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anti-CD3, mAb 536, and mAb F23.1. The F23.1 antibody detects
an epitope of the VB8 gene product and reacts with ~25% of
mature o/B T cells'®. As shown in Table 1, F23.1% cells were
not detectable until day-17 of gestation and increased to a
maximum fraction of CD3" cells by birth. Assuming that V38
is expressed by 25% of a/B T cells at all stages of development,
we used a multiplication factor of four to approximate the
number of cells expressing «/B8 TCR in our analysis. The
difference between total CD3" cells and the sum of Vy3* and
estimated a/B cells was used to estimate the fraction of cells
that express y/8 TCR using Vy segments other than Vy3. The
data from Table 1 and the extrapolated values are presented
graphically in Fig. 3 as a percentage of total CD3" cells (Fig.
3a), or as approximate numbers of cells (Fig. 3b) expressing
Vv3/8, other /8 TCR, or @/ B TCR as a function of gestational
time.

It is apparent from Fig. 3 that there are at least four waves
of appearance of cells bearing TCR in the developing thymus.
The first to appear are cells that express Vy3, which decrease
steadily as a fraction of CD3™ cells, being replaced by thy-
mocytes bearing y/8 TCR not encoded by the Vy3 gene, and
which comprise most of the CD3* cells on days 17 and 18 (Fig.
3a). Thymocytes bearing a/B8 TCR appear at day 17 and com-
prise most of the CD3™ cells in the thymus after day 19 (Fig.
3a). Since the size of the thymus increases exponentially during
fetal development, we also examined the contributions of each
of the three classes of cells to the total number of cells (Fig.
3b). It is apparent that a third peak of cells expressing non-Vy3
v/ 8 TCR occurs at day 20 of gestation.

The data presented here demonstrate that the ordered
expression of TCR genes*>!! is reflected by the sequential
appearance of distinct cell populations bearing the products of
those genes during thymocyte development. It has been reported
that y- and 8-gene rearrangments during fetal ontogeny are not
cumulative, suggesting the occurrence of a major change in the
populations of cells present in the thymus’. Our data suggest
that this change is a result of the death or emigration of the first
wave of cells expressing TCR composed of the Vy3 gene prod-
uct. Although a lineal relationship has not been firmly estab-
lished, it is reasonable to propose on the basis of our findings
that this first wave of CD3" cells emigrate to seed the skin,
giving rise to the Thy-1* dEC in adults. The fetal origin of
Thy-1" dEC in the adult is supported by our observation (D.
Asarnow et al., unpublished results) that non-germ line encoded
nucleotides are essentially absent from the junctions of the
rearranged y- and &-genes of Thy-17 dEC clones; this is con-
sistent with the absence of non-germ line encoded nucleotides
from the junctions of rearranged 8-genes isolated from the fetal,
but not from the adult, thymus’®. It is interesting that the y/8
TCR of Thy-1" dendritic cells occurring in intestinal epi-
thelium'? appear to use restricted Vy and V8 genes which are
distinct from Vy3 (C. Janeway, personal communication) and
might be the descendants of the second wave of cells seen in
the thymus. A mAb directed against the avian homologoue of
the mammalian y/& TCR has recently been described'®. In
studies using this mAo, similar waves of TCR expression were
seen in chicken emt+yonic thymus'®,

Taken together, our iindings indicate that generation of com-
ponents of the immune system is temporally programmed by
the order of TCR gene rearrangement, and suggests that the
periphery is seeded with discrete populations of T cells generated
at different stages in development. It also appears that the
capacity of the immune system to generate at least one class of
cells, the dEC, is absent in the fully mature thymus. Whether
this is due to changes in the thymic microenvironment or to
alterations in the machinery of rearrangement remains to be
determined.
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technical assistance, and Nancy Caplan for help in preparation

LETTERSTONATURE =

of the manuscript. This work was supported by grants from the
NIH (W.L.H. and J.P.A)).

