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Death of Bystander Cells by a Novel Pathway Involving Early Mitochondrial
Damage in Human Immunodeficiency Virus—Related Lymphadenopathy

By Maurizio Carbonari, Anna Maria Pesce, Marina Cibati, Alessandro Modica, Lucia Dell’Anna, Giampiero D’'Offizi,
Alberto Angelici, Stefania Uccini, Andrea Modesti, and Massimo Fiorilli

Destruction of immune cells in peripheral lymphoid tissues
plays presumably a pivotal role in acquired immune defi-
ciency syndrome pathogenesis. We found that cell suspen-
sions obtained from lymph nodes of eight human immuno-
deficiency virus (HIV)-infected individuals contained variable
proportions (2.1% to 18.3%, median 11.2%) of dead lympho-
cytes permeable to supravital dyes, represented by CD4*,
CD8*, and B cells. The frequency of dead cells correlated
directly (R = 0.847) with the amount of HIV provirus in the
cell populations, and HIV provirus was enriched in the dead
cell fractions. Similar proportions of dead cells were ob-
served in cell suspensions from lymphadenopathic lymph
nodes of HIV~ donors, but not from small resting HIV~ lymph
nodes. Electron microscopic and flow cytometric analyses
revealed that most dead cells from HIV* lymph nodes lacked
internucleosomal DNA fragmentation but displayed com-
bined features of apoptosis and necrosis, eg, chromatin con-
densation and mitochondrial swelling. Cells with similar

NUMBER OF IN VITRO studies have suggested that
apoptosis, aform of ** programmed cell death’’ charac-
terized by typical morphological alterations and by internu-
cleosomal DNA fragmentation,** may be a central mecha-
nism of lymphocyte depletion in human immunodeficiency
virus (HIV) infection.® Recent in situ studies™ in lymph
nodes, the major sites of virus accumulation,®** showed that
apoptotic lymphocytes, detected by DNA fragmentation,
were more abundant in HIV-infected patients than in unin-
fected controls and, consistently with previous in vitro stud-
ies,*® were predominantly represented by uninfected cells.
Apoptosis was observed both in germinal centers and in
the paracortical areas in HIV-infected subjects but only in
germinal centers in uninfected controls; in one study,® but
not in another,” the extent of in situ apoptosis correlated
with the local viral burden. However, a semiquantitative
morphometric estimate’ showed that apoptotic cells averaged
10 cells per mm? of tissue section, thus representing a mini-
mal fraction of total lymph node cells. The discrepancy be-
tween this figure and those predicted by studies on lympho-
cyte turnover in HIV infection'”*® could be due to the fact
that the phase of detectable DNA fragmentation is relatively
short®® and apoptotic cells are rapidly removed by phago-
cytes.>® Alternatively, part of the cells undergoing *‘ pro-
grammed death’’ in vivo in HIV-infected lymph nodes could
not be typical apoptatic cells with internucleosomally frag-
mented DNA.*

To address the above issues we exploited flow cytome-
try,?>% electron microscopy and other assays for apoptosis
to further characterise cell death in lymph nodes from HIV-
infected donors. We observed that cell suspensions from
HIV* lymph nodes contained variable proportions of abnor-
mally small lymphocytes permeable to supravital dyes,
which were represented by CD4, CDS8, and B cells. The
frequency of these dead cells correlated with the local viral
burden, and they were enriched of HIV DNA compared to
viable cells. These dead cells did not contain fragmented
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morphology were readily identified in lymph node tissue
sections, and marked mitochondrial swelling could be occa-
sionally observed in cells with otherwise normal morphol-
ogy. Our findings have two major implications. One is that
the in vivo cell death in HIV-infected lymph nodes occurs
predominantly through a novel pathway, related to but dis-
tinct from classical apoptosis and characterised by early and
severe mitochondrial damage. The second implication is
that HIV-related lymphadenopathy is accompanied in vivo
by massive destruction of uninfected lymph node cells. Com-
parable levels of cell death were observed in other inflam-
matory lymphadenopathies not related to HIV; however, the
uniquely endless and generalized nature of HIV lymphade-
nopathy might render this “inflammatory” cell destruction
a powerful pathogenetic mechanism, accounting for the pro-
gressive disruption and depletion of lymphoid tissues seen
in HIV infection.

© 1997 by The American Society of Hematology.

DNA nor appeared hypodiploid on flow cytometry, although
many of them displayed apoptotic-like chromatin condensa-
tion associated with necrotic-like mitochondrial abnormali-
ties. Cellswith identical ultrastructure could be readily iden-
tified in tissue sections. Similar proportions of dead cells
were observed in cell suspensions from HIV~ lymphadeno-
pathic lymph nodes but not from small resting lymph nodes.
Taken together, our findings suggest that lymph node cell
death during HIV infection occurs in vivo predominantly
through a pathway related to but distinct from apoptosis, and
that inflammatory lymphadenopathy per se could sustain the
massive death of uninfected lymph node cells. The possible
role of this ‘‘inflammatory’’ damage to lymphoid tissues in
HIV pathogenesis will be discussed.

PATIENTS AND METHODS

Tissue and cell preparations. Cervica or axillary lymph node
biopsies were performed for diagnostic purposes in HIV-infected
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subjects without clinical or laboratory evidence of opportunistic in-
fections. Inguinal or cholecystic lymph nodes from HIV ™~ subjects
were obtained during routine surgery for benign noninflammatory
gallbladder disease or for varicose vein stripping. All patients gave
their informed consent.

