Letter to the Editor

A neuropathological study of cerebrovascular
abnormalities in a signal transducer and
activator of transcription 3-deficient patient

To the Editor:

Human signal transducer and activator of transcription 3
(STAT3) deficiency (Online Mendelian Inheritance in Man
[OMIM] no. 147060) is a rare primary immunodeficiency caused
by heterozygous mutations of STAT3, conferring susceptibility to
infections and skeletal and connective tissues features. Recent
morphologic data revealed that STAT3 deficiency is responsible
for a diffuse vasculopathy,' ™ which is characterized by alteration
in mechanotransduction in the arterial wall causing hypotrophic
remodeling despite increased forces exerting on the wall
(circumferential wall stress), leading to enhanced susceptibility
to aneurysm.

The high vascular risk of such lesions was confirmed by the
sudden death of a 35-year-old patient (carrying a missense F384L
STAT3 mutation) after rupture of a giant basilar artery aneurysm
(see Fig E1 in this article’s Online Repository at www.jacionline.
org). After consent of his family, an autopsy was performed
24 hours after death.

We report on the neuropathological study of the brain. The
materials and methods used in this study are detailed in
the Methods section in this article’s Online Repository at
www.jacionline.org. Macroscopic analysis confirmed that
aneurysmal rupture led to abundant bleeding, intracranial
hypertension, and fatal tonsillar herniation. The white matter
appeared grayish in areas where white matter hyperintensities
had been observed in magnetic resonance imaging. Microscopy
revealed damage of both blood vessels and white matter.

The aneurysmal wall (Fig 1) presented marked thickness
variations of the intima with focal intimal hyperplasia and of
the media with loss of vascular smooth muscle cells (VSMCs)
in atrophic areas. The internal elastic lamina exhibited major
irregularities with either focal thickening or disruption in areas
with marked VSMC loss. Medial calcifications were observed
as either thin deposits along the internal elastic lamina or
massive aggregates. The absence of lipids and inflammation in
the aneurysmal wall or the other cerebral vessels ruled out
atherosclerosis and vasculitis as causes.

The large vessels (basilar, vertebral, and carotid arteries; see
Fig E2 in this article’s Online Repository at www.jacionline.org)
appeared flattened, with thinned walls, marked fibrosis of the
media, focal endothelial hyperplasia, and an abnormal thick,
irregular, disrupted internal elastic membrane containing
alcianophilic (mucopolysaccharide) deposits. There were also
focal calcium deposits affecting all 3 layers of the vessel wall.
Apart from the calcifications, the abnormalities observed in the
small and medium arteries (Willis circle and middle and anterior
cerebral arteries) were similar to those of large vessels.

In agreement with magnetic resonance imaging data, white
matter changes (Fig 2) were mild and limited in extent, affecting
the deep white matter in the parieto-occipital and fronto-orbital
regions. They included spongiosis, oligodendroglial tumefaction,
dilation of the perivascular spaces with plasma exudate, pigment-
laden macrophages, signs of microglial activation, and astrocytic
gliosis. These features, which were consistent with chronic edema
and involvement of the blood-brain barrier, were associated with
an abnormal convoluted and frizzy aspect of the vascular wall. In
immunohistochemistry CD3 lymphocytes and CD68 macro-
phages were scarce, confirming the absence of inflammation.

FIG 1. Microscopic analysis of the basilar trunk. A, Preserved media (arrowhead), irregular thickening of the
internal elastic lamina (arrow), and focal intimal hyperplasia (asterisk) in the nonaneurysmal part of
the artery (hematoxylin and eosin). B, Fibrosis and complete loss of VSMCs in the media (arrowhead) in
the aneurysmal part of the artery (hematoxylin and eosin). C, Thickening of the internal elastic lamina
highlighted by elastic stain. D, Massive calcification (arrow) of media (von Kossa stain).
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FIG 2. White matter and intracerebral small-vessel disease. A, Coronal section of the right cerebral
hemisphere (Kliver and Barrera stain) revealing mild and ill-delimited myelin pallor in the deep white
matter. B, Spongiosis and oligodendroglial tumefaction (Kltiver and Barrera stain). C, Microglial activation
(anti-CD68 staining). D, Astrocytic gliosis (glial fibrillary acidic protein). E, Dilation of the perivascular spaces
with plasma exudate and accumulation of macrophages containing brownish pigment (hematoxylin and
eosin). F and G, Convoluted and frizzy-like aspect of the small-vessel wall (Fig 2, F, hematoxylin and eosin;
Fig 2, G, periodic acid-Schiff).

