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Abstract

The mechanisms by which HIV-1 infection kills T lymphocytes
are not clearly established. Apoptosis is an internally pro-
grammed cell death pathway that may regulate both T cell de-
velopment and senescence, and that is characterized by cleav-
age of DNA at internucleosomal regions. The present experi-
ments show that acute HIV-1 infection of MT2 lymphoblasts
and activated normal peripheral blood mononuclear cells in-
duces apoptosis. The addition of anti-gp120 neutralizing anti-
body, after HIV-1 infection of MT2 cells, permitted sustained
high levels of viral replication, but blocked apoptosis and cell
death. Apoptosis may account for the direct cytopathologic ef-
fects of HIV-1 in T cells. (J. Clin. Invest. 1991. 87:1710-
1715.) Key words: AIDS » programmed cell death « MT2 cell »
gp120 « DNA fragmentation

Introduction

Depletion of CD4 T lymphocytes is a central feature in the
natural history of HIV-1 infection (1). In part, this depletion is
due to a direct cytopathologic effect of HIV-1 toward CD4
lymphocytes (2). The mechanisms by which the virus can
acutely kill these cells have not been precisely defined. Massive
viral budding may result in cell death by destroying the cell
membrane (3, 4). HIV-1 envelope glycoprotein on the surface
of virions or infected cells can mediate cell fusion with either
infected or uninfected cells bearing surface CD4 (5, 6). This
syncytium formation is a cytopathologic event that can be
lethal; however, it is not necessary for cell killing (7). Lethal
parasitism of host cell transcriptional and translational machin-
ery in the absence of cell fusion also has been invoked as a
possible mechanism of cytocidal infection (8, 9).

T lymphoblasts have an internally programmed cell death
pathway, termed apoptosis, that results in the irreversible acti-
vation of a Ca**-dependent endonuclease. Apoptosis has been
thought to play a critical role in negative selection of self-reac-
tive T cells (10, 11), cell killing induced by cytotoxic T lympho-
cytes (12), hormone-induced thymic atrophy (13, 14), lympho-
cyte death after IL-2 withdrawal (15), radiation-induced lym-
phocyte death (16), and cell death caused by drugs (17-19). A
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recent report demonstrated that the ligation of CD4 before sig-
nalling through the T cell receptor (TCR)! resulted in cell death
by apoptosis (20). The HIV-1 gp120 also binds to CD4, and has
been reported to interfere with cell function (21-23). In view of
the uncertainties concerning the basis for HIV-induced cytopa-
thology, these experiments were conducted to determine
whether or not HIV-1 infection induced apoptosis in T cells.
Our resulits show that HIV-1 triggers endonuclease activation
in established T lymphoblastoid cells and in activated periph-
eral blood T cells.

Methods

Infection of MT2 cells. MT2, T lymphoblastoid cells that are particu-
larly sensitive to the cytotoxic consequences of HIV-1 infection (24),
were propagated in complete medium (RPMI 1640 containing 100
U/ml penicillin G, 100 ug/ml streptomycin, 2 mM L-glutamine, and
10% fetal bovine serum {HyClone Laboratories, Logan, UT]).

A cell-free virus pool of the LAV-1ggy strain of HIV-1 (25) was
prepared in CEM cells, and had a titer of 10® tissue culture infective
dose (TCID);,/ml, assayed in MT2 cells. The HIV-1 was added to MT2
cells to yield a final multiplicity of infection (MOI) of 3 TCID,y/cell, in
complete medium containing 1 ug/ml polybrene. After 2 h at 37° the
cells were washed three times in RPMI 1640 medium and resuspended
in replicate tube cultures to a final concentration of 10° celis/ml. This
time point was designated O h after infection.

