic hypermuta-
tion and antigen-directed selection lead to emergence and
expansion of B cell clones producing antibody proteins
with increased affinity for a specific antigen. The GCs that
arise in primary lymphoid organs may also be formed by
B cells stimulated by antigens, mitogens, or other media-
tors of proliferation; these reactions may not necessarily
be specific for one particular antigen (Reynolds and Mor-
ris, 1984; Ekino, 1993; Weinstein et al., 1993). In the SIPP
and the chicken bursa, initial GC formation can appear
prenatally before exposure to environmental antigens. In
contrast, GC formation in the rabbit appendix appears to
be completely dependent on antigens sampled from the
gut (Stepénkova et al., 1980; Tlaskalov4a-Hogenova and
Stepankov4, 1980). We did not detect organized rabbit
appendix GCs until approximately 2 weeks after birth
(P. D. W. et al., submitted).

About 30 years ago, before analysis of the molecular
genetic events that occur during B cell development was
possible, several groups suggested that the rabbit appen-
dix might serve a function analogous to that of the chicken
bursa as a peripheral primary lymphoid organ (Archer et
al., 1963; Sutherland et al., 1963; Cooper et al., 1968).
Among the lines of reasoning that contributed to this belief
were its location in the gastrointestinal tract, the de-
pressed levels of immunoglobulin in the serum of appen-
dectomized newborn rabbits, and the inability of appen-
dectomized newborn rabbits to populate completely
known secondary lymphoid organs such as spleen and
lymph nodes. ‘

For the reasons outlined above, we set out to determine
whether development of a diversified primary antibody
repertoire occurs in the GCs of the young rabbit appendix.
Rearranged heavy chain variable region genes from B
cells that were isolated from both the LZ and the DZ of
several 6-week-old rabbit appendix GCs were cloned and
sequenced. Examination of these sequences strongly
suggests that the generation of a primary antibody reper-
toire occurs early in rabbit B cell development within ap-
pendix GCs, probably through both gene conversion-like
and somatic hypermutation mechanisms.

Results

Lectin Staining, Cell Collection, and PCR
Ampilification of Rearranged VH Genes

from the Rabbit Appendix

Through the selective binding of the lectin succinylated
wheat germ agglutinin, we distinguished two GC regions
from each other by the intensity of their staining following
histochemistry; darkly staining cells in the LZ and faintly
staining cells in the DZ (Figure 1B). This allowed us to-use
an Eppendorf micromanipulator to isolate LZ.and DZ B
celis from 7 um semithin sections from tissue taken about
1 c¢m from the tip of the rabbit appendix (Figure 1C). Two
samples were taken from each DZ and LZ of an individual

GC and extracts were prepared in a manner similar to that
described for studies of somatic hypermutation in mouse
splenic GC (Jacob et al., 1991) and human lymph node
GC (Kuppers et al., 1993). PCR primers corresponding
to conserved sequences were used in a two step DNA
amplification reaction, in which the second PCR relied on
heminesting with an internal primer at the 5’ end of the
intended DNA product (Figure 1D). Rearranged genes
(VH-DH-JH) in DNA extracts from the DZs and LZs of
several appendix GCs were amplified. Of the extracts,
50%-75% yielded PCR products. This yield compares
favorably with results obtained by other laboratories using
similar conditions (Jacob et al.,1991). PCR products were
purified, subcloned, and clones positive when hybridized
with two oligonucleotide probes (M8 and M16, Figure 1D)
with specificity for VHa-positive sequences, were selected
for sequencing. All the cloned DNA products that we se-
quenced appear to have rearranged the VH1a2 gene seg-
ment, several different DH genes, and two JH genes, JH4
(Becker et al., 1989) and JHx (Chen et al., 1993); JHx
may correspond to the recently reported JH6 (Friedman
et al., 1994).

Diversification within the Dark and Light Zones

of Individual Germinal Centers

The rearranged VH gene sequences we obtained from 6
week rabbit appendix GCs originated from relatively few
progenitors (Figure 2; see Figure 4, see Figure 5). Al-
though as many as 10° cells may have been present in
the original scraping, PCR amplification of 5 ul from a
25 ul DNA extract yielded one to four unique sequences
before identical sequences began to recur, at which time
we initiated examination of another DZ or LZ. The se-
quences can be traced back to one or more unique pro-
genitors based on similarities in use of DH and JH gene
sequences and the nucleotides added at the coding junc-
tions. This allowed us to draw evolutionary trees showing
clonal relationships based on the changes in the DNA se-
quences from B cells collected from a single GC. Our re-
sults show that an ongoing diversification process occurs
within the rearranged heavy chain variable region se-
quence in B cells of appendix GCs.