Great care was put in handling the tissues, which were constantly
kept in an ice bath and processed within 15 minutes after surgical
removal. Squeezing with tweezers was strictly avoided. Lymph
nodes were transversally dissected to obtain fragments representative
of the whole lymph node structure. Tissue fragments were immedi-
ately processed for histopathology, transmission electron microscopy
and for the preparation of cell suspensions.

In preliminary experiments, we sought to determine the best way
to obtain lymph node cell suspensions. We used three different
methods: (1) lymph node fragments were extensively, but extremely
gently, grinded using a steel screen (Sigma, St Louis, MO); (2)
lymph node tissues were punched and perfused with 15 to 20 mL
of culture medium through a 23-gauge needle inserted in the tissue
and delicately shifted through it; (3) small tissue fragments were
vigorously vortexed in 5 mL of culture medium in a 50-mL poly-
propilene tube. After dissociation, cells were kept inice and immedi-
ately processed for flow cytometry and other assays without further
treatments. In some experiments, viable and dead cells from lymph
node cell suspensions were enriched by centrifugation onto a Ficoll-
Hypague density gradient as previously described.”” Viable cell frac-
tions were >98% pure, while dead cell fractions contained 10-15%
of normal-sized lymphocytes not permeable to 7-AAD. Peripheral
blood mononuclear cells (PBMC) were obtained by centrifugation
of EDTA-treated venous blood onto Ficoll-Hypague. The culture
conditions for the ‘‘ spontaneous’’ in vitro apoptosis of lymphocytes
from HIV-infected patients have been described.'*#

Flow cytometry and measurement of apoptosis. The method for
the identification and phenotypic characterization of apoptotic lym-
phocytes in mixed cell populations by multiparameter analysis of
light scatters and plasma membrane characteristics has been pre-
viously described in detail.??> All monoclonal antibodies used were
from Becton Dickinson (Mountain View, CA); propidium iodide
(Pl) and 7-amino-actinomycin D (7-AAD) were from Sigma. Cells
were examined using a FACScan flow cytometer (Becton Dickin-
son), with light scatter detection parameters appropriate for the iden-
tification of apoptotic lymphocytes.?® Cells with hypodiploid (sub-
GO0/G1) DNA content were detected by flow cytometry with the
method of Telford et al.?* Apoptotic ladder-like internucleosomal
fragmentation was detected by gel electrophoresis as described.?
The TUNEL assay was performed on paraffin-embedded tissue sec-
tions using the APOPTAG kit (Oncor, Gaithesburg, MD) according
to manufacturer’s instructions.

Measurement of viral burden. Quantitation of HIV genomes in
dissociated lymph node cells and in PBM C was done by the polymer-
ase chain reaction (PCR) as described.? Briefly, DNA was extracted
by directly boiling cells for 10’ in double-distilled water. Primers
were SK38/SK39 (0.25 umol/L) for the gag region of HIV-1, and
PC04/GH20 (0.08 mmol/L) for human p-globin (Perkin-Elmer
Cetus). The thermal cycle was 94°20", 59°20", 72°30" for 40 cycles
followed by 72° for 5'. Fivefold dilutions of patients' cells (from 5
to 0.04 x 10° were assayed in parallel with a reference fivefold
dilution curve of a mixture of cloned HIV-1 genomes (clone HIVZ6,
from Perkin-Elmer Cetus, from 100 to 0.8 copies) with DNA ex-
tracted from human uninfected lymphocytes (from 5 to 0.04 x 10°).
The relative amounts of amplification products were evaluated by
densitometric scanning of ethidium bromide-stained gels. The num-
bers of HIV-1 genomes per 100 patients’ cells were calculated by
comparing the relative amounts of HIV-specific and 3-globin—spe-
cific productsin the experimental sampleswith those in the reference
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Fig 1. Dead cells in freshly isolated lymph node cell suspensions
lack apoptotic DNA fragmentation and hypodiploidy. A single-cell
suspension was obtained from a lymph node (patient #2) by the
grinding technique described in Materials and Methods. (A1) Forward
scatter (FSC) analysis revealed two distinct cell populations, one
composed of abnormally small lymphocytes with a size comparable
to that of apoptotic cells,”” and one of normal-sized lymphocytes.
(A2) The cell suspension contained 10.9% dead cells, gated in R1,
permeable to 7-AAD and stainable with anti-CD45. (A3) Electronic
gating on these cells revealed that they corresponded to the popula-
tion of abnormally small apoptotic-like cells. Only 0.5% of these
freshly isolated lymph node cells had an hypodiploid DNA content
(B1) and no fragmented DNA was detected by gel electrophoresis (2
x 10° cells) (C1). By contrast, after 24-hour in vitro culture 23% of
lymph node cells were hypodiploid (B2) and fragmented DNA could
be revealed (C2).

curves. For each sample we ran at least three separate experiments,
which gave consistent results.

