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Abstract
Background—The hallmark of thoracic aortic aneurysms and dissections (TAAD) is
progressive medial degeneration, which can result from excessive tissue destruction and
insufficient repair. Although multipotent stem cells (SCs) are important in tissue repair, their role
in TAAD is unknown. We sought to determine whether SCs are more abundant in TAAD tissue
than in controls, and whether SCs within the diseased aortic wall differentiate into functionally
relevant cell types.

Methods—Using immunohistochemistry, we compared the abundance of STRO-1+ cells, c-kit+
cells, and CD34+ cells in aortic tissue from patients with descending thoracic aortic aneurysms
(n=12), patients with chronic descending thoracic aortic dissections (n=18), and age-matched
organ donors (n=5). Using double immunofluorescence staining, we evaluated SC differentiation
into smooth muscle cells (SMCs), fibroblasts, and macrophages.

Results—STRO-1+ cells, c-kit+ cells, and CD34+ cells were significantly more abundant in the
media and adventitia of TAAD tissues than in controls. We identified subsets of STRO-1+ cells, c-
kit+ cells, and CD34+ cells that also expressed the SMC marker SM22-α or fibroblast specific
protein-1, suggesting SC differentiation into SMCs or fibroblasts. Other STRO-1+ cells expressed
the macrophage marker CD68, suggesting differentiation into inflammatory cells.

Conclusions—SCs are more abundant in TAAD tissue compared to normal aortic tissue.
Differentiation of SCs into SMCs, fibroblasts, and inflammatory cells within the diseased aortic
wall suggests that SCs might be involved in both reparative and destructive remodeling processes
in TAAD. Understanding the regulation of SC-mediated aortic remodeling will be a critical step
toward designing strategies to promote aortic repair and prevent adverse remodeling.
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Introduction
Despite significant improvements in the diagnosis and surgical repair of thoracic aortic
aneurysms and dissections (TAAD), the associated morbidity and mortality remains high
[1]. Degenerative remodeling within the medial layer [2] of TAAD tissue is characterized by
loss of smooth muscle cells (SMCs) [3] and destruction of the extracellular matrix (ECM)
[2]. This medial degeneration leads to weakening and progressive dilatation of the vascular
wall and, ultimately, results in aortic dissection or aneurysm rupture. Understanding the
pathobiology of destructive tissue remodeling is necessary to develop better treatment
options for patients with TAAD.

The degenerative remodeling seen in TAAD can result from a combination of excessive
destruction and insufficient repair. For example, repetitive hemodynamic stress or biologic
insult can lead to chronic inflammation and excessive medial destruction within the aortic
wall. When tissue is injured, inflammatory cells infiltrate the injured area and remodel the
ECM to clear damaged or dead cells and degraded proteins. Whether stem cells (SCs) also
aid in repairing or replacing damaged thoracic aortic tissue is unknown.

Multipotent SCs play an important role in tissue repair and regeneration. Both c-kit+ [4, 5]
and CD34+ SCs [6-8] have been shown to play a critical role in tissue repair in the
cardiovascular system. These SCs have the capacity to differentiate into multiple cell
lineages, including endothelial cells, SMCs, and cardiomyocytes [9]. In addition, SCs can
recruit and stimulate the proliferation of resident SCs [10, 11], creating a favorable
microenvironment for cardiac or vascular repair [12]. Although SCs play an important role
in the repair and regeneration of various cardiovascular tissues [13, 14], whether SCs
participate in a reparative process that attempts to maintain structural and functional
integrity of the aortic wall in TAAD is unknown. To begin exploring the hypothesis that SCs
facilitate aortic wall repair, we first sought to determine whether SCs are more abundant in
TAAD tissue than in normal aortic tissue, and whether SCs within the diseased aortic wall
differentiate into functionally relevant cell types.

