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Infection with HIV increases the risk for lung diseases, including
noninfectious pulmonary hypertension (PH). HIV-associated PH
(HIV-PH) is an important lung disease in HIV-infected persons who
live longer with antiretrovirals. The early stages of HIV-PH may be
overlooked by healthcare providers due to nonspecific symptoms,
including progressive dyspnea and nonproductive cough. HIV-PH
may be detected via chest radiographs, CT scans, or electrocardio-
grams, but Doppler echocardiography is the most useful screening
testtoidentify candidates forright heart catheterization. HIV-PH has
a poor prognosis with high mortality; improved biomarkers to
identify earlier stages of PH would benefit clinical care. The HIV-PH
mechanism remains unknown, but HIV proteins such as Tat and Nef
may play a role. HIV-1 Nef is a broad-spectrum adaptor protein that
may affect HIV-infected and uninfected pulmonary vascular cells.
Studies in macaques suggest that Nef is important in HIV-PH
pathogenesis because monkeys infected with a chimeric simian
immunodeficiency virus (SIV) expressing HIV-nef (SHIVnef) alleles,
but not monkeys infected with the native SIV, develop pulmonary
vascular remodeling. Four consistent amino acid mutations arose
spontaneously in Nef passaged in the monkeys. To translate these
findings to humans, one research endeavor of the Lung HIV Study
focuses on the identification of HIV nef mutations in HIV-infected
individuals with PH compared with HIV-infected normotensive
patients. We present some of the preliminary evidence. Ongoing
longitudinal studies will establish the connection between Nef
mutations and the propensity for HIV-PH.
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According to data from the Joint United Nations Program on
HIV/AIDS, there were over 33 million people living with HIV
at the end of 2009 (1). HIV-associated lung complications are
frequent causes of illness and death in industrialized nations,
where the greatly improved prognosis of HIV-infected patients
due to combination antiretroviral therapy (ART) has turned
HIV into a chronic disease. As growing numbers of HIV-
infected persons are surviving longer, they are developing
comorbid diseases that significantly affect mortality (2—4).
HIV infection confers an increased risk for a variety of
infectious lung diseases, including bacterial pneumonia, tubercu-
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losis, and Pneumocystis pneumonia. Our understanding of the
global epidemiology of these diseases in the antiretroviral era is
limited. HIV infection also appears to increase the risk for
noninfectious pulmonary conditions, including chronic obstruc-
tive pulmonary disease (5, 6), lung cancer (7), and pulmonary
hypertension (PH) (8). The mechanisms for the observed in-
creases in these noninfectious conditions are not well understood.
In addition, the long-term consequences of HIV infection and
HIV-associated pulmonary conditions on overall lung health are
unknown. Despite the many years of the AIDS epidemic, we are
still trying to understand the causal factors that account for the
increased frequency of noninfectious complications of HIV
infection and the role of the lung as an end-organ target.

HIV infection is an established risk factor for PH. The prev-
alence of PH is several-fold higher in HIV-infected individuals
compared with the general population (0.5 vs. 0.0015%, respec-
tively, in conservative estimates). It remains controversial whether
such prevalence has remained unchanged since the advent of
ART (9). Nevertheless, numerous studies have concluded that the
impact of antiretroviral drugs has been minimal (10), suggesting
that the virus may influence vascular cells in the microenviron-
ment where distribution of antiretroviral drugs is uneven.

CLINICAL PRESENTATION, DIAGNOSIS, AND
TREATMENT OF HIV-ASSOCIATED PH

HIV infection is an established risk factor for PH, likely over-
looked in the pre-ART era because patients died from opportu-
nistic infections. In general, the presentation and diagnosis of
HIV-associated PH is similar to that for sporadic, idiopathic PH.
Persons with HIV-PH typically present with progressive subacute
dyspnea and occasionally with a nonproductive cough. As the
disease progresses and as right ventricular involvement ensues,
patients may report pedal edema, fatigue, syncope or near-
syncope, and chest pain.

HIV infection may also influence the pathogenesis of several
pulmonary disorders. For instance, HIV contributes to acceler-
ated pathogenesis of chronic obstructive pulmonary disease
(see the article by Morris and colleagues, in this issue of the
Journal, pp.320-325), and infection with HI'V has been associated
with a hypercoagulable state that culminates in higher clinically
detectable thromboembolic disease (11). Thromboembolic dis-
ease is also associated with vascular remodeling and pulmonary
hypertension. Common mechanisms include endothelial damage
and dysfunction (12).

