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Abstract. The chemokine receptors CCR5 and CXCR4 hawnd byin situ hybridization. Expression of both chemokine
been identified as essential coreceptors for entry of HIVieceptors CCR5 and CXCR4 was undetectable in intrinsic
strains into susceptible cells. Direct infection of renal paregiomerular, tubular, and renovascular cells in all analyzed
chymal cells has been implicated in the pathogenesis of HI¥ases. In the presence of tubulointerstitial inflammation, CCR5
associated renal disease, although data are conflicting. B CXCR4 expression was localized to infiltrating mononu-
localization of CCR5 and CXCR4 in kidneys with HIV-asso<€lear leukocytes. HIV-1 protein was undetectable by immuno-
ciated renal disease is unknown. Formalin-fixed, paraffin-erhistochemistry in all cases of HIV-associated renal disease.
bedded renal biopsies from patients with HIV-associated ndfV-1 RNA was identified in one case of HIVAN but was
phropathy (HIVAN) @ = 13), HIV-associated immune restricted to infiltrating leukocytes. HIV-1 RNA was not de-
complex glomerulonephritisn(= 3), HIV-associated throm- tected in intrinsic renal cells in all analyzed cases. Identifying
botic microangiopathyn(= 1), and HIV-negative patients with the cellular expression of HIV-coreceptors CCR5 and CXCR4
collapsing glomerulopathyn(= 8) were analyzed in this study. may help to clarify which tissues are permissive for direct HIV
Cellular sites of expression of CCR5 and CXCR4 were idemfection. These data do not support a role of productive HIV-1
tified by immunohistochemistry and bn situ hybridization. infection of renal parenchymal cells in the pathogenesis of
The presence of HIV-1 was detected by immunohistochemistifV-associated renal disease.

Renal disease may complicate approximately 10% of patiesies from HIV-infected patients are immune complex-mediated
infected with HIV, with a striking predominance in African-renal diseases, including membranoproliferative glomerulone-
Americans (1-3). Several clinically and morphologically diphritis, membranous glomerulonephritis, and IgA nephropathy
verse renal syndromes have been described in HIV-infectgs]7-9). Renal thrombotic microangiopathy has been increas-
patients (4,5). The syndrome most frequently reported in reriagly reported in HIV-infected humans (reviewed in references
biopsy series from HIV-infected individuals has been termgd0) and (11). Tubulointerstitial inflammation is present to
HIV-associated nephropathy (HIVAN) (5,6). Characteristicariable degrees in all varieties of HIV-associated renal disease
pathologic features of HIVAN include a collapsing form of(12—14).
focal and segmental glomerulosclerosis with hypertrophy andThe pathogenesis of HIV-associated renal disease is poorly
hyperplasia of glomerular visceral epithelial cells, extensivenderstood (2,3). Proposed mechanisms includg:d{rect
tubulointerstitial injury, including microcystic tubular dilation,HIV infection of renal parenchymal celle (g, visceral epithe-
and prominent endothelial cell tubuloreticular inclusions (5,6)al cells, tubular epithelial cells, and renovascular endothelial
Clinically, such patients frequently show nephrotic-range preells); @) indirect injury to the kidney by renal cellular uptake
teinuria with renal insufficiency and rapid progression to enaf circulating virally encoded molecules; d)(indirect injury
stage renal disease (2,4). Other lesions reported in renal bigpthe kidney through release of cytokines by infected mono-
nuclear cells in the circulation or infiltrating the kidney (2,3).
D Furthermore, different mechanisms might be involved in the
(Figfre;;’egnijﬂ?’10286;013539-(:?;‘;‘:2@; Elel;‘resmgiifviit19gfwashin o De pathogenesis of the different variants of HIV-associated renal
ment O?Pathology, Box 356100, 195523 NE’ Pacific St);eet, Seattleg, WA QB?LZQI.Sease'_ CIrCUla_tmg immune _complex de|c_)05|t|on anaitu .
Phone: 206-548-6409; Fax: 206-548-4928; E-mail: calp@u.washington.ed(€chanisms of .|mmune-med|ated repgl ('Jllsease. may underlie
1046-6673/1105-0856 the pathogene5|s. Qf glomerulonephritis in HIV-mfecte.d. pa-
Journal of the American Society of Nephrology tients (7). In addition, there may be a role for hepatitis C
Copyright © 2000 by the American Society of Nephrology coinfection in some cases of HIV-associated immune complex
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glomerulonephritis (8). Some renal disease in HIV-infectedcluded. Renal biopsies from 13 patients with HIVAN were studied.
individuals, however, may represent chance occurrence unidcases demonstrated variable degrees of a collapsing form of focal
lated to HIV infection itself. and segmental glomerulosclerosis with microcystic tubular dilation.