Patients and Methods
Patient Enrollment and Tissue Collection

The study was approved by the institutional review board at Baylor College of Medicine.
Informed written consent was obtained from all patients. We enrolled 30 patients who
underwent elective surgical repair of either a descending thoracic aortic aneurysm without
dissection (TAA; n=12) or a chronic descending thoracic aortic dissection (TAD; n=18). We
excluded patients with acute symptoms (<14 days); bicuspid aortic valve; heritable
connective tissue disease (eg, Marfan syndrome); TAAD related to trauma, aortitis, or
infection; and first-degree relatives who had TAA or TAD. During aneurysm repair, samples
of the posterior-lateral aortic wall were excised from the site of maximal aortic dilatation. In
cases of aortic dissection, samples were obtained from the outer wall of the false lumen. The
mean interval between the onset of dissection and operation was 5.1 ± 4.5 years. Control
descending thoracic aortic tissue (n=5) was collected from age-matched organ donors
without aortic aneurysm, dissection, coarctation, or previous aortic repair (International
Institute for the Advancement of Medicine, Jessup, PA). Characteristics of enrolled patients
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are presented in Table 1. Compared to control subjects, TAAD patients were more likely to
have a history of smoking but less likely to have a history of stroke.

Immunohistochemistry
For immunohistochemical staining, formalin-fixed, paraffin-embedded aortic sections were
deparaffinized and rehydrated before antigen retrieval in citrate buffer (92–98°C for 12
min). Endogenous peroxidase activity was quenched by incubating the slides with 3%
hydrogen peroxide for 10 min, and nonspecific staining was reduced by blocking with 5%
normal blocking horse serum. The sections were incubated with the primary antibodies at
4°C overnight and then incubated with peroxide-conjugated anti-mouse or anti-rabbit IgG
secondary antibody. The sections were stained with 3, 3-diaminobenzidine by using the
VECTASTAIN ABC kit (Vector Laboratories, Burlingame, CA). Nuclei were
counterstained with hematoxylin. Slides treated only with normal IgG were used as negative
controls. The primary antibodies used were anti-STRO-1 (R&D Systems, Minneapolis,
MN), anti-c-kit (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-CD34 (Santa Cruz
Biotechnology). The density of positive cells from three randomly selected 400X
microscopic fields per sample were counted and normalized with the aortic area.

Double Immunofluorescence Staining
For double immunofluorescence staining, formalin-fixed, paraffin-embedded tissues were
cut into 5 um sections, deparaffinized, rehydrated, and then subjected to antigen retrieval.
Tissue sections were incubated with the primary antibody overnight at 4°C, followed by
incubation with secondary antibody for 1 hour at 37°C. The nuclei were counterstained for
visualization with DAPI. The primary antibodies used were anti-STRO-1 (R&D Systems),
anti-c-kit (Santa Cruz Biotechnology), anti-CD34 (Santa Cruz Biotechnology), anti-SM22-α
(Abcam, Cambridge, MA), anti-fibroblast specific protein (FSP)-1 (Abcam), and anti-CD68
(Santa Cruz Biotechnology). The secondary antibodies used were Alexa Fluor 488-, Alexa
Fluor 568-, and Alexa Fluor 647-conjugated anti-IgG (Invitrogen, Carlsbad, CA). Slides
treated with normal IgG only were used as negative controls.

Statistical Analysis
All quantitative data are presented as the mean ± standard deviation (SD). Data were
analyzed with SPSS software, version 11.0 (SPSS Inc., Chicago, IL). The differences
between the 3 groups were evaluated by chi-square for categorical variables and by one-way
analysis of variance (ANOVA) for continuous variables. Two-tailed P values are reported.

Results
STRO-1+ Cells Were Abundant in TAA and TAD Tissue (Fig 1)

We found that TAA and TAD tissue had significantly more STRO-1+ cells in both the
medial and adventitial layers compared with control tissues. The density of STRO-1+ cells
in the medial layer was similar in TAD and TAA tissues; however, the adventitial layer
contained significantly more STRO-1+ cells in TAD tissue than in TAA tissue. Examination
of the distribution of STRO-1+ cells showed significantly more STRO-1+ cells in the
adventitial layer than in the medial layer in both TAA and TAD tissues.

