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Neurofibromatosis type 1 (NF1) results from mutations in the NF1 tumor suppressor gene, which encodes the protein
neurofibromin. NF1 patients display diverse clinical manifestations, including vascular disease, which results from
neointima formation and vessel occlusion. However, the pathogenesis of NF1 vascular disease remains unclear. Vessel
wall homeostasis is maintained by complex interactions between vascular and bone marrow–derived cells (BMDCs), and
neurofibromin regulates the function of each cell type. Therefore, utilizing cre/lox techniques and hematopoietic stem cell
transplantation to delete 1 allele of Nf1 in endothelial cells, vascular smooth muscle cells, and BMDCs alone, we
determined which cell lineage is critical for neointima formation in vivo in mice. Here we demonstrate that heterozygous
inactivation of Nf1 in BMDCs alone was necessary and sufficient for neointima formation after vascular injury and provide
evidence of vascular inflammation in Nf1+/– mice. Further, analysis of peripheral blood from NF1 patients without overt
vascular disease revealed increased concentrations of inflammatory cells and cytokines previously linked to vascular
inflammation and vasoocclusive disease. These data provide genetic and cellular evidence of vascular inflammation in
NF1 patients and Nf1+/– mice and provide a framework for understanding the pathogenesis of NF1 vasculopathy and
potential therapeutic and diagnostic interventions.
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Neurofibromatosis	type	1	(NF1)	results	from	mutations	in	the	NF1	tumor	suppressor	gene,	which	encodes	
the	protein	neurofibromin.	NF1	patients	display	diverse	clinical	manifestations,	including	vascular	disease,	
which	results	from	neointima	formation	and	vessel	occlusion.	However,	the	pathogenesis	of	NF1	vascular	
disease	remains	unclear.	Vessel	wall	homeostasis	is	maintained	by	complex	interactions	between	vascular	and	
bone	marrow–derived	cells	(BMDCs),	and	neurofibromin	regulates	the	function	of	each	cell	type.	Therefore,	
utilizing	cre/lox	techniques	and	hematopoietic	stem	cell	transplantation	to	delete	1	allele	of	Nf1	in	endothelial	
cells,	vascular	smooth	muscle	cells,	and	BMDCs	alone,	we	determined	which	cell	lineage	is	critical	for	neo-
intima	formation	in	vivo	in	mice.	Here	we	demonstrate	that	heterozygous	inactivation	of	Nf1	in	BMDCs	alone	
was	necessary	and	sufficient	for	neointima	formation	after	vascular	injury	and	provide	evidence	of	vascular	
inflammation	in	Nf1+/–	mice.	Further,	analysis	of	peripheral	blood	from	NF1	patients	without	overt	vascular	
disease	revealed	increased	concentrations	of	inflammatory	cells	and	cytokines	previously	linked	to	vascular	
inflammation	and	vasoocclusive	disease.	These	data	provide	genetic	and	cellular	evidence	of	vascular	inflam-
mation	in	NF1	patients	and	Nf1+/–	mice	and	provide	a	framework	for	understanding	the	pathogenesis	of	NF1	
vasculopathy	and	potential	therapeutic	and	diagnostic	interventions.

Introduction
Neurofibromatosis type 1 (NF1) is an autosomal dominant dis-
order that results from mutations in the tumor suppressor gene 
NF1 (1). Neurofibromin, the protein product of NF1, functions 
as a p21Ras (Ras) GTPase-activating protein (GAP) to negatively 
regulate Ras activity (2). More than 240 different mutations have 
been described within the NF1 gene, all of which result in little 
or no protein product (3). While loss of heterozygosity has been 
described in primary tumor samples (4), the germline mutations 
that cause NF1 affect only 1 copy of the NF1 gene. Haploinsuf-
ficiency of NF1 results in disease with complete penetrance and a 
range of clinical complications.

The most common clinical manifestations of NF1 include der-
mal and plexiform neurofibromas, learning deficits, and skeletal 
abnormalities. Vascular disease associated with NF1 is an under-
recognized complication that results in increased morbidity and 
mortality, particularly among younger patients (5, 6). In 2001, 
an analysis of 3,253 death certificates of persons with NF1 indi-
cated that the median age of death for NF1 patients was 15 years 
lower that of the general population (6). In this report, a diagnosis 
suggestive of NF1 vasculopathy was listed 7.2 times more often 
than expected among NF1 patients less than 30 years old at time 
of death and 2.2 times more often than expected among patients  
30–40 years old at the time of death (6). Another study demon-
strated that 2.5% of children with NF1 who had undergone brain 
MRI were found to have cerebrovascular system abnormalities 
including narrowed vessels, moyamoya, vascular stenosis, and 

aneurysm (7). NF1 patients are not routinely screened for vascular 
disease, and therefore the natural history, frequency and patho-
genesis of vascular lesion formation are not well defined despite 
numerous clinical observations of NF1 vasculopathy. NF1 vaso-
occlusive lesions are characterized by an accumulation of VSMCs 
within the intima area of the vessel, termed neointima formation 
(8). Despite recent advances utilizing in vivo models, the mecha-
nism of NF1 vascular lesion formation is not understood.

A model of NF1 vasculopathy has previously been described in 
which Nf1 was completely ablated in VSMCs (9). However, in this 
model, a phenotype that recapitulates human vasoocclusive disease 
was only evident on a haploinsufficient background, suggesting the 
role of another cell lineage in NF1 vascular disease (9). Similarly, we 
recently developed a murine model of NF1 vasculopathy in Nf1+/– 
mice that is reminiscent of the vascular lesions described in patients 
(10). We demonstrated that Nf1+/– mice have increased neointima 
formation in response to arterial injury compared with WT controls 
that was characterized by increased VSMC proliferation and accu-
mulation of inflammatory cells (10). Infiltration of inflammatory 
cells into the vessel wall is characteristic of vascular inflammation. 
Therefore, excessive infiltration of Nf1+/– inflammatory cells into 
the neointima is an important observation, since chronic inflam-
mation may promote EC senescence and increased VSMC prolifera-
tion (11, 12) in NF1 patients, resulting in vascular lesion formation. 
Neurofibromin has clearly been established as a critical regulator of 
EC, VSMC, and BM cell function in vitro and in vivo in response to 
multiple growth factors implicated in vessel wall homeostasis and 
neointima formation (13–16). However, despite these observations, 
it remains unclear which cell lineage(s) are the major contributor to 
neointima formation in Nf1+/– mice, and this determination is essen-
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tial to understand the pathophysiology of NF1 vascular disease and 
potential therapeutic interventions.

