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ABSTRACT

The following state-of-the-art seminar was delivered as part of the Aspen Lung Conference on Pulmonary Hypertension and Vascular
Diseases held in Aspen, Colorado in June 2012. This paper will summarize the lecture and present results from a nonhuman primate
model of infection with Simian (Human) Immunodeficiency Virus - nef chimeric virions as well as the idea that polymorphisms in
the HIV-1 nef gene may be driving the immune response that results in exuberant inflammation and aberrant endothelial cell (EC)
function. We will present data gathered from primary HIV nef isolates where we tested the biological consequences of these
polymorphisms and how their presence in human populations may predict patients at risk for developing this disease. In this article,
we also discuss how a dysregulated immune system, in conjunction with a viral infection, could contribute to pulmonary arterial
hypertension (PAH). Both autoimmune diseases and some viruses are associated with defects in the immune system, primarily in
the function of regulatory T cells. These T-cell defects may be a common pathway in the formation of plexiform lesions. Regardless
of the route by which viruses may lead to PAH, it is important to recognize their role in this rare disease.
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HUMAN IMMUNODEFICIENCY Microscopically, one finds intimal fibrosis, increased
VIRUS-ASSOCIATED PULMONARY medial thickness, and pulmonary arteriolar occlusion.!

The concept that pulmonary hypertension is a cancer-like
HYPERTENSION disease where the ECs lose their differentiated phenotype

and acquire a highly proliferative phenotype in response
to environmental or genetic triggers has been postulated
and supported by empirical data.[>”

Morbidity and mortality associated with human
immunodeficiency virus (HIV) have decreased, whereas
long-term, noninfectious complications have increased.

One complication, PAH is a rapidly progressive disease,  while the pathogenesis of HIV-PAH is unclear; the histological
which is more prevalent in individuals infected with  gimjlarities to idiopathic pulmonary hypertension are
HIVH (2,500 times more frequent in untreated HIV-infected  striking: Presence of plexiform lesions composed of
population) compared with the uninfected population.  E(s and cells that express markers characteristic of an
The diagnosis of PAH includes identification of specific  ypdifferentiated, highly proliferative cell.B)

clinical hemodynamic parameters measured by right heart

catheterization. Symptoms and signs frequently present only Systemic arteriopathy in SIV-infected macaques
after the pulmonary vascular disease becomes advanced.  The Simian Immunodeficiency Virus (SIV)-infected

Pgtients.with HIV'PA_H have poorer survival rates compared macaque model closely recapitulates HIV infection and
with uninfected patients with PAH.??! Severe arteriopathy immunodeficiency and, therefore, has been used to study

showing a gradient of vessel involvement is a histological pathogenesis of lentiviral infections. Early studies by
hallmark, butitis almost impossible to link the histological

lesions to the severity of the hemodynamic alterations in
humans, since human tissues are infrequently available. Access this article online
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Figure 1: Genetic organization of the chimeric SHIV-nef virus. Both HIV and its counterpart in simians (SIV), have similar genetic organization. The SIV-nef
from SIVmac239 was replaced by the HIV-nef isolated from an AIDS patient (designated as SF33), whereas the rest of the SIV genes remained intact.**! Hence,
the resulting chimeric virus was further designated as SHIV-nef-SF33, which was used to infect rhesus macaques (Macaca mulatta) in these studies.

