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Pathogenesis of
HIV-Associated Nephropathy

Jeremy S. Leventhal, MD, and Michael J. Ross, MD

Summary: Human immunodeficiency virus–associated nephropathy (HIVAN) is a leading
cause of end-stage renal disease in the HIV-1–seropositive population. HIVAN, which is
characterized by heavy proteinuria and a rapid decline in renal function, is caused by infection
and subsequent expression of viral genes in renal epithelial cells, although the exact mech-
anism of viral entry into these cells is unknown. The infected renal epithelium is a distinct
compartment that supports the evolution of viral strains that may diverge from those found
in the patient’s blood. Research using animal models and in vitro studies has shown that vpr
and nef are the HIV-1 genes most responsible for inducing the characteristic clinical and
histopathologic syndrome of HIVAN. Dysregulation of several host factors, including media-
tors of inflammation, apoptosis, proliferation, transcription, and cell–cell interactions, are
also critical factors in determining whether infection of the renal epithelium will lead to
HIVAN. Additional research is required to delineate the mechanisms of HIVAN pathogenesis
further so that more effective interventions can be implemented to prevent and treat this
disease.
Semin Nephrol 28:523-534 © 2008 Elsevier Inc. All rights reserved.
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t has been nearly 25 years since the first
published case series describing the clinical
and histopathologic syndrome of human im-

unodeficiency syndrome–associated nephropa-
hy (HIVAN).1 The classic clinical presentation of
IVAN is one of rapidly progressive azotemia as-

ociated with severe proteinuria, often in ne-
hrotic range, and little or no peripheral edema
reviewed by Wyatt et al in this issue of Seminars
n Nephrology, p. 513).2 HIVAN may not be
haracterized simply as a glomerular or tubulo-
nterstitial renal disease because of widespread
bnormalities present in the renal parenchyma.
iopsy findings include focal glomerulosclero-
is, often of the collapsing variant, with col-
apse of the glomerular tuft and proliferation
nd hypertrophy of podocytes, sometimes
orming a cellular “pseudocrescent” in Bow-
an’s space.3 Tubulointerstitial disease is also a
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rominent finding, and includes microcystic di-
atation of renal tubules and pleiocytic inflam-

atory interstitial infiltrates and fibrosis.4,5

ince its original description, the pathogenesis
f HIVAN has been studied intensely by many

nvestigators. In this review, we describe the
urrent state of our understanding of the mech-
nisms by which host and viral factors interact
o create the clinical and pathologic syndrome
f HIVAN.

IV INFECTION OF THE KIDNEY

IV-Infected Renal Epithelium
s a Distinct Viral Compartment

everal early studies focused on the question of
hether HIV infects renal parenchymal cells in
IVAN with conflicting results.6-8 The issue re-
ained unresolved until Bruggeman et al9 pub-

ished a study in which biopsy specimens were
ollected prospectively from 21 HIV-positive
atients with renal disease including HIVAN
N � 16) and other renal diseases (N � 5). The
nvestigators used several techniques, RNA in

itu hybridization, and DNA in situ polymerase
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524 J.S. Leventhal and M.J. Ross
hain reaction to detect HIV nucleic acid in
enal biopsy specimens. They detected HIV in-
ection of renal epithelial cells, including podo-
ytes, glomerular parietal epithelial cells, and
ubular cells, in the majority of biopsy samples.
IV was detected in kidney specimens from
atients with HIVAN and other forms of renal
isease and further studies have shown that
IV infection and tubular microcystic dilatation
ccur in a focal distribution that can affect all
ephron segments.4 Renal tubular infection by
IV-1 in a patient with HIVAN is shown in Fig.
. These findings were confirmed recently and
xtended by Tanji et al,10 who reported that in
ddition to renal epithelial cells, HIV-infected
acrophages and T cells are present in the

enal interstitium. No studies have definitely
hown infection of nonepithelial renal paren-
hymal cells in vivo.

