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Abstract

Rationale:HIV-1–induced interstitial pneumonitis (IP) is a serious
complication of HIV-1 infection, characterized by inflammation and
cellular infiltration in lungs, often leading to respiratory failure and
death. The barrier function of the pulmonary endothelium is caused
in part by tight junction (TJ) proteins, such as claudin-5. Peroxisome
proliferator–activated receptor (PPAR)-g is expressed in lung
tissues and regulates inflammation. We hypothesize that HIV-1
induces vascular lung injury, and HIV-1–mediated damage of
the pulmonary endothelium and IP is associated with
dysregulation of PPAR-g.

Objectives: Investigate the effects of HIV-1 infection on the
pulmonary microvasculature and the modulatory effects of the
PPAR-g ligands.

Methods: Using human lung tissues, we demonstrated down-
regulation of claudin-5 (marker of pulmonary barrier integrity),
down-regulation of PPAR-g transcription, and expression in lung
tissues of HIV-1–infected humans with IP.

Measurements and Main Results: Human lung microvascular
endothelial cells expressed the TJ proteins claudin-5, ZO-1, and
ZO-2; HIV-1 decreased TJ proteins expression and induced nuclear
factor-kB promoter activity, which was reversed by PPAR-g
agonist. Using two murine HIV/AIDS models, we demonstrated
decreased claudin-5expressionand increasedmacrophage infiltration in
the lungs of HIV-1–infected animals. Activation of PPAR-g prevented
HIV-1–induced claudin-5 down-regulation and significantly reduced
viremia and pulmonary macrophage infiltration.

Conclusions: HIV-induced IP is associated with injury to the lung
vascular endothelium, with decreased TJ and PPAR-g expression,
and increased pulmonary macrophage infiltration. PPAR-g ligands
abrogated these effects. Thus, regulation of PPAR-g can be a therapeutic
approach against HIV-1–induced vascular damage and IP in infected
humans. Removal of Expression of Concern: Issues leading to the
previous expression of concern for this article have been resolved after
further revisions and editorial review. No further concerns exist.
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The lung is a major target for HIV-1
infection, and ongoing pulmonary
complications often indicate enhanced
progression to an AIDS-defining illness (1).
Despite modern antiretroviral therapy,
pulmonary involvement is present in

80–94% of patients with AIDS, being
a major cause of morbidity and mortality,
and respiratory failure is a major cause of
death in patients with HIV/AIDS (2, 3).
HIV-1 is present in the respiratory tract of
seropositive subjects at all stages of

infection, and 75–85% of AIDS autopsies
showed evidence of lung pathology (1).

Interstitial pneumonitis (IP) is a
serious complication of HIV-1 infection
characterized by interstitial inflammation
and progressive fibrosis (4, 5). A study of
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250 patients with HIV/AIDS who died of
acute respiratory failure showed that 40%
had acute interstitial pneumonia, and 36%
showed diffuse alveolar damage (3). In
regions with high rates of HIV infection,
the prevalence of severe pneumonia among
infected children ranges from 35% to 70%
(3, 6, 7), and the case fatality rate was three
to eight times higher than in noninfected
children (7).

Peroxisome proliferator–activated
receptors (PPARs) are ligand-activated
transcription factors belonging to the
nuclear hormone receptor superfamily and

include three subtypes (PPAR-a, PPAR-g,
and PPAR-b/d) that exhibit differential
tissue distribution and ligand specificities
(8). PPAR-g is ubiquitously expressed in
many tissues and cell types, including
endothelial and smooth muscle cells of the
pulmonary vasculature (8, 9). PPAR-g
plays a key role in the regulation of genes
mediating inflammatory responses (10, 11).
Both natural and synthetic PPAR-g
agonists possess antiinflammatory
properties and inhibit the expression of
cytokines, chemokines, and adhesion
molecules (10, 12). PPAR agonists have
also been shown to inhibit HIV infection
in macrophages, peripheral blood
mononuclear cells (PBMC), dendritic cells,
and chronically infected cell lines (13);
and activation of PPARs attenuates
HIV-1–induced inflammation in brain
endothelial cells (14).

Claudins, transmembrane proteins, are
part of tight junction (TJ) complexes present
in endothelial and epithelial cells that
maintain intercellular barriers (15, 16). TJ
localized at the apical cell-cell contacts of
endothelial and epithelial cells create
a physiologic intercellular barrier, maintain
cell polarity, regulate the paracellular
permeability of solutes, and prevent
transmigration of leukocytes (16, 17). There
are 24 claudins; claudin-5, a 23-kD protein,
has been shown to be specifically expressed
in endothelial TJ (15) with high expression
in the brain and lung vascular endothelium
(15, 18). Claudin-5 is exclusively
concentrated at cell-cell borders of
endothelial cells of blood vessels but not at
those of epithelial cells (15) indicating that
claudin-5 is an endothelial cell–specific
component of TJ. Analysis of human
lung tissues also showed that during all
developmental stages claudin-5 was
strongly expressed in endothelial cells of
alveolar septae (19). Lung injury was
associated with decreased mRNA and
protein levels of claudin-5 and other TJ
proteins (20), resulting in increased
permeability (21).

The pulmonary endothelium forms
a semiselective barrier that regulates fluid
balance and leukocyte trafficking between
the vascular and extravascular spaces.
PPAR-g is ubiquitously present in lung
tissue of humans and animals, is highly
expressed in pulmonary endothelial cells,
and plays a major role in the pathobiology of
lung diseases (8, 9, 22). We hypothesize
that HIV-1 induces lung injury, and

HIV-1–induced injury of the pulmonary
endothelium and IP in patients with HIV/
AIDS is associated with dysregulation of
PPAR-g. To this end, we investigated the
effect of HIV-1 infection on the pulmonary
vasculature, and the modulatory effects
of the PPAR-g ligands, using human
lungs tissues, human primary cells, and
HIV/AIDS animal models.