The sequences obtained from B cell DNA from the DZ
of GC 2631 indicate that they all originated from a common
progenitor B cell. Each sequence had a replacement of
Arg with Lys at the V-D junction position 94 and identical
DH-JH (Figure 2A). The VH sequences were highly diver-
sified in CDR2, with three distinct blocks of changes; one
clone, 2631 DZ 11.1.10 contained a three bp insertion
(TAT-Tyr) in CDR2 (Figure 2A). This type of change is
not associated with somatic hypermutation, but could be
accounted for by gene conversion. Although a search of
the available database of germline VH gene sequences
for possible donor genes did not reveal an identical donor
sequence, several sequences with high similarity to the
altered region were found (Figure 3A). RVH705 from a
VHaz2 rabbit (Roux etal., 1991), as well as germline genes
VH3a1 (from the different VHa1 allelic type) and RVH832
(from a rabbit of unknown VHa allotype) (McCormack et
al., 1985), each carry the Lys 43 codon and the silent
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Figure 2. Sequences 6! Rearranged VH Genes from Two DZ and One LZ from a Single GC Compared with Germline VH1a2, DH, and JH

Amino acids are numbered according to Kabat et al. (1991). Dots signify identity to germline DNA sequence and only base changes and amino
acid replacements are shown. Lower case letters show the sequences of the PCR primers at the 5' end in FR2 and the 3’ JH primer is also shown
in (A). 2611DZ and 2611LZ were isolated from the same GC tissue section; 2631DZ came from a section of the same GC 7 um from 2611. In
each GC region, Isolated cells appear to have arisen from a common progenitor as diagrammed next to each set of sequences,

change in the Glu codon in FR2 (Figure 3A). RVH705 en-
codes the Tyr, Ala, Gly, and Thr codons in CDR2, and the
Phe 67 codon in FR3 (Figure 3A); the Val 63 and Asn
64 codons are not found in this gene. However, another
germline gene, RVHB832, has the Val, Asn, and Gly codons

at amino acid positions 63-65. A potential donor gene
similar to these known genes might be identical to 11:1.40,
beginning with the changes in FR2 and extending-into
FR3; alternatively, 11.1:10 may have acquired additional-
changes during one or more rounds of gene conversion or
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Figure 3. Possible' DNA Donors for Gene Conversion of Different Diversified VH Sequences : : . .

(A~F) Amino acids are numbered according t Kabat et al. {(1991). The germiine VH1a2 sequences are shown atthe top, andthe cloned PCR-amplified
rearranged VH gene sequences at the bottom of each panel. Between these, possible gene conversion donors are shown with identical sequences
contained in the black box. As discussed in the text, two cDNA sequences from Chen et al. (1993), BB1M2 (D) and BB4G 18 (F) (GenBank accession
numbers M99548 and M99534), are included. We suggest these may be examples of sequences that shared a common donor with the diversified

sequence we found.

somatic hypermutation. A potential DNA donor sequence
was also identified for the gene conversion-like changes
in CDR2 of clone 11.1.8 (Figure 3B). RVH799 (Roux et
al., 1991) can account for all the changes found in CDR2
of this clone. .

Clones 11.1.11, 11.1.6, and 11.1.5 share replacement
changes in CDR2 that probably occurred through gene
conversion; however, the potential DNA donor sequence
has not yet been identified. These clones also contain a
2 bp change at amino acid position. 75, leading to replace-
ment of Leu with Glu that was not shared by clonally related
11.1.8 and 11.1.10 (see Figure 2A). This change is im-
portant because it was found in ghe or more of the DNA
clones in five of the eight GC regions we examined. The

i Yy
.
o

e

Glu codorlhas been observed at this position Fﬁ anumber
of expressed cDNA sequences from animals of the VHa2
allotype (Bernstein et al., 1982, 1983; Chen et al., 1993)
and was included as a possible VHa2 allotype-correlated
amino acid (Mage et al., 1984). Clone 11.1.6 also acquired
an A to T change not found in 11.1.11 and 11.1.5, con-
verting Arg 71 to a stop codon within FR3, and clone 11.1.5
picked up a single replacement change in FR3 (G to C;
Ala to Pro). Neither involve the A to G or T to C transitions
commonly caused by Taq polymerase. Since all three VH
sequences shared a common block of changes in CDR2,
it is likely that these changes were due to point mutations
or further gene conversion after theinitial gene conversion
event. ‘
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AlaSe. xvanlyGlyAlp‘l'yrAln'l'hrAln!lcTrpGlszo

7.1.8713716 ... GITGG. . cuvune TGCTAC. v evnsrssnvess
Tl e GG'I'GG ......... TGCTAC. .t cuaress eres

JH4 TTTAACATCTGGGGCCC
GL D2a TACTATACTTATGGTTATGCTGGTTATGCTTAT

ProTyrTyrThrTyrGlyTyrAl---aTyrAlaLeu  AsnlleTrpGlyPro
7.1.17 C16

7.1.152

D2aJ4 D2nJ4
D1 107 294 2047 7045712

7.12;7.1.13;7.1.18

7911

Figure 4. Sequences of Rearranged VH Genes from the DZ and LZ of a Single GC Compared with Germline VH1a2, DH, and JH

(A and B) Amino acids are numbered according to Kabat et al. (1991). Dots signify identity to germline DNA sequence and only base changes
and amino acid replacements are shown. Lower case letters show the sequence of the PCR primer at the 5’ end in FR2. The sequences 8.1.21
and 8.1.D were found in both of two independently amplified aliquots of the same extract. The diagrams show the deduced clonal relationships

of sequences from common and distinct progenitor cells.