In some experiments, neutralizing murine monoclonal antibody
110.4 (26) was added to a final dilution of 1:1,000 of ascites 2 h after
infection. A dilution of 1:10° inhibited plaque formation (27) by 50%
and a dilution of 1:10* inhibited plaque formation or infectivity of
MT?2 cells by > 95%. Pauza et al. (28) have demonstrated that the
addition of this neutralizing anti-gp120 antibody, after infection of
CEM cells has been achieved, inhibits the accumulation of viral DNA
resulting from reinfection of the cells by progeny virus, and thereby
inhibits cytopathology; however, it does not inhibit virus production as
measured by p24 antigen, reverse transcriptase, or infectivity.

At 0, 5, 24, 48, and 72 h after infection, culture medium was har-
vested and centrifuged to remove cells for assay of HIV-1 p24 antigen.
Cells were washed once in cold serum-free medium before analysis of
cellular DNA composition, amount of viral DNA, cellular nucleotide
pools (ATP, NAD, and deoxynucleotide triphosphates), and cell asso-
ciated p24 antigen. Cell numbers and cell viabilities were determined
with a hemocytometer by trypan blue exclusion. The number of syncy-
tia were determined by counting 500 cells using a cytospin preparation.

These experimental conditions resulted in the expression of HIV-1
antigens on the surface of 70% of infected cells, either treated or not
with neutralizing antibody after infection was established. This determi-
nation was made by fluorescence-activated cell sorting using a polyva-
lent human anti-HIV-1 serum that produced no signal with uninfected
cells (data not shown).

1. Abbreviations used in this paper: MOI, multiplicity of infection;
TCR, T cell receptor.
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Infection of activated peripheral blood lymphocytes. PBMC from
the venous bloods of normal volunteers were separated by centrifuga-
tion using Ficoll-Hypaque (Sigma Chemical Co., St. Louis, MO), and
stimulated with 3 ug/ml PHA in complete medium. At 2 d, proliferat-
ing T cells were infected with HIV-1 at an MOI of 3 or 10, as described
above, and suspended in complete medium supplemented with 8 U/ml
recombinant IL-2 (Dupont NEN Research Products, Westwood, MA).
At 2 and 5 d after infection, cells were harvested for analysis.

DNA extraction and electrophoresis. Cells were lysed in 5 mM Tris-
HCI (pH 7.4) containing 0.5% Triton X-100 and 5 mM EDTA on ice
for 20 min, and were centrifuged at 4,500 g for 20 min at 4°C to
separate high molecular weight chromatin from the nucleosomal DNA
fragments. The supernatant was removed and the peliet was dissolved
in 5 mM Tris-HCl containing 1% SDS and 5 mM EDTA. The DNA
content in the supernatant and pellet DNA fractions was quantitated
by the diphenylamine assay, to determine the percentage of total frag-
mented DNA (29). After incubation with RNase (50 ug/ml, 2 h) and
proteinase K (50 pg/ml, 16 h), DNA was extracted with phenol/chloro-
form/isoamyl alcohol (25:24:1) and precipitated with 0.3 M sodium
acetate in ethanol, dried, and resuspended in electrophoresis buffer (10
mM Tris-HC1 pH 8.0, 1 mM EDTA). The supernatant DNA derived
from 2 X 10° cells was separated by electrophoresis on 2.0% agarose gels
containing 0.5 ug/ml ethidium bromide at 50 V for 2 h. A Haelll digest
of $X 174 phage provided molecular weight standards. In one experi-
ment, supernatant DNA was transferred from agarose gel to nitrocellu-
lose paper and probed with radiolabelled pARV-2 ¢cDNA, which con-
tains almost all of the HIV-1 genome (30).

Measurement of nucleotide pool sizes. For measurements of intra-
cellular deoxynucleotides, ATP, and NAD, cells were extracted with
60% methanol followed by 0.5 N perchloric acid (31). Recovery of an
added internal dATP standard by this extraction method was = 85%.
Deoxynucleoside 5'-triphosphate pools were quantitated by the DNA
polymerase assay (32). ATP was quantitated after separation by ion
exchange HPLC (33). NAD levels were measured by an enzymatic
cycling assay (34). All reported results were repeated at least twice.