Utilizing cre/lox technology and adoptive hematopoietic stem cell 
transfer techniques, we generated mice that were heterozygous for 
Nf1 in VSMCs, ECs, or bone marrow–derived cells (BMDCs) to dis-
sect the role of each cell lineage independently in neointima forma-
tion. Surprisingly, heterozygous inactivation of Nf1 in VSMCs or 
ECs alone or in combination was insufficient to recapitulate neo-
intima formation of Nf1+/– mice. However, BM transfer experiments 
directly implicated Nf1+/– BMDCs as necessary and sufficient for 
vasoocclusive disease in mice. Parallel studies in peripheral blood 
samples of NF1 patients revealed cellular and cytokine evidence of 
chronic inflammation. Therefore, these studies provide the first 
evidence to our knowledge that chronic inflammation is an impor-
tant contributor to NF1 vasculopathy and provide the platform for 
future design of biomarkers and interventional trials.

Results
Heterozygous inactivation of Nf1 in endothelial cells and VSMCs 
alone is insufficient to recapitulate neointima formation of Nf1+/– 
mice. We previously demonstrated that Nf1+/– mice have increased 
neointima formation compared with WT controls, reminiscent of 
NF1 vasculopathy (10). In order to determine the cellular mecha-
nism of NF1 vasculopathy, we initially generated mice, utilizing 

cre/lox technology, that were heterozygous for Nf1 in ECs alone or 
VSMCs alone. Briefly, Nf1fl/fl mice, which contain conditional Nf1 
alleles susceptible to Cre-mediated recombination, were crossed 
with either Tie2cre (17) or SM22cre (18) mice to generate Nf1fl/+;Tie2cre 
or Nf1fl/+;SM22cre progeny. As previously demonstrated, Nf1fl/fl mice 
effectively undergo Cre-mediated recombination when crossed with 
either the Tie2cre (19) or SM22cre (9) transgenic mice, generating 
mice with heterozygous inactivation of Nf1 specifically in ECs or 
VSMCs, respectively. Of note, Tie2cre expression is not limited solely 
to the ECs but can also be detected in BM cells (20, 21). Quantita-
tive PCR demonstrated that approximately 25% of BMDC in our 
Nf1fl/+;Tie2cre mice expressed Cre, and some Nf1 recombination was 
observed in the BM from these animals (data not shown).

To interrogate the role of Nf1 in ECs and VSMCs, Nf1fl/+;Tie2cre 
and Nf1fl/+;SM22cre mice, respectively, underwent carotid artery 
ligation and analysis for neointima formation along with Nf1fl/– 
(Nf1+/–) and Nf1fl/+ (WT) experimental controls. Carotid artery liga-
tion is a well-established model that induces neointima formation 
through changes in hemodynamic forces (22). Briefly, the com-
mon carotid artery was completely ligated proximal to the bifur-
cation, and the mice recovered for 28 days postoperatively. Whole 
ligated carotid arteries along with the contralateral uninjured 
carotid arteries were harvested from each animal and analyzed for 
neointima formation as previously described (22). The neointima 

Figure 1
Histological and morphometric analysis of WT, Nf1+/–, Nf1fl/+;Tie2cre, and Nf1fl/+;SM22cre mice. (A) Representative H&E-stained cross sections 
of uninjured and injured carotid arteries from WT, Nf1+/–, Nf1fl/+;Tie2cre, and Nf1fl/+;SM22cre mice. Red arrows indicate neointima boundaries. 
Scale bars: 50 μm. (B and C) Quantification of neointima area (B) and I/M ratio (C) of uninjured (white bars) and injured (black bars) carotid arter-
ies from WT, Nf1+/–, Nf1fl/+;Tie2cre, and Nf1fl/+;SM22cre mice. Data represent the mean of 3 arterial cross sections (400, 800, and 1,200 μm proxi-
mal to the ligation) ± SEM, n = 4–7. *P < 0.001 for Nf1+/– uninjured versus Nf1+/– injured and for Nf1+/– injured versus WT injured, Nf1fl/+;Tie2cre 
injured, and Nf1fl/+;SM22cre injured, by 1-way ANOVA with Tukey’s post-hoc test.
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area is defined as the cellular area between the lumen of the vessel 
and the internal elastic lamina.

Histological analysis of H&E-stained sections from the unin-
jured carotid artery demonstrated that WT, Nf1+/–, Nf1fl/+;Tie2cre, 
and Nf1fl/+;SM22cre were not structurally different and showed no 
sign of neointima formation (Figure 1A). Analysis of the ligated 
carotid arteries indicated that only Nf1+/– mice had significantly 
enhanced neointima formation in response to arterial injury (Fig-
ure 1, B and C, and Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI41443DS1), 
with no difference in neointima formation detected between WT, 
Nf1fl/+;Tie2cre, and Nf1fl/+;SM22cre mice. Specifically, Nf1+/– mice 
had a 5-fold increase in intima/media (I/M) ratio compared with 
WT, Nf1fl/+;Tie2cre, and Nf1fl/+;SM22cre mice (Figure 1C). These 
data demonstrate that heterozygous inactivation of Nf1 in ECs or 
VSMCs alone is insufficient for neointima formation in Nf1+/– mice 
after vascular injury. Minimal neointima formation after carotid 
injury in WT C57BL/6 or mixed C57BL/6 × 129SvJ mice is consis-
tent with previous reports (23).

Nf1+/– BMDCs are necessary and sufficient for neointima formation. 
Previous reports have demonstrated that infiltration of BMDCs, 

especially leukocytes and macrophages, significantly contributes 
to neointima formation (24). We previously reported that Nf1+/– 
BMDCs, especially myeloid cells, have increased migration and 
proliferation in response to multiple growth factors implicated 
in neointima formation (13, 14). Therefore, to test the hypothesis 
that Nf1+/– BMDCs enhanced neointima formation, we utilized 
adoptive hematopoietic stem cell transfer techniques. Specifically, 
BMDCs isolated from Nf1+/– or WT mice that ubiquitously express 
GFP were transplanted into conditioned Nf1+/– or WT recipients 
to generate Nf1+/– mice reconstituted with either WT or Nf1+/– GFP 
BM and WT mice reconstituted with either WT or Nf1+/– GFP BM. 
BM engraftment was determined after 4 months by determin-
ing the percentage of GFP-positive mononuclear cells (MNCs) in 
peripheral blood by flow cytometric analysis. Mice with greater 
than 85% engraftment (Supplemental Figure 2) underwent carotid 
artery ligation as previously described (22).