C-kit+ Cells Were Abundant in TAA and TAD Tissue (Fig 2)
We found that tissue from TAA and TAD patients had significantly more c-kit+ cells in both
the medial and adventitial layers compared with control tissues. The density of c-kit+ cells
in the TAA and TAD tissues was similar. Analysis of the distribution of c-kit+ cells showed
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that there were significantly more c-kit+ cells in the adventitial layers than in the medial
layers in both TAA and TAD tissues.

CD34+ Cells Were Abundant in TAA and TAD Tissue (Fig 3)
We found a significant increase in the density of CD34+ cells in the medial and adventitial
layers of both TAA and TAD tissues compared with control tissues. Although similar levels
of CD34+ cells were seen in the adventitia of TAA and TAD tissues, the medial layer of
TAD tissues contained significantly more CD34+ cells than did the medial layer of TAA
tissues. The distribution analysis showed that significantly more CD34+ cells were present
in the adventitia than in the media in both TAA and TAD tissues.

Differentiation of SCs Into SMCs (Fig 4)
Using double immunofluorescence staining, we examined the potential differentiation of
STRO-1+ cells, c-kit+ cells, and CD34+ cells into SMCs in the medial layer of diseased
aortic tissue. We found a subset of STRO-1+ cells that also stained positive for SM22-α in
both TAA and TAD samples. Similarly, we identified a small number of c-kit+ cells and
CD34+ cells that stained positive for SM22-α in TAA and TAD tissues. These findings
suggest potential differentiation of these SCs into SMCs and participation in aortic repair.

Differentiation of SCs Into Fibroblasts (Fig 5)
We also examined the potential differentiation of STRO-1+ cells, c-kit+ cells, and CD34+
cells into fibroblasts in the adventitial layer of diseased aortic tissue. We detected the
expression of FSP-1 in STRO-1+ cells, c-kit+ cells and CD34+ cells in both TAA and TAD
samples. These findings suggest that these SCs may potentially differentiate into fibroblasts
and participate in aortic remodeling.

Differentiation of STRO-1+ Cells Into Macrophages (Fig 6)
Using double immunofluorescence staining, we also examined the potential ability of stem
cells to differentiate into macrophages within the diseased aortic wall. We found that large
numbers of STRO-1+ cells, but not c-kit+ cells or CD34+ cells, also expressed the
macrophage marker, CD68. The double-positive cell populations were seen in both the
medial and adventitial layers in TAA and TAD tissues, and were especially abundant around
areas of inflammatory cell infiltration.

Comment
Multipotent SCs are known to play an important role in arterial remodeling after injury. The
presence of circulating endothelial progenitor cells has been previously reported in a murine
model of abdominal aortic aneurysms [15], in patients with abdominal aortic aneurysms
[16], and, recently, in patients with ascending aortic aneurysms [17]. In this study, we have
shown that SCs are abundant in two other forms of aortic disease: descending TAA and
chronic TAD. Specifically, we found that there were significantly more STRO-1+ cells, c -
kit+ cells, and CD34+ cells and in the media and adventitia of aortic tissue from TAA and
TAD patients than in control aortic tissue. Furthermore, subsets of STRO-1+ cells, c-kit+
cells, and CD34+ cells appeared to differentiate into SMCs and fibroblasts, and a large
number of STRO-1+ cells exhibited differentiation into macrophages. The presence of
multipotent SCs at sites of aneurysm and dissection formation that can further differentiate
into SMCs suggests the existence of an active repair process involving SCs.

STRO-1+ cells are early mesenchymal stromal precursor cells. Although STRO-1+ cells
have been suggested to have multilineage differentiation capacity [18] and paracrine activity
[19], their role in tissue repair is less clear and remains controversial [20]. We found that
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STRO-1+ cells were abundant in TAA and TAD tissues. Interestingly, the STRO-1 marker
colocalized with markers for SMCs, fibroblasts, and macrophages, indicating the potential
of STRO-1+ cells to differentiate into these cell types. Our findings indicate that stem cells
not only may promote vascular repair by differentiating into vascular SMCs and fibroblasts,
or secreting growth factors, but also may facilitate tissue damage by differentiating into
inflammatory cells. The greater amount of STRO-1+ cells in the adventitia of TAD tissue
compared to TAA tissue suggests differing remodeling processes.

