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The use of a human chromosome or its fragment as a vector for
animal transgenesis may facilitate functional studies of large
human genomic regions. We describe here the generation and
analysis of double trans-chromosomic (Tc) mice harboring two
individual human chromosome fragments (hCFs). Two transmitta-
ble hCFs, one containing the Ig heavy chain locus (IgH, '1.5 Mb)
and the other the k light chain locus (Igk, '2 Mb), were introduced
into a mouse strain whose endogenous IgH and Igk loci were
inactivated. In the resultant double-Tcydouble-knockout mice, sub-
stantial proportion of the somatic cells retained both hCFs, and the
rescue in the defect of Ig production was shown by high level
expression of human Ig heavy and k chains in the absence of mouse
heavy and k chains. In addition, serum expression profiles of four
human Ig g subclasses resembled those seen in humans. They
mounted an antigen-specific human antibody response upon im-
munization with human serum albumin, and human serum albu-
min-specific human monoclonal antibodies with various isotypes
were obtained from them. These results represent a generation of
mice with ‘‘humanized’’ loci by using the transmittable hCFs, which
suggest that the Tc technology may allow for the humanization of
over megabase-sized, complex loci in mice or other animals. Such
animals may be useful not only for studying in vivo functions of the
human genome but also for obtaining various therapeutic prod-
ucts.

Technical advances that enable larger stretches of human
DNA to be introduced into mice allow not only for intro-

duction of large genes or gene clusters but also correct expres-
sion of transgenes by inclusion of essential remote regulatory
elements (1). This also facilitates the generation of mice with
‘‘humanized’’ loci whose endogenous loci are functionally sub-
stituted for intact human equivalents in combination with tar-
geted inactivation of endogenous loci, thereby providing valu-
able experimental animals for gaining insight into in vivo func-
tions of human genes and for studying human genetic disorders
(2, 3). Particularly, much effort has been made by a number of
groups to create mice with humanized Ig (Ig) loci for obtaining
therapeutic human mAbs (hu-mAbs) monoclonal antibodies (4,
5). Their studies established that transgenic mice carrying a
portion of human IgH (14q32.33, '1.5 Mb) and Igk (2q12, '2
Mb) loci in the endogenous Ig-knockout (KO) background were
successfully used for the production of antigen-specific fully
human antibodies. They also showed that the use of larger
transgenes containing a larger number of V-gene segments
resulted in mice exhibiting more efficient humoral response to a
wide range of antigens. Although the introduction of entire
human Ig loci into mice to reconstitute full diverse human
antibody repertoires has been a next major challenge, this has
never been achieved because the cloning of over megabase-sized
DNA fragments encompassing whole human Ig loci remains

difficult even with the use of yeast artificial chromosomes (1, 5).
In addition, the constant region of the human IgH locus is known
to contain sequences difficult to be cloned (6).

To circumvent such a DNA cloning step, we have developed a
procedure utilizing a human chromosome fragment (hCF) as a
vector for transgenesis. In our previous study (7), various hCFs were
introduced into mouse embryonic stem (ES) cells via microcell-
mediated chromosome transfer, and viable chimeric mice were
produced from them. Transferred hCFs were stably retained, and
human genes, including the Igk, heavy, and -l genes, were expressed
in a proper tissue-specific manner in adult chimeric tissues. In the
case of a human chromosome 2 (hChr.2)-derived hCF [hCF(2-
W23), '5–20 Mb] (8) containing the Igk locus, it was found to be
transmitted to the offspring through the germ line, demonstrating
the establishment of a trans-chromosomic (Tc) mouse [Tc(W23)]
expressing the human Ig k light chain (hk) (7). Another group also
employed the microcell-mediated chromosome transfer to produce
chimeric mice containing a hChr.21 or its fragment in a recent
report (9).

