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Physiologic Changes in a Nonhuman Primate Model
of HIV-Associated Pulmonary Arterial Hypertension

M. Patricia George1,2, Hunter C. Champion1,2, Marc Simon1, Siobhan Guyach3, Rebecca Tarantelli3,
Heather M. Kling3, Alexandra Brower6, Christopher Janssen4, Jessica Murphy3, Jonathan P. Carney5,
Alison Morris1,3, Mark T. Gladwin1,2, and Karen A. Norris3

1Department of Medicine, 2Vascular Medicine Institute, 3Department of Immunology, 4Division of Laboratory Animal Resources, and 5Department

of Radiology, School of Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania; and 6School of Veterinary Medicine, University of Nottingham,

Loughborough, England, United Kingdom

Pulmonary arterial hypertension (PAH) is increased in HIV, but its
pathogenesis is not fully understood. Nonhuman primates infected
with simian immunodeficiency virus (SIV) or SIV-HIV chimeric virus
(SHIV) exhibit histologic changes characteristic of human PAH,
but whether hemodynamic changes accompany this pathology is
unknown. Repeated measurements of pulmonary artery pressures
would permit longitudinal assessments of disease development
and provide insights into pathogenesis. We tested the hypothesis
that SIV-infected and SHIV-infected macaques develop physiologic
manifestations of PAH. We performed right heart catheterizations,
echocardiography, and computed tomography (CT) scans in maca-
ques infectedwith either SIV (DB670) or SHIV (89.6P), and compared
right heart and pulmonary artery pressures, as well as pulmonary vas-
cular changes on CT scans, with those in uninfected control animals.
Right atrial, right ventricular systolic, and pulmonary artery pressures
(PAPs)were significantly elevated in 100%ofmacaques infectedwith
either SIV or SHIV comparedwith control animals, with no difference
in pulmonary capillary wedge pressure. PAPs increased as early as
3months after SIV infection. Radiographic evidence of pulmonary vas-
cular pruning was also found. Both SIV-infected and SHIV-infected
macaques exhibited histologic changes in pulmonary arteries, pre-
dominantly consistingof intimal andmedial hyperplasia. This report
is the first to demonstrate SHIV-infected and SIV-infectedmacaques
develop pulmonary hypertension at a high frequency, with physio-
logic changes occurring as early as 3 months after infection. These
studies establish an important nonhuman primate model of HIV-
associated PAH that will be useful in studies of disease pathogenesis
and the efficacy of interventions.
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HIV-infected individuals are at increased risk of pulmonary ar-
terial hypertension (PAH), with a prevalence of 0.5 to 2.0%

(1, 2). This prevalence has been unaffected by the development
of combination antiretroviral therapy (3). Recent studies indi-
cate that HIV-PAHmay be even more common than previously
thought (4–6). Associated with a 60% survival at 2 years after
diagnosis, HIV-PAH involves even greater mortality in patients
with more severe disease (World Health Organization Classes
III–IV) (7). Although several reports have described clinical
benefits with pulmonary hypertensive therapies in patients with
HIV-PAH, it is still considered a terminal illness (8–11).

Animal models of PAH incompletely recapitulate critical ele-
ments of the pulmonary vascular remodeling seen in human dis-
ease, and this has constituted a major challenge in the field.
Rodent models of PAH using monocrotaline or hypoxia have
helped in understanding the pathogenesis of PAH, but these
models do not replicate the potential contribution of the HIV
virus to disease development (12, 13). Murine modeling of HIV
and AIDS has developed to include transgenic and humanized
rodent models. Although these models are useful, it is difficult to
determine whether end-organ effects such as PAH are truly
caused by HIV infection or by a phenomenon associated with
the xenograft (14–16).