Methods

Cell Isolation and Viral Infection
Monocytes, PBMC, and peripheral blood
lymphocytes (PBL) were obtained by
countercurrent centrifugal elutriation of
leukopheresis packs from HIV-1, HIV-2,
and hepatitis B–seronegative donors,
and monocyte-derived macrophages
(MDM) obtained as previously described
(23). Cell culture, HIV-1 infection, and
experiments assessing the effect of
PPAR-g on viral infection were
performed as detailed in the online
supplement.

RNA Isolation and Real-Time
Polymerase Chain Reaction
Lung tissues from HIV-1–seropositive
patients with IP or bronchopneumonia
and aged-matched seronegative control
subjects (Table 1) were obtained from the
National NeuroAIDS Tissue Consortium
and the National Disease Research
Interchange (Philadelphia, PA). RNA
extraction and real-time polymerase
chain reaction (RT-PCR) analyses were
performed as detailed in the online
supplement.

Protein Extraction, Western Blot
Analysis, and Immunofluorescence
Microscopy
Primary human lung microvascular
endothelial cells (HLMEC) were purchased
from Lonza (Walkersville, MD) and
cultured in EGM-2 MV BulletKit media
(Lonza). Protein extraction from cells and
lung tissues, Western blot analyses, and
microscopy were performed as previously
described (23) and as detailed in the online
supplement.

Human-PBL-NOD/SCID Mice Model
This model was described in our previous
publications (24, 25), and experimental
procedures are detailed in the online
supplement.

At a Glance Commentary

Scientific Knowledge on the
Subject: Peroxisome proliferator–
activated receptor (PPAR)-g has
been shown to regulate inflammation,
and PPAR-g agonists possess
antiinflammatory properties. HIV-
induced interstitial pneumonitis (IP) is
a serious complication of HIV
infection, characterized by increased
interstitial leukocyte infiltration in the
alveolar septae, and fibrosis eventually
leading to respiratory failure.
However, the pathogenesis of IP
associated with HIV remains
unknown. We hypothesize that HIV-
induced vascular lung injury and HIV-
induced injury of the pulmonary
endothelium and IP are associated
with PPAR-g dysregulation.

What This Study Adds to the
Field: We show here for the first time
that HIV-induced IP in humans is
associated with decreased transcription
and expression of PPAR-g and
claudin-5, a marker of endothelial and
microvascular barrier integrity, in the
lungs. Using in vitro and in vivo
studies, we also demonstrate that
PPAR-g modulates HIV-1–induced
vascular injury, nuclear factor-kB
promoter activity, viral infection, and
macrophage infiltration into the lungs.
Thus, modulation of PPAR-g could
provide a therapeutic approach to
prevent vascular injury, leukocyte
infiltration into the lungs, and
pneumonitis in HIV-infected
individuals.
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Humanized HIV Mice Model
Humanized NOD/scid-IL-2Rgc

null (NSG)
mice were developed by transplantation of
newborn mice with CD341 hematopoietic
stem cells from human fetal liver as
previously described (26–28), infected at
19–22 weeks of age, and viral load (VL)
quantified as detailed in the online
supplement. Age-matched noninfected,
nonreconstituted, and reconstituted
noninfected animals served as control subjects.

Flow Cytometry, Histopathologic
Evaluation, and Cytotoxicity
To quantify human and murine cells in animal
lung tissues, single-cell suspension was
prepared from lung tissues and analyzed by
fluorescence-activated cell sorter (FACS). FACS,
histopathologic and cytotoxicity procedures are
detailed in the online supplement.

Results

Down-regulation of Claudin-5
Transcription and Expression in the
Lungs of HIV-infected Humans with IP
To determine whether HIV-1–induced IP was
associated with alterations of pulmonary
vascular endothelium in HIV-1–infected
humans, we assessed the expression of
claudin-5 in lung tissues of six HIV-1– and
HIV-2–seronegative control subjects and
11 HIV1 patients with IP/pneumonia
(HIV1IP). Table 1 shows demographic
information and summary of post-mortem
findings for all 17 human lung donors. The

age range was 43–67 years for seronegative
control subjects and 32–70 years for HIV1IP
patients. Pathologists from National
NeuroAIDS Tissue Consortium performed
pathologic evaluation rendering HIV-IP
diagnoses. Blood CD41 T-cell count and VL
were available for 10 HIV1 lung donors.
CD41 T-cell count was 12, 125, 336, 96, 66,
10, 11, 1,217, 150, and 36 /mm3, respectively,
for patients P1–P7 and P9–P11. Low CD41

T-cell count was generally associated with
high VL. Patients P5 and P10 had a VL
greater than 750,000 copies per milliliter; for
patients P1, P6, and P7, VL was, respectively,
90,258, 223,100, and 474,239 copies per
milliliter. For patients P4, P9, and P11, VL
was, respectively, 2,064, 2,649, and 3,137
copies per milliliter; and for patients P2 and
P3, VL was less than 400 copies per milliliter.

Western blot analyses of available
protein samples showed significant decrease
of claudin-5 expression in lung tissues
of HIV1IP patients compared with
seronegative control subjects (P = 0.0003)
(Figures 1A and 1B). Quantitative RT-PCR
further showed significant down-regulation
of claudin-5 mRNA in lung tissues of
HIV1IP patients (P , 0.0001) (Figures 1C
and 1D) and HIV1 patients with
bronchopneumonia (P = 0.0002) (Figures
1E and 1F) compared with HIV-
seronegative control subjects.