Received 6 July; accepted 26 August 1988.

. Allison, J. P. & Lanier, L. L. A Rev. Immun. §, 503-540 (1987).

. Allison, J. P. & Lanier, L. L. Immun. Today 8, 293-296 (1987).

Lew, A. M. et al. Science 234, 1401-1405 (1986).

. Snodgrass, H. R., Dembic, Z., Steinmetz, M. & von Boehmer, H. Nature 315, 232-233 (1985).

. Raulet, D. H,, Garman, R. D., Saito, H. & Tonegawa, S. Nature 314, 103-107 (1985).

Born, W., Rathbun, G., Tucker, P., Marrack, P. & Kappler, J. Science 234, 479-482 (1986).

. Chien, Y.-H. et al. Nature 330, 722-727 (1988).

. Elliott, J. F., Rock, E. P., Patten, P. A,, Davis, M. M. & Chien, Y. H. Nature 331, 627-631

(1988).
9. Pardoll, D. et al. Nature 326, 79-81 (1987).

10. Havran, W, L. et al. Proc. natn. Acad. Sci, U.S.A. (in the press).

11. Garman, R. D., Doherty, P. J. & Raulet, D. H. Cell 45, 733-742 (1986).

12. Stingt, G. et al. Proc. natn. Acad. Sci. U.S.A. 84, 2430-2434 (1987).

13. Koning, F. et al. Science 236, 834-837 (1987).

14. Kuziel, W. A. et al. Nature 328, 263-266 (1987).

15. Bonyhadi, M., Weiss, A., Tucker, P. W,, Tigelaar, R. E. & Allison, J. P. Nature 330, 574-576
(1987).

16. Staerz, U. D., Rammensee, H. G., Benedetto, J. D. & Bevan, M. J. J. Immun. 134, 3994-4000
(1985).

17. Goodman, T. & Lefrancois, L. Nature 333, 855-858 (1988).

18. Sowder, J. T. ef al. J. exp. Med. 167, 315-322 (1988).

19. Sullivan, S., Bergstresser, P. R., Tigelaar, R. E. & Streilein, J. W. J. invest. Derm. 84, 491-495
(1985).

20. Lancki, D. W.,, Ma, D. L, Havran, W. L. & Fitch, F. W. Immunol. Rev. 81, 65-94 (1985).

21. Havran, W, L. ef al. Nature 330, 170-173 (1987).

[ - S

Lymphocyte activation by HIV-1
envelope glycoprotein

Hardy Kornfeld, William W. Cruikshank,
Stephen W. Pyle*, Jeffrey S. Berman & David M. Center

Pulmonary Center, Boston University School of Medicine, Boston,
Massachusetts 02118, USA

* Program Resources, National Cancer Institute—Frederick Cancer
Research Center, Frederick, Maryland 21701, USA

Cell activation by phytohaemagglutinin, phorbol ester and by the
supernatant of phytohaemagglutinin-stimulated peripheral blood
mononuclear cells induces the expression and cytopathic effects
of latent human immunodeficiency virus type-1 (HIV-1) in vitro'~>,
The lymphocyte surface protein CD4 has been identified as a
receptor for HIV-1*% and binds the viral envelope glycoprotein
(2p120)*”. In the light of evidence indicating that one natural
function of CD4 is as a growth factor receptor®'°, we examined
the ability of native gp120 to activate resting CD4-bearing lym-
phocytes. Our results indicate that gp120 has innate biological
activity as a result of a specific interaction with CD4, inducing
increases in intracellular levels of inositol trisphosphate and of
calcium, and in interleukin-2 receptor expression and cell motility.

