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HIV-1eassociated nephropathy (HIVAN) is a severe complication of HIV-1 infection. To gain insight
into the pathogenesis of kidney disease in the setting of HIV, a transgenic (Tg) mouse model [CD4C/
HIV-negative regulator factor (Nef)] was used in which HIV-1 nef expression is under control of reg-
ulatory sequences (CD4C) of the human CD4 gene, thus allowing expression in target cells of the virus.
These Tg mice develop a collapsing focal segmental glomerulosclerosis associated with microcystic
dilatation, similar to human HIVAN. To identify kidney cells permissive to the CD4C promoter, CD4C
reporter Tg lines were used. They showed preferential expression in glomeruli, mainly in mesangial cells.
Breeding CD4C/HIV Tg mice on 10 different mouse backgrounds showed that HIVAN was modulated by
host genetic factors. Studies of gene-deficient Tg mice revealed that the presence of B and T cells and
that of several genes was dispensable for the development of HIVAN: those involved in apoptosis
(Trp53, Tnfsf10, Tnf, Tnfrsf1b, and Bax), in immune cell recruitment (Ccl3, Ccl2, Ccr2, Ccr5, and Cx3cr1),
in nitric oxide (NO) formation (Nos3 and Nos2), or in cell signaling (Fyn, Lck, and Hck/Fgr). However,
deletion of Src partially and that of Hck/Lyn largely abrogated its development. These data suggest that
Nef expression in mesangial cells through hematopoietic cell kinase (Hck)/Lck/Yes novel tyrosine kinase
(Lyn) represents important cellular and molecular events for the development of HIVAN in these Tg
mice. (Am J Pathol 2023, 193: 702e724; https://doi.org/10.1016/j.ajpath.2023.02.006)
Supported by Canadian Institutes of Health Research grants MT10313 and
HOP98829, the Kidney Foundation of Canada grant KFOC150011, and the
National Heart, Lung, and Blood Institute (NIH) grant HL-083470 (P.J.).
Disclosures: None declared.
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HIV-1eassociated nephropathy (HIVAN) is one of the
numerous manifestations of the HIV-11,2 and SIV3e5

infection. Its main pathologic lesions are collapsing focal
segmental glomerulosclerosis (FSGS), tubulo-interstitial
infiltration, and microcystic tubular dilatation.1 The
glomerular disease is associated with mesangial cell hy-
perplasia, loss of podocyte-specific markers,6,7 and prolif-
eration of glomerular cells considered to represent
podocytes by some investigators.1,6,7 These observations led
to the suggestion that HIVAN results from the action of
HIV-1 gene products in podocytes.8,9 However, other ex-
periments have shown that proliferating cells in human
HIVAN glomeruli represent parietal cells and not podo-
cytes.10,11 The identity of the renal target cells infected with
HIV in human or SIV in primates has also remained
controversial, with some groups reporting no evidence of
stigative Pathology. Published by Elsevier Inc
infection,3,12,13 whereas others finding viral footprints in
podocytes and parietal and tubular cells.8,14e19 As illus-
trated by these discordant reports, the pathogenesis of
HIVAN in human is not well understood.
As a consequence, studies on HIVAN pathogenesis have

relied on the use of animal models or cultured kidney cells
in vitro. The Tg26 transgenic (Tg) HIVAN model has
provided interesting information, in particular highlighting
the need for HIV expression in kidney parenchyma.20

However, the widespread expression of HIV RNA in
. All rights reserved.
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Role of Hck/Lyn in HIVAN
Tg26 renal parenchyma16,20,21 has made difficult the task of
assigning specific pathologic lesions to HIV gene expression
in specific kidney cell subsets. Nevertheless, podocytes
from Tg26 mice21e23 or nef-transduced podocytes cultured
in vitro9,24 showed enhanced proliferation, reinforcing the
idea that HIVAN results from negative regulator factor
(Nef) action in podocytes. However, other experiments
revealed that a more restricted expression of Nef in Tg
podocytes was not sufficient to induce the full spectrum of
HIVAN,25,26 challenging a model of disease initiated by
Nef-expressing podocytes.

A different model of AIDS, the CD4C/HIV Tg mice,27,28

has been used to study the pathogenesis of kidney disease in
the setting of HIV. These Tg mice show several immune
manifestations of HIV-1 infection, such as specific loss of
CD4þ T cells as well as lung,27,28 heart,29 and bone30 diseases
and severe kidney disease.27,28 Nef was found to be necessary
and sufficient to induce all these phenotypes, including kidney
disease.28,31 In these Tgmice, HIV-1 is expressed faithfully, in
the natural target cells of HIV-1, through the regulatory se-
quences (CD4C) of the human CD4 gene [namely, in thymic
and peripheral CD4þ T cells and myeloid-derived cells (tissue
macrophages, alveolar macrophages, Kupffer cells, microglial
cells, dendritic cells, and osteoclasts)].27,28,30,32,33

Kidney disease of CD4C/HIV Tg mice can not be trans-
ferred by transplantation of Tg hematopoietic cells34 and still
develops in the absence of CD4þ T cells.35 Also, restricted
expression of nef in Tg CD4þ T cells, macrophages, or
dendritic cells did not cause kidney disease.34 In addition,
several nef mutants36e38 or alleles,39 individually expressed
in Tg mice with the CD4C promoter, indicated that many of
them, including Nef-A72xxA75xxQ78,

31 which prevents Nef/
hematopoietic cell kinase (Hck) interaction, did not induce
kidney disease. In fact, this analysis of nefmutants and alleles
made it possible to determine that kidney disease and T-cell
phenotypes segregated independently. These results suggested
distinct pathogenesis for the development of Nef-induced he-
matopoietic cell perturbations and kidney disease.

The present study was designed to identify the Nef-
expressing cell subset involved in the development of kidney
pathology. The results indicate that kidney disease in CD4C/
HIVTgmice arises independently of hematopoietic cells and is
associated with the expression of HIV-1 Nef in kidney paren-
chymal cells, especially mesangial cells, and shares many
features with human HIVAN. The disease is less severe when
Src is deleted and much improved in the absence of Hck/Lyn.

Materials and Methods

Mice

CD4C/HIV-Nef, founder line F27367 (previously designated
CD4C/HIVMutG 28; coding only for Nef), CD4C/HIVMutA28

[coding for regulator of expression of virion proteins (Rev),
envelope (Env), and Nef], CD4C/HIVMutH (coding for all
HIV-1 genes, except nef),28 CD4C/HIVegreen fluorescent
The American Journal of Pathology - ajp.amjpathol.org
protein (GFP)40 (now designated CD4C/GFP), CD4C/reverse
tetracyclin transactivator (rtTA) and tetracycline response
element (TRE)/HIV-Nef41 Tg mice, and gene-deficient
(knockout) CD8,42 mMT,43 CD3ε,44 JH,

45 macrophage in-
flammatory protein-1a,46 monocyte chemoattractant protein
(MCP)-1,47 CCR-2,48 CCR-5,49 CX3CR-1,50 Bax,51 p53,52

tumor necrosis factor (TNF)-a,53 tumor necrosis factor re-
ceptor 2 (TNF-R2),54 TNF-related apoptosis inducing ligand
(TRAIL; line 2041)55 (Tactonic/Amgen, Seattle, WA), nitric
oxide (NO) synthase 3 [endothelial NO synthase (eNOS)],56

inducible NO synthase,57 Fyn,58 Hck,59 Fgr,59 Lck/Yes novel
tyrosine kinase (Lyn),60 Src,61 and Lck62 have been described
previously. mMT, JH, Bax, p53, TNF-a, TNF-R2, eNOS,
Fyn, Src, and Lck knockout mice were from the Jackson
Laboratory (Bar Harbor, ME). Liver/lymph nodeespecific
intercellular adhesion molecule-3egrabbing non-integrin (L-
SIGN)/GFP transgene was constructed by ligating the 753-bp
GFP fragment followed by the SV40 polyadenylation site
(900 bp) within exon 4 included in the 9.8-kbp Nhel-SacI
fragment of the human L-SIGN gene, comprising sequences
upstream of exon 1, exons 1, 2, and 3, and part of exon 4
harboring a mutation of its ATG codon. CD4C/sd19 trans-
gene was constructed by ligating the 500-bp sd19 fragment
into the Mlul-NotI sites (nucleotides 8800 and 9420 of NL4-
3) of CD4C/SHIV-nef DNA,63 thus replacing the nef
sequences.

Tg mice were generated by injecting DNA construct in
1-dayeold embryos, as previously described.27,28 At least
three founders, expressing the transgene faithfully, were
expanded for each strain. For most experiments, founders
were bred with C3H/HeNHsd (Harlan, Indianapolis, IN)
mice as heterozygous for more than six generations, before
being studied. For experiments on some gene deficiency
(Supplemental Table S1), mice were bred as above for more
than six generations with C57BL/6 mice. For experiments
on genetic susceptibility (Supplemental Table S2), mice
were bred with the indicated mouse strains as heterozygous
for more than six generations before being assessed, except
for 129/J and DBA/2J Tg mice, which were bred for only
four generations. Animals were kept in specific pathogen-
free rooms.

Assessment of Kidney Histopathology

Kidney sections (n Z 4 per mouse) were assessed, and le-
sions were scored semiquantitatively (scores 1 to 4),
essentially as described before.39 Extent of glomerulo-
sclerosis and number of glomeruli affected, severity of
tubular dilatation, number of microcysts, as well as extent of
tubulo-interstitial infiltration were evaluated independently.

