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Abstract

 

HIV-infected patients suffer several renal syndromes, which
can progress rapidly from renal insufficiency to end-stage
renal disease. Histologically, HIV-induced nephropathy is
characterized by prominent tubulopathy with apoptosis of
tubular cells. Clinical and experimental evidence suggests
that renal injury may be directly related to virus infection.
Although HIV-1 is a polytropic and not solely lymphotropic
pathogen, the susceptibility of renal cells to HIV-1 remains
to be determined. This paper demonstrates in vitro the per-
missiveness of proximal tubular epithelial cells (PTEC) to
HIV-1 and describes the effects of PTEC infection to ex-
plain the pathogenesis of tubular damage in vivo. The re-
sults indicate that PTEC express HIV-specific receptor and
coreceptors and sustain virus replication. We observed that
HIV-1 infection causes the death of tubular cells by trigger-
ing an apoptotic pathway involving caspase activation. Fas
upregulation but not Fas ligand expression was found in the
infected PTEC. However, after HIV-1 infection, tubular
cells became susceptible to apoptosis induced through Fas
stimulation. Caspase inhibition prevented the death of the
infected PTEC in spite of persistent viral replication. These
findings may explain the prominent histopathology of HIV-
associated nephropathy and demonstrate that the apoptosis
of nonlymphoid cells can be directly induced by HIV-1. (

 

J.
Clin. Invest.

 

 1998. 102:2041–2049.) Key words: HIV-associ-
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Introduction

 

HIV-1 is a polytropic pathogen that, in addition to cells of the
lymphoid organs, may infect cells of the gastrointestinal, vas-
cular, and nervous systems (1–4). AIDS is characterized by cell
loss in several organs and tissues, but the mechanisms of HIV-
induced cytopathicity are still unclear (1, 5). The infected pa-

tients may suffer a spectrum of renal damages (6). HIV-associ-
ated nephropathy (HIVAN)

 

1

 

 is a unique syndrome that affects
up to 10% of the seropositive individuals and is character-
ized by glomerulosclerosis accompanied by prominent tubulo-
interstitial injury. Clinically, patients with HIVAN have neph-
rotic-range proteinuria with renal insufficiency, which does
often rapidly progress to end-stage renal disease (6, 7). Acute
renal failure secondary to tubular injury is also frequent in
AIDS (6). In cases of HIVAN, viral antigens and genome have
been demonstrated in microdissected renal tissues (8), but the
permissiveness of renal cells to replication of HIV-1 is still con-
troversial (9–14). The finding of apoptotic cells in glomeruli
and especially in tubuli of HIV patients may suggest a possible
mechanism of HIV-induced renal damage (15). This hypothe-
sis is supported by the fact that renal tubular apoptosis occurs
in transgenic mice expressing HIV genes (16). It is well estab-
lished that apoptosis plays a relevant role in the pathogenesis

 

of AIDS by contributing to CD4

 

1

 

 T cell depletion (17, 18).
The enhanced susceptibility to apoptosis of T cells from HIV-
positive individuals appears secondary to upregulation of Fas
signaling or downregulation of Bcl-2 (19–21). Role and mecha-
nisms of apoptosis in HIV-induced damage of nonlymphoid
tissues are largely unknown.

The aim of this study was to investigate in vitro the permis-
siveness of human proximal tubular epithelial cells (PTEC) to
HIV-1 productive infection and characterize the cytopathic ef-
fects (CPEs) of the infection, in order to evaluate the direct
role of HIV-1 in the pathogenesis of tubular injury occurring in
vivo. Our results demonstrate that PTEC express HIV-1 re-
ceptors and are permissive to virus replication, and indicate
that HIV-1 infection causes apoptosis of tubular cells through
activation of caspase proteases.

 

Methods

 

Reagents.

 

Reagents were obtained from the following sources: mAb
against human Fas (IgM, clone CH-11, apoptosis inducing; Upstate
Biotechnology, Lake Placid, NY); anti–human Fas mAb (IgG, clone
ZB4, neutralizing; Upstate Biotechnology); anti–human Fas mAb
(IgG, clone DX2; PharMingen, San Diego, CA); anti–human Fas
ligand (FasL) mAb (clone NOK-1; PharMingen); anti-FasL rabbit
IgG (N-20 and C-20; Santa Cruz Biotechnology, Santa Cruz, CA);
FITC-conjugated goat anti–mouse IgG (Sigma Chemical Co., St.
Louis, MO); anti-CD4 mAb (Sigma); FITC-conjugated anti-CD4
mAb (Becton Dickinson, San Jose, CA); anti-CXCR4 mAb (clone
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 CPE, cytopathic effect; FasL, Fas
ligand; HIVAN, HIV-associated nephropathy; ICE, IL-1

 

b

 