C-kit+ cells have been shown to respond to tissue injury [21]. C-kit+ cells can induce the
secretion of angiogenic cytokines such as vascular endothelial growth factor (VEGF) [4] and
stimulate host stem cell proliferation and differentiation [12]. Moreover, they have been
reported to differentiate into endothelial cells, cardiomyocytes, and SMCs [22, 23]. In a
mouse study, bone marrow-derived c-kit+ cells promoted an angiogenic response in
infarcted myocardium [4], and mutations in the c-kit receptor prevented angiogenesis and
tissue repair, which resulted in cardiac failure and death [4]. In the present study, we
observed an increase in c-kit+ cells in both TAA and TAD tissues and showed that c-kit+
cells also expressed a SMC marker or a fibroblast marker. Our results suggest that c-kit+
cells may have the capacity to differentiate into SMCs and contribute to aortic repair or may
differentiate into fibroblasts and participate in aortic remodeling.

Like c-kit+ cells, CD34+ cells respond to tissue injury [24]. CD34+ cells have paracrine
activity [24] and can secrete VEGF [25]. In addition, CD34+ cells have been reported to
differentiate into endothelial cells [6-8, 26-28], SMCs, and cardiomyocytes [6, 7]. In
experimental studies, CD34+ cells promoted neovascularization, improved wound healing in
ischemic limbs [28, 29], and participated in cardiomyogenesis [8, 25, 30-32]. In the present
study, CD34+ cells were abundant in TAA and TAD tissues and showed the potential to
differentiate into SMCs and fibroblasts. In contrast to our findings with c-kit+ and STRO-1+
cells, we found a significant difference in medial CD34+ cell density between aneurysm and
dissection tissue. The higher density of CD34+ cells in TAD tissue than in TAA tissue may
be attributed to the paracrine effect of CD34+ cells, the larger area of damaged aortic wall
(circumferential and longitudinal) in TAD, or the presence of chronic hematoma within the
false lumen.

Our observation that SCs are highly abundant in TAA and TAD tissues raises many
interesting questions. First, the origin of the SCs needs to be clarified. SCs involved in aortic
repair may be recruited from the bone marrow or activated after residing in a quiescent state
in the vascular wall. Second, the mechanisms of SC involvement in aortic repair and
remodeling need to be investigated. For example, it is unclear whether these SCs participate
in aortic repair and remodeling by differentiating into vascular cells, by producing growth
factors that create a favorable environment, or through both mechanisms. Third, the specific
role of stem cells in aortic wall remodeling remains unknown. We have shown that SCs can
differentiate into SMCs, fibroblasts, or inflammatory cells; each of these cell types has a
different function and could lead to effective repair, maladaptive remodeling, or further
aortic damage. Finally, the factors and signaling pathways involved in regulating SC
recruitment, survival, proliferation, growth factor production, and differentiation are
unknown. Manipulation of these pathways by stimulating SC recruitment, activating
paracrine activity, and directing differentiation may promote aortic repair. For instance,
manipulation of SDF-1/CXCR axis[33,34] can potentially increase efficient homing of stem
cells to damaged myocardium. Growth factors such as VEGF, granulocyte colony-
stimulating factor , transforming growth factor-β and insulin-like growth factor-1 have been
shown to be involved in homing of bone marrow-derived SCs to injured tissue, and can be
potentially used for endogenous stem cell recruitment [35-38]. A potential treatment strategy
also lies in manipulation of SC signaling pathway. For instance, Li and colleagues [36]
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recently demonstrated that altering the Notch1 signaling pathway in bone marrow-derived
mesenchymal SCs improves their capacity to repair ischemic myocardium in a mouse
model. Even though cell based therapy through manipulation of endogenous stem cells is an
attractive option, the mechanism responsible for SC chemotaxis, homing, and activation
remain poorly understood. Understanding the regulation of SC-mediated aortic remodeling
will be a critical step toward designing strategies to promote aortic repair and prevent
adverse remodeling.