Interestingly, in the series from Bruggeman
t al,9 HIV-1 RNA was detected in each of the 4
atients who had no detectable viral RNA in the
lasma, suggesting that HIV can remain tran-
criptionally active in renal epithelial cells even
n the presence of maximal viral suppression

ith antiretroviral therapy (ART). This persis-
ence of renal HIV expression was highlighted
urther by a report by Winston et al11 of a
atient who presented with HIVAN in the set-
ing of acute HIV-1 seroconversion. Despite a
apid reduction of plasma HIV RNA to undetect-
ble levels and resolution of clinical renal dis-
ase, examination of renal biopsy tissue taken
fter the response to treatment revealed no
hange in the expression of HIV-1 RNA. To-

igure 1. Detection of viral nucleic acids in renal biopsy
pecimens by in situ hybridization. (a) Antisense ribopro
ense riboprobe was used as a negative hybridization co
ublishers Ltd: Nat Med. 2002;8:522-526. Copyright 20
ether, these studies showed that HIV-1 infec- e
ion of the renal epithelium occurs in the majority
f HIV-infected patients with renal disease and
hat the virus is not eradicated from the kidney
y currently available ART regimens.

The HIV-1 reverse transcriptase enzyme lacks
proofreading function and is therefore prone

o making errors when synthesizing proviral
NA from its RNA template, allowing the virus

o evolve rapidly and for distinct viral quasispe-
ies to exist in each infected individual.12 Mar-
as et al13 studied whether renal epithelial cells
arbor HIV quasispecies that are distinct from
lood-derived virus isolated from the same pa-
ients. They compared viral sequences isolated
rom HIV-infected renal tubules with those de-
ived from peripheral blood mononuclear cells
PBMCs) from the same patients. They found
hat in each patient, the kidney-derived HIV
equences were similar to but distinct from the
BMC-derived HIV sequences. There are 2 impor-
ant conclusions to be drawn from this study: the
resence of distinct renal HIV quasispecies
roved that renal tubular cells are capable of sup-
orting HIV replication and that the kidney is a
eparate viral compartment that may support evo-
ution of divergent viral strains. Because testing of
lood-derived HIV for mutations that predict re-
istance to ART is an important strategy for guid-
ng HIV treatment, it will be important to deter-

ine if the renal epithelium supports persistence
f viral quasispecies that are resistant to ART.

echanism of HIV-1 Renal Infection

he mechanism by which HIV-1 enters renal

ens. Detection of viral messenger RNA in HIVAN biopsy
bridization shows positive tubular epithelial cells. (b) A
n serial section. Adapted by permission from Macmillan
specim
be hy

ntrol i
pithelial cells remains unknown. The virus in-
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Pathogenesis of HIVAN 525
ects lymphocytes and macrophages via inter-
ction of the viral envelope protein gp120 with
he cellular CD4 receptor and either the CXCR4
r CCR5 co-receptor. Conaldi et al14 detected
XCR4 and CD4 in a subpopulation of cultured

enal epithelial cells, suggesting that HIV-1 may
nfect renal epithelial cells via these receptors.
owever, these studies were performed in cul-

ured cells, which are vulnerable to contamina-
ion with nonepithelial cells and may express
roteins not present in vivo. In contrast, Eitner
t al8,15 was unable to detect CXCR4 or CCR5
essenger RNA by in situ hybridization in renal

pithelial cells in biopsy specimens from pa-
ients with HIVAN, normal kidneys, and pa-
ients with renal allograft rejection.

Ray et al16 reported infection of primary re-
al tubular epithelial cells (RTECs) using HIV

solated from the PBMCs of children with
IVAN, but not when using common labora-

ory HIV isolates. The addition of a CD4 anti-
ody did not inhibit infection, suggesting that
TEC infection by renal tropic HIV virus may
ccur via a CD4-independent mechanism. An-
ther group characterized the tropism of chi-
eric viruses containing HIV envelope se-

uence cloned from infected tubular epithelial
ells in HIVAN biopsy specimens and PBMCs
rom the same patients. They found that the
idney-derived viruses were capable of infect-
ng cells expressing CD4 and either CXCR4 or
CR5, whereas the blood-derived viruses could