–convert-
ing enzyme; LTR, long terminal repeat; MC, mesangial cells; PE,
phycoerythrin; p.i., post-infection; PI, propidium iodide; PTEC, prox-
imal tubular epithelial cells; SFU, syncytium-forming unit.
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12G5; kindly provided by Dr. J. Hoxie, University of Pennsylvania,
Philadelphia, PA [22]); phycoerythrin (PE)-labeled anti-CXCR4
mAb (clone 12G5; PharMingen); anti-CCR3 mAb (clone 7B11, ob-
tained from NIBSC AIDS Reagent Project, ARP3099); anti-CCR5
mAb (clone 2D7; obtained from NIBSC AIDS Reagent Project,
ARP3099); PE-labeled anti-CCR5 mAb (clone 2D7; PharMingen);
anti–caspase-3 rabbit IgG (PharMingen); caspase-3 inhibitor (Ac-
DEVD-CHO peptide; PharMingen); IL-1

 

b

 

–converting enzyme (ICE)
inhibitor (z-VAD-CH

 

2

 

F peptide; Kamiya Biomedical, Seattle, WA);
caspase inhibitor negative control (z-FA-CH

 

2

 

F peptide; Kamiya Bio-
medical); and HIV-1 recombinant Tat, gp120, and gp41 (Intracel, Lon-
don, UK); p24 antigen detection ELISA (DuPont, Cologno Monzese,
Italy). Unless otherwise specified, chemicals and tissue culture re-
agents were from Sigma and molecular biology reagents were from
Perkin-Elmer (Monza, Italy).

 

Renal cell cultures.

 

Primary cultures of mesangial cells (MC) and
PTEC were obtained from surgically removed kidneys of six different
Caucasian patients, as described (23). The purity of the primary cul-
tures was assessed on the basis of cell characterization, according to
published criteria (24, 25). In brief, MC cultures grew as stellate cells
in interwoven bundles and were positive for F-actin, detected with
FITC-labeled phalloidin, and for smooth muscle–type myosin (Im-
munotech, Marseille, France). MC were negative for HLA-DR and
leukocyte common antigen (CD45; Becton Dickinson), and for factor
VIII–related antigen (FVIIIr:Ag; Nordic Immunology, Tilburg, The
Netherlands). The ability of MC to contract after stimulation with an-
giotensin II and to phagocytize IgG-coated latex beads was analyzed
as described (23). PTEC showed negative staining for FVIIIr:Ag,
minimal staining for desmin, and marked staining with antibodies to
cytokeratins and actin. PTEC were positive for alkaline phosphatase
(determined by the naphtol AS-MX method) and showed enhanced
cAMP production (Biotrak cAMP assay system; Amersham Interna-
tional, Buckinghamshire, UK) after stimulation with 100 nM parathy-
roid hormone, but not with 1 mM antidiuretic hormone.

Differentiated immortalized MC were obtained by infection of a
pure primary culture with a hybrid Adeno5/SV40 virus (3, 26). Indi-
vidual foci of immortalized cells were picked up, subcultured, and
characterized according to phenotype. A differentiated MC line was
selected and used between passages 20 and 35. An immortalized cell
line of human PTEC, which has been characterized previously (25),
was used (clone 5) to confirm and extend the experiments carried out
with primary PTEC.

 

HIV infection.

 

HIV-1

 

P1

 

 is a syncytium-inducing T-tropic virus
strain adapted to growth in T lymphoblastoid C8166 cells (3, 26). Vi-
rus stocks were prepared from clarified supernatants and titrated as
syncytium-forming units (SFU) per milliliter. Cultures of primary and
immortalized MC and PTEC were infected with HIV-1 (moi of 0.1)
or mock-infected with control supernatant, at 48 h after plating. The
inoculum was allowed to adsorb for 2 h at 37

 

8

 

C; monolayers were
washed three times and refed with fresh medium. A 50% medium
change was performed every 4 d. HIV-1 infection was monitored by
p24 antigen and infectivity testing in culture supernatants, and by de-
tection of proviral DNA or viral RNA in infected cultures. Cell via-
bility of the infected cells was evaluated by trypan blue exclusion test.
Purified HIV-1

 

P1 

 

was obtained by clarification (3,000 

 

g

 

 for 15 min at
4

 

8

 

C) and precipitation of the virus (10% polyethylene glycol-8000 in
PBS for 18 h at 4

 

8

 

C). The pelleted virus was layered on a double su-
crose cushion (1:2 of 60% sucrose and 20% sucrose) and centrifuged
at 27,000 rpm for 120 min at 4

 

8

 

C in a SW27 rotor (Beckman, Fuller-
ton, CA). Banded virus was collected and frozen at 

 

2

 

70

 

8

 

C. Thawed
virus was diluted in medium and titrated as SFU/ml in C8166 cells
(26).

 

PCR.

 

Detection of HIV-1 long terminal repeat (LTR) and 

 

gag

 

sequences was carried out as described (3, 26). PCR analysis of LTR
sequences was carried out by amplification of 0.5 

 

m

 

g of DNA of in-
fected PTEC with primers SK28/29 (Research Genetics, Huntsville,
AL). 

