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Fibroblast activation protein (FAP) has been established as an inducible and mesenchymal cell-specific
mediator of disease progression in cancer and fibrosis. Atherosclerosis is a fibroinflammatory disease,
and FAP was previously reported to be up-regulated in human atherosclerotic plaques compared with
normal vessel. We investigated the spatial and temporal distribution of Fap-expressing cells in a murine
model of atherosclerosis and used a genetic approach to determine if and how Fap affected disease
progression. Fap was found to be expressed predominantly on vascular smooth muscle cells in lesions of
athero-prone Apoe™~ mice. Global deletion of Fap (Fap’/’) in Apoe™”~ mice accelerated athero-
sclerotic disease progression in both males and females, with the effect observed earlier in males. Sex-
specific effects on lesion morphology were observed. Relative levels of extracellular matrix, fibrotic, and
inflammatory cell content were comparable in lesions in male mice regardless of Fap status. In contrast,
lesions in Fap ™~ female mice were characterized by a more fibrotic composition due to a reduction in
inflammation, specifically a reduction in Mox macrophages. Combined, these data suggest that Fap
restrains the progression of atherosclerosis and may contribute to the sexually dimorphic susceptibility
to atherosclerosis by regulating the balance between inflammation (an indicator of vulnerability to
plaque rupture) and fibrosis (an indicator of plaque stability). (Am J Pathol 2020, 190: 1118—1136;

https://doi.org/10.1016/j.ajpath.2020.01.004)

Cardiovascular disease (CVD) refers to a multitude of
cardiac and vascular complications most often caused by
coronary arterial disease, stroke, and peripheral vascular
disease. CVD caused by atherosclerosis remains the main
cause of death in the United States." CVD, particularly
atherosclerosis, is a disease of aging™ characterized by the
formation of neointima (lesion), a highly integrated process
that involves endothelium, vascular smooth muscle cells
(VSMCs), inflammatory cell recruitment, and lipid meta-
bolism.” The mechanisms responsible for these processes
are multifaceted and often interdependent. Furthermore, the
net effect of these mechanisms is directly affected by
environmental factors, notably diet and exercise,5 as well as
aging-related cholesterol and environmental-independent
factors, such as arterial stiffening.®’

Recent studies have indicated that increased fibrillar
collagen and vascular stiffness stimulate endothelial

permeability, leukocyte transmigration, and macrophage
adhesion to subendothelial extracellular matrix (ECM),Sf'O
thus establishing an important link between the stromal or
mesenchymal and early inflammatory components of
atherosclerosis. Ongoing crosstalk between cells and ECM
in these compartments affects the progressing size,
composition, and architecture of lesions and is thus directly
implicated in the clinical outcome. A paradigm exists that
suggests that the balance between lesional inflammation and
fibrosis is a critical determinant of plaque stability and in
fact is a better indicator of clinical sequelae than lesion
size." Specifically, the formation of VSMC- or ECM-rich
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The Role of Fap in Atherosclerosis

lesions, characterized by high collagen content, thick
fibrotic caps, and a paucity of inflammation, correlates with
plaque stabilization. Conversely, robust lesional inflamma-
tion, coupled with low to modest fibrosis, is associated with
increased susceptibility to plaque rupture. Targeting path-
ways central to ECM modification that tip this balance
toward the former may therefore lead to the development of
new therapeutics to combat the remodeling of atheroscle-
rotic lesions that promotes plaque rupture and the likelihood
of myocardial infarction.

ECM remodeling, in particular that of fibrillar collagen, is
a hallmark of CVD. The biosynthetic pathways of collagen
are well defined, yet the steps involved in its degradation
and turnover are less well understood. Atherosclerotic
lesions contain elevated levels of collagenases derived from
resident VSMCs and recruited inflammatory cells. These
collagenases, which are secreted [matrix metallopeptidase
(MMP) 1, MMP-8, and MMP-13] or membrane bound
(MMP-14), have complex roles in lesion formation and
stability because of their overlapping and opposing effects.
Collagenase overactivity can lead to severe tissue destruc-
tion (as opposed to controlled ECM breakdown),'” increase
macrophage invasion,'” "> and promote angiogenesis,'’
thus tipping the balance toward inflammation and plaque
instability. In contrast, MMP-2, -9, and -14 (all of which
have gelatinase activity) promote VSMC proliferation and
migration, which may in turn have the net effect of
enhancing fibrotic cap formation and lesion stability.'®

Fibroblast activation protein (FAP) is a serine protease
involved in the ordered proteolytic processing of collagen.
A member of the dipeptidyl peptidase family, FAP is
expressed at low to undetectable levels under homeostatic
conditions'’~** but up-regulated on cells involved in ECM
remodeling in a myriad of pathophysiologic and pathologic
conditions, including wound repair, fibrosis, and inflam-
mation.'®'”*** Tt has also been well characterized in
multiple tumor types, playing critical roles in tumorigenesis
by influencing tumor cell growth, intratumoral desmoplasia,
angiogenesis, and immunosuppression.'”*°** Interest-
ingly, two separate studies revealed that FAP was present in
human atherosclerotic plaques but not normal non-
atherosclerotic vascular tissue.”*** Furthermore, lesional
FAP content increased with plaque severity, and FAP
expression was suggested to be limited to VSMCs.””

VSMCs represent a heterogeneous population in athero-
sclerosis. Three major populations of VSMCs have been
identified based on their spatial and temporal distributions
and phenotype.'" First, medial differentiated VSMCs in the
vessel wall express a-smooth muscle actin (Acta2; as well
as other differentiation markers, such as smooth muscle
myosin heavy chain and transgelin) under homeostatic
conditions. During the early stages of atherogenesis at sites
of disturbed flow (high vascular curvature and branch
points) and endothelial dysfunction, medial differentiated
VSMCs transition to a dedifferentiated state. Second, this
transition to lesional dedifferentiated VSMCs is
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characterized by a phenotypic switch characterized by
down-regulation of Acta2 expression and often, but not al-
ways, a concomitant induction of vascular cell adhesion
molecule 1 (Vcaml) expression. Lesional dedifferentiated
VSMCs are also more proliferative, produce and remodel
neointimal matrix, and secrete inflammatory mediators.
Third, fibrotic caps, which are prominent in more stable
lesions are enriched in lesional fibrotic VSMCs that express
high levels of Acta2 and little to no Vcam1 (similar to media
differentiated VSMCs) yet are also proliferative and pro-
duce fibrotic matrix components.”> >’ We hypothesized that
FAP may be differentially expressed on these various
VSMC subpopulations and may have a potential role in
CVD, in particular in regulating the fibroinflammatory
response and matrix remodeling characteristics of athero-
sclerotic lesions.

The aim of this study was to establish the spatial and
temporal features of Fap expression in the apolipoprotein
E-null (Apoe ™) mouse model of atherosclerosis to have an
in vivo correlate to human CVD in which to study Fap.
Interestingly, Fap was identified only on lesional dediffer-
entiated mesenchymal cells, purportedly VSMCs. More-
over, by genetically deleting Fap in Apoe ™™ mice, a role for
Fap in atherosclerotic disease progression was discovered,
showing that Fap contributes to the balance between
inflammation and fibrosis in a sex-dependent manner that
has implications for plaque stability.

Materials and Methods

Animals

Wild-type C57BL/6 mice for in vitro experiments were
purchased from Charles River Laboratories (Wilmington,
MA). Apoe™ mice (B6.129P2-Apoe™ Y"™/J) on the
C57BL/6J background were purchased from The Jackson
Laboratory (Bar Harbor, ME). Fap ™'~ mice (Fap'““#'%)
were provided by Boehringer Ingelhiem International
GmbH (Ingelheim am Rhein, Germany)38 and backcrossed
at least 11 generations with C57BL/6J mice and then to
B6.129P2-Apoe™™ V"“IJ to generate homozygous congenic
Apoe™.Fap™™ mice. All mice were housed in University
of Pennsylvania facilities, and all research was overseen by
University Laboratory Animal Resources. Experimental
protocols were approved by the Institutional Animal Care
and Use Committee and in compliance with the NIH’s
Guide for the Care and Use of Laboratory Animals.”