New directions in AIDS research of viral entry, tropism anddditionally, renal biopsies from three patients with HIV-associated

pathogenesis were initiated by the recent discovery that mefmune complex glomerulonephritis were analyzed, including two
ases of diffuse proliferative glomerulonephritis and one case of

bers of the chemokine receptor family act as necessary cof : . )
ceptors together with CD4 for entry of HIV-1 into susceptiblén embranous nephropathy. One renal biopsy with HIV-associated

. . . renal thrombotic microangiopathy was also examined. For HIV-neg-
cells (15). HIV-1 strains previously characterized as T Iymc{tive disease controls, we analyzed kidney samples from eight patients

phocyte-tropic have been shown to bind to the chemokifg, collapsing glomerulopathy and negative HIV serology. Tissue
receptor CXCR4 as a condition of entry into mammalian cellggctions contained 1 to 20 glomeruli (mean, 4 glomeruli) from patients
while macrophage-tropic strains of HIV-1 require the chemgyith HIVAN and 2, 4, and 10 glomeruli, respectively, from patients
kine receptor CCR5. Expression of these molecules appearsi® HIV-associated glomerulonephritis, and 13 glomeruli from the
play a key role in determining which tissues are permissive fpatient with HIV-associated thrombotic microangiopathy. Kidney
direct HIV infection. samples from HIV-negative patients with collapsing glomerulopathy
Expression of the HIV coreceptors CCR5 and CXCR4 iincluded 2 to 12 glomeruli (mean, 5 glomeruli). The demography of
human kidneys with features of HIV-associated renal diseasdlig patient populations in New York and Washington, DC has been
completely unknown. In previous studies from our laborat@Plished previously (21,24). _ _
ries, expression of both chemokine receptors CCR5 andFormalln-flxed, paraffin-embedded HIV-1-infected human periph-

CXCR4 was not identified by either immunohistochemicgl™® Plood mononuclear cell (PBMC) pellets were generated as con-
(16) or in situ hybridization (17,18) techniques in intrinsictmls for immunohistochemical detection of HIV-1 p24 antigen and for

in situ hybridization of HIV-1 RNA. Human PBMC were obtained

renal parenchymal qells in nqrmal human kldrlleys., in r?nﬁ!)m HIV antibody-negative volunteer donors as described previously
allqgraft ne_phrecmm'es' and in human rg_nal p'ODS'es W'th(f’S). Briefly, the PBMC layer was removed after centrifugation of
variety of different glomerular and interstitial diseases. HOWghole blood, washed, and resuspended in RPMI 1640 containing 16%
ever,in vitro studies show that the expression of certain chesta| calf serum, penicillin (100 U/ml), streptomycin (108/ml), and
mokine receptors in mononuclear cells is regulated by a nuglatamine (0.3 mg/ml). The mononuclear cells were stimulated with
ber of stimuli (reviewed in references (19) and (20). Aphytohemagglutinin (3ug/ml) and 5% nonrecombinant human inter-
upregulation of CCR5 or CXCR4 expression in intrinsic rendgukin-2 (Pharmacia, Piscataway, NJ) as described (25). Forty-eight
cells might therefore require specific cytokine stimulatiohours after stimulation, the human PBMC were infected with a cell-
present in the course of HIV infection. free solution of HIV-1 strain LAI. A full-length clone of HIV-14,

In this study, we tested the hypothesis that the relevdRBRU3] was obtained from Dr. Michael Emerman, Fred Hutchinspn
chemokine coreceptors for HIV infection not constitutively-ancer Research Center, Seattle, WA (26). Cell-free stock solutions
expressed in normal kidney may be upregulated in the settiid!'V-1ua were generated by transfection of this plasmid into 293T
of HIV infection and thereby permit infection of renal tissue” Is.) Cells were harveS‘te.d 48 h after 'nf?Ct'on and counted in a

. . hemocytometer. Several different preparations were generated by
We assessed the cellular sites of expression of chemok

. . ; o ; m&ing defined concentrations of HIV-1-infected PBMC with defined
receptor CCRS by immunohistochemistry aindsitu hybrid- concentrations of uninfected PBMC. The different HIV-1-infected/

ization, and CXCR4 byn situ hybridization, in renal biopsies yninfected PBMC preparations contained HIV-1-infected PBMC in
obtained from HIV-infected patients with features of HIVAN concentrations ranging from 5 to 50%. These mixed PBMC samples
HIV-associated immune complex glomerulonephritis, angere subsequently centrifuged, and the remaining cell pellet was fixed
HIV-associated thrombotic microangiopathy. Additional tisin 10% phosphate-buffered formalin and embedded in paraffin using
sues examined within this study consisted of human rerséndard protocols for tissue preparation. Four-micrometer-thick sec-
biopsy material with features of a collapsing glomerulopathions were generated as controls for immunohistochemicairasitu
from patients without clinical evidence of HIV infection. Fur-hybridization procedures.
thermore, we provide corresponding data for the presence of
HIV-1 protein by immunohistochemistry and for the presence _
of HIV-1 RNA by in situ hybridization in each of these casesAntibodies
CCR5. A murine monoclonal antibody MC5 directed against
human chemokine receptor CCR5 has previously been characterized
Materials and Methods for specificity by Western blotting and fluorescence-activated cell
Source of Tissue sorter analysis (16), and was found suitable for the specific detection
Formalin-fixed, paraffin-embedded renal biopsy tissue specimeds CCR5 in formalin-fixed, paraffin-embedded tissue sections after
obtained between 1984 and 1998 at the George Washington Univegat-mediated antigen retrieval procedures (16).
sity Medical Center (Washington, DC), the New York University HIV-1. A murine monoclonal antibody p24, clone Kal-1, di-
(New York, NY), and the University of Washington (Seattle, WAYyected against an epitope of the core protein p24 of HIV-1 was
were included in this study. Several cases had been includedpirchased from DAKO (Carpinteria, CA). Specificity of this antibody
previous studies investigating HIV-associated renal diseaf® the detection of HIV-1 p24 has been demonstrated previously by
(7,8,14,21-23). All renal biopsy cases with sufficient tissue for contmmunoprecipitation, Western blotting, and immunohistochemistry
plete immunohistochemical and situ hybridization evaluation after (27), and it has been demonstrated previously to recognize HIV-1 p24
completion of diagnostic workup and previous investigations weie formalin-fixed, paraffin-embedded tissue sections (27,28).
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Immunohistochemistry In Situ Hybridization