Simian immunodeficiency virus (SIV) and chimeric SIV-HIV
viruses (SHIVs), generated by the insertion of HIV genes into
the SIV backbone, have been used extensively in susceptible
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CLINICAL RELEVANCE

Pulmonary arterial hypertension (PAH) is a serious com-
plication of HIV infection, and its pathogenesis is not fully
understood. Nonhuman primate models of HIV infection
using simian immunodeficiency virus (SIV) have been
useful in understanding mechanisms of viral pathogenesis as
well as sequelae of chronic infection. Several studies have
shown that a percentage of SIV-infected and chimeric SIV-
HIV (SHIV)–infected macaques develop pulmonary artery
lesions, characterized by intimal thickening and luminal
occlusion, with a histologic similarity to those associated
with human PAH. However, the development of pulmo-
nary arterial lesions cannot be predicted before an animal’s
death. Furthermore, the association of pulmonary arterial
lesions and physiologic evidence of PAH in the SIV/SHIV
model has not been reported. This report is the first to
demonstrate the pulmonary hemodynamic and radiographic
consequences of SIV and SHIV infections in macaques, and
establishes an important nonhuman primate model of HIV-
associated pulmonary hypertension. The ability to perform
longitudinal physiologic measurements in SIV-infected or
SHIV-infected macaques greatly expands the potential ap-
plicability of this model to both studies of disease patho-
genesis and the efficacy of interventions.
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www.atsjournals.org
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nonhuman primates for modeling HIV infection and for the pre-
clinical testing of antiretroviral drugs and vaccine candidates (17,
18). As potential models of HIV-associated PAH, SIV-infected
and SHIV-infected macaques may be particularly useful because
they reflect a naturally occurring cause of human PAH (19, 20).
Several studies have shown that SIV-infected and SHIV-infected
macaques develop pulmonary artery lesions, characterized by in-
timal thickening and luminal occlusion, with histologic similarity
to those associated with human PAH, but the development of
pulmonary arterial lesions cannot be predicted before necropsy
(19–21). Furthermore, the association of pulmonary arterial lesions
and physiologic evidence of PAH in the SIV/SHIV model has not
been reported. Hemodynamic assessment by right heart catheter-
ization is the best means of definitively diagnosing PAH in humans
and evaluating treatment efficacy (22). Here, we assessed the
hemodynamic parameters of normal and SHIV-envelope (env)-
infected cynomolgus macaques and SIV-infected rhesus macaques
by right heart catheterizations and echocardiography, and evaluated
the physiologic and radiographic data during disease progression.

MATERIALS AND METHODS

Adult cynomolgus (CM) and rhesus (RM) macaques, aged 6 to 10 years
(please see Table E1 in the online supplement for further details), were
obtained from national primate centers or vendors approved by the Di-
vision of Laboratory Animal Research at the University of Pittsburgh.
Prestudy screening is detailed in the online supplement. Animal experi-
ments were approved by the Institutional Animal Care and Use Commit-
tee of the University of Pittsburgh, and were performed in accordance
with the provisions of the United States Animal Welfare Act.

SIV and SHIV Virus Infection

SHIV-CM model. Nineteen CMs were intravenously inoculated with
1 3 104.9 tissue culture infectious doses of SHIV89.6P-env (gift of O.
Narayan, University of Kansas) (23, 24). Healthy, uninfected CMs were
used as controls.
SIV-RM model. Four RMs were intrarectally inoculated with SIV

DB670 (gift of M. Murphey-Corb, University of Pittsburgh). Plasma
viral loads and peripheral blood CD41 T cells were determined by
quantitative RT-PCR and flow cytometry (24, 25). Age, clinical, and
infection parameters are presented in the online supplement.

Hemodynamic Measurements

SHIV-CM model. Four uninfected CMs and 19 SHIV-infected CMs un-
derwent right heart catheterization (RHC) at 19–22 months after in-
fection. In seven SHIV-infected CMs, simultaneous pulmonary artery
pressure and Doppler blood flow were measured, and pulmonary vas-
cular resistance (PVR) and cardiac output were calculated (26).
SIV-RM model. Two-dimensional Doppler echocardiography and RHC

were performed before infection, and repeated at 3 months (echocardiog-
raphy) and 8 months (RHC) after infection. Systemic blood pressure mea-
surements were obtained before infection and after infection at monthly
intervals. Detailed methods are presented in the online supplement.