RESULTS

Nonapoptotic cell death in lymph node cell suspensions:
Correlation with HIV burden. Cell suspensions obtained
from lymph node tissues of HIV-infected individuals con-
tained variable proportions of dead cells which, on flow
cytometry, appeared as abnormally small (low forward scat-
ter) lymphocytes, stainable with antibodies to CD45 and to
other surface antigens, and highly permeable to PI (not
shown) and to 7-AAD (Fig 1A). These characteristics are
similar to those of apoptotic lymphocytes, which however
differ for having sligthly higher side scatter, reduced expres-
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Table 1. Clinical, Immunological and Virological Data, and Lymph Node Cell Mortality in Patients With HIV Infection

Age (yr)/sex/Time

HIV DNA Genomes/100 Cells Percent Dead

Patient From Diagnosis Lymph Node
No. (mo) CDC Stage Antiviral Therapy CD4/cmm PBMC Lymph Node Cells*
1 24/M/6 1] None 610 ND ND 13.8
2 33/M/6 n None 591 0.5 25 10.9
3 29/M/5 n None 560 0.08 0.05 2.1
4 25/M/2 n Zidovudine 495 0.04 0.6 7.9
5 30/F/26 [\ None 261 0.5 4.8 18.3
6 28/F/36 [\ Zidovudine 150 0.08 1.3 115
7 32/M/84 [\ None 105 25 3.7 14.2
8 27/F/15 n Zidovudine 268 <0.01 0.02 10.5

* CD45" cells permeable to 7-AAD in lymph node cell suspensions.

sion of surface CD45, and lower plasma membrane perme-
ability to a low-penetrating dye such as 7-AAD.?

To determine to which extent mechanical damage inflicted
during the procedures of tissue dissociation could be respon-
siblefor the observed cell death we compared different meth-
ods for obtaining lymph node cell suspensions. Roughly sim-
ilar proportions of dead cells with the above flow cytometric
features were recovered when fragments from the same
lymph nodes were either grinded or were perfused with cul-
ture medium as described in Materials and Methods. By
contrast, a technique of dissociation that inflicted a severe
mechanical damage, such asthe extensive vortexing of small
tissue fragments, determined cell swelling and fragmentation
which resulted in awide dispersions of the events throughout
the light scattergram (not shown). These observations sug-
gest that the small-sized dead cells observed in suspensions
obtained by grinding or by perfusion were, at least in large
part, preexisting in tissues and were not generated by manip-
ulation. The data presented throughout the report refer to
cell preparations obtained by the grinding technique.

Clinical and virologica data and lymph node cell mortal-
ity rates in eight HIV-infected subjects are shown in Table
1. The percentages of dead lymphocytes in lymph node cell
suspensions ranged between 2.1% and 18.3%. CD3", CD4",
CD8", CD19*, and activated (HLA-DR—expressing) T cells
were roughly equally represented among viable and dead
cells (data not shown). We also examined cell suspensions
from lymph nodes of four HIV ~ subjects. Three macroscopi-
cally enlarged inguina lymph nodes, with morphological
aspects similar to those observed in lymph nodes of HIV
patients, contained respectively 8.2%, 8.6%, and 11.1% dead
lymphocytes with flow cytometric features similar to those
observed in HIV-infected lymph nodes. By contrast, two
small (less than 2-mm diameter) cholecystic lymph nodes
contained 3.2% and 3.9% of these cells, respectively. These
data suggest that cell suspensions derived from lymphadeno-
pathic (HIV-related and -unrelated) lymph nodes contain
increased proportions of dead cells compared to cell suspen-
sions from small resting lymph nodes.

Consistently with previous reports™* we found that, with
the exception of one patient, lymph node cells contained 1.5
to 16 times more HIV provirus than autologous PBMC (Ta-
ble 1). The proportions of dead cells (ie, permeable to 7-
AAD) in freshly isolated lymph node cell suspensions sig-

nificantly correlated (P = .016) by linear regression analysis
with the number of HIV genomes per 100 cells (Fig 2). No
correlations were instead observed between dead cells and
the absolute numbers of circulating CD4 or CD8 cells, the
percentage of activated (HLA-DR—expressing) T cells in
lymph node cell suspensions, or the HIV burden in PBMC.

Viable and dead cells were enriched by density gradient
centrifugation from lymph node cell suspensions, and HIV
DNA was measured in each population. The amounts of HIV
provirus in the dead cell fractions from two patients were,
respectively, ~5 and >30 times higher than in their viable
counterparts (Fig 3). Thisfinding suggests that the death rate
of HIV-infected lymph node cells is accelerated in vivo.
However, the data also indicate that the majority of dead
cellsin HIV™ lymph nodes were indeed uninfected. In fact,
in the two cases (no. 5 and 7) where viral genomes were
directly measured in dead cells, HIV-infected cells ac-
counted for ~20% and ~25% of dead cells, respectively.
Furthermore, aso in the other cases it can be indirectly ar-
gued that infected cells represented only a minority of dead
lymph node cells. In fact, assuming that in these samples all
viral genomes were sequestered in the dead cell fractions,
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Fig 2. The frequency of dead cells correlates with the HIV DNA
burden of lymph node cells. The percentages of dead cells and the
numbers of HIV genomes per 100 cells are as in Table 1.
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Fig 3. Viral DNA is enriched in dead cells from HIV-infected lymph
nodes. Viable (V) and dead (D) cells were purified by density gradient
centrifugation as described in Materials and Methods. HIV and -
globin DNA sequences were co-amplified by PCR in 1,000 cells from
each population. Upper panels show ethidium bromide-stained am-
plification products separated in agarose gel. Comparison of the rela-
tive intensities of B-globin-specific and HIV-specific bands by densi-
tometric scanning (lower panels) revealed that HIV genomes in the
dead cell populations from patients 5 and 7 were, respectively, ~5
and >30 times more abundant than in the corresponding viable pop-
ulations.

one can calculate that infected cells represented from 0.2%
(case 8) to 23% (case 2) (median 7.6%) of dead cells.

