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cell cycle and abolished the second mitotic
wave. The arrested cells were not forced to
differentiate along any single pathway.
Rather, they could respond to physiological
differentiation signals and could adopt a
variety of cell fates as they were sequentially
recruited to the developing ommatidia.
Hence, the expression of p21 does not drive
differentiation, but rather maintains precur-
sor cells in a state that permits differentia-
tion. In cultured mammalian cells and in
mouse embryos, p21 is expressed in cells as
they cease to proliferate and begin to dif-
ferentiate (14). Thus, p21 is likely to func-
tion in the developmental switch from pro-
liferation to differentiation.

Although p21 homologs have not yet
been found in nonmammalian species, ho-
mologs of the cyclins and cyclin-dependent
kinases have been found in Drosophila (15).
The ability of human p21 to inhibit Dro-
sophila cells from entering S phase suggests
“that the mechanisms of inhibition of the
cyclin-dependent kinases are general and
conserved across species. Finally, the ability
of human p21 to function in diverse species
indicates its utility as an experimental tool
for arresting the division of specific popula-
tions of cells in vivo.
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Lymphoproliferative Disorders with Early
Lethality in Mice Deficient in Ctla-4

Paul Waterhouse, Josef M. Penninger, Emma Timms,
Andrew Wakeham, Arda Shahinian, Kelvin P. Lee,
Craig B. Thompson, Henrik Griesser, Tak W. Mak*

The role of the cell-surface molecule CTLA-4 in the regulation of T cell activation has been
controversial. Here, lymph nodes and spleens of CTLA-4-deficient mice accumulated T
cell blasts with up-regulated activation markers. These blast cells also infiltrated liver,
heart, lung, and pancreas tissue, and amounts of serum immunoglobulin were elevated.
The mice invariably became moribund by 3 to 4 weeks of age. Although CTLA-4-deficient
T cells proliferated spontaneously and strongly when stimulated through the T cell re-
ceptor, they were sensitive to cell death induced by cross-linking of the Fas receptor and
by gamma irradiation. Thus, CTLA-4 acts as a negative regulator of T cell activation and
is vital for the control of lymphocyte homeostasis.

The CTLA4 receptor has been postulated
to play a regulatory role in T cell activation
largely on the basis of its similarity to the

costimulatory receptor CD28 (1). Mouse

Ctla-4 complementary DNA (2) is 76%
identical in sequence to CD28, and both are
located in close proximity on chromosome 1
(3). CD28 is found on essentially all resting
T cells and can augment the response of
antigen-activated T cells (1). In contrast,
CTLA-4 is not expressed on resting T cells
but is detectable on activated T cells after
antigen activation (4). Although a role for
CD28 in augmenting T cell-dependent re-
sponses is well established, antibody block-
ing or cross-linking of CTLA-4 has yielded
contradictory results (4, 5). Interpretation of
these studies is complicated by the fact that
CD28 and CTLA-4 bind to the same ligands
B7-1 (CD80) and B7-2 (CD86) (6). The
shared ligands and the complex expression
patterns of both receptors and ligands make
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it difficult to address definitively the role of

CTLA-4. Here, we show that gene-targeted

mice lacking CTLA-4 progressively accumu-
late T cell blasts, which indicates that
CTLA-4 is a negative regulator.

A gene-targeting construct (Fig. 1A) was
generated (7). The construct was electropo-
rated into E14 embryonic stem (ES) cells, the
targeted ES clones (Fig. 1B) injected into
C57BL/6 blastocysts, and the resulting chime-
ras bred to C57BL/6 females. Tail DNA of
agouti pups showed transmission of the target-
ed allele (Fig. 1B). T cells were double-stained
for a8 T cell receptor (TCRaB) and either
CTLA-4 or one of the activation markers
CD25, CD44, or CD69. Activated T cells
from Ctla-4~'~ mice do not express Ctla-4 but
had high levels of expression of these activa-
tion markers (Fig. 1C).