Chalifoux et al.' reported pulmonary arteriopathy in
rhesus macaques infected with SIV. On the other hand,
Simian (Human) Immunodeficiency Virus (SHIV) models
use chimeric virions specifically designed to dissect
contributions to pathogenesis by specific HIV-1 genes. In
the SHIV-nef model, rhesus macaques are infected with
a recombinant virion where the SIV-nef gene has been
replaced with the HIV-nef from a cloned virus isolated from
an HIV-infected individual to create a recombinant chimeric
SHIV-nef (Fig. 1). We infected a cohort of monkeys with one
such chimeric virion and performed histological analyses
of pulmonary vessels. We uncovered lesions histologically
indistinguishable from those in end-stage human PAH.'!
We infected a second cohort of monkeys and again found
vascular remodeling. Furthermore, organs such as the
brain, kidney, liver, and spleen did not show evident
vasculopathy. Interestingly, periarteriolar mononuclear
cell infiltrates were also observed (Fig. 2, red arrow).
Fluorescence immunophenotyping of SHIV-nef-infected
macaque lungs at various times postinfection indicated
CD34, smooth muscle actin, and even Nef accumulated in
the lungs over time. Survival time postinfection ranged
from 12 to 62 weeks with median 30.5 weeks and mean
33 weeks (95% CI: 11.7, 54.3). After testing individual
blood parameters during the acute phase (Week 2)
as predictors of survival, we found a strong positive
linear relationship between overall survival time and
mean corpuscular hemoglobin and mean corpuscular
volume (Fig. 3). Multiple observations for each animal per
time point (mixed-effects model) were used to estimate the
effect of SIV viral load in plasma on each blood parameter,
adjusted for time. Analyses showed that increased viral
load in the periphery was positively correlated with viral
load in the lymph nodes (P = 0.0041) and decrease in
platelets (P =0.0421). The role of platelets and thrombus
formation in pulmonary hypertension is an area that has
been grossly understudied, particularly in the context
of the human disease. Studies have characterized the
phenotype of platelets in idiopathic pulmonary arterial
hypertension (IPAH), showed a defect in their ability to be
activated in vitro, and reduced levels of endothelial nitric
oxide synthase (eNOS) levels, impacting their ability to
regulate their function appropriately.[*?!
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Figure 2: Detection of HIV-nef in the lung of an SHIV-nef-infected
macaque. HIV-Nef was detected in paraffin-embedded lung sections by
immunohistochemistry using mouse anti-HIV Nef antibody (Santa Cruz
Biotech), NovaRed substrate (Vector Labs), and counterstained with
hematoxylin. The red arrow points to mononuclear cell infiltrates. Tissue
sections were also stained with mouse IgG (Vector Labs) as negative
control (bottom row). Images were captured in a Nikon ECLIPSE E600
Microscope and the SPOT Advance v3.2 software; magnifications are indicated
at the bottom of each image.

Monocrotaline-induced PAH in rats is associated
with increased platelet and leukocyte activation and
platelet-leukocyte interactions in vivo, which may play
important roles in pathogenesis.l'* In fact, one of the
typical pathological changes observed histologically in
PAH is thrombosis in situ. The importance of platelets
is highlighted by the fact that aspirin attenuates PAH
in monocrotaline-treated rats by reducing plasma
5-hydroxytryptamine levels and increasing survival. Aspirin
treatment also reduced right ventricular hypertrophy and
pulmonary arteriole proliferation.™ Increased platelet,
leukocyte, and endothelial microparticles predict enhanced
coagulation and vascular inflammation in pulmonary
hypertension.™s]

Aninteresting observation that may link platelet aggregation
and HIV-1 nef is the concept of molecular mimicry
to HIV peptides in HIV-1-related thrombocytopenia.
Autoantibodies directed against a variety of HIV proteins,
most significantly nef, have been identified as culprits
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Figure 3: Complete blood counts (CBC) in each macaque infected with chimeric SHIV-nef. Specific tests are indicated on the Y-axis of each panel, whereas
monkey identity is shown on the X-axis. Symbols represent data collected from the macaques at different time points; the line indicates the mean values. CBC
values collected from healthy uninfected adult males (n = 20) from the California National Primate Research Center colony, are indicated by shaded boxes.

Data were plotted in GraphPad Prism v5 for PC.

in platelet aggregation and increased morbidity and
mortality in humans.*®! In fact, several HIV-1 proteins are
homologous to 22 known AIDS autoantigens; antibodies
to T-cell receptors, CD4, CD95, complement components,
immonoglobulin G, tumor necrosis factor (TNF), and other
immune-related proteins have been described as relevant
to AIDS pathogenesis.'” Investigators have postulated
that autoimmunity may actually define early stages of
AIDS and provide a link to the autoimmune abnormalities
observed in PAH rodent models. Perros et al.*® reported
that circulating autoantibodies against vascular wall
components, generated in tertiary (ectopic) lymphoid
tissues, may have a pathogenetic link in IPAH.[*® Additional
studies from Nicoll’s group have concluded that regulatory
T cells normally function to limit vascular injury and may
protect against the development of PAH.[*! Thus, it appears

that immune dysregulations are common pathogenetic
mechanisms in I[PAH and PH mediated by hypoxia.