The CD4 protein, originally defined by monoclonal antibodies
against antigens for T-lymphocyte membrane differentiation'"'?,
has the capacity to alter multiple T-cell functions related to
antigen recognition and signal transduction. There is good
evidence that CD4 enhances T-cell activation by serving as a
receptor for class II major histocompatibility (MHC) molecules
present on stimulator or target cells'>'6, Related studies'’~*
indicate that the presence of CD4 on the cell surface enhances
the affinity of the T-cell antigen receptor for antigen, possibly
by binding to class II MHC proteins on presenting cells. Struc-
tural considerations®', and the internalization and phosphoryla-
tion of CD4 after phorbol ester or antigen stimulation®*%%,
suggest that the CD4 protein may also function as a growth
factor receptor, independent of class II MHC molecules®°. In
this context, we examined the ability of the CD4 ligand gp120
to stimulate intracytoplasmic signalling mechanisms and to acti-
vate resting CD4-bearing lymphoctyes.

Lymphocyte activation by antigen and anti-CD3 antibody
acts through a common signal pathway with the generation of



= LETTERSTONATURE

a 3000

2000

c.p.m

1000

. N .

0 s 10 15 20 25 30

Time (min)

b 3000

2000

c.pm

1000

o @ - -
2 20 200 2000

Envelope protein concentration(ng mi-')

1000

1] _ =

gp120(+) gp120(-) OKT4A OKT4A+
gp 120

tmmpt  OKT4e
OKTS gpl120

Fig.1 The envelope glycoprotein of HIV-1 increases intracellular
IP; levels. a, Time course of the gp120 eftect on IP; levels. Myo[2-
3H] inositol-labelled T cells were incubated with 2.0 pgml™!
envelope protein, corresponding to ~107® M gp120. The reaction
was stopped at the time points indicated and IP, measured as
described below. b, Dose-response of the gp120 effect on IP;. IP;
levels were measured in cells incubated with different dilutions of
gp120-containing supernatant for 10 min. ¢, Specificity of the gp120
effect on IP;. IP; levels were measured after 10 min in cells incu-
bated with 2.0 pg ml™! gp120 (gp120(+)), gp120 immunoprecipi-
tated with anti-gp120 (gp120( —)), or gp120 immunoprecipitated
~with OKTS antibody (Immpt OKT8). In addition, cells were stimu-
lated with OKT4A alone (OKT4A), or stimulated with gp120
following pre-incubation with OKT4A (OKT4A +gp120) or OKT4
(OKT4+gp120) antibody.

Methods. Nylon wool-nonadherent T cells were prepared from
peripheral blood of HIV-1 seronegative volunteers*” and incubated
overnight in medium 199 with 0.4% bovine serum albumin. Cells
were then incubated for three hours at 37 °C with 40 p.Ci myo[2-
3Hlinositol per 20x 10° cells. Aliquots of 20 x 10° cells were then
incubated as above. At the indicated time points, inositol phos-
phates were isolated from cell lysates and identified by HPLC**4°,
Results are expressed as (c.p.m. minus background) per 107 cells.
Immunoprecipitation of gp120-containing viral supernatant was
performed by binding goat anti-gp120 raised to acrylamide gel-
purified gp120®' or OKT8 antibody, to protein A-Sepharose CL-4B
beads (Pharmacia) for 1h at room temperature, washing, then

incubating with gp120 to 1 h at room temperature.

inositol triphosphate (IP;) from membrane phosphoinositides,
which acts to release calcium from intracellular stores®*-%°, We
therefore measured intracellular IP; and calcium levels in nylon
wool non-adherent T cells prepared from peripheral blood of
healthy HIV-1-seronegative donors after stimulation with gp120.
The gp120 was prepared from the supernatant of HIV-1-infected
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Fig.2 The envelope glycoprotein of HIV-1 increases intracellular
calcium levels. Indo-1-loaded T cells were exposed to 2.0 ug ml™*
gp120, gp120 immunoprecipitated with anti-gp120 sera or OKT8
antibody, OKT4A antibody alone, or pre-incubated with OKT4A
or OKT4 antibody and exposed to gpl20. Intracellular calcium
was measured by fiuorimetry.

