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HIGHLIGHTS

® CD13 deficiency in bone marrow derived macrophages led to increased nitric oxide production (oxidative stress) with oxLDL treatment.
® Increased oxidative stress in CD13 deficient bone marrow derived macrophages led to amplified apoptosis.

® Absence of CD13 led to larger atherosclerotic lesions in high fat diet-fed CD13™/~Ldlr~/~ mice.

® Atherosclerotic lesions from CD13~/~Ldlr~/~ mice contained higher number of apoptotic cells.
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ABSTRACT

Background and aims: Atherosclerosis is an inflammatory cardiovascular disorder characterized by accumulation
of lipid-loaded macrophages in the intima. Prolonged accumulation leads to apoptosis of macrophages and
eventually to progression of lesion development. Prevention of macrophage accumulation within the intima has
been shown to reduce lesion formation. Since CD13 mediates trafficking of macrophages to sites of injury and
repair, we tested the role of CD13 in atherosclerosis.

Methods: CD13%/*Ldlr~/~ and CD13~/~Ldlr~’~ (low density lipoprotein receptor) mice were fed basal or high
fat diet (HFD) for 9, 12 and 15 weeks. Mice were euthanized and aortic roots along with innominate arteries
were analyzed for atherosclerotic lesions. Cellular mechanisms were determined in vitro using CD13*/* and
CD13~/~ bone marrow derived macrophages (BMDMs) incubated with highly oxidized low-density lipoprotein
(oxLDL).

Results: At the 9 and 12 week time points, no differences were observed in the average lesion size, but at the 15
week time point, CD13~/"Ldlr~/~ mice had larger lesions with exaggerated necrotic areas. CD13*/* and
CD13/~ macrophages endocytosed similar amounts of oxLDL, but CD13~/~ macrophages generated higher
amounts of oxidative stressors in comparison to CD13"/* macrophages. This increased oxidative stress was due
to increased nitric oxide production in oxLDL treated CD13~/~ macrophages. Accumulated oxidative stress
subsequently led to accelerated apoptosis and enhanced necrosis of oxLDL treated CD13~/~ macrophages.
Conclusions: Contrary to our prediction, CD13 deficiency led to larger atherosclerotic lesions with increased
areas of necrosis. Mechanistically, CD13 deficiency led to increased nitric oxide production and consequently,
greater oxidative stress.

1. Introduction

primarily by macrophages in both initiation and progression of the
disease. Atherosclerotic lesion development is characterized by accu-

Atherosclerosis is an inflammatory cardiovascular disorder driven mulation of lipid-loaded, functionally impaired macrophages in the
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intima of large vessels [1]. Intimal lipid-loaded macrophages eventually
die by apoptosis [2] and in advanced lesions, accumulate and over-
whelm normal clearance mechanisms. This results in the formation of
large necrotic areas that can rupture and initiate thrombus formation
leading to stroke or myocardial infarction. Not surprisingly, systemic
depletion of macrophages [3] or macrophage-specific deletion of in-
flammatory signaling mediators such as TLR4*, MyD88* and IRF3 [5]
has been shown to reduce atherosclerotic burden and highlights the
critical role of macrophages in initial lesion development. Therefore, a
better understanding of the molecules and pathways contributing to
macrophage infiltration and retention in the intima will be useful in
designing optimal therapeutic strategies.

CD13 is a multifunctional, cell-surface N-terminal aminopeptidase
that plays an important role in pro-inflammatory processes such as
TLR4 signaling [6], receptor-mediated, dynamin-dependent en-
docytosis of various receptors [7], angiogenesis [8], cell-cell and cell-
matrix adhesion [9] and monocyte trafficking and macrophage accu-
mulation in inflammatory sites [10]. Since these processes all play vital
roles in inflammation and, consequently, initiation and progression of
atherosclerotic lesions, we hypothesized that CD13 will exacerbate
disease by promoting inflammation and thus intensify atherosclerotic
lesion formation.

In this study, we directly addressed the role of CD13 in athero-
sclerosis using the Ldlr-deficient, high fat diet (HFD) atherosclerotic
model crossed with CD13*/* (wild type) and CD13”" mice. Contrary to
our prediction, we observed that over time the lack of CD13 resulted in
larger atherosclerotic lesions characterized by an increase in lesional
necrotic area and higher numbers of apoptotic cells. Determining the
cellular mechanisms underlying this phenotype led us to conclude that
CD13” macrophages generate higher amounts of oxidative stress due to
increased nitric oxide production. We have previously shown that the
absence of CD13 leads to increased nitric oxide production with LPS
treatment due to biased endosomal TLR4 signaling [6]. In this study, we
show that the increased nitric oxide production is also seen in the
context of oxLDL treatment. From these results, we also established the
critical role of CD13 in maintaining homeostatic levels of oxidative
stressors.

2. Materials and methods

We declare that all supporting data are available within the article
and Supplemental Files.