Serum Collection and Metabolite Analysis

Blood was collected by cardiac perfusion after euthanasia.
Blood was transferred directly into BD Microtainer Serum
Separator Tubes (BD Biosciences, San Jose, CA) and left to
stand for 30 minutes. Tubes were then centrifuged for 5
minutes at 6000 x g, serum (upper solution) was collected,
and cholesterol and triglyceride analysis was performed by
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Table 1  Antibody Resource List

Protein target Staining type

Antibody step

Antigen

Source (catalog
number)

Working concentration

Acta2 THC
Vcam1 IHC
Fap Multiplex panel 1
Vcam1 Multiplex panel 1

Vim Multiplex panel 1

Acta2 Multiplex panel 1

Cd68 Multiplex panel 1
DRAQ5 Multiplex panel 1
Coll Multiplex panel 2
1120

Primary
Isotype

Secondary

Primary
Isotype
Secondary
Primary

Isotype
Secondary

Tertiary

Primary
Isotype

Secondary
Primary

Isotype

Secondary
Primary
Isotype
Primary
Isotype

Counterstain
Primary

Isotype

Secondary

FITC mouse anti-
human Acta2 IgG2a
FITC mouse IgG2a

Biotinylated goat anti-
FITC IgG

Biotinylated rat anti-
mouse Vcam1 IgG2a
Biotinylated rat IgG2a

ABC-Elite

Biotinylated sheep
anti-human Fap IgG

Biotinylated sheep IgG
HRP donkey anti-sheep
IqG

AF594-tyramide

Biotinylated rat anti-
mouse Vcam1 IgG2a

Biotinylated rat IgG2a

BV711-streptavidin

Rabbit anti-human Vim
IqG

Rabbit IgG

AF350 donkey anti-
rabbit IgG

FITC mouse anti-
human Acta2 IgG2a

FITC mouse IgG2a

BV605 rat anti-mouse
(d68 IgG2a
BV605 rat IgG2a
NA
Goat anti-human Col1
IgG

Goat IgG

AF488 donkey anti-
goat IgG

Millipore-Sigma, St.
Louis, MO (F3777)

BD Biosciences, San
Jose, CA (553456)

Vector Laboratories,
Burlingame, CA
(B0601)

BD Biosciences
(553331)

Biolegend, San Diego,
CA (400504)

Vector Laboratories
(PK-6100)

R&D Systems,
Minneapolis, MN
(BAF3715)

R&D Systems (BAF020)

Jackson
ImmunoResearch
Laboratories, West
Grove, PA (713-035-
147)

Thermo Fisher
Scientific, Waltham,
MA (T20935)

BD Biosciences
(553331)

Biolegend (400504)

Biolegend (405241)

Cell Signaling
Technology,
Danvers, MA (5741)

Jackson
ImmunoResearch
Laboratories (011-
000-003)

Thermo Fisher
Scientific (A10039)

Millipore-Sigma
(F3777)

BD Biosciences
(553456)

Biolegend (137021)

Biolegend (400539)

Biolegend (424101)

Southern Biotech,
Birmingham, AL
(1310-01)

Jackson
ImmunoResearch
Laboratories (005-
000-003)

Thermo Fisher
Scientific (A11055)

2 pg/mL
2 pg/mL

1 pg/mL

5 pug/mL
5 nug/mL
n/a
5 pug/mL

5 ng/mL
5 pg/mL

1:100

5 pg/mL
5 nug/mL

2 pg/mL
1 pg/mL

1 pg/mL

5 nug/mL
5 pg/mL
5 nug/mL
2 pug/mL
2 pg/mL

1:1000
1 pg/mL

1 pg/mL

5 pg/mL

(table continues)
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Table 1

(continued )

Source (catalog

Protein target Staining type Antibody step Antigen number) Working concentration
Fn1 Multiplex panel 2 Primary Rabbit anti-human Fn1 Millipore-Sigma 1 pg/mL
IgG (F3648)
Isotype Rabbit IgG Jackson 1 pg/mL
ImmunoResearch
Laboratories (011-
000-003)
Secondary AF647 donkey ant- Thermo Fisher 5 ng/mL
rabbit IgG Scientific (A31573)
Lama1l Multiplex panel 2 Primary Rat anti-mouse Lamal R&D Systems 1 pg/mL
IgG2a (MAB4656)
Isotype Rat IgG2a eBioscience, San 1 pg/mL
Diego, CA (16-4321)
Secondary AF594 donkey anti-rat Thermo Fisher 5 ug/mL
IgG Scientific (A21209)
DAPI Multiplex panel 2 Counterstain NA Millipore-Sigma 0.25 pg/mL
(10236276001)
(d68 Multiplex panel 3 Primary Rat anti-mouse Cd68 Abcam, Cambridge, UK 1 pg/mL
IgG2a (53444)
Isotype Rat IgG2a eBioscience (16-4321) 1 pg/mL
Secondary AF568 goat anti-rat Thermo Fisher 2 ug/mL
IgG Scientific (A11077)
Nos2 Multiplex panel 3 Primary Rabbit anti-mouse Abcam (15323) 1 pg/mL
Nos2 IgG
Isotype Rabbit IgG Jackson 1 pg/mL
ImmunoResearch
Laboratories (011-
000-003)
Secondary AF488 goat anti-rabbit Thermo Fisher 2 nug/mL
IgG Scientific (A11034)
DAPI Multiplex panel 3 Counterstain NA Millipore-Sigma 0.25 pg/mL
(10236276001)
Cd68 Multiplex panel 4 Primary Rat anti-mouse Cd68 Abcam (53444) 1 pug/mL
IgG2a
Isotype Rat IgG2a eBioscience (16-4321) 1 pg/mL
Secondary AF568 goat anti-rat Thermo Fisher 2 ug/mL
IgG Scientific (A11077)
Cd206 Multiplex panel 4 Primary Rabbit anti-human Abcam (64693) 1 pg/mL
Cd206 IgG
Isotype Rabbit IgG Jackson 1 pg/mL
ImmunoResearch
Laboratories (011-
000-003)
Secondary AF488 goat anti-rabbit Thermo Fisher 2 nug/mL
IgG Scientific (A11034)
DAPI Multiplex panel 4 Counterstain NA Millipore-Sigma 0.25 pg/mL
(10236276001)
Adgrel Multiplex panel 5 Primary Rat anti-mouse Adgrel Bio-Rad, Hercules, CA 4 ng/mL
IgG2b (MCA497)
Isotype Rat IgG2b Southern Biotech 4 ng/mL
(0118-01)
Secondary AF488 donkey anti-rat Thermo Fisher 5 nug/mL
IgG Scientific (A21208)
(d68 Multiplex panel 5 Primary BV605 rat anti-mouse Biolegend (137021) 2 nug/mL
Cd68 IgG2a
Isotype BV605 rat IgG2a Biolegend (400539) 2 ng/mL

The American Journal of Pathology m ajp.amjpathol.org

(table continues)

1121


http://ajp.amjpathol.org

Monslow et al

Table 1 (continued)

Source (catalog

Protein target Staining type Antibody step Antigen number) Working concentration
Hmox1 Multiplex panel 5 Primary Rabbit anti-human Abcam (68477) 0.5 ng/mL
Hmox1 IgG
Isotype Rabbit IgG Jackson 0.5 ug/mL
ImmunoResearch
Laboratories (011-
000-003)
Secondary AF647 donkey ant- Thermo Fisher 5 ng/mL
rabbit IgG Scientific (A31573)
DAPI Multiplex panel 5 Counterstain NA Millipore-Sigma 0.25 pg/mL

(10236276001)

Acta2, a-smooth muscle actin; Adgrel, adhesion G protein—coupled receptor E1; Coll, collagen type I; Fap, fibroblast activation protein; FITC, fluorescein
isothiocyanate; Fn1, fibronectin; Hmox1, heme oxygenase; IHC, immunohistochemistry; Lama1, laminin; NA, not applicable; Nos2, nitric oxide synthase 2;

Vcam1, vascular cell adhesion molecule 1; Vim, vimentin.

the Mouse Phenotyping, Physiology and Metabolism Core
at the UPenn Diabetes Research Center.