Immunohistochemistry was performed on formalin-fixed, paraffin- HIV-1 RNA, CCR5 mRNA, and CXCR4 mRNA were detected in
embedded tissue sections according to protocols that we have usésslie sections using situ hybridization techniques according to
previously (29). Four-micrometer sections of tissue samples weeptocols used previously (29). Riboprobes #orsitu hybridization
deparaffinized in xylene and rehydrated in graded ethanols. Endogre generated from cDNA usiri§S-UTP. Four-micrometer sections
nous peroxidase was blocked by incubation in 3% hydrogen peroxi@é.formalin-fixed, paraffin-embedded tissue samples were deparaf-
Sections that were subsequently incubated with the anti-CCR5 afifiized and rehydrated through xylene and graded ethanols, washed
body were pretreated by steam heating for 20 min in Antigen UMith 0.5X SSC (Life Technologies, Grand Island, NY), and digested
masking Solution (Vector Laboratories, Burlingame, CA), accordingith proteinase K (ug/ml; Sigma). Sections that were subsequently
to the instructions of the manufacturer. Nonspecific binding wd¥Pridized with HIV-1-specific riboprobes were analyzed in dupli-
blocked by incubation in 10% normal horse serum (Vector). THeE: i o o )
sections were then incubatedr fb h atroom temperature with the N One section, then situ hybridization was performed according to
primary antibody diluted in phosphate-buffered saline plus 1% boviifae following protocol. The.se.cond .sectlon was eltddltlonal.ly pretreated
serum albumin (Sigma, St. Louis, MO). After washes in phospha steam heating for 20 min in Antigen Unmasking Solution (Vector)

buffered saline, the sections were incubated with biotinylated ho'}ggfore the_ hy_bridization, according to the mapufacturer's instructions.
Prehybridization was performedrf@ h by adding 100ul of prehy-

anti-mouse antibody (Vector). A Tyramide Signal Amplification =~ 7~ )
(TSA™-Indirect, NEN™ Life Science Products, Boston, MA) warsb”dlz.at'qn buffer (0'3. M NaCI, 20 mM T”S’ pH 8.0, 5 mM ethyl-
nediaminetetra-acetic acidx1Denhardt's solution, 10% dextran

p.erfo.rmed agcprdlng. to the manuchturer s instructions. Finally, 3’§ulfate, and 10 mM dithiothreitol). The hybridizations were started by
diaminobenzidine (with nickel chloride enhancement) was used as

h Seci terstained with methvl d ﬁc?ding 500,000 cpm ot°S-labeled riboprobe in 501 of prehybrid
chromogen. Sections were counterstained with methyl green, elfﬁéion buffer and allowed to proceed overnight at 50°C. After hy-

