
man, E M. Horak, J. B. Bolen, Ceil55, 301 (1988), 
E. K Barber, J. D. Dasgupta, S. F Schlossman J 
M. Trev~yan C. E Rudd, Proc. Natl. Acad. Sci. 
U.S.A. 86, 3277 (1989). 

7. J M. Turner eta/. ,  Ceil60, 755 (1990). 
8. A. S. Shaw et a/., Moi. Ceil. Biol. 10, 1853 (1 990). 
9. I .  T. Chan and D. Y Loh, unpubl~shed data. 

10. To ensure T cell-specific transgene expression, 
we constructed the CDWA transgene so that it 
was expressed by the CD3S promoter and en- 
hancer (24). In the transgene construct, we mu- 
tated cytoplasmic cysteine residues 200 and 202 
(7) to alanine by the polymerase chain reaction 
(PCR) overlap-extension method (25) using 
Lyt2.1 (26) as the template. Fertilized eggs from 
(C57BU6 x C3H)F, females mated to BALBlc 
males (Harlan Sprague-Dawley) were microin- 
jetted w~th CD8CA transgene DNA. Mice were 
screened for lnhertance of the transgene by PCR 
and Southern (DNA) hybridization analysis of tall 
DNA. To confirm the nucleotide substitutions cor- 
respondng to the two amino acid changes, we 
amplified the DNA regon containing the mutation 
by PCR from the tail DNA of the CDWA founders, 
subcloned it Into pBuescript (Stratagene), and 
sequenced the region by the dideoxynucleotide 
termination method (USB). Five founder lines 
were generated and two were subsequently fol- 
lowed. Lines 14 and 28 were bred to CD8-defi- 
cient mice (3) and 2C TCR transgenic mice (13) 
to generate CDSA8-I- (H-P) or 2C+ CD8CA- 
8-'- ( H - P  or H-Pfb) mlce. 

11 A Velette, M. A. Bookman, E. M. Horak, L. E. 
Samelson, J. B. Boen Nature 338, 257 (1989). 

12. S. D. Gorman Y. H. Sun R Zamoyska, J. R. 
Parnes J. Immunol. 140, 3646 (1 988) 

13. W. C. Sha et a / ,  Nature 335, 271 (1988), W. C 
Sha et a/., ibid. 336, 73 (1988). 

14. D. M. Kranz, D. H. Sherman, M V. S~tkovsky, M. S. 
Pasternack, H. N. Elsen, Proc Nati. Acad Sci 
U.S.A. 81, 573 (1984). 

15 W.-P. Fung-Leung etai., Eur J, immunol 23 212 
(1 993). 

16. J H. Russel etai., J lmmunoi. 144, 3318 (1990) 
17. K - I .  Nakayama and D Y. Loh, Science 257, 94 

(1 992) 
18 J. M. Connolly, T. A. Potter, E.-M. Wormstall, T. H. 

Hansen, J. Exp. Med. 168, 325 (1988) J. M. 
Connolly, T. H Hansen, A. L. ngold, T. A. Potter, 
Proc. Nati. Acad. Sci. U.S.A. 87 21 37 (1 990) 

19. N. S. C. Van Oers etai., Eur. J. immunol 22, 735 
(1 992) 

20 N. J. Chalupny, J. A. Ledbetter, P Kavathas, 
EMBO J 10 1201 (1991). 

21. T. J Molna et a/., Nature 357, 161 (1991), K. M. 
Abraham, S. D. Lev~n, J. D. Marth, K. A. Forbrush, 
R M. Perlmutter, J Exp. Med. 173, 1421 (1991). 

22. L. Karn~tz et a/., Mol. Cell. Bioi. 12, 4521 (1992) 
23. J C. Telfer and C. E. Rudd, Science 254, 439 

(1991). 
24. P, van den Elsen, K. Georgopoulos, B.-A. Shep- 

ley, S Ork~n, C. Terhorst, Proc. Nati. Acad. Sci. 
U.S.A. 83, 2944 (1986) K. Georgopoulos P, van 
den Esen, E Bier A. Maxam C. Terhorst, EMBO 
J, 7. 2401 11988) 

