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Lupus-prone, anti-DNA, heavy (H) chain “knock-in” mice were obtained by backcrossing C57BL/6 mice, targeted with a rear-
ranged H chain from a V,,11(S107)-encoded anti-DNA hybridoma (D42), onto the autoimmune genetic background of New
Zealand Black/New Zealand White (NZB/NZW) F, mice. The targeted female mice developed typical lupus serologic manifesta-
tions, with the appearance of transgenic IgM anti-DNA autoantibodies at a young age (2-3 mo) and high affinity, somatically
mutated IgM and IgG anti-DNA Abs at a later age (6—7 mo). However, they did not develop clinical, lupus-associated glomer-
ulonephritis and survived to at least 18 mo of age. L chain analysis of transgenic anti-DNA Abs derived from diseased NZB/NZW
mouse hybridomas showed a very restricted repertoire of ¥ utilization, different from that of nonautoimmune (C57BL/6 X
BALB/c)F, transgenic anti-DNA Abs. Strikingly, a single L chain was repetitively selected by most anti-DNA, transgenic NZB/
NZW B cells to pair with the targeted H chain. This L chain had the same \k-Jk rearrangement as that expressed by the original
anti-DNA D42 hybridoma. These findings indicate that the kinetics of the autoimmune serologic manifestations are similar in
wild-type and transgenic lupus-prone NZB/NZW F,; mice and suggest that the breakdown of immunologic tolerance in these mice
is associated with the preferential expansion and activation of B cell clones expressing high affinity anti-DNA H/L receptor
combinations. The Journal of Immunology,1999, 162: 4406—-4416.

mune disorders provide an approach to studying the5—7 mo of age concomitantly with the onset of severe SLE and

breakdown of self-immunologic tolerance and the pro- renal disease (6, 7).
duction of autoantibodies. The Rybrid cross between New Zea-  The role of B cell abnormalities in the development of murine
land Black (NZBJ and New Zealand White (NZW) mice is con- SLE has been the subject of much recent investigation. Reininger
sidered to be the murine model most closely resembling humaet al. (8, 9) have demonstrated that SCID mice populated with
systemic lupus erythematosus (SLE) (1). The lupus-like disease iNnzB/NZW pre-B cells developed an SLE-like autoimmune dis-
NZB/NZW F, mice is more severe in females and is accompanietgse with hypergammaglobulinemia, IgG anti-DNA Abs, and mild
by high affinity, complement fixing, mostly IgG2a and 19G2b anti- glomerulonephritis. These studies suggested that intrinsic B cell
dsDNA autoantibodies that are believed to play a prominent role ijefects, inherited from both NZB and NZW parental strains, are
the development of fatal immune glomerulonephritis in these mic&itical for the development of murine SLE.
(1, 2). Both NZB and NZW parents contribute multiple suscepti- - Anti-DNA transgenic mice are useful in vivo models for the
bility genes to the immune abnormalities of thet#y/brid mouse  gyqy of self-immunologic tolerance and autoimmune disease.
(3). These include 1) increased spontaneous polyclonal B cell hygqoqt anti-DNA transgenes have been introduced to nonautoim-
per-reactivity with elevated Ieyels of IgM at a very early age (4, 5)’mune mouse strains, such as BALB/c or C57BL/6, and were
2) the appearance of IgM anti-DNA Abs at 3-5 mo of age (1, 2).gp6,yn to induce B cell clonal deletion (10, 11), clonal anergy (11,

12), and receptor editing (11, 13). In only a few instances, how-
o - o ) o ever, have anti-DNA transgenes been backcrossed to mouse strains
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M ouse strains with inherited predisposition to autoim- and 3) a spontaneous switch from IgM to IgG anti-DNA Abs at

Germany transgenic anti-DNA Abs that were recovered from autoimmune,
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hamper the normal maturation of B cells in the bone marrow (17)analyzed by PCR using a sense D42 leader primer and an antisense CDR3
and the inability of conventional Ig transgenes to undergo isotypérimer as described previously (11). Sequence analysis of Ab H and L

i . o : ; _chains was performed on hybridoma cDNA by direct sequencing (11). In
switching, receptor editing, and affinity maturation by somatic hy. addition to the \k PCR primers used previously, the universal sense primer

permutation. These limitations, which pertain to essential steps iy, yp1 5-GACATTCAGCTGACCCAGTCTCCA-3 was employed.
the development of autoimmune disease in lupus-prone mice, may-J, and \,,-D-J, rearrangements on the untargeted H chain allele were
be overcome by targeting the H chain transgene to the mouse lgnalyzed by Southern blotting with g §J11 probe (20) and by PCR using
heavy chain locus (18). In a previous study (11) we have analyzege sense 5DSP2 or universal degeneratg, \orimers (11) and the fol-

. . . = .lowing anti-sense ‘3J, primers: J,1, 5-ACGGTGACCGTGGTCCCT
the various tolerance mechanisms that prevent autoimmunity is~cccccaGACA-3: 3,2, 5-CTGAATAGAAGAGAGAGGTTTTAA