HLMEC Expressed TJ Proteins and
HIV-1 Decreased TJ Expression
It has been demonstrated that claudin-5 is
localized at cell borders of endothelial cells

in blood vessels and is an endothelial-
specific component of TJ strands (15). Thus,
it is likely that claudin-5 down-regulation
in the lungs of HIV1IP patients occurs
through viral-induced endothelial damage,
especially damage of TJ proteins in
pulmonary endothelial cells. To test
this hypothesis, we first determined
whether HLMEC express TJ proteins.
Immunofluorescence analyses showed that
primary HLMEC expressed the TJ proteins
claudin-5, ZO-1, and ZO-2 (Figure 2A).
The platelet endothelial cell adhesion
molecule-1 CD31, abundant at intercellular
junctions of endothelial cells, is a known
endothelial cell marker (29). Strong
immunoreactivity of HLMEC for CD31
confirmed the endothelial nature of these
cells (Figure 2A). Next, we determined the
effects of HIV-1 on HLMEC, and the effects
of PPAR-g agonist on viral-induced
effects. Exposure of HLMEC to HIV-1
virions (HIV-1UG001; MOI 0.01; 24 h)
induced down-regulation of claudin-5 and
ZO-2; the PPAR-g agonist rosiglitazone
(25 mM) partially reversed HIV-1–induced
down-regulation of both TJ proteins
(Figures 2B and 2C). To assess toxicity,
HLMEC were exposed to HIV-1UG001 and/
or rosiglitazone for 24 hours, and viability
monitored using AlamarBlue assay over
a 24-hour period. Results showed no HIV
effect on HMLEC viability over 48 hours
(Figure 2D). Cytotoxicity assays on infected
and noninfected MDM, with or without
exposure to rosiglitazone, also showed no
significant effect of HIV-1 infection or

Table 1. Clinical History of Human Lung Tissue Donors

HIV Status Patient ID Sex/Age (yr)
Blood CD41

Cell Count
Blood

Viral Load
Pulmonary

Autopsy Diagnosis

Negative N1 M/50 Normal/none
Negative N2 M/46 Normal/none
Negative N3 M/67 Normal/none
Negative N4 M/58 Normal/none
Negative N5 M/46 Normal/none
Negative N6 M/43 Normal/none
Positive P1 M/43 12 90,258 Interstitial pneumonitis
Positive P2 M/32 125 ,400 Interstitial pneumonitis
Positive P3 M/54 336 ,400 Interstitial pneumonitis, pulmonary edema
Positive P4 M/64 96 2,064 Interstitial pneumonitis
Positive P5 F/44 66 .750,000 Interstitial pneumonitis, bronchopneumonia
Positive P6 F/38 10 223,100 Interstitial pneumonitis
Positive P7 M/39 11 474,239 Lymphocytic interstitial pneumonitis
Positive P8 M/70 N/A N/A Diffuse alveolar damage, pulmonary edema
Positive P9 M/46 1,217 2,649 Bronchopneumonia
Positive P10 M/47 150 .750,000 Bronchopneumonia
Positive P11 M/51 36 3,137 Bronchopneumonia
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rosiglitazone treatment on MDM over 12
days in culture compared with uninfected
or untreated MDM (see Figures E1 and E2
in the online supplement).

HIV-1–induced Nuclear Factor-kB
Promoter Activity in HLMEC Was
Abrogated by PPAR-g Agonists
Because PPAR-g signals through nuclear
factor (NF)-kB and activation of PPAR-g
can inhibit inflammatory responses by
preventing NF-kB activation (30), we
determined the effects of HIV-1 and
rosiglitazone on NF-kB promoter activity
in primary HLMEC transfected with NF-kB
or control vector. Exposure of HLMEC to
HIV-1UG001 increased NF-kB promoter
activity by fourfold compared with cells

transfected with control vector (P , 0.001)
(Figure 2E). Rosiglitazone prevented viral-
induced up-regulation of NF-kB promoter
activity (Figure 2E).

Down-regulation of PPAR-g in the
Lungs of HIV-infected Individuals
with IP
HIV-induced IP is an inflammatory disease.
Because PPAR-g has been shown to be
a key regulator of lung inflammation and
repair (31, 32), we hypothesized that HIV-
induced IP is associated with dysregulation
of PPAR-g. Quantitative RT-PCR analyses
showed significant transcriptional
down-regulation of PPAR-g in lung
tissues of HIV1IP patients compared
with seronegative control subjects

(P , 0.03) (Figures 3A and 3B).
Immunohistochemistry analyses also
showed decreased PPAR-g expression in
lung tissues and blood vessels (arrows) of
HIV1IP patients (Figures 3C and 3D)
compared with lung tissues of seronegative
control subjects (Figures 3E and 3F). Data
further showed increased expression of
PPAR-g in pulmonary vessels of control
individuals compared with pulmonary
vessels of HIV1IP patients (arrows, Figures
3C–3F). Additional control consisted of
lung tissues stained with isotype-matched
control antibody (antirabbit IgG)
(Figure 3G).

PPAR-g Modulates HIV-1 Infection of
Human Peripheral Blood Cells
Productive HIV-infected cells in the lungs of
HIV1 individuals consist predominantly of
infiltrating macrophages and T cells from
the peripheral blood. To test the effect of
PPAR-g modulation on HIV-1 infection
of these cells, we determined PPAR-g
expression in infected PBMC and MDM.
HIV-1 infection decreased PPAR-g levels in
PBMC; protein fractionation showed
decreased nuclear and cytoplasmic PBMC
PPAR-g levels (Figure 4A). Rosiglitazone
treatment partially restored cytoplasmic and
nuclear PPAR-g levels (Figure 4A). HIV-1
infection of MDM decreased nuclear and
cytoplasmic PPAR-g levels (Figure 4B).
Although rosiglitazone tended to increase
cytoplasmic and nuclear PPARg1 levels in
the HIV-1UG001–infected macrophages, this
trend did not reach statistical significance
(Figure 4B). Using two different HIV-1
strains, we further tested the effect of PPAR-
g on MDM and PBMC infection. Both the
M-tropic (HIV-1ADA) (Figure 4C) and dual-
tropic (HIV-1UG001) (Figure 4D) HIV-1
strains productively infected human MDM,
and rosiglitazone dose-dependently
decreased viral infection. At 1, 10, and
25 mM, rosiglitazone decreased HIV-1ADA
infection of MDM by 1.07-, 1.46-, and 3.11-
fold, respectively (Figure 4C); decreased
HIV-1UG001 infection of MDM by 1.1-, 1.56-,
and 3.43-fold, respectively (Figure 4D); and
decreased HIV-1UG001 infection of PBMC
by 2.2-, 2.15-, and 5.26-fold, respectively
(Figure 4E). Even when MDM and PBMC
were treated with rosiglitazone only during
the 4-hour viral exposure and culture
continued without rosiglitazone in the
media, reverse transcriptase (RT) assay at
Days 5 and 12 postinfection showed that
rosiglitazone reduced virus replication in