nfect only CCR5-expressing cells.17 The inves-
igators also showed that kidney-derived iso-
ates were able to infect cell lines using the
lternate HIV co-receptors BONZO/STRL33 and
OB/GPR15. This study suggests that the mech-
nism of viral entry into renal epithelial cells is
ependent on both host and viral factors. How-
ver, because the in vivo expression of these
lternate HIV co-receptors in renal epithelial
ells has not been well characterized, their role
n viral entry remains unknown. A recent study
eported that the C-type lectin DEC-205 can
ediate internalization and nonproductive in-

ection of the HK-2–immortalized tubular cell
ine.18 It is not clear how to reconcile this study

ith the many others showing that HIV estab-
ishes productive infection of tubular epithelial

ells. Taken together, these studies suggest that d
here may be renal tropic strains of HIV and the
eceptor use of these HIV variants may differ
rom common HIV isolates. However, the ques-
ion of how HIV gains entry into renal epithelial
ells remains unresolved.

IVAN Is Caused by HIV
nfection of Renal Epithelial Cells

tudies using transgenic animal models have
een invaluable for determining the viral and
atient-related factors that contribute to the
athogenesis of HIVAN. In the most extensively
sed transgenic model, known as Tg26, mice
re transgenic for an HIV provirus with dele-
ions of the gag and pol genes that is expressed
nder control of the endogenous viral long ter-
inal repeat (LTR) promoter. Tg26 mice de-

elop a clinical and histopathologic syndrome
hat is identical to HIVAN. Similar to human
eings, in whom susceptibility to HIVAN is
ighly influenced by genetic factors (see the arti-
le by Wyatt et al in this issue, p. 513), the Tg26
henotype is highly dependent on the genetic
ackground of the mice.19 Gharavi et al20 used
enome-wide linkage analysis to identify genetic
oci that are associated with a risk for developing
he HIVAN phenotype, although the culprit genes
ave not yet been identified.

Investigators have used the Tg26 model to
etermine whether the HIVAN phenotype is a
esult of renal expression of HIV-1 genes or,
lternatively, the effect of systemic factors on
he kidney. In reciprocal transplantation stud-
es, kidneys from Tg26 mice that were trans-
lanted into wild-type mice developed the
IVAN phenotype whereas wild-type kidneys

ransplanted into Tg26 mice remained normal,
hereby showing that renal expression of HIV
enes is necessary to produce the HIVAN phe-
otype.21

Expression of HIV-1 genes in vitro is able to
ecapitulate many of the cellular abnormalities
ssociated with HIVAN in vivo. One of the his-
opathologic hallmarks of HIVAN is the pres-
nce of podocyte proliferation. Normal podo-
ytes are terminally differentiated quiescent
ells and in most forms of chronic renal disease
he number of podocytes decreases.22 In
IVAN, however, podocytes proliferate and un-

ergo dedifferentiation with loss of expression
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526 J.S. Leventhal and M.J. Ross
f podocyte-specific markers including CALLA,
ynaptopodin, WT-1, and podocalyxin.23,24

chwartz et al25 showed that podocytes isolated
rom Tg26 mice have increased levels of prolif-
ration and express lower levels of podocyte
arkers than podocytes isolated from wild-type
ice. Furthermore, infection of wild-type podo-

ytes with HIV-1 induces these same changes in
itro.26 The availability of transgenic models
nd in vitro cell-based assays that reliably model
he in vivo histopathologic features of HIVAN
ave allowed investigators to identify viral and
ost factors that are critical for HIVAN patho-
enesis. The various transgenic models that
ave been used to study HIVAN pathogenesis
re summarized in Table 1.