Mice heterozygous for the Ctla- 4 muta-
tion appeared normal. Homozygous mice
were born at the expected Mendelian fre-
quency and appeared healthy at birth. How-
ever, by 2 weeks of age they became sick and
became moribund at 3 to 4 weeks of age. The
spleen and all lymph nodes were 5 to 10
times the normal size, reflected by an in-
crease in the number of lymphocytes (Table
1). Histology revealed extensive accumula-
tion of activated lymphocytes within lymph
nodes, thymus, and the splenic white pulp,
which obscured the cortico-medullary com-
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cated in (A). The endogenous allele has a molecular
size of 4.9 kb, and the targeted allele a size of 6.0 kb (as
indicated). (C) Fluorescence-activated cell sorting (FACS) analysis of activation
markers and CTLA-4 surface expression on in vitro—stimulated T cells after 4
days of treatment (25). Histograms of live gated TCRaf* cells are shown. In all
panels, staining of Ctla-4*/* cells is shown as a line and staining of Ctla-4 "
cells as a filled curve. In (D) through (G), histological (hematoxylin and eosin)
staining of organs from a 28-day-old Ctla-4 ~*— mouse is shown. Size bars are 50
pm [(D), (E), (F), and (G)] and 10 wm (inset). (D) Thymus lacking cortico-medullary
compartmentalization. Small and medium-sized lymphocytes with sometimes
prominent nucleoli can be seen. Mitotic figures as well as apoptotic cells are
present (inset). (E) Spleen. Remnants of the splenic red pulp are present (upper
left). The white pulp is largely extended and infiltrated by lymphocytes and
intermingled or loosely aggregated blast cells. (F) Myocardium with ill-defined
edematous areas containing fibroblast proliferations, neutrophils, macrophages,
few lymphocytes, and blast cells. (G) Lung tissue with regular respiratory lining
epithelium and extensive submucosal and perivascular lymphocellular infiltrates.
Sheets of plasma cells (center) are surrounded by small and medium-sized
lymphocytes as well as occasional blast cells. Histologic changes in general were

more pronounced in older mice.

partmentalization of the thymus and zonal
distribution of T cell- and B cell-dependent
areas in the spleen and lymph nodes (Fig. 1,
D and E). Diffuse and focal lymphocyte
infiltration was prominent in heart, lung,
bone marrow, liver, and pancreas tissue but
not in the kidneys (Fig. 1, F and G) (8).
Fresh and older myocardial infarctions were
prominent, with granular tissue formation.
These mice probably die of myocardial fail-
ure as a result of these lesions.

We analyzed the phenotypes of thymo-
cytes (9) and peripheral T cells. The surface
markers on TCRaf T cells isolated from
enlarged lymph nodes showed up-regulation
of the activation markers CD44 and CD25
linterleukin-2 receptor o (IL-2Ra)] and
down-regulation of MEL-14 (Fig. 2A). In-
creased expression levels were also seen for
the CD5, CD28, and CD69 molecules on
Ctla-4~'~ T cells in lymph node and spleen
(10). Both CD4 and CD8 populations con-
tained activated cells and showed no
change in the CD4/CDS8 ratio (10). The
TCRa profiles in the bone marrow of
Ctla-4~'~ mice showed massive expansion
of activated T cells (Fig. 2B). The relative
percentages of V6-, V8-, V414-,and V, 2-
positive T cells in Ctla-4—deficient animals
was similar to that in littermates (10),
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which suggests that the increase in lympho-
cytes was not a clonal expansion of a small
portion of the T cell répertoire.

B cells from lymph node and spleen also
showed in vivo activation with up-regulation
of B7-2, but not B7-1, molecules (Fig. 3A) (6,
11). The Fas antigen and CD5 were up-regu-
lated on B cells from Ctla-4 =/~ mice (12, 13).
An expanded population of activated B cells
is also consistent with higher basal serum
immunoglobulin (Ig) levels seen in Ctla-4~/~
mice (Fig. 3B). All of the Ig subtypes mea-
sured showed higher serum levels in Ctla-4 =/~
mice, ranging from 10-fold for 1gG2a, [gG2b,
1gG3, and IgM, to 100-fold for IgG1 and IgA,
to several thousandfold for IgE.