 

gag

 

-specific sequence was amplified with primers SK100/104
(Research Genetics) from cDNA obtained by RT of 1 

 

m

 

g of total

RNA treated with RNase-free DNase (Promega, Madison, WI). De-
tection of CD4 transcripts was performed by RT-PCR of a 438-bp
fragment, as reported (26). cDNA was synthesized using a CD4-spe-
cific 3

 

9

 

 primer and subsequently amplified with 5

 

9

 

 and 3

 

9

 

 CD4 primers
(Clontech, Palo Alto, CA) according to the manufacturer’s instruc-
tions. RT-PCR analysis of CXCR4 transcripts in immortalized MC
and PTEC was carried out using mRNA extracted from 10

 

7

 

 cells with
PolyATract GTC™ extraction buffer (Promega) and treated with
RNase-free DNase. cDNA was synthesized using oligo d(T) primers
and AMV-RT (Promega), again according to the manufacturer’s in-
structions. PCR was performed on the cDNA using CXCR4-specific
primers taken from the published human sequence (27; accession
number M99293), which amplify a fragment of 1,078 bp. The program
used for PCR was 94

 

8

 

C for 4 min, followed by 40 cycles of 94

 

8

 

C for 1
min, 62

 

8

 

C for 1 min, and 72

 

8

 

C for 1 min, with a final step of 72

 

8

 

C for
20 min. Expression of FasL mRNA in uninfected or infected PTEC
was evaluated by RT-PCR, as described (28; sense primer: 5

 

9

 

-
CTGGGGATGTTTCAGCTCTTC-3

 

9

 

; antisense primer: 5

 

9

 

-CTT-
CACTCCAGAAAGCAGGAC-3

 

9

 

). cDNAs were synthesized by ex-
tension of antisense primer in a reaction mixture containing 2 

 

m

 

g of
total RNA digested by RNase-free DNase. The amplification was
carried out by 35 cycles of 94

 

8

 

C for 30 s, 55

 

8

 

C for 1 min, and 72

 

8

 

C for
1.5 min. 

 

b

 

-actin primers were used to check the integrity of all RNA
samples. One-fifth of each reaction mixture was analyzed by electro-
phoresis through agarose gels and visualized by staining with ethid-
ium bromide. The DNA size markers used were either the DNA
marker V from Boehringer Mannheim (Mannheim, Germany) or the
low-mass DNA ladder from GIBCO BRL (Life Technologies A.G.,
Basel, Switzerland).

 

Expression of membrane molecules.

 

CD4 expression in primary
PTEC and MC was tested by indirect immunofluorescence assay. Iso-
lated and suspended renal cells were incubated with anti-CD4 mAb
(1 

 

m

 

g/10

 

6

 

 cells) for 30 min at room temperature. After washings, the
cells were stained with FITC-labeled goat anti–mouse IgG for 30 min
at room temperature, and examined with an epifluorescence Olym-
pus BX60 microscope (Olympus Optical Co., Tokyo, Japan). Flow
cytometry of CD4 expression was carried out by incubating 10

 

6

 

 renal
cells with 1 

 

m

 

g of FITC-conjugated specific antibody in PBS/0.1% so-
dium azide for 30 min at room temperature. After washings, cell sus-
pensions were fixed in 0.2% paraformaldehyde and analyzed with a
flow cytometer (FACScan

 

®

 

; Becton Dickinson). Surface expression
of CXCR-4 was determined by incubating immortalized PTEC or
MC (3 

 

3

 

 10

 

6

 

) with 2 

 

m

 

g of 12G5 mAb for 15 min at room temperature
in 100 

 

m

 

l of PBS 

 

1

 

 1% BSA. The same procedure was used to evalu-
ate CCR3 and CCR5 expression using 7B11 and 2D7 mAbs, respec-
tively. The cells were washed twice with PBS and incubated with
FITC-labeled goat anti–mouse IgG for 15 min at room temperature.
After two washings with PBS, the cells were analyzed (FACScan

 

®

 

).
To assess coexpression of CD4 and chemokine receptors, immortal-
ized PTEC were stained with FITC-labeled anti-CD4 mAb and anti-
bodies specific for CXCR-4 and CCR5 directly conjugated with PE.
For analysis of surface Fas expression, 10

 

6

 

 mock-infected and HIV-
infected PTEC were incubated with 0.5 

 

m

 

g of anti–human Fas IgG
(DX2 mAb) in PBS/0.1% sodium azide for 60 min at 4

 

8

 

C. Then, the
cells were washed and incubated with FITC-conjugated goat anti–
mouse IgG for 30 min at 4

 

8

 

C. After washings, cell suspensions were
fixed in 0.2% paraformaldehyde and flow cytometric analysis was
performed. The same procedure was used to detect membrane-bound
FasL by using a specific mAb (NOK-1) at the concentration of 1 

 

m

 

g/
10

 

6

 

 cells (29). In all experiments, isotype-matched irrelevant antibod-
ies were included as control.

 

Apoptosis measurement.