This procedure was anticipated to be used to generate mice with
humanized Ig loci; however, several issues remained to be explored
to attain this goal. For example, the somatic mosaicism and the
transmission efficiency of hCF(2-W23) were not evaluated, and the
hChr.14-derived hCF (.50 Mb) containing the IgH locus was not
transmittable (7). In the present study, we therefore examined: (i)
germ-line transmission of another hCF with the IgH locus, (ii)
stability of hCFs in the somatic cells, (iii) transmission efficiency
and functional stability of hCFs during several passages through the
germ line, and (iv) functioning of the two individual hCFs in mice.
Indeed, such studies are prerequisite to the generation of mice
containing four distinct genetic modifications (IgH-Tc, Igk-Tc,
IgH-KO, Igk-KO) and expressing fully human Ig molecules com-
prising human Ig heavy and k light chains. They are also crucial to
demonstrate that the Tc technology can be generally used for
humanizing the mouse genome.

Here, double-Tcydouble-KO mice expressing fully human anti-
bodies have been successfully generated by the establishment of a
Tc strain that retains a hChr.14-derived hCF with the IgH locus, and
the breeding of this strain with the Tc(W23) strain on a IgH- and
Igk-KO background. ELISAs showed the high level expression of
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human Igm, all four Igg subclasses, and Igk in the sera of resultant
double-TcyKO mice. Furthermore, hybridomas secreting antigen-
specific hu-mAbs with various isotypes were obtained from them,
indicating the reconstitution of a functional repertoire of fully
human Igs. A description regarding the in vivo stability of hCFs is
also provided.

Materials and Methods
Genomic DNA Analysis by PCR. Reaction conditions for PCR ampli-
fication and the primer sequence of markers except for AKT1 were
described in our previous report (7) and The Genome Database
(http:yywww.gdb.org). Seven markers for the primary analysis of
A9ySC20 were NP, MYH6, D14S75, D14S66, D14S43, D14S78,
and IGHMC (IgM). D14S826, D14S1419, and D14S1420 were
mapped within 200 kb of the telomere of chromosome 14q, which
is at the 59 end of IgH locus (10). D14S543 and AKT1 are mapped
14q32.1–32.2 and 14q32.32, respectively (http:yywww.gdb.org). The
AKT1 primer pair was 59-ACGGGCACATTAAGATCACA-39,
59-TGCCGCAAAAGGTCTTCATG-39.

Generation of Tc Mice. The microcell-mediated chromosome trans-
fer, ES cell manipulation and chimera production were carried out
as described (7).

Fluorescence in Situ Hybridization (FISH) Analysis. Preparation of
chromosome samples and FISH analysis were carried out essen-
tially as described (7). Probes are as follows: digoxigenin (Boehr-
inger Mannheim)-labeled human COT-1 DNA (BRL), digoxige-
nin-labeled 14y22cen (hChr.14y22 a-satellite, Oncor), biotin-
labeled 14qter (ID Labs Biotech, Biotechnology, ON, Canada),
digoxigenin-labeled mouse major satellite (11), and digoxigenin-
labeled mouse minor satellite (11). For two-color FISH analysis,
digoxigenin-labeled 14y22cen (Oncor) and biotin-labeled 2cen
(hChr.2 a-satellite, Oncor) probes were used. Digoxigenin- and
biotin-labeled probes were detected with anti-digoxigenin-
rhodamine (Boehringer Mannheim) and FITC-avidin (Vector
Laboratories), respectively. Fibroblasts prepared from tail of 4- to
6-week-old mice were cultured in DMEM containing 10% FCS for
2 weeks and then were used for preparation of metaphase chro-
mosomes and interphase nuclei. Fifty metaphase spreads were
scored to determine somatic mosaicism of each hCF. Mitotic
stability of hCFs in ES cells was determined as follows. The clone
#21 and microcell-hybrid ES [MH(ES)] 2-21 (7) were cultured for
a week in the presence of 300 mgyml G418 (GIBCOyBRL) and 0.75
mgyml puromycin (Sigma), respectively. Then the plate was split 1y8
into a 35-mm plate and was grown to 80% confluency (2 days) in
the media lacking the drugs. This process was repeated for 45 days.
The retention of the hCF in the cells sampled at day 0, day 30, and
day 45 was analyzed by FISH using the COT-1 probe. At each time
point, 50 metaphase spreads were scored. The loss rate of each hCF
was calculated in three independent experiments and was averaged.