(BALB/c X C57BL/6)F, mice, targeted with germline-encoded or GGACTC-3; J,3, 5-AGAGACAGTGACCAGAGTCCCTTGGCCCCA-
somatically mutated anti-DNA H chain (D42). A quantitative anal- 3'; and 4, 5-GAGGAGACGGTGACTGAGGTTC-3

ysis of B cell populations in the bone marrow as well as ©of J ) g‘gg“”e_ ConfiQUfat(iéO;Olfth? Unt?éggt:g:_rcgggg”cegsAV_\FaCSC(fée_l[_TiHEd
oAt P ; s by , using a sensé- primer (8-

utilization and DNA.blndlng of hyt.)rldor.n.a Abs suggesteq that im GAGTTAAGGTG-3) and the anti-sense3,1 primer.

mature B cell deletion and L chain editing were the major mech-

anisms affecting tolerance. Nevertheless, autoreactive, anti-DNA

B cells that showed features of clonal anergy could be recovered if-‘?esults

the _periphery of mice targeted with the somatically mUtated.HFIow cytometric analysis of B cells derived from NZB/NZ\V F
chain. In the present study we have backcrossed the germllnen-jice targeted with the glD42,Vgene
encoded D42 H chain onto the NZB genetic background and sub- "’
sequently obtained lupus-prone NZB/NZW, Fargeted mice. C57BL/6 mice targeted with the unmutated, M-encoded, D42

Transgenic IgM anti-DNA autoantibodies began to appear at @&nti-DNA H chain (gID42i) (11) were backcrossed for six gener-
re|a’[ive|y young age (2_3 mo). At 6—7 mo of age, a |arge propor_ations onto the NZB genetic background. The transgenic NZB
tion of the targeted NZB/NZW B cells produced isotype-switched, mice were crossed once with unmanipulated NZW mice to obtain

somatically mutated, high affinity anti-DNA Abs, characteristic of the lupus-prone NZB/NZW Fline. Disease manifestations (pro-

fully developed SLE in these autoimmune mice. teinuria, glomerulonephritis) were apparent in nontransgenic ani-
mals from backcross 4 onward. Backcross 5 and 6 nontransgenic

Materials and Methods littermates were indistinguishable from unmanipulated NZB/NZW

Mice F, mice in kidney pathology and survival. Transgenic animals

NZB and NZW mice were purchased from Harlan (Oxon, U.K.) and WereWere Identlflgd by P(.:R analysis of the targete,ql g.éne and by
bred at the animal facility of the Hebrew University Medical School FACS analysis of peripheral blood B cells (Figy)lusing a \(,11-
(Jerusalem, Israel). The generation of H chain-targeted glD42i mice on &pecific rabbit anti-idiotypic reagent (11). A two- to threefold dif-
C57BL/6 background was described in detail previously (11). The unmuference in Id fluorescence intensity was observed between
tated \j;11-encoded, D42H transgene has been backcrossed onto the NZR)S?BL/G X BALB/c)F, and NZB/NZW F, transgenic B cells.

background for six generations, followed by a single cross between a trans:, . . . . .
genic NZB female and a wild-type NZW male to obtain the |upus_prones'|’h|s may be attributed to a difference in the expressed L chain

NZB/NZW F, hybrid. Mice heterozygous for the targeteg, gene were  'epertoires in the two mouse strains, leading to different binding
identified by PCR analysis of tail DNA, using D42H leader apd-3pe- affinities of the anti-ld reagent, since no clear difference in fluo-
cific primers, and by FACS analysis of peripheral blood lymphocytes, ustescence intensity was found between the two B cell populations

ing a D42-specific anti-ld reagent (11). The development of overt SLE Waﬁ,lsing a monoclonal anti-IlgM reagent for FACS staining (data not
assessed for each backcross in 6- to 8-mo-old nontransgenic littermates

using serologic (IgG anti-DNA), physiologic (proteinuria), and pathologic ShOWn)- Allotype-specifig reagents could not be employed for an-
(immunofluorescence of kidney glomeruli) findings as major criteria (1). alyzing the targetegi-chain, as in the case of (C57BL/6 BALB/
Proteinuria was measured by dipsticks (Albustix, Bayer Diagnostics, Basc)F, mice (11); however, the ané and antis? reagents were very
ingtoke, U.K.). Clinical nephritis was defined as 2r greater proteinuria specific for IgD of C57BL/6 and NZB/NZW mice, respectively (B.
on at least two consecutive examinations. Values-bf 2+, 3+, and 4+ T blished ob fi Fid <h th’ t alleli |
correspond to 0.3, 1, 3, and 20 g/l, respectively. _Sao' unpu .|s (? 0 §erva ions). Fig shows that allelic exclu-

) . . sion was maintained in NZB/NZW targeted B cells, and that the
Immunofluorescence of cell nuclei and mouse kidney sections  honortions of transgenic (Igpand endogenous (IgPsplenic B

Fluorescent anti-nuclear Ab (FANA) staining was conducted using permecells were very similar to those found in (C57BL6BALB/c)F;
abilized Hep-2 cells as the substrate (Kallestad, Chaska, MN) and FITGnice (11). The same proportions were also found in mature bone
conjugates of goat anti-mouse IgM or 1gG (Jackson ImmunoResearch Lalyarrow B cells (not shown).

oratories, West Grove, PA). The slides were inspected by a fluorescence

microscope (Zeiss, Oberkochen, Germany). Mouse kidneys were fixed in

4% paraformaldehyde for 48 h and then dehydrated with increasing con- . . . .