Uninjured arteries from each transplant group were morpho-
logically similar and showed no evidence of neointima forma-
tion (Figure 2). In response to carotid artery ligation, Nf1+/– mice 
transplanted with WT BM had a 10-fold reduction in neointima 
area (Figure 2, A and B, and Supplemental Figure 3) and a 9-fold 

Figure 2
Histological and morphometric analysis of WT and Nf1+/– mice transplanted with WT and Nf1+/– BM. (A) Representative H&E-stained cross 
sections of uninjured and injured carotid arteries from WT and Nf1+/– mice transplanted with WT or Nf1+/– BM. Red arrows indicate boundaries 
of neointima. Scale bars: 50 μm. (B and C) Quantification of neointima area (B) and I/M ratio (C) of uninjured and injured carotid arteries from 
WT or Nf1+/– recipients transplanted with WT or Nf1+/– BM. Data represent the mean neointima area of 3 arterial cross sections (400, 800, and 
1200 μm distal to the ligation) ± SEM, n = 5–8. *P < 0.001 for WT mice transplanted with Nf1+/– BM uninjured versus WT mice transplanted with 
Nf1+/– BM injured and for Nf1+/– mice transplanted with Nf1+/– BM uninjured versus Nf1+/– mice transplanted with Nf1+/– BM injured; **P < 0.001 
for WT mice transplanted with Nf1+/– BM and Nf1+/– mice transplanted with Nf1+/– BM versus WT mice transplanted with WT BM and Nf1+/– mice 
transplanted with WT BM injured, by 1-way ANOVA with Tukey’s post-hoc test.
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reduction in I/M ratio compared with Nf1+/– mice reconstituted 
with Nf1+/– BM (Figure 2C). Further, WT mice transplanted with 
Nf1+/– BM had a 20-fold increase in neointima area (Figure 2B) and 
I/M ratio (Figure 2B) compared with WT mice reconstituted with 
WT BM. The observation that transplantation of WT BM into 
Nf1+/– mice completely abrogated neointima formation indicates 
that heterozygous inactivation of Nf1 in BMDCs is necessary and 
sufficient for neointima formation in response to vascular injury.

Nf1+/– mice have evidence of vascular inflammation. To further under-
stand the cellular mechanism of Nf1+/– BMDCs in neointima for-
mation, we identified BMDCs within the neointima in response 
to injury. Utilizing immunohistochemistry, we costained unin-
jured and injured carotid artery cross sections from each trans-
plant group with an anti-GFP antibody, to identify BMDCs, and 
an anti–α-SMA antibody, to identify VSMCs. We utilized an anti-
GFP antibody given the amount of autofluorescence inherent in 
murine tissue. Uninjured carotid arteries for each transplant group 
showed no accumulation of BMDCs within the vessel (Figure 3A). 
In response to injury, WT mice transplanted with Nf1+/– BM had a  

12-fold increase in the accumulation of GFP-positive BMDCs 
within the neointima compared with WT mice reconstituted with 
WT BM (Figure 3). Similarly, Nf1+/– mice transplanted with Nf1+/– 
BM had a 14-fold increase in the number of GFP-positive BMDCs 
within the neointima compared with Nf1+/– mice transplanted 
with WT BM (Figure 3B). Surprisingly, despite no difference in 
neointima size, Nf1+/– mice transplanted with Nf1+/– BM had a  
2-fold increase in the number of GFP-positive BMDCs within the 
neointima compared with WT mice transplanted with Nf1+/– BM in 
response to carotid ligation (Figure 3B), with no difference in the 
total number of cells within the neointima. This observation indi-
cates that heterozygous inactivation of Nf1 in other cell lineages 
enhances the recruitment/survival of BMDCs in Nf1+/– mice trans-
planted with Nf1+/– BM. Of note, arterial cross sections showed 
no colocalization of GFP-positive cells with α-SMA–positive cells 
(Figure 3A), indicating that the VSMCs within the neointima are 
locally derived and not BM-derived VSMCs.

To further define the cellular mechanism of enhanced neo-
intima formation in Nf1+/– mice transplanted with Nf1+/– BM, 

Figure 3
Identification of VSMCs and BMDCs within the neointima of WT and Nf1+/– mice transplanted with WT and Nf1+/– BM. (A) Representative 
photomicrographs of uninjured and injured carotid arteries from WT and Nf1+/– mice transplanted with either WT or Nf1+/– BM stained with 
anti–α-SMA (red) antibody to identify VSMCs and anti-GFP (green) antibody to identify BMDCs. Cell nuclei are visible by DAPI stain (blue), 
and some tissue autofluorescence is visible (green). White arrows indicate neointima boundaries. Yellow boxes identify area of injured WT and 
Nf1+/– mice transplanted with Nf1+/– BM magnified in the far-right panels. Scale bars: 50 μm; far-right panels, 250 μm. (B) Quantification of the 
total number of GFP-positive cells within the neointima of WT and Nf1+/– recipient mice after carotid ligation. Data represent the mean GFP-posi-
tive cells within the neointima 600 μm proximal to the ligation ± SEM, n = 6. *P < 0.05 for injured WT mice transplanted with Nf1+/– BM versus 
injured WT mice transplanted with WT BM and for injured Nf1+/– mice transplanted with Nf1+/– BM versus injured Nf1+/– mice transplanted with 
WT BM; **P < 0.05 for injured Nf1+/– mice transplanted with Nf1+/– BM versus injured WT mice transplanted with Nf1+/– BM, by 1-way ANOVA 
with Tukey’s post-hoc test.
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we utilized immunohistochemistry to identify the lineage of 
BMDCs  within  the  neointima.  We  costained  carotid  artery 
cross  sections  with  anti-CD45  and  anti-GFP  antibodies  to 
determine whether the GFP-positive cells within the neointima 
were BM-derived hematopoietic cells (Figure 4A). Costaining 
demonstrated that all GFP-positive cells were also CD45 posi-
tive and that all hematopoietic cells within the neointima were 
BM derived (Figure 4A). In order to identify the hematopoietic 
cells within the neointima, we analyzed carotid artery cross sec-
tions utilizing specific cell surface antigens for the presence of 
lymphocytes, mast cells, and macrophages. Lymphocytes, mast 
cells, and macrophages are all inflammatory cells that secrete 
growth factors and cytokines that have been implicated in neo-
intima formation (25–27). Further, our group has demonstrated 
that neurofibromin is a critical regulator of Ras activation in 
both lymphocytes and mast cells in vitro and in vivo (14, 28). 
Based on immunohistochemistry, lymphocytes accounted for 
less  than 5% of  the BMDCs within  the neointima  (data not 

shown), and mast cells were not present in the neointima or 
vessel wall of injured arteries (data not shown). However, anti-
Mac3 staining of  injured carotid arteries demonstrated that 
the majority (>80%) of the GFP- and CD45-positive cells within 
the neointima of all transplant groups were macrophages (Fig-
ure 4B). Immunostaining with the macrophage marker F4/80 
showed a staining pattern similar to that of anti-Mac3 stain-
ing (data not shown). Consistent with the results of anti-GFP 
immunohistochemistry, WT and Nf1+/– mice transplanted with 
WT BM had minimal accumulation of macrophages within the 
intima area compared with WT and Nf1+/– mice reconstituted 
with Nf1+/– BM in response to injury (Figure 4B).