We next examined the VH sequences from B cells in
the same GC in a new tissue section (2611) located 7 pm,
or approximately one to two cells away from the section
that contained 2631DZ. B cells taken from the DZ yielded
rearranged VH gene sequences with a high degree of di-
versity in CDR2 and CDR3 (see Figure 2B). The se-
quences differed from those in the 2631 section and, in
contrast with 2631DZ, we found that a single rearranged
DJ region had undergone further diversification, probably
by somatic hypermutation. A simple evolutionary tree can
be drawn showing how the cells with different DH se-
quences developed from a single progenitor. This is con-
sistent with the three different patterns of alterations in
CDR2 that led to as many as 6 out of 16 aa replacements
in an individual clone (6215/6216) (see Figure 2B). Most
of the changes in the CDR2 sequences were replacements
that occurred in blocks that may be indicative of gene
conversion. We found a germline gene, RVH714 (Roux

et al., 1991), with similarity to the possible donor for gene
conversion of clone 6216/6215 (Figure 3C). RVH714 en-
codes 4 of the 6 aa replacements in CDR2. Although some
replacements may have been artifactual due to Taq poly-
merase errors, a few individual nucleotides, in addition to
those in the DH region, may have been replaced by so-
matic mutation or another gene conversion event (see Fig-
ure 28). In one example, clones 6212 and 6217 acquired
identical changes in CDR2 and the DH region; then an A
to G replacement of Tyr 55 with Cys may have occurred
in the CDR2 of only 6217. Replacement of Tyr 55 with
Cys was also found in an independent clone from another
GC (2626DZ 8.1.D; Figure 4).

We found heterogeneity in the extent of diversification
in the LZs (see Figure 2C, Figure 4B, Figures 5B and 5C)
when compared with their corresponding DZ (see Figure
2B, Figure 4A, Figure 5A). Many L.Z B cells had rearranged
VH sequences that were identical or nearly identical to
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A

262302
FR2 15 FR3
MnGlyLuuGlu‘l‘rpxlaclym.nIleclySarSuGIySerAlnTyr'ryL-M.nSQrszM.ALy-SazArqsgr‘rhrI.I.
GL VH1a2 g 99 ggARCGGGCTGGAATGGATC TT ATACTACGCGAGCT CACCAT
AspAla Ala
10.1.0N2CI6 wuvvunnannoronenansononanranasnssrasarorosnaresosMiBCieresvsBCiiiuererorsorsisansacarossssasorsaviness
Phe Ser Gly ArgThr
10.1.L R R R T R T T IR ERTETEERE S FETRY. TR PP -} W Sheeresacstsarateratnans
Tyr Thr Gln
10.1.0 R R TR« Y P R R L LRl TR R P P P PR R PR PR
Ile AsnlleTyr Thr
10.1.KF R R R T T T T RO & Sy s s ¢ Py P T R R R TR LR TR R PR
10 80 82AB ¢ 90
eThrA 'h ValThrLeuLy euThrAlaAlaAspThrAlaThrTyrPheCysAlaArg
GL VHla2 CACCAGAMCACCMCCTGMCACGGTGACTCTGAAMTGACCAGTCTGACMCCGCGGACACGGCCACCTATTTCTGTOCGAGA
Ser
D U B o I - S S
18.1.0 B SR R L N R R R R L LA R R R R R TR R T
Gly
10.1.L P TR O S R I vesane L TR PRI P
10.1.Q R R R R R RN R T T T R Cresee tresreradtasrerasarsaransG
4 Glu
L U T T RN . R Vi
2623DZ Progenitor Cells
Dn 103 Ju
GL, 0§ JH4 TGCTGGTAGTAGTTATTATACC TTTAACATCTGGGGLCC
AspProThrTyrGluValGlyThrl leAsnIleTrpGlyPro
10.1.N:C;:G WA.CC..C.tssG.GATTGGTACTA vvvrcrrinananes
10.1.0 «A.CC..C\ . .G.BGTTGGTACTA ....vvvnvnrasrras Jx
PheProValTyrAsnGlySerThrl
10.1.L TT.CC.GT....A, .GGTAGTACTA ....tvvuracrssns
- ProlleGlyIleTyrTyrTyrAlaSer AsnIleTrpGlyPro
10.1.0  CCTAT.....T.TA.......G.ATCC 10.1.K;F
GL D2a JHx GTTACTATACTTATGGTTATGCT GACATCTGGAGCCC 10.1.N 1L 10.1.Q
GlyTyrSerTyrGlyValAla AspIleTrpGlyPro
10.1.K:F GG..veuGuvususaGTuu resrserasranens I
10.1.0
2623LZ
FR2 1 50 CDR2 60 i FR3
AlnGlyLauGlu’l‘rleaGlyM.Ilacl lySerAlaTyrTyrAl TrpAla ThrIl
GL VHla2 TGGAATGGATCGGAGC T GCATACTACGCGAGC “‘GCCGAA T
AsnTyrGly
09.1.8 PR S T R R R Y .. T ¢ T - P  E F LR TR R PR T PR PRSP
10 80 82A B C 80
eThrA 'h LeuAsnThrValThrleuly h euThrAlaAlaRepThrAlaThrTyrPheCysAlaArg
GL VHla2 CACCAGAARCACCAACCTGAACACGGTGACTCTGAAARTGACCAGTCTGACAGCCGCGGACACGGCCACCTATTTCTGTGCGAGA v
09.1.8 H
H 103 JH
GL D1 JH4 TAGCTACGATGACTATGGTGATTAC TACTTTAACATCTGGGGCCC
GlyGlyTyrAapGlyTyrGlyAsplle PhelyeIleTrpGlyPro
09.1.8 GGGG.vvresaesGravanasa s ATT R T
26221.Z
FR2 150 CDR2 60 1 FR3
AsnGlyLeuGluTrpIleGlyAlalleGlySer—--SerGlySerAlaTyrTyrAl 1aLysSerA ThrIl
GL VHla2 q99 g TGGAATGGATC TTGGTAGT --~AGTCCTAGCGCATACTACGCGAGC TGGGCGAAAAGCCGATCCACCAT
Val Ser Gly Thr
4.1.1N PR R R R R N R L R R T Y T Y R R R R T TR TR PR
Yal Ser Gly
4.1.3 R R R R R Sy T T R R R R T LR PR TR R R R PR PR}
Ile Asn -Gly
GlyLeuAsn TyrArg Gly Gln
4.1.5 IR N L T U TR T T T IOIN - IN IV 1 PO - (o - Y TR
70 80 82K 8 C $0
eThrA h euAsnThrvalThrleuLy lerLeuThrAlaAlaAspThrAlaThrTyrPheCysAlaArg
GL VHla2 CACCAGAA Al '‘GACTCT AR 'TC' ACGGCCi "TATTTCTGTGCGAGA
Glu
4.1.1N8 P I R L L R R R T R T T
Glu
4.1.3 P TR R S - S N R E R SR TR LR R R AR E)
Ala
GluHis
4.1.8 PR T I - T - T R T R R R R R R RNy
Dn 103 JH
GL D2b JH4 GGTTATGCTGGTTATGGTTATGCTACC AACATCTGGGGCCC 262 enitar Cells
GlyAlaProhAsnAspThrProArg AsnlleTrpGlyPro
4.1.18 GGA...CC.A,..A.AC.C..CGT ...
GlyAlaProAsnAapSerThrGly Asn
41,3 GGA. . .CC.A, . AAGAL.GET tvrvenrvenrss, D2bJ4 D2bJx
GL D2B JHx GACATCTGGGGCCC
GlySerProGlyTyrAsnServal AspIleTrpGlyPro
4.1.4 «AC.Ciivini JAALLCLLT,
4.1.5 ACCLL, +«AA.LC.L T,
411N 413 a4 415

