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Fig. 3 Comparison of HuVypand MV IgEs in binding
inhibition assays. Various concentrations of HuVyp-IgE
{®) and MV p-IgE (O) were used to compete the binding 50
of radiolabelled MV,,-IgE to polyvinyl microtitre plates
that had been coated with 4, sheep anti-human ¢ antiserum
{Seward Laboratory); b, (NIP-cap),4-BSA; ¢, Ac38 anti-
idiotypic antibody; d, Acl46 anti-idiotypic antibody; e,

Anti—human £ la NIP,—BSA °

ol

rabbit anti-MV;, antiserum. Binding was also carried out

in the presence of MV p-IgM antibody JW1/2/2 (ref. 32)

(M) as well as in the presence of JW5/1/2 (0J), which is

an IgM antibody that differs from JW1/2/2 at 13 residues

mainly located in Vy CDR2 (M.S.N., unpublished

results). Values of binding are relative to the binding in
the absence of inhibitor.
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between B-strands depends on loop size and specific interactions
of the loop back to the B-sheet. However, in the same class of
variable domains (Vy, V. or V,) these interactions are usually
conserved (ref. 5 and A. M. Lesk and C. Chothia, personal
communication).

While human monoclonal antibodies have therapeutic poten-
tial in human disease, they can be difficult to prepare'’ and
treatment of patients with mouse monoclonal antibodies often
increases the titre of circulating antibody against the mouse
immunoglobulin'®. As chimaeric antibodies containing human
constant domains'>'*** and variable domains made by grafting
mouse CDRs into human FRs, could have therapeutic potential,
we wondered whether the HuVyp-IgE antibody loses antigenic
determinants associated with the MV, variable region
(idiotopes). The binding of HuVy,-IgE and MVyp-IgE to both
monoclonal and polyclonal anti-idiotypic antibodies directed
against the MV, domain was examined by using inhibition
assays. As shown in Fig. 3d, the HuV,-IgE antibody has lost
the MV idiotypic determinant recognized by antibody Ac146
(ref. 21). Furthermore, HuV;-IgE also binds the antibody Ac38
(ref. 21) less well (Fig. 3¢), therefore it is not surprising that
HuVp-I1gE has lost many of the determinants recognized by a
polyclonal rabbit anti-idiotypic antiserum (Fig. 3¢). While the
loss of idiotypic determinants that accompanies ‘humanizing’
of the Vy region is reassuring in view of potential therapeutic
applications, it does suggest that the recognition of the hapten
and of anti-idiotypic antibodies is not equivalent. Thus the
HuVyp-IgE antibody retains hapten binding but has lost
idiotypic determinants, indicating that the immunoglobulin uses
different sites to bind hapten and anti-idiotypic antibodies. It
appears, therefore, that both FR and CDR side chains form the
binding site for these anti-idiotopes, but mainly CDR side chains
interact with hapten.

We thank C. Milstein for suggesting this project, K. Rajewsky
and M. Reth for the anti-idiotypic antibodies Ac38 and Acl46,
and A. M. Lesk, C. Chothia, R. J. Leatherbarrow and C. Milstein
for helpful discussions. J.F. is a Fellow of the Jane Coffin Childs
Memorial Fund for Medical Research.
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Regulation of human insulin
gene expression in transgenic mice
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Insulin is a polypeptide hormone of major physiological import-
ance in the regulation of fuel homeostasis in animals (reviewed in
refs 1, 2). It is synthesized by the B-cells of pancreatic islets, and
circulating insulin levels are regulated by several small molecules,
notably glucose, amino acids, fatty acids and certain pharmacologi-
cal agents. Insulin consists of two polypeptide chains (A and B,
linked by disulphide bonds) that are derived from the proteolytic
cleavage of proinsulin, generating equimolar amounts of the
mature insulin and a connecting peptide (C-peptide). Humans, like
most vertebrates, contain one proinsulin gene™*, although several
species, including mice®* and rats®’, have two highly hemologous
insulin genes. We have studied the regulation of serum insulin
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levels and of insulin gene expression by generating a series of
transgenic mice containing the human insulin gene. We report here
that the human insulin gene is expressed in a tissue-specific manner
in the islets of these transgenic mice, and that serum human insulin
levels are properly regulated by glucose, amino acids and tol-
butamide, an oral hypoglycaemic agent.