Quantification of Small Pulmonary Vessels

by Computed Tomography

Computed tomography (CT) scan images were obtained on uninfected
CMs and SHIV-infected CMs at 19–22 months after infection. To
quantify small-vessel pruning, noncontrast CT scans were analyzed
by the method described by Matsuoka and colleagues to quantify the
cross-sectional area (CSA) of pulmonary vessels (27). Additional details
are provided in the online supplement.

Tissue and Histologic Examination

Lung tissue was obtained during necropsy, and pulmonary arteries were
examined by a pulmonologist and a veterinary pathologist (M.P.G. and

A.B., respectively) blinded to the identity of the monkeys, as previously
described (21, 28) (further details are available in the online supplement).

Statistical Analysis

Hemodynamic parameters were compared between SHIV-infected and
uninfected CMs, using theWilcoxon-Mann-Whitney test. A paired t test
was used to compare hemodynamic parameters before and after the
SIV infection of RMs. Mean percent CSAs were compared between
SHIV-infected and uninfected CMs, using a two-tailed t test. Relation-
ships between hemodynamic measurements and histology, CD41 T cell
count, viral concentrations, and the presence of histologic lesions were
determined using the Wilcoxon-Mann-Whitney test, the Spearman cor-
relation, and linear regression.

RESULTS

Infection of Cynomolgus Macaques with SHIV89.6P Is

Associated with Elevations in Right-Sided Pressures

and Pulmonary Artery Pressures

Normal and SHIV89.6P-infected CMs were evaluated for physi-
ologic and anatomic evidence of PAH (see Table E1 and Figure
E1 for viral loads and peripheral blood CD4 T-cell concentra-
tions). At 19–24 months after infection, macaques underwent
right heart catheterization (Table E2). The median age at time
of catheterization was 9.35 years (range, 7.49–9.62 yr) in SHIV-
infected animals, and 6.60 years (range, 6.17–7.32 yr) in control
animals. Right atrial pressure (RAP) and right ventricular systolic
pressure (RVSP) were elevated in SHIV-infected macaques com-
pared with uninfected control animals (median RAP, 4 mm Hg;
range, 3–7 mm Hg in SHIV animals, versus 2 mm Hg; range,
2–3 mm Hg in control animals; P ¼ 0.001; median RVSP, 14 mm
Hg; range, 10–38 mmHg in SHIV animals, versus 9 mmHg; range,
8–9 mmHg in control animals; P¼ 0.042; Figure 1; see Table E2 in
the online supplement for hemodynamic values of individual ani-
mals). Pulmonary artery systolic and diastolic pressures (PASP and
PADP, respectively) were also elevated in SHIV-infected maca-
ques compared with control animals (median PASP, 14 mm Hg;
range, 10–22 mm Hg, versus 8 mm Hg; range, 7–9 mm Hg; P ¼
0.002; median PADP, 9 mmHg; range, 5–12 mmHg, versus 4.5 mm
Hg; range, 4–5 mm Hg; P ¼ 0.004). Calculated mean pulmonary
arterial pressure (mPAP) was elevated in SHIV-infected macaques
compared with control animals (median mPAP, 10 mm Hg; range,
7–5 mmHg in SHIV animals, versus 5.5 mmHg; range, 5–6 mmHg
in control animals; P ¼ 0.001; Figure 1). No significant difference
was evident regarding pulmonary capillary wedge pressure (PWCP)
in SHIV-infected macaques versus control animals (median PCWP,
3 mm Hg; range, 2–4 mm Hg in SHIV-infected animals, versus 2.5
mm Hg; range, 2–3 mm Hg in control animals; P ¼ 0.27; Figure 1).

Infection with SHIV Is Associated with Decreased Vascular

Compliance and Increased Pulmonary Vascular Resistance

In addition to the overall increase in right-sided pressures, the con-
tour of the RVSP waveform in infected animals was notably dif-
ferent than the waveform in uninfected control animals (Figure 2).
In SHIV-infected animals, a loss of the gentle sloping of the
shoulder in the end systolic waveform seen after peak RVSP
was evident, indicative of increased vascular stiffness (Figure 2,
arrow) (29). This pattern was not seen in uninfected animals.