We examined cytokine levels in the plasma of SHIV-nef
compared with SIV-infected macaques; 20 nonhuman
primate cytokines and interleukins were measured. We
compared cytokine/chemokine levels in plasma from six
SHIV-nef with levels in four SIV-infected macaques using
multiplex cytokine panels.?®! Comparisons of cytokines
by group were not performed for six cytokines with
completely missing data, or six of fewer observations
across all animals in the control group, i.e., IL-1B,
IL-6, Macrophage-derived chemokine, macrophage
inflammatory protein (MIP)-1B, MIP-1a, and TNF-c.
The concentrations of macrophage-produced cytokines
Granulocyte-macrophage colony-stimulating factor, IL-12,
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IL-18, IL-8, and IL-10, as well as MCP-1 and MIP-1b,
were significantly higher in SHIV-nef-infected macaques
compared with SIV alone (data not shown). Conversely,
soluble CD40 ligand, and growth-related oncogene
alpha protein (GRO-a), were significantly lower in the
SHIV-nef-infected animals. Estimates for the group-specific
intercepts and slopes (from a mixed-effects model)
showed that there was no relationship between changes
in cytokine levels and weeks post infection (data not
shown). One macaque in particular showed increased
expression of chemokines related to production of
granulocytes (GM-CSF), acute phase reaction (TNF-ot), and
acute neutrophilic inflammation (MIP-1a, MIP-1b) after
24 weeks of infection. Maximal levels of IL-6 were detected
at 37 weeks. In summary, monkeys infected with SHIV-nef
chimeric virus swarms developed lung inflammation,
specifically perivascular inflammation. Later in the
infection, pulmonary vascular remodeling was detected. Nef
and markers of inflammation and remodeling were found
in the lungs and peripheral circulation and were directly
correlated with nef at different times post-infection.

Although a cause-and-effect relationship between HIV-1
nef and development of pulmonary lesions remains to be
determined, the results in the SHIV-nef-infected monkeys
strongly suggest that nef may play a role in the pathogenesis
of HIV-PAH.

Human immunodeficiency virus-1 negative
factor

HIV-1 nef (negative factor) gene codes for an accessory
protein made early in infection and whose major function
is as an adaptor that interacts with cellular proteins;
its three-dimensional structure plays a critical role in
these interactions. Nef downregulates CD42!1 and major
histocompatibility antigen-I (MHC-I) trafficking to the
membrane.??! Nef expression increases Extracellular
signal-regulated kinases (ERK), Mitogen-activated protein
kinase kinase (MEK), and Elk mitogen-activated protein
(Elk-MAP) kinase activity, thus affecting T-cell activity, viral
replication, and viral infectivity.[*! Nef-mediated increases
in MIP-1, IL-1b, IL-6, and TNF-a in monocyte-derived
macrophages required the domains critical for the
interaction with the endocytotic machinery because
mutants (i.e., EE155-156QQ and DD174-175AA) were
ineffective.?¥ Acheampong et al.?®! demonstrated for the
first time that either recombinant nef added to cultures
or intracellular nef-induced apoptosis of human brain
microvascular EC.

We hypothesized that nef signature sequences are
associated with PH and predict disease progression in
individuals at risk; these naturally occurring alleles may
trigger a cascade of events leading to the selection of a
rapidly growing, apoptosis-resistant EC population. We

found four amino acid polymorphisms consistently in
nef alleles recovered from SHIV-nef-infected macaques
after passage in vivo: Vto [; Hto Y; A to P/D; and L to
V. These were similar to those reported by Dr. Paul
Luciw in his cohort of monkeys.[?®! We recently reported
seven polymorphic areas in nef functional domains
that were over-represented in peripheral blood cells
of PH-subjects compared with normotensives.?” None
of the polymorphisms were predicted to have major
structural changes on the core, but rather the impact
would be on residues located on the surface; these
would be predicted to disrupt solvent and intermolecular
interactions. Nevertheless, we sought to investigate
whether nef alleles associated with HIV-PH induce
angiogenic/proliferative/tumorigenic responses in
human pulmonary artery ECs. We cloned primary nef
isolates from individuals into a HaloTag mammalian
expression vector (Promega), and measured whether
the polymorphisms would interfere with nef-dependent
CD4 downregulation. Nef-HaloTag fusion constructs were
nucleofected into HeLa-CD4 cells and CD4 expression
assessed by flow cytometry. Baseline CD4 expression
was 97-99%; the presence of nef resulted in a 34-86%
range of CD4 expression. Denaturing/nonreducing
immunoblots of cell extracts showed that nef proteins
from the various constructs were expressed at different
levels. Given that nef interacts with numerous cellular
proteins, we also analyzed the nef-HaloTag constructs
under native conditions. We observed the presence
of higher molecular weight forms of nef, suggesting
that these cloned variants retained the ability to form
putative intracellular oligomers/complexes.?”l We are
in the process of measuring the proliferative properties
of pulmonary ECs exposed to the various nef constructs.