centrations (70—100%) of ethanol. The kidneys were then incubated witf€rum anti-DNA autoantibodies in glD42,\fransgenic

xylene (30 min) and embedded in paraffin. Four-micron sections were cuNZB/NZW mice

by a microtome and deparaffinized by heating to 65°C (20 min) and incu- . .
bating twice (10 min) with xylene. The slides were then rehydrated by!/" sharp contrast with targeted (C57BL#% BALB/c)F, mice,

decreasing concentrations of ethanol and treated with 0.1% pronase (tyfD42 V, -targeted NZB/NZW female mice developed an age-re-
XXIV, Sigma) for 10 min at 37°C. Staining was conducted by incubating lated anti-DNA serology that is typical of murine SLE (1, 2). Ata
the kidney sections vv_|th FITCTconJugated goat anti-mouse IgG for 30 Minrglatively young age (2-3 mo) these mice demonstrated a signif-
at room temperature in a humid chamber, followed by washing three tlme|Scant immune response to DNA that consisted almost exclusivel
(20 min) with PBS, then counterstaining with 0.1% Evans Blue. . p ) ! y
) of IgM Abs (Fig. 2,A andB). These autoantibodies were of me-
Other experimental procedures dium to high affinity, as suggested by their binding in the solution
Flow cytometric analysis, hybridoma production, sequence determinationphase, nitrocellulose filter assay (FigC)2 At 6—7 mo of age,
and Ab binding tests (ELISA, nitrocellulose filter assay) were conducted agpontaneous isotype switching occurred (6, 7), and high affinity

dgscfribed prgviou(slsy (12). ggG mAbs Wg;ebpurified‘ fromsser#m-free(, Il;]“J'IgG anti-DNA Abs were prevalent in the serum of transgenic
tein-free medium (Sigma, St. Louis, M y protein A-Sepharose (Phar-, . . . . L
macia, Piscataway, NJ) affinity chromatography. The equilibrium DNA NZB/NZW mice (Fig. 2,8 andC). Unlike the situation in (C57BL/

binding affinity of the purified Abs was determined by the nitrocellulose 6 X BALB/C)F; mice, we could not use allotype-specific reagents
filter assay as described previously (19). The targeted locus genotype wde distinguish between transgenic and endogenous serum Igs in
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FIGURE 1. Representative flow
cytometric analysis of B cells from
2-mo-old NZB/NZW F transgenic

mice. A, Peripheral blood B cells
were stained with a polyclonal rabbit
anti-mouse D42 Id Ab (11), followed
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by FITC-F(ab), goat anti-rabbit IgG
for detection of Id-positive cells, and
with phycoerythrin-RA3-6B2 (11)
for detection of CD45R/B220.B,
Splenocytes were stained with phyco-
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erythrin-4/4D (a gift from Dr. Toku-
hisa, Chiba, Japan) and FITC-10-
4.22 (53) for detection of IgPand
IgD? Igs, respectively.
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targeted NZB/NZW mice; however, subsequent hybridoma anal
ysis indicated that practically all anti-DNA autoantibodies in the
autoimmune mice were produced by the transgenic B cells.
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FIGURE 2. Anti-DNA serum levels in normal (C57BL/& BALB/c)F,

and autoimmune NZB/NZW Ftransgenic mice. IgMA) and 1gG B)
anti-DNA were measured by ELISA (11§, IgM and IgG anti-DNA were
determined by the nitrocellulose filter assay (11), usit@rlabeledEsch-
erichia colidsDNA (37 ng, 1850 cpm) with decomplemented mouse serum
(20 wl). Symbols represent individual mice. Serum levels of anti-DNA Abs
in normal mice remained negative at least until 12 mo of age.

IProduction of hybridomas secreting anti-DNA mAbs from
transgenic NZB/NZW Fmice

Splenocytes from young (2 mo) and old (7 mo) transgenic NZB/
NZW female mice were fused with NSO myeloma cells (Table I).
Interestingly, polyclonal stimulation by LPS was required for the
production of hybridomas from young NZB/NZW mice (Table 1)
as well as from normal (C57BL/& BALB/c)F, mice (11). On the
contrary, hybridomas from old autoimmune mice were produced
much more efficiently if no mitogenic stimulation was employed
before the fusion experiment. This may reflect the different acti-
vation states of the spleen cell populations, as hybridoma produc-
tion is probably dependent on B cell activation (21), and activated
B cells are inhibited in LPS-induced differentiation (22). PCR
analysis of hybridoma DNA using primers specific for the targeted
gene showed that essentially all hybridomas derived from young
mice, but only about 50% of hybridomas from old mice were of
transgenic origin. The nontransgenic hybridoma Abs were mostly
of the IgM class, and none of them could bind DNA in either the
ELISA or the nitrocellulose filter assay. This may reflect a selec-
tive expansion in the periphery of activated, fusable B cell clones

Table I. Characterization of hybridoma clones derived from transgenic
NZB/NZW F mice®

NZB/NZW IgM IgG
Mouse LPS Clones Clones

Female, 2 mo old + 124 0
Anti-DNA°® 6 -
- 0 0

Female, 7 mo old + 8 1
Anti-DNA 1 1
- 102 28

Anti-DNA 39 20

2 Hybridoma expressing the nontransgenic (endogenous) allele were excluded
from this analysis.

b Fusion of splenocytes was performed on day 3 after LPS activation.