Ex vivo lymphocytes from Ctla-47/~
mice proliferated in amounts equal to those
in littermate controls in response to treat-
ment with concanavalin A (Con A). T
cells from Ctla-4~/~ mice, however, exhib-
ited consistently higher proliferation rates
in response to soluble antibody to CD3
(anti-CD3) or soluble anti-TCRaf (Fig.
4A). Purified T cells from Ctla-4~'~ mice
also displayed spontaneous proliferation in
medium alone (Fig. 4A, inset), which de-
clined after 24 hours (14). Thus, ex vivo
spontanous proliferation reflects in vivo
lymphoproliferation in Ctla-4~/~ mice.

SCIENCE ¢ VOL.270 e« 10 NOVEMBER 1995

These data imply that Ctla-4~/~ T cells
have a less stringent requirement for prolif-
eration in response to stimuli that either
activate or mimic T cell receptor signals.
Activated T cells are susceptible to Fas
receptor—induced apoptosis (15). We ana-
lyzed the susceptibility of freshly isolated
lymph node T cells to Fas cross-linking.
Our results show that ex vivo T cells from
Ctla-47/~ mice were still susceptible to
Fas-mediated cell death in the presence or

Table 1. Increase in size and lymphycyte num-
bers of lymph nodes and spleens of Ctla-4~/~
mice. The organs were isolated from 4-week-old
littermates and pooled and the weight and lym-
phocyte number per animal determined (n = 4,
Ctla-4**;n = 6, Ctla-4 */~). The weights and cell
numbers for two individual Ctla-4~/~ mice are
shown.

Wet weight (mg) Lym;:;hoo70ytes
Geno- (107
type

Lymph Lymph

nodes Spleen nodes Spleen
Ctla-4+/+ 71 69 1.3 3.1
Ctla-4+/~ 97 77 1.7 3.1
Ctla-4~/~ 540 145 28.0 7.7
Ctla-4~"~ 380 501 12.0 16.5
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Fig. 2. FACS analysis of surface markers on T
lymphoeytés from the lymph nodes of 24-day-old
Ctla-4=~/~ (—/-) and wild-type (+/+) littermates.
(A) Lymph node cells were double-stained with
anti-TCRa (FITC) and either anti-CD44 (PE), an-
ti-MEL-14 (PE), or anti-IL-2Ra (biotin) (70). Stain-
ing combinations are indicated; cells analyzed are
shown in side (SSC) and forward (FSC) scatter
profiles. These profiles also show the increased
proportion of blast cells in Ctla-4=/~ mice. (B)
Staining profile of lymphocytes in the bone mar-
row of 24-day-old mice. Cells were double-
stained with anti-TCRaf (PE) and anti-B220
(FITC) (70). The percent of analyzed cells is shown
in each quadrant.

absence of anti-CD3 plus IL-2 (16). In
vitro-stimulated T cells from Ctla-4+/*
and Ctla-47/~ mice also displayed the
same kinetics of survival when cultured in
media alone (17). In addition, 1 to 10 Gy
(gray) of gamma irradiation (18) produced
similar decreases in mitogen-induced pro-
liferation of T cells in mutant, heterozy-
gote, and wild-type littermates (Fig. 4B).
These results indicate that CTLA-4 has
no obligatory function in cell death in-
duced by either Fas or DNA damage.

[t has been difficult to determine conclu-
sively whether CTLA-4 functions as a co-
stimulatory molecule or a negative regulator
of T cell activation (1-6). Here, T cells from
Ctla-4 mutant animals were activated and
proliferated in vivo. Thus, CTLA-4 plays an
important role in regulating T cells that are
continuously activated as well as in lympho-
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levels of Igs in Ctla-4~/~ mice. Specific Ig levels in sera from individual 4-week-old littermates were
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Fig. 4. In vitro proliferative responses. (A) Lymphocytes isolated from lymph nodes of CTLA-4+/* (solid
bars), CTLA-4*/~ (hatched bars), or CTLA-4=/~ (open bars) littermates were cultured for 48 hours in
medium alone or in medium containing anti-TCRaB (1 wg/ml), anti-CD3 (1 wg/ml), Con A (2.5 ng/ml), or
phorbol 12-myristate 13-acetate (PMA) (12 ng/ml) and calcium ionophore (lono.) A23617 (50 ng/ml). Cells

were pulsed with 1 wGCi of [PH]thymidine for 8 hours. (Inset) Proliferation of ex vivo CTLA-4~/~
from the lymph nodes of 3-week-old CTLA-4~/~, CTLA-4*/~, or CTLA-4*/* littermates were cultured in