Generation of Ig KO Strains. Detailed protocol for generating IgH-
and Igk-KO strains is described elsewhere (K.T. and I.I., unpub-
lished work). The essential genetic modification of each strain is as
follows. In the IgH-KO (DH2y2) strain, a BamHI-XhoI genomic
segment (3.7 kb) including a portion of Cm2, Cm3-Cm4, and
Mm1-Mm2 exons was replaced by a neor cassette. Absence of Igm
and -g chain expression in the sera and B2201 cells in peripheral
blood mononuclear cells in the homozygotes (DH2y2) was con-
firmed (data not shown; see Fig. 2). In the Igk-KO strain (Dk2y2),
a SacII-BglII segment (2 kb) including the Ck exon was replaced by
a neor cassette. Absence of the Igk light chain expression in the mice
that lack Ck exon was reported previously (12). The DH2y2 and
Dk2y2 strains were intercrossed to obtain double-KO (DH2y2,
Dk2y2) strain. The double-KO strain has been maintained on a
mixed background of C57BLy6, CBA, and MCH(ICR). To isolate
l1low mutants, CD-1 stocks obtained from Charles River Breeding

Laboratories (Tokyo) were examined by Southern blots (13).
Approximately half of the tested CD-1 animals were found to be
l1low homozygotes, and they were bred with double-TcyKO ani-
mals to generate double-TcyKO(l1lowylow) strain.

FACS Analysis. Peripheral blood mononuclear cells were prepared
from 12-week-old Tc(SC20);DH2y2 and DH2y2 mice, were treated
with Fc Block (PharMingen), were stained with antibodies, and
were analyzed on a FACS vantage (Becton Dickinson, CELL QUEST
software). Antibodies used were FITC anti-human IgM (PharM-
ingen); phycoerythin (PE) anti-B220 (PharMingen).

ELISAs, Immunization, and Hybridoma Production. Hm, hg, and hk
were assayed as described (7). Ml, human Iga (ha), and Ig« (h«)
were assayed by using anti-ml (Caltag, South San Francisco, CA),
anti-ha (a1 1 a2, Kirkegaard & Perry Laboratories), and anti-h«
(PharMingen) immobilized on the plate and detected with perox-
idase-conjugated anti-ml (Caltag), peroxidase-conjugated anti-ha
(Kirkegaard & Perry Laboratories), and alkaline phosphatase-
conjugated anti-h« (PharMingen), respectively. Similarly, mm and
mg were assayed by using anti-mm (Kirkegaard & Perry Labora-
tories), anti-mg (Sigma) for capture and anti-mm (Kirkegaard &
Perry Laboratories), anti-mg (Caltag) for detection, respectively.
Mouse IgG3yl (Sigma), human IgA (Athens Research & Tech-
nology, Athens, GA), human IgE (Chemicon), mouse IgM (Sigma),
and mouse IgG (PharMingen) were used as standards. The samples,
standards, and antibody conjugates were diluted with mouse serum
(Sigma)-supplemented PBS. Human g chain subclasses were as-
sayed by using a Human IgG Subclass Profile ELISA Kit (Zymed).