25. S. N. Ho. H' D. Hunt, R. M Horton, J. K. Pullen, L. 
R. Pease Gene 77, 51 (1989). 

26. H. Nakauch~, M. Tagawa, G. P. Nolan, L. A. 
Herzenberg, Nucleic Acids Res. 15, 4337 (1 987). 

27. Thymocytes (3 x l o 7  to 4 x lo7)  from CD8+:+, 
CD8-I-, and CDFA8-, -  mlce were ysed in 
nononic detergent Brij 96 buffer [ I %  Bril 96 (wiv) 
(Sigma) 20 mM tris (pH 8.0) 150 mM NaCI, 50 
mM NaF, 100 +M Na,V04, 1 mM phenylmethyl- 
sulfonyl fluoride, leupeptin (10 ygiml), and apro- 
tinin (10 yg!ml)] and precleared with protein 
A-Sepharose CL-4B beads (S~gma). Precleared 
thymocyte ysates were added to proten A-Seph- 
arose beads preadsorbed with rabb~t antbodies 
to rat immunoglobulin G (Kappe!) along with 5 p g  
of ant~body to CD4 (antl-CD4) (GK1.5, pur~fied 
from rat ascltes or clone RM-4-4, PharMingen), 5 
pg  of ant~body to CD8 (anti-CD8) (clone 53-6 7, 
PharMingen), or no specifc antibody and allowed 
to form complexes. After extensive washing, the 
immunoprecipitates were Incubated ~n 30 +I of 

kinase buffer [25 mM Hepes (pH 7.3), 0.1% Brij 96 
(wiv), 10 mM MgCI,, 3 mM MnCI,, 30 pM Na,V04, 
and 10 yM adenosine triphosphate (ATP) with 10 
pCi of [y-32P]ATP (3000 yCiImmol, Amersham)] 
for 45 min at RTto allow Lck autophosphorylat~on. 
For kinase assays in the presence of 10 y g  of 
acid-denatured enolase (Boehringer Mannheim), 
one-fourth of the immunoprec~pitates (from ly- 
sates of 3 x l o 7  thymocytes) were Incubated in 
15 p1 of kinase buffer for 15 min at room temper- 
ature with constant vortexing. We stopped the 
kinase reactions by adding 2 x  sample oad~ng  
buffer to the mlxture boillng it, and applying ~t to 
10% SDS-polyacrylamide gel electrophoresis. 
Rainbow '4C-methylated protein molecular 
weight markers (Amersham) were used to esti- 
mate the size of the phosphorylated bands. Pro- 
tein gels were dried and exposed to XAR film 
(Kodak) 

28. Care of mice used In the experiments was in 
accordance wlth the institutional guidelines of the 
Washington University School of Med~cne.  

29. We cultured 2 x l o 7  splenocyte effectors from 6- 
to 12-week-old mice with 2 x l o 7  rrad~ated 
stimulator splenocytes in 20 m of m~xed ympho- 
cyte reaction (MLR) medium [RPM with 10% 
heat-inactivated fetal calf serum and 5 x M 
p-mercaptoethanol supplemented with Hepes 
(pH 7.3), penicillin-streptomycn, L-gutamine, 
nonessential amino acids, and sod~um pyruvate] 
at 37°C for 5 days The target splenocytes (5 x 
lo6) were stimulated with concanavain A (3 kg1 
ml) in 5 ml of MLR medium at 37°C for 2 days, 
purified on Histopaque 1077 (Sigma) and 
washed. The targets (2 x l o 6  to 5 x lo6) were 
labeled with 0.5 mCi of NaZ5'CrO4 (Amersham) In 

1 m of MLR medum containing 0.1 M a-methyl 
o-mannoside (USBJ for 90 min at 37"C, washed 
with 0.1 M a-methyl o-mannoside in MLR medlum 
and left at 25% for 30 mln for spontaneous 
release. We plated l o 4  labeled targets In 96-well 
round-bottom plates (Costar). Effectors were pu- 
rifled on Histopaque 1077, washed, and pated at 
the indicated effector-to-target ratios in 200-yl 
reactions. For antibody blockng studies, effectors 
were preincubated for 30 min with either 2 +g of 
purif~ed antibody to CD8a (anti-CD8a) (clone 53- 
6.7, Becton Dickinson) or MLR medium at 37% 
before addit~on of labeled targets. Samples were 
centrifuged at 5009 for 3 mln, Incubated for 3 
hours at 37°C for cytolytic activity, and harvested 
with a supernatant collection system (Skatron) 
We measured 5'Cr release for each sample by 
y-counting. The average of duplicate samples 
was determined and the percent of specif~c jlCr 
release was calculated from the following formula: 
100 x (experimental - spontaneous release) x 
(total - spontaneous release)-'. The data are 
representative of two experiments 

30. We thank N. Lee and E, Lacy for providing the 
pNeZ vector and the Lyt2.1 clone, A. Shaw for 
advice on enolase assays, L. Dustin and L. Fields 
for reagents, L. Blackburn for animal husbandry: 
members of the Loh laboratory for helpful discus- 
slons, and A. Cheng, L. Dustin and K . -  Na- 
kayama for valuable comments. Supported by the 
Howard Hughes Medical Institute, N H  grant Al 
155322-1 3 the Human Frontier Science Program 
(D.Y.L, and T.W.M.) and Medical Scientist Train- 
n g  Program training grants (1.T.C and E.D.B.). 

