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rejected F344 rat skin grafts in less than 9 days. Furthermore,
these same animals rejected the third party allogeneic B10.D2
skin grafts with an MST identical to that of normal B10 controls.
This result has subsequently been confirmed in two additional
groups of mice. In one of these groups, an additional skin graft
was performed from a WF rat, a rat strain differing from the
F344 at both major and minor histocompatibility loci'’. The
WEF skin grafts were all rejected promptly, while the F344 skin
grafts again showed the same ?rolonged survival.

Numerous previous studies"'2"!> have shown that elimination
of mature T cells from donor bone marrow inocula can lead to
long-term survival of fully allogeneic bone marrow chimaeras.
However, the survival of such animals is generally not as good
as that of syngeneically reconstituted controls, and the health
of these animals is compromised, probably as the result of partial
immunoincompetence>. The model for fully xenogeneic
chimaeras'® has been less extensively studied than that of
allogeneic chimaeras. In our experience, such animals show
prolonged survival over irradiation controls, but all succumb
within a few weeks following reconstitution. It is not clear
whether the death of these animals is due to a chronic graft-
versus-host disease, or to infectious complications secondary to
partial immunoincompetence.

In contrast, the studies presented here indicate that reconstitu-
tion with mixtures of syngeneic bone marrow and either
allogeneic or xenogeneic marrow leads to long-term survival of
recipients equivalent to that of syngeneically reconstituted
animals. The animals have remained healthy and have shown
no evidence of infections or of graft-versus-host disease for
longer than 3 months.

Typing of mixed allogeneically reconstituted animals at 2-3
months following reconstitution showed them to be truly mixed
chimaeras, bearing variable percentages of syngeneic and
allogeneic lymphoid cells in their peripheral circulation. Such
animals are immunocompetent’® and specifically tolerant to
donor skin grafts. In mice reconstituted with mixed syngeneic
and xenogeneic bone marrow, we have found little evidence for
persistence of the xenogeneic lymphoid compartment. However,
these animals also appear to be specifically hyporeactive to
subsequent skin xenografts. They may be more similar to neon-
atally induced allochimaeras'?®, in which only very small numbers
of persistent donor-type cells can be found’®. Since the survival
of skin grafts is frequently more difficult to prolong than that
of most other foreign tissues'’, it seems likely that animals
manifesting this level of hyporeactivity to skin grafts would be
highly tolerant to xenografts of kidneys, hearts and other solid
organs.

These data therefore indicate that reconstitution of lethally
irradiated mice with mixtures of syngeneic and either allogeneic
or xenogeneic bone marrow leads to the induction of specific
immune unresponsiveness to subsequent donor skin grafts. The
mechanism of this specific unresponsiveness may not be the
same in these mixed allogeneic and xenogeneic models, and
further mechanistic studies both in vitro and in vivo are presently
in progress. Both types of reconstitution offer models which
may be directly applicable to organ grafting in other species,
including man.
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Of the hypotheses put forward to explain why occasional
individuals with two X chromosomes are nonetheless male, the
one that has attracted most attention is the possibility’ that one
of the X chromosomes has obtained a small piece of Y chromo-
some which is sufficient to produce ‘maleness’. This hypothesis
was based primarily on the observation that in two families with
XX males** both fathers were Xg(a+) and both probands
Xg(a—). (Xg shows X-linked dominant inheritance.) This
theory holds that an anomalous X~Y interchange at meiosis in
the father resuited in the paternal X chromosome’s losing the
Xg gene and acquiring a male-determining gene from the Y
chromosome. While, for example, the frequencies of Xg
phenotypes among XX males®® and the cytogenetic observation
of a structural abnormality in one X™® are compatible with this
hypothesis, direct evidence of it is lacking. Here we describe
an XX male who expresses his father’s allele for 12E7, a
Y-linked marker, but fails to express his father’s allele for Xg,
an X-linked marker. These findings strongly suggest that
anomalous X-Y interchange occurred in this case and perhaps
in that of many other XX males. We suggest that a male-
determining gene on the Y has also been translocated to the X
and caused maleness in the proband. These results are discussed
in the light of current models of X-Y chromosomal homology.

A boy born in 1980 had slightly dysmorphic facial features
but was otherwise normal. He has remained in good health but
his physical growth is greatly retarded (at 2 yr and 3 months
old, height=75cm, weight= 7.4 kg). His height development
is well below the 2.5 percentile for boys and even for girls.
Clinical and laboratory investigations had failed to disclose
anything abnormal to account for the retarded growth until a
karyotype showed him to be 46, XX; there was no evidence of
mosaicism in the two tissues karyotyped (lymphocytes and skin
fibroblasts). The parents (born in 1953) are non-
consanguineous. All four grandparents are alive. The proband
has a brother born in 1978 and a sister born in 1983. All family
members are healthy.