To identify whether increased RAP, RVSP, and pulmonary ar-
tery pressures were attributable to increased pulmonary arterial
tone or secondary to left heart dysfunction, we measured intra-
arterial flow and Doppler pressures in a subset of animals (four
SHIV-infected and three uninfected; see the online supplement
for further details). PVR was increased in 4/4 SHIV-infected ani-
mals (mean, 0.18 Woods units; 95% confidence interval [CI],
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0.09–0.28), relative to uninfected control animals (mean, 0.06
Woods units; 95% CI, 0.03–0.09; P ¼ 0.02; Figure 3). Of note,

no difference was evident in the relative cardiac output of

these animals (mean pulmonary flow of 53.3 cm/s; 95% CI,

39.5–67 cm/s in SHIV-infected animals, versus mean pulmo-

nary flow of 57 cm/s; 95% CI, 49.6–64.5 cm/s in control ani-

mals; P ¼ 0.51). Pulmonary pressures were not associated with

CD4 nadirs or viral loads, which function as indices of SHIV

infection severity (data not shown).

Infection of Rhesus Macaques with SIVDB670 Is Associated

with Elevations in Right-Sided Pressure and Pulmonary

Artery Pressure

Compared with the SHIV infection of CMs, which induces a
rapid loss of peripheral blood CD41 T cells but relatively mild
disease, SIV infection of RMs typically results in a gradual loss
of peripheral blood CD41 T cells, higher sustained plasma viral
loads, and the development of AIDS-like disease (30) (please
see Figure E1 in the online supplement). Thus, we sought to

Figure 1. Infection of cynomolgus macaques with simian

immunodeficiency virus–human immunodeficiency virus

89.6P (SHIV89.6P) is associated with elevated right atrial,
right ventricular, and pulmonary arterial pressures (Mann-

Whitney test, P ¼ 0.001, 0.042, and 0.001, respectively),

but not pulmonary capillary wedge pressure (Mann-Whitney
test, P ¼ 0.274). Right heart catheterizations were per-

formed in 19 macaques, at approximately 20 months after

SHIV infection, and compared with four uninfected control

animals.

Figure 2. Right ventricle (RV) pressure wave-

form morphology is consistent with stiffening
of the vasculature. Arrow indicates a loss of the

gentle sloping of the shoulder during systole

after peak right ventricular systolic contrac-

tion, consistent with increased vascular tone.
RV, right ventricle; PA, pulmonary artery.
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determine whether the hemodynamic changes observed in the
SHIV-CM model also occurred in SIV-infected RMs. As deter-
mined by Doppler echocardiography, pulmonary arterial sys-
tolic pressure was significantly elevated in RMs by 3 months
after SIV infection (P ¼ 0.036; Figure 4A). Further elevations
of right atrial and pulmonary arterial pressures were observed
at 8 months after infection, as determined by RHC (Figure 4B),
with no significant difference in PCWP (P ¼ 0.215). No signif-
icant changes in systemic blood pressure were detected before
and after SIV infection (P ¼ 0.903; Figure 4C). One SIV-
infected RM (R85) was killed before the 8-month RHC because
of SIV disease progression.

Radiographic Evidence of Alteration in the Small Vessels

among SHIV-Infected Macaques

CT evidence of the pulmonary vascular pruning of small pulmo-
nary vessels was seen in 19 SHIV-infected macaques, compared
with 10 uninfected control animals. The percent CSA in vessels
less than 5 mm2 (percent CSA,5 mm2) was significantly lower in
SHIV-infected animals (mean, 0.87%; SD, 6 0.1%) compared
with control animals (mean, 1.0%; SD, 6 0.3%; P ¼ 0.04),
indicative of pulmonary arterial pruning. No significant differ-
ence was evident between SHIV-infected and control animals
with regard to the percent CSA of vessels 5–10 mm2 in size (P ¼
0.45; Figure 5).

