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There is substantial clinical evidence for the development of vascular disorders in human immunodeficiency
virus (HIV)-infected individuals, particularly in the form of vasculitis. Transgenic mice carrying a replication-
defective HIV-1 provirus with selective deletion of the gag, pol, and env genes developed extensive vasculopathy.
Restricted expression of HIV nonstructural genes in smooth muscle cells was accompanied by the migration
and proliferation of these cells in blood vessels of all sizes and at different body sites. The frequent infiltration
observed in the hypertrophic vessel walls occurred predominantly in the adventitia and was composed of
primarily T cells and occasionally plasma cells. The intimal thickening generated significant luminal narrow-
ing in some vessels, and the restricted blood flow led to ischemia in the affected tissues. Interestingly, the
endothelium did not appear to support HIV gene expression or be involved in the pathological process. This
transgenic model provides an opportunity to dissect the mechanism underlying HIV-associated vasculopathy.

Human immunodeficiency virus type 1 (HIV-1) is capable of
infecting multiple cell types either through the cell surface
CD4 receptor or through various non-CD4 mechanisms (10,
14, 23, 36). The pathological consequences may depend on the
cell type(s) involved. For example, the immune dysfunction
observed among HIV-1-infected individuals is a consequence
of infection of one or more types of leukocytes (11) whereas
infection of renal epithelial cells may result in HIV-associated
nephropathy (2).

Several vascular disorders have been documented as a con-
sequence of HIV-1 infection. These include systemic vasculitis
(4, 6, 15, 16, 20, 21, 24, 34), formation of “cotton-wool spots”
in the eye due to vasculitis-induced ischemic injury (18, 26),
and thrombotic thrombocytopenic purpura (7, 8, 19). The vas-
culitis affects small and medium-sized vessels and is apparently
more common among pediatric AIDS patients (6, 20, 21). It is
characterized by intimal and medial thickening, resulting from
hyperplasia of smooth muscle cells (SMCs). The vascular and
perivascular infiltrates are composed of mainly T lymphocytes
and mononuclear cells and a few plasma cells. A similar finding
has also been made with simian immunodeficiency virus infec-
tion of rhesus monkeys, in which approximately 20% of the
animals develop arteriopathy (5).

HIV-1-infected patients typically express autoantibodies and
circulating immune complexes (32), and the vasculitis observed
among infected patients has been attributed to immune com-
plex formation or deposition in a few of the reported cases (15,
18). However, some of the systemic vascular lesions involving
SMC proliferation observed associated with HIV-1 infection
do not appear to involve an inflammatory response (20, 21). In
addition, HIV-1 antigens can be found in vascular and perivas-
cular cells but not in the infiltrate, which is composed primarily
of CD81 T cells (4, 15). Therefore, it remains unclear whether
inflammatory cells are necessary to induce the SMC migration
and proliferation or are a result of vascular injury.

We have generated transgenic mice carrying a defective
HIV-1 provirus (strain SF2) with specific deletion of the gag,
pol, and env genes (33) (Fig. 1). Mice from two independent

transgenic lines were analyzed for histopathological evidence
of vascular lesions. A survey of blood vessels detected in par-
affin-embedded sections of the major tissues from each mouse
has revealed characteristic vascular changes in over 60% of
transgenic animals (11 of 18 mice between 9 and 20 months of
age from the low-expressing N4 line and 6 of 10 mice between
27 and 46 days of age from the high-expressing Q5 line), but in
none of their nontransgenic littermates. These lesions were
noted in vessels of different sizes and were present in various
organs, including the brain, heart, kidney, pancreas, mesentery,
uterus, and spleen.

Figure 2a shows a renal artery from a healthy, nontransgenic
control animal. This vessel exhibits a single layer of luminal
vascular endothelium, two to three layers of SMCs in the
media, and an outer collagen-enriched adventitia. In contrast,
the renal artery of a transgenic mouse shows extensive cellular
infiltrates within the vessel wall (Fig. 2b). This artery exhibits
an irregular pattern of SMCs that are hyperplastic and that
have rounded vesicular nuclei. These lesions are observed at
multiple sites within the same animal. The vascular infiltrates
in the transgenic mice are localized primarily to the adventitia
but can be seen infrequently transcending the medial and in-
timal layers (Fig. 2c). This infiltrate is composed primarily of
lymphoid cells, with scattered plasma cells and sparse mono-
cytes but no granulocytes. The predominant T-cell infiltration
is confirmed by the use of an antibody directed against CD3
(data not shown). However, some vessels demonstrate no im-
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FIG. 1. Schematic of the replication-defective HIV provirus used for pro-
ducing transgenic mice. The pHIV-del construct contains two deletions, located
between nucleotides 311 to 4454 and 5601 to 7930. This modified provirus is
shown colinear with the 59 and 39 LTRs, as well as the open reading frames.
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mune cell infiltration. Figure 2d depicts a pancreatic artery that
is occluded primarily because of SMC proliferation. The ap-
parent lack of fibrosis suggests that the hypertrophic growth is
not the result of an inflammatory response but may actually
precede it.