Mice were immunized twice with human serum albumin (HSA)
(Sigma, 50 mgyinjection) in Titer Max Gold (CytRx, Norcross, GA)
subcutaneously (day 0, day 21). A final intraperitoneal injection of
50 mg of HSA in PBS was given at day 34, three days before fusion.
Serum samples, collected at approximately weekly intervals, were
diluted 1:1,800, and antigen-specific ELISAs were performed on
HSA-coated plates. The presence of HSA-specific human antibody
was detected with horseradish peroxidase-conjugated antibodies
specific for hg (Sigma), hm (Southern Biotechnology Associates),
hk (Southern Biotechnology Associates), and ml (Caltag). To
produce hybridomas, splenocytes from immunized mice were fused
with SP2y0-Ag14 myeloma cells by using PEG4000 (Merck). After
14 days the supernatants from hybrids growing in G418 (1 mgyml)
selection medium were first screened for the presence of HSA-
specific hm and hg. The resulting HSA-specific hg1 hybridomas
were then assayed by using peroxidase-conjugated antibody specific
for hk, ml, hg1 (Zymed), hg2 (Zymed), hg3 (Zymed), and hg4
(Zymed). TMB (Sumitomo bakelite) or BCIP (Kirkegaard & Perry
Laboratories) was used for substrates, and the absorbance at 450 nm
or 630 nm was measured by using a spectrophotometer (Bio-tek
Instruments, Luton, U.K.).

Breeding Analysis. Chimeras and Tc mice were mated with
MCH(ICR), mice and the resultant offspring were examined by
PCR and ELISAs [hm for Tc(SC20), hk for Tc(W23)]. PCR
markers used were D14S543 and IGHMC for Tc(SC20); D2S1331
and IGKC for Tc(W23). MCH(ICR) and C57BLy6N mice were
purchased from Japan Crea (Tokyo).

Results and Discussion
Generation of Tc Mice Containing the Human IgH Locus. A microcell-
hybrid mouse A9 cell line, A9ySC20, was a subclone isolated from
A9y14-C11 (7), which retained a G418r-tagged hCF whose size was
estimated to be approximately one-fifth of an intact hChr.14
[hCF(SC20), see Fig. 1A] and slightly larger than that of the
hCF(2-W23). Of seven PCR markers of hChr.14 that were exam-
ined, only IgM was detected in this hybrid. Further analysis revealed
that it also contained three markers (D14S826, S1419, S1420)
residing within the most distal portion of the IgH locus (10) and two
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proximal markers (D14S543, AKT1), suggesting that the
hCF(SC20) included the whole human IgH locus. The hCF(SC20)
was introduced into a female mouse ES cell line, TT2F(39,XO), by
microcell-mediated chromosome transfer (7) to generate G418r

MH(ES) clones retaining the transferred hCF as an independent
chromosome (Fig. 1A). Stability tests under the nonselective con-
dition using one of the MH(ES) clones (#21) revealed that the
hCF(SC20) was highly stable in mouse ES cells (,0.1% lossy
doubling) in contrast to the hCF(2-W23) (3.2% lossydoubling) and
the hChr.Y-derived minichromosome reported recently (14). Struc-
tural analyses of the hCF(SC20) by FISH showed the absence of
murine centromeric sequences (major and minor satellites) (data
not shown) and the presence of 14cen (Fig. 1B) and 14qter (Fig. 1C)
sequences, indicating that it was generated as a consequence of an
interstitial deletion between 14cen and 14q32-qter regions. There-
fore, the human centromeric sequence of the hCF(SC20) is likely
to be sufficient for stable maintenance in mouse ES cells.

Twenty phenotypically normal chimeras (15–100% agouti coats)
expressing human Igm (hm, 2.1–26 mgyliter) and g (hg, 0.2–8.3
mgyliter) heavy chains in the sera were obtained from the clone
#21, indicating that the hCF(SC20) included a functional human
IgH locus. The mating of two female chimeras (100% chimerism)
with albino MCH(ICR) males resulted in 30 agouti F1 offspring
with normal external appearance. Retention of the hCF(SC20) was
confirmed in 10 of 30 (33%) offspring by PCR (IgM and D14S543),
ELISA (hm, 2.4–12.8 mgyliter), and FISH (Fig. 1D), demonstrating
the establishment of a second Tc strain, Tc(SC20). These results
suggest that no apparent structural and functional change of the
hCF(SC20) occurred during germ-line transmission. Further cross-
ing revealed that the hCF(SC20) could be transmitted through the
male germ line (see Table 1).

