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kinase buffer [25 mM Hepes (pH 7.3), 0.1% Brij 96
(w/v), 10 mM MgCl,, 3 mM MnCl,, 30 uM NazVOo,,
and 10 uM adenosine triphosphate (ATP) with 10
wCi of [y-*2P]ATP (3000 wCi/mmol, Amersham)]
for 45 min at RTto allow Lck autophosphorylation.
For kinase assays in the presence of 10 ng of
acid-denatured enolase (Boehringer Mannheim),
one-fourth of the immunoprecipitates (from ly-
sates of 3 x 107 thymocytes) were incubated in
15 pl of kinase buffer for 15 min at room temper-
ature with constant vortexing. We stopped the
kinase reactions by adding 2x sample loading
buffer to the mixture, boiling it, and applying it 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).
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reactions. For antibody blocking studies, effectors
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purified antibody to CD8a (anti-CD8a) (clone 53-
6.7, Becton Dickinson) or MLR medium at 37°C
before addition of labeled targets. Samples were
centrifuged at 500g for 3 min, 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
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(total — spontaneous release)~'. The data are
representative of two experiments.
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Disappearance of the Lymphoid System in Bcl-2
Homozygous Mutant Chimeric Mice
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The bcl-2 proto-oncogene can prevent the death of many cell types. Mice were gen-
erated that were chimeric for 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
v-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.

The bel-2 proto-oncogene was initially iso-
lated from the breakpoint of the t(14;18)
chromosomal translocation found in over
60% of human follicular lymphomas (I).
As a result of the translocation, Bcl-2 ex-
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pression in B cells is aberrantly increased
(2). The deregulated Bcl-2 promotes cell
survival and prevents programmed cell
death in many, but not all, types of cells
(3). The topographical distribution of Bcl-2
protein in tissues characterized by apoptotic
cell death also suggests a potential role for
Bcl-2 in programmed cell death (4). Cells
derived from transgenic mice that have
deregulated and overexpressed bcl-2 dis-
played extended B and T cell survival (5,
6). These transgenic studies suggested that
Bcl-2 may play an important role in B cell
and T cell differentiation as well as in the
maintenance of B cell memory (6, 7).




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 Bel-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. 1D) (12). Three inde-

pendent ES cell lines (from mouse strain

Fig. 1.
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 wvector. (C) Predicted B
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 I-Eco Rl frag-
ment (the Eco Rl was derived from
the arm of N FIX Il phage), is
shown. Expected sizes of the Eco
RV fragments that hybridize with (o
the B0.6 probe are indicated. E,
Eco RV; B, Bam HI; B2, Bgl Il. 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 B0.6 D

Gene targeting of the A

bel-2 +14 #l= -i- #l+

probe. Genomic DNA was digest- kb
ed by Eco RV. Lane 1, E14 (bcl- . _
2+/*): lane 2, EC1401 (bcl-2*/~), 57 =~
lane 3, ECG331 (bcl-27/~); lane 4, 42
Ly-9.1~ thymocytes (bcl-2*/*);

Iane 5, Ly-9.1* thymocytes (bcl-

Wild-type bcl-2

Wild-type bei-2

E
Mutant bel-2 (NEQ) -

Wild-type bel-2 :

Mutant bel-2 (NEO)

Mutant bel-2 (HYG) :
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129) bearing homozygous mutations at the
bcl-2 locus (bcl-27/7) from two distinct
parental ES cell lines, E14 and D3, were
obtained. We injected the mutant ES cells
(bcl-27/7) 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-27/~ ES cells were injected in
some experiments into RAG-2-deficient
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.
1D, purified Ly-9.1* thymocytes show a
pattern identical to that of the injected ES
cells (bcl-27/7), indicating that the
Ly-9.1% cells were derived from the inject-
ed ES cells (bcl-27/7). To confirm that the
Ly-9.1% cells do not have bcl-2 transcripts,

E EE E g E 1kb
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5.7 kb

m
-m

@

(]

@
m |m

EfE s ey

pbKO-HYG hyg

-=Wild-type
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27/7) (14). Expected sizes for wild-type bcl-2, mutant bel-2 by ppbKO-NEO, and mutant bel-2 gene by
pbKO-HYG are shown at left. (E) Southern blot analysis of reverse-transcribed PCR products (74).