The human insulin gene that we have used to generate trans-
genic mice is contained within a 12.5-kilobase (kb) EcoRI frag-
ment that was isolated from a genomic library®. Of 46 mice born
after one series of single-cell embryo microinjections, three
contained human insulin gene sequences as detected by
Southern hybridization analysis (Fig. 1a}. A human C-peptide
radioimmunoassay (Behringwerke) was used to monitor
expression of the human insulin gene in the transgenic mice
and their offspring. Several hundred transgenic and control mice
have been analysed under a variety of physiological circum-
stances (see below), and the transgenic mice show variable levels
of human C-peptide in their sera, whereas control mice show
no such expression.

The tissue specificity of human insulin gene expression in
these transgenic mice was examined by both RNA analyses and
pancreatic islet function studies. Northern hybridizations using
a human insulin complementary DNA probe demonstrated that
total pancreatic RNA from both transgenic (Fig. 15, lane 11)
and control (lane 1) mice hybridized to the human insulin cDNA
probe, whereas RNAs from transgenic spleen, kidney, brain,
lung, liver, salivary gland, intestine, heart and muscle (lanes
2-10, respectively) showed no hybridization. Because no trans-
genic tissues other than pancreas were found to express detect-
able levels of insulin RNA, insulin expression in both transgenic
and control pancreas was studied to determine whether the
transgenic pancreas is a site of human insulin expression. Pan-
creatic islets from six transgenic and six control mice were
isolated by collagenase digestion as described previously™® and
cultured in groups of 80-100 islets per tissue culture well. The
following day, aliquots of media were taken and human C-
peptide levels measured. The samples from the transgenic islet
wells contained 250-650 ng ml™' of human C-peptide, but the
control islet wells contained no detectable human C-peptide.
The cultured transgenic islets continued to express human C-
peptide for several days. From these experiments, we conclude
that the major site of human insulin expression in these trans-
genic mice is the endocrine pancreas.

Transgenic and control pancreas were stained with
immunoperoxidase using a guinea pig anti-porcine insulin anti-
body and a goat anti-human C-peptide antibody (Fig. 2). The
anti-porcine insulin antibody cross-reacted with both human
and mouse insulin, and islets from both transgenic (Fig. 2a)
and control (Fig. 2b) mice were stained. The size, distribution
and number of islets were essentially the same in transgenic and
control mice. The anti-human C-peptide antibody showed little
or no cross-reactivity with mouse C-peptide, however, and the
transgenic islets (Fig. 2¢) were stained using this antibody
whereas the control islets (Fig. 2d) were not. These immunobhis-
tochemistry data are consistent with the Northern analysis and
islet function studies presented above, and demonstrate that the
transgenic islets were specifically expressing human insulin.