This observational study has several important limitations. Because the samples we
examined represent end-stage disease, we were not able to study the abundance or
differentiation of SCs during the early stages of TAAD formation. Furthermore, the samples
in this study ultimately represent failed tissue repair; the characteristics of aortic SCs in
small stable aneurysms (representing successful tissue repair) are likely to be very different.
Finally, there were important differences in the clinical characteristics of the TAAD patients
and the control subjects; because the impact of various clinical factors—such as smoking
and diabetes—on SC recruitment, activation and differentiation is unknown, these factors
may have contributed to the differences we observed.

Despite these limitations, our study demonstrates that STRO-1+ cells, c-kit+ cells, and
CD34+ cells are abundant in human TAA and TAD tissues, and that these SCs can
differentiate into SMCs, fibroblasts, or macrophages within the diseased aortic wall. These
findings suggest the potential for SCs to participate in both reparative and destructive aortic
remodeling processes. Further studies are needed to examine the mechanisms involved in
SC differentiation in the diseased aortic wall and to determine whether this process can be
manipulated to favor aortic wall repair.
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Figure 1.
Representative images of STRO-1+ cells detected by immunohistochemical staining in the
medial and adventitial layers of control aortic, TAA, and TAD tissues (A; magnification,
400X). The mean densities of STRO-1+ cells in the media (B) and adventitia (C) were
compared in the 3 groups. The relative distribution of STRO-1+ cells in the media and
adventitia was compared in TAA (D) and TAD (E) tissues.
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Figure 2.
Representative images of c-kit+ cells detected by immunohistochemical staining in the
medial and adventitial layers of control aortic, TAA, and TAD tissues (A; magnification,
400X). The mean densities of c-kit+ cells in the media (B) and adventitia (C) were
compared in the 3 groups. The relative distribution of c-kit+ cells in the media and
adventitia was compared in TAA (D) and TAD (E) tissues.
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Figure 3.
Representative images of CD34+ cells detected by immunohistochemical staining in the
medial and adventitial layers of control aortic, TAA, and TAD tissues (A; magnification,
400X). The mean densities of CD34+ cells in the media (B) and adventitia (C) were
compared in the 3 groups. The relative distribution of CD34+ cells in the media and
adventitia was compared in TAA (D) and TAD (E) tissues.
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Figure 4.
Representative images (magnification, 400X) after double immunofluorescence staining
showing the colocalization of the SMC marker SM22-α with STRO-1 (A), c-kit (B), or
CD34 (C) in the medial layer of TAA tissue. Nuclei were counterstained with DAPI (blue).
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Figure 5.
Representative images (magnification, 400X) after double immunofluorescence staining
showing the colocalizaton of the fibroblast marker FSP-1 with STRO-1 (A), c-kit (B), or
CD34 (C) in the adventitial layer of TAA tissue. Nuclei were counterstained with DAPI
(blue).
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Figure 6.
Representative images (magnification, 400X) of double immunofluorescence staining
showing the colocalization of the macrophage marker CD68 with STRO-1 in the media and
adventitia of TAA tissue. Nuclei were counterstained with DAPI (blue).
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Table 1

Patient Characteristics

Characteristics Control
(n=5)

TAA
(n=12)

TAD
(n=18)

P values

Age (years) 61.9±4.4 66.0±5.5 62.5±5.5 0.2

Men 3 (60%) 5 (42%) 13 (72%) 0.3

Hypertension 4 (80%) 10 (83%) 18 (100%) 0.2

COPD 1 (20%) 4 (33%) 6 (33%) 0.8

Diabetes 2 (40%) 2 (17%) 1 (6%) 0.1

Stroke 3 (60%) 1 (8%) 2 (11%) 0.02

Coronary artery
 disease

0 2 (17%) 3 (17%) 0.6

Peripheral artery
 disease

0 2 (17%) 2 (11%) 0.6

Smoking history 1 (20%) 11 (92%) 11 (61%) 0.02

Lipid-lowering
 medication

3 (60%) 6 (50%) 6 (33%) 0.5

Aneurysm diameter
 at sample site
 (cm)

NA 5.8±1.2 6.2±1.4 0.4

Note: Age was compared by using ANOVA. All other variables were compared using chi-square.

COPD, chronic obstructive pulmonary disease.
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