Approximate numbers of cells (x 10~

3) used for PCR amplification are indicated above each lane.

The bcl-2 transcripts (upper) and the control CD28 transcripts (lower) in Ly-9.1* or Ly-9.1~

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. 1E).

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, apf 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-9.17*
(ES cell-derived; bcl-27/7) 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 bcl-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 of
Bcl-2 expression observed in the mature T
cells is a result and not the cause of thymo-
cyte development.

| C57BL/6
LN

Relative cell number

Tt T

Ly-9.1

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).
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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%/%) from
the two kinds of chimeric mice showed no
significant differences in survival (15). In
contrast, bcl-27/~ ES-derived T cells had a
shorter life-span than bcl-2%/* ES-derived T
cells or blastocyst-derived T cells. A signif-

Fig. 3. In vitro cell survival experiment using
spleen cells from knockout and control chime-
ras. Spleen cells from each chimeric mouse
were placed in in vitro culture for the indicated
times (718). Viable cells were counted and an-
alyzed by fluorescence-activated cell sorting to
obtain profiles of Ly-9.1-FITC/TCRap—phyco-
erythrin (PE) and Ly-9.1-FITC/B220-PE stain-
ing. The cell number of each population was
calculated as (total viable cell number) x (per-
centage of the population in viable cells). The
cell number at time 0 hours was defined as 100.
The results for T and B cells from control

icant increase of DNA fragmentation was
accompanied with the loss of bcl-27/~ T
cells, suggesting that these cell deaths oc-
curred by apoptosis (15). Similar results were
obtained from the analysis of TCRM (ma-
ture) thymocytes, whereas there was virtual-
ly no difference in the survival of TCRI®/med
(immature) thymocytes (15). In contrast, no
obvious in vitro survival disadvantage for
bcl-27/= 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

100

-
o

% Survival

1 T cell B cell
0 20 40 O 20 40
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 100
bcl-2+/+ and bel-2=/- T
cells to dexamethasone
or y-irradiation. (A to C)
Cells were exposed for
20 hours to dexameth- 104
asone at the indicated
concentrations. (D to F)
Cells from knockout and
control chimeras were
subjected to ionizing

100 g 100 c

101 104

1

y-irradiation at the indi-
cated doses and then
placed in culture for
20 hours. Open circles
and closed squares
show T cells derived
from bcl-2**+ and bcl-
27~ ES cells, respec-
tively. The cell number at 104
20 hours without dexa-
methasone or y-irradia-
tion was defined as 100.
The percent survivals of
TCRo/med immature thy-

20 0 10 20 0123 45
Dexamethasone (nM)

E 100 F

10 10

mocytes (A and D), 1
TCR™ mature thymo-
cytes (B and E), and

0 500

1 T — 1 ———————
1000 0 500 1000 0 250 500
y-lrradation (cGy)

spleen T cells (C and F) 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.
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T cells from the chimeric mice were ex-
posed to glucocorticoid or +y-irradiation,
whose effect is blocked by overexpression of
Bel-2 (6). The TCRM thymocytes and
spleen T cells derived from bcl-2 7/~ ES cells
were much more sensitive to dexametha-
sone or +y-irradiation than those derived
from C57BL/6 or bcl-2%/+ ES cells (Fig. 4).
The sensitivity of the bcl-27/~ 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 vy-irradiation but also to TCR
stimulation by mAb to CD3 (anti-CD3).
We tested the effect of anti-CD3 on
bcl-2+/* or bel-27/~ peripheral T cells. An-
ti-CD3 treatment of bcl-27/~ 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, vy-irradiation, or anti-CD3 stimula-
tion are distinct, based on the observation
from p53 and Bcl-2 knockout mice (17).

100+

®
2
c
3
(7]
R

Control Knockout

(bol-2+1+) (bel-27)

Fig. 5. Inhibition of cell death of bcl-2~/~ 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 wg/ml of
anti-CD3 (145-2C11, PharMingen). Experi-
ments were done using three knockout and
three control chimeras, from which means
(shown as columns) and standard deviations
(bars) were calculated. Experiments were per-
formed three times using different independent
ES cell lines (n = 9) and control parental ES cell
lines (n = 9) with similar results.