Figure 1. Decreased expression of claudin-5 in lung tissues of HIV-1–infected humans with interstitial
pneumonitis (IP). Western blot (A) and real-time polymerase chain reaction (C and D) analyses of
lung tissues from HIV-1–infected humans with IP showed overall decreased levels of claudin-5 protein
(A), and decreased claudin-5 mRNA (C and D), compared with lung tissues from seronegative human
control subject. Computer-assisted densitometry analyses of all protein samples and real-time
polymerase chain reaction data of all samples further showed a significant decrease in claudin-5
expression (B) (P = 0.0003) and transcription (D) (P , 0.0001) in lung tissues of HIV-infected humans
with IP. Additional analyses also showed decreased claudin-5 mRNA in two of the three HIV1 patients
with bronchopneumonia (HIV1BP, E and F). Data shown in A–C are from 12 donors; data in E and
F are from nine donors. Donors N1–N6 are control HIV-1–seronegative donors, donors P1–P6 are
HIV-1–seropositive donors with IP, and P9–P11 are HIV-1–seropositive donors with bronchopneumonia.
For A, M is the molecular weight marker. Demographics and clinical history of each donor are detailed in
Table 1. Error bars represent the SEM. GAPDH = glyceraldehyde phosphate dehydrogenase.
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HIV-1ADA–infected MDM by twofold (P ,
0.01) (Figure 4C), decreased HIV-1UG001
infection of MDM by 1.97-fold (Figure 4D),
and diminished HIV-1UG001 replication
in PBMC by 2.375-fold (P , 0.01)
(Figure 4E).

Pulmonary Cellular Infiltrates and
HIV-induced Damage on Pulmonary
Microvasculature in Humanized
NSG Mice
These mice were previously well-
characterized and shown to have a very good
engraftment of human cells (26–28). HIV-1
infection was associated with increased
levels of macrophages in the lungs
(Figures 5A and 5B) and formation of
multinucleated giant cells (Figure 5A,
arrows). Our current data also showed good
engraftment with the presence of human
cells in blood and lung tissues. Human cells
(detected by HLA-DR immunoreactivity)
were present in lung tissues, with more cells
in noninfected mice compared with
infected mice (Figure 5C). For noninfected
mice, mean HLA-DR1 cells was 8,309 6
10,206 (SD; n = 8), whereas for infected
mice, mean HLA-DR1 cells was 5,038 6
3,412 (n = 5). However, the difference was
not statistically significant in part because
of large SD. HIV-1 was present in the blood
of all infected mice, and VLs varied from
44,450 to 248,150 copies per milliliter:
mean VL was 121,363 6 89,687 copies per
milliliter. Immunohistochemistry showed
the presence of HIV-infected cells in mice
lungs, whereas no infected cells were
detected in noninfected mice (Figure 5D).
HIV-1 infection was also associated with
diminished claudin-5 expression in lung
tissues and blood vessels (Figure 5E,
arrows) compared with control mice
engrafted with human cells and control
animals without human cell engraftment.
Densitometry of lung tissues from all mice
(Figure 5F), Western blot analyses (Figures
5G and 5H), and RT-PCR (Figure 5I)
confirmed HIV-1–induced down-
regulation of claudin-5 protein and mRNA.
Engrafted noninfected mice also showed
decreased claudin-5 expression, however, to
a lesser extent than engrafted-infected mice
(Figures 5E–5H).

Pulmonary Cellular Infiltrates in
HIV-infected NOD-SCID Mice
We assessed the composition of leukocyte
infiltrates in the lungs of infected NOD-
SCID mice, and the effects of PPAR-g

Figure 2. Peroxisome proliferator–activated receptor-g modulation of HIV-1–induced down-
regulation of tight junction protein expression and nuclear factor (NF)-kB promoter activity. (A) Primary
human lung microvascular endothelial cells (HLMEC) express claudin-5, ZO-1, and ZO-2. Strong
staining with the endothelial cell marker CD31 confirmed the endothelial nature of these cells.
Additional controls consisted of HLMEC stained with isotype-matched control antibody (A). Direct
exposure of HLMEC to infectious viral particles (HIV-1UG001; 24 h) significantly decreased claudin-5
(B) and ZO-2 (C) expression. Rosiglitazone (Rosi, 25 mM) significantly diminished HIV-1–induced
down-regulation of claudin-5 (B). (D) Assessment of cytotoxicity over 24 hours by alamarBlue assay
showed that HIV-1 and rosiglitazone did not decrease HLMEC viability compared with untreated
control cells. (E) HLMEC were transfected with a control vector or a similar vector containing copies of
an NF-kB response element (NF-kB–RE) that drives transcription of the luciferase reporter gene (NF-
kB vector). Exposure of transfected HLMEC to HIV-1UG001 for 1 hour significantly increased luciferase
activity and rosiglitazone (25 mM) significantly diminished HIV-1–induced luciferase activity. No
luciferase activity was observed in transfected HLMEC exposed only to rosiglitazone or cells
transfected with control vector (*P , 0.05, **P , 0.01, ***P , 0.001). For A, original magnifications
are3400. For B and C, the summary graphs represent data from three human donors; D and E show
combined data from five (D) and three (E) independent experiments using five and three human
donors, respectively; and for each experimental condition in D and E, each donor sample was tested
in triplicate. Error bars represent SEM.
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agonists. FACS analyses of pulmonary
infiltrates at Weeks 1, 2, and 3 postinfection
showed infiltration of CD41 (Figure 6A)
and CD81 (Figure 6B) cells in HIV-