2.1. Generation of CD13~/ " Ldlr~/~ mice

Global CD13™/~ mice (C57BL/6J strain) generated in our lab [11]
were crossed to Ldlr~’/~ mice to generate CD13%/~Ldlr*/~ hetero-
zygote mice. Heterozygote mice were crossed to generate CD13~/
~Ldlr~/~ mice. Tail snips were genotyped to identify double knockout
mice and immunoblots for CD13 and Ldlr were performed to validate
knockout of CD13 and Ldlr. Parental Ldlr~/~ mice were used as CD13
wild type controls. Female CD13"/*Ldlr~/~ and CD13~/ Ldlr~’~
mice were saved for breeding and only male mice were used for all in
vivo experiments. Mice were housed in animal facilities at University of
Connecticut Health Center and all experiments were performed in ac-
cordance with a protocol approved by The Institutional Animal Care
and Use Committee.

2.2. High fat diet (HFD)
High fat diet (TD.88137) was purchased from Harlan Teklad and is

currently available from Envigo, IN, USA. Mice were fed basal diet or
HFD for 9, 12 and 15 weeks.
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2.3. Total cholesterol and triglycerides quantification assay

Plasma from basal diet and high fat diet fed mice was collected and
total cholesterol as well as triglycerides content was determined using
Cholesterol LiquiColor kit (1010) and LiquiColor Triglycerides kit
(2100) (Stanbio, TX, USA), respectively. Cholesterol standards ranging
from 0 to 200 mg/dL and plasma samples were mixed with cholesterol
reagent and incubated for 20 min at 37 °C. Triglyceride standards ran-
ging from O to 200 mg/dL and plasma samples were mixed with tri-
glyceride activated reagent and incubated for 10min at 37°C.
Absorbance was read at 500 nm, cholesterol and triglyceride content
was determined using respective standards.

2.4. Immunofluorescence analysis

Frozen sections of innominate arteries were hydrated in PBS and
blocked with 1% BSA/PBS. Sections were incubated with primary an-
tibodies for 2 h at room temperature. Primary antibodies were detected
with fluorophore conjugated secondary antibodies and nuclei were
stained with DAPIL.

Fluorescent images were analyzed with Fiji software [12] to de-
termine the percentage of positively stained cells. Individual channel
images were converted to 8-bit and regions of interest were drawn to
encapsulate the plaques. Threshold levels for each channel were de-
termined and kept constant between different images. Size tool was
used to identify intact cells and total number of cells were determined
using analyze particles tool. Number of positively stained cells were
normalized to total number of cells (DAPI positive) and expressed as a
percentage.

2.5. TUNEL assay and efferocytosis analysis

Click-iT™ Plus TUNEL assay kit was purchased from Thermo Fisher
scientific, MA, USA (C10618). Formalin fixed paraffin embedded sec-
tions of aortic roots were stained as per manufacturer's instructions.
Sections were subsequently immunostained with F4/80 antibody to
identify macrophages. Fluorescent images were taken from multiple
regions within the lesions. Total number of apoptotic cells were de-
termined by counting the number of TUNEL positive cells. For effer-
ocytosis analysis, TUNEL positive cells were classified as either “mac-
rophage associated” if they were found within or closely associated
with F4/80 positive cells or “free” if they were not within or closely
associated with F4/80 positive cells. Efferocytosis efficiency was de-
termined by calculating the ratio of free to macrophage-associated
apoptotic cells with a high ratio indicating reduced efferocytosis.

2.6. Histochemical analysis of atherosclerotic lesions

2.6.1. Oil red O staining

Frozen sections of aortic roots were fixed with 4% PFA and stained
with Oil red O (C.I. 26125, Sigma-Aldrich, MO, USA) for 15 min at room
temperature. Sections were counterstained with hematoxylin QS for
40s. Slides were mounted with glycerol/PBS and bright field images
were taken. Images were analyzed with Image-Pro Plus software to
determine the density of Oil red O stain within the lesions.

2.6.2. Hematoxylin and Eosin staining

Frozen sections of innominate arteries were hydrated and stained
with Hematoxylin and Eosin stain. Bright field images were analyzed
with Fiji software. Necrotic area within the lesions were identified as
regions devoid of cells. Necrotic area was normalized to total lesional
area and expressed as percent necrotic area.

2.6.3. Trichrome staining
Masson's 2000 trichrome kit was purchased from American
MasterTech Inc., CA, USA (KTMTR2). Formalin fixed paraffin
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embedded sections of aortic roots were stained using microwave
method as per manufacturer's instructions. Bright field images were
analyzed with Fiji software to quantify the necrotic area as well as the
total lesion area.

2.6.4. Bone marrow derived macrophages (BMDMs) and oxidized LDL
(oxLDL)

Bone marrow cells were obtained from femur and tibia of 3 different
CD13%/* and CD13™/ mice for every experiment. Red blood cells
were lysed, and bone marrow cells were seeded in DMEM medium
supplemented with 10% fetal bovine serum, penicillin, streptomycin
and 20 ng/mL M-CSF (315-02, Peprotech, NJ, USA). Fresh media was
added on day 3 and cells were cultured for 5 days in differentiation
media. All experiments on BMDMs were started on day 5.