Culture of Glomeruli

Fresh glomeruli were purified with magnetic beads, as
described previously,64 and incubated with fibrolife medium
(Lifeline Cell Technology, Frederick, MD; LM-0001 and LS-
703
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Role of Hck/Lyn in HIVAN
1038) in fibronectin-coated (Sigma, St. Louis, MO; F0895)
Petri dishes. For observation and image analysis, the culture
dishes were not moved for a 24-hour period. For
fluorescence-activated cell sorting (FACS) analysis, purified
mouse glomeruli were further digested with collagenase
(Sigma; C5138-1G) at 2.4 mg/mL and deoxyribonuclease
(Sigma; DN-25) at 100 U/mL during 1.5 hours at 37�C (with
frequent pipetting) in absence of trypsin found to interfere
with CD31 labeling.
Tissue Preparation

Mice were sacrificed, and kidneys were perfused with
phosphate-buffered saline 1� and 4% paraformaldehyde,
fixed for 1 hour in 4% paraformaldehyde, incubated over-
night in 10% sucrose, followed by 4 hours of incubation in
20% sucrose at 4�C, and then frozen in OCT medium and
processed for immunofluorescence (IF), as previously
described.28,65 Otherwise, tissues were embedded in paraffin
using a Shandon tissue infiltrator (hematoxylin and eosin),
as described previously,29,65 and processed for immuno-
histochemistry (IHC) or periodic acideSchiff and periodic
Schiffemethenamine staining.
Cell Proliferation

Mice were sacrificed by anesthesia with tribromoethanol
(Avertin) 2 weeks following bromodeoxyuridine (BrdU;
Sigma) administration (800 mg/mL drinking water) and
perfused, using an intracardiac needle, first with phosphate-
buffered saline and then with 4% paraformaldehyde, as
described before.35,65 BrdU-positive cells on tissue sections
were detected with the BrdU in situ detection kit II (BD
Biosciences, San Jose, CA). The technique was essentially
that recommended by the manufacturer. Kidneys were
embedded in paraffin blocks together with several other
tissues, including small intestine and inguinal lymph nodes.
These internal positive controls (intestinal epithelial cells in
deep crypts and clusters of lymph node follicular cells were
Figure 1 Renal pathology of CD4C/HIV-Nef transgenic (Tg) mice represents a c
albuminuria in non-Tg and Tg mice. Urine was run on SDS-PAGE along with contro
albumin (Alb)/creatinine (Crea) concentration were measured (B). CeI: Represe
latations forming microcysts, with interstitial fibrosis and monocytic infiltration
presenting with collapsing features, including segmental to global collapse of th
lesions presented with segmental solidification of the tuft by matrix material, hy
affected Tg glomeruli. JeL, O, P, S, and T: Immunohistochemistry on kidney sectio
and P) and cytokeratin 18 (CK18; S and T). M, N, Q, R, U, and V: Glomerular a
quantitated on 18 to 25 randomly chosen glomeruli per mouse on groups of thre
glomerulus are shown as a dot and were pooled. K and L: SMA staining is increas
labeling of periglomerular and parietal Tg cells with anti-SMA (K and L) and ant
against desmin. Y: Quantification of glomerular desmin staining (mean of voxels c
in glomeruli of Tg mice by immunofluorescence microscopy with anti-mouse IgM m
IgM Ab. Statistical analyses were performed with the nested analysis of variance te
was variable, as documented in the dispersed values of area and intensity of immu
****P < 0.0001. Original magnification: �100 (C, E, and JeP); �400 (D, H, an

The American Journal of Pathology - ajp.amjpathol.org
BrdU positive) were checked before analysis and used to
exclude a false BrdU signal.
Antibodies

Antibodies (Abs) against WT-1 (Santa Cruz Biotechnology,
Dallas, TX; SC-192), synaptopodin (Research Diagnostic
Inc., Flanders, NJ; RDI-PRO65194), a8 integrin (R&D,
Minneapolis, MN; AF4076), smooth muscle actin (SMA;
Sigma; A2547), factor VIII (Dako, Santa Clara, CA; A0082),
IgM (SouthernBiotech, Birmingham, AL; 1020-07), collagen
IV (Abcam, Cambridge, UK; Ab 13,966), fibronectin (Miles
Laboratories, Pittsburgh, PA), desmin (Dako; M0760),
cleaved caspase-3 (Biocare Medical, Pacheco, CA; CP229B),
cytokeratin (CK)18 (Santa Cruz Biotechnology; SC-28264),
CD31-biotin, platelet endothelial cell adhesion molecule
(BD Biosciences), CD44 (IM7; BD Biosciences), or
Src-suppressed protein kinase C substrate (Thermo Fisher
Scientific, Waltham, MA; PA1-29372) were purchased
from the indicated suppliers. For IHC, horseradish
peroxidaseeconjugated secondary Abs were used. For IF,
fluorochrome-conjugated secondary Abs used included the
following: antiesheep-Alexa 488, antierabbit-Alexa 633,
and antiemouse-Alexa 555 (all from Molecular Probe,
Eugene, OR) or biotin (BD Biosciences), antiemouse-Alexa
594 (R&D) antierabbit-Alexa 594, antiegoat-Alexa 555,
and antierat-Alexa 568 (Invitrogen, Waltham, MA; and
R&D). With biotin-conjugated Abs, streptavidin conjugated
to Alexa 546 or to Texas Red (Molecular Probe) was used.
Alternatively, for some IF experiments, some antibodies were
directly conjugated. For flow cytometry of mouse immune
cells, phycoerythrin (PE)-, PE-cyanine 7 (PECy7)-, allophy-
cocyanin (APC)-, or fluorescein isothiocyanateeconjugated
antibodies against mouse CD4, CD8a, CD11b, CD11c, and
B220 as well as their isotypic controls (rat IgG2a, rat IgG2b,
and Armenian hamster IgG1) were purchased from Cedarlane
(Burlington, ON, Canada) or BD Biosciences.

Mouse glomerular cells were analyzed by FACS with
anti-CD45.2, antieperidinin chlorophyll protein complex
(PERCP)-Cy5.5, antieCD31-biotin (BD Pharmigen,
ollapsing focal segmental glomerulosclerosis (FSGS). A and B: Evaluation of
l bovine serum albumin (BSA) at different concentrations (A), and ratios of
ntative kidney sections stained with periodic acideSchiff. E: Tubular di-
observed in Tg mice. F and G: FSGS is seen in glomeruli of Tg mice, some
e tuft and hypertrophic, hyperplasic vacuolated podocytes. H: Other FSGS
aline deposits, and adhesion. I: Mild mesangial cell hypercellularity in less
ns with antibodies against smooth muscle actin (SMA; JeL), collagen IV (O
rea (M, Q, and U) and intensity (N, R, and V) of immunoreactivity were
e to five non-Tg and four to five Tg mice. Relative values (pixels) for each
ed in Tg mice in late (L), but not in early (K), stages. K, L, and T: Strong
i-CK18 (T) antibody (Ab). W and X: Confocal immunofluorescence with Ab
ount) was performed on 60 randomly chosen glomeruli. Z: Detection of IgM
onoclonal Ab. Inset: Portion of non-Tg kidney reacted with the same anti-
st with Bonferroni correction. For all these markers, staining in Tg glomeruli
noreactive positivity. n Z 40 Tg mice (E). **P < 0.01, ***P < 0.001, and
d I); �600 (F and G); �40 (S, T, W, and X); �10 (Z).
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Franklin Lakes, NJ), and anti-a8 integrin-biotin (R&D;
BAF4076) as well as their respective isotype control (rat
IgG 2b-biotin and goat IgG biotin) and streptavidin-APC
conjugated.

IHC and IF

IHC was performed essentially as described.29,65 After
dewaxing of paraffin slides and rehydration, sections were
treated with 0.3% hydrogen peroxide in phosphate-buffered
saline, then blocked with 3% goat serum in phosphate-
buffered saline for 30 minutes at room temperature before
incubation with various Abs and their isotype control Abs for
1 hour at room temperature, except for WT-1 at 37�C. This
was followed by incubation with horseradish peroxidasee
conjugated secondary Abs. Finally, the positive signal was
visualized with 4.4-diaminobenzidine tetrahydrochloride. For
IF, frozen sections were fixed for 10 minutes at room tem-
perature in 10% formalin, permeabilized with 0.5% Triton
X-100 for 10 minutes at room temperature, and blocked with
10% fetal bovine serum inactivated, 2% bovine serum al-
bumin, and 0.3% Triton X-100 for 1 hour at room temper-
ature. Incubation with primary Ab overnight at 4�C was
followed by incubation with fluorochrome-conjugated sec-
ondary Ab for 40 to 60 minutes at room temperature, as
previously described.40 Thicker (50 mm) sections were first
permeabilized with 1% Triton for 30 minutes at room tem-
perature and stained with Ab in suspension
for approximately 12 hours at 4�C. Sections were mounted
with Vectashield mounting medium with DAPI (Vector
Laboratories, Inc., Newark, CA; number H-1200). Staining
with most markers was in general more variable in Tg than in
non-Tg glomeruli, most likely reflecting the focal nature of
the disease.