 

PTEC were incubated with propidium
iodide (PI) followed by flow cytometry analysis, as described (30). In
brief, 10

 

6

 

 cells were incubated for 4 h at 4

 

8

 

C in 2 ml hypotonic solu-
tion containing 50 

 

m

 

g/ml PI, 0.1% sodium citrate, 0.1% Triton X-100,
and 20 

 

m

 

g/ml DNase-free RNase A. Cells with subdiploid DNA con-
tent (sub-G

 

0

 

/G

 

1

 

 peak) were considered apoptotic cells. Morphologi-
cal features of apoptotic cell nuclei were also evaluated by PI staining
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(31). Cells were fixed with 2% formaldehyde in PBS for 10 min at
4

 

8

 

C, treated with PI solution for 20 min at room temperature, and
then examined with an epifluorescence Olympus BX60 microscope.
The apoptotic state of the cells was evaluated by differential uptake
of acridine orange and ethidium bromide (31). Cells (5 

 

3

 

 10

 

4

 

 in 25 

 

m

 

l
of PBS) were stained with 1 

 

m

 

l of a mixture of 100 

 

m

 

g/ml acridine or-
ange and 100 

 

m

 

g/ml ethidium bromide (1:1). Observed through wide-
band FITC filters, cells in the early stages of apoptosis are character-
ized by condensed or fragmented bright green chromatin, and late
apoptotic cells by condensed or fragmented bright orange chromatin.

 

Cell viability assay.

 

PTEC were seeded in 24-well microtiter plates
at 5 

 

3

 

 10

 

4

 

 cells/well. The cultures were infected or mock-infected as
described above. After incubation under different conditions, dried
monolayers were treated with 0.75% crystal violet in a solution of
50% ethanol, 0.25% NaCl, and 1.75% formaldehyde (32). After
washing, the dye was eluted with 1% SDS in PBS and the absorbance
was read at 595 nm with an ELISA reader. Cell viability was ex-
pressed as percentage of uninfected controls. Assays were also per-
formed with PTEC cultures treated with Tat (1 

 

m

 

g/ml), gp120 (1 

 

m

 

g/
ml), or gp41 (1 

 

m

 

g/ml) to evaluate the effect of these viral molecules
on PTEC viability. For apoptosis induction experiments (33), anti-
Fas agonistic IgM (100 ng/ml) or supernatants of COS cells producing
human FasL (4 d after transfection) and mock-transfected COS cells
were added to PTEC at day 2 post-infection (p.i.). For apoptosis inhi-
bition experiments, infected PTEC were treated with anti-Fas neu-
tralizing IgG (1 

 

m

 

g/ml) at days 2 and 4 p.i., or with caspase inhibitors
(caspase-3 inhibitor: 100 

 

m

 

M; ICE protease blocking peptide: 0.1–100

 

m

 

M; caspase inhibitor negative control: 100 

 

m

 

M) at days 1 and 4 p.i.

 

Western blot analysis.

 

To identify the expression of FasL, tran-
sient expression of cDNA encoding full-length human FasL, kindly
provided by Dr. H. Yagita (Juntendo University, Tokyo, Japan [29]),
was performed in COS cells transfected by electroporation at 250 V/960

 

m

 

F (Electroporator II; Invitrogen, Carlsbad, CA). The cells were
lysed 5–7 d after transfection at 4

 

8

 

C for 1 h in a lysis buffer (50 mM
Tris-HCl, pH 8.3, containing 1% Triton X-100, 10 

 

m

 

M PMSF, 10 

 

m

 

g/
ml leupeptin, and 100 U/ml aprotinin). Similarly, cell pellets were ob-
tained from uninfected or HIV-infected PTEC cultures and then lysed.
After centrifugation of the lysates at 15,000 

 

g

 

, the supernatants were
quantitated for protein content by the Bradford method. Aliquots
containing 100 

 

m

 

g of protein per lane were subjected to SDS/10%

PAGE under nonreducing or reducing (5% 2-mercaptoethanol) con-
ditions and electroblotted onto nitrocellulose membrane filters. The
blots were blocked with 5% nonfat milk in 20 mM Tris-HCl, pH 7.5,
500 mM NaCl plus 0.1% Tween (TBS-T). The membranes were sub-
sequently incubated overnight at 4

 

8

 

C with polyclonal rabbit antibody
against amino terminus (N-20) or carboxyl terminus (C-20) of FasL,
at a concentration of 500 ng/ml. After extensive washing with TBS-T,
the blots were incubated for 1 h at room temperature with peroxi-
dase-conjugated protein A (200 ng/ml; Amersham), washed with
TBS-T, developed with ECL detection reagents (Amersham) for 1
min and exposed to X-Omat film (Eastman Kodak Co., Rochester,
NY). To reveal caspase-3 activation, aliquots of the lysates obtained
from uninfected or infected PTEC were subjected to SDS-PAGE and
electroblotting, as described. Western blot analysis of proenzyme and
cleavaged subunits was performed by using a 1:1,000 dilution of a
polyclonal rabbit anti–caspase-3 antibody and revealed by ECL, as
reported above.

 

Results

 

HIV-1 induces productive infection of renal tubular cells.