IRAL FACTORS

he polycistronic 9-kb HIV-1 RNA genome en-
odes 9 genes.27 Animal models and in vitro
tudies have delineated the viral genes respon-
ible for inducing derangements in the pheno-

Table 1. Summary of Transgenic Models of H

Species/Reference
Promoter Controlling

HIV Expression HIV Genes Exp

Mouse (Tg26)19 HIV LTR promoter All HIV genes exc
and pol

Mouse28 Nephrin promoter All HIV genes exc
pol, and env

Mouse31,32 CD4 promoter Whole HIV geno
well as experim
mutations of i
HIV genes

Mouse34 Podocin promoter-driven
Cre recombinase
activates nef
expression

nef

Mouse73 HIV LTR promoter All HIV genes exc
pol, and nef

Mouse35 HIV LTR promoter Deletions of vpr
nef

Mouse35 c-fms promoter vpr

Mouse29 Nephrin promoter Transgenic lines
expressing ind
HIV genes (vif,
vpu, nef, rev, o
and vpr/nef do
transgenic

Rat74 HIV LTR promoter All HIV genes exc
and pol

Abbreviation: FSGS, focal segmental glomerulosclerosis.
ype of renal epithelial cells and the mecha-
isms by which they produce renal pathology.

The Tg26 mouse model, which recapitulates
he full HIVAN phenotype, lacks the gag and
ol genes, making it unlikely that expression of
ither of these genes is necessary for HIVAN
athogenesis.19 Moreover, Zhong et al28 created
everal murine transgenic lines that expressed
ll HIV genes except gag, pol, and env under
ontrol of the nephrin promoter, thereby en-
uring podocyte-specific gene expression. Most
f these mice developed proteinuria and the
ypical glomerular and tubular changes of
IVAN. The renal phenotype in these mice also
as dependent on the genetic strain of the
ice, with a severe phenotype noted in FVB/N
ice (same strain as Tg26) and minimal disease

n C57BL/6 mice. This study suggests that ex-
ression of vif, vpu, vpr, tat, rev, and/or nef in
odocytes is sufficient to induce the HIVAN
henotype. Several additional transgenic mod-
ls expressing combinations of HIV genes un-

Location of
Transgene Expression Renal Phenotype

Various tissues FSGS with tubulointerstitial disease
and proteinuria

, Podocytes FSGS, tubulointerstitial disease,
and proteinuria

l

CD4-positive cells Tubulointerstitial disease
(dependent on intact nef SH3
domain)

Podocytes Podocyte dedifferentiation and
proliferation; no proteinuria or
FSGS

, Various tissues FSGS, microcystic tubular
dilatation, interstitial infiltrate,
proteinuria

Various tissues FSGS, and proteinuria only in mice
with intact vpr

Macrophages FSGS with evidence of epithelial
cell proliferation but no tubular
disease

Podocytes Podocyte injury and FSGS in vpr
and nef transgenic mice,
worsened glomerular disease in
nef/vpr mice

Various tissues FSGS, mesangial hypercellularity,
microcystic dilatation, and
interstitial disease
IVAN

ressed

ept gag

ept gag

me as
ental

ndividua

ept gag

and/or

ividual
vpr,
r tat),
uble

ept gag
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Pathogenesis of HIVAN 527
er control of the HIV and/or cell type–specific
romoters have been created to determine the
ene(s) responsible for inducing HIVAN. Zuo et
l29 created transgenic mouse lines expressing a
ingle HIV genes (vif, vpr, vpu, nef, rev, or tat)
nder the control of the nephrin promoter.
nly transgenic mice expressing vpr and/or nef
eveloped proteinuria and focal glomeruloscle-
osis, with the most severe phenotype occur-
ing in mice transgenic for both nef and vpr.
ccordingly, much recent research has cen-

ered on the role of these 2 genes in HIVAN
athogenesis.

EF

ef is a 206-amino acid protein with many re-
orted functions, including reduction of CD4
rafficking to the cell surface, effects on cyto-
ine expression, and prevention of apoptosis.30

anna et al31 created transgenic mice that ex-
ress nef under the control of the human CD4
romoter. These mice developed several fea-
ures of acquired immune deficiency syn-
rome–like illness (loss of CD4� cells, wasting,
nd so forth) and interstitial nephritis. The rel-
vance of this model to HIVAN is limited by the
ack of a glomerular phenotype and because it
s unlikely that the transgene was expressed in
enal epithelial cells. When the same group
ater generated mice that were transgenic for
ef with a mutated SH3 binding domain, the
esulting mice developed neither an acquired
mmune deficiency syndrome phenotype nor
enal disease.32 This SH3 binding domain im-
ues Nef with the ability to interact with many
roteins, including those of the Src-family of
yrosine kinases, which include Hck, Lck, and
yn. Breeding CD4 nef-transgenic mice with
ck-mutant mice did not prevent renal disease,
uggesting that Nef-Hck interaction was not
ecessary for development of disease in this
odel.
To determine the HIV-1 gene(s) necessary for