drated, and coverslipped. The comple_te biopsies were examined, 8h ization, sections were treated with RNase A @@ml; Sigma),
the .number of CCR5 protem-expressmg ce_IIs per glomerular ‘_:ro?éﬂowed by three high-stringency washes in 8.8SC/0.5% Tween
sectllon was galculated in each case. Negative (lzon.trols for the IMM (sigma) for 40 min each at 50°C, and several 8SC washes.
nohlstochemcgl procedures con§|sted of subs.tltutlon of the PriM3yer the tissue was dehydrated and air-dried, it was dipped in NTB2
antibody with isotype-matched, irrelevant murine monoclonal anfi,clear emulsion (Kodak, Rochester, NY) and exposed in the dark at
bodies (DAKO). 4°C for 2 wk (HIV-1) or 6 wk (CCR5, CXCR4), respectively. After
developing, the sections were counterstained with hematoxylin and
eosin, dehydrated, and coverslipped. Positive cellular labeling was
Molecular Probes defined as five or more silver grains concentrated over a single cell on
CCR5. A 1.1-kb sequence of DNA coding for human CCR5 wa#he slides hybridized with the antisense probe, and little or no signal
subcloned into pcDNAI/amp (Invitrogen, San Diego, CA) (obtainefiresent on the sense control slides. The complete biopsies were
through the AIDS Research and Reference Reagent Program, Divisg¥@mined, and the numbers of CCR5 mRNA and CXCR4 mRNA
of AIDS, NIAID, and NIH, originally provided by Dr. Nathaniel expressing cells per glomerular cross-section were calculated in each
Landau) and then linearized wittindlll and transcribed with Sp6 for Case: Positive controls for the detection of CCR5 and CXCR4 mRNA
the antisense probe or linearized w&pH and transcribed with T7 for consisted'of s_everal allograft nephre_ctomy specimens with features of
the sense probe. Sensitivity and specificity of the CCR5 antiseri@Y€re rejection, as published previously (17,18).
riboprobe has been demonstrated previously by Northern analysis and
by in situ hybridization (17).
CXCR4. A 1.1-kb sequence of DNA coding for human cxcraResults o ) )
was subcloned into pcDNAl/amp (Invitrogen) (obtained through tHeCR5 Expression in HIV-Associated Renal Disease
AIDS Research and Reference Reagent Program, Division of AIDS,By both immunohistochemistry anish situ hybridization,
NIAID, and NIH, originally provided by Dr. Nathaniel Landau) andCCR5 expression was absent in intrinsic glomerular cells in all
then linearized witiHindlIl and transcribed with Sp6 for the antisensecases of HIVAN, HIV-associated glomerulonephritis, HIV-
probe or linearized wittKbal and transcribed with T7 for the senseassociated thrombotic microangiopathy, and HIV-negative col-
probe. Sensitivity and specificity of the CXCR4 antisense riboproligpsing glomerulopathy. Parietal epithelial cells, visceral epi-
have been demonstrated previously by Northern analysis arid bythelial cells, mesangial cells, and glomerular endothelial cells
situ hybridization (18). _ in glomeruli, with and without features of collapse, did not
HIV-1. Four DNA templates that collectively represent 90% Oéxpress detectable CCR5 (Figure 1, A through D). A few
the HIV-1 genome were purchased from Lofstrand Labs (Gaitherstrs.positive cells were detected in the capillary lumina of

burg, MD): gag Sad-Bglll, 1.4 kb; gag/pol Bglll-EcaRl, 2.6 kb; . : .

. some glomeruli in cases of all different groups (Figure 1, A and
pol/vifivpr/revitat/vpuKpnl-Kpnl, 2.2 kb;env/vpr/rev/tat/vpuEcoRI- B Tal?le 1). These cells likely represegnte dpci(rcugljating mono-
BarHI, 2.7 kb. Antisense and sense riboprobes were generated from )

all templates using Sp6 or T7 according to the manufacturer’s instr li'dlfar leUkO?ytﬁs'd.ﬁ di ivzed in thi
tions. Radioactivity was introduced by synthesis of RNA usirg- All cases of the different disease groups analyzed in this

UTP. The generated probes were combined to yield one senseSBfdy Showed variable degrees of tubulointerstitial inflamma-
antisense probe cocktail. Specific detection of HIV-1 RNA in formdion ranging from very mild, focal, perivascular infiltrates of
lin-fixed, paraffin-embedded tissue sections ibysitu hybridization leukocytes to severe, diffuse interstitial mononuclear cell in-
with an estimated sensitivity of 30 to 300 copies of target RNA hdtrates. CCR5-expressing cells were demonstrable by both
been described previously by numerous groups using identical RNvAmMunohistochemistry (Figure 1, E and F) andsitu hybrid-
probes (30-35). ization (Figure 1, G and H) in these infiltrates in the tubulo-



J Am Soc Nephrol 11: 856—-867, 2000 Chemokine Receptors in HIV-Associated Renal Disease 859

LA

» ™
We'e &

CCR5 immunohistochemistry. Several CCR5 protein-expressing leukocytes (black) were demonstrable at sites of periglomerular leukocy
infiltration. A single CCRS5 protein-expressing circulating mononuclear leukocyte (arrow) is demonstrable within a glomerular capillary@iRben. C
protein expression was absent in intrinsic glomerular cells. (C) No CCR5 mRNA expression was seen in intrinsic glomerulaircsitsi by
hybridization. (D) High-power view of Panel C shows CCR5 mRNA (black silver grains) restricted to mononuclear cells within a periglomerula
inflammatory cell infiltrate (arrow). (E) In the tubulointerstitial compartment, CCR5 protein-expressing infiltrating mononuclear cédjsaferac
demonstrable by immunohistochemistry at sites of leukocytic infiltration. The area around CCR5-expressing cells in Panel E (arrow) isaillustrated
higher magnification in Panel F. CCR5 protein expression was absent in tubular epitheliumsit@hybridization for CCR5 mRNA matched the
results of the CCR5 immunohistochemistry. The area around CCR5 mRNA-expressing cells in Panel G (arrow) is illustrated at higher magnificati
in Panel H. Numerous CCR5 mRNA-expressing leukocytes (black silver grains) were detectable at a site of tubulointerstitial infiltrationicnho speci
hybridization signal for CCR5 mRNA was present in tubular epithelial cells. Methyl green counterstain in A, B, E, and F; hematoxylin and eosi
counterstain in C, D, G, and H. Magnificatiorn:400 in A, C, E, and Gx1000 in B, D, F and H.
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Table 1. Chemokine receptor-expressing cells within gloméruli