¢ Specificity for DNA was determined by ELISA. Optical density values of 10
times greater than background or higher were considered positive.
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Table 1l. Heavy chain rearrangements in several anti-DNA transgenic hybridomas

Hybridoma lg Configuration of
Cloné Isotype Vi Ve Untargeted Allelé Southern Bands
a32 IgM D42 073 gl gl, tg
a79 19G2a D42 W4 DJ,3 l, tg, 5.3 kb
al02 19G2b D42 D42 gl gl, tg
a82 19G2b D42 D42 DR ol, tg, 5.4 kb
al22 1gG2a D42 D42 B gl, tg, 6.3 kb
al3l IgM D42 D42 ND gl, tg, 4.0 kb, 4.7 kb
al34 IgM D42 D42 DJ1, D32 gl, tg, 5.4 kb, 6.5 kb
b6 1gG2a D42 D42 gl gl, tg
b11 IgM D42 D42 DJ2 gl, tg, 5.4 kb
b29 IgM D42 D42 ND gl, tg, 5.0 kb
b55 1gG2b D42 D42 Dy gl, tg, 3.5 kb
b16 1gG2a D42 D42 DR al, tg, 3.8 kb
NSCP gl

2a and b refer to hybridoma clones from mouse a and b, respectively.

b Hybridoma clones showing only germline and transgene-related bands in Southern blot and a germline PCR band with’ panigtswiere
considered to have their untargeted allele in the germline configuration. DSR&Tangements were determined by PCR using anti-sense primers
located 3to 3,1, 1,2, 1,3, or 1,4 in combination with a sense primer specific for thdlanking region of all DSP2 genes (11). No VDJ rearrangements
were seen by PCR in transgenic hybridomas using universalevise primer (11) and antiseng® dr J,4 primers, while control hybridomas J25 (VDJ2)
and 1D9 (VDJ4) showed PCR bands of the expected size. gl, germline; tg, transgene.

¢ Southern blots were carried out followilgcoR| digestion of hybridoma DNA and hybridization with a pJ11 probe (20). The sizes of the germline
and the transgene hybridization bands were 6.4 and 3.2 kb, respectively.

9ND, not determined (negative DSP2-PCR).

€Myeloma partner in the fusion experiments.

expressing the untargeted H chain allele, since the fracti@¥4) pletely negative in the filter assay (11). At 7 mo of age, the pro-
of nontransgenic, mature B cell§¥positive) in bone marrow and portion of transgenic IgM anti-DNA hybridomas has increased to
spleen of young and old transgenic NZB/NZW mice remainedabout 40%, and a significant fraction of the hybridoma population
constant and similar (data not shown). (~30%) had switched to 1gG (Table I). All the transgenic 1gG

None of the NZB/NZW hybridomas produced more than one Ighybridomas secreted either 1IgG2a or IgG2b mAbs, aT®% of
isotype. This complete allelic exclusion at the cellular level con-them reacted with DNA in the two binding assays (Table | and Fig.
trasts with results obtained with conventional transgenes in autasA). All the IgM and IgG anti-DNA mAbs were of transgenic
immune animals (14-16) and confirms the FACS analysis of tarerigin, since none of the hybridomas expressing the untargeted H
geted B cells (Fig. 1). The maintenance of allelic exclusion in thechain allele could bind DNA.
targeted NZB/NZW B cells was also supported by Southern blot-
ting and PCR analysis of genomic DNA obtained from a random ) ) )
sample of hybridoma clones (Table I1). All the tested DNA sam- P roperties of anti-DNA mAbs from targeted NZB/NZW mice
ples showed at least twq,hybridizing bands in Southern blots The nucleotide (and amino acid) sequences of representajve V
corresponding to one myeloma-derived germline band and one reggenes from hybridomas derived from two 7-mo-old transgenic
arranged transgenic band. Additional bands, presumably correNZB/NZW mice are shown in Fig.R Of 22 sequenced H chain
sponding to rearrangements on the untargeted H chain allele weteansgenes, 18 accumulated somatic mutations, and only four re-
present in nine of 12 transgenic hybridomas. However, in seven dfained the germline sequence. Beifandy H chains had somatic
nine DNA samples these additional rearrangements could be acnautations. In two of the }{ genes (e.g., b66; FigA3 the recurrent
counted for by D-] rearrangements, as revealed by PCR analyseSer to Asn mutation at position 35 of CDR1 was found. This most
with primers specific for 5DSP2 and 3J,, DNA sequences. The prevalent mutation in ){11-encoded anti-DNA H chains (19) in-
remaining two hybridomas (a131 and b29; Table Il) may havecreased the affinity of D42 IgM by about 10-fold (19). Interest-
rearranged non-DSP2 D segments, such as DFL16 or DQ52, asgly, no replacement somatic mutations were found along the
none of the 12 hybridomas showed any evidence of VDJ rearArg-rich CDR3 in any of the 22 sequenced H chains. This suggests
rangements on the untargeted allele in PCR reactions with a unthat the integrity of CDR3 is essential for high affinity DNA bind-
versal \{, degenerate primer and primers specific fq2 dr J,4 ing. Indeed, we have previously shown (19) that replacement of
DNA sequences (Table ). the Arg-rich CDR3 abolished DNA binding completely.