The medial VSMCs of the basilar aneurysm expressed higher  cells showed STAT3 expression, phospho-STAT3 staining was
levels of TGF- than in healthy control arteries, but no difference was ~ negative in medial VSMCs of the basilar aneurysm and was reduced
detected in phospho-SMAD2 expression (see Fig E3 in this article’s  in the patient’s nonaneurysmal cerebral and peripheral arteries
Online Repository at www.jacionline.org). Although all vascular ~ compared with strong positive staining in healthy control arteries.
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This neuropathological analysis provides insights into the
nature of the vascular lesions observed in patients with STAT3
deficiency. It decisively rules out atherosclerosis, inflammatory
mechanisms, and/or infectious disease and reveals lesions that
had never been described before. The association of vascular
lesions with white matter changes similar to those seen in patients
with chronic vascular leukoencephalopathy prompted us to
suggest an exclusively vascular noninflammatory mechanism
combining ischemia and chronic edema. However, it is
noteworthy that conditional Stat3 deficiency in murine astrocytes
is associated with exacerbated white matter injuries,” suggesting
that alterations in STAT3 signaling in nonvascular cells might
also contribute to white matter abnormalities. The present
morphologic and histologic characteristics are somewhat
reminiscent of other genetic connective tissue diseases associated
with an increased risk of cardiovascular complications, including
aneurysm formation (see Table El in this article’s Online
Repository at www.jacionline.org). However, their patho-
physiological link remains hypothetical.

Pseudoxanthoma elasticum (OMIM no. 264800), which is
caused by autosomal recessive mutations in ABCC6 coding for an
ATP-binding protein, is characterized by elastocalcinosis (result-
ing in elastic fiber fragmentation) and proteoglycan accumulation
in soft conjunctive tissues and the arterial media.” The arterial
lesions consist of mineralization of the elastic fibers within the
media of small- and medium-caliber musculoelastic arteries
associated with abnormal extracellular matrix remodeling
(proteoglycan replacement and activation of matrix metallo-
proteinases). However, the VSMCs appear to be normal, and
the arterial elasticity is either unchanged or increased. The link
between these 2 conditions remains hypothetical because the
ABCC6 gene product’s putative biological functions and
substrates are unknown and a relationship with STAT3 has not
been demonstrated.

Williams-Beuren syndrome (OMIM no. 194050) is a genetic
multisystem disease related to deletion of genes on chromosome
7q11.23, including ELN, which encodes for elastin.” The main
pathological feature consists of VSMC overgrowth toward the
lumen with wall expansion responsible for a systemic obstructive
arteriopathy. Apart from the common alteration in elastic
fibers, the other pathological features are not observed in the
STAT3-deficient patient. Moreover, interaction between STAT3
and elastin has never been reported.

Marfan syndrome (OMIM no. 154700) is caused by mutations
in FBNI, encoding fibrillin 1, the main component of the
extracellular matrix microfibril present in all tissues.® The main
pathological features include low elastin content, calcifications
and fragmentation of elastic fibers, vascular wall inflammation,
intimal hyperplasia (caused by VSMC overgrowth), and
structural collapse of the vessel wall resulting in aortic root
aneurysm with high risk of dissection and valve disease. In this
respect it is noteworthy that conditional deletion of Star3 in
murine astrocytes is associated with enhanced production of
TGF-B,” as is the case in syndromic and nonsyndromic
aneurysms.” This putative link between STAT3- and TGF-B-
related aneurysms is worth further investigation.

In conclusion, this is the first detailed report on a unique and
previously uncharacterized vasculopathy associated with STAT3
deficiency. The fact that this vascular phenotype has some
features in common with other multisystem genetic connective
tissue diseases reinforces the hypothesis of a common underlying
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mechanism. Further investigation of this hypothesis might

provide important insights into new potential treatments for

connective tissue diseases. In the meanwhile, strict control of

vascular risk factors (smoking, overweight, and hypertension)
that might accelerate disease progression is necessary.
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METHODS