CXCR4 mRNA-Positive CCR5 Protein-Positive CCR5 mRNA-Positive

Category Cells/Glomeruli Cells/Glomeruli Cells/Glomeruli
HIV-associated nephropathy & 13) 0.4+ 0.6 0.3+ 0.3 0.1= 0.1
HIV-associated immune complex 1.4+17 0.3+ 0.3 0.2+ 0.4
glomerulonephritisi{ = 3)

HIV-associated thrombotic 4.0 1.1 0.1
microangiopathyrf = 1)

Collapsing glomerulopathy, HIV- 06+04 0.3+ 0.3 0.1+ 0.3

negative ( = 8)

2Data are given as mean valuesSD of chemokine receptor-expressing cells per glomerular cross-sections.

interstitial compartment of all analyzed cases. The expressiBXCR4 mRNA-expressing leukocytes between HIV-1-posi-
of CCR5 was restricted to infiltrating mononuclear cells (Figive or -negative renal tissues. CXCR4 mRNA expression was
ure 1, E through H). The number of CCR5-expressing cellmdetectable in tubular epithelial cells, including those at sites
correlated with the degree of tubulointerstitial mononucleaf tubulointerstitial inflammation and at sites of microcystic
cell infiltration. No difference in the CCR5 expression patterfubular dilation (Figure 2, E and F). Renovascular endothelial
on infiltrating leukocytes was seen between patients with HI\éells did not show detectable CXCR4 mRNA expression.
associated renal disease or HIV-negative disease controls (dm@omparison of CCR5 and CXCR4 expression in serial sec-
not shown). Tubular epithelial cells, whether located in are@igns of the analyzed specimens revealed that both chemokine
with absence of interstitial inflammation, at sites of sevelceptors were expressed in a large percentage of interstitial
tubulointerstitial mononuclear cell infiltration, or at sites Ofnﬁ|trating mononuclear leukocytes. The number of CCR5- or
microcystic tubular dilation, showed no detectable CCR5 egxCR4-expressing cells, respectively, correlated positively
pression (Figure 1, E through H). CCRS expression was Cofjith the degree of tubulointerstitial inflammation. No obvious
pletely absent in endothelial cells and smooth muscle cells §fferences in the distribution pattern of CCR5- or CXCR4-
the vascular compartment. o _ expressing infiltrating leukocytes were evident. Because of the
The number of leukocytes exhibiting expression of th@cpnical limitation of serial sections, we could not properly
C_CR5 protein as detected bylmmunoh|_st_ochem|stry correlatgGyress the question of whether CCR5 and CXCR4 were
with the number of leukocytes synthesizing detectable CCRBeynressed in the same subset of infiltrating mononuclear
mRNA in all individual cases (Figure 1, compare Panels F arl@hkocytes, or whether CCR5 and CXCR4 were expressed in

H). However, in the glomerular compartment slightly MOrRitferent leukocyte subsets. As indicated above, exhaustion of

CCR5_-positive Ieukocytes were id_entifi_ed by immunohisto[he biopsy samples precluded double-labeling studies that
chemistry compared witin situ hybridization (Table 1). would address this issue

CXCR4 Expression in HIV-Associated Renal Disease . . .
By in situ hybridization, CXCR4 mRNA expression re—SpeC'f'c'ty of the I—!IV-l_ p24 Irn_mun(_)hlstochemlstry and
qf the HIV-1 RNA in Situ Hybridization

mained undetectable in cells clearly identifiable as renal p ] _ / o
renchymal cells of the glomerular, tubular, and vascular com-Mmunohistochemical detection of HIV-1 proteins in forma-
partments in all analyzed cases. At sites of coIIapsiH@'f'Xed’ paraffin-embedded renal tissue sections has been

glomeruli, CXCR4 mRNA expression was typically abser{ery gnrelia_ble gnd freque_ntly resulted in nonsp.ecific immu-
(Figure 2, A and B). However, within all analyzed cases smdlPstaining in tissue obtained from HIV-negative controls
numbers of individual CXCR4 mRNA-expressing cells wer£36.37). We therefore performed a series of experiments to
identified within glomeruli (Figure 2, C and D) (Table 1). wecontrol the specificity of our procedures. As positive controls,
were unable to clearly determine whether these CXCrR@rmalin-fixed, paraffin-embedded PBMC pellets, containing
mRNA-expressing cells were intrinsic glomerular cells or ciflV-1-infected PBMC, reproducibly demonstrated positive
culating leukocytes, although we favor the latter interpretatioiimunostaining (Figure 3, A through C). Furthermore, the
All of the biopsy tissue was consumed during the course of thember of cells with positive immunohistochemical signal
present studies, and so material was unavailable for doubithin the pellet closely reflected the number of HIV-1-in-
labeling studies that might confirm this interpretation. fected PBMC mixed in the pellet preparation (Figure 3, A
Within the tubulointerstitial compartment, CXCR4 mRNAthrough D). No immunostaining was detectable in HIV-1-
expression was restricted to infiltrating mononuclear leukinfected PBMC when the primary antibody was substituted by
cytes at sites of tubulointerstitial inflammation (Figure 2, E anain irrelevant, isotype-matched mouse IgG preparation (data not
F). There was no difference in the number of detectabdfown). PBMC pellets that contained no HIV-1-infected cells
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Figure 2. Chemokine receptor CXCR4 expression in HIVAN. (A and B) Low and high magnification illustration of CX@Rsitu
hybridization. CXCR4 mRNA expression was absent in a glomerulus with typical features of a collapsing glomerulopathy. Sever:
mononuclear leukocytes within a periglomerular interstitial infiltrate (arrow) showed detectable CXCR4 mRNA expression (black silve
grains). (C and D) Low and high magnification illustration of CXCR4situ hybridization. CXCR4 mRNA expression (black silver grains)
was localized to a cluster of three individual cells (arrows) whose precise identity cannot be ascertained by their location or appearance in th
sections, within the illustrated glomerular cross-section. (E and F) Low and high magnification illustraitiositafhybridization for CXCR4
mRNA. Within the tubulointerstitial compartment, CXCR4 mRNA expression (black silver grains) was clearly restricted to inflammatory
interstitial mononuclear leukocytes (arrow), whereas tubular epithelial cells did not demonstrate detectable CXCR4 mRNA expression. CXCl
MRNA expression was absent at sites of microcystic tubular dilation (c). Hematoxylin and eosin counterstain in A through F. Magnificatior
X400 in A, C, and E;x1000 in B, D, and F.