The diagnosis of HIV-PH is one of exclusion. Secondary
causes for pulmonary hypertension should be sought and ruled
out. Chest radiographs and chest CT scans demonstrate promi-
nence of the central pulmonary arteries and right ventricular and
atrial enlargement. Pulmonary function tests may reveal a mild
restrictive pattern with a decreased diffusing capacity for carbon
monoxide. Electrocardiogram findings include right ventricular
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hypertrophy, right axis deviation, right bundle branch block, and
right atrial enlargement. Echocardiograms may reveal enlarge-
ment of the right heart chambers, decreased right ventricular
systolic function, right ventricular hypertrophy, tricuspid regur-
gitation with a detectable regurgitant jet, and, in severe disease,
a paradoxical bulging of the septum into the left ventricle during
systole. Right heart catheterization is the gold standard diagnos-
tic test for this condition, which is defined by a mean pulmonary
artery pressure greater than 25 mm Hg at rest in the setting of
anormal pulmonary capillary wedge pressure (< 15 mm Hg) (13).
Because the survival for HIV-infected individuals with PH
with advanced symptoms (New York Heart Association, NYHA
class ITI-1V) is worse compared with less symptomatic individuals
(NYHA class I-IT) (14), identification of asymptomatic individ-
uals is of critical importance. Current guidelines are extrapolated
from individuals with idiopathic PH (15, 16). Although in general
the treatment for PH in HIV-infected persons is similar to
uninfected individuals, possible drug interactions limit the use
of sildenafil because its by-products after cytochrome P450 iso-
form 3A4 metabolism may interact with protease inhibitors (17,
18). Because persons with HIV often have multiple factors in-
dependently associated with PH, including lung disease or illicit
drug use, distinguishing between the relative contributions of
HIV infection and these other risk factors may be impossible.
Therefore, identified secondary causes should be treated aggres-
sively. Although some studies suggest that HIV-infected persons
treated with ART may experience functional or hemodynamic
improvement by Doppler echocardiography, other studies argue
that ART does not improve hemodynamic parameters (10).
Definitive conclusions will be unlikely given that this disease
may not have been properly documented pre- or post-ART.

PATHOGENESIS OF HIV-ASSOCIATED PH

The pathogenesis of HIV-related PH remains to be elucidated
completely and is the subject of intense investigation. The pul-
monary vasculature is a delicate microenvironment and is sus-
ceptible to numerous complex pathogenic events that may trigger
pulmonary hypertension. The endothelium is constantly exposed
to blood cellular components and interacts with the extracellular
matrix. Vasculitides are known outcomes from infectious path-
ogens in the lung, but whether they are due to persistent viral
infection, exposure to toxic viral proteins, or viral-induced im-
mune activation remains undetermined. There is evidence of
vascular involvement in HIV/simian immunodeficiency virus
(SIV) infection, including arteriopathy with severe intimal and
smooth muscle hyperplasia in patients with AIDS and in SIV-
infected macaques (19).

Histologically, lesions in HIV-infected patients with PH are
similar to their uninfected counterparts with PH. These features
include concentric laminar intimal fibrosis, medial hypertrophy,
recanalized thrombi, and plexiform lesions (20). Additional
hallmarks include increased expression of smooth muscle cell/
fibroblast growth factors, such as platelet-derived growth factor.
Similar to severe PH, inflammatory cells are present in the
perivasculature of HIV tissues, suggesting that HIV-induced
chronic inflammation and immune hyperactivation may enrich
the proinflammatory milieu implicated in HIV-PH. Viral pro-
teins such as Nef and Tat have been shown to lead to endothelial
dysfunction and increased inflammation through activation of
adhesion molecules and production of inflammatory chemokines,
independent of virus production (21-25).

Monocytes/macrophages migrate through the endothelium to
replenish myeloid cells and to provide immune surveillance.
Several studies have shown increased migration of monocytes/
macrophages exposed to HIV proteins. However, studies measur-
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ing and comparing forward and reverse transmigration showed
that chronic exposure of monocytes/macrophages to HIV signif-
icantly decreased the emigration of macrophages from tissues by
67% (26), suggesting that HIV-infected macrophages migrate
through the endothelium but do not reenter the bloodstream.
Even though mechanisms that account for this differential im-
pairment in transendothelial migration remain to be outlined,
these observations add important insights to the establishment of
tissue HIV reservoirs in macrophage-rich tissues like the lung.