HIV-1 p24 antigen. HIV-1 p24 antigen determinations were per-
formed by ELISA according to the manufacturer’s instructions (Abbott
Laboratories, North Chicago, IL).

HIV-1 RNA. For each time point, RNA was extracted from 10° cells
and transferred to Zeta-probe nylon membranes (Bio-Rad Laborato-
ries, Richmond, CA) by slot-blotting. Viral RNA was detected by hy-
bridization with a **P-labelled HIV-1 probe from the pAR V-2 plasmid
(30). After hybridization, washing, and autoradiography, individual
slots were excised, placed in scintillation fluid, and the bound *?P mea-
sured in a scintillation counter.

Statistical analysis. Comparison between two groups was made by
two sample ¢ test.

Resuits

Oligonucleosome formation in infected MT2 lymphoblasts.
When the DNA in supernatants after centrifugation was elec-
trophoresed on a 2% agarose gel, uninfected M T2 celis showed
only a low level background smear (Fig. 1 a4). In contrast, a
characteristic 180-200 bp nucleosomal ladder was detectable
in DNA prepared from MT2 cells as early as 24 h after HIV-1
infection. Southern blotting with the pARV-2 probe revealed
no proviral DNA in the DNA fragments. In the experiment
shown in Fig. 1 b, 23% of the DNA was fragmented at 24 h after
infection, and the fragmentation increased at 48-72 h. At 24 h
after HIV-1 infection, 92% of the cells still excluded trypan
blue. In another experiment, 35% of the DNA was fragmented
at 24 h, compared to 6.7% in the control, and there was 3%
syncytium formation, with an average of 4.2 nuclei, yielding
11.5% of the cells involved in giant cell formation. These data
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Figure 1. (a) DNA fragmentation in MT2 cells after HIV infection.
Small-sized supernatant DNA after centrifugation was isolated from
uninfected MT2 lymphoblasts (lane 1), or from cells exposed to HIV
for 5 (lane 3), 24 (lane 4), 48 (lane¢ 5), or 72 (lane 6) h. DNA from
2 X 10°% cells per lane was separated on a 2% agarose gel. Lane 2 con-
tains a standard Haelll digest of fX174. Note the characteristic DNA
ladder formation, consisting of multiples of 180-200 bp nucleosome
fragments, that occurred in HIV infected cells as early as 24 h after
infection. Similar data were obtained in four different experiments.

(b) Percentage of fragmented DNA and viability of MT2 cells after
HIV infection. The percentage of total DNA in the supernatant
fraction and the percentage dead cells are shown. — o —, % frag-
mented DNA; — e —, % dead cells.

show that the DNA fragmentation was an earlier event than
either syncytium formation or cell death.

Nucleotide pools. Deoxynucleotide pool changes have been
reported to cause DNA fragmentation in human T lympho-
blasts (18), by interference with DNA polymerization or liga-
tion. Therefore, deoxynucleotide pools were quantitated in
MT2 cells at daily intervals after HIV-1 infection. The results
were normalized to the total DNA content of each sample,
compared to uninfected cells, to correct for any effects of syn-
cytium formation. As shown in Table I, the deoxynucleotide
pools had increased by 6 h after HIV-1 exposure, and by 24 h
after HIV-1 infection had risen two to fourfold. The greatest
increase was in dCTP. The dCTP/dATP ratio changed from
0.69 in uninfected cells to 1.59 at 24 h after infection. At 48 h
after HIV-1 infection, deoxynucleotide pools declined in associ-
ation with reduced viability.