A mean value of only about 10 apoptotic cells per mm?
of tissue section has been observed in HIV™ lymph nodes
using the in situ TUNEL assay.” In the HIV* lymph node
specimens studied by us TUNEL * cells were also quite rare,
averaging 0.05% to 0.1% of total cells. TUNEL ™" cells were
mainly localized in the germinal centers inside the tingible
body macrophages, and scattered TUNEL* cells with
lymphoid morphology were observed in the T-dependent
paracortical areas (not shown).

To confirm the paucity of cells with DNA changes typical
of apoptosis we evaluated the proportions of cells with an
hypodiploid DNA content in lymph node cell suspensions.
We found that hypodiploid lymphocytes accounted for a
minimal proportion of cells, much lower than that repre-
sented in the same cell suspensions by 7-AAD—permeable
dead cells. In arepresentative patient (Fig 1) less than 0.5%
of total lymph node cells had an hypodiploid DNA content,
compared to 10.8% dead cells. Gel electrophoretic analysis
of DNA extracted from freshly isolated lymph node cells
confirmed the absence of fragmented DNA.

When lymph node cells from HIV patients were cultured
in vitro for 48 hours most dead cells displayed the typical
features of apoptosis on flow cytometry, ie, hypodiploidy
and decreased expression of surface CD45,% and ladder-like
fragmented DNA was generated (see Fig 1 for a representa-
tive case). Although it cannot be excluded that a small pro-
portion of the dead cells found after in vitro culture had the
atypical features observed in fresh cells (ie, lack of DNA
fragmentation, high permeability to dyes and the ultrastruc-
tural features described bel ow), the percentages of dead cells,
as evaluated by flow cytometry,? were very close to the
percentages of cells with hypodiploid nuclei, indicating that
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the large majority of dead cells in cultures were classically
apoptotic.

The levels of culture-induced apoptosis of lymph node
cells and of PBMC were compared in three HIV-infected
patients and in one HIV ™~ subject with lymphadenopathy. In
two of the HIV-infected patients apoptosis was higher with
lymph node cells than with PBMC (patient no. 1, lymph
node 45% and PBMC 37%; patient no. 2, lymph node 23%
and PBMC 14%), while in the third case apoptosis was
dlightly higher with PBMC (patient no. 5, lymph node 54%
and PBMC 61%). In the HIV ™~ subject the levels of culture-
induced apoptosis were 18% with lymph node cells and
16% with PBMC (baseline mortality among freshly isolated
lymph node cells was 11.1%). In another HIV ™~ subject with
lymphadenopathy culture-induced apoptosis of lymph node
cells was 6% (baseline mortality 8.2%).

Ultrastructure of dead cells in HIV-infected lymph nodes.
A proportion of lymphocytes present in freshly isolated cell
suspensions from HIV™ lymph nodes had peculiar ultrastruc-
tural changes, resembling those observed in discrete stages
of apoptosis.? These cells were characterized by reduced
size, different degrees of chromatin condensation ranging
from clumping to apoptotic-like condensation, and reduction
of cytoplasm up to the apparent fusion of nuclear and plasma
membranes. However, unlike classical apoptotic cells™* they
presented marked mitochondrial swelling (Fig 4A). Cells
with similar ultrastructure, either free or engulfed by macro-
phages, could bereadily identified in different areas of lymph
node tissues (Fig 4B and C). Thus, morphological dataindi-
cate that alarge part of lymphocytes dying in HIV-infected
lymphoid tissues undergo a process reminiscent of apoptosis,
but differing from it for being accompanied by profound
mitochondrial damage. Mitochondrial swelling did not ap-
pear to be related to treatment with zidovudine, which is
known to affect mitochondrial function,® since it was ob-
served both in treated and in untreated subjects. Severe mito-
chondria abnormalities could be detected in cells with nor-
mal nuclear morphology (Fig 4D). This latter finding
indicates that mitochondrial damage occurred early in dying
cells, and rules out that it could be dueto *‘ secondary necro-
sis’ taking place in late apoptotic cells.*

DISCUSSION

We report here that, in addition to a relatively scarce
population of classic apoptotic lymphocytes with hypodip-
loid DNA content, freshly isolated cell suspensions from
HIV-infected lymph nodes contained abundant dead cells
permeable to supravital dyes. These cells were not hypodip-
loid nor displayed apoptotic internucleosomal DNA cleav-
age, although many of them had nuclear features typical of
apoptosis associated with mithocondrial swelling indicative
of necrosis. The fact that these cells preexisted in vivo and
were not simply the consequence of tissue manipulation is
indicated by several considerations. First, apoptotic-like
chromatin condensation could hardly be attributed to me-
chanical damage, especialy taking into account that cells
were examined immediately after extraction. Furthermore,
dead cells were much less numerous in small resting HIV ™
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Fig 4. Apoptotic-like nuclear morphology and mi-
tochondrial damage in lymphocytes of an HIV-in-
fected lymph node. (A) One normal lymphocyte and
one lymphocyte with initial chromatin condensation
and mitochondrial swelling (arrow) in a cell suspen-
sion obtained from the lymph node (original magni-
fication [OM] x 9,000). (B) A tissue section from the
same lymph node showing one cell with similar nu-
clear and mitochondrial abnormalities and partial fu-
sion of nuclear and plasma membranes (arrow) (OM
x 8,000). (C) A tissue section showing two cells in
which the chromatin has collapsed down along the
nuclear envelope. One of the cells (arrow) is engulfed
by a macrophage and presents swollen and tightly
packed mitochondria; the other cell (arrowhead) is
free, and presents condensation of nucleolus and ex-
treme reduction of cytoplasm with loss of intercellu-
lar contacts (OM x 4,900). (D) A tissue section show-
ing several cells with initial chromatin condensation
(arrows) and one cell with normal nuclear morphol-
ogy (arrowhead), all displaying mitochondrial swell-
ing (OM x 3,300). Note in all micrographs the intact
mitochondria of neighboring cells.