 

Primary
cultures of PTEC and MC were infected with HIV-1

 

P1

 

, a syn-
cytium-inducing virus strain adapted to T cell lines but able to
infect nonlymphoid cells (3, 26). HIV-1 replication in PTEC
was demonstrated by measurement of p24 content in culture
supernatants (Fig. 1 

 

a

 

) and by detection of both proviral DNA
and viral genomic RNA in the infected cells (Fig. 1 

 

b

 

). The es-
tablishment of HIV-1 productive infection was confirmed by
titration of infectious viral progeny released by PTEC cultures
(mean titer of 10

 

2.5

 

 SFU/ml at peak level). Active replication
of HIV-1

 

P1

 

 was also detected in MC; kinetics and grade of vi-
rus production were similar to those found in PTEC (Fig. 1 

 

a

 

).
However, the effect of HIV-1 infection was different in the
two cell types. Whereas viral replication in MC caused only
minor CPEs, HIV-infected PTEC showed, in contrast, a pro-
gressive reduction of cell viability and underwent death within
7–14 d p.i. (Fig. 1 

 

a

 

). The evidence achieved with primary cul-

Figure 1. Susceptibility of human renal 
cells to HIV infection. (a) Kinetics of p24 
levels (filled boxes) and cell viability (filled 
triangles) in cultures of PTEC and MC in-
fected with HIV-1. Cell viability is ex-
pressed as number of viable cells per cul-
ture. Consistent results were obtained with 
renal cells derived from six different do-
nors. The same outcome of HIV infection 
has been observed using immortalized MC 
and PTEC lines. (b) Detection of HIV-1 
nucleic acids in infected PTEC cultures. 
Amplification of LTR sequences was per-
formed using genomic DNA isolated from 
infected PTEC at different times p.i. De-
tection of gag was carried out by RT-PCR 
on total RNA obtained at the same time 
points as above (size markers: DNA 
marker V from Boehringer Mannheim). (c) 
Detection by RT-PCR of CD4 transcripts 
in immortalized MC and PTEC lines (size 
markers: DNA marker V). (d) Detection 
by RT-PCR of CXCR-4 transcripts in 
immortalized PTEC and MC lines (size 
markers: low-mass DNA ladder from 
GIBCO BRL).
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tures of MC and PTEC was confirmed by infecting renal cell
lines that retained phenotypic and functional characteristics
associated with differentiated glomerular mesangial and tubu-
lar epithelial cells, respectively (23, 25).

RT-PCR analysis of primary cultures revealed that both
PTEC and MC can synthesize mRNAs specific for CD4, the
major HIV receptor, and for CXCR-4, a chemokine receptor
identified as the main fusion cofactor of T lymphotropic HIV-1
strains (34, 35). This evidence was confirmed using immortal-
ized cell lines of PTEC and MC to avoid contamination of
nonrenal cells (Fig. 1, 

 

c

 

 and 

 

d

 

). By immunofluorescence tests,
we found that 15–25% of suspended cells from primary PTEC
and MC cultures showed positive staining for CD4. Flow cy-
tometry confirmed the presence of HIV receptors on the sur-
face of tubular cells and MC. Figs. 2 and 3 show FACScan

 

®

 

analysis of immortalized PTEC, that were 55% (

 

6

 

11) positive
for CD4 and 15% (

 

6

 

2) positive for CXCR-4. MC resulted as
positive 45% (

 

6

 

15) and 14% (

 

6

 

3), respectively. It must be
noted that lower levels of CCR3 (6

 

6

 

2%) and CCR5 (7

 

6

 

4%)
chemokine receptors were detected on PTEC surface (Fig. 3).
By two-color staining technique, we found that 8% (

 

6

 

4) of
PTEC are double positive for CD4 and CXCR-4, whereas 5%
(

 

63) of these cells coexpress CD4 and CCR5.
HIV-1 infection induces apoptosis of renal tubular cells. Fea-

tures of the HIV-infected PTEC observed by light micros-
copy were consistent with changes characteristic of apoptosis:
rounding and detachment of the cells with fragmentation and
shrinking of nuclei. To determine whether HIV-1 does induce
apoptosis of renal tubular cells, PTEC were infected with
HIV-1P1, harvested at different time points p.i., and examined
for DNA content in comparison with mock-infected cells.
Cytofluorometric analysis revealed the presence of hypodip-
loid cells from days 4–5 p.i. in the infected cultures (Fig. 4). By
day 10 p.i., the percentage of apoptotic cells was 60–80% and
by 14 d p.i. all the cells of infected PTEC cultures underwent
detachment and death. Evidence of CPE was not found in
mock-infected PTEC cultures. Apoptosis was confirmed by di-
rect observation of chromatin condensation and nuclear frag-

mentation with PI staining (Fig. 5 a). Time course studies of
the differential uptake of fluorescent DNA binding dyes re-
vealed the presence of early apoptotic cells from day 4 p.i. and
showed the progressive increase of the apoptotic changes in
parallel with the lasting of PTEC infection (Fig. 5 b). The acti-
vation of caspases is a critical event in the proteolytic cascade
elicited by apoptotic stimuli (36). Indeed, by Western blot
analysis of HIV-infected PTEC, we detected activated cas-
pase-3 (Fig. 6), an enzyme implicated in the effector phase of
apoptosis of different cell types (37). The exposure of tubular
cells to gp120, gp41, and Tat (viral components that are known
to induce apoptosis in other experimental models [30, 38, 39])
failed to impair the viability of PTEC cultures, whereas tubu-
lar cells underwent apoptosis when the infection was per-
formed with purified HIV-1P1 as the inoculum (data not
shown). These results indicate that apoptosis is a direct effect
of HIV-1 productive infection of renal tubular epithelial cells.