nducing podocyte proliferation, Husain et al26

nfected murine podocytes with a series of len-
iviral vectors, each of which harbored a muta-
ion in a single HIV gene. They found that muta-
ion of nef completely eliminated podocyte
roliferation and that infection of podocytes with

vector expressing nef alone induced podocyte t
roliferation and dedifferentiation. Nef is there-
ore necessary and sufficient to induce podo-
yte abnormalities in vitro that closely model
hose found in HIVAN.

He et al33 performed studies to elucidate the
ef-induced signaling pathways that result in

he characteristic podocyte abnormalities in
IVAN. They showed that nef induced prolifer-
tion, and dedifferentiation of murine podo-
ytes is mediated via Src kinase activation, with
ubsequent phosphorylation and activation of
ignal transducer and activator of transcription
(Stat3) and mitogen-activated protein kinase

MAPK)1,2. Higher levels of phosphorylated
APK1,2 and Stat3 also were found in human
IVAN samples and Tg26 mice. Mutation of the
ef SH3 domain, which is required for its ability

o interact with and activate Src kinase, pre-
ented nef-induced proliferation and dediffer-
ntiation. Conversely, expression of a domi-
ant-negative Src also prevented the effects of
ef expression (Fig. 2).33

Recently, 2 groups reported renal pheno-
ypes in separate transgenic models in which

igure 2. Role of Src activation in Nef-induced
APK1,2 and Stat3 phosphorylation and phenotypic

hanges in podocytes. Control vector-infected (Vector)
r Nef-infected (Nef) podocytes were transfected with
ominant-negative Src (Src-DN) and then selected with
ygromycin B. Inhibition of Src by Src-DN inhibited (A)
ef-induced activation of cyclin E, Stat3, and MAPK1,2,

B) as well as Nef-induced decrease in expression of
ynaptopodin and (C) Nef-induced podocyte prolifera-

ion.33 Adapted with permission from He et al.33
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528 J.S. Leventhal and M.J. Ross
ice express nef under the control of podo-
yte-specific promoters. In the study by Husain
t al,34 the investigators did not detect clinical
enal disease (proteinuria or renal failure), but
odocytes that expressed nef showed loss of
xpression of the podocyte differentiation
arkers WT1 and synaptopodin, and had in-

reased expression of the proliferation marker
i-67. Zuo et al29 also created mice in which nef
as expressed specifically in podocytes using a
ephrin promoter. They found that the pheno-

ype of the mice was variable, with 4 of 11
ounder lines developing glomerular disease
predominantly focal and segmental glomerulo-
clerosis). Further characterization revealed de-
reased expression of synaptopodin in glomer-
li of nef-transgenic mice.

Together, these studies provide compelling
vidence that expression of nef in podocytes is
n important component of HIVAN pathogene-
is, with particular roles in inducing podocyte
ifferentiation and proliferation. The effect of
ef expression in tubular epithelial cells has not
een well studied.

PR

pr is a 96–amino acid protein whose actions
n the HIV life cycle include facilitating nuclear
mport of the HIV preintegration complex and
ransactivation of the viral LTR promoter. A role
or vpr in HIVAN pathogenesis was first sug-
ested by Dickie et al,35 who created HIV trans-
enic mice that had mutations in either nef or
pr. They found that only mice with an intact
pr gene developed proteinuria and glomerulo-
clerosis. The investigators also created trans-
enic mice expressing tat and vpr under the
ontrol of the LTR promoter. These animals
eveloped significant proteinuria and glomeru-

osclerosis. The renal phenotype was more se-
ere when these mice were crossed with the
pr-mutant mice, suggesting that other HIV
enes worsen the course of vpr-induced renal
isease. Interestingly, another transgenic line in
hich vpr was expressed under control of the

-fms (macrophage-specific) promoter also de-
eloped modest proteinuria and glomeruloscle-
osis. The mechanism of renal pathogenesis in
hese mice is unclear, however, because free

pr protein can directly transduce cells, it is m
ossible that macrophage-derived Vpr was
aken up by renal epithelial cells, resulting in
he renal phenotype.