Glucose and human C-peptide levels in the transgenic mice
were studied under a variety of physiological conditions to
determine whether normal glucose homeostasis was being pre-
served and whether expression of the human insulin gene was
being regulated appropriately in these mice. Blood glucose regu-
lation was studied by glucose tolerance tests. Transgenic
offspring of mouse 16 and non-transgenic siblings were fasted
overnight, given an intraperitoneal (i.p.) injection of glucose,
and bled at various times after injection to determine serum
glucose levels. The glucose tolerance curve from the transgenic
mice was similar to that from the control mice (Fig. 3a). Of
particular importance is the finding that the fasting and
maximally stimulated glucose levels as well as the kinetics of
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Fig. 1 Characterization of microinjected mice. a, Detection of human
insulin sequences in total genomic DNA of microinjected mice. DNA
samples digested with Poull are from the following microinjected mice:
lane 1, mouse 16, containing 5-10 copies of the human insulin gene fragment
per haploid genome; lane 2, mouse 20, also containing 5-10 copies of the
human insulin gene fragment per haploid genome; lane 3, mouse 21, negative
for human insulin sequences, demonstrating that the endogenous mouse
insulin genes do not hybridize significantly to the human insulin genomic
probe; lane 4, human control, containing t copy of the human insulin gene
per haploid genome; lane 5, mouse 38, containing 1-2 copies of the human
insulin gene fragment per haploid genome (this DNA sample was analysed
in a separate experiment in which the hybridizing band was of comparable
intensity to the human control}. DNA samples from each transgenic mouse
contain a hybridizing band of ~1,600 bp which corresponds to a 1,594-bp
Poull fragment contained within the 12.5-kb human insulin DNA fragment?
used for microinjection. This result suggests that at least one structurally
intact human insulin gene was incorporated into the genome of each trans-
genic animal, although the presence of multiple hybridizing bands in lane
2 indicates that other integration events are likely to have occurred during
the embryogenesis of mouse 20. Mouse 16, a male, was bred to generate a
colony of several hundred offspring, and the human insulin gene was
transmitted in mendelian fashion, with ~50% of both the F, and F, offspring
inheriting the injected DNA fragment. b, Detection of human and mouse
insulin messenger RNAs in tissues of transgenic and control mice. Total
cellular RNA samples are from transgenic and non-transgenic offspring of
mouse 16 as follows: lane 1, non-transgenic pancreas; lane 2, transgenic
spleen; lane 3, transgenic kidney; lane 4, transgenic brain; lane 5, transgenic
lung; lane 6, transgenic liver; lane 7, transgenic salivary gland; lane 8,
transgenic intesting; lane 9, transgenic heart; lane 10, transgenic muscle;
lane 11, transgenic pancreas. Neither the mouse insulin cDNA nor gene
sequences have been determined, but since the coding regions of the human
and rat insulin mRNAs share 81% sequence homology'”, it was expected
that both transgenic and control pancreatic RNAs would hybridize to the
human insulin cDNA probe.

Methods. A 12.5-kb EcoRI fragment containing the human insulin gene*
was isolated from pBR322 sequences by preparative gel electrophoresis and
electroelution®®, Fertilized mouse eggs for microinjection were recovered in
cumulus from the oviducts of (C57 x C3IH)F, females that had mated with
F, males several hours earlier. Approximately 1,000 copies of the human
insulin gene fragment were microinjected into the male pronucleus of each
fertilized egg. Microinjected eggs were implanted into the oviducts of -day
pseudopregnant ICR foster mothers and carried to term'’. Several weeks
after the birth of animals that developed from microinjected eggs, total
genomic DNA was prepared'® from mouse tails. For the Southern blot
analysis in a, 8 pg of total genomic DNA for each mouse were digested
with Ppull, subjected to electrophoresis on a 0.9% agarose gel and transfer-
red to nitrocellulose'. The filter was then prehybridized overnight, hybrid-
ized to a **P-labelled genomic human insulin probe, washed and exposed
to X-ray film. The genomic human insulin probe is a fragment that extends
from a BglTI site at —169 with respect to the transcriptional start site of the
human insulin gene to an Aval site at +644 (ref. 4). In addition to promoter
sequences, this fragment contains the first intervening sequence, the first
exon (including sequences encoding the signal peptide, B-peptide and a
poartion of C-peptide), and a portion of the second intervening sequence.
Approximately 75% of the genomic human insulin probe consists of noncod-
ing sequences that are not highly conserved between species, which explains
its limited cross-hybridization with the endogenous mouse insulin genes
(which can be detected only after iong exposures). Total cellular RNA was
isolated from tissue samples by the guanidinium isothiocyanate/caesium
chloride technique®. For Northern blot analysis, 4 pg of total RNA from
each sample was subjected to electrophoresis on a 1.2% agarose-formal-
dehyde denaturing gel and transferred to nitrocellulose filters'®. The filter
was then prehybridized, hybridized to a *?P-labelled human insulin cDNA'

probe, washed and exposed to X-ray film.
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Fig. 2 Immunoperoxidase staining
of transgenic and control pancreas.
Pancreas samples were immersed in
liquid nitrogen and 4-pm tissue sec-
tions were prepared using a cryostat.
Immunoperoxidase staining of serial
sections was performed as described
previously?!, using either guinea pig
anti-porcine insulin antibody (a and
b) or goat anti-human C-peptide
antibody (¢ and d). a, Transgenic
pancreas stained with anti-insulin
antibody (Arnel Products). b, Con-
trol pancreas stained with anti-
insulin antibody. ¢ Transgenic
pancreas stained with anti-human C-
peptide antibody (Behringwerke). d,
Contro! pancreas stained with anti-
human C-peptide antibody (photo-
graphically enhanced to allow
visualization of islets). Other trans-
genic tissues, including liver, adrenal
and thyroid, are not stained using the
guinea pig anti-porcine insulin anti-
body (not shown}.

