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Thymic Atrophy Characteristic in Transgenic Mice That Harbor pX
Genes of Human T-Cell Leukemia Virus Type I
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The human T-cell leukemia viruses (HTLV) are associated with T-cell malignancies in humans. The
malignant transformation occurs after a long latency in some carriers, and its mechanism appears to be distinct
from that of other classes of retroviruses which induce transformation through viral or cellular oncogenes. A
widely postulated explanation is that the products of novel pX genes transactivate endogenous cellular genes

which lead to tumor development in T cells. To directly examine the pathological effects of pX genes in vivo,
we produced transgenic mice harboring the HTLV type I pX genes under several regulatory units: HTLV type
I long terminal repeat, immunoglobulin enhancer-simian virus 40 promoter, and mouse mammary tumor virus
long terminal repeat. Atrophy of the thymus was characteristic in these mice no matter which regulatory unit
directed the expression of the genes.

Human T-cell leukemia virus type I (HTLV-I) is an

etiological agent of adult T-cell leukemia (12, 22), which is
endemic to parts of Japan, the Caribbean, and Africa. The
mechanism by which HTLV induces T-cell malignancies is
unknown. No oncogene is encoded in the viruses (1, 15), and
it is unlikely that insertional activation of the cellular proto-
oncogenes accounts for the malignant transformation (5, 14).
A unique pX region that contains four possible open reading
frames exists in the genome of this class of viruses (15, 17).
One of the products, p4O"'v, has been reported to transacti-
vate the virus long terminal repeat (LTR) (4, 18). Thus, it has
been postulated that the pX product activates the expression
of cellular genes, which leads to the malignant transforma-
tion of T cells. Indeed, the transactivation of cellular inter-
leukin-2 (IL-2) receptor, IL-2 (2, 9), and c-J6s (3, 7) genes
has been reported. To examine the pathobiological effects of
pX genes in vivo directly, we produced a series of transgenic
mice.

Figure 1 gives a schematic representation of the HTLV-1
pX genes introduced. To compare the pathobiological effects
of pX genes in a variety of cell types and to examine the
possibility that the effects are specific to T cells, the pX
cDNA (16) was combined with the respective regulatory
units of HTLV-I LTR (4), mouse mammary tumor virus
(MMTV)-LTR (13), and immunoglobulin enhancer-simian
virus 40 (SV40) promoter (20). Thus, the constructs could
potentially produce not only p40"''v but also p27"' and
p21""'. In each construct, the production of p40"'-' was

confirmed with cultured cells. In transgenic mice, MMTV
LTR has been reported to direct the expression of trans-
genes not only in mammary glands but also to various
degrees in a variety of tissues (8), and the regulatory unit
composed of immunoglobulin enhancer and SV40 promoter
(Ig/Tp) has been reported to direct such expression strongly
in spleen or B cells and weakly in other tissues or types of
cells (20; Y. Suda, S. Aizawa, Y. Furuta, Y. Ikawa, K.
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Saito, Y. Yamada, K. Toyoshima. and T. Yakamoto, sub-
mitted for publication).
Each hybrid DNA was digested with restriction enzymes

to remove the sequences derived from the vector (LTR-pX
was digested with HindIII and EcoRI; MMTV-pX was

digested with HindIII and EcoRI; Ig/Tp-pX was digested
with XbaI and BamHI) and was injected into F1 zygotes
between C57BL/6 and CD1 mice as previously described
(20). We obtained 42 transgenic founders, of which 37
harbored the transgenes in intact forms. Among these 37
founders, 3 were mosaic, 2 had double insertions, and 5 were
infertile. After the founder mice were crossed with C57BL/6
mice to generate F1 offspring, and thereafter by sibling
mating, 5, 18, and 9 transgenic lines were finally established
with LTR-pX, MMTV-pX, and Ig/Tp-pX DNAs, respec-
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FIG. 1. HTLV-I pX trainsgenes. Symbols: _, pX cDNA (16):
SV40 termination unit derived from pSV2Neo (19); IJI and

E. regulatory unit. HTLV-1 LTR contains the U3. R. and U5
from which 85 base pairs of the 3' end is deleted (4). MMTV lITR
wats derived from pMDSG (13). and Ig/Tp contains the mouse

immunoglobulin heavy chain enhancer and SV40 early gene pro-
moter (20). The restriction sites are given ais the sites in the original
DNA clones for each unit. Kb. Kilobases.
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FIG. 2. Histologic feaitures of the pX tiansgenic mice. (A and B) Circumscribed abscesses observed in thigh: multiple b icteriail colonies