HIV-1 infection induces overexpression of Fas and sensitiza-
tion to Fas signaling in renal tubular cells. Several members of
the TNF receptor superfamily regulate cell survival (40). Re-
cently, it has been reported that human tubular epithelial cells
express Fas, a 43-kD member of TNF receptor family (41, 42).
In this study we found that 70–80% of the cells of PTEC line

Figure 2. Cytofluorometric analysis of membrane CD4 in renal tubu-
lar epithelial cells. Immortalized PTEC were stained with FITC-con-
jugated anti-CD4 mAb (shaded histogram) as reported in Methods. 
Negative control (empty histogram) was PTEC incubated with FITC-
conjugated isotype-matched irrelevant mAb.

Figure 3. Cytofluorometric analysis of chemokine receptors in renal 
tubular epithelial cells by indirect immunofluorescence. (A) FAC-
Scan® profile of immortalized PTEC incubated with isotype-matched 
control mAb and FITC-labeled goat anti–mouse IgG. Surface expres-
sion of CXCR-4 (B) and CCR5 (C) was evaluated by staining PTEC 
with specific mAbs, as reported in Methods.
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exhibited a positive staining for Fas, but HIV-1 infection in-
duced in the tubular cells a prominent upregulation of Fas
from days 2–3 p.i. (Fig. 7 a). On the contrary, no evidence of
membrane FasL (43) was found in HIV-infected PTEC with
FACScan® and Western blot analysis (Fig. 7 b), and neither
expression of FasL mRNA was detected by RT-PCR in tubu-
lar cells after infection (not shown). The treatment of PTEC
cultures with anti-Fas blocking antibody did not cause a signif-
icant reduction of HIV-induced CPE. In fact, the mortality of
HIV-infected PTEC at day 10 p.i. was 70615% in the case of

untreated cultures, and 60612% (P 5 ns) in cultures of tubu-
lar cells added with anti-Fas mAb. According to a recent re-
port (42), uninfected PTEC were resistant to Fas stimulation,
as determined by measurement of cell viability after treatment
with specific IgM-inducing Fas ligation (Fig. 8). In contrast, the
addition of the anti-Fas agonistic antibody to the infected
PTEC cultures at day 2 p.i. did relevantly increase and precipi-
tate apoptotic changes of tubular cells, in comparison with the
spontaneous kinetics of HIV-induced apoptosis (Fig. 8). Simi-
lar results have been obtained treating HIV-positive cultures

Figure 4. HIV-induced apoptosis of renal 
tubular epithelial cells. DNA histograms of 
infected PTEC taken at the indicated time 
points p.i. and stained with PI to evaluate 
the DNA content. Apoptotic cells are char-
acterized by low DNA stainability and ap-
pear below the G1 peak in the distribution. 
At day 10 p.i., the proportion of hypodip-
loid cells in HIV-infected PTEC cultures 
was 70% (range 60–85%) versus 1–3% in 
mock-infected PTEC cultures.

Figure 5. Direct visualization of HIV-
induced apoptosis of renal tubular epithe-
lial cells. (a) PTEC were stained with PI at 
day 5 p.i. Apoptotic cells show chromatin 
condensation and fragmentation of nuclear 
material (original magnification, 3600). (b) 
Quantification of cell viability and apop-
totic index by acridine orange/ethidium 
bromide uptake of infected PTEC at 10 d 
p.i. HIV-induced death of tubular cells is 
characterized by absence of lysis, cell de-
tachment, and nuclear modification: late 
apoptotic PTEC show orange nuclei with 
bright areas of condensed chromatin (origi-
nal magnification, 3200).
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with supernatants of COS cells transfected with human FasL
cDNA, but not with mock-transfected COS supernatants (data
not shown). These findings indicate that HIV-1 productive in-
fection can sensitize the tubular epithelial cells to Fas-medi-
ated programmed cell death.

Caspase inhibition prevents apoptosis of HIV-infected renal
tubular cells without affecting viral replication. Since the inhi-
bition of caspase functions has been shown to block the
development of programmed cell death (44), we evaluated
whether HIV-induced PTEC apoptosis could be prevented by
treatment with z-VAD-CH2F peptide, an irreversible caspase
inhibitor (45). As shown in Fig. 9 a, the death of HIV-infected
tubular cells was prevented by peptide addition to the infected
cultures at day 1 p.i. Similar results have been obtained using
Ac-DEVD-CHO peptide specific for caspase-3 (46). Western
blot analysis of HIV-infected PTEC treated with this peptide
demonstrated an effective inhibition of caspase-3 activation
(data not shown). By flow cytometry or light microscopy, apop-