Stability of hCFs in Vivo. Metaphase spreads of tail fibroblasts
prepared from the Tc(SC20) and Tc(W23) mice were examined by
FISH to evaluate the stability of hCFs in somatic cells. The
percentage of the spreads containing the hCF averaged 78 6 13%
(n 5 6) and 30 6 11% (n 5 3) in Tc(SC20) and Tc(W23),
respectively. Next, we carried out breeding analyses to determine
transmission efficiencies of these hCFs through the male and
female germ line, which represent their stability in germ cells (Table
1). These results showed that each hCF was retained in a significant
proportion of somatic and germ cells in both Tc mice. The overall
stability of the hCF(2-W23) was lower than that of the hCF(SC20)
in both somatic and germ cells, which may reflect the mitotic
instability of the hCF(2-W23) that was observed in the cultured
MH(ES) cells. On the other hand, the moderate loss of the
hCF(SC20) was unexpected because of its perfect stability in the ES
cells. Although many factors might affect mosaicism of the trans-
ferred hCFs in the somatic and germ cells, one possible explanation
is that the expression of some human genes included in the
hCF(SC20) might confer a selective disadvantage to the cells
retaining the hCF in mice.

Fig. 1. FISH analysis of MH(ES) clone (#21) and tail fibroblasts prepared from a
Tc(SC20) mouse. Shown are photomicrographs of representative metaphase
spreads from clone #21 hybridized to human COT-1 DNA (A), 14y22cen (B, partial
spread), or 14qter (C, partial spread) probes. Hybridization signals (red, arrow-
head) were detected on the transferred hCF(SC20) in mouse chromosomes
stainedwithDAPI (blue). (D)MetaphasespreadsfromtailfibroblastsofaTc(SC20)
animal hybridized to human COT-1 DNA. An extra hCF with similar size to that in
the clone #21 (see A) was detected (red, arrowhead).

Table 1. Breeding analysis of Tc mice

Sex
No. of tested

Tc mice
No. of
pups*

No.
of

hCF1

Transmission
efficiency, %†

Tc(SC20)
Chimera-F1‡ f 2 30 10 33
F1-F2 m 3 142 46 32

f 4 60 20 33
F2-F3 m 2 74 25 34

f§ 5 42 16 38
Tc(W23)
Chimera-F1 m 1 25 3 12

f 4 67 22 33
F1-F2 m 8 324 25 8

f 6 148 32 22
F2-F3 m 8 346 30 9

f 8 202 48 24

m, male; f, female.
*In the case of chimeras, only ES-derived agouti offspring were examined.
†Theexpectedtransmissionefficiency inchimerasandTcmicehemizygousfor the
hCF is 50% when mitotic stability of the hCF is perfect and it can properly
segregate inmeiosis.Because62and25celldivisionsare requiredforgeneration
of mature sperm and oocyte, respectively (26), in mice, expected efficiencies in
Tc(W23), deduced from the mitotic loss rate in (MH)ES cells (3.2% loss/doubling),
are 7% in male and 22% in female. These figures are very consistent with those
observed in the Tc(W23). On the other hand, the difference of transmission
efficiency between male and female in the Tc(SC20) is unclear.

‡Because male MH(ES) cells retaining the hCF(SC20) were not generated, only
female chimeras that contained it were used in this study.