Electron Microscopy

Mice were perfused with 2% glutaraldehyde in 0.1 mol/L,
pH 7.4. cacodylate buffer (10 minutes). The perfused kid-
neys were further fixed in cacodylate buffer (2 hours) and
therein rinsed with 20% sucrose. The fixed kidney tissues
were cut into 1-mm blocks and subsequently prepared for
electron microscopy.

Image Analysis

Quantification of kidney characteristics was performed on
digital images of the relevant materials (hematoxylin and
eosinestained sections, GFP- or BrdU-positive and IHC
horseradish peroxidaseepositive sections of kidneys, and
glomeruli in culture), by using Northern Eclipse 6.0 soft-
ware (Empix Imaging, Mississauga, ON, Canada), essen-
tially as described,65 and Matlab Release 2020 b software
(MathWorks Inc., Natick, MA). For all experiments
assessing glomeruli, 15 to 25 randomly chosen glomeruli
for each mouse were analyzed. The culture dishes or
706
sections were scanned, and color images were captured by
using Zeiss Axiophot supported with Northern Eclipse
(Zeiss, Munich, Germany).
For cells growing out of glomeruli in culture, images in

phase contrast of randomly chosen fields (n Z 10 to 20) at
�10 or �20, including at least one glomerulus, were taken.
When necessary, images in fluorescence of the same field
were also taken using the same conditions.
For quantitation of proliferation, randomly chosen images

(n Z 15 to 20) of BrdU-labeled sections were obtained at
�40. BrdU-positive cells, total glomerular cells, and total
parietal epithelial cells were counted separately, except
when glomerular and parietal cells adhered to one another.
For quantitation of WT-1 staining, images of kidney

sections (n Z 30 to 50) were taken randomly from animals
showing mild and severe kidney disease, as determined by
hematoxylin and eosin staining. The number of WT-
1epositive cells per glomerulus was counted. The t-test was
employed to compare Tg and non-Tg groups.
Immunofluorescence staining of kidney sections (10 to 20

mm thick) and of purified kidney glomerular cells for a8
integrin, synaptopodin, CD31, SMA, desmin, and renin
(�40 oil) was analyzed by confocal microscopy using Zeiss
LSM 700, LSM 710, and Zen software (version 2011 for
LSM 700 and version 2009 for LSM 710). Analysis and
quantification of GFP expression with or without additional
staining was performed with Volocity software version 6
(Quorum Technologies, Puslinch, ON, Canada) and Imaris
�64 three-dimensional (for 50-mmethick section) software
version 8.2.1 (Oxford Instruments, Zürich, Switzerland).
The GFP levels represent summation of intensity values of
green (GFP) intersecting with red (cell-specific markers) on
stained cells (colocalization). Percentage of GFP-positive
cells and percentage of CD31-, synaptopodin-, or a8
integrin-positive cells expressing GFP were obtained by
analysis of a total of 780 to 1950 cells.
FACS Analysis

Flow cytometry was performed as previously published.35

Acquisition was performed on FACSCalibur (BD Bio-
sciences), BD-LSR (BD Biosciences), or Cyan (Beckman
Coulter Canada, Mississauga, ON, Canada). Data were
analyzed using the CellQuest Pro software version 6.0 (BD
Biosciences) or FlowJo software version 9.9.5 (BD Bio-
sciences). Cell sorting was performed on a Mo-Flo cell
sorter (Cytomation, Inc., Fort Collins, CO).
Western Blot Analysis

Protein expression was assessed by Western blot analysis of
lymphoid organs or purified glomeruli from different
founders using rabbit anti-Nef antisera, as described previ-
ously.28 Proteins were visualized by incubating the mem-
branes with secondary antibodies coupled to Alexa 680
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Renal pathology of CD4C/HIV-Nef transgenic (Tg) mice is associated with enhanced kidney cell proliferation and enhanced tubular, but minimal
glomerular, apoptosis. AeD: Proliferation was assessed after bromodeoxyuridine (BrdU) incorporation in vivo, in non-Tg (A and C) and Tg (B and D) mice.
Incorporated BrdU was detected by immunohistochemistry (IHC). AeD: Images at low (A and B) or high (C and D) magnification. B and D: Incorporated BrdU
was greatly enhanced in Tg tubular (B), glomerular (arrows; D), and parietal (arrowheads; D) epithelial cells. E: Quantitative analysis. The percentage of BrdU-
positive cells was calculated from the total number of glomerular or parietal cells and analyzed by the t-test. A total of 23 non-Tg and 18 Tg glomeruli per
mouse from two non-Tg and three Tg mice were counted. FeI: Apoptosis was assessed by IHC with antiecleaved caspase-3 (casp3) antibody. F: Representative
images of non-Tg (top panel) and Tg (bottom panel) kidneys showing cleaved casp3-positive cells (red arrows). G: Quantification of the number of cleaved
casp3-positive tubular cells counted in all �40 fields of one kidney per mouse, excluding glomeruli, in four non-Tg and four Tg mice. Data were analyzed by
t-test. H and I: Quantification of cleaved casp3 staining in glomeruli was performed on 18 to 25 randomly chosen glomeruli per mouse on groups of six non-Tg
and five Tg mice, as in Figure 1, M and N. H and I: Relative area (H) and intensity (I) of glomerular immunoreactive materials (pixels) are shown for each group
and analyzed by nested analysis of variance. ***P < 0.001, ****P < 0.0001. Original magnification: �10 (A and B); �40 (C and D); �20 (F).

Role of Hck/Lyn in HIVAN
fluorochrome, followed by scanning with Odyssey infrared
imaging system (LI-COR, Lincoln, NE).
Measurement of Albumin and Creatinine

Urine albumin was visualized by PAGE. Quantitation was
also performed by enzyme-linked immunosorbent assay
(Bethyl Laboratories Inc., Montgomery, TX). Urine creati-
nine (number 32263991 to 190) was measured with kits
from Cobas Integra (Roche Diagnostics, Indianapolis, IN).
Statistical Analysis

Statistical analysis was performed in most cases using the
unpaired two-tailed t-test. In case of comparison of ratios, a
one-sample t-test was used. One- or two-way analysis of
variance with Bonferroni correction, where appropriate, was
used for comparison of multiple samples. Nested analysis of
variance with Bonferroni correction was used for compari-
son of pooled glomerular values.
The American Journal of Pathology - ajp.amjpathol.org
Results

HIVAN in CD4C/HIV-Nef Tg Mice

The renal disease of CD4C/HIV Tg mice leads to increased
serum creatinine and urea66 and albuminuria (Figure 1, A and
B). Pathologic evaluation with hematoxylin and eosin or
periodic acideSchiff (Figure 1, CeI) was performed. Light
microscopy examination of Tg kidneys revealed severely
affected glomeruli by global and focal segmental glomer-
ulosclerosis (Figure 1E). Some of the segmental lesions
demonstrated the characteristic features of collapsing glo-
merulopathy, including segmental collapse of the glomerular
tuft with hypertrophy and hyperplasia of the overlying
visceral epithelial region, showing enlarged and vesicular
nuclei with prominent nucleoli (Figure 1, F and G). The
cytoplasm of visceral epithelial cells was often vacuolated,
and resorption droplets were occasionally seen. Other
segmental glomerular lesions demonstrated solidification of
the tuft by matrix material, hyalinoses, and adhesion to the
Bowman capsule (Figure 1H). Staining for SMA (Figure 1,
707
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Role of Hck/Lyn in HIVAN
JeN), collagen IV (Figure 1, OeR), CK18 (Figure 1, SeV),
desmin (Figure 1, WeY), and fibronectin (Supplemental
Figure S1) was greatly enhanced in Tg glomeruli. Interest-
ingly, at early stages of the disease, SMA (Figure 1K) and
desmin (Figure 1X) positivity was largely confined to cells
around the glomeruli, some of them with the appearance of
parietal cells. Staining with CK18, a parietal cell marker, also
showed enhanced positivity of Tg glomerular, including pa-
rietal cells (Figure 1T), the latter possibly activated (see
below), because this marker is known to be up-regulated in
activated parietal cells.67 In addition, deposition of IgM was
present in glomeruli of Tg mice (Figure 1Z), consistent with
the detection of similar IgM aggregates on hearts of the same
CD4C/HIV Tg mice.29 Tubulo-interstitial alterations
included tubular atrophy, interstitial fibrosis, and interstitial
accumulation of mononuclear cells mostly composed of
lymphocytes. Numerous tubular dilatations containing pro-
teinaceous material were seen, resulting in tubular microcysts
(Figure 1E). Intratubular leukocytes were occasionally pre-
sent. Tubular epithelial cells showed acute tubular injury,
characterized by simplification and loss of brush border, as
well as regenerative changes.

Human HIVAN is accompanied by significant prolifera-
tion of glomerular cells.6 Proliferation of kidney cells of
CD4C/Nef Tg mice was further assessed by detection of
BrdU incorporated into DNA, using IHC. It showed a
significantly enhanced proliferation of Tg tubular (Figure 2,
A and B), parietal (Figure 2, CeE), and glomerular
(Figure 2, CeE) cells relative to non-Tg ones. A large
proportion (approximately 55%) of BrdU-positive glomer-
ular cells (115 counted) are desmin positive, as assessed by
colocalization, strongly suggesting that some of the desmin-
positive cells initially found in parietal area may represent
proliferating parietal cells.