4 May 1993, accepted 28 July 1993 

Disappearance of the Lymphoid System in Bcl-2 
Homozygous Mutant Chimeric Mice 

Kei-ichi Nakayama,* Keiko Nakayama,* lzumi Negishi, 
Keisuke Kuida, Yoichi Shinkai, Marjorie C. Louie, 
Larry E. Fields, Phillip J. Lucas, Valerie Stewart, 

Frederick W. Alt, Dennis Y. Lohj- 
The bcl-2 proto-oncogene can prevent the death of many cell types. Mice were gen- 
erated that were chimericfor the homozygous inactivation of bcl-2. Lymphocytes without 
Bcl-2 differentiated into phenotypically mature cells. However, in vitro, the mature T cells 
that lacked Bcl-2 had shorter life-spans and increased sensitivity to glucocorticoids and 
y-irradiation. In contrast, stimulation of CD3 inhibited the death of these cells. T and B 
cells with no Bcl-2 disappeared from the bone marrow, thymus, and periphery by 4 weeks 
of age. Thus, Bcl-2 was dispensable for lymphocyte maturation, but was required for a 
stable immune system after birth. 

T h e  bcl-2 proto-oncogene was initially iso- pression i n  B cells is aberrantly increased 
lated from the breakpoint of the t(14;18) (2). The deregulated Bcl-2 promotes cell 
chromosomal translocation found in over survival and prevents programmed cell 
60% of human follicular lymphomas (1). death in many, but not all, types of cells 
As a result of the translocation, Bcl-2 ex- (3). The topographical distribution of Bcl-2 

protein in  tissues characterized by apoptotic 
K.-i Nakayama, K Nakayama, I Negish~, K Kuida, M, cell death also suggests a potential role for 
C Loue, L. E. Fields, P. J, Lucas, D. Y. Lob, Howard Bcl-2 in  programmed cell death (4). Cells 
Hughes Med~ca  Institute, Departments of Medicine, 
Genet~cs, and Molecular Microbiology, Washington derived from transgenic mice that have 
University School of Medc~ne, St. Louis, MO 631 10, deregulated and overexpressed bcl-2 dis- 
Y. Shinkal, V. Stewart F W. Alt, Howard Hughes played extended B and T cell survival (5, 
Medical Inst~tute, Chdren's Hosptal, Department of 
Genet~cs, Haward Medcal School, and Center for 6). These transgenic studies suggested that 
Blood Research. Boston. MA 021 15 Bcl-2 may play an important role in  B cell 

*These authors contr~buted equally to thls report and T cell differentiation as well as in  the 
TTO whom correspondence should be addressed maintenance of B cell memory (6, 7). 
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Human bcl-2 has been shown to rescue cells 
normally destined to die by programmed 
cell death in the roundworm Caenorhabditis 
elegans (8). The genotypic and phenotypic 
characteristics of the ced-9 mutant in C. 
elegans appear similar to that of mammalian 
bcl-2 (9). These findings implicate the gen­
eral importance of Bcl-2 or its homolog 
throughout phylogeny. Because all of the 
mammalian studies on bcl-2 derive from 
descriptive studies of Bcl-2 expression or 
from forced inappropriate expression, the 
bcl-2 loss-of-function studies were per­
formed to address the physiological func­
tion of Bcl-2 in mammals. 

