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Abstract

The lack of animal models of HIV-related pulmonary arterial hypertension (HIV-PAH) severely limits investi-
gation of this serious disease. While histological evidence of HIV-PAH has been demonstrated in macaques
infected with simian immunodeficiency virus (SIV) as well as with chimeric simian/human immunodeficiency
virus (SHIV) containing HIV-1-derived Nef protein, other primate models have not been studied. The objective
was to document and describe the development of pulmonary vascular changes in macaques infected with SIV
or with SIV containing HIV-1-derived envelope protein (SHIV-env). Lung tissue was obtained at necropsy from
13 SHIV (89.6P)-env-infected macaques and 10 SIV (DB670)-infected macaques. Pulmonary arterial pathology,
including arterial hyperplasia and the presence of plexiform lesions, was compared to normal monkey lung.
Pulmonary artery hyperplasia was present in 8 of 13 (62%) SHIV-env-infected macaques and 4/10 (36%) SIV-
infected macaques. The most common histopathological lesions were intimal and medial hyperplasia of medium
and large pulmonary arteries. Hyperplastic lesions were predominantly due to smooth muscle cell hyperplasia.
This is the first report of pulmonary vascular lesions in SHIV-env-infected macaques and confirms prior reports
of pulmonary vasculopathy in SIV-infected macaques. The finding of pulmonary arteriopathy in monkeys
infected with SHIV not containing HIV-nef suggests that other factors might also be important in the devel-
opment of HIV-PAH. This SHIV-env model provides a new means to investigate HIV-PAH.

Introduction

Over the past two decades, medical breakthroughs in
human immunodeficiency virus (HIV) management

have greatly reduced the mortality of this disease. The decline
in AIDS-related deaths has been accompanied by an increase
in the percentage of deaths among HIV-infected individuals
due to noninfectious diseases such as chronic cardiovascular
and pulmonary disorders.1 The prevalence of 0.5% of HIV-
associated pulmonary arterial hypertension (HIV-PAH) is
much greater than that in the non-HIV-infected population
and remains unchanged even after the development of com-
bination antiretroviral therapy (CART).2,3 This disease may be
even more common than previously thought as one study of
echocardiography in HIV-infected outpatients found 35.2%
had elevated pulmonary artery pressures.4 Associated with a

60% survival at 2 years after diagnosis, HIV-PAH has an even
greater mortality in patients with more severe (New York
Heart Association Class III–IV) disease.5 Although several
reports have described clinical benefit with pulmonary hy-
pertensive therapies in patients with HIV-PAH, we are far
from a cure.6–9

A lack of adequate animal models has slowed understand-
ing of this disease. Rodent models of PAH using monocrotaline
or hypoxia have helped in understanding PAH pathogenesis,
but these models do not replicate the potential effects of the
HIV virus.10,11 Murine modeling of HIV and AIDS has greatly
developed over the years to include transgenic and humanized
mouse models.12–14 Although these models are useful, it would
be difficult to determine whether end-organ effects such as
PAH were truly from HIV infection or a phenomenon associ-
ated with the xenograft. The most studied animal models of
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HIV and HIV-PAH have been in simian immunodeficiency
virus (SIV) and chimeric simian/human immunodeficiency
virus (SHIV) models in nonhuman primates. In the SHIV
models, HIV genes of interest (e.g., nef, env) are introduced into
the SIV viral genome in order to accelerate the progression of
immunosuppression.15 Previous studies have reported pul-
monary arteriopathy in lung tissues from SIV-infected and
SHIV-nef (chimeric virus with SIV backbone and HIV-1 Nef
protein) macaques. In an early study, pulmonary artery lesions
characterized by intimal thickening and luminal occlusion
were seen in 19 of 85 SIV-infected rhesus macaques.16 More
recently it was reported that 5 of 6 macaques infected with
SHIV-nef developed histological lesions consistent with pul-
monary hypertension, while none of 20 SIV-infected monkeys
developed these lesions.17