were observed within bone marrow and identified b icteriologically cis .S' oai ll.s Neutrophils, f'oamy macrophaiges, and p1 ismal cells were
aictively infiltr dting the colonies. (C and D) M isses in trigeminaml nerve ganglial (cirrows) of amouse with hemiparesis; these were confirmed
as masses of infiltrating neutrophils and macrophages. Arrows indicaite surviving gliail cells aimong inflammatory cells. (E and F) Thymus of
al control mouse; note the clear boundary between the cortex (the thick and highly cellulair outer airea) and the medullal (the less cellular inner
area). (G and H) Atrophic thymus of a pX transgenic mouse with growth retairdation; the cortex is depleted, and the corticomedullairy junction
is obscure. Swollen macrophages (arrows) were numerous, with 'stairry sky' '-like structures. The medullary areal was also hypocellulair.
pairtly retaining the fraimework structure of epithelial cells (double airrows). (I) Thymus-dependent areal (arrows) in spleen of a normal mouse.
(J) Involution of thymus-dependent areal (arrows) in spleen correlaited with thymic atrophy. (K) Atrophy of kidney glomeruli (arrows). (L)
Vacuolation in cerebellum. (M) Moderate depletion of thymus obser-ved in aln apparently normail pX-transgenic mouse. The histologic
observations were made on paraffin-embedded sections which were stalined by hematoxylin and eosin. Magnifications: x9() (A). x44() (B).
xS.5 (C). x275 (D), x65 (F and G). x140 (F. H. I, J. aind M). x2'(0 (K aind L).
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FIG. 2-Continued.

tively. In these mice, 1 to 60copies of the transgenes were
incorporated tandemly in either head-to-tail or head-to-head
and tail-to-tail fashion (data not shown).

Slender mice and mice bearing abscesses or hemiparesis
of thoracic or pelvic extremities or both were observed
among these transgenic mice. Abscesses were due to infec-
tion by Staphylococcus aureius (Fig. 2A and B), which is
known to occur frequently in immunosuppressed mice.
Neutrophils, foamy macrophages, and plasma cells actively
infiltrated the colonies, suggesting no defects in myelogene-
sis or lymphogenesis of these cell types. In dissected hemi-
paresis-bearing mice, masses were observed in the trigemi-
nal nerves of brain tissue (Fig. 2C), and these were
histologically confirmed to be composed of neutrophils and
macrophages (Fig. 2D). Atrophy of the thymus was com-
monly observed in all these unhealthy mice (Fig. 2G and H).
The cortex was depleted, dendritic macrophage was promi-
nent, and there was remarkable loss of normal small lymph-
oid cells in both cortex and medulla. Occasionally concom-
itant with thymic atrophy was the involution of a thymus-

dependent area in the spleen (Fig. 2J). Other lesions
histologically observed in these mice included atrophy of
kidney glomeruli (Fig. 2K) and vacuolation in the cerebellum
associated with the degeneration of myelinated fibers (Fig.
2L).
These abnormalities were observed in two transgenic lines

with LTR-pX (LTRX-3 and LTRX-9), three with MMTV-pX
(MMTVX-2, MMTVX-5, and MMTVX-12), and three with
Ig/Tp-pX (IgX-3, IgX-4, and IgX-9). No other abnormalities,
including tumors, were noted in any lines during the obser-
vation period of 1 year. These abnormalities have not
previously been observed in control or other transgenic mice
with the strains and conditions we used; Pseudomonas
aeruginosa was detected, but in other colonies. Table 1 gives
the incidence of abnormal mice in the transgenic lines
described above that could be phenotypically detected and
histologically confirmed to have an atrophic thymus. The
incidence was somewhat greater in the IgX series of mice
and lower in the MMTVX series, with about four-fifths of the
animals apparently remaining healthy during the year-long
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TABLE 1. Incidence of thymic atrophy in pX-transgenic mice

Incidence Onset (mo)

Tr-ansgenc Transgenic
line Totil No.1-. 3-6 7-12

no." atrophic"

LTR-pX LTRX-3 12 3 1 1 1
LTRX-9 18 4 0 2 2
Total 30 7 (23%) 1 3 3

MMTV-pX MMTVX-2 25 4 0 2 2
MMTVX-5 42 7 1 3 3
MMTVX-12 36 2 0 1 1
Total 103 13 (13%) 1 6 6

Ig/Tp-pX IgX-3 32 10 2 4 4
IgX-4 28 7 1 3 3
IgX-9 22 6 0 2 4
Total 82 23 (28%) 3 9 11

Number of mice observed for 1 year after birth from F,, to F3 generations.
9 Number of mice exhibiting growth retardation, abscesses, and/or hemi-

paresis and in which the thymus was atrophic.

observation period. These seemingly healthy mice of
MMTVX-2, IgX-3, and IgX-4 lineages were sacrificed 4
months after birth at either the F4 or F, generation to
examine possible thymus abnormality histologically. Of 32
mice examined, 4 showed atrophy, though not extensive
(Fig. 2M), while the others were normal.

