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Genetic stability of gene targeted immunoglobulin loci. I. Heavy chain
isotype exchange induced by a universal gene replacement vector

C. KARDINAL, M. SELMAYR & R. MOCIKAT GSF-Institut fu Immunologie, Muachen, Germany

SUMMARY

Gene targeting at the immunoglobulin loci of B cells is an efficient tool for studying immunoglobulin
expression or generating chimeric antibodies. We have shown that vector integration induced by human
immunoglobulin G1 (IgG1) insertion vectors results in subsequent vector excision mediated by the
duplicated target sequence, whereas replacement events which could be induced by the same constructs
remain stable. We could demonstrate that the distribution of the vector homology strongly influences the
genetic stability obtained. To this end we developed a novel type of a heavy chain replacement vector
making use of the heavy chain class switch recombination sequence. Despite the presence of a two-sided
homology this construct is universally applicable irrespective of the constant gene region utilized by the

B cell. In comparison to an integration vector the frequency of stable incorporation was strongly
increased, but we still observed vector excision, although at a markedly reduced rate. The latter events
even occurred with circular constructs. Linearization of the construct at various sites and the comparison
with an integration vector that carries the identical homology sequence, but differs in the distribution of
homology, revealed the following features of homologous recombination of immunoglobulin genes:

(i) the integration frequency is only determined by the length of the homology flank where the cross-
over takes place; (ii) a' Blank that does not meet the minimum requirement of homology length cannot

be complemented by a sufficientfBnk; (iii) free vector ends play a role for integration as well as for
replacement targeting; (iv) truncating recombination events are suppressed in the presence of two
flanks. Furthermore, we show that the switch region that was usedfasI8 is non-functional in an
inverted orientation.

INTRODUCTION within the homology regiofi:*° Free adjacent ends produced by
For the study of immunoglobulin gene expression homologousvector cuttlr_lg V\.”thm the homology lead to a dr_amatlc Increase of
LT . . the recombination frequency, as was shown in mammalian cells
recombination in B cells is a suitable system. Also for the : 1-13 : o
and in yeast’*3The incorporation into the genome of the whole

eneration of recombinant antibodies (Ab) gene targeting in ; . . . L
g (Ab) g geting vector via a single cross-over gives rise to a duplication of the

hybridoma cells can be successfully applied thereby overcomin?arget sequence. By contrast, a replacement vector usually bears

the low productivity of the usual mammalian expression SyStemShomology flanks on both sides of the sequence to be introduced. It
We and other groups have devised an expression system which is . - . . '
group P y linearized outside or at either or both ends of the homofoHye

based on site-specific integration of the desired human constant ( o - S
incorporation involves double reciprocal recombination or gene

gene segments into the immunoglobulin loci of hybridoma cell . - . . .
lines expressing the desired specificitteSimilar gene targeting conversion and IS likely to be mediated by a mechanism different
from the integration pathway.

trategies hav n for intr in tle mutations into th ; .
strategies have been used fo oducing subtle mutations into the The exchange of C regions for monoclonal antibody (mAb)

immunoglobulin heavy (IgH) chain locus of hybridoma célfs. L . g
ince the en n requlatory elements remain unalter & imerization has been performed by integrationas well as
Since the endogenous regulatory elements remain unaltered, ore}z‘gplacement vectors® Due to the requirement of & 8ank, IgH

can obtain expression rates in the range of the parental " . ]
hvbri >4.8 . . L chain replacement vectors have the disadvantage that they are not
ybridoma:™* Furthermore, this system is very convenient in as

much as the variable (V) genes have not to be isolated from thgmversally applicable to hypndomas_, of all isotypes. Thus, a set of
hybridoma constructs had to be designed with fianks matched to the
' I . different H chain subclassé8y contrast, integration vectors only
In general, two types of recombination vectors are feasible. An . : S S
i . dweed a 5homology derived from tha intron which is identical in
all hybridomas. However, integration vectors suffer from the
drawback that the duplication of the target sequence confers
Received 29 April 1996; revised 15 July 1996; accepted 21 July 1996genetic instability which at high frequency leads to a secondary
Correspondence: Dr R. Mocikat, GSF-Institutr flmmunologie, excision of the introduced C region and to restoration of the
Marchioninistr. 25, D-81377 Mhchen, Germany. parental murine locu**® Furthermore, we have shown that
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integration vectors carrying the human IgG1 sequence often inducEnzyme-linked immunosorbent assay (ELISA) and Western
aberrant replacement-like events which partly result in a loss of thélotting