Analysis of Aortic Atherosclerotic Lesion Burden

Atherosclerotic lesion burden of the whole aorta was per-
formed as previously described.””*” Briefly, the vasculature
was perfused with 10 mL of magnesium- and calcium-free
phosphate-buffered saline (PBS). Aortas (the entire length
from the heart to the branching femoral arteries) were
stripped of perivascular adipose tissue and dissected. Tis-
sues were washed briefly in PBS and 60% isopropanol,
stained with Oil Red O solution (60% solution, Millipore-
Sigma, St. Louis, MO) for 10 minutes at room tempera-
ture, and washed again with 60% isopropanol followed by
distilled water. Any remaining perivascular adipose tissue
was then removed under a dissecting microscope before the
aortas were filleted to expose the luminal surface. Aortas
were placed luminal side up on dental wax sheets and kept
hydrated, and atherosclerotic lesions were photographed
using a standard digital camera.

Histochemical Staining for Atherosclerotic Lesion
Burden and Morphology in the Aortic Root

Mouse hearts were embedded in OCT medium, and 10-pm
serial cross-sections of the entire aortic root (approximately
480 pm) were cut and mounted on positively charged mi-
croscope slides. For analysis of atherosclerotic lesion
burden, six sections, equally spaced across the entire aortic
root, were stained with hematoxylin-2 and eosin-Y (Richard
Allen Scientific, Thermo Fisher Scientific, Waltham, MA)
following manufacturer’s protocols. For histochemical
analysis of lesion morphology, three serial cross-sections
per root were analyzed; Oil Red O was used to visualize
lipid content, a modified Masson’s Trichrome (omitting the
nuclear dye, Millipore-Sigma) was used for total collagen,
and Picrosirius Red (Millipore-Sigma) was used for fibrillar
collagen, as per manufacturers’ protocols. Sections stained
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with hematoxylin and eosin, Masson’s Trichrome, and
Picrosirius Red were dehydrated and hard-mounted in
Cytoseal-60 (Richard Allen Scientific). Oil Red O—stained
sections were aqueous-mounted in SlowFade Gold (Thermo
Fisher Scientific).

Immunostaining for Atherosclerotic Lesion
Morphology in the Aortic Root

Antibodies used to examine lesion morphology are listed
in Table 1. Immunohistochemical staining was used to
separately analyze Acta2 and Vcaml content. Sections
were fixed in acetone for 15 minutes at —20°C. Sections
were consecutively treated to block endogenous peroxi-
dase (3% hydrogen peroxide for 15 minutes) with 10%
normal serum blocking solution [dependent on host of
secondary antibody, in 1% bovine serum albumin (BSA)/
PBS for 15 minutes] and endogenous biotin (streptavidin-
biotin blocking kit, Vector Laboratories, Burlingame,
CA). Sections were then incubated with the indicated
primary antibody or IgG isotype control in blocking so-
lution overnight at 4°C (Table 1). Where required, sec-
tions were then incubated with biotinylated-IgG secondary
antibody (specific to host of primary antibody) diluted in
1% BSA/PBS for 1 hour at room temperature. Sections
were then incubated with streptavidin—horseradish
peroxidase diluted in 1% BSA/PBS for 30 minutes at
room temperature, equilibrated in sterile water for 5 mi-
nutes, and then developed with the diaminobenzidine
substrate kit (Dako, Agilent, Santa Clara, CA). Samples
were counterstained with hematoxylin, dehydrated, and
mounted in Cytoseal-60.

Immunofluorescent multiplex staining was used to analyze
all other proteins (Table 1). Multiplex panel 1 was used to
determine Fap lesional localization, and sections were co-
stained for Fap, Vcaml, vimentin (Vim), Acta2, and Cd68
and counterstained with DRAQS5 nuclear stain. Multiplex
panel 2 was used to co-stain for the ECM proteins collagen
type I (Coll), fibronectin (Fnl), and laminin (Lamal).

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

The Role of Fap in Atherosclerosis

Females

Males

30 weeks 26 weeks 22 weeks

34 weeks

DRAQ5 Fap

Figure 1  Spatiotemporal expression of fibroblast activation protein
(Fap) in atherosclerotic lesions. Male and female Apoe™~ mice were
maintained on a chow diet and aged to 22, 26, 30, or 34 weeks. Then
10-pum frozen sections of aortic roots were co-stained with antibodies
targeted to Fap (red) and counterstained with DRAQ5 nuclear stain
(blue). Atherosclerotic lesions are highlighted with dotted lines. Scale
bars = 200 um.

Multiplex panel 3 was used to stain M1 macrophages for
Cd68 and nitric oxide synthase 2 (Nos2) (counterstained with
DAPI nuclear stain). Multiplex panel 4 was used to stain M1
macrophages for Cd68 and Cd206 (counterstained with
DAPI). Finally, multiplex panel 5 was used to stain Mox
macrophages for F4/80 [adhesion G protein—coupled re-
ceptor E1 (Adgrel)], Cd68, and heme oxygenase (Hmox1).
Sections were first fixed in acetone (as described above), then
10% normal blocking solution (3% hydrogen peroxide/
endogenous biotin blocking steps were also added for
multiplex panel 1 for Fap). Sections were then incubated with
the desired primary antibody or IgG isotype control in
blocking solution overnight at 4°C. Where required, sections
were then treated with immunofluorescent-labeled secondary
antibodies [horseradish peroxidase—secondary antibody,
then fluorescent-tyramide (Thermo Fisher Scientific) for
Fap], counterstained for nuclei, and then aqueous mounted in
SlowFade Gold.

Isolation of Primary Murine VSMCs

Primary murine VSMCs were harvested from 8- to
12-week—old wild-type C57BL/6 male mice using the
partial-digest method. Descending thoracic aortas were
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isolated and pooled (groups of 5) into 10 mL of ice-cold
Hanks’ balanced salt solution (HBSS). Aortas were digested
in 20 mg/mL of type II collagenase (Worthington
Biochemical Corp., Lakewood, NJ) in HBSS for 10 minutes
at 37°C, then rinsed in HBSS. The adventitia from each
aorta was removed using a dissecting microscope. The
remaining vascular tissue was chopped with dissecting
scissors then partially digested in 10 mL of 20 mg/mL of
type II collagenase/10 mg/mL of elastase (Worthington
Biochemical Corp.) in HBSS for an additional 20 minutes at
37°C. A total of 10 mL of VSMC medium [Dulbecco’s
modified Eagle’s medium with 4.5 g/L of glucose, 584 mg/
L of L-glutamine, 110 mg/L of sodium pyruvate (Corning,
Corning, NY), supplemented with 20 IU of penicillin, 20
png/mL of streptomycin (Corning), 50 pg/mL of gentamicin
(Thermo Fisher Scientific), and 10% fetal calf serum
(Gemini Bio-Products, West Sacramento, CA)] was added,
and the tissue fragments were collected by centrifugation at
250 x g for 5 minutes at 4°C. The supernatant was dis-
carded and the cells and tissue fragments gently resus-
pended in 2 mL of VSMC medium and plated into two
35-mm dishes. Cells were maintained in a humidified
incubator with 5% carbon dioxide for 48 hours at 37°C. An
additional 1 mL of VSMC medium was then added per dish,

Males Females
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Figure 2  Fibroblast activation protein (Fap) expression is localized to

mesenchymal cell—rich but not inflammatory cell—rich regions of athero-
sclerotic lesions. Male and female Apoe™~ mice were maintained on a
chow diet and aged to 26 weeks. Then 10-um frozen sections of aortic roots
were co-stained with antibodies targeted to inflammatory regions [CD68
(blue)], mesenchymal regions [vimentin (Vim) (green)], and Fap (red) or
isotype IgG controls. Atherosclerotic lesions are highlighted with dotted
lines. Arrows indicate Fap/Vim overlapping regions (yellow). Scale
bars = 200 um.
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and the cells were incubated for an additional 5 to 7 days
before passaging. For cells at passage O to 1, 250 pg/mL of
amphotericin B (Thermo Fisher Scientific) was supple-
mented to the growth medium. Cells were typically
passaged at 80% to 90% confluence at a ratio of 1:2. Cells
were used for experiments at passage 2 to 3.