Figure 5. Sequences of Rearranged VH Genes from Two Different GC Compared with Germline VH1a2, DH, and JH

(A-C) Amino aclds are numbered according to Kabat et al. (1991). Dots signify identity to germline DNA sequence and only base changes and
amino acid replacements are shown. Lower case letters show the sequence of the PCR primer at the 5’ end In FR2. The diagrams next to (A)
and(C) show the deduced clonal relationships of sequences from common and distinct progenitor cells. Sequences 4.1.1N and 4.1.3 were recovered
from clones from two independently amplified aliquots of the same extract done more than 1 year apart. The sequence 4.1.4 was found in both

Independently amplified aliquots.
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germline VH1a2. in 2611LZ, all six clones came from a
common progenitor B cell, as shown by the complete iden-
tity of their DH-JH regions (see Figure 2C). The re-
arranged VH sequences from 2611LZ B cells are close to
the germline VH1 sequence. In all but one clone, a single
change in CDR2, (G to T), led to replacement of Gly with
Val. Two sequences, 5231 and 5227, also picked up single
base pair changes in FR3, one of which led to replacement
of Arg 94 by Ser. The silent change in Tyr 90 that involved
T to C was also found in sequence 2623DZ 10.1.0 from
another GC (Figure 5). One clone, 5236, contained a track
of five changes in an 8 bp stretch leading to replacement
of 4 aa in CDR2. This type of track is similar to those
seen in 2631DZ and 2611DZ, again suggesting that gene
conversion-like events occurred using upstream donor
sequences. Even though many LZ sequences tend to be
close to the germline VH sequence, 5236 shows that there
is no exclusion from the LZ of B cells that have extensively
diversified the heavy chain variable region. A simple evolu-
tionary tree can be drawn showing the relationships be-
tween B cells of 2611LZ with different VH sequences (see
Figure 2C).

Sequences from B Cells in Two Other Germinal
Centers Confirm Most of the Trends Found

in 2611LZ and 2611DZ

DNA sequences of rearranged VH genes cloned from B
cells from three other GCs, 2626, 2623, and 2622, main-
tained many of the trends seen for B cells from 2631DZ,
2611DZ, and 2611LZ (see Figure 4; Figure 5). B cells in
both 2626DZ (see Figure 4A) and 2623DZ (Figure 5A) had
rearranged VH sequences that were highly diversified,
with mainly replacement changes in CDR2. In contrast
with 2631 and 2611, not all isolated B cells from 2626DZ
came from a single clonal precursor; they appear to have
arisen from at least two distinct progenitor cells that were
able to grow out (see Figure 4A). The degree of diversity
of VH sequences from 2626DZ varies with replacement
of 4-7 nt and 3-5 aa in CDR2. Once again, we found that
the majority of the changes occurred in blocks suggestive
of gene conversion, with a few scattered replacements
that could have been due to somatic hypermutation. For
example, 8.1.C, 8.1.D, and 8.1.21 of 2626 DZ shared gene
conversion-like changes in CDR2 and the 2 bp change
at position 75 (CT to GA) in FR3, replacing Leu with Glu
that was described for several clones from 2631DZ.
Clones 8.1.D and 8.1.21 each picked up a unique single
‘base pair change in CDR2 (see Figure 4A). These point
mutations may have occurred through somatic mutation
or a secondary gene conversion after the occurrence of
ashared gene conversion event. The changes were proba-
bly not introduced by PCR because we recovered clones
with 8.1.D and 8.1.21 sequences from independent PCR
amplifications of the same extract done more than 1 year
apart. * -