showed no detectable immunostaining with the HIV-1 p2BRBMC mixed in the pellet preparation. No difference in the
antibody (Figure 3D). Renal biopsy sections from patients wittumber of HIV-1 RNA-positive PBMC was seen in timesitu
collapsing glomerulopathy and negative HIV serology<8) hybridization procedures with and without heat-mediated pre-
consistently showed absent immunohistochemical stainitrgatment of the PBMC pellet specimens before hybridization
when incubated with the HIV-1 p24 antibody (data not shown{data not shown). No hybridization was seen when identical

PBMC pellets containing HIV-1-infected PBMC consisprocedures were performed with substitution of a control sense
tently showed detectablir situ hybridization signal for HIV-1 probe for hybridization (Figure 3F). All renal biopsies obtained
RNA (Figure 3E). The number of PBMC with positive hybridfrom HIV-negative control patients showed absent hybridiza-
ization signal closely reflected the number of HIV-1-infectetion signal for HIV-1 RNA (data not shown).
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ba 2y @ - 2 3_-:__‘.;\‘ Renal disease is frequently reported in a large percentage of
-ﬁ . &” '« L, 9@ HIV-infected humans, although the mechanisms leading to

HIV-associated renal injury are largely unknown. Direct infec-
tion of renal parenchymal cells by HIV in susceptible patients
has been proposed (2,3). The results of the present study do not
support a role for productive infection of renal cells by HIV in
the pathogenesis of HIV-associated renal disease. The two
principal HIV coreceptors, the chemokine receptors CCR5 and
CXCR4 that mediate entry of HIV-1 strains into susceptible
cells, were not expressed by intrinsic renal cells in HIV-
associated renal disease, but were demonstrable in circulating
and infiltrating leukocytes at sites of tubulointerstitial inflam-
mation. Furthermore, using sensitive immunohistochemical
andin situ hybridization techniques, HIV-1 protein and RNA
were undetectable in renal parenchymal cells in biopsies with
P > features of HIV-associated renal disease. Small numbers of
kil "-' A oy - 4 HIV-1 RNA-expressing mononuclear leukocytes were demon-
Vad W T | strable in the tubulointerstitium in one case of HIVAN.
Py i :d F ; Major insights into the mechanisms of HIV infection have
g L R g n : - been obtained from the discovery that members of the chemo-
Figure 3. Specificity of the HIV-1 p24 immunohistochemistry (A kine receptor family act as necessary coreceptors, together with
through D) and HIV-1 RNAIn situ hybridization (E through F). cpa4, for entry of AIDS viruses into mammalian cells (re-
Formalin-fixed, paraffin-e_mbedded pe_ripheral_blood mononuc!ear celewed in reference (15). Chemokine receptors represent a
(PBMC.:) pellet preparations containing d.e.f'ne.d concentrations f)a(mily of structurally and functionally related seven transmem-
HIV-1-infected PBMC were used. (A) Positive immunostaining fo . .
hrane-spannmg, G protein-coupled receptors (19,20,38). Re-

HIV-1 p24 (black) was detectable in approximately 50% of the cel . L . :
in a section of a formalin-fixed, paraffin-embedded PBMC Ioe”é,;ent observations indicate that certain chemokine receptors

containing 50% HIV-1-infected PBMC. (B) Immunohistochemistrynay also facilitate infection by immunodeficiency viruses in a
for HIV-1 p24 labels approximately 33% of the PBMC in a cell pelleCD4-independent manner (39,40). By facilitating entry into
containing 33% HIV-1-infected PBMC. (C) Approximately 5% of thecells, these receptors determine viral tropism. CXCR4 is a
PBMC are immunohistochemically labeled in a cell pellet containingoreceptor for strains of HIV-1 that infect T lymphocyte cell
5% HIV-1-infected PBMC. (D) PBMC pellets that contained nqines (T-tropic strains), and CCR5 serves as a coreceptor for
HIV-1-infected cells showed no detectable immunostaining with thg)\/_1 isolates that infect macrophages and activated T lym-
HIV-1 p24 antibody. (E)In situ hybridization detects HIV-1 RNA (?hocytes (M-tropic strains) (15). Additionai vivo observa-
%