Histopathological Lesions Were Present

in SHIV-Infected Macaques

Pulmonary vascular lesions were seen in SHIV-infected CMs and
in SIV-infected RMs (Figure 6 and Table E2). The predominant
lesions involved intimal and medial hyperplasia of the medium
arteries, and intramural fibrosis and perivascular lymphocytic
infiltration, as previously reported in SIV-infected and SHIV-
infected macaques (21) (Figure 6). RVSP and mPAP did not
differ between animals with and without pulmonary vascular
lesions (median RVSP in animals with lesions, 13.5 mm Hg;
range, 10–20 mm Hg; median RVSP in animals without lesions,
14 mm Hg; range, 11–38 mm Hg; median mPAP in animals with
lesions, 11 mm Hg; range, 7–15 mm Hg; median mPAP in ani-
mals without lesions, 10 mm Hg; range, 8–14 mm Hg).

DISCUSSION

We evaluated two nonhuman primate models of HIV infection
for physiologic evidence of pulmonary hypertension. We report
hemodynamic and radiographic changes and pulmonary vascular
lesions in both SIV-infected and SHIV-infected macaques, con-
sistent with those seen in human PAH. The most striking feature
of the SIV and SHIV models is that 100% of the infected mon-
keys (cynomolgus and rhesus) exhibit elevated right heart and

pulmonary arterial pressures as determined by RHC, and evi-
dence of hemodynamic alterations as early as 3 months after in-
fection in the SIV-infected macaques. No increase was evident
in either PCWP or systemic blood pressure, or decrements in
the cardiac output of infected animals, indicating that the pulmo-
nary vascular changes seen were not the result of left-sided heart
failure. Infected animals also demonstrated an increase in PVR
compared with control animals, but with no significant difference
in cardiac output. Using quantitative analyses of CT scans,
SHIV-infected animals demonstrated evidence of pruning of
the small pulmonary vessels. Together with anatomic evidence
of pulmonary vasculopathy presented here and in previous stud-
ies of SIV-infected and SHIV-infected primates, these results
provide compelling evidence that the SIV and SHIV infection
of macaques induces PAH at a relatively high frequency (19–
21). The ability to perform percutaneous measurements of right
heart pressures in this model greatly expands its utility in track-
ing early events in PAH pathogenesis, the progression of dis-
ease, and responses to therapy.

In humans, PAH is defined as a sustained elevation of mPAP
greater than 25 mm Hg at rest or 30 mm Hg with exercise, with-
out elevations in PCWP (a marker of left ventricular dysfunc-
tion). In the primate models described here, we demonstrate
that in both SHIV-infected CMs and SIV-infected RMs, all ani-
mals developed significantly elevated mPAP without elevations
in PCWP, as well as elevated RAP and RVSP, indicative of a
right heart/precapillary pulmonary artery disease process. These
hemodynamic data were further supported by analyses of right
ventricular waveforms. The loss of gentle sloping of the shoulder
in the RVSP systolic waveform, seen only in the infected mac-
aques, suggests increased vascular wave reflection in the infected
animals (i.e., increased pulmonary arterial stiffness) (29). These
increases in vascular pressures and tone in this model are con-
sistent with PAH.

To evaluate disease progression further, using a noninvasive
technique, we measured vascular changes in SHIV-infected ani-
mals with CT scans. We found significant evidence of pruning
of the small vessels in SHIV-infected animals compared with un-
infected control CMs. Although we did not have corresponding
hemodynamic data in the control animals to explore direct corre-
lations between pulmonary pressures and vascular pruning, these
data suggest a process of increased vascular tone and/or remodel-
ing when animals are infected with SHIV. This is the first report of
radiologic evidence of vascular pruning in a nonhuman primate
model of PAH.