Analysis of VSMC Phenotype in Vitro by
Immunostaining and Quantitative PCR

To examine VSMC phenotype by immunostaining, 2 x 10°
of VSMCs were plated onto type I collagen—coated cov-
erslips (50 pg/mL) in 35-mm dishes in 2 mL of VSMC
medium for 48 hours. VSMC medium was then replenished
+2 ng/mL recombinant human transforming growth factor-
B1 (rhTGF-B1) for an additional 48 hours. Phase contrast
images were captured, and samples were fixed in 4%
paraformaldehyde/PBS for 30 minutes at room temperature.
Cells were permeabilized with 0.1% Triton X-100/1% BSA/
PBS for 10 minutes at room temperature, then stained with
antibodies for Acta2 and Vcaml as described above. After
counterstaining with DAPI, the coverslips were aqueous
mounted in SlowFade Gold onto coverslip glass-bottomed
60-mm dishes for imaging.

To assess gene expression by quantitative PCR, 2 x 10°
VSMCs were plated into 35-mm dishes in normal VSMC
medium for 48 hours. VSMC medium was then replenished
42 ng/mL rhTGF-B1 for an additional 48 hours. The su-
pernatant was removed, and the cells washed once in PBS
and then harvested in 1 mL of TRIzol (Thermo Fisher
Scientific). Total RNA was purified following the manu-
facturers’ protocol. A total 1 pg RNA was reverse tran-
scribed using the TagMan Reverse Transcription kit
(Applied Biosystems, Thermo Fisher Scientific). Quantita-
tive PCR was run using SYBR green reagent (Thermo
Fisher Scientific) and the relative standard curve method.
Fourfold serial dilutions ranging from 64 to 0.25 ng
of cDNA per well were run in 12.5-uL reactions in triplicate
per gene target (with the exception of Fap, 256 to 1 ng).
The following primer pairs were used for each gene target:
Acta2 (forward: 5-CCAGAGCAAGAGAGGGATCCT-3'
and reverse: 5-TGTCGTCCCAGTTGGTGATG-3'), Fap
(forward: 5’-CACCTGATCGGCAATTTGTG-3 and reverse:
5'-CCCATTCTGAAGGTCGTAGATGT-3), Gapdh (for-
ward:  5-GACGGCCGCATCTTCTTGT-3' and reverse:
5'-CACACCGACCTTCACATTTT-3"), Myocd (forward:
5'-CAAACTGGTGTTTCTTCTCTCAAACC-3' and reverse:
5"TCGAAGCTGTTGTCTTAACTCTGAC-3"), Tagln (for-
ward:  5-CTCTAATGGCTTTGGGCAGTTTG-3  and
reverse: 5-TGCAGTTGGCTGTCTGTGAAGTC-3'), Myhl1
(forward: 5-GACAACTCCTCTCGCTTTGG-3' and reverse:
5'-GCTCTCCAAAAGCAGGTCAC-3'), and Vcaml (for-
ward: 5'-AGTTGGGGATTCGGTTGTTCT-3' and reverse:
5'-CCCCTCATTCCTTACCACCC-3").

Unknown samples were run at the equivalent of 4 ng of
cDNA per well for each gene target (16 ng per well for Fap).
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Overlay Vim Fap Vcam1
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Figure 3  Fibroblast activation protein (Fap) expression defines a sub-
population of mesenchymal cells. Male and female Apoe™~ mice were
maintained on a chow diet and aged to 26 weeks. Multiplex staining of 10-
umol/L frozen sections of aortic roots was performed with antibodies
targeted to mesenchymal vascular smooth muscle cells markers a-smooth
muscle actin (Acta2) (white), vascular cell adhesion molecule 1 (Vcam1)
(blue), Fap (red), and vimentin (Vim) (green). Atherosclerotic lesions are
highlighted with dotted lines. Arrows highlight Fap/Vcam1 overlapping
regions (magenta). Scale bars = 200 um.

Reactions were run on a StepOne Plus Real-Time PCR Sys-
tem (Applied Biosystems). Mean expression levels of gene
targets were calculated from standard curves using StepOne
Plus software version 3.0 (Applied Biosystems), normalized
to the housekeeping gene (Gapdh), and graphed.

Digital Imaging and Quantification

Digital images were captured on a Nikon TiE inverted mi-
croscope (Nikon Instruments Inc., Melville, NY). The
motorized stage and automated image stitching were used to
obtain complete images of each aortic root. Histochemical and
immunohistochemical stains were captured using brightfield
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optics and a Nikon DSRi2 color camera at x 10 magnification.
Picrosirius Red—stained samples were imaged using circular-
polarized light optics to view fibrillar collagen and captured on
a CCD Hammamatsu Camera at x20 magnification. Multi-
channel immunofluorescent samples were captured on the
CCD Hammamatsu Camera at x20 magnification, using
independently controlled excitation and emission wavelength
filter wheels for each fluorophore. NIS Elements software
version 4.60.00 (Nikon Instruments) was used for image
quantification and pseudo-coloring of immunofluorescent
images, where appropriate. For calculation of aortic root lesion
burden (from hematoxylin and eosin images), individual
lesion areas across the six stained sections were averaged.
Lesion content for all other markers was calculated by
thresholding the positive area and calculating a percentage of
the total lesion area. The co-localization area to determine
ECM compartments and macrophage subtype content was
calculated from the appropriate overlapping thresholded
immunofluorescent channels using NIS Elements software.
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Statistical Analysis

All results were graphed as means + SEM. Statistical
analysis between comparable pairs of groups or multiple
groups in vivo was performed using the #-test or two-way
analysis of variance test, respectively. Multiple-grouped
analysis for VSMC phenotype in vitro was performed
using the %~ test. All statistical tests were calculated using
Prism software version 6.0 (GraphPad Software, La Jolla,
CA). P < 0.05 was considered to be statistically significant.

Results

Kinetics and Localization of Fap Expression to VSMC-
Rich Regions but Not Inflammatory Cell—Rich Regions

To determine the spatial and temporal distribution of Fap
expression in atherosclerosis, male and female Apoe*/ -
mice that spontaneously develop disease were maintained
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on a normal chow diet. Mice were euthanized at 22, 26, 30,
or 34 weeks of age, and OCT-embedded frozen sections of
the aortic roots were immunostained for Fap (Figure 1) or an
IgG isotype control (Supplemental Figure S1). Fap was
barely detectable in early atherosclerotic lesions in males at
22 weeks, although it was detected in lesions in females at
the same time point. Fap was commonly observed in lesions
in both sexes at 26, 30, and 34 weeks of age. In males, Fap
expression followed a temporal normal distribution during
these time points, with the highest levels detected at 30
weeks (Supplemental Figure S2A). Interestingly, Fap
expression in female Apoe ™™ mice did not follow a similar
pattern, instead displaying comparable Fap expression dur-
ing each of the time points analyzed (Supplemental
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Figure S2A). Furthermore, lesion size in female mice was
comparable across all time points and more than likely
explains why Fap expression was observed more rapidly in
female mice compared with male mice and sustained at late
time points. Going forward, the 26-week—old time point
was chosen to further study Fap because this was the earliest
time point in both sexes that displayed robust and compa-
rable Fap expression.

To broadly characterize the localization of Fap in lesions,
aortic root sections from 26-week—old male and female
Apoe™’™ mice were co-immunostained for Fap and broad-
spectrum markers of mesenchymal (Vim) and inflammatory
cells (Cd68) (Figure 2). Vim and Cd68 were used because
they clearly identified nonoverlapping mesenchymal and
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Figure 6 Increase in collagen type I (Coll)—rich and concomitant
reduction in fibronectin (Fn1)—rich regions of lesions in female fibro-
blast activation protein (Fap) —deficient mice. A: 10-um frozen cross-
sections of aortic roots from 26-week—old male and female Apoe™~
and Apoe™~.Fap™~ mice were stained with antibodies targeted to
Lamal (blue), Coll (green), and Fnl (red) or isotype IgG controls (A).
Total lesional Coll (B) and Fn1 (C) content was quantified and graphed.
D: Higher magnification of lesions shows that Lamal localizes only to
cap regions (small arrow), whereas Coll and Fnl stain separate com-
partments (large arrow). Inset: IgG isotype controls. Areas of colo-
calized Col1 and Fn1 regions (E) as well as Fnl-only (F) and Coll-only
(G) regions were also graphed. *P < 0.05, **P < 0.01, and
***p < 0.001. Scale bars: 200 um (A); 100 um (D, main image).
Original magnification, x20 (D, inset)

inflammatory regions, respectively (Figure 2). Fap staining
showed little to no overlap with Cd68, whereas positive co-
stained regions (white arrows highlighting yellow areas) for
Fap and Vim were commonly observed (Figure 2). This
pattern of Fap co-localization was observed in both sexes.
These data indicate that Fap expression in atherosclerotic

The American Journal of Pathology m ajp.amjpathol.org

lesions was limited to mesenchymal cell—rich areas as previ-
ously reported in human plaques™ and not detectably
expressed on inflammatory cells within atherosclerotic lesions.