Because proliferation is often accompanied by enhanced
apoptosis, the extent of apoptosis in Tg kidneys was per-
formed by using IHC with antiecleaved caspase-3 Abs
(Figure 2, FeI). These analyses showed an enhanced number
of apoptotic tubular cells in Tg mice relative to non-Tg mice
(Figure 2, F and G). However, Tg glomeruli did not show an
Figure 3 Podocyte dedifferentiation and foot process effacement in CD4C/
images of kidney sections with antibodies against WT-1 (AeC) or synaptopodin (
90% of Tg glomeruli. Some Tg glomeruli (5% to 10%) stain as non-Tg ones. F: Q
randomly chosen glomeruli per mouse on groups of three non-Tg and three Tg mic
shown as an open (non-Tg) or closed (Tg) dot and was pooled. GeN: Electron micr
M) or 54-dayeold (N)] non-Tg and Tg mice were used. G and H: Podocyte hypertro
N: Foot process effacement (arrowheads), endothelial cell swelling (asterisk), an
16-dayeold Tg mice (J and K) and advanced in 40-dayeold Tg mice (M and N).
fluorescent protein (GFP) in podocytes of human liver/lymph nodeespecific interc
mice. O: Structure of the hL-SIGN/GFP transgene. P: Low magnification showing
observed in four independent Tg founder lines. QeS: Confocal microscopy with a
aptopodin (S). Colocalization was observed only with synaptopodin labeling, ind
trophy of podocytes in Nef-expressing Tg mice. Kidney sections were prepared fro
and areas occupied by GFP were measured. TeV: Representative image of glomer
n Z 4 non-Tg and 4 Tg mice (GeN); n Z 2 (hL-SIGN/GFP � CD4C/HIV-Nef
***P < 0.001, and ****P < 0.0001. Original magnification:�100 (A, B, D, E, G, H
podocyte.
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increased number of apoptotic cells relative to non-Tg ones
(Figure 2, H and I). Deletion of a few genes involved in
apoptosis (Fas, Fasl, Casp1, and Tnfrsf1a) was previously
shown to not have an impact on the development of kidney
disease in Tg mice.68 Deletion of additional genes involved
in apoptosis (Trp53, Tnfsf10, Tnf, Tnfrsf1b, and Bax), and
some of which implicated in the pathogenesis of FSGS (Tnf
and Bax), was investigated.69e72 Deleting these genes had no
detectable effect on kidney disease (Supplemental Table S1).

Ultrastructural studies showed extensive to diffuse foot
process effacement, with irregular thickening and segmental
splitting of the basement membrane in Tg glomeruli
(Figure 3, K and M), relative to non-Tg ones (Figure 3, I and
L). Endothelial cells often exhibited loss of fenestrations
(Figure 3K). Thus, it appears that many, but not all, features
of the kidney disease of CD4C/HIV Tg mice are typical of
other FSGS developing in mice.

Podocytes of CD4C/HIV-Nef Tg Mice Show Signs of
Dedifferentiation, Hypertrophy, and Minimal
Proliferation

Because glomerulosclerosis is mostly a disease of podo-
cytes, this cell subset was evaluated first. The intensity of
staining of podocytes for WT-1 (Figure 3, AeC) or syn-
aptopodin (Figure 3, DeF) was highly reduced in most
(90%) Tg glomeruli relative to controls, probably reflecting
loss of podocytes and their dedifferentiation, similar to that
documented in human HIVAN.6 Electron microscopy
revealed hypertrophy of Tg podocytes (Figure 3H) relative
to non-Tg ones (Figure 3G). Foot process effacement in Tg
podocytes was already apparent at 16 days of age (Figure 3,
J and K) and advanced at 40 days (Figure 3, M and N).
Focal thickening and wrinkling of glomerular basement
membrane was already visible at early stage (Figure 3, J and
K), and diffuse thickening and folding was present at later
stage (Figure 3, M and N).

To further study the fate of podocytes, human (h)L-SIGN/
GFP reporter Tg mice (Figure 3O) expressing Gfp in kidney
glomeruli (Figure 3P), specifically in podocytes (Figure 3,
HIV-Nef transgenic (Tg) mice. AeF: Representative immunohistochemical
DeF). B and C: Decreased WT-1 staining in Tg glomeruli, representative of
uantification of synaptopodin staining in glomeruli performed on 18 to 25
e, as in Figure 1, M and N. Relative intensity (pixels) for each glomerulus is
oscopy. GeN: Young (16-dayeold; IeK) or older [40-dayeold (G, H, L, and
phy (arrows) observed in Tg (H), but not in non-Tg (G), mice. J, K, M, and
d focal splitting of glomerular basement membrane (GBM; arrows) seen in
M and N: Diffuse thickening and folding of GBM. OeS: Expression of green
ellular adhesion molecule-3egrabbing non-integrin (hL-SIGN)/GFP reporter
GFP expression in glomeruli. This glomerular pattern of GFP expression was
ntibody against von Willebrand factor (VWF; Q), a8 integrin (R), and syn-
icating that the GFP-positive cells represent podocytes. TeV: Early hyper-
m (hL-SIGN/GFP � CD4C/HIV-Nef) double and single hL-SIGN/GFP Tg mice,
uli in young mice (T and U) and quantification of glomeruli GFP areas (V).
) double Tg mice and single hL-SIGN/GFP Tg mice (TeV). **P < 0.01,
, and QeU); �7500 (IeK); �15,000 (LeN); �10 (P). L, capillary lumen; P,
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Role of Hck/Lyn in HIVAN
QeS), were used. Analysis of GFP-tagged podocytes in
double (hL-SIGN/GFP � CD4C/Nef) Tg mice showed
hypertrophy of GFP-expressing podocytes (enhanced GFP-
positive surface area in diseased glomeruli) (Figure 3,
TeV), with minimal proliferation, as assessed by BrdU la-
beling. Among the BrdU-positive glomerular cells (195
counted) in Nef-expressing mice, only a small fraction
(approximately 3%) represented GFP-positive podocytes, as
assessed by colocalization using confocal microscopy.
Together, these results indicate that the modest podocyte
proliferation observed (Figures 1I and 3H) is unlikely to
account for the more important glomerular cell proliferation
detected in Tg mice (Figure 2E).

HIV-1 Nef Protein Is Sufficient to Induce HIVAN in Tg
Mice

CD4C/Nef Tg mice (encoding only nef among the known
genes of HIV-1, with all the other genes being inactivated)
develop kidney disease, whereas CD4C/HIV-DNef Tg mice
(encoding all HIV genes, except nef ) do not.28 These ex-
periments indicate that the nef gene is likely involved in the
development of kidney disease, but do not show that Nef
protein was involved. Other yet undiscovered HIV-1 gene(s)
or genetic product(s) could be encoded by the nef sequences
and participate, along with Nef, in the development of
kidney disease. To rule this possibility out, an anti-Nef
llama nanobody was used which was able to block all
known functions of Nef protein in vitro and in vivo,
including in T cells of CD4C/Nef Tg mice.73 Tg mice
(CD4C/sd19) expressing the sd19 anti-Nef nanobody under
the regulation of the same CD4C promoter used in CD4C/
Nef Tg mice (Supplemental Figure S2A) were generated. As
expected from previous work with hematopoietic cells
transduced with retroviral vector encoding this anti-Nef
nanobody,73 the percentage of CD4þ T cells from double
(CD4C/Nef � CD4C/sd19) Tg mice was increased, and a
large proportion of them did not exhibit Nef-induced CD4
down-regulation (Supplemental Figure S2B). In addition,
these double Tg mice showed lower albuminuria
(Supplemental Figure S2C) and less severe pathologic kid-
ney lesions (Supplemental Figure S2D) than single CD4C/
Figure 4 The regulatory sequences of the human CD4 gene drive expression o
transgenic (Tg) mice. A: Western blot analysis of protein extracts (100 mg) fro
Structure of the CD4C/GFP transgene. CeE: Fluorescent (C) or confocal (D and E) m
D and E: Representative images showing segmental (s) or uniform (u) distribution
Volocity version 6 (F) or Imaris version 8.2.1 (GeI) software, comparing GFP exp
expressing [low (Lo)] or [high (Hi)] mean voxels value (G), percentage of glome
distribution (I) of GFP expression. Note nonuniform levels of expression. JeO: Co
with Ab against WT-1 (K), synaptopodin (SYN; L), CD31 (M), von Willebrand factor
signal in GFP-positive cells stained for a8 integrin, synaptopodin (Synapto), or CD
to 70 glomeruli by confocal microscopy and quantitated with Volocity software. Da
activated cell sorting profile of CD45.2-negative, GFP-positive glomerular cells o
controls. Note the higher percentage of GFPHi cells labeled with anti-a8 integrin Ab
of a8 integrinD or CD31D cells in quadrant are given. Data from four experimen
CD4C/GFP Tg mice (Q). ***P < 0.001, ****P < 0.0001. Original magnification: �
promo, promoter of the human CD4 gene; LTR, long terminal repeat; mCD4 enh.,
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HIV-Nef Tg mice, strongly suggesting that Nef protein it-
self is involved in the development of HIVAN in Tg mice.