§The Tc(SC20) F2 female mice were mated with C57BL/6N male.
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Genetic Rescue of IgH-KO Mice by Introducing the hCF(SC20). The
Tc(SC20) was bred with the IgH-KO (DH2y2) strain in which
functional B-lymphocytes and Ig production are absent (Fig. 2A) to
examine whether the introduction of hCF(SC20) with the human
IgH locus could rescue its phenotypes. As a result, reconstitution of
mature B cells (B2201, hm1) was observed in peripheral blood
lymphocytes prepared from the Tc(SC20);DH2y2 mouse (Fig. 2B).
ELISA analyses also showed the restoration of the serum Igs with
hm or hg (data not shown; see Fig. 4A). Thus, the introduction of
hCF(SC20) rescued defects in the IgH-KO strain, indicating that the
stability of the hCF(SC20) is likely to be sufficient for its persistence
in the B cells of adult mice. This demonstrates that the extrachro-
mosomally maintained transgene rescues genetic defects in mice,
which may have an implication on the development of mammalian
artificial chromosome vectors for gene therapy (15).

Generation of Double-Tc Mice. To obtain mice producing fully
human Igs in the absence of endogenous mouse Ig heavy and k light

chains, the Tc(W23) and Tc(SC20) were bred together with the
double-KO homozygous strain whose endogenous IgH and Igk loci
were deleted in both alleles. Screening of 720 offspring obtained
from the crossing of Tc(SC20);(DH1y2, Dk1y2) and
Tc(W23);(DH1y2, Dk1y2) animals, by PCR [IgM and D14S543 for
hCF(SC20), IGKC and D2S1331 for hCF(2-W23)] and ELISA (hm
and hk) analysis, showed that 58 individuals were double-Tc that
contained all of the PCR markers and produced both hm and hk in
the sera (data not shown). Two-color FISH analysis of tail fibro-
blasts prepared from the double-Tc animals by using hChr.2- and
hChr.14-specific probes (Fig. 3) showed the retention of each hCF
as an independent chromosome. Average mosaicism of the
hCF(SC20) and hCF(2-W23) in metaphase spreads were 75 6 10%
and 32 6 13% (n 5 4), respectively, similar to those in each Tc strain
with a single hCF as described in the text. The percentage of the
spreads containing both hCFs averaged 21 6 7%, which is in good
agreement with that deduced from the mosaicism of each hCF
(75% 3 32% 5 24%). Thus, two individual, transferred hCFs could
be retained and function in the mouse. Preliminary breeding
analysis showed that both hCFs could be transmitted through the
germ line of male and female double-Tc animals and that the
transmission efficiency of each hCF was similar to that in single-Tc
animals (data not shown; see Table 1).

Expression of Human Igs in Double-Tcydouble-KO Mice. Double-Tc
mice with the double-KO background (double-TcyKO) were iden-
tified by Southern blots (data not shown) and were examined by
ELISAs to determine serum concentrations of human Igs. Com-
pared with the DH1y2 mice kept under similar conditions, the
average levels of hm and hg were equivalent to the mouse m chain
(mm) level and a half of the mouse g chain (mg) level, respectively
(Fig. 4A). All four hg subclasses were produced and, interestingly,
the average proportion of each subclass relative to total hg con-
centration was similar to that observed in human serum (Fig. 4B).
This suggests that the regulatory mechanism determining the
expression level of each hg subclass is similar between human and
mouse. Human Iga (a1 1 a2, 79–502 mgyliter) and -« (13–97
mgyliter) chains were also detectable in 8 and 6 of 10 tested

Fig. 2. Rescue of B-cell development in DH2y2 mice by introduction of
hCF(SC20). Peripheral blood mononuclear cells from DH2y2 mouse (A) and
Tc(SC20);DH2y2 mouse (B) were assayed for surface expression of hm and B220.
Representative FACS results using 3-month-old animals are shown. The net
percentage of positively stained cells is given in each quadrant.