Few studies have addressed the role of vpr in
nducing tubular disease. Studies in nonrenal
ells have shown that vpr can induce several
ellular effects, including G2/M cell-cycle arrest
nd apoptosis.36 Recently, Rosenstiel et al37

howed that vpr expression in the HK-2 human
roximal tubular epithelial cell line impaired cy-
okinesis and induced accumulation of multinu-
leated cells. Moreover, they found that RTEC in
g26 mice and human HIVAN biopsies had in-
reased levels of epithelial cell hypertrophy and
ultinucleation. These findings suggest that the

n vitro abnormalities observed in vpr-express-
ng HK-2 cells also are present in HIVAN, thus
roviding important insights into the mecha-
ism of tubulointerstitial disease in HIVAN.

AT and ENV

at is a 101–amino acid protein that, similar to
pr, can be detected in the serum of infected
atients. Tat is a critical activator of HIV tran-
cription and can induce cellular changes in-
luding cytokine production and apoptosis.38

onaldi et al39 reported that incubation of pri-
ary podocytes with Tat protein induces dose-

ependent proliferation and loss of differentia-
ion markers in vitro. Deciphering the relevance
f these studies to disease pathogenesis is ham-
ered by the fact that the podocytes were de-
ived from Caucasian patients, who are not usu-
lly susceptible to HIVAN, and because several
nvestigators have failed to detect renal disease

hen Tat is expressed alone in murine models.
t is possible, however, that Tat may potentiate
enal injury when present in addition to nef and
pr.

The HIV-1 env gene encodes the gp160 pro-
ein, which after proteolytic cleavage yields the
p120 and gp41 proteins. Gp120 is present on
he surface of HIV virions and facilitates infec-
ion of target cells by interacting with CD4 and

co-receptor. One group has reported that
p120 can induce aberrant proliferation and
poptosis of human mesangial cells40 and apo-
tosis of both tubular and glomerular epithelial
ells.41,42 Because HIV is not known to infect

esangial cells in vivo, and mice expressing the
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Pathogenesis of HIVAN 529
nv gene alone do not develop renal disease,
he role of gp120 in the pathobiology HIVAN
emains unclear.

OST FACTORS

lthough HIV infection of the renal epithelium
s a necessary step in HIVAN pathogenesis, only
enetically susceptible persons respond to this
nfection by developing HIVAN. The host re-
ponse to HIV infection is therefore a critical
eterminant in the pathobiology of HIVAN. Al-
hough genetic factors clearly contribute to the
usceptibility of blacks to HIVAN, these factors
emain unknown. However, several studies
ave identified features of the response of renal
pithelial cells to HIV gene expression that con-
ribute to the development of progressive renal
isease. The major renal epithelial cellular pro-
esses affected by HIV infection that lead to
he development of HIVAN are summarized
n Fig. 3.

actors Promoting
poptosis and Fibrogenesis

ncreased apoptosis of tubular epithelial cells
nd interstitial fibrosis are common findings in
any nephropathies, including HIVAN. Bodi et

l43 compared biopsy specimens from patients
ith HIVAN with HIV-seronegative patients
ith focal segmental glomerulosclerosis and

ound a substantially higher rate of tubular ep-

igure 3. Diagrammatic depiction of biological path-
ays altered by HIV infection of renal epithelial cells,
peading to progressive renal failure.
thelial apoptosis. Interestingly, no increase in
poptosis was observed in HIVAN glomeruli.

Conaldi et al14 showed the ability of HIV-1 to
nfect human tubular cells and induce apopto-
is in vitro. HIV infection induced extensive
aspase-dependent apoptosis of proximal tu-
ular cells and, in further experiments, the

nvestigators found that the apoptosis-inducing
eceptor, Fas, was up-regulated by HIV infec-
ion. The importance of Fas up-regulation in
IV-induced tubular cell apoptosis was not
lear because addition of Fas-blocking antibod-
es to the cells did not prevent apoptosis.