Hematopoietic Cells Do Not Contribute to the
Development of HIVAN in CD4C/HIV Tg Mice

Kidney disease of CD4C/HIV Tg mice can not be trans-
ferred by transplantation of Tg hematopoietic cells34 and
develops in absence of CD4þ T cells.35 Herein, kidney
disease was not abrogated in homozygous (�/�) C57BL/6
CD4C/Nef or C3H CD4C/HIVMutA Tg mice bred on Cd8,
Ighm, Cd3e, Cd3e/Igh-J, or Cd3e/Ighm gene-deficient
background and was undistinguishable from disease in
heterozygous (þ/�) Tg mice (Supplemental Table S1),
indicating that T and B cells are not required for its devel-
opment. Levels of normal T cell expressing and secreting
(RANTES) and MCP-1 chemokines, involved in macro-
phage recruitment, are elevated in CD4C/HIV Tg mice.27,66

This prompted the investigation of the contribution of che-
mokine pathways to the development of kidney disease.
CCR-2 and MCP-1 have been implicated in FSGS
glomerular injury.74,75 Tg mice, bred on background ho-
mozygous (�/�) deficient for macrophage inflammatory
protein 1a (Ccl3), Ccl2, Ccr2, Cx3cr1, or Ccr5 gene still
developed severe kidney disease (Supplemental Table S1).
These results are consistent with the absence of kidney
disease in Tg mice expressing Nef in macrophages (human
CD68/HIV-Nef) or dendritic cells (CD11c/HIV-Nef).34

Together, these results indicate that T and B cells as well
as Nef-expressing macrophages and dendritic cells are not
required for the development of kidney disease in CD4C/
HIV Tg mice. Rather, HIVAN appears to be induced by
Nef-expressing cells other than transplantable hematopoietic
cells.

Nef Is Preferentially Expressed in Mesangial Cells and
Often Focally Distributed in Glomeruli of CD4C/Nef Tg
Mice

To identify which Nef-expressing cell subset was involved
in the development of kidney disease in these Tg mice,
parenchymal kidney cells were studied next. In situ
f green fluorescent protein (GFP) primarily in glomerular mesangial cells of
m purified glomeruli or thymus of non-Tg and CD4C/HIV-Nef Tg mice. B:
icroscopy in kidney glomeruli of CD4C/GFP Tg mice to detect GFP expression.
of GFPHi (Hi) and GFPLow (Lo) cells. FeI: Quantification was performed with
ression between (F) or within (GeI) glomeruli, and recording levels of GFP
ruli with low or high GFP levels (H), as well uniform (u) or segmental (s)
nfocal immunofluorescence with isotype control (ISO) antibody (Ab; J) or
(VWF; N), and a8 integrin (O) (all in red). P: Quantification of GFP intensity
31. GFP/marker colocalization was analyzed on kidney tissue sections on 60
ta are expressed as summation of intensity values (pixels). Q: Fluorescence-
f CD4C/GFP Tg mice labeled with the indicated antibodies or their isotype
. Also note that most CD31-positive cells are GFPLo. Number and percentage
ts with 10 mice. n Z 200 glomeruli (F); n Z 60 glomeruli (GeI); n Z 10
10 (C); �20 (D and E); �40 (JeO). A, AatII; Bs, BssHII; Ex1, exon 1; hCD4
mouse CD4 enhancer; MFI, mean fluorescence intensity; S, SalI.
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Role of Hck/Lyn in HIVAN
hybridization has been used to detect HIV expression in
glomeruli of CD4C/HIV Tg mice.27 These findings were
confirmed by the expression of Nef protein observed in total
protein extracts from purified glomeruli by Western blot
analysis (Figure 4A).

Because these two detection techniques do not allow the
identification of glomerular cells permissive for CD4C-
driven expression, a reporter Tg mouse strain expressing
GFP under the regulation of the same CD4C regulatory
sequences as in CD4C/HIV Tg mice (Figure 4B) was
generated. Mice from five CD4C/GFP Tg founder reporter
mouse lines expressed GFP in the same cell populations
[notably in immature and mature CD4þ (and to a lesser
extent CD8þ) T cells and in cells of the macrophage/den-
dritic lineage] (Supplemental Figure S3), as those previ-
ously documented to express several transgenes under the
control of the same CD4C regulatory elements.27,32,41,76,77

This includes expression in CD8þ T cells, although such
expression was much lower with human CD4 than with
GFP reporter gene. This may be biologically relevant.
Indeed, human CD8þ T cells expressing CD4 have been
described,78,79 and infection of peripheral CD8þ T cells has
been reported in human AIDS and found to correlate with
depletion of CD8þ T cells.80e82

Interestingly, GFP expression was also detectable in
kidney glomeruli of Tg mice from all five founder lines
analyzed (Figure 4C), indicating that this glomerular
expression was independent of the transgene integration
site. Interestingly, high GFP expression was heterogeneous
between and within glomeruli (Figure 4, DeI), suggesting a
focal and segmental distribution. Few of the glomerular
GFP-positive cells were positive for WT-1 and synaptopo-
din, and some were positive for factor VIII (von Willebrand
factor) and CD31 (Figure4, JeN), markers of podocytes and
endothelial cells, respectively. However, a large proportion
were positive for a8 integrin (Figure 4O), a marker specific
in glomeruli for mesangial cells.83 Quantification of coloc-
alization signals on kidney sections (Figure 4P) revealed
higher expression in mesangial cells and in a larger pro-
portion of them. Higher and preferential expression of
Figure 5 Preferential expression of surrogate genes [green fluorescent prote
through the regulatory sequences (CD4C) of the human CD4 gene. AeC: Identific
Cells were obtained from purified glomeruli, further digested, fixed, and cytospo
synaptopodin (Synapto), and CD31. Fluorescence analysis of labeled antibody (Ab)
cells. A: Representative images of GFP positivity and staining with the indicated
Percentage of GFP-positive glomerular cells of total glomerular cells purified (total)
(synaptopodinþ), or endothelial cells (CD31þ)] of GFP-positive cells counted. C:
Data expressed as sum of mean GFP intensity (pixels). DeG: Kidney glomerular ce
tetracyclin transactivator (rtTA) � tetracycline operon (tetO)/GFP] Tg mice. D: G
glomeruli. The dotted appearance of GFP-positive cells reflects expression of GFP
with the same Ab and analyzed by confocal microscopy after being cytospotted (E
colocalization with cell-specific markers was evaluated and tabulated as percentag
fluorescence intensity (MFI; G). Data from two experiments with four mice. H: Kidn
Tg mice. Purified glomerular cytospotted cells were stained with anti-gag p24 Ab a
with cell-specific markers was tabulated as percentage on 700 to 800 cells, as abo
the highest GFP intensity. Data from four (CD4C/GFP) and two (CD4C/rtTA � tetO/
***P < 0.001, and ****P < 0.0001. Original magnification: �40 (A); �10 (D).
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surrogate genes in mesangial cells of CD4C/GFP Tg mice
was confirmed by FACS analysis (Figure 4Q) and in puri-
fied cytospotted GFP-positive glomerular cells (Figure 5,
AeC) as well as in two additional Tg reporter mouse strains
harboring the same CD4C regulatory elements [namely, the
inducible [CD4C/rtTA � tetracycline operon (tetO)/GFP]
Tg mice expressing GFP41 (Figure 5, DeG) and the CD4C/
HIV-mutant H (MutH) Tg mice faithfully expressing all
HIV-1 genes except nef28 (Figure 5H)]. Together, these re-
sults indicate that the CD4C regulatory elements are pref-
erentially active in mesangial cells of kidney glomeruli and
in a smaller proportion, and at lower levels, of glomerular
endothelial and epithelial (podocyte) cells.

The levels of GFP expression in the glomerular cells were
compared relative to CD4þ T cells of CD4C/GFP and
(CD4C/rtTA � tetO/GFP) Tg mice by FACS analysis.
These levels, reflected in values of mean fluorescence in-
tensity (MFI), were lower in glomerular mesangial
(approximately 2.5- to 10-fold, respectively) and endothelial
(approximately 10-fold) cells than in peripheral CD4þ T
cells (Supplemental Figure S4), suggesting that low Nef
expression in specific kidney cell subset(s) is sufficient to
induce severe kidney damage.

Tg Mesangial Cells Are Proliferating

In the early phase of the disease, microscopic examination
indicated focal minimal mesangial hypercellularity in the
less affected Tg glomeruli, progressing to diffuse mild
mesangial hypercellularity and mesangial matrix expansion,
as the disease advanced (Figures 1I, 3H, and 6A). Staining
of mesangial cells with a8 integrin, a mesangial cell-specific
marker,83 indicated patchy and nodular distribution of Tg
mesangial cells, in contrast to their tree-like arrangement in
non-Tg cells (Figure 6, B and C). Electron microscopy
showed that Tg mesangial cells were also hypertrophic
(Figure 6, E and F) and mildly hyperplastic (Figure 6E)
relative to non-Tg ones (Figure 6D).