Based  on  this  observation,  we  investigated  whether 
heterozygous inactivation of Nf1 leads to increased numbers 
of circulating monocytes. Peripheral blood samples were taken 
from uninjured WT and Nf1+/– mice, and complete blood count 
analysis was completed. At baseline, Nf1+/– mice had a 1.5-fold 
increase in the percentage of circulating monocytes compared 

Figure 4
Identification of macrophage accumu-
lation within the neointima of WT and 
Nf1+/– mice transplanted with WT and 
Nf1+/– BM. (A) Representative photo-
micrographs of injured carotid artery 
cross sections from Nf1+/– mice trans-
planted with Nf1+/– BM stained with 
anti-GFP (green) and anti-CD45 (red). 
Colocalization is shown in the right 
panel. Arrows indicate double staining 
for GFP and CD45. DAPI nuclear dye 
is shown in blue. Scale bars: 250 μm. 
(B) Representative photomicrographs 
of uninjured and injured carotid artery 
cross sections from WT and Nf1+/– mice 
transplanted with WT or Nf1+/– BM 
stained with anti-Mac3 antibody (brown) 
and counterstained with hematoxylin 
(blue). Red arrows indicate neointima 
boundaries. Black boxes identify area 
of injured artery that is magnified in the 
far-right lower panels. Black arrows 
represent positive Mac3 staining. Scale 
bars: 50 μm. Original magnification of 
far-right panels, ×400.
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with WT mice (Figure 5A). In order to determine whether neu-
rofibromin regulates the migration, proliferation, and adhesion 
of macrophages, which are cellular functions critical for the 
recruitment and retention of macrophages in the vessel wall, 
we isolated and purified macrophages from the BM of Nf1+/– 
and WT mice. Stimulation of the macrophages with M-CSF, a 
growth factor critical in neointima formation, demonstrated 
that Nf1+/– macrophages had a 2-fold increase in proliferation 
(Figure 5B) and migration (Figure 5C) compared with WT mac-
rophages. Further, Nf1+/– macrophages showed significantly 
increased adhesion compared with WT macrophages (Figure 
5D). Consistent with increased accumulation of Nf1+/– macro-

phages into the neointima in vivo, these data clearly demon-
strate that heterozygous inactivation of Nf1 increases macro-
phage migration, proliferation, and adhesion in vitro.

To test whether Nf1+/– macrophages directly stimulate VSMC 
proliferation (cell-to-cell contact), we cocultured WT and Nf1+/– 
BM-derived macrophages with WT or Nf1+/– VSMCs. Thymidine 
incorporation assays in response to WT and Nf1+/– macrophage 
coculture revealed that Nf1+/– VSMCs had increased proliferation 
compared with WT VSMCs when cocultured with either WT or 
Nf1+/– macrophages (Figure 5E). Further, Nf1+/– VSMCs had signif-
icantly increased proliferation when cocultured with Nf1+/– com-
pared with WT macrophages (Figure 5E). Consistent with previous 

Figure 5
In vitro function of Nf1+/– macrophages. (A) Percent monocytes in peripheral blood of WT and Nf1+/– mice. Data represent mean percentage ± SEM, 
n = 8. *P = 0.02 for Nf1+/– versus WT by Student’s unpaired t test. (B) WT (white bars) and Nf1+/– (black bars) macrophage proliferation in response 
to M-CSF. Data represent mean cpm ± SEM, n = 4. *P < 0.001 for unstimulated WT versus M-CSF–stimulated WT macrophages; **P < 0.001 for 
M-CSF–stimulated Nf1+/– versus M-CSF–stimulated WT macrophages, by 1-way ANOVA. (C) WT (white bars) and Nf1+/– (black bars) macrophage 
haptotaxis in response to M-CSF. Data represent mean number of migrated cells ± SEM, n = 4. *P < 0.001 for unstimulated WT versus M-CSF–
stimulated WT macrophages; **P < 0.001 for unstimulated WT versus unstimulated Nf1+/– macrophages; #P < 0.001 for unstimulated Nf1+/– versus 
M-CSF–stimulated Nf1+/– macrophages, by 1-way ANOVA. (D) WT (white bars) and Nf1+/– (black bars) macrophage adhesion to fibronectin. Data 
represent mean optical density ± SEM, n = 4. *P < 0.001 for WT versus Nf1+/– macrophages; **P < 0.01 for Nf1+/– macrophages at 60 minutes versus 
Nf1+/– macrophages at all other time points, by 1-way ANOVA. (E) Macrophage stimulation of WT and Nf1+/– VSMC proliferation. Data represent 
mean cpm ± SEM, n = 3. *P < 0.05 for Nf1+/– VSMCs cocultured with WT or Nf1+/– macrophages versus WT VSMCs; #P < 0.05 for WT VSMCs 
cocultured with Nf1+/– macrophages versus WT macrophages and for Nf1+/– VSMCs cocultured with Nf1+/– macrophages versus WT macrophages; 
†P < 0.05 for WT and Nf1+/– VSMCs treated with MEK inhibitor versus no inhibition, by 1-way ANOVA.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 120      Number 3      March 2010  865

studies that linked the Ras/Erk signaling pathway to the hyperp-
roliferative phenotype of Nf1+/– VSMCs (9, 10, 15), treatment of 
the cells with the MEK inhibitor PD98509 abrogated both WT 
and Nf1+/– VSMC proliferation induced by macrophage coculture 
(Figure 5E). Surprisingly, increased VSMC proliferation was not 
observed in Nf1+/– VSMCs compared with WT VSMCs when stimu-
lated with macrophage-conditioned media (data not shown), indi-
cating that the increased VSMC proliferation is mediated through 
direct contact of macrophages with VSMCs. Collectively, these 
cellular and genetic data demonstrate that neointima formation 
in Nf1+/– mice is directly related to increased vascular inflamma-
tion and accumulation of BMDCs, especially macrophages, into 
the evolving neointima.

NF1 patients show evidence of chronic inflammation. Given the 
observation of vascular inflammation in Nf1+/– mice, we tested 
whether NF1 patients show cellular and cytokine evidence of 
vascular inflammation by assaying for previously established 
biomarkers  linked to human vasoocclusive disease  (29–31). 
Utilizing multiparameter flow cytometry, we analyzed MNCs 
isolated from the peripheral blood of NF1 patients (37.6 ± 9.7 
years) and age- and sex-matched healthy controls (40.2 ± 8.1 
years) for inflammatory monocyte populations. The frequency  
of  total  circulating  monocytes  was  initially  determined  by 
assaying total MNCs for monocytes that coexpressed the cell 

surface antigens CD45 and CD14 (32). NF1 patients had mark-
edly increased frequencies of circulating monocytes compared 
with healthy controls (Figure 6A). We further measured specific 
circulating monocyte populations to identify proinflammatory 
monocytes, which coexpress CD14 and CD16 (CD14+CD16+) 
(33).  Proinflammatory  monocytes  have  been  identified  in 
the peripheral blood of patients with coronary artery disease 
and atherosclerosis (30, 34). Analysis of NF1 patient periph-
eral blood monocytes identified a population of cells that had 
increased CD16 expression (CD14dimCD16bright) compared with 
the traditional CD14+CD16+ monocytes, a population that was 
not observed in peripheral blood samples from healthy controls 
(Figure 6, B and C). Based on the side scatter profile, the pop-
ulation of CD14dimCD16bright monocytes,  isolated from NF1 
patients, was larger in size than other monocyte populations, 
indicating the cells had increased granularity, a characteristic 
of monocyte activation (35). Further, May-Grünwald-Giemsa 
staining of  the  isolated CD14dimCD16bright monocytes dem-
onstrated that the cells were monocytes characterized by an 
extended cytoplasm and cytoplasmic vacuoles (Figure 6A).