To evaluate the function of Bcl-2 on 
lymphocyte development and function, we 
adopted the "double-knockout" method 
(10, 11). This approach may permit the 
avoidance of possible early lethality result­
ing from homozygous mutations because of 
the presence of blastocyst-derived wild-type 
cells. Homozygous null mutations of the 
two bcl-2 alleles were introduced in embry­
onic stem (ES) cells by sequential homolo­
gous recombinations (Fig. 1, A to C) (12). 
Homologous recombination events were 
screened by polymerase chain reaction 
(PCR) and verified by Southern (DNA) 
blot analysis (Fig. ID) (12). Three inde­
pendent ES cell lines (from mouse strain 

129) bearing homozygous mutations at the 
bcl-2 locus (bcl-2~f~) from two distinct 
parental ES cell lines, El4 and D3, were 
obtained. We injected the mutant ES cells 
(bcl-2-'-) or parental ES cells (bcl-2+/+) 
into mouse strain C57BL/6 (B6) blastocysts 
(bcl-2+/+) and generated chimeric mice 
(designated as knockout chimera or control 
chimera, respectively). Blastocyst-derived 
cells can provide an experimental internal 
control from the same animal as long as 
they are phenotypically distinguishable 
from the ES-derived cells. The ES cell- and 
blastocyst-derived T and B lymphocytes in 
the chimeric mice could be distinguished 
with a monoclonal antibody (mAb) to 
Ly-9.1, a cell-surface marker that is found 
on 129, but not C57BL/6, strain cells (10, 
13). In order to independently confirm our 
findings, bcl-2'1 ~ ES cells were injected in 
some experiments into RAG-2-defkient 
blastocysts in which only the ES-derived 
lymphocytes may contribute to generation 
of T and B cells in the chimeric mice (11). 
In the Southern blot analysis shown in Fig. 
ID, purified Ly-9.1+ thymocytes show a 
pattern identical to that of the injected ES 
cells (bcl-2~'~), indicating that the 
Ly-9.1+ cells were derived from the inject­
ed ES cells (bcl-2~f~). To confirm that the 
Ly-9.1+ cells do not have bcl-2 transcripts, 

Fig. 1. Gene targeting of the 
mouse bcl-2 gene in ES cells. (A) 
Genomic structure surrounding 
exon 1 of mouse bcl-2, and struc­
ture of the pbKO-NEO targeting 
vector. (B) Predicted structure of 
the singly targeted bcl-2 locus, 
and structure of the pbKO-HYG 
targeting vector. (C) Predicted 
structure of the doubly targeted 
bcl-2 locus. Arrowheads indicate 
the translation initiation site. The 
location of the hybridization probe 
(B0.6), a 0.6-kb Xba l-Eco Rl frag­
ment (the Eco Rl was derived from 
the arm of X. FIX II phage), is 
shown. Expected sizes of the Eco 
RV fragments that hybridize with 
the BO.6 probe are indicated. E, 
Eco RV; B, Bam HI; B2, Bgl II. The 
restriction map of Bam HI is not 
complete. (D) Southern blot anal­
ysis of ES cells (lanes 1 to 3) and 
lymphocytes from the chimeric 
mice (lanes 4 and 5) with the BO.6 
probe. Genomic DNA was digest­
ed by Eco RV. Lane 1, E14 (bcl-
2+/+); lane 2, EC1401 (bcl-2+>-)\ 
lane 3, ECG331 (bcl-2-'-)\ lane 4, 
Ly-9.1" thymocytes (bcl-2+/+); 
lane 5, Ly-9.1+ thymocytes (bcl-
2r'~) (14). Expected sizes for wild-type bcl-2, mutant bcl-2by pbKO-
pbKO-HYG are shown at left. (E) Southern blot analysis of reverse-1 
Approximate numbers of cells (x 10~3) used for PCR amplification 
The bcl-2 transcripts (upper) and the control CD28 transcripts 
thymocytes are shown. 
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RNA prepared from purified Ly-9.1+ cells 
was subjected to reverse-transcribed PCR 
(14)- Compared with signal from Ly-9.1" 
thymocytes, the bcl-2 transcript in Ly-9.1+ 

cells could not be detected, whereas 
amounts of control transcript (CD28 tran­
script) were equivalent (Fig. IE). 

Cells from lymphoid organs and bone 
marrow of the chimeric mice (2 weeks old) 
were stained for three-color flow cytofluo-
rometric analysis with antibodies to CD4, 
CD8, a p T cell receptor (TCR), pgp-1, 
heat-stable antigen (HSA), interleukin-2 
receptor a-chain (p55), B220, immuno­
globulin (Ig) M or IgD, and with antibodies 
to Ly-9.1. Figure 2 shows a comparison of 
the Ly-9.1 expression pattern on thymo­
cytes from a C57BL/6 mouse, a 129 mouse, 
and a representative chimera. Ly-9.1 ~ (B6 
blastocyst-derived; bcl-2+/+) and Ly-9.1+ 