Fig. 3. Two-color FISH analysis of tail fibroblasts prepared from a 4-week-old double-Tc mouse. (A) Metaphase spreads were hybridized to 14y22cen (red, arrow) and
2cen (green, arrowhead) probes to detect hCF(SC20) and hCF(2-W23), respectively. A photomicrograph of a representative spread is shown. A magnified (32) image
of the hCFs is provided in the inset. (B) Interphase nuclei were hybridized to 14y22cen (red) and 2cen (green) probes. Nuclei containing both signals and a red signal
only are indicated with stars and arrowheads, respectively.
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double-TcyKO animals, respectively. Considering that the normal
levels of Iga chain are similar to those of Igm chain in the sera of
mice and humans, observed levels of Iga chain in the double-
TcyKO mice are very low. Although the reason for this phenom-
enon is elusive at present, it should be noted that such a selective
defect in IgA production (IgA deficiency) is the most common form
of primary immunodeficiency in human, in which an impaired
class-switching to IgA is supposed to be involved in the pathogenesis
(16). The average level of hk was higher than that of the mouse l
light chain (ml), which indicates that the Igk locus of the hCF(2-
W23) can compete well with the intact mouse Igl locus despite the
incomplete stability of the hCF in somatic cells (Fig. 4A). Further-

more, the hk to ml ratio was greatly improved by introducing a
l1low allele (17) into the double-TcyKO strain [Fig. 4A, double-
TcyKO(l1lowylow)].

Production of HSA-specific hu-mAbs. The double-TcyKO mice were
challenged with HSA to examine whether the reconstituted reper-
toire of human Igs is sufficient for obtaining antigen-specific
hu-mAbs. After immunization, HSA-specific hg, hm, and hk were
readily detected in the sera (Fig. 5). Furthermore, a second
immunization resulted in greater hg and hk responses. Splenic
hybridomas were prepared from one of the HSA-immunized
double-TcyKO animal, and the resulting hybridoma supernatants
were screened for the production of HSA-specific human Igs.
Analysis of 3,300 wells with hybridomas revealed 11 hm1 wells and
39 hg1 wells. Of 39 hg1 wells, 14 were hk1, and the others were
ml1. There was no well positive for both Ig light chains, indicating
the production of HSA-specific fully human IgGyk antibodies in
these 14 hk1 wells. Further ELISAs of them showed that 7, 2, and
5 wells were hg11, hg21, and hg41, respectively. Representative
human IgGyk hybridomas were subcloned by limiting dilution, and
their supernatants were subjected to the affinity measurement. The
affinity constant (Ka), measured by using surface plasmon reso-
nance in BIAcore, ranged from 1.1 3 1010 to 6.6 3 1010 M21.

These results strongly indicate that the double-TcyKO mice can
be used to obtain antigen-specific hu-mAbs with various isotypes
exhibiting desired effector functions. Successful expression of all
four hg subclasses represents an advantage of using hCF vectors to
bypass cloning steps because some sequences within the constant
region of human IgH locus was found to be unclonable by conven-
tional cloning systems (6). V gene complexity is supposed to be
essential for restoration of normal humoral immune response (5),
which is important for the production of high affinity hu-mAbs
against variety of antigens. Therefore, high affinities of the resultant
hu-mAbs suggest that the authentic repertoire of fully human Igs
was reconstituted in the double-TcyKO mice. Although more

Fig. 4. Human Ig expression in the sera of nonimmunized double-TcyKO mice.
(A) Hg, hm, hk, and ml in serum samples prepared from 8- to 13-week-old
double-TcyKO (n 5 12, l1lowy1 or l11y1) and double-TcyKO(l1lowylow) (n 5 2)
individuals. mm and mg from 8- to 13-week-old DH1y2 individuals (n 5 4). The
average level of each Ig (av.) in double-TcyKO or DH1y2 individuals is also given
below the graph. mg and mm levels in double-TcyKO mice are ,15 mgyliter and
,1 mgyliter, respectively. (B) Four hg subclasses from the double-TcyKO individ-
uals (n 5 13). The average level of each hg subclass (av.) is also given below the
graph. The percentage of the average concentration for each hg subclass to the
total of them in double-TcyKO mice and control human serum (Zymed) are also
shown.