Cyl domain'®!® These latter events — termed as ‘targetedStable transformants secreting human immunoglobulins were
illegitimate’ recombinations — utilize breakpoints which are not detected by ELISA using goat anti-human IgGFc as coating Ab
located in the homology flank despite the presence of free adjacerind horseradish peroxidase-conjugated goat anti-human IgGFc as
homologous vector end§. detecting Ab. To test for the presence of thgl@omain goat anti-

To take advantage of the genetic stability achieved byhuman IgGFab was used as detecting Ab. All Ab were purchased
replacement targeting and to obviate the need of using arfrom Dianova (Hamburg). The colour reaction was initiated by
isotype-matched ‘3flank, we have designed a novel type of a adding HO, and o-phenylenediamine (Sigma, ‘Mahen). For
replacement vector that is universally applicable to all hybri- Western blotting, immunoglobulin was precipitated from culture
domas irrespective of the isotype expressed. Although this vectosupernatants by protein G beads, reduced, run on 10% sodium
also promotes integration events, the genetic stability obtainedodecyl sulphate—polyacrylamide gel electrophoresis (SDS—
is markedly improved by virtue of a considerably increasedPAGE) and electroblotted on nitrocellulose filters which were
replacement frequency. Surprisingly, replacements resultingreated with peroxidase-coupled goat anti-human IgGFc a@H
in Cyl truncation, as they were observed with integrationand 3,3-diaminobenzidine as substrate.
vectors'>*® are now significantly suppressed. This gives hints
to the mechanistics of homologous recombination at the IgHSouthern blotting
locus. Genomic DNA was isolated according to ref. 19 and digested with

restriction enzymes. Ten micrograms per lane were loadedrén O
agarose gels and blotted to Genescreen filters (Du Pont, Boston,
MATERIALS AND METHODS MA) which were subsequently hybridized with a 32P-labelled
probe, washed under stringent conditions and exposed to
preflashed Kodak X-ray films. The hybridization probes were the
1-6-kb Hindlll/ EcoRI fragment Mg, from the murine |J region and
the 238-bp PCR product hi from the IgG1 ¢3 exon (Fig. 1).

Vector construction

The construction of the integration vectors pSVgpthéd5 and
pSVgpty1-A6 has been described previoudiTo create the 3
flank for the replacement constructs parts of the mougerigon

were amplified by PCR from the plasmid pgvi5 which was
kindly provided by M. Reth (Freiburg). A -8-kb fragment RESULTS

including the switch (8) region was then cloned vidanH| and

Sad ends into pSP72 whodecdRl site had been destroyed. The Generation of a stable chimeric situation at the IgH locus by
fragment was excised bganHI/Bglll digestion and ligated into  gene replacement

the BanHlI site of pSVgpt-hyl-AS5 in the physiological (pSVgpt-
huy1-A5-S8) or in the inverted (pSVgpt-hil-A5-S3) orientation,

respectively.

In the past, we have used integration vectors to target the IgH locus
of hybridoma cell lines for the generation of chimeric mAb.
Targeted clones are enriched by selecting dpt activity and
identified as human immunoglobulin producers in the ELISA. As
Cell culture techniques we have shown, a human IgG1 integration vector does not only
MmT1 is an AKR/J-derived hybridomaZaf) with anti-Thy-1.2  undergo integration events, as shown in Fig.1a, but also promotes
specificity!” MPC11 is an 1gG2b expressing murine myeloma replacement reactions despite the presence of free homologous
cell line from BALB/c® The cells were propagated in RPMI- DNA ends™*° These replacement events are due to illegitimate
1640 supplemented with 10% fetal calf serum (FCS) atif7a cross-overs at the 3ide (as shown for the vector pSVgptsiuA5