(ES cell-derived; bcl-2~'~) cells from thy­
mus, spleen, lymph node, peripheral blood, 
and bone marrow of the 2-week-old knock­
out chimeric mice showed almost identical 
staining patterns for CD4/CD8 and B220/ 
IgM (15). In addition, there was no differ­
ence in expression of TCRap, pgp-1, 
HSA, p55, or IgD (15). These findings 
were also confirmed by using the chimeric 
mice produced with bd-2-deficient ES cells 
and RAG-2-deficient blastocysts in which 
only ES-derived lymphocytes can mature 
(11, 15). These results suggest that normal 
phenotypic maturation of T and B cells do 
not require Bcl-2, although studies that 
used transgenic mice that overexpressed 
Bcl-2 postulated its participation in lym­
phocyte development (3, 5-7). Because the 
thymocyte subpopulation distribution ap­
pears grossly normal, it is unlikely that the 
absence of Bcl-2 plays a significant role in 
positive and negative thymocyte selection. 
We conclude that the up-regulation oi 
Bcl-2 expression observed in the mature T 
cells is a result and not the cause o( thymo­
cyte development. 
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Fig. 2. Flow cytometric analysis of Ly-9.1 ex­
pression. Thymocytes from C57BL/6 (fine dot­
ted line), 129 (coarse dotted line), and a repre­
sentative chimera (solid line) were stained with 
fluorescein isothiocyanate (FITC)-conjugated 
anti-Ly-9.1 (PharMingen, San Diego, Califor­
nia). Flow cytometric analysis was performed 
by FACScan (Becton Dickinson, Mountain 
View, California). 

SCIENCE • VOL. 261 • 17 SEPTEMBER 1993 1585 



Murine mature T cells have a relatively 
long life-span (half-life, 10 months), where- 
as the half-life of immature T cells has been 
estimated to be 3.5 days (16). Among T 
cells, Bcl-2 protein is predominantly ex- 
pressed in mature T cells, but not in imma- 
ture T cells (4). To test if Bcl-2 contributes 
to the longevity and resistance to apoptosis 
of mature lymphocytes, spleen cells from a 
knockout or a control chimeric mouse were 
placed in in vitro culture (Fig. 3). Blasto- 
cyst-derived T and B cells (bcl-2+l+) from 
the two kinds of chimeric mice showed no 
significant differences in survival (1 5). In 
contrast, bcl-2-I- ES-derived T cells had a 
shorter life-span than bcl-2+'+ ES-derived T 
cells or blastocyst-derived T cells. A signif- 

icant increase of DNA fragmentation was 
accompanied with the loss of bcl-2-I- T 
cells, suggesting that these cell deaths oc- 
curred by apoptosis (15). Similar results were 
obtained from the analvsis of TCRh' (ma- 
ture) thymocytes, whereas there was viriual- 
ly no difference in the survival of TCR'"/med 
(immature) thymocytes (15). In contrast, no 
obvious in vitro survival disadvantage for 
bcl-2-I- B cells was found (Fig. 3). 

Transgenic mouse models have suggest- 
ed that susceptibility to apoptosis is devel- 
opmentally regulated, such that mature 
cells are relatively resistant compared to the 
immature cells (6). To test if Bcl-2 expres- 
sion correlates with the acquisition of resis- 
tance to apoptosis, thymocytes and spleen 

Fig. 3. In vitro cell survival experiment using 100 
spleen cells from knockout and control chime- 
ras. Spleen cells from each chimeric mouse 
were placed in in v~tro culture for the indicated 
times alyzed (18). by fluorescence-activated Viable cells were counted cell sorting and an- to 2 .z loK py, 
obtain profiles of Ly-9.1-FITCTTCRap-phyco- $ 
erythrin (PE) and Ly-9.1-FITClB220-PE sta~n- 
ing. The cell number of each population was 
calculated as (total viable cell number) x (per- 
centage of the population in viable cells). The 1 
cell number at time 0 hours was defined as 100. 0 20 40 0 20 40 
The results for T and B cells from control Time (hr) 

chimeras (open circles) and from knockout chimeras (closed squares) are shown. Experiments 
were done using three knockout and three control chimeras, from which means (shown as symbols) 
and standard deviations (bars) were calculated. Experiments were performed three times using 
different independent ES cell lines (n = 9) and control parental ES cell lines (n = 9) with similar 
results. 