(black silver grains) in numerous HIV-1-infected cells in a section .
a formalin-fixed, paraffin-embedded PBMC pellet containing 33 ons support the central role of CCR5 and CXCR4 in the

HIV-1-infected PBMC. (F) No hybridization signal was seen in th@athogenesis of HIV infection in humans. Individuals homozy-

same PBMC pellet as illustrated in Panel E when identical procedu@@Us for a mutant allele of the CCRS gene bearing a 32-
were performed with substitution of a control sense probe for hybritucleotide deletion (CCRS5 delta 32), which leads to an inactive

ization. Methyl green counterstain in A through D; hematoxylin andariant of CCR5, have been linked to protection from HIV-1
eosin counterstain in E and F. Magnification1000. infection (41,42). The consequence of the heterozygous state is
not clear, but it may delay the progression to AIDS in infected
individuals (41-43). Additionally, individuals homozygous for
a mutation of the only identified CXCR4 ligand, stromal cell-
Detection of HIV-1 in Biopsies from Patients with HI\vderived factor-1, appear to have some degree of protection
Associated Renal Disease against disease progression after HIV infection (44).

By immunohistochemistry, HIV-1 p24 protein was not de- The expression of chemokine receptors is not limited to
tected in glomerular (Figure 4B), tubulointerstitial (Figure 4Ejeukocytes and lymphoid tissues. Tissue-specific expression of
or vascular compartments of all cases of HIVAN £ 13), the HIV coreceptors CCR5 and CXCR4 most likely play a role
HIV-associated glomerulonephritisn & 3), and HIV-associ- in determining whether tissues are permissive for direct HIV
ated thrombotic microangiopathy & 1). infection in vivo. CCR5 mRNA was detectable by Northern

In situ hybridization detected no HIV-1 RNA in glomerularblotting in RNA isolated from small intestine, ovary, and lung
(Figure 4, C and D), tubular (Figure 4F), or vascular cells in al#t5), and CCRS protein was detectable by immunohistochem-
analyzed cases. However, in one case of HIVAN, HIV-1 RN#stry in the central nervous system (on neurons, astrocytes, and
was detectable within one small lymphoid follicle located imicroglia) and on endothelium, vascular smooth muscle cells,
the tubulointerstitium (Figure 4, G and H). HIV-1 RNA wasand fibroblasts in several analyzed parenchymal tissues (46).
clearly restricted to infiltrating mononuclear leukocytes. Two recent studies by members of our group investigated the
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glomerular collapse, glomerulosclerosis, and prominent hypertrophy/hyperplasia of epithelial cells at the outer aspect of the tuft. (B) E
immunohistochemistry, HIV-1 p24 protein remained undetectable at sites of glomerular lesions. (C and D) Low and high magnificatio
illustration ofin situ hybridization for HIV-1 RNA. No specific hybridization signal for HIV-1 RNA was seen at sites of glomerular lesions.
Nonspecific background hybridization signal was seen in the urinary space. (E and F) Within the tubulointerstitial compartment, HIV-1 p2
protein (E) and HIV-1 RNA (F) were undetectable in tubular cells of all analyzed cases with HIV-associated renal disease by eithe
immunohistochemistry (E) oin situ hybridization (F). ¢, microcystic tubular dilation. (G and H) HIV-1 RNA was identified at a site of
extensive tubulointerstitial inflammation in one case of HIVAN. (@}itu hybridization after heat pretreatment detected HIV-1 RNA localized

to infiltrating mononuclear leukocytes, which are focally organized as a lymphoid follicle. A portion of the follicle, indicated by the arrow, is
illustrated at higher magnification in Panel H. Positive hybridization signal is visualized by black silver grains. HIV-1 p24 protein was
undetectable by immunohistochemistry in this lymphoid follicle (not shown). Silver methenamine staining in A; methyl green counterstain i
B and E; hematoxylin and eosin counterstain in C, D, and F through H. The architecture of the glomerulus and the pathologic features
HIVAN were visualized best with the silver methenamine staining. This staining is not suitable as counterstain for either immunohistochemic
or in situ hybridization procedures. Magnificatiox400 in A through C;x1000 in D through F and Hx100 in G.



864 Journal of the American Society of Nephrology J Am Soc Nephrol 11: 856—-867, 2000

expression of CCR5 in normal kidneys, kidneys with variougetectable expression in human renal tissues and published
glomerular diseases, kidneys with interstitial diseases, astiidies of cultured human mesangial cells (49) have failed to
rejected allograft nephrectomies (16,17). By eitlmesitu hy- demonstrate detectable expression of CD4 on any cells except
bridization (17) or immunohistochemistry (16), CCR5 wamfiltrating leukocytes in kidney tissues. A single report, pub-
undetectable in intrinsic renal cell types of the glomerulalished as a letter but without further corroboration in the
tubular, or vascular compartments. The expression of CCRigrature, has asserted that CD4 can be expressed by human
was restricted to infiltrating mononuclear leukocytes at sites nfesangial cells (50).