All SHIV-infected and SIV-infected animals exhibited in-
creased measurements of right heart and pulmonary artery pres-
sure compared with control animals, but histologic evidence of
vascular remodeling was not detected in all animals. Histopath-
ological changes observed in the SHIV-infected macaques were
relatively mild compared with those in SIV-infected macaques,

Figure 3. Relative pulmonary vascular resis-

tance (PVR, Woods units) is elevated in SHIV-
infected macaques (n ¼ 4) compared with

uninfected macaques (n ¼ 3; P ¼ 0.02), with

no significant difference in relative cardiac out-
put (Q, blood flow [cm/s]; P ¼ 0.51) (P ¼
0.51).
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suggesting that the severity of SIV infection may contribute to
the development of more severe pulmonary hypertension
(PH). As previously reported, SHIV and SIV infections
resulted in less severe pathological changes compared with

clinical PAH or some rodent models of PAH, perhaps consistent
with early disease in primate models. Hence, although evidence
of vascular remodeling exists in macaque models of PAH, phys-
iologic changes and evidence of increases in vascular tone are

Figure 4. Hemodynamic evaluation of simian

immunodeficiency virus (SIV)–infected rhesus

macaques (Monkey numbers R58, R67, R73,
R80, R85; see Table E1 for infection details). (A)

Pulmonary artery systolic pressure is significantly

elevated in rhesus macaques (RM) by 3 months
post-SIV infection (PI) compared with baseline, as

determined by Doppler echocardiography (two-

way ANOVA, P ¼ 0.023). Right heart catheter-

izations were performed in four rhesus macaques
at baseline (before infection) and approximately

8 months after infection (PI). (B) Infection with

SIVDB670 is associated with elevated right atrial

and pulmonary artery pressure and pulmonary
artery systolic pressure (paired t test, P ¼ 0.006,

0.032, and 0.038, respectively), but not pulmo-

nary capillary wedge pressure (P ¼ 0.215). (C)

No significant difference was evident in systemic
blood pressure before and after SIV infection

(two-way ANOVA, P ¼ 0.903). mos, months.

378 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 48 2013



more prominent characteristics of this model. We do not know
whether SHIV-infected or SIV-infected macaques will develop
more significant lesions over time, as seenpreviously in other animal
models, but increases in vascular tonemay lead to downstreamneo-
intimal formation and arterial remodeling (13, 31).

Interestingly, in this study, 7/19 (37%) SHIV-infected maca-
ques developed lesions, compared with 8/13 (62%) in our previ-
ous study (21). Although no significant difference was evident in
the ages of the animals between the two cohorts, they were
different in terms of gender composition (five females in the
previous cohort, and none in the current SHIV cohort) and
country of origin (the previous cohort was of Chinese origin,
whereas the current SHIV cohort was predominantly from
Mauritius, i.e., 16 animals from Mauritius, and three from
China). The sex of the animals and their origin may play a role
in their susceptibility to develop pathologic lesions of PAH.

Several studies have implicated HIV proteins in the pathogen-
esis of pulmonary vascular injury (20, 32, 33). We did not find
a correlation between mPAP and peak plasma viral loads. Simi-
larly, we did not see a correlation between CD4 nadirs and mPAP.
These results are consistent with our earlier observation that the
extent of pulmonary vascular pathology does not correlate with
plasma viral loads or disease severity in SHIV-infected macaques
(21). Further studies are needed to determine if a higher, sustained
plasma viral set-point (as seen in the SIV-RMmodel) is associated
with more severe pathology compared with SHIV-infected CMs.
These findings do not necessarily exclude the possibility that
specific viral proteins play a role in the pathogenesis of PAH,
as suggested by other models (20, 34).

The nonhuman primate models of HIV-PAH described here
have several potential advantages over previous animal models.
First, viral infection is the sole precipitant agent of disease. Un-
like other animal models of PAH, this model does not require
hypoxia, monocrotaline, or other noxious stimuli to induce dis-
ease, potentially making it more physiologically relevant. Sec-
ond, the nonhuman primate model may be more reflective of

human disease compared with rodent models of pulmonary hy-
pertension, given our evolutionary relationship to nonhuman
primates. The increases of pressure were seen in all infectedmac-
aques, and are proportionally on par with those seen in humans
with PAH. SHIV-infected macaques demonstrated an 83%
greater mPAP compared with uninfected control animals (11
versus 6 mm Hg, respectively), comparable with the percent dif-
ference in mPAP among patients with documented PAH com-
pared with normal individuals (z 78.6%, with 25 mm Hg
considered diagnostic of PAH, and with an average normal mPAP
of 14 mm Hg) (35). Third, the SIV and SHIV infection of mac-
aques comprises a well-characterized, reproducible model of HIV
infection (24, 28, 36), and results in elevated right heart and pul-
monary artery pressures in all infected animals. In addition, physio-
logic changes are seen before the onset of severe immunodeficiency
in these animals. Finally, with the performance of right heart cathe-
terizations, we expand the ability to track longitudinal disease pro-
gression in this model.