The LZ of GC 2626 contained B cells that can be divided
into two groups (see Figurs 4B). The first group, repre-
sented by DNA clone 7.1.a, had rearranged heavy chain
“variable region ‘sequences identical to that of germline
VH1, or had only a single replacement change in FR2 (A

to T; Giu to Asp) (clone 7.1.11). The second group had
sequences that were highly diversified, with long tracks
of changes found in DNA clones 7.1.17,7.1.1, and 7.1.2,
most likely acduired by gene conversion. Most of the
changes were located within CDR2, but 7.1.17 also had
3 bp changes in FR2 that led to replacement of two germ-
line-encoded amino acids as well as six changes in CDR2
that led to four additional replacements. Aithough a donor
for the postulated gene conversion of this stretch is not
known, the entire set of silent and replacement changes
from amino acid positions 43-54 was also found in acDNA
clone, BB1M2, obtained from splenic mRNA of a 2-week-
old ali/ali rabbit (Chen et al., 1993) (see Figure 3D). Rabbits
of this mutant strain lack VH1a2 (Allegrucci et al., 1990;
Knight and Becker, 1990). The expressed mRNA resem-
bled VH4a2 but had acquired each of these base changes.
This may be explained if gene conversion had occurred in
BB1M2 and 2626LZ 7.1.17, utilizing the same or a similar
donor gene. BB1M2 and 7.1.17 differed downstream of
amino acid position 54 (see Figure 3D) and had completely
different DJ regions. Two identical clones, 7.1.1 and
7.1.2., contained GAA in FR3, leading to replacement of
Leu at position 75 with Glu (see Figure 4B). Once again,
we found a GC region that developed from multiple B cells
with at least three progenitor cells forming 2626LZ
(Figure 4B).

All DNA clones from 2623DZ were highly diversified from
the germline VH1 DNA sequence, primarily in CDR2; it
appears that progeny of at least three different progenitor
cells were expanding in the 2623DZ (Figure 5A). A few
single base pair changes were found in the framework
regions and two identical clones, 10.1.K and 10.1.F, had
the CT to GA change described for clones from 2631DZ
and 2626DZ. We found 2-5 aa replacements reflecting
3-8 bp changes in the CDR2 region in clones from
2623DZ. For one sequence, 10.1.Q, we found a germline
VH gene related to a possible gene conversion donor,
VH4a2 (see Figure 3E). A new germline gene with similar-
ity to 10.1.K;F in CDR2 and FR3 has recently been identi-
fied in our laboratory (H. T. Chen et al., unpublished data).

Woe were able to identify only one unique DNA sequence
from 2623LZ (Figure 5B). The DNA sequence of 2623LZ
09.1.B was identical to the germline sequence in FR2 and
FR3. However, a stretch of five changes in 7 bp in CDR2
led to the replacement of three consecutive amino acids,
most likely through gene conversion. These identical
changes have been found in a cDNA clone BB4G18 from
splenic mRNA of an 8-week-old ali/ali rabbit (Chen et al.,
1993); a germline gene, RVH7 10, encoded two of the three
codons (see Figure 3F) (Roux et al., 1991).

Four B cell clones from 262212 arose from two different
founders. Two, 4.1.4 and 4.1.5, from a common progenitor
were diversified differently in CDR2, with 4.1.5 picking up
a 3 bp insertion (TAT) (Figure 5C). An independent PCR
amplification of the 262212 extract done more than 1 year
later yielded a second clone with a sequence identical to
4.1.4. In addition, we recovered a clone, 4.1.1N, with a
new sequence that was clearly derived from the same

-.progenitor as 4.1.3. Sequence 4.1.1N.had one additional

replacement change in CDR2 and three in the DH region.
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Clones 4.1.5, 4.1.3, and 4.1.1N contained the CT to GA
change at position 75 described earlier (Figure 5C).