Transforming growth factor (TGF)-� is a cy-
okine with important roles in promoting renal
brogenesis and apoptosis in several animal
odels of renal disease.44-46 Quantitative poly-
erase chain reaction analysis of biopsy speci-
ens from patients with HIVAN showed signif-

cantly increased levels of TGF-� messenger
NA when compared with biopsy specimens of
IV-positive patients without signs of HIVAN47

nd TGF-� protein levels are increased in HIV-
ositive patients with glomerular disease.48 In
itro cell culture models have suggested that
IV gene products may increase TGF-� expres-

ion in renal parenchymal cells,49,50 however,
he effect of TGF-� inhibition has not been
ested in in vivo models of HIVAN.

Ross et al51 reported that the ubiquitin-like
rotein FAT10 is one of the most up-regulated
enes after HIV infection in a RTEC line derived
rom a patient with HIVAN. Expression of
AT10 also was increased in kidneys from Tg26
ice and in HIVAN biopsy specimens, and pre-

ention of FAT10 expression using RNA interfer-
nce prevented HIV-induced apoptosis. Although
hese results suggest that FAT10 expression is
ecessary for HIV-induced RTEC apoptosis,52

he mechanism by which FAT10 facilitates ap-
ptosis is not known.

nflammatory Mediators

ubulointerstitial inflammation is a prominent
istopathologic finding in HIVAN.3 Accord-

ngly, several case series and retrospective
ase-control studies have reported an associ-
tion between corticosteroid treatment and im-

roved renal outcomes in patients of HIVAN.53-56
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hese observations suggest that renal inflamma-
ion is an important factor in the clinical course
f HIVAN.

Ross et al51 profiled the genes that were
ifferentially expressed after infection of a hu-
an RTEC line derived from a patient with
IVAN. The most prominent response of the
ells to HIV infection was up-regulation of proin-
ammatory mediators, including cytokines, che-
okines, and adhesion molecules. Many of these

ame genes were found to be up-regulated mark-
dly in kidneys from the Tg26 HIVAN model.
hese data suggest that expression of HIV
enes in RTEC up-regulates proinflammatory
enes that then recruit leukocytes to the kid-
ey, resulting in the tubulointerstitial inflamma-
ion that is a characteristic finding in HIVAN.

In another study, investigators measured
ytokine concentrations in the renal tissue of
IV-seropositive patients with and without
IVAN.57 Several cytokines, including interleu-
in-8, monocyte chemoattractant protein-1, and
ANTES, were increased in HIV-infected pa-

ients irrespective of whether they had renal
isease. Patients with HIVAN were found to
ave higher renal tissue levels of major histo-
ompatibility complex class II, interferon-� re-
eptor, and interferon-alfa, although levels did
ot correlate with the amount of interstitial

nflammatory cells. Together, these studies sug-
est that HIV-infected patients have increased
enal levels of inflammatory mediators, which
an recruit inflammatory cells into the intersti-
ium.

roliferation

s discussed previously, the HIV-1 nef gene
nduces podocyte proliferation via activation of
rc kinases and the transcription factors Stat3
nd MAPK1,2.33 Dysregulated expression of cy-
lins is also an important factor in promoting
odocyte proliferation in HIVAN. HIV infection

ncreases cyclin E expression in podocytes.58

he expression of the cyclin-dependent kinase
CDK) inhibitors p27 and p57 are decreased in
IVAN biopsy samples as compared with nor-
al kidneys or those with membranous and
inimal change disease, whereas p21 levels are

ncreased. Because CDK inhibitors suppress the

ctivity of pro-proliferative cyclin/CDK com- a
lexes, the increased levels of cyclin E, coupled
ith decreased p27 and p57, likely contribute

o podocyte proliferation in HIVAN.