1–infected mice. Infected rosiglitazone-
treated mice showed slightly lower levels of
pulmonary cellular infiltration compared
with infected placebo-treated animals, but

the differences were not statistically
significant (Figure 6). However, additional
studies using NSG mice engrafted with
human PBL (Hu-PBL-NSG) showed
significantly lower number of CD41 cells
in lung tissues of HIV-1–infected mice,
compared with infected mice treated with
rosiglitazone (see Figure E3B), suggesting
that rosiglitazone prevent HIV-1–induced
depletion of CD41 cells in these Hu-PBL-
NSG mice. FACS analyses using mouse
CD45 monoclonal antibodies showed small
increases in the numbers of murine
leukocytes in lungs over time, with slightly
higher levels in lungs of infected placebo-
treated mice at Weeks 1 and 2, compared
with infected rosiglitazone-treated mice; the
differences were not statistically significant
(Figure 6C). Immunostaining of lung
tissues using monoclonal antibodies to
human CD4 and CD68 confirmed
lymphocytes and macrophages pulmonary
infiltration. Double immunostaining with
antibodies to HIV-1 p24 showed the
presence of infected T lymphocytes and
macrophages in lung tissues with higher
levels of infected lymphocytes (Figures 7B,
7F, and 7J) and macrophages (Figures 7H
and 7L) in lungs of infected placebo-treated
mice compared with infected rosiglitazone-
treated mice (Figures 7A, 7E, 7I, 7G, and
7K). Quantitative analyses of total human
macrophages in lung tissues also showed
higher pulmonary macrophage infiltration
in infected placebo-fed mice at Weeks
2 and 3 compared with infected
rosiglitazone-fed mice (Figure 7M).
Although macrophage infiltration in lung
tissues increased gradually from Weeks
1 to 3 postinfection in both groups,
rosiglitazone-treated mice (n = 13) showed
a 5.8- and 3.5-fold decrease in the number
of pulmonary CD681 cells compared with
placebo-treated mice (n = 16) at Weeks 2
and 3, respectively. Quantitative analyses
of total CD41 T lymphocytes in lung tissues
showed higher numbers of lymphocytes
(Figure 7N) and significantly lower numbers
of infected lymphocytes (Figure 7O) in the
lungs of infected rosiglitazone-treated mice
at Weeks 2 and 3 compared with infected
placebo-treated mice. Depletion of CD41

cells in infected placebo-treated mice
correlated with increased viremia and
formation of giant cells (Figures 7A–7L,
arrows). The concentration of pioglitazone
used (1 mg/kg) had little effect on viremia
and pulmonary cellular infiltration (data
not shown).

Figure 3. Decreased expression of peroxisome proliferator–activated receptor (PPAR)-g in lung
tissues and blood vessels of HIV-1–infected humans with interstitial pneumonitis (IP). (A) Real-time
polymerase chain reaction analyses showed decreased PPAR-g mRNA in lung tissues from HIV-
infected humans with IP compared with seronegative human control subjects. (B) Combined analyses
of all data by group confirmed the decreased PPAR-g transcription in these patients (P = 0.03).
Immunohistochemistry analyses showed decreased PPAR-g expression in lung tissues and blood
vessels (arrows) of HIV1 patients with IP (C and D) compared with lung tissues from seronegative
human control subjects (E and F). Additional controls consisted of lung tissues stained with isotype-
matched antibody (G). Data shown are from 17 human donors. Original magnifications at 3400. Error
bars represent SEM. GAPDH = glyceraldehyde phosphate dehydrogenase.
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HIV-1 Infection Induced Damage of
the Pulmonary Microvasculature in
NOD-SCID Mice and PPAR-g
Agonists Prevent HIV-1–induced
Vascular Damage
To assess the effects of HIV-1 infection
and cell infiltration on the pulmonary
endothelium of NOD-SCID mice, we
performed immunostaining for claudin-5,
a marker of endothelial microvascular
barrier integrity. HIV-1 infection
resulted in injury of the pulmonary
microvasculature, as evidenced by loss of
claudin-5 expression (Figures 8A–8C,
8G–8I). PPAR-g agonists prevented
injury of the lung microvasculature as
demonstrated by preserved claudin-5
staining in rosiglitazone- (Figures
8D–8F) and pioglitazone-treated
(Figure 8J-L) mice compared with
placebo-treated animals (Figures 8A–8C,
8G–8I). Computer-assisted image
analyses confirmed HIV-1–induced
damage of the lung microvasculature
and the ability of PPAR-g agonists to
reduce vascular injury. Compared with
placebo-treated mice, rosiglitazone
increased claudin-5 expression at Weeks
2 and 3 by 2.42-fold (Figure 8M) (P =
0.002) and 2.35-fold (Figure 8N) (P =
0.028), respectively, whereas pioglitazone
increased claudin-5 expression at Weeks
2 and 3 by 2.44-fold and 2.26-fold,
respectively (Figure 8O and 8P)
(P , 0.0001).

PPAR-g Stimulation Decreased
Viremia in NOD-SCID Mice
Quantification of HIV-1 p24 antigen
levels in animal blood served as a measure
of viremia. In the first experiment,
treatment with pioglitazone (1 mg/ml)
had no effect on viremia. In the second
experiment, treatment with rosiglitazone
(10 mg/kg) produced no detectable
viremia at Week 1; by Week 2, the levels of
HIV-1 p24 were similar in both groups
(16.6–566 pg/ml in placebo-treated mice,
17–321 pg/ml in rosiglitazone-treated
mice) (Figure 6D) (P = 0.137). A
significant increase in viremia was
detected at Week 3 compared with Week
2, and rosiglitazone reduced viremia by
approximately 50%. HIV-1 p24 levels in
placebo-treated mice were 11,890 6
2,530 pg/ml, whereas levels in
rosiglitazone-treated mice were 7,553 6
1,358 pg/ml (Figure 6E) (P , 0.03).