Fig. 5. Time course of antigen-specific human antibody responses in double-
TcyKO mouse. Shown are HSA-reactive hg, hm, hk, and ml in the serum of a
representative double-TcyKO animal (10 weeks old, male) immunized on days 0,
21, and 34 (indicated with arrows).
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detailed structural analysis of hCFs may be required to determine
whether human Ig loci contained in the double-TcyKO mice are
completely intact, the data presented here and in our previous
report (7) suggest that they include almost all, if not all, of the
sequence for the human Ig loci. In addition, hybridomas producing
human IgGyk antibodies against human proteins other than HSA,
human tumor necrosis factor a (TNFa), and granulocyte colony
stimulating factor (G-CSF) have been obtained.

Instability of the hCF(2-W23) could be a impediment to optimal
hk expression and production of hk1 hybridomas. Although we
successfully obtained anti-HSA hk1 hybridomas, the following
observations indicate that the loss of the hCF(2-W23) was actually
compensated by the ml expression. (i) The proportion of ml to
total Ig light chain concentration in the sera of double-TcyKO mice
[average: 34% (Fig. 4)] was higher than those in wild-type and
YAC-transgenic mice (,10%) (5). (ii) Delayed but significant
response of ml against HSA-immunization was observed (Fig. 5).
(iii) Two-thirds of anti-HSA IgG hybridomas obtained were ml1.
(iv) A majority (83%) of IgGyml hybridomas was found to have lost
the hCF(2-W23). Therefore, the use of more stable hCF with the
Igk locus should be desirable for improving the hk expression and
the production of antigen-specific fully human monoclonals. Site-
directed translocation of hCF containing the Igk locus to a mouse
chromosome in ES cells (18, 19) may be one of the solutions for this
issue.

There has been no report describing transmittable foreign chro-
mosomes in mice since we demonstrated the transmission of
hCF(2-W23) through the germ line of male and female chimeras
(7). Now, the hCF(SC20) has been shown to be a second trans-
mittable hCF. The result that the hCF(SC20) could be transmitted
through the germ line, whereas the larger hCFs derived from
hChr.14 failed (7), implies that the use of small hCFs ('20 Mb) may
increase the probability of successful germ-line transmission. The
monochromosomal hybrid library we generated previously (7) can

be screened to obtain such small hCFs containing the desired loci.
Hence, the procedure presented here should give us an application
to humanize other large loci or gene clusters (e.g., T-cell receptors,
major histocompatibility antigens, P450 gene clusters) and, ulti-
mately, specific chromosomal regions sintenic between human and
mouse (20) in combination with procedures to generate large
chromosomal deletions in the mouse (21, 22). Furthermore, an
increasing amount of sequence information provided by the Human
Genome Project should facilitate not only engineering the hCFs
with desired chromosomal regions (15, 23) but also elucidating the
structural basis required for stable maintenance and germ-line
transmission of the hCFs in mice.

Although the ES cells with germ-line differentiating potency are
currently available only in the mouse, the chromosome transgenesis
in large farm animals may be feasible using the cloning technology
(24, 25). For example, cows or sheep producing human Igs may be
generated by nuclear transfer from the microcell-hybrid fibroblast
cells retaining the hCFs with human Ig loci, from which pathogen-
specific human g-globulins would be obtained for the treatment of
infectious diseases. Because the use of hCFs allows for the expres-
sion of all four human IgG subclasses, our procedure may be most
suitable for this purpose.

Our study has demonstrated the utility of the Tc technology as
a complementary approach to conventional transgenic techniques
using the cloned DNA fragments. Such a ‘‘top-down’’ approach (15)
should be a promising way for large-scale genome manipulations of
mice or other animals to generate genetically modified animals
useful for laboratory and industrial uses.
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