Methods. Intracellular calcium levels were measured with the cal-
cium probe indo-1. T cells were incubated in phosphate-buffered
saline (pH 7.4) with 5nM glucose and 5 uM indo-1 for 30 min
37 °C. Intracellular fluorescence was monitored by a Perkin-Elmer
650-10S spectrofluorimeter with an excitation wavelength of
355 nm, and emission wavelengths of 485 nm and 405 nm for cal-
cium-free and calcium-bound signals respectively. Calcium con-

centrations were calculated as described®*,

H9 cell cultures by immunoaffinity chromatography®®. The
purified supernatant was ~50% gp120, as estimated by polyacry-
lamide gel electrophoresis and Western blotting. The results are
expressed as the protein concentration of the purified super-
natant (2.0 pg ml~! corresponds to ~1x 1078 M gp120).

For IP; measurements, cells were metabolically labelled
with myo[2-*H] inositol and [*H]IP, was quantitated in cell
lysate fractions eluted from an HPLC anion exchange column.
As shown in Fig. 14, gp120 caused a transient rise of IP,, peaking
at 10 min after stimulation. Increased IP; production occurred
with 0.2 ug ml~! gp120 and rose more than 10 times above basal
levels at 2.0 wg ml™! gp120 (Fig. 1b). Thus, this activity of gp120
is observed at concentrations close to the reported dissociation
constant of recombinant gp120 for CD4 (K, =4 x 10™° M ref.
7). To demonstrate that the observed effect is due to gp120,
immunoprecipitation was performed using goat anti-gp120*
bound to protein A-coated Sepharose beads. The
immunoprecipitated material had significantly reduced activity
(Fig. 1¢), whereas incubation with protein A alone, or protein
A plus a neutral (OKTS8) antibody did not reduce the activity
of gp120. A preparation of partially purified p24 from HIV-1-
infected H9 cells was also without activity in this system. Pre-
incubation of cells with OKT4A antibo('v significantly inhibited
the IP; response to gp120, but OKT4 h:d no blocking activity
(Fig. 1¢). This is consistent with competition between OKT4A,
but not OKT4, and gpl120 for CD4 binding®>*. None of the
anti-CD4 antibodies alone stimulated IP; production.

Intracellular calcium ([Ca®*];) measurements were conducted
with the calcium probe indo-1 (ref. 34). As shown in Fig. 2, an
increase in [Ca®*]; from 140 to 270 nM occurred within 60 s of
stimulation with 2.0 wmi™' gp120. The rise in calcium was
reduced by ~15% if cells were stimulated in the presence of
1 mM EDTA, indicating that most of the calcium increase was
due to release from intracellular stores. Neither anti-gp120-
immunoprecipitated supernatant nor OKT4A induced a calcium
response. Cells pre-incubated with OKT4A, but not with OKT4,
failed to respond to gp120.
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To determine whether the observed intracytoplasmic signals
generated by gp120 were associated with activation of resting
(Go) T cells, we analysed interleukin-2 receptor (IL-2R)
expression with fluorescent monoclonal anti-IL-2R antibody.
Resting T cells express minimal levels of IL-2R and increased
expression of this receptor occurs with progression from the G,
to G;, phase of the cell cycle®®, We found that 2.0 ug mi™ gp120
induced increased surface expression of IL-2R on resting T cells
so that the percentage of positive cells rose from less than 5%
to 18% at 24 h (Fig. 3a), reaching levels of up to 26% at 48 h
(Fig. 3b). As with calcium and IP; measurements, the effects of
gp120 were blocked by immunoprecipitation of the viral super-
natant or by pre-incubation of cells with OKT4A antibody (Fig.
3b).