Discussion

Development of a Primary Antibody Repertoire
Occurs in the Rabbit Appendix and Involves
Gene Conversion and Somatic Hypermutation
of Rearranged VH
Our data suggest that in the young rabbit appendix, re-
arranged VH genes undergo a somatic diversification pro-
cess similar to that found in the bursa of Fabricius of young
chickens (Thompson and Neiman, 1987; Reynaud et al.,
1987, 1989). We found changes in rearranged VH se-
quences in 6 week rabbit appendix GCs that may have
been generated by both gene conversion and somatic hy-
permutation. This diversification may compensate for the
limited number of VH genes that rearrange in rabbit B
cells. The long tracks of multiple base pair changes in the
CDR2 of rearranged VH genes from GC DZ B cells do not
appear to have arisen by the stepwise acquisition of single
base pair changes observed during somatic hypermuta-
tion (Jacob et al., 1991; Kuppers et al., 1993). The unique
blocks of changes with little or no similarity to each other
in VH sequences from B cells derived from a common GC
progenitor do not suggest a fine tuning process such as
affinity maturation by somatic hypermutation, where the
stepwise changes in sequence may alter antibody affinity
for a specific antigen (for discussion, see Berek and Zieg-
ner, 1993; Maizels, 1993). These large blocks of changes
may reflect a process of genetic diversification that results
in a highly diverse repertoire with specificities for different
antigens. We found as many as 7 out of 16 aa replaced
in CDR2. The large number of changes in the antibody-
combining site would most likely lead to a new antigen
specificity, distinct from that of other B cells that are part
of the same clonal outgrowth in an individual GC zone.
As in earlier studies that identified possible donor se-
quences for a gene conversion-like process of diversifica-
tion of rearranged rabbit VH (Becker and Knight, .1990),
we identified germline sequences similar to putative donor
sequences for several of our diversified sequences (Figure
3). The length of the identified donated stretch varied, with
the potentially longest one, 2631DZ 11.1.10:(Figure 3A),
beginning in FR2, containing a one codon (TAT) insertion
in CDR2, and ending in FR3. The length of a single gene
conversion segment in the chicken VL region has been
shown to vary from as little as 8 bp to as large as 249 bp
(McCormack et al., 1991). There are probable reasons
why we were unable to determine the DNA donor for every
sequence. First, only a limited number of VH sequences
from. VHa2 rabbits have been published (Knight and
Becker, 1990; Roux et al., 1991) and many.were purposely
selected because they had unusual sequences related to
the VHa1 allotype (Roux et al., 1991); the few-diversified
VH sequences we obtained from four GC may represent
only a small sample of a hundred or more possible donor
sequences. In addition, alterations of the original con-
verted .sequences by subsequent rounds of individual

point mutations, gene conversion events, or both might
make identification of the original donors difficult.

Gene conversion may not be the sole mechanism re-
sponsible for all the changes we saw in the rearranged
VH sequences. Somatic hypermutation probably also oc-
curred. In fact, examination of the cloned DNA sequences
suggests that diversification may be a stepwise process
with an initial round of gene conversion, followed by
round(s) of somatic mutation (or conversion that intro-
duced point mutations). There were ten clonally related
sequences, each ~200 bp long, that each had a single
base change. This frequency of point mutations was at
least twice that expected from errors introduced by Taq
polymerase (Jacob et al., 1991, 1993) and only half of the
changes were G to A and C to T transitions associated
with Taq errors (Keohavong and Thilly, 1989). Therefore,
we believe that many of the single base pair changes found
were real.

Primary Localization of Mutations In CDRs

Wae found that most of the changes in VH sequence local-
ized to the CDRs, with few mutations in either FR2 or FR3.
One probable explanation for this is that there was greater
sequence identity between the DNA donor and recipient
sequences within these two FR than within their CDRs.
In addition, since the FR regions are primarily responsible
for the structure of the antibody molecule, some changes
in the amino acid sequence of these regions may have
disastrous effects on antibody conformation. B cells that
acquired this type of change may have already undergone
cell death.

Structural Motifs for Gene Conversion and

a Recurrent Replacement Change

The frequent replacement of CT with GA or GAA leading
to replacement of Leu with Glu at codon position 75 in
FR3 may reflect a new conformation for which the FR is
preferentially selected. It is commonly observed that dur-
ing affinity maturation, a particular base pair change is
selected during the later stages of the GC reaction (re-
viewed by Berek and Ziegner, 1993). However, the
changes associated with affinity maturation have gener-
ally been localized in CDRs. The chance that antigen se-
lection led to the two or three consecutive base pair
changes we found at such a high frequency in FR3 ap-
pears remote. It is possible that the CT to GA or GAA
change, which was so prevalent in VH sequences cloned
from different GC regions, was mediated by agene conver-
sion-like event, since only sequences that had undergone
diversification in CDR2 contained this change. The
change may be linked to gene conversion-like events that
occur-in CDR2 or reflect a recombination hotspot; a se-
quence, CACGGTG, with similarity to the consensus hep-
tamer of the immunoglobulin recombination signal se-
quence, CACAGTG (reviewed by Blackwell and Alt, 1988),
is located only:-5 bp downstream from the site of change
(Figure 1D). We also searched for sequence motifs noted
by others as intrinsic hotspots in somatic hypermutation
(Betz et-al., 1993) or occurring near nonhomologous re-
combination breakpoints involving immunoglobulin se-
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quences (Chou and Morrison, 1993). The CTGG motif of
Chou and Morrison (1993) and the CAGCT motif of Betz
et al. (1993) colocalized in the rabbit VH1a2 sequence at
the TGG of conserved Trp codons at positions 36 and 62
(Figure 1D). These positions enclosed most of the posi-
tions in CDR 2 that we propose were affected by gene
conversion; possibly they acted as recognition signals dur-
ing the gene conversion-like process.

Lack of Clonal Relationship Between DZ and LZ

or DZ and DZ from the Same Germinal Center

We did not identify any sequences from the DZ of an indi-
vidual primary GC that showed similarity to a sequence
from the LZ ofthe same GC. However, the DNA sequences
amplified from a single extract from B cells scraped from
an individual DZ or LZ showed clonal relationships and
could be traced back to a minumum of one to four progeni-
tors. Kuppers et al. (1993), in similar comparisons of re-
arranged V genes from individual B cells from human
lymph nodes (secondary lymphoid tissue), did find clonally
related B cells in LZ and DZ. However, only a few of the
B cells in the DZ had a homolog in the LZ, and several
LZ B cells also did not appear clonally related to a B cell
in the DZ. In rabbit gut-associated lymphoid tissue, the
antigens may be complex mixtures that cause stimulation
as microbes and foods are continually sampled from the
gut. In the human lymph nodes, complex antigens related
to infection(s) may have caused the chronic GC reactions
that were studied. The GCs of 6 week rabbit appendix are
very large when compared with those from lymph nodes,
spleen, and Peyer's patch; they may commonly harbor
multiple reactions in asingle GC region initiated by specific
antigens, mediators of proliferation, or both. The lack of
clonally related B cells isolated from a nearby section of
the same rabbit appendix GC (Figures 2A and 2B; 2631DZ
and 2611DZ) may be similarly explained, especially if the
cells that gave amplified products were isolated from dis-
tant points in the same DZ (see Figure 1C).