Fap Expression Defines a Subpopulation of Lesional
Dedifferentiated Mesenchymal Cells in Atherosclerosis

Lesional mesenchymal cells, of which most are of VSMC
origin, represent a heterogeneous population in atheroscle-
rosis. Recent lineage tracing studies have cemented the
plasticity of VSMCS and revealed that a high percentage of
cells with a VSMC origin can take on markers of
inflammatory/macrophage-like cells, including Cd68 and
LGALS3.""**? The above data suggested that Fap was not
expressed on Cd68™ cells irrespective of their origin. How-
ever, there is as yet no clear single marker for noninflamma-
tory (transitioned) lesional mesenchymal cells. To better
determine if Fap was expressed in populations of non-
transitioned mesenchymal cells in lesions, multiplex immu-
nostaining for Fap was performed with multiple previously
characterized markers of lesional mesenchymal cells (Acta2,
Vcaml, and Vim) on aortic root sections from 26-week—old
Apoe™ mice (Figure 3).""*2*7"17%" These markers spatially
and generally characterize mesenchymal cells into two pop-
ulations: lesional dedifferentiated mesenchymal cells in the
core of lesions (Vcam1) versus lesional fibrotic mesenchymal
cells that have undergone fibrotic redifferentiation in the
fibrotic cap (Acta2). In both males and females, Acta2
expression was limited to medial VSMCs located in non-
—lesion-bearing vessel walls on the lesion periphery as well
as in lesional fibrotic mesenchymal cells in early partial
fibrotic cap formations. Vcaml was limited to neointimal
regions and was nonoverlapping with Acta2, confirming the
presence of previously characterized lesional dedifferentiated
mesenchymal cells.””"**~*" Fap expression was predomi-
nantly localized to lesions and occasionally to adventitia.
Adventitial Fap expression co-localized with Vim but not
Acta2, suggesting that these cells were a population of acti-
vated fibroblasts, as described elsewhere.*® Lesional Fap
expression showed no overlap with Acta2, indicating that Fap
was not expressed at detectable levels by either medial
differentiated VSMCs in the vessel wall or lesional fibrotic
mesenchymal cells in fibrotic caps. Lesional Fap expression
frequently co-localized with Vcaml (white arrows high-
lighting magenta color), suggesting that Fap was expressed on
lesional dedifferentiated mesenchymal cells.

Interestingly, there were instances where Fap was detec-
ted in lesions in the absence of Vcaml and vice versa
(Figure 3). These areas were also positive for Vim, sug-
gesting that Fap expression in the absence of Vcaml1 (Fap™,
Vcaml ™) or vice versa (Fap ~, Vcam1™) were distinguishing
subpopulations of lesional dedifferentiated mesenchymal
cells. This study also aimed to determine the temporal
expression of Vcaml and Acta2 in lesions relative to Fap,
which may help determine the fibrotic state of the disease
(Supplemental Figure S2, B—D). Vcaml expression
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Figure 7

Fibroblast activation protein (Fap) deletion does not alter vascular smooth muscle cell (VSMC) phenotype in lesions. Frozen cross-sections of

aortic roots 10 pum thick from 26-week—old male and female Apoe ™~ and Apoe™~.Fap™~ mice were stained with antibodies targeted to vascular cell
adhesion molecule 1 (Vcam1) or IgG isotype control (A) and a-smooth muscle actin (Acta2) or IgG isotype control (C). Lesional Vcam1 (B) and Acta2 (D)
content was quantified and graphed. Lesions were also analyzed for the absence or presence of fibrotic caps (E), cap thickness (F), and cap length (G).

*P < 0.05, **P < 0.01. Scale bars = 200 pm.

displayed a similar temporal expression pattern to that
observed for Fap (Supplemental Figure S2B), whereas
Acta2 expression did not have any significant differences in
expression among the three time points analyzed
(Supplemental Figure S2C). Regression analysis of Fap
versus Acta2 expression (Supplemental Figure S2D) had no
significant correlation, suggesting that the number of Fap™
lesional dedifferentiated mesenchymal cells is not depen-
dent on and cannot predict the level of Acta2™ lesional
fibrotic mesenchymal cells.

To further explore if FAP was specifically expressed on
VSMCs within this mesenchymal compartment, cultured
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primary VSMCs isolated from thoracic aortas of wild-type
C57BL/6 mice were used (Supplemental Figure S3). When
plated on tissue culture plastic in media that contained 10%
fetal bovine serum, primary VSMCs conformed to a heter-
ogenous population that included a diversity of cell shapes
and varying levels of Vcaml and Acta2 protein expression
consistent with the heterogeneity of mesenchymal cells
observed in atherosclerotic lesions in vivo (Supplemental
Figure S3, A and B). It has been reported that TGF-f1
regulates VSMC phenotype and function in CVD* and is
thought to promote the generation of Acta2™ lesional
fibrotic VSMCs as found in fibrotic caps in vivo. Indeed,
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Reduced inflammatory cell content of lesions in fibroblast activation protein (Fap)—deficient female mice. Frozen cross-sections of aortic roots

10 pm thick from 26-week—old male and female Apoe ™~ and Apoe™ ~.Fap ™~ mice were stained with antibodies targeted to adhesion G protein—coupled
receptor E1 (Adgre1) (green) or IgG isotype control (A) and Cd68 (red) or IgG isotype control (C). Lesional Adgre1* monocyte/macrophage (B) and Cd68™
macrophage/foam cell (D) content were quantified and graphed. Fluorescent signal observed in A outside the lesions is tissue autofluorescence that resulted
from elastin in the vessel wall or cardiomyocytes in the surrounding myocardium. Atherosclerotic lesions are highlighted with dotted lines. **P < 0.01,

****p < 0.0001. Scale bars = 200 um.

treatment with 2 ng/mL of TGF-B1 caused a transition to a
more uniform population of spindle-shaped cells, a signifi-
cant increase in Acta2 expression, and a concomitant
decrease in Vcam1 expression, a phenotype reminiscent of
the lesional fibrotic mesenchymal cells observed in vivo
(Supplemental Figure S3, A and B). Quantitative PCR
analysis confirmed that TGF-B1 promoted a fibrotic VSMC
gene expression profile, including increased expression of
Acta2, Tgln, and Myocd (Supplemental Figure S3C).
Furthermore, this finding was coupled with a significant
decrease in the expression of genes associated with lesional
dedifferentiated mesenchymal cells, including Vecaml and
Fap (Supplemental Figure S3D). These data further sup-
ported the notion that Fap is selectively expressed on
lesional dedifferentiated VSMCs relative to medial differ-
entiated VSMCs or lesional fibrotic VSMCs and suggests
that TGF-B1 may contribute to the generation of the lesional
fibrotic VSMC phenotype.