Tg GFP reporter mice were used to assess the prolifera-
tion of glomerular GFP-positive cells, largely representing
in (GFP), inducible GFP, and HIV Gag p24] in glomerular mesangial cells
ation of glomerular GFP-positive cells from CD4C/GFP transgenic (Tg) mice.
tted onto glass slides before staining with antibody against a8 integrin,
and endogenous GFP was performed by confocal microscopy on 700 to 800
Ab (top panels) or with their isotype controls (Ctrls; bottom panels). B:
or belonging to each cell subset [mesangial cells (a8 integrinþ), podocytes

Quantification of GFP fluorescence intensity in each glomerular cell subset.
ll expression through the CD4C promoter in inducible double [CD4C/reverse
FP positivity in kidney tissue sections. Note that most GFPHigh cells are in
in nuclei in this reporter strain. EeG: Purified glomerular cells were stained
and F), as above and by fluorescence-activated cell sorting (G). EeG: GFP
e on 700 to 800 cells (E) and sum of mean GFP intensity (pixels; F) or mean
ey glomerular cell expression through the CD4C promoter in CD4C/HIV-MutH
nd with each of the same cell-specific Ab used in A. Gag p24 colocalization
ve. Note that mesangial cells represent most GFP- or p24-positive cells with
GFP) experiments with 10 and 4 mice, respectively. *P < 0.05, **P < 0.01,
AF, Alexa Fluor.
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Figure 6 Mesangial cell expansion in CD4C/HIV-Nef transgenic (Tg) mice. A: Light microscopic assessment of mesangial cells in 30 to 40 glomeruli per
kidney in seven Tg and four non-Tg kidneys. Mesangial hypercellularity is defined as three or more cells per mesangial area. Diffuse: �50% glomeruli affected.
Graph shows the percentage of Tg (4/7, 57.1%) and non-Tg (0/4, 0%) mice with diffuse mesangial cell hyperplasia. B and C: Immunohistochemistry was
performed on kidney sections with antibodies against a8 integrin (five non-Tg and five Tg mice). A and B: Note a fainter labeling around nodular structure of
Tg mesangial cells (B), compare with the tree-like staining in normal non-Tg mice (A). DeF: Electron microscopy on the same tissues as those shown in
Figure 3, G through N. DeF: Mice were 40 (D and E) or 54 (F) days old. DeF: Tg mesangial cells are hyperplastic (E) and enlarged (E and F). Original
magnification: �100 (B and C); �10,000 (DeF). M, mesangial cells.
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mesangial cells (Figures 4O and 5). This analysis was done
with BrdU-fed (CD4C/GFP � CD4C/HIV-Nef) double Tg
mice. A significant proportion (approximately 35%) of
BrdU-positive kidney glomerular cells (n Z 245) were
GFP-positive cells, suggesting that mesangial (and possibly
endothelial) cells are proliferating in Nef Tg mice.
The CD4C Regulatory Elements Are Active in Subsets of
Extraglomerular Kidney Cells

Extraglomerular cells, including cells of the renin lineage,
can be the progenitors of podocytes, mesangial cells, and
parietal cells in disease conditions.84e86 Herein, CD4C/GFP
reporter mice were used to investigate extraglomerular GFP
expression. Small clusters of GFPþ SMAþ (Figure 7, AeC)
or platelet-derived growth factor receptor-b (PDGFRb)þ

(Figure 7, D and E) cells were found around some glomeruli,
in the paraglomerular areas, sometimes at the vascular pole of
glomeruli. They may represent smooth muscle cells of the
juxtaglomerular apparatus and/or extraglomerular mesangial
cells or mesangial cell precursors, the latter known to be
located in these structures.84,87 However, renin-positive cells
did not seem to express GFP (Figure 7, D and E). Less
frequently, GFPþ PDGFRbþ cells were also detected in
714
peritubular areas (Figure 7, FeH). They are likely to repre-
sent smooth muscle cells lining the vasculature.
However, GFP expression was largely absent in Src-

suppressed protein kinase C substrateepositive parietal cells
(Figure 7I). Interestingly, staining of Src-suppressed protein
kinase C substrateepositive parietal cells with CD44 (an
activation marker) was strong in double (CD4C/GFP �
CD4C/Nef) Tg kidneys (Figure 7K), but hardly detectable
in single CD4C/GFP Tg kidneys (Figure 7J). Together,
these results indicate that parietal cells are activated in these
Nef Tg mice, and suggest that this activation is indirect, as
these cells do not appear to express GFP (Nef).
Tg Glomerular Cells, including Mesangial Cells, Show
Enhanced Plating Efficiency and Proliferation in Vitro
and Reduced Transgene Expression

To determine whether Tg glomerular cells show abnor-
malities in tissue culture, glomeruli from Tg and non-Tg
mice were purified (Figure 7L) and plated in Petri dishes
in vitro. The exit and/or growth of cells from Nef Tg
glomeruli was faster than that of non-Tg glomeruli
(Figure 7M). Nef Tg cells produced increased stress fibers,
detected with phalloidin (Figure 7, N and O).
ajp.amjpathol.org - The American Journal of Pathology
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Interestingly, while working with purified CD4C/GFP Tg
glomeruli incubated in vitro, a rapid loss of GFP fluores-
cence intensity was noticed once mesangial/endothelial cells
had attached to the dish, from 125 � 45 at day 5 compared
with 43 � 12 at day 10. This suggests that the CD4C pro-
moter is rapidly down-regulated during attachment and
growth of mesangial/endothelial cells in vitro, a phenome-
non that may explain the discordant results obtained by
infecting cultured human mesangial cells with HIV-1.88e92

Strong Influence of Host Genetic Factors on the
Development of HIVAN in CD4C/Nef Tg Mice

To determine whether the mouse background influences the
severity of kidney disease, C3H/HeNHsd CD4C/Nef Tg
mice were further bred as heterozygous for at least six
generations on different backgrounds, before being studied
for survival (reflecting severity of kidney disease) and kid-
ney morphology. A large proportion of Tg mice of four
strains (DBA/2, 129/J, CBA/J, and FVB/NJ) died within 4.5
months of age (Supplemental Table S2), and had severe
kidney disease (scores >3.5). FVB/NJ Tg mice were the
most susceptible, as 44.6% (21/47) died within 1 month of
age, compared with <13% for the other three strains. In
contrast, A/J Tg mice were the least susceptible, as only 1 of
47 (2%) died within 4.5 months of age (Supplemental Table
S2); among those assessed (n Z 11), only minimal kidney
lesions were detected (scores Z 0.2), strongly suggesting
the presence of resistant gene(s) to kidney disease in this
strain, thus providing valuable information to begin the
relevant breedings required to possibly identify the gene(s)
conferring such resistance. The other assessed Tg strains
(BALB/c, C3H/HeNHsd, C57BL/6, C58/J, and SWR/J)
showed intermediate survival (Supplemental Table S2) and
kidney lesions (scores 2 to 3). These results indicate that the
development of kidney disease in CD4C/Nef Tg mice is
much influenced by host gene(s) yet to be identified. These
genes are unlikely to all represent those influencing severity
of kidney disease in FVB/N Tg26 Tg mice, because (FVB �
BALB/c)F1 Tg26 mice develop no renal disease,93 whereas
BALB/c and FVB/NJ CD4C/Nef Tg mice do.

Src, but Not Fyn, Hck/Fgr, Lck, or Lyn, Deletion
Ameliorates Kidney Morphology in CD4C/HIV Tg Mice
without Improving Albuminuria

The mechanism by which Nef expression leads to kidney
disease is unknown. In other cell types, Nef was reported to
activate Src-related kinases, in particular Lck,94 Src, and
Hck.95 To assess the contribution of these effectors to kid-
ney disease development, CD4C/HIV Tg mice were bred on
backgrounds deficient for a few Src-related genes. Hck
deletion is known to not improve much kidney disease of
CD4C/HIV Tg mice.31 Similarly, moderate to severe kidney
disease was present in most Fyn-, Hck/Fgr-, Lck-, or Lyn-
deficient CD4C/HIV Tg mice and was not significantly
The American Journal of Pathology - ajp.amjpathol.org
different from that of control heterozygote Tg mice
(Supplemental Table S1). In contrast, most Src-deficient Tg
mice showed less severe macroscopic (Supplemental
Figure S5) and microscopic (Figure 8, A and B) kidney
disease, with significantly lower desmin (Figure 8, C and D)
and SMA (Figure 8E) glomerular staining than in control
wild-type or heterozygous Tg mice. However, albuminuria
was not significantly different in Src�/� or Srcþ/� Tg mice
(Figure 8F). In particular, some Src�/� Tg mice with few
histologic signs of kidney damage still showed high albu-
minuria. These results indicate that some kidney dysfunc-
tion persists in absence of Src and suggest segregation of
two distinct phenotypes (namely, tubular cyst formation and
glomerular damage).

Because activated Src augments nitric oxide production
in mesangial cells,96 the effect of Nos2 or Nos3 deletion was
evaluated on kidney disease of CD4C/HIV Tg mice. Ho-
mozygous (�/�) CD4C/Nef or CD4CHIVMutA Tg mice
bred on Nos2 or Nos3 gene-deficient background, respec-
tively, still develop severe kidney disease comparable to that
of heterozygous (þ/�) or wild-type Tg mice (Supplemental
Table S1).

HIVAN Is Less Severe in CD4C/HIV Tg Mice Deleted of
Hck/Lyn

Mortality (reflecting kidney disease) is delayed in CD4C/HIV
Tg mice harboring a deletion of Hck,31 suggesting a possible
role of Hck in the development of Nef-induced kidney dis-
ease. Because compensation by Lyn occurs in absence of
Hck,59 HIV Tg mice were bred on double Hck/Lyn gene-
deficient background. Because Hck�/�/Lyn�/� mice die
within 2 months from lung inflammation,97 kidneys of all
groups of mice were assessed earlier (at 4 to 9 weeks). Most
Hck�/�/Lyn�/� nef Tg triple-mutant mice showed much less
severe histologic signs of kidney disease than heterozy-
gote Hckþ/�/Lynþ/�, Hckþ/�/Lyn�/�, Hckþ/�/Lynþ/þ,
Hck�/�/Lynþ/�, and Hck�/�/Lynþ/þ Tg littermates, most of
which developed severe kidney disease (Figure 8G). This
was confirmed by significant decrease of desmin (Figure 8H)
and SMA (Figure 8I) staining. In addition, albuminuria was
normalized in most Hck�/�/Lyn�/� nef Tg mice (Figure 8J),
indicating an improvement of kidney function. These results
indicate that Hck and Lyn are required for optimal Nef
signalization inducing HIVAN.