Simllarities and Differences Between

the Chicken and Rabbit

Chicken bursal development and diversification of VH and
VL begin even before exposure to antigen. Most B cells
probably arrive in the bursa with their VH-DH-JH and VL-
JL gene segments already rearranged (Pink et al., 1985;
Ratcliffe et al., 1986; Weill et al., 1986; Weill and Rey-
naud, 1987; Mansikka et al., 1990). After diversification
occurs in the bursa, self-renewing populations of progeni-
tor B cells seed the periphery and may be the source of
protective antibodies during the lifetime of the chicken;
bursal involution starts at about 12 weeks and by adult-
hood, the chicken bursa completely involutes (Ackerman
and Knouff, 1959). The development of appendix GCs is
probably an antigen-driven process in rabbits (Stepankova
et al., 1980; Tlaskalovd-Hogenova and Stepdnkova,
1980). V-D-J rearrangements in rabbit B cell progenitors
probably occur in fetal and newborn liver and bone marrow
and, as this process continues later in life, the.majority of

rearrangements probably occur in bone marrow (Hayward:

etal., 1978; Gathings et al., 1981, 1982).:After completing

an initial round of selection, cells with membrane u heavy
chains may exit and migrate to the appendix. Diversifica-
tion of rearranged VH1 in the rabbit appendix is exten-
sively occurring by 6 weeks of age but, unlike chicken
bursa and SIPP (Ackerman and Knouff, 1959; Reynolds
and Morris, 1983, 1984), the rabbit appendix does not invo-
lute and could conceivably be a site for continuing VH
gene diversification in older animals (Mage, 1993). Instead
of involuting, the rabbit appendix goes through a transfor-
mation during the first year of life that leaves a tissue with
smaller GCs that resemble those in jejunal Peyer’s patches
(P. D. W. et al., submitted). However, older rabbits proba-
bly have a high proportion of cells with properties of self-
renewal in the periphery and a low proportion of cells that
are newly generated from bone marrow (reviewed by
Mage, 1993). It remains to be determined whether both
primary functions, such as production of the primary anti-
body repertoire, and secondary functions, such as affinity
maturation, can occur concurrently in the young or adult
rabbit appendix.

Implications for B Cell Development in Germinal
Center Light and Dark Zones

We found that every DNA sequence from B cells collected
from DZs of germinal centers was highly diversified, most
likely by a gene conversion-like mechanism. In the L.Zs,
many sequences were highly diversified but others were
close to or identical to the germline VH1a2 sequence.
These results do not fit with the simplistic idea that
changes in the heavy chain variable region sequence oc-
cur in the DZ followed by some form of selection in the
LZ (MacLennan et al., 1992; Hardie et al., 1993; reviewed
by Berek and Ziegner, 1993). Perhaps this is because the
migration pathway for germinal center B cells of both pri-
mary and secondary lymphoid tissue is complex. There
is a possibility that B cells could repeatedly migrate back
and forth between the DZ and LZ (Berek and Ziegner,
1993; Kepler and Perelson, 1993). Kuppers et al.. (1993)
also found that the GC reactions of human lymph nodes
were not as neatly organized as had been predicted. They
found clonally related highly diversified sequences in both
the LZ and DZ of one human GC. In another GC from a
second individual, DZ sequences were generally closer
to germline and LZ sequences were significantly more
diversified. However, they again found clonally related
highly diversified sequences in both the DZ and LZ.

In future experiments, it will be valuable to learn whether
the young rabbit appendix produces different cell popula-
tions similar to those described by Paramithiotis and Rat-
cliffe (1993) as emigrating from the chicken bursa. B cells
in the rabbit DZ that have highly diversified VH gene se-
quences may have surface immunoglobulin receptors
specific for a wide array of antigens, and some of these
might exit directly to the periphery and contribute to the
virgin B cell repertoire; a role corresponding to that pro-
posed for short-lived population 1 of the chicken. Once
these cells exit to the periphery they might survive and
expand only if they encounter antigen, but they would pro-
vide protective antibodies during the crucial period when
maternal antibodies disappear, between 6—12 weeks after
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birth. Some cells may leave the DZ and enter the LZ to
develop into celis corresponding to populations 2 and 3
with moderate and long half-lives (postbursal stem cells).
This development may include positive and negative se-
lection by antigen. We find many of the cells implicated
in the selection process at the luminal side of the LZ in 6
week rabbit appendix. These cells are CD11a*, CD18*,
have high levels of expression of class |l (la), and include
large tingible body macrophages and FDC (P. D. W. et
al., submitted). Some of the B cells that survive selection
in the LZ may reenter the DZ as discussed earlier. in addi-
tion, it is likely that further diversification and antigen-
selection steps occur in other sites. Future investigations
will evaluate VH gene diversification in other sites, such as
the sacculus rotundus, spleen, lymph nodes, and Peyer's
patches.