Both the internal and external elastic lamina (IEL and EEL,
respectively [stained black]) which separate the three well-
defined layers of the artery wall may be revealed by Verhoeff’s
iron hematoxylin-van Geissan staining of an uninvolved vessel
from a nontransgenic mouse (Fig. 2e). The intima is composed
of a single layer of endothelial cells and is delimited on its
outer aspect by the IEL. The media consists of SMCs (stained
brown) arranged in multiple lamellae and bounded on the
luminal side by the IEL and on the abluminal side by the EEL.
The adventitia, the outermost layer of the artery and delimited

on the luminal aspect by the EEL, is made up of collagen
bundles and elastic fibers (stained red). Immunostaining of a
serial section with an antibody directed against SMC a-actin
(13) shows the activity predominantly in the medial layer (Fig.
2f). A similar analysis of an involved vessel from a transgenic
mouse reveals hypercellularity of the intimal layer on the lu-
minal side of the IEL and hypocellularity in the medial layer
(Fig. 2g). The hypercellular intima contains numerous a-actin-
positive SMCs (Fig. 2h). This likely represents migration of
SMCs from the media through the IEL and subsequent pro-
liferation within the intima. The hypocellular area juxtaposed
to the IEL is fibrotic because of collagen deposition (stained
red). The EEL is somewhat fragmented and segmentally thick-
ened. In other vessels, the fragmentation of the elastic lamina
is overwhelming. The cellular infiltrate is localized distally to

FIG. 3. Splenic infarcts in HIV-1 transgenic mice. (a) Low-magnification view of the spleen from a nontransgenic control mouse (hematoxylin and eosin; 310). (b)
Low-magnification view of the spleen from a transgenic mouse with splenic infarct (hematoxylin and eosin; 310). (c) High-magnification view of a splenic white pulp
with a central arteriole from a control mouse (hematoxylin and eosin; 3100). (d) High-magnification view of the white pulp area with an enlarged central arteriole from
a transgenic mouse (hematoxylin and eosin, 3100).

FIG. 2. Vascular lesions in HIV-1 transgenic mice. (a) Uninvolved renal artery from a nontransgenic mouse (hematoxylin and eosin; 360). (b) Renal artery from a
transgenic mouse showing extensive infiltration within the outer adventitia and disorganized SMCs (hematoxylin and eosin; 360). (c) Mesenteric artery from the same
transgenic mouse as in panel b showing extensive infiltration, disorganized SMCs with rounded vesicular nuclei, and an area of fibrosis (arrow) (hematoxylin and eosin; 360).
(d) Pancreatic artery from a different transgenic mouse that is occluded by SMC proliferation and exhibiting minimal immune cell infiltrates (hematoxylin and eosin; 360).
(e) Vessel from a nontransgenic control with intact IEL and EEL (Verhoeff’s iron hematoxylin-van Geissan; 3120). (f) Serial section of vessel in panel e immunostained
with an antibody against SMC a-actin (Mayer’s hematoxylin counterstain; 3120). (g) Intimal thickening in a vessel from a different transgenic mouse (Verhoeff’s iron
hematoxylin-van Geissan; 3120). (h) Serial section of vessel in panel g immunostained with an antibody against SMC a-actin (Mayer’s hematoxylin counterstain; 3120).
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the EEL in the collagen-enriched adventitia. It is interesting to
note that the endothelium remains intact and apparently un-
involved (Fig. 2h).

Such vascular changes are detected in a majority of the
transgenic mice and may have significant functional conse-
quences. Prolonged proliferation of SMCs may cause signifi-
cant luminal narrowing, and restricted blood flow may result
in ischemia. Indeed, some of the transgenic mice exhibited
splenic infarcts, while other demonstrated evidence of renal

thrombosis. For example, while the spleen of a nontransgenic
mouse is composed of well-defined areas of white pulp (Fig.
3a), the spleen of a transgenic littermate exhibited extensive
cell death in the same areas as a result of a splenic infarct (Fig.
3b). Unlike the central arteriole in the white pulp of the un-
affected spleen (Fig. 3c), that in the transgenic mouse is en-
larged and is surrounded by abundant cellular debris (Fig. 3d).
Seemingly, the arteriopathy observed in the transgenic mouse
resembles many of the clinical features seen among HIV-in-

FIG. 4. HIV-1 gene expression in the blood vessel wall. Serial sections of blood vessels were either stained with hematoxylin and eosin and photographed under
a bright field (a, c, and e) or subjected to in situ hybridization with an HIV-specific oligonucleotide probe and photographed under a dark field (b, d, and f). The
oligonucleotide probe was specific for a sequence located within the U5 region of the LTR (59-CCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGAC
CC-39) and was tailed with 35S-dATP by using terminal deoxynucleotidyltransferase. (a and b) Artery from a transgenic mouse showing selective HIV gene expression
in the media. Note the presence of a small vessel (arrow) embedded in the fat, overlying the major renal artery with intimal thickening. (c and d) Artery from a control
mouse showing no detectable background hybridization with the HIV probe. (e and f) Artery from a transgenic mouse with extensive SMC proliferation showing no
increase in hybridization signal over a region with abundant immune cell infiltration.
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fected patients (4, 6, 15, 16, 20, 21, 24, 34) and may be a
complicating factor and even lethal (24).