tubulointerstitial and vascular injury. The total number of Previous investigations that were aimed to detect HIV-1
CCRb5-expressing cells correlated with the number of CDBroteins or genomic material in human renal biopsies from
positive T lymphocytes at sites of tubulointerstitial inflammaHIV-infected individuals revealed conflicting data. Cohen

tion (16). al. demonstrated the presence of HIV-1 protein in the cyto-

T lymphocytes, monocytes, and neutrophils express the cipdasm of tubular epithelium and in a few glomerular visceral
mokine receptor CXCR4 (47), however, CXCR4 is by far thepithelial cells in human biopsies with HIVAN by immuno-
most widely expressed of the functional chemokine receptdrstochemistry and of HIV-1 genomic material within a small
in nonhematopoietic cells (38). High transcript levels haweumber of tubular epithelial cells and within both glomerular
been demonstrated in several tissues, including heart, braarietal epithelial and visceral epithelial cellsibysitu hybrid-
liver, and colon (48). We have recently reported that CXCR4ation (51). Kimmelet al. detected HIV-1 protein by immu-
MRNA expression is absent in intrinsic glomerular, tubulanofluorescence in acid-treated kidney sections obtained from
and renovascular cells in native normal kidneys and in rejectpdtients with HIV-associated immune complex glomerulone-
allograft nephrectomies (18). In the presence of renal intergpiritis (7) and HIV-associated IgA nephropathy (9). Others,
tial inflammation, CXCR4 expression was localized to a largeowever, have not been able to replicate these results (52,53).
fraction of infiltrating leukocytes (18). Furthermore, Nadasdst al. and a recent study by Yamamoto

The present study does not provide evidence for an upregt-al. testing several different HIV-1 antibody preparations
lated renal parenchymal expression of the HIV coreceptaistected positive immunostaining not only in renal biopsies
CCR5 or CXCR4 in kidneys with features of HIV-associatedith features of HIVAN but also in uninfected control tissues,
renal disease. Expression of the two analyzed chemokine raising serious concerns regarding the specificity of immuno-
ceptors was clearly limited to infiltrating leukocytes at sites dfistochemical staining with some HIV-1 antibodies (36,37). In
tubulointerstitial inflammation. Individual CCR5- anda previous study, two of the authors of the present study were
CXCR4-expressing cells were identified within glomeruliable to demonstrate HIV-1 DNA in microdissected glomeruli,
Those cells likely represented circulating leukocytes. Becausibules, interstitial cells, and inflammatory infiltrating cells
of the complete exhaustion of the biopsy material, a combinmem renal biopsies of HIV-infected patients using PCR am-
tion of in situ hybridization for chemokine receptor mRNAplification techniques (22). Identification of this genomic ma-
with immunohistochemical labeling of cellular phenotypes dsrial did not correspond to manifestations of HIV-associated
described previously (18) was impossible. However, a previotenal disease, as HIV genome was equally detectable in renal
detailed immunohistochemical analysis of the immune caissues of HIV-infected patients with and without clinical or
populations present in HIV-associated kidney disease (Iggthologic evidence of renal disease (22). Although PCR am-
quantified the numbers of macrophages and T lymphocytesgpiification is likely to be the most sensitive technique for the
glomeruli obtained from patients with HIVAN and with HIV- detection of HIV genomic material, the difficult microdissec-
associated immune complex glomerulonephritis. In that stutign procedures entail a risk of contamination by circulating or
(14), the total number of leukocytes per glomerular crossifiltrating leukocytes, and therefore there remains some un-
section was 2.7 1.1 (meant SEM) in HIVAN and 5.5+ 2.8 certainty about whether infection of renal parenchymal cells
in HIV-associated immune complex glomerulonephritis. Thigas been conclusively demonstrated in this study. Our study,
numbers of chemokine receptor CCR5- and CXCR4-expressing less sensitive techniques, cannot exclude the possibility
ing cells in glomeruli, identified in the present study (as desf latent infection of tissues or the possibility of low-level
tailed in Table 1), correlate well with the previously publishedeplication with virus copy numbers below the threshold for
number of circulating leukocytes in HIV-associated renal disletection by either immunohistochemistryinrsitu hybridiza-
ease. tion.

Chemoattraction of CCR5- and CXCR4-expressing mono-A second part of this present study therefore readdressed the
nuclear leukocytes to sites of tubulointerstitial inflammation istill conflicting question of whether productive HIV-1 infec-
not specific for HIV-associated renal disease. Similar numbdien (detection of HIV-1 protein or RNA) occurs in renal
of CCR5- or CXCR4-expressing leukocytes were detected parenchymal cells in HIV-associated renal diseasavo. We
HIV-negative collapsing glomerulopathy (present study) and used highly sensitive immunohistochemistry andsitu hy-
HIV-negative patients with a variety of different glomerulabridization techniques that identified productive HIV-1 infec-
and interstitial diseases (16—18). tion in lymphoid and neuronal tissues (30—35,54) and that have

We have previously investigated whether the major HIviot reportedly been used for studies in kidney tissues. Immu-
receptor CD4 is expressed by intrinsic renal parenchymal celi®histochemical detection of HIV-1 was performed with a
Unpublished studies by our group of immunohistochemicallyell-characterized, commercially available murine monoclonal
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