The hybridoma analysis (Table I) is generally compatible with  Sequence analysis of L chains from hybridomas derived from
the serologic results. In the absence of appropriate anti-allotypithe same 7-mo-old transgenic NZB/NZW mice showed a strik-
reagents for the NZB/NZW mouse, it was not possible to proveingly restricted repertoire of, genes (Figs. B and 4). Seventeen
that all anti-DNA serum Abs shown in Fig. 2 carried the transgenicof the 20 sequenced L chains had a singlegene (RF, 062),
allotype. However, all anti-DNA hybridoma Abs derived from the rearranged to a single&csegment (d5). This L chain was identical
three fusion experiments shown in Table Il were encoded by the Hwith that of the original D42 hybridoma, which had been isolated
chain transgene as analyzed by PCR and nucleotide sequencirfigom a diseased NZB/NZW female mouse 15 yr previously (23,
About 5% of the 2-mo-old mouse hybridomas secreted anti-DNA24). One of the two transgenic NZB/NZW mice appeared to ex-
IgM mADbs that were binding DNA in both the ELISA (Table 1) press this L chain exclusively, resulting in an essentially mono-
and the nitrocellulose filter assay (not shown) and were unmutatedpecific anti-DNA mouse. The majority of anti-DNA hybridomas
These Abs, like those obtained from the serum (Fig. 2), thereforérom the second transgenic mouse also expressed the R4ARY
had a substantially higher affinity for DNA than the transgenic combination, but had three additional L chains encoded by differ-
anti-DNA mAbs derived from normal mice, which were com- ent Vk-Jk combinations (Fig. 4). In contrast to the very restricted
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FIGURE 3. (continued

Vk usage in transgenic NZB/NZW mice, IgM anti-DNA trans- two Vk genes that were common to the two groups (042 and 073;
genic hybridomas derived from D42i (C57BL/& BALBI/c)F, Fig. 4) were rearranged to different 3egments.

mice (11) were much more diverse in theik \dtilization. Twelve The anti-DNA mAbs encoded by the canonicg|¥42/V, D42
different Vk genes were employed in 20 sequenced anti-DNA hy-gene pair could be derived from a repetitive selection of indepen-
bridomas (Fig. 4). There was little overlap inkMusage by auto- dently rearranged B cells or could represent a clonal expansion of
immune and normal mouse transgenic hybridomas, and the onlg single B cell clone in each individual mouse. To distinguish
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[] (c57BL/6 x BALB/c) F1
FIGURE 4. Vk gene utilization by

V411 transgenic anti-DNA hybridomas, 5
derived from (C57BL/6xX BALB/c)F, (11)

and NZB/NZW K mice. Vk genes were
designated according to the method of Stro-
hal et al. (45) and were rearranged to the
following Jk segments: 089«2, 032-k5,
040-%k2, 017-k2, 092-k2 or k5, 094-%2

or Jk5, 068-k5, 101-k5, 102-k4 or X5,
013-%k2, 073-k4 (normal) and &1 (NzZB/
NZW), 042-X5 (normal) and &2 (NZB/
NZW), 055-k2, and 062-d5. An asterisk
denotes that the prototype sequence was
closest to but not identical with the se-

quenced L chain. o mmﬁlrﬂﬂﬂmm[.—lmmﬂ

Vi2 Wik Vid Viel/5 V8 ViB W9 Wkl4 V4 W3 L Vid Vkd RF
089) OR) ©0) O ©OR) 9 ©8) WD 1R O13) 73 O 0D )

- Wl NzB/NZW FL

No. of hybridoma clones

between these possibilities, we have analyzed by PCR thg D-J The difference in DNA binding between transgenic mAbs de-
rearrangements of the untargeted, unexpressed H chain allelesiived from targeted normal mice (11) and those obtained from
genomic DNA from a random sample of anti-DNA hybridoma targeted NZB/NZW mice is also reflected in the pattern and in-
clones (Table II). Strikingly, at least four of five D42H/D42L chain tensity of nuclear staining in the fluorescent anti-nuclear Ab
expressing hybridomas from each of the two mice showed differenfFANA) test (Fig. 8C). While (C57BL/6 X BALB/c)F,-derived

D-J rearrangements at the endogenous allele. This analysis sugM mAbs gave a nucleolar staining of Hep-2 cell nuclei, all NZB/
gests very strongly that multiple independent B cell clones usedNZW IgM mAbs gave a stronger, speckled nuclear staining, and
the same ¥-Jk gene rearrangement to pair with the transgenic Hall NZB/NZW IgG mAbs stained nuclei very intensely with a ho-
chain and were highly selected for the anti-DNA immune responsenogeneous pattern. The latter ANA pattern closely resembles the
in these targeted mice. homogeneous nuclear fluorescent pattern obtained by Roark et al.

Similarly to the NZB/NZW transgenic H chains, many of the (14) with transgenic anti-DNA mAbs from MRIpr mice. Finally,
corresponding L chains were found to be somatically mutated (Figimmunofluorescent staining of kidney sections derived from 7-mo-
3B). Interestingly, none of the replacement mutations {r0&2 old NZB/NZW transgenic mouse showed a typical “wire loop”
(VkD42) was present in CDRs. This may suggest that L chainstaining of the glomerular capillary wall with a mesangial depo-
somatic hypermutation does not play a major role in the affinitysition of IgG (Fig. 8). However, the transgenic mice did not
maturation of these anti-DNA Abs; alternatively, it is possible thatdevelop proteinuria above 0.3 g/l+(Q), and their survival was
framework region amino acids may increase DNA binding affinity increased to at least 18 mo of age. Of the D42 targeted mice not
directly or indirectly (e.g., the Ala to Val mutation at position 84 used in our experiments, all seven were alive at 18 mo of age,
of framework region 3 in b6 and b15 L chains was also present irwhile all of their nontransgenic littermates died before reaching the
the original D42 L chain) (19). age of 1 yr.