Our study contained several limitations. First, we evaluated pul-
monary hemodynamics at a single time point after SHIV infection.

Figure 5. Quantitative evidence of vascular pruning on computed to-

mography scans. Quantitative analysis of cross-sectional area (CSA) of

vessels was performed, and indicated significantly fewer small vessels
(CSA , 5 mm2) in SHIV-infected macaques (n ¼ 19) than in control

animals (n ¼ 10; t test, P ¼ 0.041). No significant difference was evident

in vessels measuring 5–10 mm2 (t test, P ¼ 0.450). %CSA, percentage of

cross-sectional area; CSA,5 mm2, vessels with cross-sectional area, 5 mm2;
CSA5–10 mm2, vessels with a cross-sectional area of 5–10 mm2. *P ¼ 0.04.

Figure 6. Characteristic histopathology of SHIV-infected and SIV-

infected macaque lung tissue. Hematoxylin and eosin stain (A, C, E,

and G) and Masson trichrome stain (B, D, F, and H) of normal (A and
B), SHIV-infected (C and D), and SIV-infected (E–H) macaque lung tis-

sue. Arrows indicate neointimal thickening (C), medial hyperplasia (E),

collagen deposition (F), and perivascular lymphocytic tissue (G).
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Serial measures of right heart and pulmonary pressures are now
possible using this technique, and will establish important param-
eters associated with the development of vascular changes. Second,
pulmonary pressure measurements were not available in our con-
trol animals used for radiologic analyses, so we were unable to per-
form correlation studies. Third, we saw relatively low pressures in
both uninfected and infected cynomolgus and rhesus macaques,
which may be an attribute of these species or an effect of the in-
haled anesthetic used in the procedure (37, 38). In addition, the
SHIV89.6P infection of CMs results in a rapid depletion of periph-
eral blood CD41 T cells. However, plasma viral concentrations
are reduced relatively quickly compared with other models of SIV
and SHIV infection (30). Thus, further studies with the SIV-RM
model may produce different pathologic outcomes with respect
to the development of PAH. This study did not address the mul-
tiple mechanisms whereby chronic viral infection leads to the de-
velopment of pulmonary vascular remodeling and hypertension.
Chronic immune activation and inflammation are well described
in HIV-infected individuals and in susceptible macaques infected
with SIV (39–42). We previously reported inflammatory cytokine
production in SHIV-infected macaques (28), and we observed a
trend toward increases in plasma inflammatory mediators in the
current cohort of SIV-infected macaques (IL-8 and regulated on
activation, T cell expressed and secreted; data not shown), al-
though these increases were not statistically significant, possibly
because of the small group size. A comprehensive analysis of im-
mune activation and chronic inflammation associated with SIV in-
fection and the development of PAH is underway. Moreover, the
impact of direct viral interaction with the vasculature has been
implicated in HIV-PAH. The viral proteins Nef, Tat, and Env
were reported to be associated with endothelial cell dysfunction
and smooth muscle cell hyperplasia (20, 32, 43), and may contrib-
ute to the development of PAH reported here.

In conclusion, we have described the first physiologic and ra-
diographic characterization of experimental HIV-related pulmo-
nary hypertension in nonhuman primates. Our findings suggest
that in nonhuman primate models of HIV-PAH, increases in
right heart and pulmonary arterial pressures and vascular tone
occur at high frequency and relatively early after viral infection.
The ability to perform longitudinal physiologic measurements in
SIV-infected or SHIV-infected macaques greatly expands the
potential applicability of this model to both primary mechanistic
investigations of PAH, as well as preclinical drug testing.

Author disclosures are available with the text of this article at www.atsjournals.org.
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