To determine whether the observed changes were specific
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Table 1. Nucleotide Pool Changes in MT2 Cells

Table I1. Cell Viability after HIV Infection

after HIV Infection with or without Neutralizing Antibody
dATP* dTTP* dCTP* dGTP* ATP? NAD* Cell viability*
pmol/10° cells! Time Infected MT2
after Uninfected
Uninfected MT2 6.1 140 42 20 3300 640 infection MT2 Neut Ab* (-) Neut Ab (+)
Infected MT2 A %
6h 90 137 53 25 3710 770
24h 1.5 234 183 49 3210 820 0 98 98 ND
48 h 65 145 142 32 2750 630 24 94 76 91
48 93 56 79
72 82 31 63

* Deoxynucleotide pools were determined by the DNA polymerase
assay. ¥ ATP was quantitated by HPLC. # NAD was measured by an
enzymatic cycling assay. ! Cell numbers at the indicated times after
HIV infection were determined by the DNA content of each sample,
compared to cells at the initiation of culture, to compensate for any
possible effects of syncytium formation.

for deoxynucleotides, ATP and NAD levels were also mea-
sured at intervals after HIV-1 infection. ATP and NAD pools
varied by only 10-20% at 6-24 h after HIV-1 infection, declin-
ing thereafter (Table I). Thus, the change in deoxynucleotide
pools, in comparison to DNA content, was selective, and could
not be attributed to cell fusion.

Effect of neutralizing antibody on viral production and cell
death. The addition of anti-gp120 neutralizing antibody at 2 h
after infection, improved cell viability and inhibited the induc-
tion of DNA fragmentation in HIV-infected MT2 cells mea-
sured at 72 h after infection (Fig. 2 and Table II). However, as
shown in Tables III and IV, the levels of viral p24 antigen
secreted into medium, the intracellular p24 antigen, and the
quantity of viral RNA production, did not decrease in cells
after incubation with neutralizing antibody. Rather, these pa-
rameters increased at 72 h compared to cells without antibody,
probably due to improved cell survival. Thus, high levels of
viral replication were sustained in antibody-treated infected
cells, although the cytopathologic effect of the virus infection
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Figure 2. Inhibition of DNA fragmentation in HIV infected MT2 celis
by anti-gp120 neutralizing antibody. Monoclonal murine anti-gp120
antibody 110.4 was added at 2 h after infection. The bars represent
standard errors of the mean (control and neutralizing Ab (), n = 3;
neutralizing Ab (+), n = 2). — 0 —, control; — e —, neutralizing
Ab (—); — = —, neutralizing Ab (+).
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* Cell viability was determined by trypan blue exclusion. ¥ Neut Ab,
anti-gp120 neutralizing antibody.

and the endonucleolytic cleavage of host chromosomal DNA
were blocked. ’

HIV-1 infection in activated peripheral blood lymphocytes.
To ascertain the role of apoptosis in HIV-1 infection of normal
T lymphocytes, we determined whether or not DNA fragmen-
tation occurred in activated PBMC infected with HIV-1. With
the same viral inoculum (MOI = 3) used for infection of MT2
cells, PHA-stimulated PBMC were less sensitive to the cyto-
pathologic effect of the LAV-1ggy strain of HIV-1, as shown by
cell viabilities of 97% vs. 89% at 2 d, and 97% vs. 86% at 5 d, for
control and HIV-1 infected lymphocytes, respectively. How-
ever, agarose gel electrophoresis showed a typical DNA ladder
in HIV-infected PBMC, that reached a maximum at 5 d after
infection; at that time the fragmented DNA was 18.2% com-
pared to 5.5% in the control. When a higher viral inoculum
(MOI = 10) was employed, cell viability dropped to 69% (con-
trol 94%) at 2 d and 67% (control 99%) at 5 d after infection.
The fragmented DNA of infected cells increased to 35.1% (con-
trol 6.7%) at 2 d and 27.4% (control 7.3%) at 5 d, shown as a
characteristic DNA ladder in agarose gel (Fig. 3). This con-
firmed that apoptosis occurred in HIV-infected normal human
PBMC.