5% CQ, atmosphere. For transfection “1€xponentially growing  in Fig. 1b; pathway a) or at both sides (pathway b). Pathway b gives
cells were mixed with 2@g of DNA which had been cut with rise to immunoglobulin devoid of the, (1 domain. The location
various enzymes (see Results) and precipitated with isopropand®f the illegitimate breakpoints is variable, as we could show by
The electroporation was performed in 70(RPMI-1640 using a  hybridization of Sad/BanHl digested DNA from several
Bio-Rad (Minchen, Germany) Genepulser apparatus at eclones with the hul probe which should detect a63kb fragment
voltage of 220V and a capacitance of 5 Cells were kept if the vector-borne human C region remained intact upon
on ice for 10 min and then plated on 96-well dishes at aincorporation (Fig. 2a).

density of 16 cells per well. Selection began after 48hr with ~ We showed® that following replacement, the introduced
250ug/ml xanthine, 1:g/ml hypoxanthine and increasing human exons are always stably retained. Integration events,
concentrations of mycophenolic acid, up to a final concentratiorhowever, lead to secondary vector excision and loss of the
of 2ug/ml. human phenotype at high incidence, as detected in the ELISA after

Figure 1. (See page 311.) (a) Expected vector integration pathway of the integration construct pSigptshat the IgH locus. The
predicted hybridizing fragments are indicated by bars. (b) Replacement recombination induced by the integration vector pS¥dpathu

the IgH locus. Targeting involves one (pathway a) or two (pathway b) illegitimate cross-overs. The latter pathway gives rise to truncation of
the G41 domain. (c) Distribution of homology sequences in the integration vector pSVgptA& (upper part) and in the replacement vector
pSVgpt-hyl-A5-SB (lower part). Mouse exons are depicted as open boxes, human exons as blackened boxes. The homology flanks are
indicated as bolt lines. Restriction sites: EGoRI; S, Sad; H, Hindlll; B, BarrHI; P, Pvu. Asterisks denote destroyed restriction sites.
Brackets indicate the location of hybridization probes. The plasmids are not drawn to scale.
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Figure 2. (a) Representative Southern blot showing replacement events induced by the integration vector pSMé-ivu the
hybridoma MmT1.Sad/BanHI digested DNA from recombinants was hybridized with the probglhrhe theoretical fragment size of

3:6kb, as it is present in the targeting vector, is indicated. (b) Southern blot analysis of representative MmT1 clones targeted with the
replacement construct pSVgptsl1A5-S5. DNA was digested witiBarH| and hybridized with the probe MJ Lane 1, pattern of the
parental cell line MmT1; lanes 2-5, typical stably targeted human IgG1 producers. The results were verified by other restriction digests
and hybridization probes. Multiple bands in both blots can be explained by additional random integrations. The arrow heads indicate the
migration start points. Sizes are given in kb. The location of the hybridization probes is depicted in Fig. 1.