The pathogenesis of HIV-PAH is not well understood. An
early study of HIV-PAH pathogenesis demonstrated no evi-
dence of direct HIV infection of pulmonary endothelial cells by
electron microscopy, DNA in situ hybridization, or polymerase
chain reaction (PCR).18 Although there is no direct infection of
pulmonary endothelial cells with the virus, individual HIV
viral proteins may actually have an important role in this dis-
ease.17,19 For example, in the SHIV-nef-infected macaques,
HIV-1 Nef protein was detected in endothelial cells, and the
authors postulated that HIV-1 Nef was important for the de-
velopment of HIV-PAH.17,20 SHIV models containing other
HIV proteins have not been studied, and it is possible that HIV
proteins such as HIV envelope protein (Env) also play a role in
the disease. Other mechanisms may be important as well. In-
fection with Pneumocystis in the setting of CD4 depletion fol-
lowed by immune recovery in a murine model has been shown
to produce pulmonary artery hyperplasia and right ventricular
changes consistent with PAH.21 The relationship of HIV-PAH
to severity of infection or immune function is debated, and
while viral load and CD4 count have not been shown defini-
tively to influence risk, individuals with HIV-PAH and overt
AIDS seem to have more severe PAH.5,22,23

In this study, we determined the prevalence of PAH lesions
in two nonhuman primate models without human HIV-nef in
order to determine if PAH develops in animal models with
other HIV proteins. We also examined the relationship of
Pneumocystis to PAH as well as the relationship of PAH to
various markers of immunosuppression.

Materials and Methods

Animal tissues

Lung tissue was obtained at necropsy from 13 SHIV-env
(89.6P)-infected cynomolgus macaques (Macaca fasicularis), 10
SIV (DB670)-infected Rhesus macaques (Macaca mulatta), and
one uninfected cynomolgus macaque.24–26 Tissues were fixed
in 10% nonbuffered formalin and paraffin embedded, and five
to six sections from each monkey were stained with hema-
toxylin and eosin (H&E). Investigators strictly adhered to
animal use regulations as stated by the University of Pitts-
burgh Institutional Animal Care and Use Committee.

Tissue and histological examination

Pulmonary blood vessels were examined for the presence of
pulmonary vascular lesions by a pulmonologist and veterinary
pathologist (M.P.G. and A.B.). Investigators were blinded to

the identity of the monkeys and scored the slides according to
the methods described by Pietra et al.27 Representative sections
containing hyperplastic or hypertrophic vessels, if present,
were selected from each monkey based on H&E analysis. If no
such hyperplastic vessels were seen in any sections, then a
representative slide with the most small, medium, and large
pulmonary arteries was taken.

After identifying representative slides, we performed
quantitative histological analyses of pulmonary artery thick-
ening in SIV- and SHIV-infected macaques compared to an
uninfected control. To more easily distinguish intimal, medial,
and adventitial blood vessel layers, trichrome stains were
performed on each representative section. Small, medium, and
large-sized arteries were defined as follows: large pulmonary
arteries were adjacent to a cartilaginous airway (lobar and
segmental bronchi), medium arteries were adjacent to a non-
cartilaginous airway with airway epithelial cells (bronchioles),
and small arteries were not adjacent to airways. On an unin-
fected control monkey, the numbers of cell layers were quan-
tified within the intima and media from each caliber of
blood vessel. Five separate histological sections were exam-
ined, and at least five small arteries, six medium arteries, and
seven large arteries were enumerated from the uninfected
control. Intimal thickness of small, medium, and large arteries
in the control monkey were all two cell layers thick. Medial
thickness of small, medium, and large arteries in the control
monkey were two, three to five, and four to seven cell layers,
respectively. We conservatively defined our normal range of
cell layer thickness as the most number of cell layers seen in
the intima and media of each similarly sized artery in the
control monkey.

Cell layer thicknesses of intima and media of small, me-
dium, and large arteries were quantified for the representative
section from each SIV-infected and SHIV-env-infected mon-
key, and cell layers were considered to be hyperplastic if they
were had a greater number of cell layers than the control. In
small, medium, and large arteries, an intimal thickness greater
than two cell layers was considered hyperplastic. Medial
hyperplasia for small, medium, and large arteries was defined
as greater than two cell layers, greater than five cell layers, and
greater than seven cell layers, respectively.