HIV-infected individuals are frequently coinfected with other
viruses that may contribute to the development of PH. Hepatitis
B and human herpesvirus-8 have been linked to PH, although
human herpesvirus-8 infection does not appear to be indepen-
dently associated with HIV-PH (27, 28).

There is no evidence that HIV infects the pulmonary vascular
endothelium, but HIV proteins are noxious to endothelial cells
(ECs). HIV proteins interact with molecular partners in the
infected host and, therefore, are strong candidates for cause—
effect relationships because they may promote apoptosis, growth,
and proliferation of a variety of cells in vitro (29, 30).

The HIV proteins Env, Tat and Nef are implicated in car-
diopulmomary complications. The HIV envelope glycoprotein-
120 (gp-120) present on the surface of virions mediates the
attachment and fusion of the virus through the host cell mem-
brane. Cell-free HIV gp-120 can be detected in the blood,
cerebrospinal fluid, and brain of patients with HIV/AIDS. Fur-
thermore, it increases production of macrophage-derived proin-
flammatory cytokines (31), increases the secretion of endothelin-1,
and induces apoptosis of human lung ECs (29). HIV Tat protein
(trans-activator of transcription) also activates ECs and has an-
giogenic properties (32, 33).

Among HIV proteins, Nef is the most strongly associated with
HIV-related PH. Nef, a misnomer for “negative factor,” is
expressed early during viral infection and is fundamental in
HIV pathogenesis. In a macaque model, HIV Nef, but not SIV
Nef, was associated with obliterative PH-like vascular remodel-
ing and lung lesions. HIV-1 Nef colocalizes with ECs (19). Nef can
cross cellular membranes and enter target cells via chemokine
receptors such as CXCR4, which is expressed on ECs. Therefore,
ECs in the lung may take up extracellular Nef in the absence of
infection. Furthermore, Nef interacts with numerous host cell
proteins and commandeers trafficking of intracellular vesicles
essential in secretory/endocytic pathways (34).

The disruption of subcellular membrane trafficking pathways
in ECs and smooth muscle cells warrants further discussion on the
pathobiology of PH (35). ECs in plexiform lesions exhibit
enlarged endoplasmic reticulum, Golgi stacks, and vacuolation,
suggesting aberrant intracellular trafficking as a candidate under-
lying mechanism. Obliterative-plexiform lesions in patients with
idiopathic PH and macaques infected with chimeric SIV/HIV-nef
(SHIVnef) present noncharacteristic distribution of the Golgi
tethers giantin and p115 at the subcellular level (35), with in-
creased Golgi tethers and matrix proteins per cell in obliterative-
plexiform lesions. The definitive role of Nef in Golgi dysfunction
in the pathobiology of HIV-PH is a subject of intense investiga-
tion. Whether chronic exposure of lung ECs to viral proteins or
inflammatory mediators leads to vascular injury and subsequent
pulmonary vascular remodeling is a question that deserves fur-
ther consideration and is being extensively tested.

Long-standing pathogenic principles of Nef rely on Nef
myristoylation. Myristoylation refers to the acquisition of a myr-
istoyl moiety at the N-terminus, and this reaction is highly
dependent on sequence context. Myristoylation targets Nef to
the plasma membrane, where it presumably enhances infectivity
and down-regulates critical molecules such as major histocom-
patibility complex (MHC) 1 and CD4 receptors. It is well known
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that Nef down-regulates CD4 receptor by targeting it to the
endocytic degradation pathway in clathrin-coated vesicles and
MHC-1 by sequestration in the trans-Golgi. Nef also takes
advantage of the normal recycling processes of MHC molecules
in monocytes to delay the trafficking of MHC-II to the membrane
and relocate it to lysosomes through cholesterol-dependent
endocytosis (36). Newer studies demonstrated that Nef dimerizes
in vivo, and the dimers are required to down-regulate CD4 and
enhance HIV replication (37). On the other hand, dimerization is
not required for membrane localization or interactions with SH3-
containing cellular proteins. Various cell types transfected with
nef fused to green fluorescent protein constructs released at least
3-fold more exosomes (vesicles) compared with controls, and this
finding was dependent on an intact myristoylation site. Nef was
incorporated into the exosomes, which caused activation-induced
apoptosis in resting CD4+ T cells in vitro (38). These studies
support the concept that Nef disturbs the subcellular environ-
ment relying on different Nef features (e.g., myristoylation and
dimerization). Whereas Nef export and apoptotic potential rely
on myristoylation, downmodulation of CD4 and MHC molecules
(which may affect antigen presentation) can be potentially
abrogated by the disruption of Nef dimers.