Deletion of Fap Increases Atherosclerotic Lesion
Progression in Vivo

The above data confirmed the expression of Fap in the
Apoe™~ murine model of atherosclerosis. To determine the

The American Journal of Pathology m ajp.amjpathol.org

net effect of Fap on the progression of the disease, Apoe "~
mice were crossed to Fap™’~ mice to generate genetically
engineered Apoe ’~.Fap '~ mice. Male and female Apoe "~
and Apoe ”".Fap™’~ mice fed a chow diet were aged to 22
or 26 weeks and then compared for atherosclerotic lesion
burden (Figure 4). At 22 weeks of age, aortic Oil Red O
staining showed a significant increase in atherosclerotic
lesion area in male Apoe ’ .Fap’~ mice compared with
Apoe™ mice. No differences in lesion area were observed
in female Apoe™.Fap™'~ mice compared with Apoe™”~
mice at this time point (Figure 4A). Cross-sectional lesion
area analysis of hematoxylin and eosin—stained aortic root
sections also showed a significant increase in lesion area
(either per individual lesion or mean lesion area per mouse)
in male Apoe ™ ".Fap~’~ mice compared with Apoe ™~ mice
(Figure 4B), but there was no difference between the two
genotypes among female mice at 22 weeks of age
(Figure 4B). At 26 weeks of age, lesion burden continued to
be significantly accelerated in male Apoe ”.Fap '~ mice
compared with Apoe™~ mice, as shown by Oil Red O
staining of aortas as well as in the aortic root, respectively
(Figure 4, C and D). Moreover, by 26 weeks of age lesion
burden in aortas of female Apoe . Fap™’~ mice was also
significantly increased over Apoe ”~ (Figure 4C), although
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Figure 9

Reduced accumulation of M1 and Mox macrophages in lesions of fibroblast activation protein (Fap)—deficient female mice. Frozen cross-sections

of aortic roots 10 pum thick from 26-week—old male and female Apoe ™~ and Apoe™~.Fap™~ mice were co-immunostained with antibodies targeted for Cd68
(red) and Nos2 (green) for M1s (A), Cd68 (red) and Cd206 (green) for M2s (B), and Cd68 (red) and heme oxygenase (Hmox1) (green) for Moxs (C).
Atherosclerotic lesions are highlighted with dotted lines. M1 (D), M2 (E), and Mox (F) content was quantified and graphed. *P < 0.05, ****P < 0.0001. Scale

bars = 200 pm.

there was still no difference in lesion burden in cross-
sections of their corresponding aortic roots at this time
point (Figure 4D). Consistent with a prior study using
Apoe™” mice,”” aortic root lesions in female Apoe ”~ and
Apoe™~.Fap™~ mice were consistently significantly larger
than their genetic counterparts in male mice at both 22 and
26 weeks of age (Figure 4, B and D). The differences in
lesion burden between genotypes were independent of
changes in circulating levels of serum cholesterol or tri-
glycerides, which were comparable between genotypes
(Supplemental Figure S4). Thus, Fap restrains atherosclerosis
in both sexes, but the effect is detectable earlier in males.
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Sexually Dimorphic Impact of Fap Deletion of Matrix
and Lipid Content of Atherosclerotic Lesions

We sought to determine if the increase in atherosclerotic
lesion burden in Fap-deficient mice coincided with
morphologic changes within lesions. For accurate compar-
ison, all subsequent analyses of lesion content described
below were based on comparisons between similar-sized
aortic root lesions with an area of log;y >0.01 mm?
(Figure 4D). The proteolytic activity of Fap is known to be
intricately involved in the ordered enzymatic degradation of
fibrillar collagen that affects cellular behavior and matrix
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Table 2 Summary of Profiling of Atherosclerotic Lesion Composition

Males Females
Lesion feature apoE™ apoE~ ~.FAP~/~ apoE ™~ apoE~ ~.FAP~/~
Aortic lesion burden + ++ + ++
Root lesion size + + 4+ 4 4+
Lipid content + + + +
Total collagen + + + +
Fibrillar collagen + + + +
Coll ++ + +- ++
Fn1 ++ ++ ++ +
Col1/Fn1 colocalization + + + +
Col1 only (no overlap with Fn1) ++ + ++ +++
Fn1 only (no overlap with Col1) ++ ++ o+ +
Vcam1 + + + +
Acta2 ++ + 4+ 4+
Fibrotic caps + + + +
Cap thickness + + + +
Cap length + + + +
Adgre1™ leukocytes ++ ++ ++ +
Cd68™ inflammatory cells ++ ++ ++ +
M1 macrophages ++ +4 + +
M2 macrophages + + + +
Mox macrophages ++ ++ 4+ +

Lesion feature detected at moderate (+), increased (+-+), and highly abundant (+++) levels.
Acta2, a-smooth muscle actin; Adgrel, adhesion G protein—coupled receptor E1; Coll, collagen type I; Fn1, fibronectin; Vcam1, vascular cell adhesion

molecule 1.

content in other disease settings.'’'>**"#*°! Male and
female Apoe ™~ and Apoe ™ .Fap™’~ mice 26 weeks old
were therefore first analyzed for total collagen, fibrillar
collagen, and lipid content by staining aortic root
cross-sections with a modified Masson’s Trichrome, Pic-
rosirius Red, and Oil Red O, respectively (Figure 5). Ge-
netic deletion of Fap did not alter total collagen (Figure 5A),
fibrillar collagen (Figure 5B), or lipid content (Figure 5C) in
male or female Apoe_/ ~ mice. Moreover, no significant
differences were found in any of these parameters between
lesions in male Apoe ™~ versus female Apoe ™~ mice.
Interestingly, however, lesions in female Apoef/ 7.Fap7/ -
mice exhibited increases in total and fibrillar collagen con-
tent as well as decreased lipid content compared with male
Apoe™".Fap™~ counterparts (Figure 5 and Supplemental
Figure S5A). Thus, deletion of Fap revealed a sex-specific
difference in the fibrotic component of Apoe ™ lesions.
This study further compared matrix protein content of
lesions by multiplex immunostaining of aortic root sections
of Apoe™™ and Apoe ™ .Fap™'~ mice for Coll, Fnl, and
Lamal (Figure 6). Lamal staining was abundant in the
surrounding cardiac muscle but was minimal within neo-
intima of lesions. Lamal was, however, detected in fibrotic
caps when present (Figure 6, A and E). In contrast, Coll and
Fnl were abundant in lesions (Figure 6A). No changes were
observed in lesional Coll area between groups (Figure 6B),
although a modest yet significant decrease in the mean in-
tensity of the Coll (Supplemental Figure S5B) was
observed in male Apoe ™’ .Fap™’~ mice compared with
male Apoe™~ mice. In addition, female Apoe " .Fap ™~
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mice had increased Coll signal intensity compared with
male Apoe " .Fap™’~ mice consistent with data for total
collagen presented in Figure 5 (Supplemental Figure S5B).
Fnl lesional area or staining intensity was unchanged in
male Apoe ™ ".Fap™~ mice compared with male Apoe ™~
mice (Figure 6C and Supplemental Figure S5C). However,
female Apoe™~.Fap™~ mice had a significantly decreased
Fnl area compared with female Apoe™”~ mice and
compared with male Apoe™".Fap™~ mice (Figure 6C).
Thus, the sexually dimorphic effect of Fap deletion on
matrix content was evident based on the effect on both Coll
and Fnl. No changes were observed in total Fnl staining
intensity between the female groups (Supplemental
Figure S5C).

Interestingly, analysis of the distribution of immuno-
staining clearly demonstrated that Coll and Fnl were
localized to distinct regions within lesions (Figure 6D).
Specifically, Fnl* areas (nonoverlapping with Coll) were
commonly found on the luminal side of the neointima (large
arrow), whereas Fn1-Coll overlapping regions and Coll™
areas (nonoverlapping with Fnl) were localized to the
central areas of lesions and more proximal to the media,
respectively. We hypothesized that regional heterogeneity in
matrix composition may reflect regional heterogeneity of
distinct cellular phenotypes and therefore investigated
whether this regional heterogeneity was altered on global
deletion of Fap. Fnl—Coll-I double-positive areas were
unchanged between genotypes or based on the sex of the
mice (Figure 6E). Coll-I signal intensity in this subregion
was decreased in male Apoe ”~.Fap™’~ mice compared with
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male Apoe™™ mice and female Apoe ™’ .Fap™’~ mice
(Supplemental Figure S5D). Fnl staining intensity in this
subregion remained unchanged between  groups
(Supplemental Figure SSE). Fnl* subregions (nonoverlap-
ping with Coll) were not different in area or signal intensity
between genotypes within the male and female cohorts
(Figure 6F and Supplemental Figure S5F). However, Fnl
staining intensity in this subregion was modestly yet
significantly increased in female Apoe ™ .Fap™~ mice
compared with male Apoe ”.Fap™’~ mice (Supplemental
Figure S5F) despite a modest decrease in collagen area
(Figure 6F). Finally, Col1™ areas (nonoverlapping with Fn1)
were unchanged between genotypes in male mice
(Figure 6G), although Coll signal intensity in this subregion
was decreased in male Apoe ~.Fap ™'~ mice compared with
the male Apoe ™ mice (Supplemental Figure S5G). How-
ever, in this subregion in female mice, the Coll area was
significantly increased in Apoe ™ .Fap™’~ mice compared
with Apoe™~ mice, with no change in Coll intensity be-
tween these groups (Figure 6G and Supplemental
Figure S5G). In addition, Coll area and intensity were
higher in this subregion in female Apoe ™ .Fap '~ mice
than their male genetic counterparts.