Immunohistochemistry

Immunohistochemistry was performed on representative
sections to distinguish endothelial cell hyperplasia from
smooth muscle cell hyperplasia. Previously identified serial
sections with representative hyperplastic lesions were de-
paraffinized, pretreated with 0.1 M sodium citrate (pH 6.0),
and microwaved for 10 min. After cooling, they were stained
with rabbit polyclonal antihuman von Willibrand factor
(A0082, Dako, Carpinteria, CA) to identify endothelial cells
and mouse monoclonal anti-alpha smooth muscle actin
(A5228, Sigma-Aldrich, St. Louis, MO) to identify smooth
muscle cells and corresponding isotype controls. Im-
munodetection was performed using the HRP polymer con-
jugate and DAB chromogen according to protocol in the
ZymedSuperPicTure Kit (Invitrogen, Carlsbad, CA).

Bronchoalveolar lavage fluid and blood sample collection

Plasma, peripheral blood mononuclear cells (PBMCs), and
bronchoalveolar lavage fluid (BAL) samples were collected on
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a monthly basis premortem from the SHIV-infected animals
and from SIV-infected animals (although plasma and PBMC
data were not available for all animals in the SIV-infected
group), as described previously.28 Plasma SHIV viral levels
and peripheral blood CD4 cell counts were determined as
previously described.28,29 In addition, colonization with
Pneumocystis (Pc) was determined by performing nested PCR
on BAL cell lysate and determining anti-Pc endpoint antibody
titers to Pc kexin (KEX1) by enzyme-linked immunosorbent
assay (ELISA).28–30 Pc colonization was defined as a 3-fold
increase in anti-KEX1 reciprocal endpoint titer over the
baseline titer and detection of Pc DNA in BAL fluid.29 To
diagnose Pneumocystis pneumonia (PCP), BAL fluid was
stained using Gomori methenamine silver stain for detection
of Pc, and tissue sections were examined for changes consis-
tent with PCP.

Statistics

The prevalence and nature of PAH lesions in the SIV and
SHIV groups were determined. Relationships between CD4
cell count, SHIV viral levels, and presence or absence of PAH
histological lesions were determined using the Wilcoxon–
Mann–Whitney rank sum test. The relationship between
Pneumocystis colonization and the presence or absence of PAH
lesions was tested using Fisher’s exact test.

Results

Histology

Pulmonary artery hyperplasia and/or plexiform arterio-
pathy were present in 8 of 13 (62%) SHIV-infected macaques
(Table 1) and 4 of 10 (40%) SIV-infected macaques. The most

Table 1. Histologic Findings in SIV-Infected and SHIV-Infected Macaques
a

Animal Species Viral strain

Duration
of infection
(months) Pulmonary vascular lesions

Lung
pathologies

2700 Macaca mulatta SIV DB670 24 None PCP, possible
lung metastases
of distant tumor

2800 Macaca mulatta SIV DB670 21.5 Vacuolar change PCP
3000 Macaca mulatta SIV DB670 45 Vacuolar change Persistently

Pc colonized
3200 Macaca mulatta SIV DB670 8.5 None PCP
6697 Macaca mulatta SIV DB670 27.5 Plexiform lesion, Small artery

and Medium artery
intimal hyperplasia,
Vacuolar change

PCP

10797 Macaca mulatta SIV DB670 24 None Mild PCP
8299 Macaca mulatta SIV DB670 11.5 Medium artery medial hyperplasia,

vacuolar change
8799 Macaca mulatta SIV DB670 17 Medium artery intimal hyperplasia Acute PCP
12099 Macaca mulatta SIV DB670 13.5 Vacuolar change PCP
1700 Macaca mulatta SIV DB670 23 Large artery intimal hyperplasia Persistently

Pc colonized
11405 Macaca fasicularis SHIV-env (89.6P) 15 None Pc colonized
11505 Macaca fasicularis SHIV-env (89.6P) 15 Large artery intimal hyperplasia,

vacuolar change
Pc colonized

11605 Macaca fasicularis SHIV-env (89.6P) 12.25 Large artery intimal hyperplasia,
vacuolar change

11705 Macaca fasicularis SHIV-env (89.6P) 12.25 Vacuolar change
11805 Macaca fasicularis SHIV-env (89.6P) 15 Large artery intimal

and medial hyperplasia
Questionable

Pc colonization
status

15405 Macaca fasicularis SHIV-env (89.6P) 15 Vacuolar change Pc colonized
15505 Macaca fasicularis SHIV-env (89.6P) 15 None Pc colonized
15605 Macaca fasicularis SHIV-env (89.6P) 15 Medium artery medial hyperplasia Pc colonized
15705 Macaca fasicularis SHIV-env (89.6P) 15 Medium artery medial hyperplasia, large