Fig.3 a, Intraperitoneal glucose tolerance test.
Transgenic offspring of mouse 16 and non-
transgenic siblings were fasted overnight, then
given an i.p. injection of glucose (1 mg glucose
per g body weight). Each mouse was then
arbitrarily assigned to a group of four for serum
sampling at 5, 10, 20, 30, 45, 60 or 90 min
post-injection. Four mice did not receive
glucose and were bled to determine fasting
serum glucose levels. Each time point therefore
represents an average of values from four
animals, and standard deviation half-bars are
indicated. Solid line, transgenic mice; dashed
line, control mice. Serum glucose determina-
tions were performed using a commercially
available kit (Worthington) under the condi-
tions recommended by the manufacturer.
Intravenous and oral glucose tolerance tests
performed as described above showed no
statisticaily significant difference between the
transgenic and control mice (data not shown).
b, Human C-peptide levels during an ip.
glucose tolerance test. The experiment was per-
formed as described in a, with each transgenic
point representing an average of values from
six animals (i.p. injection of 2 mg glucose per
g body weight). Serum human C-peptide levels
were measured using a commercially available
kit (Behringwerke) under the conditions recom-
mended by the manufacturer. Solid line, trans-
genic mice; dashed line, control mice. These
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data are similar to glucose tolerance results previously reported for both mice*® and humans®. Preliminary experiments suggest that mouse 20
also expresses human C-peptide and responds to a glucose tolerance test, and more extensive studies will be performed when mouse 20 and
mouse 38 have generated large colonies. An assay specific for mouse C-peptide is not available, and we were unable to compare levels of
endogenous mouse C-peptide with levels of human C-peptide. ¢, Human C-peptide levels during an i.v. amino-acid tolerance test. Transgenic
and control mice were fasted overnight, infused with a solution containing 0.5 mg arginine and 0.5 mg leucine, and bled at the indicated times
for human C-peptide determination. Each time point represents the average of values from four animals. Solid line, transgenic mice; dashed
line, control mice. d, Human C-peptide levels during an i.v. tolbutamide infusion test. Transgenic and contral mice were fasted overnight,
infused with a solution containing 0.5 mg of tolbutamide (Upjohn) and bled at the indicated times for human C-peptide determination. Each
time point represents the average of values from two animals. Solid line, transgenic mice; dashed line, control mice.
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the return to basal glucose levels were similar for the transgenic
and contro! animals. In addition, intravenous (i.v.) administra-
tion of glucagon increased serum glucose levels by ~50% within
15min in both transgenic and control mice. Taken together,
these results strongly suggest that serum glucose levels were
appropriately modulated in the transgenic mice. The weights of
the transgenic mice, growth rates, feeding behaviour, reproduc-
tive capability and longevity appeared normal.

The role of human insulin in the regulation of blood glucose
levels in transgenic mice was investigated by performing a
glucose tolerance test on transgenic and control mice (Fig. 3b).
No human C-peptide was detected in the sera of fasting trans-
genic mice, but within 10 min of i.p. administration of glucose,
human C-peptide appeared in the serum, and peak levels were
attained within ~20 min. By 45 min post-glucose, human C-
peptide levels fell to values approaching the pre-stimulation or
basal level. This pattern of human C-peptide expression corre-
lates closely with the glucose tolerance curves presented above,
and suggests that serum human insulin levels were being
appropriately regulated by glucose. The control mice did not
express any detectable human C-peptide, indicating that the
human gene must have been the source of the human C-peptide
in the transgenic animals.