totic changes or manifestations of overt CPEs were not de-
tected in the infected PTEC cultures treated with caspase in-
hibitors. Modifications of growth rate and cell viability were
not observed in uninfected PTEC cultures after inhibition of
caspase activity. Fig. 9 b demonstrates that treatment with
z-VAD-CH2F peptide blocks HIV-induced apoptosis in a
dose-dependent fashion. The addition of z-FA-CH2F peptide,
caspase inhibitor negative control, did not influence PTEC
commitment to death caused by HIV infection. Upon inhibi-
tion of caspases, we did not observe relevant effects on virus
replication, measured in terms of both extracellular p24 levels
and production of infectious progeny from PTEC cultures at
the early phase (up to day 4 p.i.) of the infection. Instead, at
day 10 p.i. reduced contents of p24 were detected in HIV-
infected cultures undergoing apoptosis (24 pg/ml) in respect to
infected cultures treated with caspase inhibitors (155 pg/ml).
This evidence can be explained by the reduction of the viable
cells actively replicating HIV-1. These findings indicate that
caspase inhibition can prevent the death of HIV-infected tubu-
lar cells by blocking the apoptotic pathway activated by HIV
infection without interfering with virus replication.

Discussion

HIV-associated renal diseases affect up to 10% of the infected
individuals, but their prevalence is probably underestimated
and is going to increase, since prolonged survival of HIV pa-
tients is being achieved with antiviral therapy (47). Tubular
damage is a hallmark of renal injury in HIV-1 infection. Both
acute renal failure and HIVAN developing end-stage renal
disease are characterized by severe tubulopathy with degener-
ative and apoptotic changes of tubular cells (6, 15). Studies on
virus detection in renal tubuli of HIVAN patients reported
conflicting results (8, 9, 12, 48). Recently, renal epithelial cells
were infectable in particular experimental conditions, i.e., after
exposure to high titers of primary HIV-1 isolates from children
with HIVAN (14). Indeed, our results demonstrate that PTEC
are susceptible to HIV-1 replication and undergo apoptosis as
a consequence of the virus infection.

Figure 6. Western blot 
analysis of caspase-3 ex-
pression in renal tubu-
lar epithelial cells. Cell 
lysates were collected 
and processed by West-
ern blotting as reported 
in Methods. Lane 1, 
HIV-infected PTEC at 
day 1 p.i.; lane 2, HIV-
infected PTEC at day 4 

p.i.; lane 3, uninfected PTEC. Inactive proenzyme (32 kD) was found 
in all samples. The activated form of caspase-3, consisting of large 
(17–22 kD) and small (10–12 kD) subunits, was detected in HIV-
infected PTEC undergoing apoptosis.

Figure 7. Evaluation of 
the involvement of Fas/
FasL pathway in HIV-
induced apoptosis of 
infected renal tubular 
epithelial cells. (a) 
Cytofluorometric anal-
ysis of Fas expression in 
uninfected (empty histo-
gram) and HIV-infected 
(shaded histogram) 
PTEC by indirect 
immunofluorescence. 
Negative controls were 
cells stained with iso-
type-matched irrelevant 
mAb as primary anti-
body (not shown). (b) 
Western blot analysis of 
FasL expression. Cell 
lysates of COS cells 
transfected with human 

FasL full-length cDNA were used as positive control (lane 1). Cell ly-
sates of uninfected PTEC and HIV-infected PTEC at day 4 p.i. were 
run in lanes 2 and 3, respectively. Samples of HIV-infected PTEC 
taken at different times p.i. were constantly negative for FasL expres-
sion. SDS-PAGE was performed in reducing conditions; Western 
blots were stained with anti-FasL C-20 antibody (see Methods).

Figure 8. Sensitization of HIV-infected tubular epithelial cells to Fas-
mediated apoptosis. The treatment at day 2 p.i. (arrow) with agonistic 
anti-Fas IgM (100 ng/ml) enhanced programmed cell death in in-
fected PTEC. As a control, treatment with anti-Fas IgM did not influ-
ence cell viability of uninfected PTEC.
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Generally, HIV-1 tropism is restricted at the level of the vi-
rus entry (49). Recent studies demonstrate that expression of a
high-affinity receptor and an appropriate coreceptor is neces-
sary to render target cells permissive for attachment and pene-
tration of the different HIV-1 strains (50). The permissiveness
of PTEC and MC to HIV-1P1 can be explained by cell expres-
sion of CD4 and CXCR-4, the major coreceptor for T-tropic
virus strains (34, 35). The detection of CCR5 and CCR3
chemokine receptors on the cell surface of PTEC suggests that
tubular cells can also be susceptible to M-tropic or dual-tropic
HIV-1 strains (51, 52). This finding accounts for the recent re-
port that all the primary viral isolates capable of infecting renal
epithelial cells could infect macrophages (14).

In this study we observed that HIV-1 can actively replicate
both in PTEC and MC, but the outcome of viral infection is
different in these two renal cell types. Whereas infected MC
did not develop overt CPE, HIV-1 infection did irreversibly
cause the death of PTEC by apoptosis. This finding may ex-
plain the histopathological features of HIV-induced kidney
damage. In fact, both acute renal failure and HIVAN are char-
acterized by severe tubulopathy with prominent apoptotic fea-
tures, tubular atrophy and formation of microcystic dilatation
of tubuli (6, 7, 15). Our results demonstrate that apoptosis and

loss of tubular cells can occur as a direct effect of HIV-1 infec-
tion of these cells.