What do all of these observations/results mean? Is
HIV-nef having a direct impact on EC biology or are the
effects just epiphenomena? The finding of significantly
more polymorphisms in nef functional domains in the
HIV-PH groups will hopefully stimulate discussions
regarding selective pressures on nef. Genetic divergence
in nef has been ascribed to the CD8+ T-cell-mediated viral
control. Accumulation of mutations in the HIV genome
is conceivable, especially in chronically HIV-infected
subjects exposed to antiretroviral therapies, which was
a feature of our validation cohort from San Francisco.
We found no evidence that the nef polymorphisms found
in subjects with HIV-PH were affected by the presence
of antiretroviral therapies, length of HIV infection, or
age, at least in the cohorts we analyzed. However, we
can also invoke that nef immunogenicity and the ability
to mimic autoantigens, which coupled with a failure of
regulatory T cells to control endothelial injury, may lead
to a “perfect storm” of events culminating in the vascular
endothelial damage that results in vascular remodeling.
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The vascular pathology seen in severe PAH is remarkably
similar despite the fact that it arises in diverse conditions
including collagen vascular diseases, abnormal blood
flow, and use of anorexigen drugs. The pathogenesis
of severe PAH is clearly complex, and probably results
from the interaction of multiple modulating genes with
environmental factors.

THE ROLE OF HERPES VIRUSES IN
PULMONARY HYPERTENSION

In 2003, Cool et al.?®! analyzed lung tissue from 10 of
16 patients with primary pulmonary hypertension for the
presence of human herpesvirus-8 (HHV-8), latency-associated
nuclear antigen-1 (LANA-1) viaimmunohistochemistry and
the viral cyclin via polymerase chain reaction (PCR) analysis.
No LANA-1 was detected in lung tissue from patients with
secondary pulmonary hypertension, although one such
patient had PCR evidence of viral cyclin. Plexiform lesions
from patients with primary pulmonary hypertension had
a histological and immunohistochemical resemblance to
cutaneous Kaposi's sarcoma lesions. The authors concluded
that infection with the vasculotropic virus HHV-8 may have
a pathogenetic role in primary pulmonary hypertension.[?!
However, more recent studies failed to reproduce these
results. Hsue and colleagues? concluded that a role
for HHV-8 infection in PAH remains less than definitive;
subsequent studies concluded that human y-herpes viruses,
Epstein-Barr virus, and HHV-8 were not detected in the lungs
of patients with severe PAH,*" and HHV-8 was not detected in
patients with PAH.®Y Thus, the potential association between
HHV-8 and with IPAH is not supported by recent evidence.
Using quantitative PCR with a variety of gene-specific primers
for a spectrum of viruses of the Herpesviridae family, we
queried peripheral blood DNA isolated from peripheral blood
of HIV-infected hypertensive and normotensive individuals.
In these studies, we did not detect any Herpes simplex virus
type 2 (HSV-2) or Varicella zoster virus (VZV) in any of the
samples; we only detected CMV in one PAH and HHV-8 in
one non-PAH sample. Interestingly, HSV-1 was detected in
all samples, but we found higher copy numbers in HIV-PAH.
These results have to be interpreted with caution, since the
sample sizes were quite small (n = 6). More studies with
larger sample sizes are imperative.

In closing, we have identified nef polymorphisms associated
with HIV-PAH. Although these polymorphisms may
cause Nef structural changes that alter interactions with
important vascular pulmonary cell proteins and in turn
affect EC function, an alternative and not necessarily
mutually exclusive explanation is the possibility that
there is molecular mimicry by nef and possibly other
HIV proteins. Certainly, loss of tolerance associated
with bronchus-associated lymphoid tissue expansion in

experimental pulmonary hypertension has been proposed.
Nef polymorphisms may uncover new epitopes that
drive immune responses; the more immunogenic the HIV
proteins, the more profound the response. Finally, we would
like to propose an intriguing hypothesis. We have been
examining the contribution of exogenous viral infections
that impact vascular ECs and the immune responses these
infections elicit. We would like to suggest the possibility
that endogenous mobile genetic elements, which compose
as much as two-thirds of the mammalian genome, may also
play a role in immune dysregulation and EC dysfunction in
pulmonary hypertension. Mobile genetic elements include
retrotransposons and endogenous retroviruses. Human
endogenous retroviruses (HERV) are ancestral proviruses
that resulted from germ cell infections with exogenous
retroviruses.?? Although they have lost the ability to replicate
and infect other cells, they can be transmitted vertically. In
somatic cells, these elements may still be active or they may be
reactivated through infections with HIV or herpesviruses334
or via environmental stresses. Once activated, they can
be either transcribed or mobilized; mobilization and
transposition then contribute to the development of
autoimmune diseases® and/or cancer® through genomic
rearrangements such as insertions, deletions, inversions,
and duplications.B”! Thus, a combination of environmental
stresses and virus infections may activate some of these
endogenous elements and result in some of the functional
abnormalities and chromosomal instability®® observed in
vascular cells of remodeled arteries in HIV-PAH or IPAH.
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