Taken together, these data further indicate that Fap may
regulate atherosclerotic lesion content in a sexually dimor-
phic manner. In males, Fap deletion accelerated the disease
without affecting lesional ECM phenotype. Conversely in
females, Fap deletion also accelerated atherosclerosis that
was accompanied by ECM phenotypic changes. These data
also indicate that matrix composition can be used to map
spatial heterogeneity in lesion architecture beyond neo-
intima and fibrotic caps to define ECM-based subregions of
neointima.

Deletion of Fap Does Not Alter Lesional Mesenchymal
Cell Subpopulations

Next, it was determined if the matrix changes coincided
with alterations in the subpopulations of lesional mesen-
chymal cells, the primary cells in lesions responsible for
matrix deposition. Aortic root cross-sections from 26-
week—old male and female Apoe ™~ and Apoe ™" .Fap™~
mice were therefore immunostained for the spatially distinct
markers Vcaml and Acta2 (Figure 7). Lesional Vcaml
content was similar between groups (Figure 7, A and B).
Medial Vcaml expression was also comparable between the
groups (Supplemental Figure S5H). Lesional Acta2 content
in male Apoe™".Fap™~ mice was significantly decreased
when compared with male Apoe ™~ mice, although no dif-
ferences were observed between genotypes in female mice
(Figure 7, C and D). Given the fact that lesional Acta2
expression was restricted to fibrotic caps, these were
analyzed further. It is still unclear how Acta2™ fibrotic caps
form, be it direct outgrowth from medial differentiated
Acta2®™ VSMCs in the vessel wall or a partial rediffer-
entiation of lesional dedifferentiated Vcam1™ mesenchymal

1132

cells. The study therefore sought to determine if Fap was
implicated in the occurrence and/or size of fibrotic caps
in vivo. The occurrence of lesions with fibrotic caps was not
affected in either sex on global deletion of Fap (Figure 7E).
Of those lesions in which fibrotic caps were present, no
significant changes in cap thickness (Figure 7F) or cap
length (Figure 7G) between genotypes were observed,
although a small yet significant increase in cap length was
observed in female Apoe’".Fap™’~ mice when compared
with male Apoe ™ .Fap™"~ mice (Figure 7G). These data
together suggested that Fap did not significantly affect the
relative prevalence or the regional distribution of mesen-
chymal cell subpopulations or fibrotic cap morphology.

Sexually Dimorphic Fap-Dependent Regulation of
Inflammation and Mox Macrophage Content in
Atherosclerotic Lesions

The above data have so far concerned how global deletion of
Fap affected lesion morphology by analyzing the cellular and
ECM components of the fibrotic response. It is well established
that the recruitment and differentiation of circulating mono-
cytes and lesional inflammation play just as important a role in
atherosclerosis and that the balance between the inflammatory
and fibrotic responses may be critical to disease outcome. To
determine if Fap has the potential to also affect lesional
inflammation, aortic root cross-sections from 26-week—old
male and female Apoe™~ and Apoe ™ .Fap™’~ mice were
immunostained for the pan-monocyte/macrophage marker
F4/80 (Adgrel), macrophage/foam cell marker Cd68, or their
respective isotype IgG controls (Figure 8). Adgrel content was
unchanged between genotypes in male mice but was signifi-
cantly decreased in female Apoe . Fap ™~ mice compared
with female Apoe ™ .Fap™~ mice or male Apoe ™ .Fap™’~
mice (Figure 8, A and B). Lesional Cd68 content followed the
same pattern, with significantly decreased Cd68 content
observed in female Apoe ™. Fap ™'~ mice compared with fe-
male Apoe ™ mice or male apoE "~ FAP™"~ mice (Figure 8,
C and D). Combined, these data indicate that global deletion of
Fap had a sexually dimorphic effect on lesional inflammation,
with the effect greater in female than male mice.

Recent reports have suggested that different macrophage
subpopulations, such as proinflammatory M1 macrophages,
anti-inflammatory M2 macrophages, and oxidizing Mox
macrophages can have counterbalancing roles in inflamma-
tion in the context of atherosclerosis.”” Therefore, the role of
Fap in regulating the distribution of macrophage sub-
populations in lesions was studied (Figure 9). Multiplex im-
munostaining for the pan macrophage marker Cd68 with
specific markers for M1 (Nos2), M2 (Cd206), or Mox
(Hmox 1) macrophages showed striking spatial heterogeneity
in the distribution of these various macrophage phenotypes.
M1 macrophages were detected in lesions and occasionally in
adventitia (Figure 9A). Contrarily, M2 macrophages were
largely restricted to adventitia with only sparse representation
within lesions (Figure 9B). Mox macrophages were abundant
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and accumulated in greater numbers than M1 macrophages
within lesions (Figure 9C). Furthermore, female Apoef/ -
mice or female apoE~.FAP™"~ mice had reduced lesional
M1 macrophage content than the respective genotypes in
male mice, but no differences were observed between Fap
genotypes within either sex (Figure 9D). No significant
changes were detected between any groups in adventitial
M2 macrophage content between Fap wild-type and Fap-
deficient male or female mice (Figure 9E), although signifi-
cant yet modest increases in the small numbers of M2
macrophages in lesions were observed in female Apoe ™~
mice or female apoE~~.FAP™~ mice compared with their
respective genotypes in male mice (Supplemental
Figure S5I). The most striking effect of Fap deletion was
on the prevalence of Mox macrophages, which were mark-
edly decreased in female Apoe ™ .Fap™'~ mice compared
with female Apoe ™ mice or male Apoe ’".Fap™’~ mice
(Figure 9F). These data indicate that Fap deletion also affects
the inflammatory response in a sexually dimorphic manner by
reducing the accumulation of M1 and Mox macrophages
in females.

Discussion

In summary, this study builds on the very limited data
regarding FAP in CVD to show that Fap is expressed in
lesions in a murine model of atherosclerosis, mirroring the
findings in human disease.””* These reports showed that
FAP expression in human lesions increased with plaque
severity. In the Apoe ™~ mouse model this was not the case,
with Fap expression following a normal distribution (during
the time points examined), with peak expression observed at
30 weeks in males, whereas Fap expression was relatively
consistently independent of time in females. These differ-
ences may be due to the experimental model. Indeed,
although Apoe™™ mice and the well-used Ldlr~~ mouse
are excellent models of atherosclerosis, they do not identi-
cally replicate the human disease. Notably, the arterial sites
where they develop are not identical, and mice do not
develop unstable plaques even in the face of severe hyper-
cholesterolemia.”™ The robust FAP expression observed
suggested that the Apoe ™ model would act as an adequate
surrogate for human disease despite these shortcomings.
The previous findings in human disease suggested that
FAP expression was limited to VSMCs.** It has been pre-
viously reported that Fap is robustly expressed in a subset of
activated fibroblasts as well as the anti-inflammatory M2
subset of macrophages in the context of solid tumors.”’
Both these cell types are localized to sites of atheroscle-
rosis (fibroblasts being restricted to the adventitia); there-
fore, it was important to determine the cellular localization
of Fap in the Apoe "~ mouse model. Co-immunostaining of
Fap with the mesenchymal cell marker Vim (and not with
the inflammatory cell marker Cd68) suggested that Fap was
expressed on cells of mesenchymal origin in lesions.
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Primary VSMCs examined in vitro revealed that Fap
expression correlated with Vcam1 expression. Furthermore,
Fap expression was inversely correlated with expression of
Acta2, when stimulated with thTGF-B1. These data sug-
gested that Fap was expressed on the subset of lesional
dedifferentiated VSMCs rather than medial differentiated or
lesional fibrotic VSMCs found in the vessel wall or fibrotic
cap, respectively. Indeed, co-immunostaining of Fap with
Acta2 in vivo clearly showed that Fap™- and Acta2 " -stained
regions in atherosclerosis were nonoverlapping. This finding
is in concordance with previous data that showed that Fap ™
and Acta2™ cell populations can be mutually exclusive or
overlapping, depending on the pathological setting.”*
Interestingly, co-immunostaining of Fap with the mesen-
chymal cell marker Vcaml in vivo showed instances in
which both proteins were co-localized and instances in
which Fap was present in the absence of Vcaml or vice
versa. As discussed, lesional mesenchymal cells, represent a
heterogeneous population in atherosclerosis, with lineage
tracing studies showing that cells of VSMC origin can take
on markers of inflammatory/macrophage-like cells,
including Cd68 and LGALS3.'"*"**> Therefore, Fap may be
identifying a previously uncharacterized subpopulation or
transitional state of lesional dedifferentiated VSMCs. It is
certainly possible that Fap*Vcam1™ versus Fap"Vcam1 ™~ or
Fap~ Vcam1™ lesional VSMCs have distinct characteristics
that affect ECM deposition, remodeling, and -cellular
signaling in the lesional milieu. Going forward, it will be
interesting to explore how these dedifferentiated subsets of
VSMCs affect the progression of atherosclerosis.