Since histologic analyses suggested an abnormality in
T-cell lymphogenesis, a group of each subset of T cells was
analyzed by flow cytofluorometry in thymus and spleen. A
reduction in the CD4-negative and CD8-positive nature of
the cells was evident at least in one of these organs of the
growth-retarded transgenic mice (Table 2). However, the
extent of these changes was not necessarily correlated with
the extent of thymic atrophy and could have been the result
of secondary systemic effects. The increase in IL-2 receptor-
positive cells in the thymus was also marginal. More exten-
sive analyses are obviously necessary to conclusively iden-
tify specific changes in T-cell populations associated with the
introduction of pX genes.
To determine the role of pX gene expression in thymic

atrophy, the expression was examined by Northern (RNA)
blot analysis and immunohistology in thymus, spleen, and
other tissues, including mammary glands in the MMTVX
series of mice. No expression was detected in any of these
tissues. Certain genes, such as the SV40 T gene and those of
procaryote and viral origin, are likely to be suppressed in

transgenic mice (11, 20, 21). Derepression and expression
may occur infrequently in cells, depending on the regulatory
unit used. One possible explanation of the expression and
thymic atrophy with pX genes is that these genes are also
suppressed in normal cells during the course of develop-
ment. In contrast to the expression of the SV40 T gene (20),
which leads to tumor development, the expression of pX
genes might be lethal to cells relating to the thymus and
therefore cause thymic atrophy.
Nerenberg et al. reported two types of in vivo effects of

the HTLV-I pX gene which had its own LTR (6, 10). One
group of their mice which expressed p40,""- in muscle devel-
oped mesenchymal tumors of perineural cell origin, and
these tumors also developed in trigeminal nerve tissue with
hemiparesis. We have never observed this type of tumor; the
lesions which we found in the trigeminal nerve may have
been caused by the inflammatory response of neutrophils
and macrophages. Another group of their mice also had
p40".v expression in the thymus and exhibited thymic deple-
tion and growth retardation. All these mice died neonatally
(between 3 to 6 weeks) before reaching the age at which
mesenchymal tumors develop, while in our transgenic lines
the onset of the disease extended over a wide period and
about four-fifths of the mice remained apparently healthy for
more than 1 year (Table 1). We limited our analyses of F(,
mice to those which survived beyond weaning, and thus a

late-onset type of mouse would have been selected in our

study. Histologically, the thymic depletion was limited to the
cortex in the transgenic mice of Nerenberg et al., in contrast
to the hypocellularity in both cortex and medulla in our

mice. The greatest discrepancy between our results and
theirs is that we detected no expressions of pX gene prod-
ucts. One possible explanation may be the lower expressions
of pX genes in our transgenic lines, consistent with later
onset and lower incidence of disease. This might also ac-

count for our mice not having developed neurofibromas.
Differences exist in the transgene construction used by these
researchers, which include introduction of Kozak consensus

sequence and duplicate termination with 3' LTR and SV40
sequences. Their transgene possibly produced only p40"'-V,
but in our constructs, p27rC v and p20>-"' might also be
produced. The genetic background of mice used might also
explain some of the differences. It is always possible that
growth retardation and thymic atrophy were the result of an

unclarified primary event brought on by pX genes. However,
no spontaneous thymic atrophy was observed in our non-

TABLE 2. Flow cytofluorometric analyses of T-cell populations"
% of total cells

Cell type and Thymocytes Splenocytes
mouse no.

4 8- 4 -8 4 8' 4' + -/-+ IL-2R' Thy-I' 4+8 4 X+ 4+8+ +- IL-2R+

Control
1 8.1 7.1 10.1 73.7 0.70 0.6 28.6 61.2 39.2 9.4 1.56 2.4
2 9.8 6.6 8.8 74.8 0.75 1.2 27.6 63.7 37.8 8.6 1.68 3.5
3 8.8 9.2 11.1 70.9 0.82 ().9 26.5 65.8 35.3 7.8 1.86 2.0

Transgenic
1 10.0 8.6 3.6 76.6 2.39 17.9 73.7 37.4 6.1 1.97 2.0
2 10.7 8.2 5.4 74.7 1.52 3.1 20.0 78.0 32.5 6.5 2.40 3.2
3 5.0 11.4 13.3 70.3 t).86 1.6 27.2 65.1 22.4 2.6 2.91 2.8
4 6.1 6.5 8.7 75.6 0.75 2.8 18.9 65.6 19.0 7.4 3.45 2.6
5 7.3 8.4 13.9 68.4 0.60 2.3 21.7 67.7 21.2 6.0 3.19 4.0
6 10.0 11.8 2.3 75.8 5.13 3.0 8.1 75.3 18.5 8.6 4.07 3.0

Abbreviations: 4, CD4; 8. CD8; IL-2R, IL-2 receptor. The values for CD4-CD8 poLilations in spleen are given as ratios to Thy-l-positive cells.
Ratio of CD4-positive and CD8-negative cells to CD4-negative and CD8-positive cells.

J. VIROL.



NOTES 3189

transgenic or other series of transgenic mice; this condition
was commonly induced by pX genes regardless of the
regulatory unit used. Thus, it seems likely that pX genes are

responsible, directly or indirectly, for this phenotype.
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