artery intimal hyperplasia
Pc colonized

15905 Macaca fasicularis SHIV-env (89.6P) 12.25 None
16005 Macaca fasicularis SHIV-env (89.6P) 12.25 Small artery hyperplasia,

large artery intimal and medial
hyperplasia, plexiform lesion

16105 Macaca fasicularis SHIV-env (89.6P) 15 Small artery hyperplasia,
large artery intimal and medial
hyperplasia, vacuolar change

Pc colonized

16305 Macaca fasicularis SHIV-env (89.6P) 15 Plexiform lesion, vacuolar change Pc colonized

aPc, pneumocystis; PCP, pneumocystis pneumonia.
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common histopathological lesions were intimal and medial
hyperplasia of the medium and large pulmonary arteries, al-
though complex arterial lesions (e.g., plexiform arteriopathy,
recannalization) were occasionally seen (Figs. 1 and 2). We
did not observe perivascular inflammation or evidence of
vasculitis in SHIV-infected animals, although vacuolar chan-
ges were present in the tunica media in 6 of 13 (46%) animals.
To further elucidate endothelial cell hyperplasia versus
smooth muscle cell hyperplasia, we performed immunohis-
tochemistry on selected sections using antibodies against
Factor VIII, highlighting endothelial cells, and alpha smooth
muscle actin, highlighting smooth muscle cells (Fig. 3). These
stains demonstrated that the predominant cell type in the
hyperplastic lesions consisted of smooth muscle cells.

Duration of SIV/SHIV Infection and PAH

As a marker of SIV/SHIV viral exposure, we compared the
duration of viral infection between the SIV- and SHIV-
infected macaques. The median infection time among SIV-

infected macaques was 22.25 months (range 8.5–45), and
among SHIV-infected macaques was 15 months (range 12.25–
15). There was no significant association between duration of
infection and PAH in SIV-infected monkeys ( p¼ 0.83) or
SHIV-infected monkeys ( p¼ 0.58), and survival times were
not related to complications arising from PAH.

Markers of SHIV infection in SHIV-env-infected macaques

The median percent CD4 nadirs was 9.4% (range 0–49.5%)
in animals with histological PAH and 25.8% (range 4.5–58.9%)
in animals without histological PAH ( p¼ 0.19) (Fig. 4A).
While in 11 of 13 SHIV-infected animals the nadir CD4 count
occurred within the first 8 weeks after infection, two animals
did not have a notable CD4 decline until weeks 29 and 58.
Neither of these animals with a late nadir developed histo-
logical PAH at the time of necropsy (15 months and 12.25
months, respectively).

Many animals had a partial recovery of their CD4 per-
centages after the nadir CD4, but there was no relationship
between percent recovery and PAH [median percent recovery
82.7% (range 60.7–119%) in animals with PAH, 118.8% (range
47.7–165.2) in animals without PAH, p¼ 0.56] (Fig. 4B).

FIG. 1. Examples of representative pulmonary hyperten-
sion lesions on H&E stain. Intimal hyperplasia in SHIV-
env-infected macaque (above, magnification 40�) and complex
vascular lesion with recannalization in SIV-infected macaque
(below, magnification 20�). Color images available online at
www.liebertonline.com/aid.

FIG. 2. Medial hyperplasia in SHIV-env-infected macaque
demonstrated by two staining methods. Trichrome stain
(upper) helps to distinguish intima and medial cell layers.
H&E staining with (lower left) and without (lower right)
condenser demonstrates that while the internal elastic lam-
ina, separating the intima and media, can be visualized with
all stains, it is most easily distinguished on trichrome and
H&E without condenser. The arrow highlights the internal
elastic lamina. Magnification 40�. Color images available
online at www.liebertonline.com/aid.
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Interestingly, there was a trend toward later CD4 recovery in
animals with PAH (median recovery at 42.5 weeks, range 16–
58 weeks) compared to those without PAH lesions (16 weeks,
range 12-37 weeks, p¼ 0.09). The mean peak log SHIV viral

level in animals with histological PAH was 7.48 (SD� 0.51)
while the mean peak log viral level in animals without his-
tological PAH was 7.12 (SD� 0.59, p¼ 0.31) (Fig. 4C).