Tcells. Tcells

medium alone (4 hours, 37°C) and then pulsed with [2H]thymidine. (B) Responses of CTLA-4~/~ T cells to

gamma irradiation. T cells from CTLA-4~/~ mice or wild-type (+/+) or heterozygous (+/—) littermates were

iradiated with 0 Gy (1); 1 Gy (2); 2 Gy (3); 5 Gy (4); or 10 Gy (5) and cultured for 72 hours with anti-CD3 (1
wg/ml) and IL-2 (20 U/ml). Cells were pulsed with [PH]thymidine.

cyte expansion. These data, together with
the finding that CD28-deficient animals are
nonresponsive to certain antigen stimulation
(7), clearly demonstrate that although CD28
augments immune responses, its structurally
related counterpart CTLA-4 acts as a nega-
tive regulator of T cells.

Our data do not preclude a role for

CTLA-4 in thymic selection. CD28 can pro-

vide a costimulatory signal for TCRaf-medi-
ated apoptosis of CD4"CD8* immature thy-
mocytes (19), and expression of B7 ligands on
thymic epithelial cells is correlated with the
functional ability of these cells to mediate
positive or negative selection (20). Howeve;,
the development of thymocytes is normal in

CD287/~ (7) and B7-17/~ mice (11), and T

cell selection could not be blocked by inhib-
iting CD28-B7 costimulatory signals in nor-
mal mice (21). In addition, expression of

CTLA-4 is not detectable in thymocytes (22).
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The marked infiltration of lymphocytes
into various organs of Ctla-4~/~ mice is rem-
iniscent of lymphoproliferative disease. A
similar but less severe lymphoproliferation can
be observed in mice with a mutation in Fas
(12). Interestingly, we found no obligatory
involvement of CTLA-4 in cell death in-
duced by Fas or irradiation. The recent report
that TGFB ™/~ (transforming growth factor B)
mice also develop lymphoproliferative disor-
ders (23) indicates that there are multiple
mechanisms that coordinately work to nega-
tively regulate lymphocyte expansion. Our
data show that CTLA-4 is a key molecule in
the regulation of lymphocyte homeostasis.

REFERENCES AND NOTES

1. J. A. Gross, E. Callas, J. P. Allison, J. Immunol. 149,
380 (1992); R. H. Schwartz, Cell 71, 1065 (1992); P.
S. Linsley and J. A. Ledbetter, Annu. Rev. Immunol.
11, 191 (1993); C. H. June, J. A. Bluestone, L. M.

987



@ ~

11.
12.

13.

14.

Nadler, C.-B. Thompson, Immunol. Today 15, 321
(1994); J. P. Allison, Curr. Opin. Immunol. 6, 414
(1994); M. K. Jenkins, Immunity 1, 443 (1994).

. J.-F. Brunet et al., Nature 328, 267 (1987)
. K. Harper et al., J. Immunol. 147, 1037 (1991); T. A.

Howard, J. M. Rochelle, M. F. Seldin, Immunogenet-
ics 33, 74 (1991).

. J. M. Green et al., Immunity 1, 501 (1994); T. L.

Walunas et al., ibid., p. 405; M. F. Krummel and J. P.
Allison, J. Exp. Med. 182, 459 (1995).

. P.S. Linsley et al., J. Exp. Med. 176, 1595 (1992); N.

K. Damle et al., J. Immunol. 152, 2686 (1994); J. G.
Gribben et al., Proc. Natl. Acad. Sci. U.S.A. 92, 811
(1995).

. P.S. Linsley et al., Immunity 1, 793 (1994); P. S. Linsley

etal., J. Exp. Med. 173, 721 (1991); P. S. Linsley et al.,
ibid. 174, 561 (1991); K. S. Hathcock et al., Science
262, 905 (1993); M. Azuma et al., Nature 366,76 (1993);
G. J. Freeman et al., Science 262, 909 (1993); E. R.
Keamey et al., J. Immunol. 155, 1032 (1995).