Fig. 4. Sensitivity of 
bc l -F '+ and bcl-Ti-  T 
cells to dexamethasone 
or y-irradiation. (A to C) 
Cells were exposed for 
20 hours to dexameth- 
asone at the rndicated 
concentrations. (D to F) 
Cells from knockout and 
control chimeras were 
subjected to ionizing - 1 - I I  I L  y-irradiation at the indi- 10 20 0 10 20 0 1 2 3 4 5  
cated doses and then '$ Dexamethasone (nM) 
placed in culture for v, 

20 hours, Open circles ~loopl~~p ;;k 
and closed squares 
show T cells der~ved 
from bcl-P!+ and bcl- 
2,- ES cells, respec- 
tively. The cell number at 
20 hours without dexa- 

10 

methasone or y-irradia- 
tion was def~ned as 100. 
The percent survivals of 
TCRloimed Immature thy- 
mocytes (A and D), 1 
TCRhl mature thymo- 0 500 1000 0 500 1000 0 250 500 

ylrradation (cGy) 
cytes (6 and E), and 
spleen T cells (C and F) are shown. Experiments were done uslng three knockout and three control 
chimeras, from which means (shown as symbols) and standard deviat~ons (bars) were calculated. 
Experiments were performed three times using different Independent ES cell lines (n = 9) and control 
parental ES cell lines (n = 9) with similar results. 

T cells from the chimeric mice were ex- 
posed to glucocorticoid or y-irradiation, 
whose effect is blocked by overexpression of 
Bcl-2 (6). The TCRh' thymocytes and 
spleen T cells derived from bcl-2-'- ES cells 
were much more sensitive to dexametha- 
sone or y-irradiation than those derived 
from C57BLl6 or bcl-2+I+ ES cells (Fig. 4). 
The sensitivity of the bcl-2-I- mature T 
cells to these treatments was similar to that 
of immature T cells. These data demon- 
strate that the presence of Bcl-2 in mature 
T cells is indispensable for the resistance to 
apoptosis induced by glucocorticoid and 
y -irradiation. 

Mature T cells have been shown to be 
relatively resistant not only to glucocorti- 
coid and y-irradiation but also to TCR 
stimulation by mAb to CD3 (anti-CD3). 
We tested the effect of anti-CD3 on 
bcl-2+'+ or bcl-2-I- peripheral T cells. An- 
ti-CD3 treatment of bcl-2-/- mature T cells 
inhibited the acceleration of death, where- 
as anti-CD3 induced the marginal loss of 
bcl-2+!+ T cells (Fig. 5). The prevention of 
death by TCR stimulation suggested the 
presence of a novel mechanism to inhibit 
cell death by TCR signaling. Such signaling 
may be of importance in the prevention of 
programmed cell death as the thymocytes 
undergo positive selection during develop- 
ment. In addition, our findings indicated 
that the characteristics of the induction of 
cell death to immature T cells by glucocor- 
ticoid, y-irradiation, or anti-CD3 stimula- 
tion are distinct, based on the observation 
from p53 and Bcl-2 knockout mice (1 7). 

Fig. 5. Inhibition of cell death of bcl-Pi- ma- 
ture T cells by anti-CD3 stimulation, Lymph 
node cells from control and knockout chimeras 
were placed in culture for 20 hours with (striped 
columns) or without (solid columns) 1 p,g/ml of 
anti-CD3 (1 45-2C11, PharMingen) Experi- 
ments were done uslng three knockout and 
three control chimeras, from which means 
(shown as columns) and standard deviations 
(bars) were calculated. Experiments were per- 
formed three tlmes using different independent 
ES cell l~nes (n = 9) and control parental ES cell 
lines (n = 9) w~th similar results. 
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To test whether bcl-2-'- lymphocytes 
showed any abnormalities in vivo, we ini- 
tially examined the ratio of bcl-2-I- 
(Ly-9.1+) to bcl-2+'+ (Ly-9. I-) cells in the 
peripheral blood at 2 ,3 ,  and 4 weeks of age. 
At 2 weeks, peripheral lymphoid organs 
appeared normal in size and morphology in 
chimeric mice. However, the percentage of 
the bcl-2-I- T and B cells rapidly decreased 
between 2 and 4 weeks postnatally (Fig. 6). 
In contrast, the percentage of Ly-9.1+ T 
and B cells derived from bcl-2+'+ ES cells 
did not change significantly (Fig. 6). In 
addition, we examined the content of 
Ly-9.1+ cells in bone marrow, thymus, and 
lymph node from young (2 weeks old) and 
old (6 to 8 weeks old) knockout and control 
chimeras (Table 1). There was no signifi- 
cant difference in the percentage of Ly-9. I +  
cells, including immature and mature thy- 
mocytes, peripheral T cells, pre-B cells, and 

B cells from young and old control chime- 
ras. In contrast, the percentage of Ly-9.l+ 
cells from knockout chimeras decreased 
with time. Not only did mature bcl-2-I- T 
and B cells vanish, but bcl-2-'- immature 
thymocytes and pre-B cells also disap- 
peared. Therefore, the abnormality among 
the bcl-2-I- cells must also affect the gen- 
eration of lymphoid precursor cells. 