To test whether bcl-27/~ lymphocytes
showed any abnormalities in vivo, we ini-
tially examined the ratio of bcl-27/~
(Ly-9.1%) to bcl-2*/* (Ly-9.17) 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-27/~ 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-27/* 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-9.1*
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-9.1%
cells from knockout chimeras decreased
with time. Not only did mature bcl-2=/~ T
and B cells vanish, but bcl-27/~ immature
thymocytes and pre-B cells also disap-
peared. Therefore, the abnormality among
the bcl-27/~ cells must also affect the gen-
eration of lymphoid precursor cells.

Taken together with the in vitro find-
ings, the disappearance of bcl-27/~ 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-27/~ B cells was not obvi-
ous, the decreased B cell population may
be attributable solely to the decreased
production of the precursor cells. This
may explain the finding that the decrease
of the bcl-27/~ 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) n Thymus Lymph Bone marrow Lymph

TCRomed  TCRM node  gooprglg-  Bo2o*slgr MO

Control chimeras
2 12 33.0(11.5) 38.4(16.4) 424(16.5) 420(17.9) 455(16.7) 36.7(14.2)
6t08 7 28.9(18.7) 405(23.7) 55.1(24.00 494 (8.1) 61.8 (6.0) 48.7(11.1)
Knockout chimeras
2 8 34.8 (9.9 458(121) 443(153) 393 (84) 555 (8.8) 53.0(11.3)
6to8 15 0.2 (0.1) 04 (0.2 0.4 (0.3) 0.2 (0.1) 1.6 (0.4) 09 (0.3)
Fig. 6. Rapid decrease of bcl-2~/~ T cell B cell
peripheral blood lymphocytes in 100 100
vivo. Percentage of Ly-9.1* cells 1
at 2 weeks of age was defined as 1
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-9.1* T and B cells from knock-
out (upper) and control (lower) 1 1
chimeras is shown. Experiments
were done using seven knockout g’
and four control chimeras, from £ 104
which means (shown as columns) £ 10~
and standard deviations (bars) ghoo— 1004
were calculated. ES —_ —_
10035 3 4 0 .
Age (weeks)
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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-27/~ 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
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 possible 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.
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Immunoglobulin V,,3 Gene Products:
Natural Ligands for HIV gp120

Linda Berberian,* Lee Goodglick,* Thomas J. Kipps,
Jonathan Braunf

Infection with human immunodeficiency virus—type 1 (HIV-1) depletes T cells expressing
CD4 and B cells expressing immunoglobulin (Ig) V,,3 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 V,,3 family Ig. Serum V3 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 V,,3 Ig is a second ligand for gp120
and a candidate superantigen for V,;3 B cells.

Acquired immunodeficiency syndrome
(AIDS) is characterized by dysfunction and
depletion of immune cells including CD4*
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T cells and B cells (1, 2). CD4* T cells are
selectively deleted as a result of a series of
events initiated by the binding of HIV to the
CD4 molecule by means of the viral enve-
lope glycoprotein gp120 (3). The exact
mechanism by which binding leads to dele-
tion of this population is unknown. Howev-
er, several models have been proposed, in-
cluding direct cytotoxicity (4), gpl20-in-
duced polyclonal apoptosis (5), and oligo-
clonal superantigen-mediated deletion (6).
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We reported a clonal deficit of B cells
bearing rearranged Ig V33 genes in individ-
uals with AIDS (7). V3 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 Vi3 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-1gg, [expressed in Chinese hamster
ovary (CHO) cells], stained with antisera
to HIV-1gp, gpl20 and lineage-specific
markers, and analyzed by flow cytometry
(10). In all eight subjects, 3 to 6% of the B
cell population (CD19%) bound gpl120
(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 gp120.

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 (I1). Furthermore, pretreatment of
tonsil cells with Leu3a, an antibody to CD4
(anti-CD4) that blocks the binding of
gpl120 to CD4 (12), completely inhibited
¢p120 binding by tonsil T cells (Fig. 1B). In
contrast, Leu3a did not inhibit binding of
gp120 to the subpopulation of CD19% cells
(Fig. 1B), demonstrating that gpl120 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-1gp, gpl20
produced in yeast (11), a form of gp120 that
does not bind to CD4 (13).

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 \ Ig light chain (anti-k
and anti-\) before the gp120 binding assay.
Endocytosis of membrane Ig with antibody
to Ig decreases surface Ig by >90% (14); 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. 1D), indicating that gp120 binding was
associated with membrane Ig.

To determine whether the B cells that