lymph nodes than in inflammatory lymph nodes. In this re-
gard, it could be argued that cells in inflammatory lymph
nodes may be more fragile than those in normal lymph nodes
and, therefore, that manipulations could have induced or
enhanced some of the observed features (eg, permeability to
dyes); however, cell fragility per se can reasonably be
viewed as an indicator of severe metabolic damage. Finaly,
aspecific link with HIV infection was indicated by the obser-
vations that the frequency of these dead cells correlated with
the local viral burden and that HIV provirus was enriched
in the dead cell fraction.

Our findings have two major implications. One is that the
predominant form of in vivo cell death in HIV-infected
lymph nodes is related to but distinct from classical
apoptosis. The second is that HIV lymphadenopathy is asso-
ciated with massive bystander cell destruction, whose possi-
ble pathogenetic implications will be discussed.

Electron microscopy revealed in many of the dead cells
extracted from HIV lymph nodes mitochondrial swelling
associated with typical apoptotic-like chromatin condensa-
tion, while flow cytometry and gel electrophoresis failed to
reveal apoptotic DNA fragmentation. It is highly unlikely
that these cells were at an early apoptotic stage preceding
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DNA digestion, since they were highly permeable to PI and
to 7-AAD, a characteristic of late apoptosis,®* and pre-
sented morphological aterations of mitochondria which do
not occur in classica apoptosis until very late stages.**
Rather, our findings suggest that the above described features
reflect anovel cell death pathway related to but distinct from
apoptosis and resembling an admixture of apoptosis and ne-
crosis.

Céll death accompanied by apoptotic chromatin condensa-
tion but without DNA fragmentation is not unprecedented.
In vitro, this pattern of cell death could be induced by treat-
ment with the K™ ionophor valinomycin (which also deter-
mined mitochondrial swelling),? the protein phosphatase in-
hibitor okadaic acid,® transforming growth factor 51, or
by ligation of CD45.* Complement-mediated **necrotic’’
cell death may also present some features of apoptosis.® The
in vitro model most closely resembling the pattern described
here is the death of MOLT-4 cells induced by low-dose
irradiation, which is characterized by apoptotic-like chroma-
tin condensation without DNA cleavage, necrotic-like mito-
chondrial swelling and high membrane permeability to
dyes.* In vivo, Tidball et al* have observed both apoptosis
and necrosis in degenerating dystrophic muscle cells.
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Electron microscopic examination of tissue sections
showed that severely damaged mitochondria (markedly
swollen and with completely extralucent matrix) were typi-
cally seen in cells with peripheral chromatin condensation.
However, mitochondrial abnormalitieswere occasionally ob-
served in situ in lymphocytes with otherwise normal nuclear
structure. This latter finding indicates that morphological
aterations of mitochondria are an early event in the cell
death pathway described here. Mitochondrial damage may
promote apoptotic-like nuclear changes through a mecha-
nism involving loss of the permeability barrier of mitochon-
dria®* Thus, the mitochondrial swelling associated with a
partial apoptotic phenotype (nuclear morphological changes
without DNA fragmentation) observed in lymph node cells
could beinterpreted as the result of amitochondrial insult, on
apoptatically committed cells, of such severity to determine
metabolic breakdown and cell death before the completion
of the apoptotic program. It is worth noting in this regard
that tumor necrosis factor (TNF), whose toxicity is mediated
by early damage of mitochondrial function,® and reactive
oxygen species can induce either apoptosis or necrosis de-
pending on the intensity of the damage.®*° Mitochondrial
dysfunctions have been observed in circulating lymphocytes
from HIV carriers,* and HIV RNA has been shown to selec-
tively accumulate in the mitochondria of infected cells, pos-
sibly reducing mitochondrial viability.** Furthermore, solu-
ble HIV tat protein suppresses the expression of
mitochondrial Mn-dependent superoxide dismutase by unin-
fected cells rendering them hypersensitive to oxidative stress
and to TNF-mediated cytotoxicity.* Tat released locally
might therefore enhance the susceptibility of bystander cells
to the cytopathic effects of TNF and oxidants overproduced
within HIV-infected lymph nodes,***" with mitochondria as
primary targets for such cytotoxicity.

The second issue raised by our findings concerns the
pathogenetic significance of the pattern of diffuse cell death
observed in HIV-infected lymph nodes. The mechanisms of
immunodeficiency caused by HIV infection are still incom-
pletely understood,”® and theories involving solely CD4 cell
depletion areinsufficient to explain the array of immunologi-
cal abnormalities and the histologic changes observed in
lymphoid tissues.**** Alternative pathogenetic models have
therefore been proposed.®®®* Taken together, our findings
suggest the coexistence of three distinct cell death mecha
nisms in HIV infection: vira cytopathicity, the priming to
apoptosis, and the destruction of uninfected cells by a novel
necrotic/apoptotic pathway. In vivo killing of infected cells
by viral cytopathicity was highlighted by the accumulation
of HIV provirusin dead lymph node cells, in agreement with
studies'”*® on virus and lymphocyte turnover indicating that
productive infection per se is directly involved in CD4 cell
destruction.