Discussion

Nef-Induced Mouse Kidney Disease, Dependent on
Kidney Parenchymal Cells Permissive for Human CD4
Gene Expression

Only nef is necessary and sufficient to induce the develop-
ment of kidney disease in the CD4C/HIV Tg mouse model
studied here, characterized by nef expression beginning early
in life.28 A similar and undistinguishable kidney disease also
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develops following inducible expression of nef during
adulthood, through the same CD4C regulatory elements.41

Indeed, no other HIV gene is capable of inducing kidney
disease when expressed by the CD4C promoter, as shown in
CD4C/HIVMutH Tg mice expressing all HIV genes, except
nef.28 This represents an important characteristic dis-
tinguishing this model from others exhibiting nephropathy
following vpr expression.26,98e100 These contrasting results
strongly suggest that the cell subset(s) in which the CD4C
promoter is active and which is(are) critical for the devel-
opment of kidney disease in CD4C/Nef Tg mice, is (are)
different from that (those) expressing vpr in other models.

Herein, several experiments were designed to identify the
Nef-expressing cell population(s) involved in kidney dis-
ease. Previous studies have shown that Nef expression in
CD4þ T cells, macrophages, or dendritic cells, or trans-
plantation of Tg fetal liver hematopoietic cells, does not
elicit kidney disease34 and that CD4þ T cells are not
required for its development.35 Herein, these results were
extended to show that the presence of all T and B cells is
dispensable for the development of kidney disease in these
Tg mice. These results led to the hypothesis that expression
of Nef in kidney parenchymal rather than hematopoietic
cells may contribute to kidney injury in this model.

Studies with reporter mice confirmed this hypothesis.
Indeed, the regulatory sequences of the human CD4 gene
(CD4C) were shown to drive faithful expression of surro-
gate genes, such as HIV-1, human CD4, and GFP, not only
in CD4þ T cells, myeloid cells,27,28,32,76 and osteoclasts,30

as expected, but also in kidney cells, mainly in glomeruli.
In these latter cells, high expression was predominantly
found in mesangial cells, whereas fewer endothelial cells
and podocytes expressed at lower levels. This pattern of
expression of the CD4C regulatory elements was observed
in several independent Tg lines, ruling out an effect of the
transgene integration site and suggesting that these Tg lines
represent genuine reporter strains reflecting faithful
expression of the human CD4 gene.

CD4C-mediated expression in glomerular mesangial and
endothelial cells may reflect their possible origin from a
common precursor.101 This result is consistent with the
detectable expression of CD4 in human mesangial cells92 or
Figure 7 The CD4C regulatory elements are active in subsets of extraglomeru
elements leads to enhanced glomerular cell outgrowth in vitro. AeI: Activity of C
sections from CD4C/green fluorescent protein (GFP) transgenic (Tg) mice showing
with the indicated antibody [Ab; antiesmooth muscle actin (SMA), antieplatelet
and with Alexa Fluorelabeled secondary Ab. Note colocalization in some cells wit
protein kinase C substrate (SSecks) Ab (red). Few cells show colocalization with e
activation marker for parietal cells. Representative image of costaining of kidney
sheep Alexa-488 and rat anti-CD44/anti-rat Alexa 568 Ab. Note stronger signal o
non-Tg cells. Images were acquired with confocal 710 microscope in Z-stack mode.
cells. L: Purified kidney glomeruli from non-Tg and CD4C/Nef Tg mice were incuba
around glomeruli were counted after 1 and 4 days in culture. Representative exper
<0.03, <0.01, and 0.0004. N and O: Attached non-Tg (N) and Tg (O) cells were
staining of Nef Tg cells. n Z 3 non-Tg mice (J and K); n Z 4 CD4C/Nef Tg mice
�100 (N and O).
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glomerular cells morphologically similar to mesangial
cells102 and with the infectibility of glomerular mesan-
gial89,91,92 and endothelial89 cells by HIV in vitro. Also, the
fact that CD4C promoter activity is rapidly down-regulated
in cultured Tg mesangial cells may explain the discordant
results regarding HIV-1 infection of human mesangial cells
in vitro,88e92 because infection of human cells by HIV-1
largely occurs through the CD4 receptor. Together, these
results suggest that mesangial cells have the potential to be
infected by HIV-1 and to induce kidney damage when
expressing Nef.

HIVAN in CD4C/Nef Tg Mice

The question remains whether the kidney disease in CD4C/
Nef Tg mice is a model for human HIVAN. Generating an
animal model of HIVAN is challenging because not much is
known about human HIVAN. CD4C/Nef Tg mice were
generated based on the assumption that the cells involved in
the development of kidney disease would express human
CD4, the major receptor for HIV-1 infection. As any mouse
model of kidney disease, these Nef Tg mice have obvious
limitations: i) HIV may infect human kidney glomerular
cells through a different receptor than CD4, thus making
human CD4-mediated Nef expression possibly less relevant;
ii) HIV is not replicating, and no immune response against
HIV is elicited; iii) also, only one HIV gene, nef, is
expressed at young age, in a much larger number of target
cells; and iv) in addition, APOL1, an important modifier
gene for human HIVAN, is absent in mice.103 Therefore, its
influence cannot be investigated unless these CD4C/Nef Tg
mice are crossed with already available Tg mice harboring
different human APOL1 alleles,104e106 specifically
comparing the reference allele (G0) with the risk-conferring
alleles (G1 or G2) in double (CD4C/Nef � APOL1) Tg
mice.

Despite these limitations, the current data indicate that the
kidney disease of CD4C/HIV Tg mice shows characteristics
of human HIVAN. It represents a collapsing form of FSGS
associated with interstitial nephritis and microcystic tubular
dilatation. It also shares other features with human HIVAN,
such as modest proliferation of podocytes and mesangial
lar cells, but not in parietal cells, and Nef expression through these CD4C
D4C in extraglomerular cells. AeH: Confocal immunofluorescence of kidney
GFP-positive paraglomerular (AeE) or peritubular (FeH) structures stained
-derived growth factor receptor-b (PDGFRb; red), or anti-renin (white) Ab]
hin these structures. I: Staining of parietal cells with antieSrc-suppressed
ndogenous GFP. J and K: Activation of parietal cells studied with CD44, an
sections from non-Tg and CD4C/Nef Tg mice with sheep anti-SSecks/anti-

f both markers in Tg cells. Colocalization is observed in Tg cells, but not in
Arrows: immune-positive parietal cells. LeO: In vitro growth of glomerular
ted in Petri dishes (approximately 1500 glomeruli/dish). M: Adherent cells
iment of four performed. In the three other experiments, the P values were
labeled with phalloidin (green) and anti-fibronectin (red). Note increased
(J and K). **P < 0.01, ***P < 0.001. Original magnification: �40 (AeK);
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cells, high proliferation of tubular and parietal cells, down-
regulation of podocyte markers,1 and acquisition of CK18
positivity by parietal cells.10,11 The presence of modest
mesangial cell expansion, especially observed in human
pediatric HIVAN,107 likely reflects early Nef expression in
these Tg mice.

It has been proposed that the proliferating glomerular
cells in human and animal models of HIVAN represent
podocytes, based on their morphologic characteristics.6,7,9,24

Herein, a podocyte hypercellularity in CD4C/Nef Tg mice
was observed, although proliferation of podocytes them-
selves, assessed by BrdU incorporation, was modest. In fact,
a significant fraction of proliferating glomerular cells in
human HIVAN represents migrating proliferating parietal
cells.10,11 The current data are consistent with these latter
studies. Indeed, among proliferating glomerular cells, a high
percentage (approximately 45%) were identified as parietal
cells. In addition, parietal Tg cells were found to be acti-
vated (CK18 and CD44 positive) and to be present within
glomeruli. Thus, the kidney disease in CD4C/Nef Tg mice
shows many similarities with human HIVAN.

A Role for Nef-Expressing Mesangial Cells in Initiating
HIVAN

Expression of Nef in CD4C/Nef Tg mice occurred in
different parenchymal glomerular cell subsets: at low levels
in a few podocytes and endothelial cells and at higher levels
in a large proportion of mesangial cells. At least one of these
Nef-expressing cell subsets is likely to initiate glomerular
lesions.