Proinflammatory monocytes produce numerous inflamma-
tory cytokines and chemokines that have been implicated in 
neointima formation (30, 33). Therefore, based on the increased 
levels of circulating monocytes and the presence of an activated 

Figure 6
Identification of circulating monocytes from peripheral blood of healthy adult controls and NF1 patients. (A) Representative multiparameter flow 
cytometry analysis plot of peripheral blood monocytes identified by CD14 and CD16 cell surface expression in healthy adult controls and NF1 
patients. Black box identifies the CD14dimCD16bright monocyte population. Isolated CD14dimCD16bright monocytes identified by May-Grünwald-
Giemsa staining are shown in the far-right panel. Arrows indicate monocytes. Data represent 10 independent observations. (B) Quantification 
of the frequency of CD45+CD14+ monocytes in circulation from healthy adult control and NF1 patient peripheral blood MNCs. Data repre-
sent the mean frequency ± SEM, n = 5. *P = 0.024 by Student’s unpaired t test with Welch correction. (C) Quantification of the frequency of 
CD45+CD14dimCD16bright (CD16++) monocytes in circulation from healthy adult control and NF1 patient peripheral blood MNCs. Data represent 
the mean frequency ± SEM, n = 5. *P = 0.0012 by Student’s unpaired t test.
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monocyte population, we hypothesized that NF1 patients would 
also have increased levels of inflammatory cytokines and chemo-
kines in their peripheral blood, a correlation that has been made 
in other patient populations with the progression of vascular 
disease (36–38). We analyzed plasma samples from NF1 patients 
and healthy controls for the presence of the specific proinflam-
matory cytokines IL-1β and IL-6. Analysis of plasma samples 
from NF1 patients with no known vascular disease (17 ± 2 years, 
n = 6) and healthy controls (18.5 ± 3.4 years, n = 7) showed sig-
nificantly elevated levels of IL-1β and IL-6 in the plasma samples 
from NF1 patients compared with controls (Figure 7). The pro-
duction of proinflammatory cytokines has been linked to the 
activation of the endothelium and increased expression of che-
mokines involved in the recruitment of monocytes to the ves-
sel wall (39, 40). Interestingly, NF1 patient plasma samples had 
significantly elevated levels of soluble fractalkine (Figure 6), an 
adhesion molecule expressed on inflamed endothelium that is 
involved in rapid, high-affinity binding of monocytes (40, 41). 
The increased number of circulating monocytes and production 
of inflammatory cytokines provide direct evidence of chronic 
inflammation in NF1 and elevation of biomarkers previously 
identified as critical risk factors in other patient populations 
with vascular disease reminiscent of NF1 vasculopathy.

Discussion
Vascular disease is one of the least understood complications of 
NF1, even though it contributes to excess morbidity and mortality 
among younger patients (5, 6). A limiting factor in understanding 
NF1 vasculopathy was the lack of an in vivo model that mimics 
the human disease. We previously demonstrated that mechanical 
arterial injury results in increased Ras activation and VSMC prolif-
eration in the emerging neointima of Nf1+/– mice, leading to vessel 
occlusive disease, reminiscent of NF1 vasculopathy (10). Further, 
we demonstrated that neointima formation in Nf1+/– mice was 
completely abrogated by the administration of imatinib mesylate, a 
pharmacological inhibitor of both the PDGFβ receptor (PDGFβ-R)  
and C-kit receptor (10). This observation identified a potential 
mechanism through which inhibition of PDGF induced VSMC 
proliferation and/or recruitment of BMDCs via C-kit activation 
would abrogate neointima formation in Nf1+/– mice. These results 
are important given that hyperactive Ras signaling through either 
the PDGFβ-R or C-kit receptor accelerates vascular disease (42). 
Therefore, based on these observations, experiments were designed 
in the current study to specifically identify which cell lineages were 
critical for neointima formation in vivo.

The endothelium functions as a barrier between the VSMCs 
within the vessel wall and the blood, controlling the transmigra-
tion of circulating cells into the vessel and inhibiting the prolif-
eration and migration of VSMCs within the vessel wall (43, 44). 
Endothelial dysfunction by inflammatory activation upregulates 
the expression of adhesion molecules on the surface of the endo-
thelium, recruiting circulating inflammatory cells to the vessel 
wall (39, 43, 45, 46). Vascular inflammation, defined as the infiltra-
tion of inflammatory cells into the vessel wall, has been described 
in atherosclerosis and in vivo models of neointima formation (24, 
34). Endothelial dysfunction is one of the first steps in vascular 
inflammation, initiating a cascade of events that, if unchecked, 
result in vascular lesion formation (11, 47). Although neurofibro-
min is a known critical regulator of Ras activation in ECs, VSMCs, 
and BMDCs (14–16, 28), it remains unclear whether endothelial 
dysfunction,  hyperproliferation  or  migration  of  VSMCs,  or 
increased activation of circulating BMDCs is the predominant fac-
tor in neointima formation in Nf1+/– mice. Therefore, we interro-
gated the role of heterozygous inactivation of Nf1 in ECs, VSMCs, 
and BMDCs in neointima formation.