AIDS is characterized by cell injury in several organs and
tissues (1, 53). A body of evidence shows that programmed cell
death plays a pivotal role in CD41 lymphocyte depletion (17,
18). Recent studies point out that apoptosis of nonlymphoid
cells (neurons, astrocytes, and endothelial cells) may also con-
tribute to the development of prominent pathologies of AIDS,
such as brain damage and thrombotic thrombocytopenic pur-
pura (54, 55). In these cases, the apoptotic changes have been
related to soluble factors produced during virus infection. Our
results indicate that HIV-1 can directly induce apoptosis of pa-
renchymal epithelial cells susceptible to productive infection.

Programmed cell death is considered a mechanism of tubu-
lar damage in many different renal diseases, but the pathways
involved in the apoptotic response of renal cells are still under
investigation (56). In this study we tested the possibility that
Fas/FasL apoptotic pathway was operative in HIV-induced
killing of renal tubular cells. Our results confirmed that PTEC
express Fas (43), a membrane protein transducing a death sig-
nal in permissive cells upon ligation, but FasL activity was not
found in HIV-infected cultures, neither Fas blockade with a
neutralizing antibody significantly reduced apoptosis of HIV-
infected PTEC. However, whereas normal tubular cells were
resistant to Fas stimulation as reported (43), HIV-infected
PTEC showed Fas overexpression and sensitization to apop-
totic pathway elicited by FasL or Fas cross-linking antibodies.
It is of note that a similar condition may occur in vivo. In
HIV-infected patients FasL-bearing lymphoid cells may estab-
lish trans-interaction with Fas-upregulated tubular cells (21).
Moreover, the enhanced glomerular permeability of HIVAN
patients may expose PTEC to a high concentration of filtered
immunoglobulins. Anti-Fas autoantibodies and anti-gp120
IgG cross-reacting with Fas were detected recently in HIV pa-
tients (57, 58). Thus, Fas agonistic antibodies could represent
the luminal apoptotic triggers for PTEC already sensitized to
Fas signaling after HIV entry through basolateral surfaces.
Our results indicate that HIV infection of renal tubular cells
causes intracellular events allowing Fas sensitization and lead-
ing to the activation of programmed cell death. This conclu-
sion is consistent with the finding of tubular apoptosis in trans-
genic mice expressing HIV genes (16). Self-association of
death domain of Fas can lead to spontaneous signaling, inde-
pendent of ligand, in case of failure of the intracellular mecha-
nisms restricting Fas aggregation (59). Further studies are
needed to clarify whether apoptosis of HIV-infected PTEC
overexpressing Fas is caused by this phenomenon or by in-
duction of other apoptotic events like ceramide production
(60, 61).

Caspases play a central role in the core signaling pathway
of apoptosis (36). It was reported recently that the differential
expression of a member of this protease family can modulate
the susceptibility to apoptosis of lymphocytes taken from HIV-
positive patients (62). In our study we detected caspase-3 acti-
vation in HIV-infected PTEC undergoing apoptosis. On the
other hand, we found that the timely inhibition of caspase ac-
tivity prevents the development of apoptotic changes and pre-
serves the viability of the infected tubular cells. Virus production
was not impaired in PTEC cultures treated with peptide-based
inhibitors, in agreement with the results obtained blocking
apoptosis of HIV-infected lymphoid cells (63, 64). Thus, the
inhibition of caspase appears to prevent virus-induced death of

Figure 9. Prevention of HIV-induced apoptosis of infected renal tu-
bular epithelial cells by caspase inhibition. (a) Effect of caspase-
inhibiting peptide z-VAD-CH2F (100 mM) on viability of HIV-
infected PTEC cultures. This treatment did not modify the viability 
and growth rate of uninfected PTEC (not shown). (b) Dose depen-
dence of the antiapoptotic activity of caspase inhibitor on HIV-
induced death of PTEC. Cell viability was evaluated at day 12 p.i.
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tubular cells without altering virus replication. The beneficial
effect of cell survival obtained by arresting apoptosis in HIV-
infected cell populations may provide a rationale for combin-
ing antiviral drugs with antiapoptotic agents in order to clear
infection and also to preserve tissue integrity and functions at
the same time (65).

In conclusion, we found that both human mesangial and tu-
bular cells are permissive to HIV-1 entry and are able to sus-
tain active replication of the virus. However, a distinct effect
on cell viability was observed in these two renal cell types after
infection. HIV-1 kills tubular cells by triggering apoptosis with
activation of caspases. Fas/FasL interactions are not involved
in this phenomenon, but HIV-infected PTEC are sensitized to
Fas-mediated apoptosis. Caspase inhibition rescues the in-
fected PTEC from commitment to death in spite of the persis-
tence of HIV replication. Since these findings are consistent
with the histopathological features of tubulopathy in HIV-
induced renal injury, our results may explain the pathogenesis
of this common condition in the infected patients and suggest
novel therapeutic hints.
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