Priming of uninfected cellsto apoptosis, which is executed
when cells are cultured in vitro, has been widely described
with peripheral blood lymphocytes from HIV-infected do-
nors,>*>%% and the present report extends to lymph node cells
the occurrence of this phenomenon. The triggering mecha-
nisms and the possible relevance to HIV pathogenesis of

CARBONARI ET AL

the apoptotic commitment of lymphocytes, which is also
observed in other vira infections,®® remain to be eluci-
dated.

Taken overall, our data suggest the following chain of
events resulting in the atypical apoptotic/necrotic features of
dead cells observed in vivo in lymphoid tissues of HIV-
infected patients. A proportion of lymphocytes present in
lymph nodes are primed to apoptosis, and they execute the
entire apoptotic program when maintained under ex vivo
conditions. By contrast, within the lymph node environment
these cells initiate apoptosis (ie, they shrink and condense
their chromatin) but cannot progress to the later stage of
DNA digestion because local factor(s) determine a drastic
mitochondrial damage which rapidly kills cells by *‘necro-
sis.”’*

Our observationsindicate that this pattern of diffuse death
of lymph node cells is not unique to HIV infection but is
also observed in other inflammatory |lymphadenopathies.
Thus, this ‘‘lymphadenopathic’’ cell death could be brought
about by proinflammatory cytokines and reactive oxigen spe-
cies generated within the milieu of lymphadenopathic lymph
nodes. In the case of HIV, cytopathicity might be enhanced
through cell sensitization to TNF and oxidants by tat.** How-
ever, in pathogenetic terms it is much more important to
take into account that HIV lymphadenopathy has the unique
feature of being of unlimited duration and generalized to
most or al lymph nodes.® In plain words, it is conceivable
that any endless and generalized inflammatory lymphade-
nopathy would eventually lead to an extensive damage of
lymphoid tissues. A similar parallel has been proposed to
explain by a common mechanism mediated by proinflamma-
tory cytokines the wasting and cachexia seen in AIDS and
in other inflammatory conditions.®® A pathogenetic model
of chronic inflammatory damage may help to explain the
histologic changes of HIV-infected lymph nodes, whose
structure becomes progressively subverted and depleted of
lymphocytes and of other cell types (eg, follicular dendritic
cells) until the amost complete loss of cellularity and re-
placement by fibrotic tissue.**s' Accordingly, measures
aimed at suppressing inflammation could perhaps be helpful
in reducing immunological damage in HIV infection.

REFERENCES

1. Schwartz LM, Osborne BA: Programmed cell death, apoptosis
and killer genes. Immunol Today 14:582, 1993

2. Cohen JJ. Apoptosis. Immunol Today 14:126, 1993

3. Howie SEM, Harrison DJ, Wyllie AH: Lymphocyte apoptosis.
Mechanisms and implications in disease. Immunol Rev 142:141,
1994

4. Majno G, Joris|: Apoptosis, oncosis and necrosis: An overview
of cell death. Am J Pathol 146:3, 1995

5. Ameisen JC: Programmed cell death (apoptosis) and cell sur-
vival regulation: Relevanceto AIDS and cancer. AIDS 8:1197, 1994

6. Finkel TH, Tudor-Williams G, Banda NK, Cotton MF, Curiel
T, Monks C, Baba TW, Ruprecht RM, Kupfer A: Apoptosis occurs
predominantly in bystander cells and not in productively infected
cells of HIV- and SIV-infected lymph nodes. Nat Med 1:129, 1995

7. Muro-Cacho CA, Pantaleo G, Fauci AS: Analysis of apoptosis
in lymph nodes of HIV-infected persons. Intensity of apoptosis cor-

20z aunr || uo 1senb Aq Jpd'602/€5 2191 /602/1/06/1Pd-8lo1E/POO|q//eU"SUONEDlgNdysE//:dnY WOy papeojumod



CELL DEATH IN HIV-INFECTED LYMPH NODES

relates with the general state of activation of the lymphoid tissue
and not with stage of disease or vira burden. J Immunol 154:5555,
1995

8. Bofill M, Gombert W, Borthwick NJ, Akbar AN, McLaughlin
JE, Lee CA, Johnson MA, Pinching AJ, Janoss G: Presence of
CD3* CD8* Bcl-2°" lymphocytes undergoing apoptosis and acti-
vated macrophages in lymph nodes of HIV-1* patients. Am J Pathol
146:1542, 1995

9. Pantaleo G, Graziosi C, Butini L, Pizzo PA, Schnittman SM,
Kotler DP, Fauci AS: Lymphoid organs function as major reservoirs
for human immunodeficiency virus. Proc Natl Acad Sci USA
88:9838, 1991

10. Pantaleo G, Graziosi C, Demarest JF, Butini L, Montroni M,
Fox CH, Orenstein JM, Kotler DP, Fauci AS: HIV infection is active
and progressive in lymphoid tissues during the clinically latent stage
of disease. Nature 362:355, 1993

11. Embretson J, Zupancic M, Ribas JL, Burke A, Racz P, Ten-
ner-Racz K, Haase AT: Massive covert infection of helper T lympho-
cytes and macrophages by HIV during the incubation period of
AIDS. Nature 362:359, 1993

12. Meyaard L, Otto SA, Jonker RR, Mijnster MJ, Keet RPM,
Miedema F: Programmed cell death of T cells in HIV-1 infection.
Science 257:217, 1992

13. Gougeon ML, Garcia S, Heeney S, Tschopp R, Lecoeur H,
Guetard D, Rame V, Dauguet C, Montagnier L: Programmed cell
death in AIDS-related HIV and SIV infections. AIDS Res Hum
Retroviruses 9:553, 1993