In this study, we demonstrated that heterozygous inactivation 
of Nf1 in ECs or VSMCs alone was insufficient to recapitulate 
the enhanced neointima formation observed in Nf1+/– mice in 
response to carotid ligation. Morphometric analysis showed that 
WT, Nf1fl/+;Tie2cre, and Nf1fl/+;SM22cre mice had similar neointima 
formation in response to ligation, and levels in these genotypes 
were significantly lower than those in Nf1+/– mice. Although cre 
expression in the Nf1fl/+;Tie2cre mice was not limited to the ECs 
and some partial recombination was observed in the BM cells of 
the Nf1fl/+;Tie2cre mice, this is insufficient to promote neointima 
formation  in  response  to  injury.  The  transplant  experiments 
described in this report definitively demonstrate that heterozygous 
inactivation of Nf1 in BMDCs alone is sufficient for neointima for-
mation in response to vascular injury. Specifically, we showed that 
both WT and Nf1+/– mice reconstituted with Nf1+/– BMDCs had 
enhanced neointima formation characterized by an accumulation 
of BMDCs in response to carotid ligation. Immunohistochemistry 
demonstrated that greater than 80% of the Nf1+/– BMDCs within 
the neointima were macrophages. Through in vitro studies, we 
discovered that heterozygous inactivation of Nf1 in macrophages 
resulted in increased proliferation, migration, and adhesion com-
pared with WT controls. Further, we demonstrated that direct 
contact of macrophages with Nf1+/– VSMCs is required to stimu-
late proliferation through a Ras/Erk-dependent pathway in vitro. 
These studies identify Nf1+/– BMDCs as necessary and sufficient 

Figure 7
Analysis of inflammatory cytokines and chemokines from NF1 patient and healthy control plasma. Determination of cytokine levels in plasma 
isolated from control peripheral blood and NF1 patient peripheral blood. (A) IL-1β levels. Data represent the mean pg/ml ± SEM, n = 6. *P = 0.014 
by Mann-Whitney U test. (B) IL-6 levels. Data represent the mean pg/ml ± SEM, n = 6. *P = 0.046 by Student’s unpaired t test of log-transformed 
data. (C) Fractalkine levels. Data represent the mean pg/ml ± SEM, n = 6–8. *P = 0.0393 by Student’s unpaired t test with Welch correction.
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for neointima formation and describe what we believe to be a new 
role for neurofibromin as an important regulator of macrophage 
function in vivo and in vitro. Further, these data provide a para-
digm according to which infiltration of inflammatory cells is the 
major determinant of vessel occlusion despite the role of neurofi-
bromin in regulating EC and VSMC function.

The accumulation of macrophages in the vessel wall in response 
to arterial injury suggests that inflammation makes a direct con-
tribution to neointima formation in Nf1+/– mice. Macrophages play 
an important role in neointima formation through the production 
of growth factors and cytokines that activate ECs and stimulate 
VSMC migration and proliferation (48, 49). Further, macrophages 
are a potent source of matrix proteases (50), which cleave collagen 
within the vessel wall, resulting in matrix remodeling and allow-
ing VSMCs to migrate from the media into the intima in response 
to chemotactic agents generated by arterial injury (51, 52). It has 
previously been reported that cellular proliferation is drastically 
reduced after 2 weeks following injury, although the neointima 
continues to develop due to the accumulation and remodeling 
of matrix (22, 53). The continued growth of the neointima in the 
absence of VSMC proliferation suggests a mechanism by which 
the WT mice transplanted with Nf1+/– BM had neointima forma-
tion equivalent to that of Nf1+/– mice transplanted with Nf1+/– BM 
28 days after injury, despite the observation that Nf1+/– mice had 
significantly more BMDCs within the neointima. Further, these 
observations suggest that Nf1+/– vascular cells promote accumu-
lation and survival of Nf1+/– BMDCs within the neointima. The 
observations are consistent with other reports in NF1 that provide 
evidence to support the role of an Nf1 haploinsufficient micro-
environment in clinical manifestations of the disease (54, 55). 
Based on the current experimental results, we are now dissecting 
the mechanism of macrophage facilitation of neointima forma-
tion utilizing hematopoietic cell–specific cre mice to ablate the Nf1 
gene in different blood cell types and murine models deficient in 
various macrophage functions.

Inflammation is linked to vascular disease in patient populations 
including atherosclerosis and coronary artery disease (29, 34). In this 
study, we determined that NF1 patients with no overt vascular car-
diovascular disease have increased numbers of circulating monocytes 
compared with healthy controls. Further, we identified a population 
of monocytes in NF1 patients that is characteristic of an activated 
state, including increased CD16 expression and increased size (35). 
The finding of increased levels of the proinflammatory cytokines 
IL-1β and IL-6 in plasma samples from NF1 patients supports the 
observation that NF1 patients have increased activated monocytes 
in circulation, given that, in peripheral blood, monocytes are the 
main producers of IL-1β and IL-6 (56). Along with endothelial 
activation, cytokines have been described to affect arterial endothe-
lium-dependent vasodilation. Iversen et al. demonstrated that the 
cytokines TNF-α, IL-6, and IL-10 induced arterial contraction in an 
endothelium-dependent manner (57). In preliminary studies, NF1 
patients showed decreased endothelium-dependent dilation com-
pared with normal standards, with no difference detected in smooth 
muscle–dependent dilation. An important observation in this study 
was that reduced endothelium-dependent dilation was observed 
in NF1 patients with no known vascular disease (J.M. Friedman, 
unpublished observations). We are currently conducting studies 
to determine the incidence of subclinical vascular disease in NF1 
patients, along with identifying potential biomarkers that correlate 
to the progression of vascular disease in patients.

Further,  in  this  report,  we  demonstrated  that  NF1  patients 
have increased levels of soluble fractalkine in circulation. Mem-
brane-bound fractalkine is an adhesion molecule expressed on 
an inflamed endothelium when activated by proinflammatory 
cytokines, such as TNF-α and IL-1β (31, 58). Fractalkine produces 
a high-affinity interaction with CX3CR1-expressing cells, including 
inflammatory monocytes, that allows cells to rapidly bind to the 
endothelium under normal flow conditions (40, 41, 59). Fractalkine 
is cleaved from the cell membrane, resulting in soluble fractalkine, 
which functions as a potent chemoattractant for monocytes (58), 
and the inflammatory CD14+CD16+ monocytes have been dem-
onstrated to preferentially express CX3CR1 (60). In vivo, arterial 
injury upregulated the expression of fractalkine, and genetic abla-
tion of Cx3cr1 abrogates neointima formation through impaired 
monocyte recruitment (61). Taken together, the data indicate that 
upregulation of fractalkine expression in NF1 patients in response 
to increased inflammatory cytokines would result in increased 
recruitment and attachment of monocytes to the vessel wall, leading 
to endothelial dysfunction and subsequent vascular disease.

In this report, we determined that heterozygous inactivation of 
Nf1 in BMDCs is necessary and sufficient for neointima forma-
tion in response to arterial ligation. The neointima of mice recon-
stituted with Nf1+/– BM was characterized by an accumulation 
of macrophages, while mice transplanted with WT BM showed 
minimal neointima formation. These observations demonstrate 
that neurofibromin is a regulator of macrophage function and 
that vascular inflammation is a critical factor in neointima forma-
tion. Further, the increased levels of circulating monocytes and 
increased expression in inflammatory cytokines observed in NF1 
patients provide evidence of chronic inflammation associated with 
NF1. In sum, these studies provide the first genetic and cellular 
evidence to our knowledge of vascular inflammation in Nf1+/– mice 
and NF1 patients and provide a framework for understanding the 
pathogenesis of NF1 vasculopathy and potential therapeutic and 
diagnostic interventions in future studies.