All family members (Fig. 1) were tested for the following
blood groups: ABO, MNSs, P;, Rh, Lu*, Kell, Lewis, Duffy,
Kidd, Dombrock and Co®. That II-1 is indeed the father of I1I-2
is supported by the inheritance of these markers (data not
shown). Figure 1 shows the segregation of the blood group Xg,
the antigen 12E7, and the polymorphic X-Y homologous DNA
locus designated DXYSI (ref. 9) in the members tested. Both
parents, II-1 and II-3, are Xg(a+); the mother is heterozygous
Xg“°Xg as her father, 1-3, is Xg(a—). Both the proband, III-2,
and his brother, III-1, are Xg(a~) so they have received the
maternal Xg gene. All Xg(a+) individuals express high levels
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of 12E7 (ref. 10). However, in families with Xg(a—) members,
the quantitative polymorphism of 12E7 expression shows Y-
linked inheritance’. For example, 77 Xg(a—) high-level 12E7
males (first tested member of sibship) have 110 Xg(a—) younger
(or tested later) brothers of whom 107 have high-level 12E7
and 3 have low-level 12E7 expression; 18 Xg(a—) low-level
12E7 males have 19 Xg(a—) younger brothers of whom 17 have
low-level 12E7 and 2 have high-level 12E7 expression. These
comparisons give x*=20.51 and 15.81 respectively if 12E7
were not Y-controlled. The five exceptional brothers could be
the result of X-Y interchange, or of difficulties in testing travel-
led red cells, or of a different father (the father of only one of
the exceptions has been tested) .

In the family reported here, both the paternal uncle, II-2,
and elder brother, I1I-1, are Xg(a—) and high expressors of
12E7, suggesting that the Y chromosome in the paternal family
carries Yg“ (The Y-linked 12E7 locus has been designated Yg
on the basis of its hypothesized homology to Xg'°. The allele
for high expression of 12E7 has been designated Yg®) The
maternal grandfather, I-3, is Xg(a—) low 12E7 and, therefore,
XgYg.

The proband does not carry the paternal Xg® allele but has
received a gene producing high 12E7 expression. As this could
not have come from the mother, the most straightforward expla-
nation is an interchange of the Xg and Yg loci in paternal
meiosis. As a consequence of this, the X chromosome of paternal
origin has lost its Xg® but acquired Yg“ The presence of testes
and male differentiation in the proband is probably the con-
sequence of a sex-determining gene having been exchanged as
well. Perhaps a male-determining gene normally located in
proximity to Yg on the Y chromosome has been translocated
to the X. Alternatively, an X-borne gene involved in sex
determination may have been lost or inactivated.

Our interpretation assumes that one of the proband’s X
chromosomes is indeed paternal. The Tagl restriction fragment
length polymorphism at the DXYSI locus shows normal segre-
gation of the Y-specific 15-kilobase (kb) fragment with the Y
chromosome in the father, II-1, and brother, III-1 (Fig. 1). The
proband has a double dose of the X-specific 11-kb allele (one
from the father and one from the mother). This is not formal
proof of the paternal derivation of one X, as it is also consistent
with the proband having two copies of the maternal X carrying
the 11-kb allele (and Xg). However, the latter possibility is
inconsistent with the 12E7 data. The segregation of eight addi-
tional X-linked DNA polymorphisms was examined in this
family but none of the polymorphisms proved to be informative
with respect to a paternal contribution (data not shown).

It has been shown recently that many XX males have one
paternal and one maternal X chromosome. When the segrega-
tion of the DXYS] alleles was tested in six families, four were
informative. In each of these four cases the XX male proband
was heterozygous'"!? while the mother was homozygous for
one of the alleles and the father hemizygous for the other (D.P.
and A. de la C., unpublished results). This supports the notion
that one X is paternal in many, if not most, XX males.

The proposed interchange explains three findings (loss of Xg°,
acquisition of Yg® maleness) as the consequence of one event.
The alternative—non-disjunction at maternal meiosis plus non-
disjunction at the first paternal meiotic division or zygotic loss
of the Y—does explain the chromosomal and Xg data but fails
to explain the level of 12E7 expression and the maleness of the
proband. Hence, the interchange mechanism must be considered
the most likely one.

At present we do not know what proportion of XX males
arises by the type of interchange that occurred in this case. That
it may be common is suggested by the fact that at least nine
families are known in which the XX male proband apparently
did not inherit his father’s Xg allele®. Furthermore, the
frequency of Xg phenotypes in XX males is close to that of XY
males and is significantly different from that of females (R.
Sanger and P.A.T., unpublished observations on 94 northern
European XX males).
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Fig.1 Pedigree of the family showing the sex chromosome consti-
tution and segregation of the blood group Xg, the antigen 12E7,
and the X-Y homologous DNA locus DXYS1.

In contrast, at least five families are known in which the XX
male proband did inherit his father’s Xg alleleS. These cases
either arose by another mechanism or the interchange involved
different regions of those chromosomes. Light and electron
microscopic evidence!*!? indicates that terminal portions of the
short arms of the human X and Y chromosomes normally pair
at male meiosis. It has been suggested that crossing-over within
this ‘pairing region’ occurs as a normal event'’*7'%, but there
is no genetic evidence for this. Here we have described a clearly
anomalous meiotic interchange of normally X-linked and Y-
linked markers. Of note is the fact that the Xg gene maps to
the ‘pairing region’ on the X7 while a 12E7 structural gene
maps to the euchromatic portion of the Y'%, which includes the
pairing region. Thus, the X-Y interchange reported here may
be an example of a common event, but one which is abnormally
proximal to the centromere.

The aetiology of XX males is probably heterogeneous. The
underlying mechanisms may include errors of X-chromosome
inactivation, mutations in autosomal or X-chromosomal genes,
and X-Y interchange (probably with different breakpoints in
different cases). A somewhat analogous finding is that the sex
reversal mutation in the mouse (sxr) is now known to be due
to a complicated Y-X exchange®?°,
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