Experiments in our laboratory have demonstrated that T-
lymphocyte growth factors interleukin-2 (IL-2), insulin, and
insulin-like growth factor-1 (IGF-1) are all capable of inducing
a motile response in lymphocytes*®3®, suggesting that this
activity may be a general response of lymphocytes to growth
factors. We therefore tested gp120 in chemotaxis experiments
using a modified Boyden-chamber technique®. An increase in
motility of more than 200% of the control was observed at gp120
concentrations similar to the IP; and IL-2R responses (Fig. 4a).
A motile response was seen with T cells and enriched popula-
tions of CD4-bearing cells, but not with CD8-bearing cells, or
if the gp120 was immunoprecipitated with anti-gp120 (Fig. 4b).
Limited checkerboard analysis® indicated that the motile
response to gpl20 was chemotactic (directed), rather than
chemokinetic (random) in nature (Table 1). The observation
that gp120 induced a chemotactic response by CD4-bearing
lymphocytes, suggests a possible mechanism for accelerating
the destruction of uninfected CD4-bearing lymphocytes in vivo,
Envelope protein shed from viable HIV-l-infected cells*!-*
(possibly monocytes/macrophages*’) might recruit uninfected

Table 1 Checkboard analysis of gp120

Envelope protein concentration
above filter (ug mi™")
0 0.2 1.0 2.0

Envelope protein 0 100% 127+21% 104+15% 72+18%
concentration
below filter (ugml™?) 0.2 158+24%"* 131+18%

1.0 208+19%* 119+17%

20 255+24%* 102+21%

T cells were analysed in the Boyden chamber for motility in response to three
dilutions of gp120 added above, below, or above and below the filter as indicated.
Results are expressed as percentage +standard deviation of migration in control
buffer alone. Migration in control buffer was 8.0+ 1.1 cells per high power field.

* Significant difference (P <0.05) between experimental sample and control by
analysis of variance.

CD4-bearing lymphocytes from the circulation to sites where
they could be destroyed by syncytium formation or other
mechanisms, just as chemoattractant cytokines recruit cells to
foci of inflammation.

Our data indicate that binding of gp120 to CD4 activates the
IP; and calcium signal mechanism in resting T cells, inducing
the increased expression of IL-2R and a chemotactic motile
response. These results support the hypothesis that CD4 can
function as a signal-transducing receptor for a growth factor
ligand, and indicate that gp120 can serve as a useful probe for
studying normal functions of CD4. A candidate CD4-binding
lymphokine, lymphocyte chemoattractant factor induces similar
activities in CD4-bearing lymphocytes and monocytes'®7°,

Cell activation by lectins, phorbol and cytokines have all been
found to stimulate virus expression from cells latently infected
with HIV-1 (refs 1-3). Although the significance of gp120-
induced lymphocyte activation in the pathogenesis of HIV-1
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Fig. 3 The HIV-1 envelope glycoprotein induces increased
expression of interleukin-2 receptors. a, Dose-response of the effect
of gp120 on IL-2R expression. T cells were incubated with a range
of gpl120 dilutions for 24h then stained with fluorescein-
isothiocyanate-conjugated anti-human 1L-2 receptor (CD2S5,
Becton-Dickinson) monoclonal antibody and analysed with a Bec-
ton-Dickinson FACS 440 as described'®. Less than 5% of cells
incubated in medium alone express detectable levels of IL-2R b,
Specificity of the effect of gp120 on IL-2R expression. T cells were
incubated in control buffer (A), 2.0 pg mi~! envelope protein (B),
anti-gp120 immunoprecipitated viral supernatant (C), or pre-incu-
bated with OKT4A monoclonal antibody (Ortho) for 1h and
washed before exposure to gp120 (D). After 48 h cells were stained
with fluoresceinisothiocyanate-conjugated anti-IL-2R antibody
and analysed as above. The shift in IL-2R expression represents
an average increase from less than 5% to 26% IL-2R-bearing cells.
1L-2R expression in cells incubated with viral supernatant that was
immunoprecipitated with anti-gp120 or cells pre-incubated with
OKT4A was less than 6%. Immunoprecipitation with OKT8 anti-
body, or pre-treating cells with OKT4 antibody before gp120 stimu-
lation resulted in 21% and 26% IL-2R-bearing cells respectively.