about two weeks of cultivatio Maintaining selection pressure replacement targeting of virtually all isotypes. The recombination
with mycophenolic acid was not able to prevent the excision of thesubstrate was released from the vectorRwi/BanH| digestion
human C region. This can be explained by additional randpin  (Fig. 1¢) and cotransfected along with et selection marker into
gene integrations into the genome which were consistentlythe 1IgG2a hybridoma MmT1. As shown in Table 1, the overall
observed when stable clones were examined by Southern analysiecombination frequency was increased as compared with the
A characteristics of vector integration is the occurrence of a noveintegration vector pSVgpt-had-A6. This was accounted for by an
13-5-kb BanHI fragment detected by the probe MJThis band  about five-fold enhanced yield of stable producers which could be
originates from duplication of the intron sequence (Fig. 1a). Up toidentified as replacement recombinants by hybridization with the
now we have examined 53 transfectants in the Southern blot (ngtrobes MJ, and hyl. Examples are depicted in Fig. 2b. The
shown), 15 of which had lost human immunoglobulin secretionparental cell harbours a@kb BanHI fragment which represents
before Southern blotting and therefore showed the hybridizatiorthe functional allele and a&- and a %-kb band which is derived
pattern of the parental cell line. All 38 stable IgG1 producers werefrom the fusion partner (lane 1). Also when targeted with pSVgpt-
found to be replacement recombinants lacking thé&-kB band.  huyl-A5-SB5, the stable IgG1 producers never exhibited thé&13
This implies that, when incorporated by vector integration, thekb band which would be indicative for vector integration. Instead
IgG1 construct is highly excision-prone and has segregated at thwe observed additional fragments of about 12 kb (lanes 2-5) which
time of Southern analysis, i.e. after about 20 cell doublingsresult from replacement reactions, as they also hybridized with the
following the initial positive ELISA. During these early stages huyl probe (not shown). However, only the clone in lane 5
after transfection, integration cannot be examined by Southerulisplayed the expected #2kb BanHI band. The heterogeneity
blotting because of the cell numbers being too low. among the other clones may be explained by the repetitive motifs
As human IgG1 chimeric mAbs are of considerable clinical included in the 3vector flank giving rise to varying breakpoints at
relevance, we set out to improve the stability of gene targetedhe 3 side. Despite its design as a replacement vector, however,
hybridomas. We constructed an IgG1l vector of the classicapSVgpt-hyl-A5-S8B also induced unstable integrations, albeit at a
replacement type with two-sided homology which was expected tanarkedly reduced level.
exclusively undergo correct replacement events. To this end, the The expression levels of chimeric Ab exhibited the same
insertion vector pSVgpt-hl-A5 was endowed with an additional variability (not shown) as observed for the transformants modified
2:8-kb flank 3 of the human C region (Fig. 1c). This flank was by an integration vector which included the selection mafketis
derived fromy intron sequences immediately downstream of theunderscores our notion that tiypt gene does not interfere with
homology flank of pSVgpt-hil-A5. Therefore, the resulting immunoglobulin transcription.
replacement vector pSVgpt4iltA5-S5 has a total homology of To assess the recombination efficiency of our construct in a cell
58 kb which is identical to the insertion vector pSVgpt:heA6,1° line of a different isotype we transfected MPC11 cells which
butis interrupted by the heterologous region (Fig. 1c). Since the C express the IgG2b subclass. Essentially the same results were
downstream region is not utilized, this configuration allows for obtained as for the IgG2a hybridoma (Table 1, last line).
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Table 1. Efficiency of IgH targeting vectors in the hybridoma MmT1. All experiments were carried out at least in duplicate

Homology hd clones/  Targeting % Stable Ratio intact/
length (kb) Cutting clones frequency ‘halones % Unstable Gl-deficient

Cell line Vector 53 enzyme tested* (% Hix (replacements) cloneg 19gG1t
MmT1 pSVgpt-hyl-A5 30/— EcaRl 11/746 147 103 044 087
pSVgpt-hy1l-A6 58/— EcaRl 31/836 371 109 262 098
pSVgpt-hyl-A5-SB 3:0/28 Pvu/BarH]| 29/510 569 530 039 798
pSVgpt-hyl-A5-S3 1-4/2-8 EcaRI/BanH| 6/609 099 099 000 482
pSVgpt-hy1-A5-S8 3:0/28 EcaRl 15/492 305 244 061 139
pSVgpt-hyl-A5-S3 3:0/28 none 8/462 T3 144 029 025
pSVgpt-hy1-A5-S3 3:0/28 EcaRl 10/855 17 097 020 149
MPC11 pSVgpt-hpl-A5-S8 3:0/28 Pvu/BarH| 26/507 513 414 099 600

*Human 1gG producers as identified in the primary ELISA and total number of mycophenolic acid-resistant transformants.

 Stable clones retained the human isotype indefinitely and were identified as replacement recombinants in the Southern blot. Unstable clones lost human
Ig secretion within two weeks after the initial positive ELISA.

1 As determined by Western blotting and by testing for the presence of{he@d@main by ELISA.

Integration events induced by the replacement vector Whereas the number of clones secretingl&@leficient and

intact human 1gG1 was roughly equal when integration vectors

be explained by recircularization and subsequent ins&ft@h were used, the ratio was clearly blaseq towards intact 1gG in the
case of the replacement fragments. This effect was reversed when

or concatemerization followed by replaceméhNVe wanted to the replacement construct was linearized like an integration vector
know whether these events also occur in a situation which P 9

provides sufficient homology, but precludes primary integration(Table 1, last column).

via the B flank. Flanks shorter than 2 kb were shown to be non-

functional in the IgG1 integration vectd? By cutting withEcoRI/ A replacement construct with an inverted 3 flank
BanmHI (Fig. 1c) a replacement fragment was generated fro