The DNA binding capacity of IgM and IgG transgenic anti-
DNA Abs was evaluated by surveying a large number of hybrid- _. .
oma supernatants in the nitrocellulose filter assay (FA). | Discussion
hybridomas derived from 7-mo-old NZB/NZW mice, the great ma- Mouse models of autoimmunity targeted with distinct combinations
jority of transgenic anti-DNA Abs, particularly IgM and 1gG de- of Ig or TCR chains provide an excellent opportunity for studying the
rived from the germline encoded or somatically mutatgd¥?2/ genetic and immunologic factors that contribute to the loss of self
V, D42 chain combination, bound 50-90% of input radioactive tolerance and the development of autoimmune disease. In the case of
DNA, suggesting a very high DNA binding affinity. In compari- SLE, a very diverse and multiclonal immune response to DNA that
son, transgenic IgM anti-DNA Abs from (C57BL##6 BALB/c)F; involves only a small fraction of the mouse B cells and serum Igs may
D42 targeted mice, although positive in the ELISA (11), werebe reduced to a nearly homogeneous immune response that can be
completely negative in the filter assay (Figd)5This substantial analyzed in precise detail. For example, thgl¥(S107) gene, which
difference in DNA binding capacity between canonical and non-is one of the most recurrent,\Vgenes in the murine autoimmune
canonical H/L chain combinations suggests an important role foresponse to DNA in NZB/NZW mice, is found in only about 5% of
the VkD42-encoded L chain in generating high affinity anti-DNA anti-DNA hybridomas derived from these mice (26). This makes a
autoantibodies. However, a few noncanonical H/L combinationsdetailed study of clonal activation, class switching, and somatic mu-
represented by the \D42/Vk4 (055)-encoded a79 IgG mAb (Fig. tation much easier in the targeted model than in the wild-type animal.
5B) had a very high binding affinity for DNA (for comparison, the A quantitative assessment of B cell deletion and of B cell receptor
apparent association constants of D42 IgG and another prototypiediting is virtually impossible in wild-type animals because the num-
NZB/NZW anti-DNA Ab, A52 IgG are 5.4< 10" and 1.3x 108 ber of cells affected by these tolerance mechanisms is very small.
M~ %/bp, respectively) (25). Additionally, the distinct and well-defined changes in the properties of
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FIGURE 5. Properties of trans- £ o (=]
genic anti-DNA mAbs from NZB/ E 25 - 05 o
NZW mice. A, DNA binding capacity o
. ) h o_o
of transgenic anti-DNA hybridoma su- °
pernatants (1Qul, normalized to 10 o L FRR .
pg lg/ml) from DA42i (C57BL/6 X DI lgM 7™ IgM ™ 1gG f 2 i 4 ® % = 4

BALB/c)F, (11) and autoimmune
NZB/NZW F, mice. Binding is ex- Micual NZB /NZW Bound Ag (ng/ml)
pressed as a percentage of the input
[**C]dsDNA (37 ng, 1850 cpm). C
Filled and empty symbols represent
canonical and noncanonical H/L chain
combinations, respectively. An aster-

isk denotes the germline sequence of
both chains.B, Equilibrium affinity
measurement in solution of a nonca-
nonical 1gG anti-DNA mAb from a
7-mo-old NZB/NZW transgenic hy-
bridoma. Apparent affinity constants
were determined as described previ-
ously (19, 25).C, Immunofluores-
cence staining of Hep-2 nuclei and
NZB/NZW kidney glomeruli. Upper

left, FANA staining with a transgenic
(C57BL/6 X BALB/c)F, IgM anti-

DNA mAb (11); lower left FANA
staining with a transgenic NZB/NZW

IgM anti-DNA mAb; upper right
FANA staining with a transgenic
NZB/NZW 1gG anti-DNA mAb;

lower right, immunofluorescence of a
kidney section from a 7-mo-old trans-
genic NZB/NZW mouse.