ranscription Factors

ecause the HIV genome does not encode an
NA polymerase, the virus must co-opt the
ost’s transcriptional machinery to replicate it-
elf. In lymphocytes, the transcription factors
uclear factor �B (NF-�B) and Sp1 are impor-
ant activators of HIV transcription, whereas in
ther cell types other transcription factors are
ore important. In studies using the Tg26
odel of HIVAN, Bruggeman et al59 determined

hat NF-�B and Sp1 regulate HIV expression in
manner similar to that seen in lymphocytes. In

his model, there is constitutively increased
hosphorylation and degradation of the NF-kB

nhibitor, IkB�, freeing NF-�B to activate tran-
cription of HIV and promote epithelial prolif-
ration, apoptosis, and production of inflamma-
ory mediators.60,61

CDK9 is a member of the protein complex
hat activates transcription of the HIV-1 LTR
romoter in the presence of Tat protein.62

DK9 inhibitors inhibited expression of HIV
nd restored expression of differentiation mark-
rs in murine podocytes after infection with a
ag/pol-deleted HIV virus.63 The same group
ater showed that administration of CDK9 inhib-
tors to Tg26 mice prevented development of
he HIVAN phenotype, suggesting that CDK9
nhibition may be a therapeutic strategy for the
reatment and/or prevention of HIVAN.64

ediators of Cell Adhesion, Cell
ignaling, and Extracellular Matrix

aufman et al65 reported that the sidekick-1
sdk-1) gene is up-regulated in HIV-infected
odocytes and levels of Sdk-1 protein are in-
reased in vivo in podocytes in the Tg26 mouse
odel of HIVAN and in HIVAN biopsy samples.

idekick proteins are members of the immuno-
lobulin superfamily and have roles in neuronal
uidance during retinal development.66 HIV-in-
uced expression of SDK-1 leads to aggregation
f podocytes in vitro and may contribute to the
ormation of podocyte “pseudocrescents” that

re observed commonly in HIVAN.67
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Podocan, a recently described small leucine
ich protein, is up-regulated in sclerotic glomer-
li of Tg26 HIV transgenic mice.68 The role of
odocan in HIVAN pathogenesis remains spec-
lative. Expression of another small leucine
ich protein, Decorin, influences the course of
lomerular disease in diabetic mice.69 It is
herefore plausible that levels of Podocan ex-
ression may affect the development of glomer-
losclerosis in HIVAN.

Altered expression of vascular endothelial
rowth factor (VEGF) contributes to the patho-
enesis of many renal diseases.70 In mice, in-
reased expression of the VEGF164 isoform in-
uces a collapsing glomerulopathy similar to
hat found in HIVAN.71 Korgaonkar et al72 de-
ected increased levels of VEGF protein and its
ranscriptional regulator (HIF-2�) in glomeruli
n the murine HIVAN model and in human
IVAN biopsy specimens. Infection of murine
odocytes with HIV in vitro induced expres-
ion of VEGF and HIF-2�, which was mediated
ia nef-induced activation of Src kinase and
tat3. Moreover, addition of neutralizing anti-
odies against VEGFR2 reduced HIV-induced
odocyte proliferation and dedifferentiation in
itro. These studies suggest an important role
or VEGF in HIVAN pathogenesis.

ONCLUSIONS

n susceptible individuals, HIV infection of re-
al epithelial cells leads to the development of
IVAN, which is characterized by histopatho-

ogic abnormalities that include collapsing glo-
erulosclerosis with tubulointerstitial disease.
his renal syndrome is caused by the effects of
IV gene expression in the kidney, although

he mechanism of HIV entry into renal epithe-
ial cells remains unknown. The renal epithe-
ium is a distinct viral compartment that sup-
orts active viral transcription even when the
atient is treated with aggressive antiretroviral
herapy.

Studies using transgenic murine models of
IVAN and in vitro studies have implicated vpr
nd nef as the HIV genes most responsible for
nducing HIVAN. Host cellular responses to HIV
nfection are important determinants of renal

isease and several cellular genes have been
mplicated as contributors to the HIVAN phe-
otype.

The prevalence of persons living with end-
tage renal disease as a result of HIVAN contin-
es to increase even in countries where ART is
idely available. Additional research is there-

ore urgently needed to delineate the pathogen-
sis of HIVAN and enable the design of more
ffective strategies for the prevention and treat-
ent of this disease.
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