Taken together with the in vitro find- 
ings, the disappearance of bcl-2-I- T cells 
appears to be a combination of a shortened 
life-span for peripheral T cells and the 
decreased production of the precursor 
cells. Because shortening of the in vitro 
life-span in bcl-2-I- B cells was not obvi- 
ous, the decreased B cell population may 
be attributable solely to the decreased 
oroduction of the orecursor cells. This 
may explain the finding that the decrease 
of the bcl-2-I- peripheral B cells in the 

Table 1. Change in percentages of Ly-9 1 + cells with age at different developmental stages 
- - - -  - ~ 

T cell B cell 

Age 
(weeks) Thymus 

Lymph 
Bone marrow 

Lymph 
TCRlo/med T C R ~ I  B220+slg- B220+slg+ node 

Control chimeras 
2 12 33.0 (11.5) 38.4 (16.4) 42.4 (16.5) 42.0 (17.9) 45.5 (16.7) 36.7 (14.2) 
6 to 8 7 28.9 (18.7) 40.5 (23.7) 55.1 (24.0) 49.4 (8.1) 61.8 (6.0) 48.7 (11.1) 

Knockout chimeras 
2 8 34.8 (9.9) 45.8 (12.1) 44.3 (15.3) 39.3 (8.4) 55.5 (8.8) 53.0 (11.3) 
6 t o 8  15 0.2 (0.1) 0.4 (0.2) 0.4 (0.3) 0.2 (0.1) 1.6 (0.4) 0.9 (0.3) 

' "  2 3 4 2 3 4 

Age (weeks) 

Fig. 6. Rapid decrease of bcl-2-'- 
peripheral blood lymphocytes in 100 100 
vivo. Percentage of Ly-9.1+ cells 
at 2 weeks of age was defined as 
100. Percent remaining was calcu- 
lated as (percentage of the popu- 
lation at the indicated time)/(per- 
centage of the population at 2 
weeks of age). Percent change of 
Ly-9.l+ T and B cells from knock- 
out (upper) and control (lower) 
chimeras is shown. Experiments 
were done using seven knockout ,F 
and four control chimeras, from .5 

10 which means (shown as columns) g and standard dev~ations (bars) ; l l o 0  
were calculated. 

knockout chimera was not as dramatic as 
in the T cells (Fig. 6). 

Most recently, the chimeric mice that 
carry the inactivated bcl-2 alleles were bred 
to generate mice with only the mutated 
bcl-2 alleles in their germline. Gross exam- 
ination of these bcl-2-'- mice revealed 
normal development, though smaller, for at 
least the first 4 weeks of life. At 2 weeks of 
age, phenotypically mature lymphocytes 
were present, although they had increased 
sensitivity to death in the vitro assays dis- 
cussed above. The number of lymphocytes 
in vivo decreased with kinetics similar to 
those observed in the chimeric mice. These 

in-  

preliminary findings confirm the results ob- 
tained with our chimeric mice. 

It has been suggested that Bcl-2 may be 
expressed by hematopoietic stem cells (4). 
Therefore, it is ~ossible that such cells are 
severely affected by the absence of Bcl-2, the 
results of which only become apparent with 
time. Further studies on the life-span and 
the ability to generate lymphoid progeny of 
the hematopoietic stem cells will be required 
to delineate the exact mechanism of appar- 
ent bone marrow and thymic failure. 

8 10 
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immunoglobulin V,3 Gene Products: 
Natural Ligands for HIV gp 120 

Linda Berberianlk Lee Goodglick,* Thomas J. Kipps, 
Jonathan Braun? 