a single Ig gene when transferred from a normal to an autoimmune In this study we have been able to reproduce many serologic and
genetic background may serve as a convenient readout system feome pathologic features of murine SLE by targeting a single anti-
probing suspected non-lg genes that may be involved in autoimmu®NA H chain to the genome of the NZB/NZW, Female mouse.
nity. This can be done by simple backcrossing to recombinant, trandn the context of the still poorly defined genetic background of this
genic, or knockout mice with defined genotypes and may apply, foautoimmune strain, the targeted glD42 H chain gave rise to high af-
example, to the recently identified disease susceptibility genes ifinity anti-DNA autoantibodies that were missing from the repertoire
NZB/NZW mice (27-29) or to signal transduction-modulating genes,of (C57BL/6 X BALBI/c)F, mice targeted with the same rearranged
such as CD22 (30) or Lyn (31). The study of glomerulonephritis andV, gene (11). Furthermore, many of these anti-DNA Abs followed a
other Ab-dependent pathologic mechanisms in SLE may also benefiypical course of age-related disease development by switching their
greatly from the availability of targeted mice producing well-defined IgM isotype to IgG2a or IgG2b and by accumulating somatic muta-
autoantibodies, since the available models for pathologic studies itions (including some that are known to increase DNA binding affin-
vivo mostly rely on the administration of malignant hybridomas to ity). These results indicate that the kinetics of autoimmune disease
immunocompromised mice (32). The limited survival of the inocu- development are similar in wild-type and transgenic lupus-prone
lated animals does not permit a chronic process of tissue injury that islZB/NZW mice and that targeted mice may serve as reliable models
typical of murine and human SLE. for studying the mechanisms of autoimmunity.
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Several studies have addressed the issue of allelic exclusion ihermore, several IgM and IgG anti-DNA Abs from 7-mo-old
B cells of autoimmune mice (14-16, 33, 34). While there are noNZB/NZW mice whose H and L chains were unmutated bound
data indicating that H chain allelic exclusion is in any way defec-DNA with relatively high affinity (Fig. V) (25), typical of anti-
tive in nontransgenic MRUlpr B cells, including the autoantibody- DNA Abs from diseased NZB/NZW mice. These results indicate
producing B cells (34), studies in MRIpf (14, 16) and NZB/ that NZB/NZW mice differ from normal mice in their ability to
NZW anti-DNA transgenic mice (33) have documented frequent Hmaintain and expand B cells carrying BCR H/L chain combina-
chain allelic inclusion among the autoantibody-producing hybrid-tions with high affinity for DNA. In the context of H chain trans-
omas and suggested that allelic inclusion protects anti-DNA spegenic mice, this implies that normal and autoimmune mice use
cific B cells from central deletion. Some of the reported resultsdifferent sets of L chains for pairing with the H chain transgene.
could be attributed to the difference between a targeted and a corfhis indeed was found to be the case in this study (Fig. 4) and in
ventional H chain transgene, particularly an IgG H chain trans-the study by Roark et al. (14), using a conventional anti-DNA H
gene, which may need to be rescued by allelic inclusion for thechain transgenic MRL mice. Furthermore, this analysis indicates
proper B cell development (17). The results presented in this papehat nonsomatically mutated autoantibodies may bind DNA with
do not support allelic inclusion in NZB/NZW anti-DNA B cells for high affinity. In support of this conclusion, our previous analysis of
the following reasons: 1) FACS analysis of knock-in heterozygoushe structural elements controlling anti-DNA Ab affinity has shown
NZB/NZW B cells carrying one targeted and one untargeted Hthat the major contribution to DNA binding affinity is provided by
chain allele with allotype-specific reagents (Fi®) showed only  the nonmutated rearranged configuration of the autoantibody and
single allotype-expressing cell populations; 2) ELISA assays ofdepends on the particular H/L chain pairing (19).
>300 hybridomas obtained from these mice did not reveal simul- The finding that over 80% of the transgenic anti-DNA hybrid-
taneous secretion of IgM and IgG or different IgG subclasses bymas derived from diseased NZB/NZW mice had L chains en-
individual hybridoma clones; 3) PCR analysis of several hybrid-coded by a single ¥-Jx combination and that many of these hy-
omas with Qy-, J;-, and Vj;-specific primers showed a high fre- bridomas represent repetitively selected, independent B cell clones
quency of unrearranged and incompletely rearranged configurawas striking and unexpected. This is particularly since tha/
tions of the untargeted, unexpressed H chain allele, indicatinggncoded H chain has been reported to combine with many different
efficient allelic exclusion by the \D42 transgene. Taken together, L chains to give anti-DNA specificity (summarized in Ref. 11).
these results suggest that allelic inclusion does not play a majoBeveral nonmutually exclusive explanations may be provided for
role in this model of autoimmunity. this very restricted anti-DNA immune response. 1) The dominance

The structural and functional properties of transgenic anti-DNAof this particular H/L chain combination could result from an Ag-
Abs, as analyzed by H/L chain pairing, solid and solution phasdndependent preferential association that is driven by structural
binding assays, and nuclear staining patterns, were very different iproperties. Although }{ and Vk gene families have been shown to
lupus-prone NZB/NZW mice and normal (C57BL¥6BALB/c)F; pair without bias, as would be expected from random association
mice. It is important to point out that the NZB/NZW hybridomas (36), some influence of the highly positively charged CDR3 pep-
and the normal mouse hybridomas were derived by different actitide of the D42 H chain could modulate the selection of L chains
vation mechanisms, i.e., spontaneous activation in NZB/NZWfor efficient H/L pairing. 2) The strong selection for the,D42/
mice (Table I) and LPS in normal mice (11). In several fusionV, D42 chain combination could represent a unique fine specificity
experiments we observed that pretreatment of spleen cells witfor the inducing (auto) Ag. Studies on anti-histone and anti-
LPS was necessary for obtaining anti-DNA hybridomas from D42inucleosome autoantibodies in lupus-prone mice (37, 38) as well as
(C57BL/6 X BALB/c)F, transgenic mice, but the same treatment studies of T cells and TCRs involved in the anti-DNA autoimmune
was counterproductive in the case of 7-mo-old NZB/NZW trans-response (39) suggest that a DNA-protein, possibly a DNA-histone
genic mice (Table 1). This finding is best explained by the anergiccomplex may serve as the immunizing agent, leading to anti-DNA
state of the DNA-specific B cells in normal mice, as shown byB cell activation. Consequently, the D42 Ab binding site may be
several criteria (11) and by the apparent spontaneous activation able to accommodate a partial protein epitope in addition to DNA.
the Ab-secreting B cells in old autoimmune animals (Fig. 2). In theWeigert and his co-workers further suggested that the L chains of
latter case, LPS stimulation of mature, activated B cells may banti-DNA autoantibodies may be responsible for the recognition of
suppressed (22, 35) and/or may lead to deletion by apoptosis. ARuclear protein and for modulating the nuclear staining patterns of
though LPS stimulation and spontaneous activation may select difanti-DNA autoantibodies (40, 41). Indeed, the different ANA pat-
ferent populations of DNA-reactive B cells, it is likely that the terns of transgenic Abs obtained from (C57BL#6 BALB/c)F;
hybridomas analyzed for H/L chain pairing (Fig. 4) are represen-and 7-mo-old NZB/NZW mice (Fig. ) are compatible with this
tative of the total anti-DNA B cell population in normal and au- interpretation. 3) Anti-DNA B cell clones having this particular
toimmune transgenic mice. This is because both spontaneous aBCR H/L chain combination may be preferentially expanded in
tivation and mitogenic stimulation were repeatedly employed for Bperipheral organs due to their particularly high affinity for the
cells derived from both strains of mice. However, it cannot beDNA autoantigen. This is suggested by direct affinity measure-
excluded that other methods of activation, such as CD40 ligandanents in solution of D42 IgM and 1gG (19, 25) and by the high
and IL-4 stimulation, would yield additional populations of anti- DNA binding capacity of canonical IgM and IgG transgenic Abs
DNA-secreting B cells. For the purpose of correlating H/L pairing compared with that of noncanonical anti-DNA Abs (Figh)5In
chain combination with DNA binding affinity of Abs derived from this regard, it is interesting to note that the few anti-DNA Abs
normal and autoimmune mice (FigAp the route of B cell acti- derived from 3-mo-old transgenic NZB/NZW mice had an inter-
vation is less relevant, since the binding properties only depend omediate DNA binding capacity (20—30% of input DNA in the filter
the particular sequences of the H/L pairs. assay), and none of them was encoded by thp42/V, D42 chain