Nef-transfected lymphocytes displayed profound changes in
morphology, including the formation of filopodia, decreased
actin-rich membrane protrusions, and impaired adherence to
fibronectin (39). This finding may explain the Nef-induced in-
hibition of T-cell motility, which is dependent on an intact
myristoylation site and SH3 binding domain in Nef. Trans-
endothelial cell migration of Nef-expressing cells is also highly
dependent on an intact Nef myristoylation site (40). Essentially,
changes in Nef sequences may affect known (41) and undiscov-
ered Nef protein structure—function relationships.

HIV NEF SEQUENCES: BIOMARKERS FOR EARLY
IDENTIFICATION OF HIV-PH?

As part of the Lung HIV Study, we aim to determine whether
HIV-PH is associated with specific HIV-1 nef alleles. Peripheral
blood mononuclear cells and bronchoalveolar lavage samples
have been collected from HIV-infected participants, with and
without PH, who are enrolled in an ongoing cohort study at the
University of California, San Francisco (UCSF) evaluating the
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epidemiology and pathogenesis of pulmonary hypertension in
HIV-infected individuals (27). The longitudinal collection of
samples for the Lung HIV studies is ongoing. In this article, we
present the results of our initial cross-sectional analyses per-
formed in a subset of samples.

Study Subjects

We cloned and analyzed HIV-1 nef molecular clones peripheral
blood mononuclear cell DNA samples from participants infected
with subtype B HIV strains. Participants were enrolled in an
ongoing study of the epidemiology and pathogenesis of pulmo-
nary hypertension in HIV-infected individuals being conducted
at UCSF. Inclusion criteria for this study included HIV infection
for greater than 6 months in duration (as documented by HIV
antibody testing or letter of diagnosis) and the ability to provide
a reliable HIV medication history or having medical records
showing HIV medication history. Exclusion criteria included
significant cardiovascular disease, including valvular heart dis-
ease, congenital heart disease, symptomatic coronary disease, or
known cardiomyopathy; obstructive sleep apnea; known collagen
vascular disease; or history of anorexigen use. Participants un-
derwent echocardiography followed by right heart catheteriza-
tion. Individuals with a mean pulmonary artery pressure (PAP) >
25 mm Hg and pulmonary capillary wedge pressure < 15 mm Hg
were identified as having PH, and those with PAP < 25 mm Hg
were designated as normotensive. This study was approved by the
Lung HIV Data Safety and Monitoring Board, UCSF Committee
on Human Research, and the University of Colorado Denver
Colorado Multiple Institutional Review Board. The demograph-
ics of the participants studied are shown in Table 1. The average
duration of antiretroviral medications in the individuals with PH
was 4.1 years, which was similar to control subjects (4.91 yr; P =
0.76). With respect to traditional cardiovascular risk factors,
a similar proportion of individuals with PH had systemic hyper-
tension, hyperlipidemia, diabetes mellitus, cigarette smoking,
and injection drug use history compared with control subjects.
HIV-infected individuals with PH were more likely to use
methamphetamines than control subjects. Of the individuals with
PH, 50% were being treated with PH medication, which included
combination therapy with sildenafil and bosentan in all patients,
with the median duration of therapy being 0.33 years. The mean
PAP obtained by right heart catheterization in the individuals

TABLE 1. GENERAL DEMOGRAPHICS AND HEMODYNAMICS OF HIV-INFECTED PARTICIPANTS FROM THE SAN FRANCISCO COHORT

Statistic Normotensive Group (n = 16) HIV-PH Group (n = 6) P Value'
Sex, male n (%) 14 (88) 5(83) 0.80
Age, yr Mean (SD) 51.4 (7.6) 51.1 (9.5) 0.95
HIV infection, yr Median (IQR) 15 (13-17) 15 (12-20) 0.85
Receiving ART n (%) 12 (75) 5(83) 0.68
CD4+ T cell counts, cells/pl Mean (IQR) 468 (366-606) 423 (236-833) 0.83
Undetectable HIV VL, < 50 copies/ml n (%) 10 (63) 5 (83) 0.35
Hypertension n (%) 8 (50) 4 (67) 0.48
Hyperlipidemia n (%) 5@31) 3 (50) 0.42
Diabetes mellitus n (%) 2 (13) 1017) 0.80
Ever smoke n (%) 11 (69) 3 (50) 0.42
Ever used injection drugs n (%) 7 (44) 4 (67) 0.34
Ever used methamphetamines n (%) 3(19) 4 (67) 0.03*
6MWT, m Median (IQR) 503 (434-532) 423 (314-508) 0.16
PASP by echocardiography, mm Hg Mean (SD) 34.9 (6.3) 52.5 (26.5) 0.02*
mPAP by RHC, mm Hg Mean (SD) 17.6 (2.9) 41.2 (15.2) <0.0001*