14. Lewis DE, Ng Tang DS, Adu-Oppong A, Schober W, Rod-
gers JR: Anergy and apoptosis in CD8" T cells from HIV-infected
persons. J Immunol 153:412, 1994

15. Meyaard L, Otto SA, Keet RPM, Roos MTL, Miedema F:
Programmed death of T cells in human immunodeficiency virus
infection. No correlation with progression to disease. J Clin Invest
93:982, 1994

16. Carbonari M, Cibati M, Pesce AM, Sharigia D, Grossi PF,
D’ Offizi G, Luzi G, Fiorilli M: Frequency of provirus-bearing CD4
cells in HIV type 1 infection correlates with extent of in vitro
apoptosis of CD8+ but not of CD4+ cells. AIDS Res Hum Retrovi-
ruses 11:789, 1995

17. Wel X, Ghosh SK, Taylor ME, Johnson VA, Emini EA,
Deutsch P, Lifson JD, Bonhoeffer S, Nowak MA, Hahn BH, Saag
MS, Shaw GM: Viral dynamics in human immunodeficiency virus
type 1 infection. Nature 373:117, 1995

18. Ho DD, Neumann AU, Perelson AS, Chen W, Leonard JM,
Markowitz M: Rapid turnover of plasma virions and CD4 lympho-
cytes in HIV-1 infection. Nature 373:123, 1995

19. Gavridli Y, Sherman Y, Ben-Sasson SA: Identification of
programmed cell death in situ via specific labeling of nuclear DNA
fragmentation. J Cell Biol 119:493, 1992

20. Darzynkiewicz Z, Bruno S, Del Bino G, Gorczyca W, Hotz
MA, Lassota P, Traganos F: Features of apoptotic cells measured
by flow cytometry. Cytometry 13:795, 1992

21. Telford WG, King LE, Fraker PJ Rapid quantitation of
apoptosis in pure and heterogeneous cell populations using flow
cytometry. J Immunol Meth 172:1, 1994

22. Carbonari M, Cibati M, Cherchi M, Sharigia D, Pesce AM,
Dell’ Anna L, Modica A, Fiorilli M: Detection and characterization
of apoptotic peripheral blood lymphocytes in HIV infection and
cancer chemotherapy by a novel flow immunocytometric method.
Blood 83:1268, 1994

23. Carbonari M, Cibati M, Fiorilli M: Measurement of apoptosis
in peripheral blood. Cytometry 22:161, 1995

24. Pesce AM, Cibati M, Dell’Anna L, Fiorilli M, Carbonari M:

215

Optimization of quantitative coamplification of S-globin and HIV-
1 sequences. Trends Genet 12:447, 1996

25. Lewis W, Gonzalez B, Chomyn A, Papoian T: Zidovudine
induces molecular, biochemical, and ultrastructural changes in rat
skeletal muscle mitochondria. J Clin Invest 89:1354, 1992

26. Mower DA, Packham DW, lllera VA, Fishbaugh JK, Stunz
LL, Ashman RF: Decreased membrane phospholipid packing and
decreased cell size precede DNA cleavage in mature mouse B cell
apoptosis. J Immunol 152: 4832, 1994

27. SunAY, Jiang S, Zheng LM, Qjcius DM, Young J-DE: Sepa-
rate metabolic pathways leading to DNA fragmentation and apo-
ptotic chromatin condensation. J Exp Med 179:559, 1994

28. Boe R, Gjertsen BT, Vintermyr OK, Houge G, Lanotte M,
Doskeland SO: The protein phosphatase inhibitor okadaic acid in-
duces morphological changes typica of apoptosis in mammalian
cells. Exp Cell Res 195:237, 1991

29. Oberhammer FA, PavelkaM, Sharma S, Tiefenbacher R, Pur-
chio AF, Bursch W, Schulte-Hermann RS: Induction of apoptosisin
cultured hepatocytes and in regressing liver by transforming growth
factor bl. Proc Natl Acad Sci USA 89:5408, 1992

30. Klaus SJ, Sidorenko SP, Clark EA: CD45 ligation induces
programmed cell death in T and B lymphocytes. J Immunol
156:2743, 1996

31. Papadimitriou JC, Drachenberg CB, Shin ML, Trump BF:
Ultrastructural studies of complement mediated cell death: A biolog-
ical reaction model to plasma membrane injury. Virchows Arch
424:677, 1994

32. Akagi v, Ito K, Sawada S: Radiation-induced apoptosis and
necrosis in MOLT-4 cells: A study of dose-effect relationship and
their modifications. Int J Radiat Biol 64:47, 1993

33. Tidbal JG, Albrecht DE, Lokensgard BE, Spencer MJ:
Apoptosis precedes necrosis of dystrophin-deficient muscle. J Cell
Sci 108:2197, 1995

34. Zamzami N, Susin SA, Marchetti P, Hirsch T, Gomez-Mon-
terrey |, Castedo M, Kroemer G: Mitochondria control of nuclear
apoptosis. J Exp Med 183:1533, 1996

35. Henkart PA, Grinstein S: Apoptosis: Mitochondria resur-
rected? J Exp Med 183:1293, 1996

36. Schulze-Osthoff K, Bakker AC, Vanhaesebroeck B, Beyaert
R, Jacob WA, Fiers W: Cytotoxic activity of tumor necrosis factor
is mediated by early damage of mitochondrial function. Evidence
for the involvement of mitochondrial radical generation. JBiol Chem
267:5317, 1992

37. Laster SM, Wood JG, Gooding LR: Tumor necrosis factor
can induce both apoptotic and necrotic forms of cell lysis. JImmunol
141:2629, 1988

38. Lennon SV, Martin SJ, Cotter TG: Dose-dependent induction
of apoptosisin human tumour cell lines by widely divergent stimuli.
Cell Prolif 24:203, 1991.