Figure 4. HIV-1 infection diminished peroxisome proliferator–activated receptor (PPAR)-g expression
and activation of PPAR-g decreased infection of macrophages and peripheral blood mononuclear
cells (PBMC). Human PBMC and monocyte-derived macrophages (MDM) were infected with
HIV-1UG001 or HIV-1ADA, with or without rosiglitazone in the media. (A) Western blot analyses of PBMC
nuclear and cytoplasmic extracts at Day 12 postinfection showed decreased expression of
PPAR-g in PBMC infected with HIV-1UG001 and rosiglitazone partially restored cytoplasmic
PPAR-g levels. (B) Western blot analyses of macrophages nuclear and cytoplasmic extracts
also showed decreased expression of PPAR-g in macrophages infected with HIV-1UG001

or HIV-1ADA. Both PPAR-g1 and PPAR-g2 isoforms were present in some macrophage
cytoplasmic extracts (B). Although rosiglitazone tended to increase cytoplasmic and nuclear
PPARg1 levels in the HIV-1UG001–infected macrophages, this trend did not reach statistical
significance (B). Reverse transcriptase assay showed that rosiglitazone significantly and dose-
dependently decreased MDM (C and D) and PBMC (E) infection. (#) MDM (C and D) and
PBMC (E) exposed to rosiglitazone only during the 4-hour viral exposure and cultured without
rosiglitazone in the media showed significant decrease in viral replication (*P , 0.05, ** P ,
0.01, *** P , 0.001, and P values in A and B are compared with controls). For A, the summary
graph represents data from five independent experiments using five human donors; for B, the
summary graph represent data from three (nuclear PPAR-g) and four (cytoplasmic PPAR-g)
independent experiments using three and four human donors, respectively. C and D show
combined data from three independent experiments using three human donors, E shows
combined data from four independent experiments using four human donors, and for each
experimental condition in C–E, each donor sample was tested in triplicate. Error bars represent
SEM. GAPDH = glyceraldehyde phosphate dehydrogenase.
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HIV-1 Infection Induced Damage of
the Pulmonary Microvasculature in
Hu-PBL-NSG Mice and PPAR-g
Agonists Prevent HIV-1–induced
Vascular Damage, Decreased
Viremia, and Depletion of CD41 Cells
To assess the effects of HIV-1 infection on
the pulmonary endothelium of Hu-PBL-

NSG mice, we performed immunostaining
for claudin-5, a marker of endothelial
microvascular barrier integrity. HIV-1
infection resulted in injury of the pulmonary
microvasculature, as evidenced by loss of
claudin-5 expression (see Figure E3A).
PPAR-g agonists diminished HIV-induced
injury of the lung microvasculature as

demonstrated by increased claudin-5
expression in infected and rosiglitazone-
treated mice, compared with infected mice
treated with placebo (see Figure E3A).
Control noninfected mice engrafted with
human PBL showed high levels of claudin-
5 expression (see Figure E3A), which
demonstrate that engraftment did not

Figure 5. Analyses of lung tissues from HIV-1–infected humanized NGS mice. HIV-1 infection was associated with increased macrophage infiltration into
lung tissues (A and B), formation of multinucleated giant cells (A, arrows), and all mice showed good engraftment of human (HLA-DR1) cells in the lungs
(C). HIV-1–infected cells were detected in lung tissues of engrafted, infected mice, whereas engrafted, noninfected animals (control-R) showed no infected
cells (D). HIV-1 infection was associated with decreased expression of claudin-5 in tissues (E) and blood vessels (E, arrows), which was confirmed by
semiquantitative analyses of claudin-5 staining in all lung tissues (F ), and Western blot analyses (G and H). Real-time polymerase chain reaction also
showed that HIV-1 infection was associated with decreased claudin-5 mRNA in mouse lung tissues (I). For F, the number of mice n = 5 in each group; for
G and H, n = 4 in each group; for real-time polymerase chain reaction (I), n = 4, 4, and 8, respectively, for control, control-R, and HIV-infected group. Each
sample was analyzed in triplicate. Control: nonreconstituted, noninfected mice. Control-R: mice reconstituted with human CD341 hematopoietic stem
cells, noninfected. HIV-infected: mice reconstituted with human CD341 hematopoietic stem cells and infected. (*P , 0.05, ***P , 0.001). Original
magnifications at 3400. Error bars represent SEM.
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affect the pulmonary vasculature in these
animals.

Quantitative analyses of CD41 T
lymphocytes in lung tissues showed
significantly lower number of lymphocytes in
lung tissues of HIV-infected Hu-PBL-NSG
mice treated with placebo, compared with lung
tissues of rosiglitazone-treated infected mice
or control noninfected Hu-PBL-NSG mice
(see Figure E3B). There was no significant
difference in the levels of lung CD81 cells
among the three groups (see Figure E3C).
Immunostaining for HIV-1 p24 antigen (see

Figure E3D) and ELISA assays (see Figure
E3E) showed higher viremia in lung tissues of
HIV-infected Hu-PBL-NSG mice treated with
placebo, compared with lung tissues of
rosiglitazone-treated infected mice, confirming
that depletion of CD41 cells in infected
placebo-treated mice correlated with increased
viremia.

Discussion

This study is the first, to our knowledge,
demonstrating claudin-5 down-regulation

and pulmonary vascular injury in HIV-
induced IP. Lymphocytic IP is common
in the pediatric HIV population and is
responsible for 30–40% of pulmonary
disease (33). Interstitial infiltration of
activated lymphocytes and macrophages
into alveolar septae is seen in affected lung
parenchyma and often leads to respiratory
failure (4, 5). The barrier integrity of the
pulmonary endothelium is caused by TJ
proteins, such as claudin-5 (15, 16).
Claudin-5 is an endothelial cell–specific
component of TJ strands, and lung injury is
associated with diminished expression of TJ
proteins and increased permeability (20,
21). In the present study, we demonstrate
significant down-regulation of claudin-5
transcription and expression in lung tissues
of HIV-1–infected humans with IP
compared with uninfected control subjects.
This suggests that viral-induced injury of
the pulmonary endothelium and claudin-5
down-regulation contribute to the
pathogenesis of IP in HIV-infected
individuals. Claudin-5 expression and
translation showed heterogeneity within
infected and noninfected subjects; and
some patients did not show correlation
between claudin-5 protein and mRNA
levels, suggesting differential regulation of
claudin-5 transcription and expression in
those subjects. Because no previous study,
to our knowledge, has analyzed claudin-5 in
lung tissues of HIV1 humans, we do not
know whether this phenotype is specific
to HIV1 or HIV1IP individuals. Our
previous studies showed significant
decrease in claudin-5 expression in the
brain endothelium of HIV1 individuals
with encephalitis (23). Thus, it is likely
that HIV infection associated with
inflammatory conditions, such IP or
encephalitis, induces a decrease in claudin-
5 expression in the endothelium. We
further showed that primary HLMEC
express TJ proteins, including claudin-5;
and exposure of these cells to HIV-1 down-
regulated claudin-5 and ZO-2 expression.
Viral-induced decrease in TJ protein
expression may directly contribute to injury
of the lung endothelium. Previous works
from our laboratory also showed that, as in
HLMEC (34, 35), HIV-1 and viral gp120
also down-regulated TJ proteins in
endothelial cells from other vascular beds,
including human brain endothelial cells
(36). These evidences show that HIV-1
and viral proteins directly injure the
endothelium.