Definition of abbreviations: ART = combination antiretroviral therapy; HIV-PH = HIV-associated pulmonary hypertension; IQR = interquartile ratio; mPAP = mean
pulmonary artery pressure; PASP = pulmonary artery systolic pressure; RHC = right heart catheterization; 6MWT = 6-min walk test; VL = viral load.
TStatistical approaches used to calculate P values were Chi square for categorical variables, t tests for comparing mean values (assuming equal distribution), and

Wilcoxon rank sum for comparing median values (assuming nonequal distribution).

* Statistically significant.
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with PH was 41.2 mm Hg, as compared with the individuals
without PH (17.6 mm Hg; P < 0.001).

HIV-1 Nef Sequence Analyses

The full-length HIV-1 nef I cloned, and nucleotide sequences
were aligned using BioEdit (43), translated into proteins, and
realigned after visual inspection. Phylogenetic analyses of the
full-length Nef protein demonstrated that individual sequences
clustered specific to each participant, ruling out contamination at
any level of sampling (not shown). Overall, individuals with HIV-
PH harbored nefalleles with variations in Nef functional domains
associated with CD4 and MHC-1 down-regulation, compared
with normotensives. Receiver-operator characteristic curve anal-
yses revealed that participants with more than three mutations
were 12 times more likely to exhibit HIV-PH compared with
those not having the mutations (Figure 1). Based on these
analyses, mutations in three functional domains have a true
positive value (sensitivity) of 50% (95% confidence interval
[CT], 12-88) and a true negative value (specificity) of 94% (95%
CI, 70-100). These data have an area under the curve of 0.85 (95%
CI, 0.68-1; P = 0.014).

The functional consequences of these mutations are a subject
of intense investigation in our laboratory. However, based on the
nature of Nef as a molecular adaptor and highly immunogenic
viral protein, we can speculate that certain alleles drive immune
responses that are dependent on specific amino acids in functional
domains or that alleles may disrupt intracellular trafficking path-
ways in a selective manner and influence vascular cell physiology.
Finally, through our Lung HIV longitudinal studies, we are sam-
pling peripheral blood and lung cells to test whether common
mutations emerge in patients with HIV-PH compared with HIV
normotensive patients. These studies will allow further dissection
of whether certain functional domains are mutated preferentially.

CONCLUSIONS

HIV evolutionary patterns in the lungs may play a role in HIV-
PH. The high mutational profile of HIV may set the stage for
selection of specific HIV quasispecies at certain anatomic sites
like the lung, where the presence of the virus may trigger disease
phenotypes. In our study cohort, a similar proportion of indi-
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Figure 1. Sensitivity and specificity analyses for an HIV-PH diagnosis
based on the number of Nef functional domains with mutations. Data
were summarized with a receiver-operator characteristic (ROC) curve;
overall discrimination was quantified with area under the curve (AUC).
Amino acid residues at each position were analyzed per clone. ROC
curve analyses revealed that patients with mutations in Nef were 12
times more likely to exhibit HIV-PH compared with those not having
the mutations; AUC of 0.85 (95% confidence interval, 0.68-1.00; P =
0.014).
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viduals with and without PH were treated with ART, suggesting
that genetic mutations introduced by ART were less likely to
confound the results of our findings. HIV-1 Nef, as a broad-
spectrum adaptor, may affect infected and uninfected cells. The
finding of nef mutations in individuals with HIV-PH compared
with normotensives together with the tight sequence-functions
affiliation inherent in Nef suggest that mutations in Nef could be
used as screening tools for HIV-PH. Besides the longitudinal
aspect of the Lung HIV studies, our enterprise is now focused on
merging basic science and bioinformatics approaches to under-
stand the consequences of mutations in HIV Nef in the context of
pulmonary vascular biology.
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