Methods
Animals. All protocols for this study were approved by the Indiana Uni-
versity Laboratory Animal Research Center. Nf1+/– mice were obtained 
from Tyler Jacks (Massachusetts Institute of Technology, Cambridge) and 
backcrossed 13 generations into the C57BL/6J strain. The Nf1 allele was 
genotyped as previously described (62). Nf1fl/fl mice were obtained from 
Luis Parada (University of Texas Southwestern Medical Center, Dallas) 
and backcrossed 13 generations into the 129SvJ strain and genotyped as 
previously described (63). GFP (stock 3291) (64), SM22cre (stock 4746), 
and Tie2cre (stock 4128) mice were purchased from The Jackson Labora-
tory and maintained on the C57BL/6 strain. Nf1fl/fl mice were crossed with 
either SM22cre or Tie2cre mice to generate C57BL/6 × 129SvJ pups. Nf1fl/+; 
SM22cre and Nf1fl/+;Tie2cre mice were used for experiments. Genotype was 
confirmed by identification of cre by PCR according to Jackson Laboratory 
protocols. Cre-mediated recombination was confirmed by PCR as previ-
ously described (63). Nf1+/– and WT controls were generated by crossing 
Nf1fl/fl 129SvJ mice with Nf1+/– C57BL/6 mice. Nf1+/– mice that ubiquitously 
express GFP were generated by crossing GFP WT mice with Nf1+/– mice. 
Only male mice, at least 12 weeks of age, were used for experiments.

Carotid artery ligation. In 3 independent experiments, carotid artery injury 
was induced by complete ligation of the left common carotid artery as pre-
viously described (22). Briefly, mice were anesthetized by inhalation of an 
isoflurane (2%)/oxygen (98%) mixture. Under a dissecting scope (Leica), 
the entire left carotid artery was exposed through a midline incision of the 
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neck. The common carotid artery was ligated just proximal to the bifurca-
tion using a 6-O silk suture (Fine Science Tools). Mice recovered for 28 days 
with no sign of stroke or complication.

BM transplantation. Femurs and tibias from WT and Nf1+/– mice that ubiqui-
tously expressed GFP were flushed with Iscove’s modified Dulbecco’s medi-
um (IMDM; Invitrogen). Male, 12-week-old recipient WT and Nf1+/– mice were 
conditioned by lethal irradiation (11 Gy). Unfractionated BM cells (5 × 106 
cells) were injected via tail vein into conditioned recipients. After a 4-month 
reconstitution period, peripheral blood was collected via tail vein bleeding to 
determine percent engraftment. Red blood cells were lysed (QIAGEN), and 
MNCs were resuspended and analyzed by flow cytometry using FACSCalibur 
(BD); data were analyzed using FlowJo software (Tree Star). Only mice with 
greater than 85% engraftment were used for experiments.

Histopathology and immunohistochemistry. Twenty-eight days after ligation, 
whole ligated and contralateral uninjured carotid arteries were harvested 
from mice. Mice were anesthetized with 1.25% Avertin (Sigma-Aldrich) and 
were perfusion fixed at constant pressure (100 mmHg) with 0.9% sodium 
chloride followed by Z-fix solution (Anatech). Under a dissecting scope, 
carotid arteries were excised, then fixed overnight at 4°C in Z-fix solution 
and paraffin embedded. Serial 5-μm arterial cross sections were made 
every 200 μm across the length of the carotid artery. H&E staining was 
performed according to standard methods (Anatech).

For immunohistochemistry, paraffin-embedded sections were dewaxed 
followed by enzymatic (20 μg/ml Proteinase K; Roche) antigen retrieval. 
Sections were blocked with Protein Block (Dako) and were incubated with 
anti-GFP (1:1,000; Abcam) or anti-Mac3 (1:50; BD Biosciences — Pharmin-
gen) primary antibodies. Sections were incubated with the appropriate sec-
ondary antibody (Vector Laboratories) and visualized by 3,3′-diaminobeni-
dine (DAB; Vector Laboratories) and counterstained with hematoxylin.

For immunofluorescence costaining, paraffin-embedded sections were 
dewaxed, followed by enzymatic antigen retrieval. Sections were blocked 
with M.O.M. reagents according to the manufacturer’s recommendations 
(Vector Laboratories) and incubated with anti-GFP (1:1,000; Abcam) pri-
mary antibody followed by the appropriate biotinylated secondary anti-
body. The sections were then coincubated with anti–α-SMA (1:400; Sigma-
Aldrich)  and  Alexa  Fluor  546  streptavidin–conjugated  antibody  (BD 
Pharmingen) and mounted with ProLong Gold antifade mounting media 
containing 6-diamidino-2-phenylindole dihydrochloride (Invitrogen).

Morphometric analysis. H&E-stained arterial cross sections 400, 800, and 
1,200 μm proximal to the ligation were analyzed for neointima formation 
using Metamorph 6.1 (Universal Imaging Systems Corp.). Lumen area, area 
inside the internal elastic lamina (IEL), and area inside the external elastic 
lamina (EEL) were measured for each cross section. Intima area was calcu-
lated by subtracting the lumen area from the IEL area, and the media area 
was calculated by subtracting the IEL area from the EEL area. I/M ratio was 
calculated as intima area divided by media area as previously described (22).

Isolation of BM-derived macrophages. BM-derived macrophages were gen-
erated from femurs, tibias, and iliac crest of 8- to 12-week-old WT and 
Nf1+/– mice. Briefly, BM cells were flushed into a 50-ml Falcon tube using 
syringe-needle and IMDM. Cells were collected by centrifugation at 800 g  
for 5 minutes (Beckman Coulter) at room temperature, and rbc were lysed 
with rbc lysis buffer for 5 minutes at room temperature. The cells were 
centrifuged and resuspended in 5 ml IMDM. Low-density BM cells were 
isolated by density gradient centrifugation using Histopaque 1083 (Sigma-
Aldrich). For macrophages, low-density BM cells were cultured in complete 
media consisting of IMDM, 20% FBS supplemented with 1% penicillin/
streptomycin, and 100 ng/ml M-CSF (PeproTech). Cells were used for 
experiments between 3 and 6 passages.

Macrophage proliferation assay. Proliferation was assessed by incorpora-
tion of radioactive thymidine in WT and Nf1+/– BM-derived macrophages. 

Briefly, cells were starved in media containing 0.2% BSA in IMDM without 
growth factors for 6–7 hours. Macrophages (5 × 104 cells) were placed in a 
96-well plate in 200 μl starvation media in either the absence or presence of 
the indicated concentration of M-CSF. Cells were cultured for 48 hours and 
subsequently pulsed with 1.0 μCi (0.037 MBq) [3H]thymidine for 6 hours. 
Cells were harvested using an automated 96-well cell harvester (Brandel), 
and thymidine incorporation was determined as counts per minute (cpm).