39. Bonfoco E, Krainc D, Ankarkrona M, Nicotera P, Lipton SA:
Apoptosis and necrosis: two distinct events induced, respectively, by
mild and intense insults with N-methyl-D-aspartate or nitric oxide/
superoxide in cortical cell cultures. Proc Natl Acad Sci USA
92:7162, 1995

40. LinK-T, Xue J}Y, Nomen M, Spur B, Wong PYK: Peroxini-
trite-induced apoptosisin HL-60 cells. JBiol Chem 270:16487, 1995

41. Macho A, Castedo M, Marchetti P, Aguilar JJ, Decaudin
D, Zamzami N, Girard PM, Uriel J, Kroemer G: Mitochondrial
dysfunctions in circulating T lymphocytes from human immunode-
ficiency virus-1 carriers. Blood 86:2481, 1995

42. Somasundaran M, Zapp ML, Beattie LK, Pang L, Byron KS,
Bassell GJ, Sullivan JL, Singer RH: Localization of HIV RNA in
mitochondria of infected cells: potential role in cytopathogenicity.
J Cell Biol 126:1353, 1994

20z aunr || uo 1senb Aq Jpd'602/€5 2191 /602/1/06/1Pd-8lo1E/POO|q//eU"SUONEDlgNdysE//:dnY WOy papeojumod



216

43. Westendorp MO, Shatrov VA, Schulze-Osthoff K, Frank R,
Kraft M, Los M, Krammer PH, Droge W, Lehmann V: HIV-1 Tat
potentiates TNF-induced NF-kB activation and cytotoxicity by alter-
ing the cellular redox state. EMBO J 14:546, 1995

44. Baruchel S, Wainberg MA: The role of oxidative stress in
disease progression in individuals infected by the human immunode-
ficiency virus. J Leukoc Biol 52:111, 1992

45. Buttke TM, Sandstrom PA: Oxidative stress as a mediator of
apoptosis. Immunol Today 15:7, 1994

46. Emilie D, Fior R, Llorente L, Marfaing-Koka A, Peuchmaur
M, Devergne O, Jarrousse B, Vijdenes J, Boue F, Gaanaud P:
Cytokines from lymphoid organs of HIV-infected patients: produc-
tion and role in the immune disequilibrium of the disease and in the
development of B lymphomas. Immunol Rev 140:5, 1994

47. Matsuyama T, Kobayashi N,Yamamoto N: Cytokines and
HIV infection: Is AIDS a tumor necrosis factor disease? AIDS
5:1405, 1991

48. Pantaleo G, Graziosi C, Fauci AS: The immunopathogenesis
of human immunodeficiency virusinfection. N Engl JMed 328:327,
1993

49. Baroni CD, Pezzella F, Stoppacciaro A, Mirolo M, Pescar-
mona E, Vitolo D, Cassano AM, Barsotti P, Nicoletti L, Ruco LP,
Uccini S Systemic lymphadenopathy (LAS) in intravenous drug
abusers. Histology, immunohistochemistry and el ectron microscopy:
Pathogenetic correlations. Histopathology 9:1275, 1985

CARBONARI ET AL

50. Burke AP, Anderson D, Mannan P, Ribas JL, Liang YH,
Smiaek J, Virmani R: Systemic lymphadenopathic histology in hu-
man immunodeficiency virus-1-seropositive drug addicts without ap-
parent immunodeficiency syndrome. Hum Pathol 25:248, 1994

51. Pantaleo G, Graziosi C, Demarest JF, Cohen OJ, Vaccarezza
M, Gantt K, Muro-Cacho C, Fauci AS: Role of lymphoid organs in
the pathogenesis of human immunodeficiency virus (HIV) infection.
Immunol Rev 140:105, 1994

52. Zinkernagel RM, Hengartner H: T-cell—mediated immunopa-
thology versus direct cytolysis by virus: implications for HIV and
AIDS. Immunol Today 15:262, 1994

53. Mosier D, Sieburg H: Macrophage-tropic HIV: Critica for
AIDS pathogenesis? Immunol Today 15:332, 1994

54. Razvi ES, Welsh RM: Programmed cell death of T lympho-
cytes during acute viral infection: A mechanism for virus-induced
immune deficiency. J Virol 67:5754, 1993

55. Akbar AN, Borthwick N, Salmon M, Gombert W, Bofill M,
Shamsaaden N, Pilling D, Pett S, Grundy JE, Janossy G: The signifi-
cance of low bcl-2 expression by CD45RO T cellsin normal individ-
uals and in patients with acute viral infections. The role of apoptosis
in T cell memory. J Exp Med 178:427, 1993.

56. Rimaniol AC, Zylberberg H, Zavala F, Viard JP: Inflamma-
tory cytokines and inhibitors in HIV infection: Correlation between
interleukin-1 receptor antagonist and weight loss. AIDS 10:1349,
1996

20z aunr || uo 1senb Aq Jpd'602/€5 2191 /602/1/06/1Pd-8lo1E/POO|q//eU"SUONEDlgNdysE//:dnY WOy papeojumod