Autopsy was performed 24 hours after death. Gross examination of the
formalin-fixed brain was performed on coronal sections of the cerebral
hemispheres and sections of the brain stem and cerebellum perpendicular to
their axis. Large coronal slices of the cerebral hemispheres were embedded in
paraffin, and 15-pm-thick sections were stained with hematoxylin and eosin
and a combination of cresyl violet and Luxol fast blue (Kliiver and Barrera
stain). Smaller blocks were taken from the cerebral vessels, aneurysm,
cerebral cortex with underlying white matter, deep white matter, deep gray
nuclei, midbrain, cerebellum, and brainstem and then embedded in paraffin.
Five-micrometer-thick sections were stained with hematoxylin and eosin,
cresyl violet, Masson trichrome, periodic acid—Schiff, Bodian silver impreg-
nation combined with Luxol fast blue, alcian blue, orcein elastin stain (to
highlight elastic fibers), and von Kossa stain (to highlight calcium deposits).
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An immunohistochemical analysis was performed on selected samples
from frontal and occipital white matter, cerebral vessels, and the aneurysm by
using either a Roche Diagnostic (Mannheim, Germany) automat for routine
antibodies (CD3, CD68, and glial fibrillary acidic protein) or a manual
technique for the other specific antibodies (with an avidin-biotin complex and
peroxidase [Vector Laboratories, Burlingame, Calif]). Specific primary
antibodies against the following antigens were used: CD3 (for T lympho-
cytes), CD68 (for macrophages), glial fibrillary acidic protein (for astrocytes;
all from Dako Cytomation, Glostrup, Denmark), STAT3, phospho-STAT3,
phospho-SMAD?2 (all from Cell Signaling, Danvers, Mass), and TGF- (AbD
Serotec, Raleigh, NC). In negative controls specific primary antibodies were
replaced by nonrelevant mouse or rabbit antibodies. The immunohistochem-
ical data for the basilar trunk were compared with those for a normal popliteal
artery section (obtained during femoral-popliteal bypass surgery).
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FIG E1. Brain magnetic resonance imaging (3-Tesla magnetic resonance imaging) findings. A and B, Three-
dimensional reconstruction of contrast-enhanced magnetic resonance angiographic data, revealing a
19.5 X 17-mm saccular aneurysm of the basilar artery. C and D, Axial fluid-attenuated inversion recovery
images demonstrating the presence of white matter hyperintensities (arrow) and linear periventricular
hyperintensities (arrowhead).
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FIG E2. Microscopic appearance of the arteries in the circle of Willis. A, Full section of the basilar artery
(hematoxylin and eosin stain). The vessel appears somewhat flattened, with a thin wall. B, Full section of
the right vertebral artery (hematoxylin and eosin stain). Again, the vessel appears somewhat flattened,
with a thin wall. Note the basophilic calcium deposits in the media and (focally) intima. C, Left middle
cerebral artery (hematoxylin and eosin stain) showing focal endothelial hyperplasia. Note the eosinophilic
deposits under the intima (arrow). D, Full section of the left vertebral artery section (von Kossa stain). The
vessel appears somewhat flattened, with a thin wall. Note the calcium deposits (stained black with the von
Kossa technique) in the adventitia (arrows). E-H, Right vertebral artery (Fig E2, E, orcein stain for elastin;
Fig E2, F, hematoxylin and eosin stain; Fig E2, G, alcian blue stain; and Fig E2, H, von Kossa stain). The
internal elastic membrane shows abnormal thickening, irregularities and disruptions (Fig E2, E) associated
with alcianophilic (mucopolysaccharide) deposits (Fig E2, G) and basophilic (Fig E2, F) von Kossa—positive
(Fig E2, H) calcium deposits.
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normal artery basilar trunk aneurysm
in STAT3 deficiency
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FIG E3. Expression levels of TGF-B, phospho-SMAD2, STAT3, and phospho-STAT3 in VSMCs from a
normal (control) artery and from the basilar artery aneurysm. TGF-f expression was higher in the aneurysm
than in the normal artery. No difference was observed for phospho-SMAD2. Although both the control
artery and basilar aneurysm artery expressed similar levels of STAT3, phospho-STAT3 was differentially
expressed. The VSMCs in the basilar artery aneurysm did not express phospho-STAT3, whereas the protein
was strongly expressed in the normal (control) artery. Immunohistochemistry was performed with specific
primary antibodies (original magnification x10).



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

LETTER TO THE EDITOR 4.e5

TABLE E1. Comparative analysis of STAT3 deficiency-related vasculopathy with the vasculopathy of 3 relevant genetic connective tissue

diseases

AD-HIES Pseudoxanthoma elasticum  Williams-Beuren syndrome Marfan syndrome
Gene STAT3 ABCC6 ELN FBN1
Size of involved vessels Large/medium/small Medium/small Large/medium Large/medium
Aneurysm Yes Yes No Yes
Stenosis Yes Yes Yes (severe) No
Cerebral parenchyma (MRI)  Leukoencephalopathy, Strokes Atrophy, strokes Strokes

IMT

Elastic fiber involvement
Wall thickness

Involved layers

Calcium deposits
Inflammation

strokes, atrophy

Decreased (despite endothelial
hyperplasia)

Yes

Thinned

Intima/media/adventitia

Yes

No

Increased because
of PG accumulation
Yes
Increased
Media > intima
Yes
No

Increased because
of VSMC overgrowth
Yes
Increased
Media
No
No

Increased because
of VSMC overgrowth
Yes
Increased
Intima
Yes
Yes

AD-HIES, Autosomal dominant hyper-IgE syndrome; ELN, elastin gene; FBNI, fibrillin gene; /M7, intima media thickness; MRI, magnetic resonance imaging; PG, proteoglycan.
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