. A. Shahinian et al., Science 261, 609 (1993).
. Liver, kidney, and pancreas tissue was analyzed with

the use of conventional histology. Focal infiltrations
were seen in liver and bone marrow but were incon-
spicuous in kidney tissue. Lymphocyte infiltration of
the pancreas was diffuse or follicular. The B islets
were largely destroyed, and the accompanying atro-
phy and fibrosis of the exocrine parenchyma were
reminiscent of chronic pancreatitis.

. Within the thymuses of Ctla-4~/~ mice, both CD4

and CD8 single-positive populations were increased
fourfold. The proportion of double-positive cells was
reduced, resulting in a smaller thymus. The expres-
sion of the maturation markers CD69, CD5, and
CD44 was similar between Ctla-4+/+, Ctla-4+/~,
and Ctla-4—/~ mice. For immunofluorescence stain-
ing, see (10).

. Increased mean staining intensity of markers on

Ctla-4~~ af T cells in lymph node and spleen in-
cluded CD5 (threefold), CD28 (two- to threefold),
and CD69 (eightfold). The CD4*/CD8" ratio re-
mained,3/1 in Ctla-4~/~ mice, and both CD4* and
CD8™* populations showed up-regulation of CD25,
CD44, and CD69. For staining, cells were purified
and stained as described [J. Penninger et al., Sci-
ence 260, 358 (1993)]. For detection of specific TCR
VB and V_ expression, lymph node T cells (from two
individual Ctla-4=/~ mice and four to five pooled
Ctla-4+/* or Ctla-4*/~ 4-week-old littermates) were
double-stained with anti-Thy-1.2 [phycoerythrin (PE)
or fluorescein isothiocyanate (FITC)] and anti-TCR
Vg6 (FITC), anti-v,8 (PE), anti~VB14 (FITC), or anti-
V.2 (PE). All antibodies were purchased from
PharMingen.

G. J. Freeman et al., Science 262, 907 (1993).

R. Watanabe-Fukunaga et al., Nature 356, 314
(1992).

The double-positive populations increased for CD5
(threefold) and Fas (fivefold) B220-positive cells. The
mean staining intensity of CD5 increased two- to
threefold and of Fas increased fivefold on B220-
positive cells.

Spontanous proliferation of Ctla-4=/~ T cells de-
creased to 2000 cpm at 24 hours and to back-
ground levels at 48 hours. [2H]Thymidine incorpora-

tion in lymph node—derived T cells from a 10-day-old.

Ctla-4=/~ mouse was 1300 cpm (12 hours) and
background levels at 24 hours.

. L. B.Owen-Schaub, S. Yonehara, W. L. Crump lll, E.

A. Grimm, Cell. Immunol. 140, 197 (1992); J. Oga-
sawara et al., Nature 364, 806 (1993).

. Purified T cells (2 X 108 cells/ml) from Ctla-4=/~ mice

were cultured with or without anti-CD3 (1 pug/ml) plus
IL-2 (20 U/ml) and with or without 1 ug/ml of anti-Fas
(72). T cells showed a 30% reduction in viable cells
(stained with Trypan blue) after 24 hours of culture
with anti-Fas in the presence or absence of mitogenic
stimulation. Fas expression on ex vivo T cells was the
same for Ctla-4*+/* and Ctla-4~/~ mice. Four days of
mitogenic stimulation is necessary to render T cells
sensitive to Fas-triggered death (75).

. T cells were stimulated for 3 days (with 1 pg/ml of

anti-CD3 and 20 U/mil of IL-2) and washed, and 4 X

106 viable cells were further cultured in media with-
out mitogenic stimuli. The number of viable cells was
then determined by Trypan blue staining after 24 and

988

SCIENCE »

48 hours of culture. Cell numbers after 24 hours were
as follows: 1.6 X 10 for Ctla-4+/+ and 1.5 X 108 for
Ctla-4=/~ T cells; after 48 hours: 0.5 X 10° for Ctla-
4+/* and 0.6 X 10° for Ctla-4—~/~ T cells.