Figure 6. Pulmonary cellular infiltrates and viremia in HIV-infected, placebo-treated, and
rosiglitazone-treated Hu-PBL.NOD-SCID mice. Fluorescence-activated cell sorter analyses of lung
tissues showed human CD41 (A) and CD81 (B) cells in the lungs at Weeks 1–3. Week 1 data showed
decreased cellular infiltrates in rosiglitazone-treated mice, but Weeks 2 and 3 data showed no
significant difference between the two groups. (C) Significant differences in the number of murine
leukocytes in animal lung tissues were not detected between groups. Quantification of blood HIV-1
p24 antigen levels showed no differences in viremia between placebo-treated and rosiglitazone-
treated mice at Week 2 (D); but viremia increased significantly at Week 3, and rosiglitazone
significantly reduced HIV-1 p24 levels (E). For A–C, Week 1 includes data from four mice in each
group; Week 2 includes data from six mice for the HIV1placebo group, and seven mice for the
HIV1Rosi group; Week 3 includes data from six mice for the HIV1placebo group, and eight mice for
the HIV1Rosi group. For D, the HIV1placebo group includes data from eight mice and the HIV1Rosi
group includes data from nine mice. For E, the HIV1placebo group includes data from six mice,
and the HIV1Rosi group includes data from eight mice. Error bars represent SEM.
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Our findings in lung tissues of HIV-
1–infected humans were further validated
using three different, well-established HIV/
AIDS murine models. These models use

animals reconstituted with human cells;
they reproduce HIV/AIDS pathobiology,
allowing testing of diverse therapeutic
approaches (24–28). We demonstrated

significant down-regulation of claudin-5
expression, a marker of pulmonary vascular
injury, in HIV-infected animals. Pulmonary
cells, such as alveolar macrophages and
lymphoid cells, are productively infected by
HIV-1, and the lung is the organ most
frequently affected in HIV-associated
diseases (1–3). Our data suggest that HIV-
induced down-regulation of endothelial TJ
proteins and injury to the pulmonary
vascular endothelium likely contributes
to the development of pulmonary
complications, such as IP. This virus-
associated injury of the lung endothelium
may also enhance inflammatory cell
infiltration into lungs. In fact, IP is
characterized by increased infiltration of
cells, such as macrophages (4, 5), and our
data, using two different HIV/AIDS animal
models, showed increased macrophage
infiltration in lung tissues of HIV-infected
mice. Some animals also showed signs
of lung pathology with infiltrating
mononuclear cells in the alveolar spaces.
However, recent studies showed that NOD-
SCID mice that receive human PBL can
develop xenogenic graft-versus-host disease
because of human antimouse major
histocompatibility complex class II
reactivity (37). Thus, both HIV-1 infection
and/or graft-versus-host disease responses
inherent to the model could contribute to
this pathology and represents a limitation
of our animal model. However, we
controlled for this in our humanized NGS
mice and Hu-PBL-NSG mice by using
additional control subjects consisting of
reconstituted noninfected animals.

IP is an inflammatory disease, and
PPAR-g has been implicated in the
regulation of inflammation and lung injury
(8, 10–12, 22, 38). HIV-1 proteins have also
been shown to alter PPAR-g regulation
and expression (39). Thus, we hypothesize
that dysregulation of PPAR-g is involved
in HIV-1–induced IP and vascular injury.
Our data showed significant down-
regulation of PPAR-g transcription and
expression in lung tissues of HIV-1–
infected humans with IP. This suggests that
suppression of PPAR-g expression and
transcriptional activities may be involved
in the pathogenesis of HIV-induced IP.
Using two different HIV-1 strains and
PPAR-g agonists, including rosiglitazone,
a Food and Drug Administration–approved
drug for the treatment of such metabolic
conditions as diabetes, we also
demonstrated that HIV-1 down-regulates

Figure 7. Activation of peroxisome proliferator–activated receptor-g decreased viremia and
pulmonary macrophage infiltration in Hu-PBL.NOD-SCID mice. Immunohistochemistry analyses
of lung tissues from HIV-1–infected placebo- and rosiglitazone-treated Hu-PBL.NOD-SCID mice
showed infected CD41 T cells (A, B, E, F, I, and J) and macrophages (C, D, G, H, K, and L) in animal
lung tissues, and multinucleated giant cells at Weeks 2 and 3 postinfection (arrows). Macrophage
infiltration in the lungs increased gradually over time (M), whereas the levels of CD41 cells decreased
over time (N). Rosiglitazone-treated mice showed significantly less numbers of macrophages (M) and
infected cells (O) in the lungs, and higher total CD41 cell counts (N), correlating with reduced
infection in rosiglitazone-treated mice. Original magnifications at 3400. For panels M–O, Week 1
includes data from four mice in each group; Week 2 includes data from six mice for the HIV1placebo
group, and seven mice for the HIV1Rosi group; Week 3 includes data from six mice for the
HIV1placebo group, and eight mice for the HIV1Rosi group. Error bars represent SEM.
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PPAR-g expression; activation of PPAR-g
dose-dependently decreased HIV-1
infection of MDM and PBMC. This is in
agreement with previous findings, because
both natural and synthetic PPAR-g
agonists reduce HIV-1 infection in
macrophages, PBMC, dendritic cells,
and chronically infected cell lines (13).
Activation of PPAR-g also diminished viral
infection in the NOD-SCID model of
HIV encephalitis and migration of HIV-
infected monocytes in an in vitro blood-
brain barrier model (25). Studies using
a murine preadipocytes cell line showed
that HIV-1 Vpr suppressed PPAR-
g–mediated gene transcription, which may
contribute to viral-induced dysregulation of
metabolic function (39). Overexpression
of PPAR-a and PPAR-g attenuated HIV-

induced down-regulation of TJ proteins
ZO-1, occludin, and junctional adhesion
molecules in brain endothelial cell lines
(40), and protected against HIV- and
Tat-induced expression of inflammatory
cytokines and chemokines in macrophages,
PBMC, and brain endothelial cells (13, 14).