Discussion

Apoptosis is an active “suicide” process, in which an endoge-
nous endonuclease cuts DNA in the nucleosomal linker re-

Table I11. HIV p24 Antigen Production of Infected MT2

p24 in medium* p24 in MT2*
Time
after Neut Ab¥ Neut Ab Neut Ab Neut Ab
infection -) (+) ) (+)
h ng/ml ng/10° cells
0 1.34 ND 4.5 ND
5 18.3 18.3 3.6 3.0
24 26.9 26.1 36 3.0
48 75.4 70.9 11.8 7.3
72 328 834 12.5 47.5

* HIV p24 antigen in cell free supernatant medium was measured by
ELISA. ¥ HIV p24 antigen in washed cell pellets after centrifugation
was measured. ¥ Neut Ab, anti-gp120 neutralizing antibody.
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Table IV. HIV RNA Production in Infected MT2 Cells

Viral RNA* production in

Time Infected MT2
after Uninfected
infection MT2 Neut Ab* () Neut Ab (+)
h cpm/10° cells
0 266 504 ND
5 ND 353 397
24 ND 976 707
48 ND 1701 3946
72 ND 3500 5674

* RNA extracted from 10° cells was determined by slot-blotting using
32p_]abelled genomic probe. * Neut Ab, anti-gp120 neutralizing anti-
body.

gions while cells are still viable. A typical DNA nucleosomal
ladder was seen in MT2 cells at 24 h after infection of HIV-1,
and in peripheral blood lymphocytes after 2 and 5 d. The viabil-
ity of infected M T2 cells, judged by dye exclusion, was 92% at
24 h after infection. At this time, 23-35% of total DNA was
found in the supernatant fraction after centrifugation, demon-
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strating that apoptosis occurred before the loss of cellular integ-
rity. At later times after infection, cell death increased progres-
sively, in conjunction with further DNA fragmentation.

The biochemical events that cause apoptosis vary among
different cell types. In immature T lymphocytes, any stimulus
that engenders a sustained rise in cytosolic free Ca** can acti-
vate a latent Ca**-dependent endonuclease (11, 14, 35). In this
regard, the rate of influx of Ca** into cells infected with HIV-1
was reported to increase to a level similar to that of uninfected
cells treated with the Ca** ionophore A23187 (3), and purified
gp120 has been shown to increase intracellular free Ca** in
CD4 T cells (36) and in neuronal cells (37). However, Ca**
influx alone is probably not sufficient to cause apoptosis in
MT?2 cells, since the ionophore A23187 (0.5-20 uM, 24 h) or
ionomycin (0.1-1 M, 24 h) did not induce DNA fragmenta-
tion in MT2 cells (data not shown).

Major imbalances in the ratios of the four major deoxynu-
cleotides can also lead to DNA fragmentation in T cells (18), by
blocking DNA polymerization and ligation. We found that the
levels of all four deoxynucleotides increased after HIV-1 infec-
tion, and the dCTP/dATP ratio inverted. These changes are
consistent with a block in replicative DNA synthesis, and may
have sensitized lymphocytes to the Ca**-activated endonucle-
ase. A sudden cessation of DNA polymerization following
HIV-1 infection could mimic growth factor deprivation (15),

Figure 3. DNA fragmentation of activated PBMC infected
with HIV. PBMC were stimulated with PHA for 2 d, cultured
in complete medium containing rIL-2, and infected with
HIV. Gel electrophoresis of supernatant DNA of the experi-
ment with a high infectious dose (MOI = 10) was performed
at 2 and 5 d after infection (top), and the percentage of
fragmented DNA was measured by the diphenylamine assay
(bottom).
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an established cause of apoptosis, and leave exposed internu-
cleosomal regions of DNA accessible to endonuclease.

The massive parasitism of host cell transcriptional and
translational machinery by replicating viruses may cause cyto-
pathology (8, 9). However, this mechanism alone probably did
not trigger apoptosis in HIV-infected lymphoblasts, since the
process had already started in MT2 cells at 24 h after infection,
when the cellular energy status was intact, and ATP and NAD
pools were not depleted.