The low CD4C-mediated expression detected in a small
proportion of podocytes may contribute to glomerular le-
sions. However, experimental evidence suggests that this
may not be a major pathway of disease. First, expression of
nef alone in podocytes of Tg mice is insufficient to induce
all features of HIVAN.25,26 Second, kidney disease failed to
develop when nef was expressed with other HIV genes in
podocytes of Tg mice,108 although another study indicated
severe FSGS in such Tg mice.26,109 These conflicting results
are thought to be related to levels of Nef achieved in
podocytes, and it was hypothesized that high Nef levels are
needed to damage podocytes.26,108 These findings suggest
Figure 8 Deletion of Src partially and that of Hck/Lyn largely abrogates rena
CD4C/HIV-Nef Tg mice were bred on Src (AeF) or Hck/Lyn (GeJ) gene-deficient ba
the age of 5 to 8 or 1 to 2.25 months, respectively. A: Hematoxylin and eosin stain
of microscopic pathology in kidneys of Src (B) or Hck/Lyn (G) gene-deficient Tg mic
and D) or Hck/Lyn (H) gene-deficient Tg mice. E and I: Quantification of smooth m
of Src (E) or Hck/Lyn (I) gene-deficient Tg mice. F and J: Albuminuria in Src (F) or H
concentration were measured. Data for desmin and SMA staining were obtained by
albumin levels (F and J), each dot represents a mouse. D, E, H, and I: In graphs s
three to four mice per group. Statistical analysis was performed using unpaired t
were more variable in þ/� or þ/þ Tg than in �/� Tg or non-Tg glomeruli, a
**P < 0.01, ***P < 0.001, and ****P < 0.0001. Original magnification: �5 (A
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that the low levels of Nef (GFP) detected in a small fraction
of CD4C/Nef Tg podocytes may not be sufficient to cause
major podocyte injury. Consistent with this interpretation,
expression of Nef was seen in cells permissive to CD4C
regulatory elements, at levels fourfold to fivefold lower (in
founders F21380, F26622, and F27011) than in founder
F27367 used in the present work, still led to severe kidney
disease and death within 6 months of age,28 suggesting that
the CD4C-targetted cell subset, likely mesangial cells, is
more susceptible to the effects of low concentration of Nef
than podocytes. Third, genetic data also support the notion
that the Nef-expressing cell subset involved in the devel-
opment of kidney glomerular disease in CD4C/Nef Tg mice
is distinct from podocytes. Indeed, in nephrotic syndrome-1
(Nphs1)/Nef10 Tg mice, expressing nef alone in podocytes,
the severity of kidney pathology was similar whether mice
were bred on C57BL/6 or FVB/N background.26 In contrast,
kidney disease of CD4C/Nef Tg mice was significantly
more severe when Tg mice were bred on FVB/N than on
C57BL/6 background. Fourth, among all HIV genes
expressed through the CD4C regulatory elements, only nef,
even at low levels, can induce HIVAN.28 In contrast, vpr
expression in podocytes of Tg mice induces kidney pa-
thology,26,99,100 again strongly suggesting that the CD4C
promoter is active in a cell subset distinct from podocytes
and driving disease development. These cumulative results
all point in the same direction and strongly suggest that
glomerular kidney disease in CD4C/Nef Tg mice is unlikely
to be only driven by the low expression of Nef in a small
proportion of podocytes.

The current data suggest that mesangial cells may be
involved in the development of Tg HIVAN. They represent
most of the glomerular cells expressing Nef, and the cell
subset expressing it most abundantly. Moreover, their
pattern of expression (focal and segmental) is reminiscent of
the distribution of the FSGS lesions themselves, suggesting
that the latter reflect the presence of mesangial cells
expressing higher Nef levels focally and segmentally. Thus,
glomerular lesions, including podocyte injury/loss in CD4C/
Nef Tg mice, may to be triggered by bystander Nef-
expressing mesangial cells. The use of a Nef-expressing
mesangial-specific promoter (not yet available) would be
helpful to further validate this notion.
l pathology of CD4C/HIV-Nef transgenic (Tg) mice. AeJ: CD4C/HIVMutA or
ckground, respectively, and assessed for HIV-1eassociated nephropathy at
ing of kidneys from representative Src-deficient Tg mice. B and G: Evaluation
e. C, D, and H: Quantification of desmin-positive areas in glomeruli of Src (C
uscle actin (SMA) positivity, expressed as mean of voxel counts, in glomeruli
ck/Lyn (J) gene-deficient Tg mice. Ratios of albumin (Alb)/creatinine (Crea)
confocal microscopy. B, F, G, and J: In graphs showing scores (B and G) and
howing levels of marker staining, each dot represents one glomerulus from
-test and nested analysis of variance. Note that SMA and desmin stainings
s documented in the more dispersed values of immunoreactive positivity.
); �40 (C).
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However, it is possible that expression of Nef in
glomerular mesangial cells may not be sufficient to elicit the
full spectrum of renal pathologic changes in CD4C/Nef Tg
mice. First, the few endothelial cells expressing Nef at low
levels may participate in these changes. The generation of
Tg mice showing restricted expression of nef in endothelial
cells would be required to assess the contribution of endo-
thelial cells in the development of FSGS. Second, the per-
iglomerular GFP (Nef)eexpressing cells found to be SMA
positive may contribute to glomerular pathology alone or
with mesangial cells. Third, it is tempting to suggest that the
observed Nef-expressing PDGFRbþ smooth muscle cells in
the peritubular vasculature may participate in the formation
of tubular cysts. These cells share many features with
mesangial cells,87 and smooth muscle cells have been re-
ported to contribute to HIV podocyte injury in vitro.110 The
involvement of this distinct cell subset in the formation of
cysts, but possibly not in the development of glomerular
lesions, would be compatible with the observed segregation
of these two phenotypes in Src knockout CD4C/HIV Tg
mice (Figure 8, AeF).

Cellular Pathogenesis of HIVAN in CD4C/Nef Tg Mice: A
Bystander Effect on Podocytes

By showing that HIVAN in CD4C/HIV Tg mice is asso-
ciated with Nef expression mainly in other kidney cells than
podocytes, we propose an alternative model of cellular
pathogenesis, whereby bystander Nef-expressing glomerular
cells, most of those identified in this model as being
mesangial cells, cause major damage to other cell subsets,
themselves apparently not or poorly expressing Nef. This
appears to be the case for podocytes that are injured, most
showing no or low GFP (Nef) expression. Also, most
epithelial parietal cells do not express GFP (Nef) but
constitute a significant proportion of proliferating Tg kidney
cells. They are activated, showing increased CK18 and
CD44 positivity and being among the first to exhibit
enhanced SMA and desmin immunoreactivity, and they
seem to migrate within the glomeruli. Interestingly, in
human HIVAN, most proliferating glomerular cells were
identified as parietal cells, often acquiring CK8 positiv-
ity,10,11 suggesting that kidney disease of the CD4C/HIV-
Nef mice reflects this important feature of human HIVAN.
Similarly, tubular cyst formation arises in absence of
detectable GFP (Nef) expression in epithelial tubular cells of
Tg mice, by an apparent indirect mechanism, possibly from
bystander Nef-expressing PDGFRbþ smooth muscle cells
of the peritubular vessels. In SIV-infected macaques, the
development of tubular microcystic dilatation also appears
to be indirect, occurring in absence of SIV expression in
tubular cells.3,5 Future work should identify the putative
paracrine effectors, likely either overproduced by or down-
regulated in Nef-expressing kidney cells, and whose
modulated levels may alter and/or damage epithelial
glomerular and tubular cells.
720
Involvement of Src Family Members in HIVAN
Development

The molecular basis for the development of HIVAN is
likely to be complex and to involve genes active in different
types of kidney cells. To identify key processes of Tg
HIVAN, CD4C/HIV Tg mice were bred on backgrounds
deleted of candidate genes involved in important pathways,
such apoptosis (Bax, Trp53, Tnf, Tnfrsf1b, and Tnfsf10),
chemokine signaling (Ccl2, Ccl3, Ccr2, Ccr5, and Cx3cr1),
and cytokine signaling (Ifng and Il6)76 or NO production
(Nos3 and Nos2). Some of these pathways have previously
been thought to be involved in HIVAN90,111,112 or in other
forms of nephropathy.70,71,74,75,113 The current studies
showed that none of these genes is required for the devel-
opment of kidney disease in CD4C/Nef Tg mice, thus ruling
out several critical candidates and pathways.
More proximal candidate effectors were explored, those

binding to Nef, in particular members of the Src kinase
family.95 Deletion of Src was found to improve morphology
of Tg kidneys, although it did not prevent albuminuria. This
result indicates that these two phenotypes can be segregated
and suggests that their development requires distinct effec-
tors, possibly expressed in distinct cell subsets, as discussed
above. Future studies with cell-specific deletion of Src, in
particular glomerular or tubular cell subset, could be
instrumental in understanding the partial protection of Src
from kidney disease in CD4C/Nef Tg mice.
Interestingly, deletion of Hck/Lyn was found to be pro-

tective against kidney pathology, consistent with the absence
of kidney disease in our CD4C/NefAxxAxxQ Tg mice
expressing Nef mutated in its proline-rich domain,31 required
for binding to Hck.95 Together, these data suggest a Nef-Hck/
Lyn interaction in Nef-expressing mesangial cells, and
possibly in PDGFRb-positive cells. We propose that this
interaction represents a proximal event for the development of
HIVAN. Nef most probably activates Hck/Lyn in kidney
cells, as it does in other cell types,95 including in spleen cells
of our CD11c/Nef Tgmice.33 The critical role of Hck/Lyn and
Src in the development of all or some of the phenotypes of
HIVAN is of clinical interest, as these protein kinases repre-
sent excellent targets for drug treatment.

Conclusions

The CD4C/GFP Tg mice described here represent a reporter
(readout) strain for the expression of the human CD4 gene.
In fact, human mesangial cells have been shown to express
CD4 and be infectable by HIV in vitro.89e92 We propose
that they may become infected in human individuals. If this
happens, the development of HIVAN would most likely be
caused by Nef and occur through similar cellular and mo-
lecular pathways as in the CD4C/Nef Tg model, considering
that the three critical signaling molecules (Hck/Lyn and Src)
identified here are well conserved between mouse and
human.
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