In addition to HIV-induced down-
regulation of lung PPAR-g and claudin-5,
PPAR-g agonists decreased viremia and
macrophage infiltration into lungs, and
prevented HIV-1–induced down-regulation
of claudin-5 in vitro and in vivo. This
suggests that PPAR-g activation prevents
HIV-induced injury and dysfunction of the
lung endothelium and cellular infiltration
into the lungs. PPAR-g is expressed in
normal human and animal lungs and has
been shown to play a major role in the

pathogenesis of lung diseases (8, 9, 22).
PPAR-g deficiency results in reduced lung
elastic recoil and abnormalities in airspace
distribution (22). Analyses of lung tissues
from patients with pulmonary hypertension
or from rats with induced severe
pulmonary hypertension showed losses or
significant decreases in PPAR-g mRNA
and protein levels in pulmonary vascular
lesions (9, 38). Studies in rat models of
pulmonary hypertension and hypoxia
showed that rosiglitazone attenuates
hypoxia-induced pulmonary arterial
remodeling (41) and prevented hyperoxia-
induced neonatal lung injury (42).
Pulmonary fibrosis and impaired lung
function are the most serious complications
of bleomycin treatment. In vivo studies
showed that both natural and synthetic

Figure 8. Peroxisome proliferator–activated receptor-g agonists prevented HIV-1–induced damage of the lung microvasculature in Hu-PBL.NOD-SCID
mice. HIV-1 infection resulted in microvascular injury, as evidenced by decreased expression of the tight junction protein claudin-5 (brown, A–C and G–I ).
Peroxisome proliferator–activated receptor-g agonists prevented viral-induced microvascular injury, as demonstrated by more intense staining for
claudin-5 in infected rosiglitazone-treated mice (D–F) compared with infected placebo-treated mice (A–C) and more intense staining for claudin-5
in infected pioglitazone-treated mice (J–L) compared with infected placebo-treated mice (G–I). Original magnifications are at 3400. (M and N):
Semiquantitative analyses of claudin-5 staining in lung tissues from infected placebo-treated (n = 16) and rosiglitazone-treated mice (n = 13) at Weeks 2
and 3 postinfection. Rosiglitazone increased the intensity of claudin-5 staining at Week 2 by 2.42-fold (M) and by 2.35-fold at Week 3 (N). (O and P):
Semiquantitative analyses of claudin-5 staining in lung tissues from infected placebo-treated (n = 15) and pioglitazone-treated mice (n = 16) at Weeks
2 and 3 postinfection; for each group, n represent the number of mice used. Pioglitazone increased the intensity of claudin-5 staining at Week 2 by
2.44-fold (O) and by 2.26-fold at Week 3 (P) (****P , 0.0001). Error bars represent SEM.
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PPAR-g agonists suppressed bleomycin-
induced lung injury and fibrosis (43), and
also inhibited inflammation, as well as skin
and lung fibrosis in a murine model of
scleroderma (44).

We were not able to correlate findings
in humans with disease severity because of
lack of lung specimens from HIV1 subjects
without pulmonary involvement and
uninfected patients with IP. However, our
data are in agreement with previous studies
showing that lung injury is associated with
altered expression of PPAR-g. Endotoxin-
induced acute lung injury in rats is
associated with decreased PPAR-g
expression in the lungs and is prevented by
rosiglitazone (45, 46). Studies in murine
models of acute lung injury also showed
that PPAR-g agonists significantly reduce
hyperoxia-induced inflammation, whereas
partial inhibition of PPAR-g by siRNA
treatment significantly exacerbates the
inflammation (47).

It is likely that HIV-1–induced
macrophage infiltration in the lungs, as
observed in this study, contributes to
disease pathobiology. In fact, lung
macrophages play an important role in the
regulation of pulmonary immune responses
and have been shown to contribute to
pulmonary infection and fibrosis (4).

PPAR-g regulates inflammatory responses
in these cells because PPAR-g ligands
significantly decrease lipopolysaccharide-
induced tumor necrosis factor-a
production in alveolar macrophages (48),
and deletion of PPAR-g in alveolar
macrophages is associated with increased
pulmonary inflammatory responses (49).
The mechanisms through which PPAR-g
activation diminished HIV-1 infection and
viral-induced down-regulation of claudin-5
remain to be elucidated. Possible pathways
include NF-kB or the signal transducer
and activator of transcription (STAT)
pathways, because HIV-induced endothelial
injury is associated with transcriptional
up-regulation of STAT-1 and NF-kB-
associated genes (50), and STAT1
activation (23). Moreover, PPAR-g ligands
inhibit NF-kB and STAT-1 activation (30),
HIV-1–induced NF-kB activation and
binding (25). This is in agreement with our
present data showing that HIV-
1–induced NF-kB promoter activity in
HLMEC and PPAR-g ligand abrogated
these effects. There is also evidence that
PPAR-g ligands inhibit inflammatory
responses by preventing NF-kB activation
(30). Studies are ongoing in our
laboratory to further explore these
pathways and determine the mechanisms

through which PPAR-g activation exerts
its protective effects against HIV-induced
lung injury.

In summary, our present study shows
that HIV-1 infection and HIV-induced IP
are associated with injury to the vascular
endothelium, with decreased expression of
claudin-5 and PPAR-g, and increased cellular
infiltration into the lungs. Furthermore,
activation of PPAR-g decreased viremia,
prevented HIV-1–induced injury to the lung
microvasculature, and reduced macrophage
infiltration into the lungs. Thus, regulation of
PPAR-g represents an attractive strategy to
treat HIV-induced pulmonary inflammation
and IP, and preserve lung vasculature. n
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