Integration events induced by pSVgpt:iuA5-S53 might

nlI'he 3 flank of pSVgpt-hyl-A5-S5is provided by sequences from

pSVgpt-hy1-A5-S5 in which the 5 flank is reduced to ‘4 kb. . - . . . o . :
Despite the presence of a3db overall homology the ‘Sank the switch region which conS|s_ts of highly repe’_utlve_ motlfs. It is
not known whether the function of theuSregion is strictly

could not be used for vector integration, as all recombinants

remained stable and displayed a replacement pattern in thgepende_nt on its physiological orien_tation (A' Radbruch, personal
Southern blot (Table 1). Obviously, the additionafiank is not communication). To shed light on this question we transfected the

able to stabilize intermediates leading to vector integration.replacemem vector pSVQpt4iAS-S3 which differs from

However, also the replacement events were markedly reduce%S\_/rgrgl' hu;i-AtSh-SBr by %nbi':vt?rf"og of thrf 3f|airr1]k. AftiShlovrvnth
and were just as frequent as in the case of the 3-kb flank of pSVgpf- able %, e reco atio equency, particula €

huyl-A5. This indicates that the recombination frequency isreplacement_ freque_ncy, was markedly reduced and_was in the
exclusively determined by the-@kb 3 flank and that an range of the integration vector pSVgptsiuAS5. Thus, the inverted

insufficient 3 flank cannot even enhance the repIacementS“ region is not functional. The extended heterology prowdec_i by
efficiency. the inverted 3flank may account for the fact that the integration

pSVgpt-hyl-A5-S8 can also be linearized as an integration efficiency is slightly reduced as compared with pSVGpHHAS.

vector by EcoRIl. This enables us to assess the role of the
distribution of homology in direct comparison to pSVgpt:htA6.
As outlined in Table 1, the interruption of the homology
suppressed vector integration in favour of gene replacementiomologous recombination at the immunoglobulin loci is a rapid
despite the presence of free adjacent homologous ends. Trand highly efficient method for mAb chimerization. A shortcoming
comparison to thd®>vu/BanH| replacement fragment, however, of IgH integration vectors is the frequent secondary loss of the
showed that the free adjacent ends do exert some effect, since tiroduced isotype which can be explained by intrachromosomal
frequency of unstable producers was not as low as found with theecombination between the duplicated sequefité3.On the
true replacement fragment. other hand, replacement constructs which yield a stable situation
If secondary vector excision is associated with integrationsuffer from the drawback that they have to be matched to the
events which are due to intracellular recircularization of theisotype expressed by the hybridoma of intefestve have
replacement fragment, a circular plasmid too is predicted todeveloped a replacement vector that is universally applicable to
undergo such reactions. Transfection of pSVgptihA5-S5 virtually all subclasses, because it has a homology whose genomic
without linearization did indeed result in secondary vector excisioncounterpart is a contiguous sequence, but which is divided by the
(Table 1). The reduced number of stable clones with a replacemerteterology in the vector (Fig. 1c). Therefore, vectors individually
situation suggests that free vector ends may also play some role tesigned for the downstream regions of different subclasses are not
initiating the replacement mechanism. necessary.

DISCUSSION

© 1996 Blackwell Science Ltdmmunology89, 309-315



314 C. Kardinal et al.

On examination of the incorporation pattern of a vast array ofstabilizing the recombination intermediates at either side of the
transformants by Southern analysis, we observed correct integrdragment. The effect could be overcome by the free adjacent
tion events solely in the case of an integration vector carrying thehomologous ends which could be produced by cutting the
human I1gG3 isotyp8.By contrast, all human IgG1 producers replacement construct like an integration vector. These findings
which survived the first two weeks after the initial positive ELISA are important for routine mAb chimerization. Thus, the 1gG
were replacement recombinants. Hence, IgG1 vector integratioreplacement vector not only provides insights into the mechanisms
must always have given rise to secondary excision. The particulanf insertion and replacement recombination in hybridoma cells, but
propensity of IgG1 for vector excision may be related to the highalso is a powerful tool for mAb chimerization.
similarity between human IgG1 and the endogenous mouse 1gG2a
which may provide extended regions of microhomologies.
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