Although most of the transgenic anti-DNA mAbs obtained from combination. Although the sample size is small, this may suggest,
normal mouse hybridomas were encoded by the somatically muas in the case of the immune response to the oxazolone hapten
tated D42 V, gene (11), potentially leading to higher affinity Abs, (42), that the initial immune response to DNA in NZB/NZW mice
their DNA binding capacity was substantially lower than that of is characterized by a nonoptimal H/L chain combination with a
the V, D42-encoded 7-mo-old NZB/NZW mAbs (FigAp Fur- rather low affinity, later replaced by a restricted pair of germline
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H/L combinations with good affinity that further improve by so-  The selective escape from deletion of high affinity autoreactive
matic mutation. The homogeneous ANA fluorescent pattern of thé cells may also be facilitated by a malfunctioning mechanism of
high affinity Abs may then be explained by their ability to bind less receptor editing, that may be responsible for lowering the affinity
accessible DNA structures in the nucleus. of these autoreactive cells through L chain secondary rearrange-

The restricted H/L chain pairing of the transgenic anti-DNA Ig ments (11). A partial failure of this mechanism may result in a leak
population is particularly striking when the number of indepen- of autoreactive B cells to the periphery due to an overloaded sys-
dently selected B cell clones is considered. A partial analysis ofem of central tolerance. An additional explanation for the pres-
hybridomas from an additional old NZB/NZW transgenic mouseence of DNA-reactive B cells in the circulation of mice with func-
has shown an overwhelming dominance (10 of 11 mAb) of thetional central tolerance may be based on the recently demonstrated
VD42/V, D42 chain combination in the anti-DNA Ab population B cell receptor editing in germinal centers of peripheral organs (48,
(N. Yachimovich, G. Mostoslavsky, and D. Eilat, unpublished ob-49). This opens the interesting possibility that B cells expressing
servations). Within individual mice, several Abs bearing this H/L autoreactive H/L chain combinations may originate exclusively in
pair were shown to represent independent B cell clones (Table Il)the periphery. In this case, the failure or absence of peripheral
Furthermore, inspection of somatic mutations in both H and Ltolerance could account for the autoimmune manifestations of lu-
sequenced chains 0f20 canonical mAb convincingly showed pus-prone mice in the absence of any impairment in central
only two pairs of clonally related hybridomas (b6; b15 and b25;tolerance.
b55; Fig. 3). This suggests that the autoimmune response to DNA It is interesting to note that despite a clear, disease-related anti-
is multiclonal. The same conclusion was reached following ourDNA serology demonstrated by the targeted NZB/NZW mice and
detailed study of another anti-DNA-associated §ene (\M,BW- the characteristic glomerular staining pattern (Fig),3hese mice
16) in nontransgenic NZB/NZW mice (25). This study has showndid not develop severe proteinuria like their nontransgenic litter-
that a single VY, gene may encode a diverse population of anti-mates and were alive at 18 mo of age. This unusual pathology is
DNA B cell clones in an individual diseased animal. somewhat similar to that reported recently by Clynes et al. (50) in

The D42 Vk-gene segment was first identified by Kofler et al. Fc receptory chain-deficient NZB/NZW mice. One possible ex-
(43) in a L chain derived from an MRL mouse IgM rheumatoid planation for the absence of severe nephritis may be the absence of
factor, RF-24. The sequence could not be assigned to any of the polyclonal anti-nuclear immune response. Additionally, we have
existing Vk groups by the classification of Potter et al. (44) or that consistently observed that the D42 mAb is only mildly pathogenic
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