Experimental Procedures

Animals

Mixed breed rabbits of the VH1a2 (F-I) haplotype were bred and raised
in our own National Institute of Allergy and Infectious Diseases allo-
type-defined pedigreed colonies. Rabbits were sacrificed at 6 weeks
after birth and appendix tissue was removed.

Histochemilstry

Semithin 7 um serial sections of rabbit appendix from 6-week-old rab-
bits were frozen in optimum cutting temperature (O. C. T.) compound
(Miles Scientific, Naperville, lllinois), and cut in an International Equip-
ment Company cryostat microtome. Tissues were air dried and stored
in a desiccator cabinet (Sanpla Drykeeper, Fisher Scientific, Philadel-
phia, Pennsylvania) until used. Sections were rehydrated in phos-
phate-buffered saline (PBS) with 10% fetal calf serum for 30 min. This
and subsequent incubations were at room temperature in a humid
chamber. After rinsing with PBS, appendix sections were incubated
for 1 hr with biotinylated succinylated wheat germ agglutinin (Vector
Laboratories, Burlingame, California) followed by incubation with an
avidin-biotin peroxidase complex (Vector Laboratories). The substrate
solution of 3 ul 30% hydrogen peroxide and 15 ul 8% nickel chloride
in 3 ml of 0.05% diaminobenzidine in PBS (Sigma, St. Louis, Missouri)
was incubated on the tissue section for 10 min. After the final rinse,
the slides were air dried and stored in a desiccator cabinet.

PCR Ampilification and Sequencing of Rabbit Appendix

B Cell Variable Reglon Gene DNA

Germinal center B cells were isolated from individual rabbit appendix
GC, LZ, and DZ with an Eppendorf micromanipulator as described by
Jacob et al. (1991). Cells were collected from an appendix tissue sec-
tion by scraping the area containing the desired cellular population
(LZ or DZ GC B cells, Figure 1C) with the fine pointed end of a pulled
micropipette connected to the control arm of an Eppendorf micromani-
pulator, breaking off the fine pointed end into a microfuge tube and
stored at —70°C. Two scrapings, either from the same region of the
DZ or LZ or from different regions within these zones, were taken
and each scraping was deposited into a separate microfuge tube. We
avoided the region between DZ and LZ where high proportions of
apoptotic cells are found. DNA extracts of cells from a single scraping
were prepared by adding 5 ul PBS, 15 pl double distilled H:O, and
5 ul proteinase K (Boehringer Mannheim, Indianapolis, Indlana) at a
concentration of 2 mg/ml and incubating at 37°C for 5 hr. Extracts
were then heated at 95°C for 10 min and 5 pl of individual DNA extracts
amplified using a PCR amplification kit and recombinant Ampli Taq
(Perkin Elmer Cetus, Norwalk, Connecticut). Two sets of PCR amplifi-
cations of 35 cycles each used primers shown in Figure 1D and the
following conditions: 5 cycles at 94°C for 1 min, §5°C for 1 min, and
72°C for 2 min, followed by 30 cycles at 94°C for 1 min and 70°C for
4 min. The sets of VH sequences we report here were each from B
cells from a single DNA extract. PCR amplified DNA was purified by
agarose gel fractionation, cloned into the EcoRl site of pUC18 with

T4 DNA ligase (Boehringer Mannheim), and the ligation mix used to
transform library efficiency DH5a (Life Technologies, Gaithersburg,
Maryland). Bacterial colonies were screened using two oligonucleotide
probes, M8 and M16 (Figure 1D) (Chen et al., 1993). Positive clones
were isolated and insert DNA sequenced on both strands by the di-
deoxy chain termination method (Sanger et al., 1977), with the Taq
Track (Promega Biotech, Madison, Wisconsin) or the Circumvent DNA
Sequencing kit (New England Biochemicals, Beverly, Massachusetts)
labeling with [**S]dATP.

To answer the question of whether we could recover VDJ sequences
from the same progenitors in products of independent PCR, 5 pl ali-
quots from DNA extracts of 2626LZ, 2626DZ, and 2622LZ were inde-
pendently amplified under conditions described above more than 1
year later. Amplified products were purified and cloned as described
above and bacterial colonies were screened with a cocktail of oligonu-
cleotide probes corresponding to germline FR2/CDR2 (AATGGATCG-
GAGCCATTGGTAGTAGTGGTAGCG) and to some of the changed
regions of CDR2/FR3 shown in Figure 4A and Figure 5C. These probes
were the following: PRGA, CACCAACGAGAACACGGTGA; 8.1.C, AA-
TACTTATGGTAGCACATAC; 8.1.14, CTAATAGTGGTAGCGCATAC-
TACGCCAGCTGGGCCG; 7.1.1;2, AATAGTGATGGTAGCACAGGC-
TACGCGAGCTGGGCGAG; 4.1.3, GTCATTAGTAGTGGTGGT; 4.1.4,
ATCATTAATAGTGGTGGT. Sequences were obtained on both strands
manually or using an Applied Biosystems Model 373A sequencer and
their PRISM Dye Terminator Cycle sequencing kit. All DNA sequences
were analyzed using MacVector Software (International Biotechnol-
ogies, Incorporated, New Haven, Connecticut).
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