Pneumocystis colonization

Of the SHIV-infected macaques, eight animals were Pc
colonized, and four animals were Pc negative. The coloniza-
tion status of one animal was indeterminate, as its antibody
titers were not consistently significantly elevated above
baseline and nested PCR results were inconsistent. Pulmon-
ary infiltrates and overt PCP were not observed in any SHIV-
infected animals. On histological review of distal airways,
there was little overt inflammation, and the airways appeared
grossly normal. Stains for Pc were negative. The prevalence of
Pc colonization did not differ in PAH and non-PAH animals
(63% among animals with PAH and 60% of animals without
PAH, p¼ 0.58) (Fig. 4D). Of the SIV-infected macaques, three
(30%) were Pc colonized and six (60%) had overt PCP as de-
tected by histological review of lung tissue. No SHIV-infected
animals had overt PCP.

Discussion

In this report, we describe PAH in macaques infected with
SHIV (89.6P)-env (SHIV-env), a chimeric virus with SIV
backbone and HIV-1 Env protein, thus introducing a novel
nonhuman primate model of HIV-related pulmonary hyper-
tension. We also detected changes associated with PAH in
SIV-infected macaques, a finding that has been debated in the
literature.16,17 The most common lesions were intimal and
medial hyperplasia of the small and medium-sized pulmo-
nary arteries with minimal parenchymal disease and inflam-
mation. PAH lesions were not associated with severity of
SHIV illness, as measured by peak SHIV viral level, severity of
CD4 cell count decline, or degree of CD4 cell count recovery.
There was a trend toward later CD4 recovery in animals that
developed PAH lesions. PAH did not appear to be associated
with Pc colonization or PCP.

The development of pulmonary arteriopathy in SIV-
infected primates has been debated. Pulmonary arteriopathy,
characterized by predominantly intimal and medial arterial
thickening, was initially reported in 19 of 85 (22%) SIV-
infected rhesus macaques.16 In contrast, Marecki and
colleagues reported that none of 20 SIV-infected animals de-
veloped pulmonary vascular changes.17 In the current study,
we found PAH in 36% of SIV-infected macaques. Several
possibilities could explain the differences among these stud-
ies, including different SIV strains, different duration of SIV
infection, and the presence of different concurrent pulmonary
infections. The SIV viruses used in the three studies had
slightly different tropisms and may have exerted different
effects on the pulmonary vasculature. The duration of infec-
tion was also different among the different studies. In the
Marecki study, the median infection time was shorter than
either that reported here or in a previous report of PAH le-
sions in SIV-infected animals.16 It is also possible that the
different pulmonary infections reported in each study influ-
enced the development of PAH. The study by Chalifoux in-
cluded several animals with avian tuberculosis, disseminated
cytomegalovirus, septic endocarditis, and pulmonary
thromboses, and most SIV-infected animals in the present
study had overt PCP or were colonized by Pc.16 It is possible
that the pulmonary hypertension lesions seen in the

FIG. 3. Immunohistochemistry demonstrates smooth
muscle cell hyperplasia in a representative SHIV-env-infected
macaque with histologic PAH. The Zymed DAB Chromogen
SuperPicture Kit was used as a detection system after
staining with primary antibodies. Primary antibodies include
(above) rabbit polyclonal anti-human von Willibrand factor
(enhances endothelium), (middle) mouse monoclonal anti-
alpha smooth muscle actin (enhances smooth muscle cells),
or (below) isotype control. Magnification 20�. Color images
available online at www.liebertonline.com/aid.
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SIV-infected animals were related to hypoxemia or due to a
primary pulmonary process other than SIV infection.

Pulmonary arterial changes have been documented in SHIV-
infected primates as well.17 Chimeric viruses constructed using
SIV genetic backbone and genetic substitutions of various HIV
genes have been useful in modeling different aspects of HIV
infection.31 The first report of pulmonary vascular lesions as-
sociated with SHIV infection involved macaques infected with
SHIV that carried an HIV-1 nef gene in place of the SIV nef.17

Pulmonary arteriopathy, consisting of medial hyperplasia, in-
timal hypertrophy, vascular remodeling, and plexiform-like
lesions, was reported in five out of six SHIV-nef-infected ma-
caques.17 Nef protein was detected in pulmonary endothelial
cells both in the monkeys and in humans with HIV and PAH,
while monkeys infected with SIV did not have pathological
evidence of PAH. These findings led the authors to hypothesize
that Nef is important in the pathogenesis of HIV-related PAH
and that the HIV-1 Nef protein differed from the SIV protein in
the promotion of PAH.