18. T. Tamura et al., Nature 376, 596 (1995).

19. J. A. Punt, B. A. Osborne, Y. Takahama, S. O. Shar- .

row, A. Singer, J. Exp. Med. 179, 709 (1994).

20. S. Degermann, C. D. Surh, L. H. Glimcher, J. Sprent,
D. Lo, J. Immunol. 1562, 3254 (1994).

21. L. A.Jones, D. J. Izon, J. D. Nieland, P. S. Linsley, A.
M. Kruisbeek, Int. Immunol. 5, 503 (1993); D. M.
Page, L. P. Kane, J. P. Allison, S. M. Hedrick, J.
Immunol. 151, 1868 (1993).

22. CTLA-4 surface staining was determined by triple
staining with the use of monoclonal antibodies to
CTLA-4 (biotinylated), CD4 (PE), and CD8 (FITC).

23. M. M. Shull et al., Nature 359, 693 (1992).

24. The targeting construct consisted of the neomycin

(neo) cassette, the 5" and 3' CTLA-4 arms, and the
thymidine kinase (TK) cassette into pBluescript. The
vector was introduced in E14 ES cells by electropo-
ration and cultured in the presence of G418 and
ganciclovir (7). )

25. T cells isolated from 21-day-old Ctla-4*/* or
Ctla-4=/~ littermates were cultured in 10-cm plates
coated with hamster antibody to mouse CD3e. Con
A supernatant was added after 24 hours. Cells on
day 4 were stained with anti-TCRaf (FITC-labeled)
and anti-CTLA-4 (PE-labeled) or antibodies to
CD25, CD44, or CD69 (all biotinylated) (70).

26. The authors thank G. Duncan, L.-M. Boucher, D.
Bouchard, and J. Simard for assistance and S. Na-
gata for reagents. This work was supported by the
Medical Research Council of Canada.

6 September 1995; accepted 9 October 1995

Genomic Structure of an Attenuated Quasi
Species of HIV-1 from a Blood
Transfusion Donor and Recipients

N. J. Deacon,* A. Tsykin, A. Solomon, K. Smith, -
M. Ludford-Menting, D. J. Hooker, D. A. McPhee,
A. L. Greenway, A. Ellett, C. Chatfield, V. A. Lawson, S. Crowe,
A. Maerz, S. Sonza, J. Learmont, J. S. Sullivan, A. Cunningham,
D. Dwyer, D. Dowton, J. Mills

A blood donor infected with human immunodeficiency virus-type 1 (HIV-1) and a cohort
of six blood or blood product recipients infected from this donor remain free of HIV-1-
related disease with stable and normal CD4 lymphocyte counts 10 to 14 years after
infection. HIV-1 sequences from either virus isolates or patient peripheral blood mono-
nuclear cells had similar deletions in the nef gene and in the region of overlap of nef and
the U3 region of the long terminal repeat (LTR). Full-length sequencing of one isolate
genome and amplification of selected HIV-1 genome regions from other cohort members
revealed no other abnormalities of obvious functional significance. These data show that
survival after HIV infection can be determined by the HIV genome and support the
importance of nef or the U3 region of the LTR in determining the pathogenicity of HIV-1.

Among people infected with HIV-1 there
are some who, even after infection for 10
years or more, remain healthy with no signs
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of clinical progression to acquired immuno-
deficiency syndrome (AIDS) and have sta-
ble, normal CD4 lymphocyte counts (1-5).
The explanation for the benign course of
HIV-1 infection in such long-term nonpro-
gressors (LTNPs) may be stochastic or re-
lated to host or viral factors or a combina-
tion of both (6).

In 1989, a review of the registry of
individuals in New South Wales with
blood transfusion—transmitted HIV infec-
tion revealed that 6 years after transfusion
two infected recipients and a common
donor were asymptomatic, with normal
CD4 counts. A total of seven HIV-1-
infected recipients of HIV-1-infected
blood from the same donor (D36, a sexu-
ally active homosexual male who became
infected between December 1980 and
April 1981) have been found (Table 1) (1,
7) among recipients of components of
units donated by D36 between 3 February
1981 and 24 July 1984 (8). The donor and

recipients (hereafter referred to as the