Macrophage migration assay. Haptotactic cell migration assay was per-
formed as previously described (65). Briefly, the bottom of Transwell filters 
(8-μM pore filter; Costar) were coated with 20 μg/ml fibronectin CH296 
peptide for 2 hours at 37°C and rinsed twice with PBS containing 2% BSA. 
The fibronectin CH296 peptide–coated filters were placed in the lower 
chamber containing 500 μl complete medium with or without M-CSF (100 
ng/ml). Macrophages (2.5 × 105 cells) were resuspended in 100 μl IMDM 
and allowed to migrate toward the bottom of the top chamber. After  
20 hours of incubation at 37°C, nonmigrated cells in the upper chamber 
were removed with a cotton swab. The migrated cells that attached to the 
bottom surface of the membrane were stained with 0.1% crystal violet dis-
solved in 0.1 M borate, pH 9.0, and 2% ethanol for 5 minutes at room tem-
perature. The number of migrated cells per membrane was determined in 
10 random fields with an inverted microscope using a 20× objective lens.

Macrophage adhesion assay. Adhesion assay was performed as previously 
described (65). Briefly, flat-bottom 96-well polystyrene plates (BD Biosci-
ences) were coated with 20 μg/ml fibronectin fragment CH296 in PBS 
for 1 hour at 37°C. Wells were washed once with PBS, incubated with 20 
mg/ml heat-inactivated BSA for 1 hour at 37°C to block nonspecific sites, 
and again washed twice with PBS. For examination of cell adhesion on 
the coated surface, 1 × 105 cells were added to each well and incubated at 
37°C for different time intervals (15 minutes, 30 minutes, 45 minutes, and  
1 hour). At the end of the incubation, unbound cells were removed by aspi-
ration, and wells were washed twice with cold PBS. Adherent cells were 
fixed with 3.5% formaldehyde and stained with 0.1% crystal violet. The 
stain was eluted with 10% acetic acid, and absorbance was determined at 
600 nm using a microplate reader (Spectramax 250; Molecular Devices).

VSMC and macrophage coculture proliferation assay. VSMCs were obtained 
and cultured as previously described (15), and BM macrophages were 
isolated and cultured as described above. VSMCs were plated at a den-
sity of 3,500 cells/cm2 and deprived of growth factors for 24 hours. Mac-
rophages, at a density of 1,750 cells/cm2 were added to the quiescent 
VSMCs for 24 hours at 37°C, 5% CO2. At the end of the coincubation 
period, collagenase (1 mg/ml) was used to remove the macrophages from 
the VSMC culture. VSMCs were pulse labeled with 1 μCi/ml of tritiated 
thymidine (PerkinElmer) for 24 hours, and β emission was measured 
(Beckman Coulter) as previously described (15). Where stated, VSMCs 
were preincubated with 50 μM PD98509 30 minutes before the addition 
of macrophages to the culture.

Patient recruitment. NF1 patients were recruited through the Indiana 
University Neurofibromatosis Clinic at Riley Hospital for Children. All 
patients had a medical history and physical examination performed to 
confirm the diagnosis of NF1 using standard NIH clinical criteria (66). 
Patients with a personal history of cancer or currently using anticancer 
drugs or patients who were pregnant were excluded from the study. All 
patients gave informed consent prior to their participation in the study.

Polychromatic flow cytometric analysis of peripheral blood MNCs. Blood sam-
ples were collected from NF1 patients (37.6 ± 9.7 years) and age- and sex-
matched healthy controls (40.2 ± 8.1 years) into EDTA Vacutainer tubes 
(BD Biosciences). MNCs were isolated from 16 ml of peripheral blood by 
density centrifugation using Ficoll-Paque Plus (GE Healthcare) as previ-
ously described (67). A total of 1 × 106 MNCs were resuspended in PBS 
with 2% FBS and incubated with human FcR Blocking Reagent (Miltenyi 
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Biotec) for 10 minutes at 4°C. After blocking, MNCs were incubated 
for 30 minutes at 4°C with the following primary conjugated mono-
clonal antibodies: anti–human CD14–PECy5.5 (Abcam), anti–human 
CD45–allophycocyanin–Alexa Fluor 750 (Invitrogen), and anti–human 
CD16–PECy7 (BD Biosciences — Pharmingen), as well as the live/dead 
marker ViVid (Invitrogen). After staining, MNCs were washed 2 times 
with PBS with 2% FBS and fixed in 1% formaldehyde (Sigma-Aldrich) 
for a minimum of 24 hours. Stained MNC samples were acquired on a 
BD LSRII flow cytometer equipped with a 405-nm violet laser, 488-nm 
blue laser, and 633-nm red laser. At least 300,000 events were collected 
for each sample. Data were collected uncompensated and analyzed using 
FlowJo software version 8.7.3 (Tree Star). The Institutional Review Board 
of the Indiana University School of Medicine approved all protocols.

Quantification of cytokines in patient plasma samples. Blood samples were col-
lected from NF1 patients (17 ± 2 years, n = 6) and healthy age-matched con-
trols (18.5 ± 3.4 years, n = 7) into EDTA Vacutainer tubes (BD Biosciences). 
Plasma was isolated from 3 ml of blood by centrifugation at 900 g for 10 
minutes at 4°C. Plasma was aliquoted and stored at –80°C until use. IL-1β, 
IL-6, IL-10, TNF-α, GM-CSF, MCP-1, IFN-γ, and fractalkine were quan-
tified by using a custom Milliplex Cytokine kit (Millipore) according to 
the manufacturer’s recommendations. Only plasma samples that had not 
undergone a freeze/thaw cycle were analyzed. Samples were analyzed by a 
Luminex 200 version 2.3 (Millipore), and StatLIA Immunoassay Analysis 
Software (Brendan Technologies Inc.) with a 5-parameter logistic curve 
fitting method was used to calculate sample concentrations. Concentra-
tions below the minimum detectable concentration were set equal to the 
minimum detectable concentration. The Institutional Review Board of the 
Indiana University School of Medicine approved all protocols.

Statistics. All values are presented as mean ± SEM. All statistical analy-
ses were performed using GraphPad InStat version 3.00 (GraphPad Soft-

ware). Neointima area and I/M ratio were assessed by 1-way ANOVA with 
a Tukey’s post-hoc test. Total number of GFP-positive cells was assessed 
by One-way ANOVA with Tukey’s post-hoc test. Percentages of circulat-
ing monocytes and macrophage proliferation, migration, and adhesion 
were assessed by 2-tailed Student’s unpaired t test. Frequency of circulat-
ing CD45+CD14+ and CD16brightCD14+ monocytes was assessed by 2-tailed 
Student’s unpaired t test. IL-1β levels were assessed by Mann-Whitney  
U test due to unequal distribution. IL-6 levels were log transformed for 
equal distribution and assessed by 2-tailed Student’s unpaired t test. Frac-
talkine levels were assessed by 2-tailed Student’s unpaired t test with Welch 
correction. P values less than 0.05 were considered significant.
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