The cell type responsible for initiating this series of changes
in the vascular wall may be identified by an analysis of the site
of HIV gene expression. In situ hybridization with an HIV
probe demonstrates the accumulation of viral transcripts in the
media of a vessel from a transgenic mouse (Fig. 4a and b), but
not in a similar region from a control mouse (Fig. 4c and d). In
the transgenic vessel wall, where there is no detectable immune
infiltration but clear evidence of a neointima (Fig. 4a), hybrid-
ization is observed homogeneously throughout the medial
layer and, to a lesser extent, the neointima (Fig. 4b). The
restricted expression of HIV genes in SMCs correlates well
with the proliferation of these cells in vivo. Analysis of a hy-
pertrophic vessel with asymmetric immune cell infiltration
(Fig. 4e) reveals viral transcripts in the resident SMCs but not
in the infiltrating lymphocytes (Fig. 4f). This may suggest that
infiltration of T cells is not likely to be the initiating event in
this pathological change.

The analysis of two independent transgenic mouse lines,
each carrying and expressing the HIV regulatory and accessory
genes under the control of the HIV long terminal repeat
(LTR), has revealed histopathological evidence of vasculopa-
thy which is highly reminiscent of that detected in HIV-in-
fected individuals (4, 6, 15, 16, 20, 21, 34). Our findings suggest
that SMC proliferation is central to the observed changes in
the blood vessel wall and is likely a consequence of HIV gene
expression in these cells. The intimal and medial thickening
can progress to significant luminal narrowing and tissue necro-
sis resulting from ischemia. It is likely that one or more of the
HIV regulatory proteins is responsible for inducing the loss of
growth arrest in the SMCs. Further studies to define the HIV
gene(s) responsible for inducing the pathological changes will
facilitate our understanding of the underlying biochemical
mechanism. Implicit in our findings is the suggestion that the
SMC is a direct target for HIV infection. Interestingly, HIV
has been shown to infect a variety of cell types either through
the CD4 receptor or by various non-CD4 mechanisms (10, 14,
23, 36). It will be important to determine whether HIV gene
expression can be detected in the involved vessel walls in HIV-
infected patients and if SMCs in culture can be infected by
HIV.

The immune cell infiltration, characterized predominantly
by T cells with occasional inclusion of B cells, may be second-
ary to the SMC hypertrophy. This suggestion is supported by
our observation that SMC expansion was not always accompa-
nied by immune cell infiltration and that HIV gene expression
could not be detected in the infiltrating cells. The lack of
granulocytes and macrophages in the infiltrate and the local-
ization of infiltrating cells to the adventitia rather than the
subendothelium most likely exclude immune complex deposi-
tion as a causative factor in this type of systemic vasculitis.
However, these findings are not inconsistent with autoimmune
disease in which T-cell infiltrates predominate.

This transgenic model may prove useful not only in the study
of HIV-associated vasculopathy but also in our understanding
of atherosclerosis. It has been hypothesized that lesions of
atherosclerosis develop as a protective, inflammatory-fibropro-
liferative response to injury of the arterial wall (30). It has been
speculated that insult to the endothelium results in an inflam-
matory response which involves the adherence of peripheral
blood monocytes and T lymphocytes to the endothelium and
invasion of the arterial wall by these cells. At these sites,
activation of monocytes to macrophages results in the release
of growth factors which can induce SMC migration and pro-
liferation within the intima of the injured artery.

The SMC proliferation we observed differs significantly from
the response-to-injury hypothesis in several ways. First, we
observed no evidence for dysfunctional changes in the endo-
thelium. The single layer of endothelial cells invariably re-
mained intact and morphologically normal at the various
stages of the disease process. Second, we detected no evidence
for monocyte-derived macrophages. The infiltrate is composed
of predominately T lymphocytes and some B cells and has not
been detected in the subendothelium. Based upon these dif-
ferences, the SMC proliferation in our transgenic mice is likely
due to the activity of growth-inducing signals or changes indig-
enous to the SMCs which support HIV gene expression. Sig-
naling from the endothelium or the macrophages does not
appear to be part of the process.

While platelet-derived growth factor (9, 29, 31) (PDGF) and
fibroblast growth factor (1, 3, 22, 28) (FGF) gene families are
well recognized as key regulatory effectors of endothelial cell
and SMC cell proliferation in vitro, their contribution to the
hypertrophic events in this transgenic model is not known.
Although PDGF is recognized as a mediator of SMC migration
in vivo (12, 17), somatic gene transfer experiments have sug-
gested that it is limited in its ability to promote vascular SMC
hypertrophy in vivo (27). In contrast, the prominent angiogenic
and SMC hypertrophic events mediated by a secretory form of
FGF-1 following somatic gene transfer in vivo (25) suggest that
members of the FGF gene family may be functional in the
promotion of vascular SMC hypertrophy in vivo. Since the
vascular SMC is potentially a rich source of FGF-1 (35, 37), it
is possible that the function of the replication-defective HIV-1
provirus may be to influence the ability of FGF-1 to perform as
an SMC mitogen.
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