The SHIV model used in this study differed from the SHIV-
nef model because it contained an SIV-nef allele and the HIV-1

env gene. We found a fairly high frequency of pulmonary
arteriopathy in these animals; however, the lesions differed
somewhat from those described in the SHIV-nef model. For
example, the pulmonary arterial lesions from the SHIV-nef-
infected animals were reported to have more complex lesions,
including plexiform arteriopathy. Other important differ-
ences in the models include a longer median duration of in-
fection in the SHIV-nef cohort (median infection time 21
months). With a longer duration of infection, the SHIV-nef
animals may have had more time to develop histological
PAH, and if the SHIV-env animals had been studied for lon-
ger, more severe changes might have developed.

Our observations of pulmonary vascular lesions in SIV-
infected and SHIV-env-infected macaques are significant in
that they broaden the use of relevant primate models for PAH
to include both SIV and SHIV-env-infected macaques. Our
findings of pulmonary vascular lesions in both SIV-infected
and SHIV-env-infected animals provide evidence that the
HIV-1 nef allele is not required for the promotion of the pul-
monary vascular changes observed. Although the mechanism
underlying pathogenesis in these SIV and SHIV-env models is

FIG. 4. Markers of SHIV infection and development of pulmonary hypertension. There were no significant relationships
between (A) pulmonary hypertension and degree of CD4 decline ( p¼ 0.19), (B) CD4 recovery ( p¼ 0.77), (C) log HIV viral
level ( p¼ 0.31), or (D) pneumocystis (Pc) colonization ( p¼ 0.58).
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not yet fully elucidated, it is likely that multiple viral proteins
play a role in the pathogenesis.17,19,32–34 Although the SIV and
SHIV-env models differ from the SHIV-nef model in that they
do not contain an HIV-1 nef allele, they do contain an SIV-
nef allele, and SIV Nef is functionally similar to the HIV-1 Nef
protein.35,36

Our findings of PAH lesions in SHIV-env infection suggest
that the pathogenesis of HIV-related PAH is likely to be mul-
tifactorial. Although these results do not specifically implicate
the Env protein in HIV-PAH pathogenesis, these results, to-
gether with findings from previously published work, suggest
that it may play a role.33,34 HIV-1 Env is a 120-kDa HIV-1
surface glycoprotein that binds CD4 on target cells and is of
potential interest in HIV-PAH since it may stimulate the se-
cretion of endothelin-1 from monocytes and endothelial
cells.33,34 Endothelin-1 is the most active isoform of the en-
dothelin peptide family and is mainly produced by endothelial
cells in the pulmonary vasculature. It induces vasoconstriction
as well as smooth muscle proliferation among neighboring
vascular cells.37,38 In vitro studies have also demonstrated that
HIV-1 Env can stimulate the secretion of endothelin-1 from
human lung microvascular endothelial cells.34 These findings
along with the identification of soluble HIV-1 Env in the serum
of AIDS patients and evidence that endothelin receptor an-
tagonists seem to successfully treat HIV-PAH suggest a po-
tential role for Env in HIV-PAH pathogenesis.8,9

We were not able to identify evidence of virus within host
target tissues. In situ hybridization experiments in SHIV-env-
infected macaques did not show evidence of virus in lym-
phoid tissue or lung tissue (data not shown). Furthermore,
given the early peak viremia at 1–2 weeks after infection and
the low (<10,000 copies/ml) or undetectable viral loads from
approximately week 12 onward, we would not expect to see
viral proteins in lung tissues in this model. The absence of
tissue expression of viral proteins, such as Env or Nef, at the
time of sacrifice does not exclude the possibility that they play
an important role. It is possible that much of the vascular
insult may occur early, at the time of peak viremia, and slowly
progress even after clearance of the original inciting factor
(SIV/SHIV virus).