The anti-gp120 neutralizing antibody 110.4 blocked DNA
fragmentation and improved cell viability in infected MT2
cells; however, high levels of viral replication were sustained.
As shown in Table III, p24 antigen secretion into the medium
of infected MT?2 cells with the antibody was similar to the con-
trol culture at 48 h, and even higher thereafter. The destruction
of the cell membrane that occurs as a result of massive viral
budding may be a direct cytopathologic effect of HIV-1 (3, 4).
However, in MT2 cells incubated with neutralizing antibody,
virus budding appeared to continue without severe cytopatho-
logic consequences. CD4 cells infected with HIV-1 may show
decreased expression of CD4 surface antigen (38, 39), because
of reduced levels of CD4-specific mRNA and the complexing
of the protein with viral envelope proteins (4, 9). At 72 h after
infection, M T2 cells treated with the antibody showed a several
times higher intracellular p24 antigen level, compared to cells
without the antibody, with cell viabilities of 63% vs. 31%, re-
spectively, even though neutralizing antibody would not be
expected to block intracellular complexing of CD4 molecules
with viral envelope proteins. Neutralizing antibody to gp120
blocked syncytium formation of infected cells, as well as DNA
fragmentation. However, at 24 h after infection, the percentage
of cells involved in syncytium formation (11.5%) was too small
to account the DNA fragmentation (35.1%). Collectively, the
evidence suggests that neither the intracellular complexing of
CD4 with the HIV-1 envelope, massive viral budding, nor syn-
cytium formation, is likely to be necessary for the induction of
apoptosis in HIV-1 infection.

HIV-1 infection results in not only quantitative but also
qualitative defects in CD4 T cell function. Recent studies of T
cell activation have revealed a signal transduction pathway,
involving CD4, that is independent from the CD3-TCR com-
plex (40). Perturbation of the CD4 molecule was reported to
inhibit proliferation induced by anti-CD3 antibodies (41).
When preceded by ligation of CD4, signalling through TCR
resulted in T cell unresponsiveness due to the induction of
apoptosis (20). These results imply that CD4 is critically in-
volved in determining the outcome of signals generated
through the TCR.

In part, the process of apoptosis in lymphocytes may be
related to abortive cell activation (42). Soluble gp120 alone has
been reported to suppress T cell activation (22, 23), and recent
data indicate that the binding of gp120 and gp160 to CD4
inhibits CD3-TCR signal transduction pathway (43). The acti-
vation of protein kinase C, induced by second signals delivered
by accessory cells during T cell activation, does not occur dur-
ing apoptosis (42). Indeed, addition of tetradecanoylphorbol-
13-acetate, a direct stimulator of PKC, prevents apoptosis in
lymphocytes (11), and also inhibits HIV-1 cytopathology (4).

Neutralizing antibody 110.4 prevents reinfection and syn-
cytium formation, but does not interfere with gp120 mediated
binding of HIV-1 to CD4 receptors (26, 28). However, because
the binding of HIV-1 to CD4 is a separate step from virus
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infection and fusion (26, 28, 44, 45), the monoclonal antibody
must have inhibited an event subsequent to viral attachment.
Cell death after HIV-1 superinfection may have been fostered
by the accumulation of unintegrated viral DNA (28), active
viral protease, or cell proteins induced by viral transactivation.
These consequences of HIV infection, together with the effects
of HIV-1 induced Ca** increase, imbalances in deoxynucleo-
tide pools necessary for faithful DNA repair, a sudden cessa-
tion of DNA polymerization, and negative signals elicited by
the binding of HIV-1 gp120 to CD4, may have provided ample
stimuli for lethal endonuclease activation in HIV-1 infected T
lymphoblasts. The mechanism by which HIV-1 induces apop-
tosis, and its role in the progressive immunodeficiency of HIV-
1 infection, remain important areas for future investigation.
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