Genetic deletion of Fap in Apoe™~ mice accelerated
atherosclerosis in both males and females. This finding was
in contrast to previous findings in cancer, where genetic
deletion of Fap or targeted deletion of Fap™ cells by T-cell
immunotherapy significantly disrupted and slowed tumor
progression.”’”” This finding suggests that therapeutic tar-
geting of FAP for the treatment of atherosclerosis may not
be suitable. The targeted deletion of FAP" cells may
differently alter the progression of atherosclerosis, hypo-
thetically by reducing dedifferentiated neointimal mesen-
chymal cell populations and therefore reducing lesion
burden. However, a reduction in the number of lesional
dedifferentiated mesenchymal cells may have the adverse
effect of tipping the counterbalance of lesion content toward
inflammation, therefore increasing the risk of plaque rupture
leading to a myocardial event. In any case, this finding
highlights that due care needs to be taken when therapeu-
tically targeting FAP for certain diseases’® because it may
lead to adverse complications in other pathological settings.

It was next determined if the increased atherosclerosis
observed in Apoe ™’ .Fap™~ mice was coupled with
morphologic changes in lesional cellular make-up and/or
ECM architecture. In Apoe_/ ~ mice, levels for most of the
markers examined were comparable between males with the
exception of M1 and M2 macrophages (M1s were slightly
lower in females, whereas M2s were slightly higher).
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However, in many instances, the levels of markers between
sexes in Apoe’ .Fap™~ mice were different. Total
collagen area, fibrillar collagen area/intensity, Coll in-
tensity, fibrotic cap length, and Fnl intensity were higher in
female Apoe” .Fap™’~ mice compared with males.
Conversely, lipid content, total Fnl area, Adgrel content,
Cd68 content, M1 macrophage content, and Mox macro-
phage content were all lower in female Apoe ™ .Fap™~
mice compared with males. Although many of these dif-
ferences were modest (yet statistically significant), these
combined data show that Fap has sexually dimorphic roles,
may play a greater role in cellular mechanisms in females
compared with males, and targeting Fap in females may
have sex-specific effects. To determine the net effect of
deletion of Fap on lesional morphology within each sex, a
composition profile for each cohort was created (Table 2). In
males, deletion of Fap accelerated atherosclerosis without
significantly altering lesion composition; only minor de-
creases were observed in Coll and Acta2 content. In
contrast, deletion of Fap in females also accelerated
atherosclerosis that was accompanied with marked changes
in ECM composition and inflammation. Coll-rich areas
were increased coupled with a decrease in Fnl-rich regions.
Furthermore, total macrophage content and specifically Mox
macrophages were significantly decreased. Interestingly, the
expression of Hmox1 (the marker for Mox macrophages) is
generally thought to negate vascular inflammation and foam
cell formation and protect against atherogenesis.”’ It has
also been reported that a subset of M2 macrophages mediate
immune suppression in tumors via the Hmox1 pathway.’®
Little to no M2 macrophages were observed within lesions
in this study, and they were only detected sporadically in the
adventitia. Although adventitial M2 macrophages may play
an important role, any disease outcomes in this instance
mediated via Fap and Hmox1 are more likely to arise from
VSMC-Mox macrophage crosstalk. This study postulates
that lesional Fap expression and the generation of collagen
fragments is creating an inflammatory environment for the
recruitment and retention of Mox macrophages. Curiously,
this Fap-dependent inflammatory milieu may be anti-
atherogenic and a critical step in restraining atherosclerosis
because deletion of Fap increased lesion size coupled with a
decrease in Mox macrophage content. This hypothesis
opposes previous findings in which expression of the elas-
tase Mmpl2 on Mox macrophages promoted atheroscle-
rosis,'” suggesting that reduced accumulation of these cells
may attenuate the disease. This finding can be explained as
deletion of Fap also increasing the fibrotic content of
lesions, which in turn overcomes the attenuated athero-
sclerotic phenotype observed by reducing levels of Mmp12
and leads to a net increase in lesion burden. Interestingly, a
shift in the balance to lesional fibrosis versus inflammation
(as we observed in Apoe’~.Fap~’~ female mice) alterna-
tively supports disease outcome by favoring plaque stability.
Whether Fap is directly involved in cellular processes in
both compartments and affects changes in cellular crosstalk

1134

directed from one cell population to the other is a complex
question for future studies. Nevertheless, it will be critically
important going forward to understand the net effect of
targeting Fap on both the fibrotic and inflammatory re-
sponses to best determine its long-term effects on the
disease.

These findings clearly show the existence of sexually
dimorphic Fap-dependent mechanisms in atherosclerosis.
Regarding sex, it is well established that sex hormones are
intimately involved in the pathogenesis of atherosclerosis.
There is a strikingly lower incidence of myocardial infarc-
tion in premenopausal women than men of the same age,
followed by a dramatic increase in coronary risk after
menopause.’”*” Indeed, estrogen is involved in the behavior
of the major cell populations in atherosclerosis, including
endothelial cells, VSMCs, macrophages, and dendritic
cells.®' Generally speaking, estrogen signaling is considered
to be antiatherogenic by promoting vasorelaxation via
increased production of nitric oxide and PGl,, decreased
expression of the adhesion molecules Vcaml and intercel-
lular adhesion molecule 1, and increased proliferation in
endothelial cells. Furthermore, its antiatherogenic effects
extend to the neointimal cells, reducing Cd36-depedent
cholesterol ingestion and inflammatory cytokine produc-
tion (tumor necrosis factor-o,, monocyte chemoattractant
protein-1, and NF-kB among others) in macrophages.’’
Antiatherogenic effects on VSMCs have also been estab-
lished, including decreased proliferation and migration,
reduced reactive oxygen species production, and production
of the proinflammatory cytokines monocyte chemoattractant
protein-land endothelin-1."** Because FAP is predomi-
nantly expressed by lesional dedifferentiated mesenchymal
cells (purportedly VSMCs) in atherosclerosis, any estrogen-
Fap—dependent differences seen in our study may hypo-
thetically arise from this population. These findings suggest
that Fap may be a novel negative regulator of estrogen
signaling, particularly in VSMCs. In the absence of Fap,
VSMC-estrogen—dependent antiatherogenic signaling is
increased, leading to further decreased proinflammatory
cytokine/reactive oxygen species production and subse-
quently reduced lesional inflammation. In addition, in the
absence of Fap, proteolysis of fibrillar collagen may be
impaired, leading to increased fibrosis and reduced collagen
fragmentation and uptake, a known stimulant of inflamma-
tion.”” In light of the findings reported here, if would be
interesting to more fully identify Fap-dependent mecha-
nisms involved in the development of profibrotic/anti-
inflammatory lesions in females to develop new therapeu-
tic strategies to potentially reduce the risk of plaque rupture
and myocardial events.

Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.ajpath.2020.01.004.
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