Other pathogenic mechanisms may also be possible in the
SIV/SHIV models. For example, the role of other infections in
HIV-PAH has been debated. In a murine model of immune
reconstitution and PCP, Swain et al. reported that animals
which were CD4 depleted then infected with Pc developed
pulmonary hypertension as measured by increased right
ventricular thickness and pressure.21 These changes occurred
after CD4 T-cell recovery and were sustained long after
clearance of Pc. While Pc infection and chronic inflammation
may be a potential mechanism contributing to pulmonary
hypertension in the murine model, we did not find an asso-
ciation between pulmonary hypertension and Pc or degree of
recovery after the CD4 nadir. We may not have detected an
association with Pc colonization for several reasons. First, Pc
may have been present in the lungs at very low levels without
overt infection. Second, we did not initiate treatment with
antiretroviral therapy to allow the animals to fully restore
their immune function, which may play a role in PAH path-
ogenesis. Finally, our power might have been insufficient to
detect an association.

We did not find any association between severity of SIV or
SHIV infection and development of histological PAH, con-

sistent with several previously published human studies de-
scribing a lack of association between HIV viral load, CD4
count, and development of PAH.5,22,23 It was interesting,
however, that the two animals that developed late decline in
CD4 in response to SHIV infection did not develop PAH le-
sions. The lack of histological PAH may have been due to the
decreased overall severity of their SHIV illness. Conversely, it
is possible that these animals would have developed histo-
logical PAH if they had lived for a longer period of time after
their CD4 nadir. Therefore, although the severity of SHIV
infection, as measured by viral load or median CD4 levels,
may not be statistically associated with the development of
PAH, it is plausible that there could be a threshold level and/
or duration of infection required to develop histological PAH.

There were several weaknesses of the current study. Our
study was limited by the fact that we did not have hemody-
namic measurements to assess physiological abnormalities;
however, histopathology has been considered the gold stan-
dard for diagnosis of PAH. Additionally, given that these
studies were performed in historical cohorts, the SHIV-env-
related histological findings were observed in cynomolgus
macaques, whereas our SIV-related findings were seen in
rhesus macaques. These species differences complicate direct
comparisons of SIV-related lesions with SHIV-env-related le-
sions, as there could be species-specific variable susceptibili-
ties to SIV or SHIV-env. Inclusion of a larger number of
animals might have increased our power to detect differences
in factors such as Pc colonization or changes in CD4 cell
counts in the PAH and non-PAH animals, and inclusion of
more uninfected controls would help in better defining the
histology of normal animals. We also did not have adequately
prepared heart specimens available to examine right ven-
tricular hypertrophy or dilation. It is possible that the patho-
logical changes observed, although mild, represent preclinical
disease that could become symptomatic over the many years
that HIV-infected patients now live. This study represents
the initial description of pulmonary arteriopathy in SHIV-
env-infected primates and forms a solid foundation for future
investigations.

This article builds on previous work in several ways. We
used a rigorous scoring system to classify pulmonary hyper-
tension in our model. In addition to using the standard system
by Pietra et al.,27 we developed a more quantitative scoring
system, analyzing small, medium, and large arteries, and
systematically compared each blood vessel caliber to a normal
control. Because the pulmonary artery anatomy of macaques
has not been previously described, the inclusion of a species-
specific control improves on previous work using systems
developed for humans. We are also the first to examine the
SHIV-env model for pulmonary vascular changes. We exam-
ined potential relationships between histological PAH and
SHIV disease duration and severity, as well as Pc coloniza-
tion, avenues that had not been specifically explored in pre-
vious publications.

In the field of HIV-PAH research with few relevant models
of disease, our observations are significant in that they
broaden the use of primate models for PAH and suggest that
the HIV-1 nef allele is not essential for pathogenesis. We have
found that SHIV-env-infected primates develop pulmonary
arterial lesions consistent with pulmonary hypertension re-
presenting a novel nonhuman primate model of HIV-PAH.
We have also confirmed earlier reports documenting these
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lesions in SIV-infected animals. Factors such as Pc coloniza-
tion or degree or duration of immunosuppression were not
associated with the development of PAH lesions. This SHIV-
env primate model will provide a new means to investigate
the mechanisms of HIV-PAH, as well as a platform to test
relevant therapeutic interventions, ultimately helping to im-
prove outcomes in patients with HIV-PAH.
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