Infection with human immunodeficiency virus-type 1 (HIV-1) depletes T cells expressing 
CD4 and B cells expressing immunoglobulin (lg) VH3 gene products. A subpopulation of 
normal B cells from non-HIV-infected individuals was shown to bind to HIV gp120 by 
means of membrane Ig; most of these B cells expressed VH3 family lg. Serum VH3 IgM 
from uninfected individuals also avidly bound gp120. Finally, gp120 selectively induced Ig 
secretion by V,3 B cells, indicating that the binding of gp120 functionally activated these 
cells. These results indicate that naturally occurring VH3 Ig is a second ligand for gp120 
and a candidate superantigen for VH3 B cells. 

Acquired immunodeficiency syndrome T cells and B cells (1, 2).  CD4+ T cells are 
(AIDS) is characterized by dysfunction and selectively deleted as a result of a series of 
depletion of immune cells including CD4+ events initiated by the binding of HIV to the 

CD4 molecule by means of the viral enve- 

L Berber~an L Goodgl~ck, J Braun. Department of lope g1ycoprotein gp12@ (3). The exact 
Pathology and Laboratory Medic~ne and Molecular mechanism by which binding leads to dele- 
Biology Inst~tute, Unversity of California, Los Angeles, tion of &is population is H ~ ~ ~ ~ -  
CA 90024 
T. J K~pps, Department of Med~cine, Un~verslty of er* models have been proposed, in- 
California at San Deao La Jolla CA 92093. cluding direct cytotoxicity (4), gpl20-in- - , 

"These authors contributed equally to the study duced -polyclonal' apoptosis ( 5 ) ,  and oligo- 
tTo whom correspondence should be addressed. clonal superantigen-mediated deletion (6). 

We reported a clonal deficit of B cells 
bearing rearranged Ig VH3 genes in individ- 
uals with AIDS (7). VH3 is the largest 
family of Ig heavy chain variable regions 
consisting of 30 or more related gene seg- 
ments (8). Analogous to the situation with 
CD4+ T cells, a model for VH3 B cell 
depletion could involve direct binding of 
HIV to this B cell population. We therefore 
examined whether HIV gp120 bound to a 
subpopulation of normal B cells. Mononu- 
clear cells were obtained from fresh tonsil 
tissue from subjects aged 2 to 14 years as 
described (9). All of these patients were 
seronegative for HIV. Tonsil cells were 
incubated with recombinant gp120 from 
HIV- lSF2 [expressed in Chinese hamster 
ovary (CHO) cells], stained with antisera 
to HIV-I,,, gp120 and lineage-specific 
markers, and analyzed by flow cytometry 
(10). In all eight subjects, 3 to 6% of the B 
cell population (CD19+) bound gp120 
(Fig. 1A). T cells in the tonsil served as an 
internal control for gp120 binding. As ex- 
pected, 68% of the T cell (CD19-, CD3+) 
population bound gp120, consistent with 
the known abundance of CD4+ T cells 
(Fig. 1A). In some experiments, tonsils 
were initially depleted of T cells by eryth- 
rocyte rosetting (9). This procedure did not 
diminish the population of CD19+ cells 
binding gp 120. 

Although normal B cells do not express 
CD4, it was conceivable that this small 
population of B cells might express this 
molecule. However, we were unable to 
detect CD4 on the surface of CD19+ tonsil 
cells (i  1). Furthermore, pretreatment of 
tonsil cells with Leu3a, an antibody to CD4 
(anti-CD4) that blocks the binding of 
gp120 to CD4 (12), completely inhibited 
gp 120 binding by tonsil T cells (Fig. 1B). In 
contrast, Leu3a did not inhibit binding of 
gp120 to the subpopulation of CD19+ cells 
(Fig. lB), demonstrating that gp120 did 
not bind to the B cells by means of CD4. 
Consistent with these results, we observed 
that a similar B cell subpopulation also 
bound nonglycosylated HIV- I,,, gp 120 
produced in yeast (1 I ) ,  a form of gp120 that 
does not bind to CD4 (I 3). 

We postulated that gp120 bound to these 
normal B cells by means of membrane Ig. To 
address this idea, we selectively removed cell 
surface Ig by pretreating tonsil cells with 
antibodies to K and A Ig light chain (anti-K 
and anti-A) before the gp120 binding assay. 
Endocytosis of membrane Ig with antibody 
to Ig decreases surface Ig by > 90% (1 4) ; in 
the present experiments, such treatment re- 
moved 94% of membrane IgD (Fig. 1C). 
After removal of membrane Ig, a corre- 
sponding amount of gp120 binding was lost 
(Fig. ID), indicating that gp120 binding was 
associated with membrane Ig. 

To determine whether the B cells that 
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