infection remains to be determined, it is possible that signals
generated by gp120 binding might activate the target cell to
provide a receptive environment for subsequent steps in the
infection process or contribute to the expression of cytopathic
effects. A common mechanism for this phenomenon could be
the induction of cellular transcription factors capable of activat-
ing the HIV-1 promoter*>®." Although T-cell activation by
envelope protein may be a significant factor in the pathogenesis
of HIV-1 infection, there is no evidence for this at present. The
implications of innate biological activities of gp120 should be
considered in the design and implementation of vaccine studies
using this protein.

This work was supported by a grant from the American
Foundation for AIDS Research; H.K. and J.S.B. are recipients
of Clinical Investigator Awards from the NIH; research by



LETTERS TONATURE

Q

200

180

140

120

% Control migration

100

T T T

T T T T
0.002 002 0.2 2 20 200 2000

Envelope protein concentration{ngmi~!)

240
220
200+
180
160
140
120
1004

X Control migration o

cDh4* cps*
gp120(-)

NWNAT
3 gp120¢+)

Fig. 4 Chemoattractant activity of HIV-1 envelope glycoprotein
a, Dose-response of the effect of gp120 on T-lymphocyte motility.
T cells were incubated with varying dilutions of gp120 and the
motile response was quantitated in a modified Boyden chamber
assay>®. Results are expressed as a percentage in a modified Boyden
chamber assay>®. Results are expressed as a percentage of migration
of unstimulated control cells + standard deviation, b, Specificity of
the effect of gp120 on lymphocyte motility. Nylon wool-nonad-
herent T cells, enriched populations of CD4-bearing cells, and
enriched populations of CD8-bearing cells were stimulated with
~1078M gp120 and analysed in the Boyden chamber assay.
Stippled bars represent the response to gpl20 whereas hatched
bars represent the response to viral supernatant immunoprecipi-
tated with anti-gp120 serum. *Significant difference (P <0.05)
between experimental sample and control by analysis of variance.
Methods. T cells were suspended in M-199 containing 0.4% bovine
serum albumin at 10x10° cells ml™!. Enriched populations of
CD4-bearing and CD8-bearing cells were prepared by negative
selection as described®’. This procedure yields cells which are
>95% CD4- or CD8-bearing. Chemotaxis chambers were prepared
using 8-wm pore nitrocellulose filters separating buffer control or
experimental samples in the lower wells from cells in the upper
chamber. Migration was quantitated by counting total celis moving
in the filter beyond a depth of 40 um. Migration in buffer control
in these experiments ranged from 6.6+ 1.3 to 10.7+1.5 cells per
high power field.
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Perforin (P1) is a cytolytic protein with similarity to complement
component C9. P1 has been described as a unique component of
murine cytolytic T-cell and rat natural killer cell granules'’.
Previous studies® indicated that haman granules and P1 differed
from murine granules and P1 in that they appeared to be cytolyti-
cally less active and lacked the haemolytic activity characteristic
of P1. It has been suggested that P1, like C9, is under the control
of the homologous restriction factor®. Here we determine the
primary structure of human P1, re-examine its functional proper-
ties, and address the question of homologous restriction.

Figure 1a shows the complementary DNA and derived amino-
acid sequence of human P1. Figure 1b shows the homology of
human P1 with the human complement proteins forming the
transmembrane channel of the membrane-attack complex. The
overall homology in the aligned stretch is ~21% for C8a, 19%
for C7 and 17% for C8B8 and C9. Only ~370 of the 534 amino
acids, spanning the putative membrane-binding region and the
cysteine-rich epidermal growth factor-type domain, are