Insulin is regulated by several other factors, including amino
acids and certain pharmacological agents. An i.v. amino-acid
infusion test was performed on fasting transgenic and control
mice and human C-peptide levels in the serum were determined.
Peak human C-peptide levels were seen within 5 min of amino-
acid infusion and declined gradually over the next 40 min (Fig,
3¢). Similarly, serum human C-peptide levels responded to
tolbutamide, a sulphonylurea derivative known to promote
insulin release'® (Fig. 3d). Within 20 min of i.v. tolbutamide
administration, serum human C-peptide levels peaked, then
decreased rapidly over the next 10 min. Tolbutamide has been
used clinically to diagnose insulinomas'' because in normal
subjects serum insulin {or C-peptide) levels rapidly return to
normal from their tolbutamide-induced peak, but in insulinoma
patients elevated insulin levels persist. That the transgenic mice
quickly regained basal serum human C-peptide levels supports
the conclusion that their insulin expression was tightly regulated.

We have demonstrated that the human insulin gene is
expressed in the pancreas of transgenic mice. Cell-type- and
tissue-specific expression of human'? and rat'*" insulin genes
has been documented in two other laboratories. A 230-base-pair
(bp) region (from —103 bp to —333 bp with respect to the tran-
scriptional start site) of the rat insulin I promoter was reported
to be sufficient to allow tissue-specific expression of
insulin/chloramphenicol acetyltransferase fusion genes in a
hamster pancreatic cell line'*"". Similarly, a rat insulin I1/simian
virus 40 large-T antigen fusion gene has been reported to cause
the development of islet cell tumours in transgenic mice!*. As
both of these studies used fusion genes, the regulation of circulat-
ing human insulin could not be studied.

Serum insulin levels are regulated by glucose, amino acids,
proteins and drugs such as the sulphonylurea derivatives. The
human insulin gene in these transgenic mice is regulated
appropriately by all of these agents, and serum glucose homeo-
stasis is normal. These transgenic animals can therefore now be
used to study several critical aspects of the physiological regula-
tion of insulin gene expression, including the mechanisms con-
trolling serum insulin and total B-cell insulin levels. Because at
least one additional insulin gene is being expressed in the
transgenic mice and total insulin RNA and protein levels are
approximately the same as in control mice, the question of
dosage compensation can be investigated. Moreover, our tol-
butamide results indicate that drugs thought to affect human
insulin metabolism can now be tested in an in vive animal
system. In a more general sense, the in vivo effects of various
pharmacological agents on human gene expression and protein
function can therefore be evaluated in a non-human setting.
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Finally, it is noteworthy that a 12.5-kb DNA fragment contains
sufficient information for the appropriate physiological regula-
tion of insulin levels in these transgenic mice. The organism’s
ability to modulate foreign DNA sequences and proteins on a
minute to minute basis clearly has important implications for
both molecular biclogy and gene therapy.

We thank Dr Tom Wagner for instruction in microinjection,
Victoria Roman for technical assistance and Patrick Mattoon
for animal care. The human C-peptide assay was the gift of Dr
H. H. Schoene and Behringwerke, AG. This work was supported
by grants from Hoechst AG and the NIH (AM-07055).
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components of a multipartite plant virus
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Genetic recombination of DNA is one of the fundamental mechan-
isms underlying the evolution of DNA-based organisms and results
in their diversity and adaptability. The importance of the role of
recombination is far less evident for the RNA-based genomes that
occur in most plant viruses and in many animal viruses. RNA
recombination has been shown to promote the evolutionary vari-
ation of picornaviruses' ™, it is involved in the creation of defective
interfering (DI) RNAs of positive- and negative-strand viruses®®
and is implicated in the synthesis of the messenger RNAs of
influenza virus'® and coronavirus''. However, RNA recombination
has not been found to date in viruses that infect plants. In fact,
the lack of DI RNAs and the inability to demonstrate recombina-
tion in mixedly infected plants has been regarded as evidence that
plants do not suppoert recombination of viral RNAs. Here we
provide the first molecular evidence for recombination of plant
viral RNA. For brome mosaic virus (BMV), a plus-stranded,
tripartite-genome virus of monocots, we show that a deletion in
the 3’ end region of a single BMV RNA genomic component can
be repaired during the development of infection by recombination
with the homologous region of either of the two remaining wild-type
BMY RNA components. This result clearly shows that plant viruses
have available powerful recombinatory mechanisms that previously
were thought to exist only in animal hosts, thus they are able to
adapt and diversify in a manner comparable to animal viruses.
Moreover, our observation suggests an increased versatility of
viruses for use as vectors in introducing new genes into plants.
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