Different lots of oxLDL (J65261 - Alfa Aesar, MA, USA) were used
for all experiments and the oxLDL content ranged from 35.7 to 86
nmoles of MDA/mg of protein. The majority of the experiments were
performed with 80 pug/mL of oxLDL with only the apoptosis assay being
performed with both 80 ug/mL and 150 pg/mL of oxLDL.

2.6.5. Isolation of cells from aorta for flow cytometry analysis

Mice were sedated with ketamine-xylazine and perfused with cold
PBS supplemented with 20 U/mL Heparin at a speed of 2 mL/min for a
total of 20 min. Aortas were harvested from the root of the aortic arch
until the abdominal iliac bifurcation and all the fat was removed.
Washed aortas were digested with 1 mL of pre-warmed digestion buffer
(2% FBS, 0.05% w/v hyaluronidase, 0.3% w/v collagenase and PBS).
Tissue was minced and digested for a total of 3 times with 10 min for
the first 2 digestions and 15 min for the third digestion at 37 °C. After
each digestion, tissue was pipetted vigorously (20-25 times) and su-
pernatant was collected in a fresh tube containing 3-5mL of FACS
buffer. Collagenase was removed by spinning the cells at 1200 rpm for
5minat 4°C and suspended the cells in fresh FACS buffer. After col-
lecting all the fractions, cells were filtered through 40 um filter, counted
and stained with appropriate antibodies for flow cytometry.

2.6.6. FITC annexin V apoptosis analysis

Untreated and oxLDL treated BMDMs were detached using cold PBS
supplemented with 2% FBS and 2mM EDTA. 0.1 x 10°cells were
mixed with 5uL each of FITC Annexin V and PI (556547 - BD
Biosciences, CA, USA). Stained cells were analyzed by flow cytometry
with appropriate controls. Late apoptotic cells were identified as FITC
Annexin V and PI double positive cells. The net increase in apoptosis
due specifically to oxLDL treatment was assessed by subtracting basal
apoptotic rates from their respective oxLDL treated levels.

2.6.7. Dil-oxLDL uptake assay

BMDMs were left untreated or treated with Dil-oxLDL (J64164 -
Alfa Aesar, MA, USA) alone or Dil-oxLDL and dynasore for 3h, 6 h and
24 h. At the end of different time points, BMDMs were lysed with RIPA
lysis buffer and total protein content was determined. Fluorescence
intensity of Dil-oxLDL was determined using an excitation wavelength
of 520 nm and read at an emission wavelength of 590 nm. Dil-oxLDL
amounts were determined using standards (0-1000 ng) in RIPA lysis
buffer and normalized to total protein content.

2.6.8. In vitro detection of reactive oxygen species (ROS) and reactive
nitrogen species (RNS)

ROS and RNS were detected using H2DCFDA dye (Thermo Fisher
scientific, D399). BMDMs in 96-well plates were pre-loaded with
H2DCFDA dye (50 uM) for 50 min at 37 °C. Cells were left untreated or
treated with oxLDL alone or oxLDL and dynasore (40 uM) in phenol red
free media for 2h30 min at 37 °C. Hoechst was added to all the wells
and incubated for an additional 30 min at 37 °C. Fluorescence intensity
of DCF was determined using an excitation wavelength of 485 nm and
read at an emission wavelength of 530 nm. Fluorescence intensity of
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Hoechst was determined using an excitation wavelength of 340 nm and
read at an emission wavelength of 480 nm. Fluorescence intensity of
DCF was normalized to fluorescence intensity of Hoechst from the same
well.

2.6.9. L-NMMA (NG—Monomethyl—L—arginine, monoacetate salt) and NAC
(N-acetyl-1-cysteine) treatment

L-NMMA (ab120137 — Abcam, MA, USA) and NAC (A9165 - Sigma-
Aldrich, MO, USA) were obtained. BMDMs in 96-well plates were pre-
loaded with H2DCFDA dye (50 pM) for 50 min at 37 °C. Cells were left
untreated or treated with oxLDL alone or oxLDL + NMMA (0.5 mM) or
oxLDL + NAC (10 mM) in phenol red free media for 1h at 37 °C.
Proceeded with measurement and normalization of DCF fluorescence
intensity as mentioned above.

2.6.10. Nitric oxide assay

Fluorometric nitric oxide assay kit (ab65327 — Abcam, MA, USA)
was obtained. BMDMs were left untreated or treated with oxLDL for 1 h
at 37 °C. Cells were collected and proceeded with nitric oxide quanti-
fication as per manufacturer's instructions.

2.6.11. MitoSOX assay

MitoSOX red mitochondrial superoxide indicator (M36008 -
Thermo Fisher scientific, MA, USA) was obtained. BMDMs in 96-well
plates were pre-loaded with mitoSOX (5uM) for 1h at 37 °C. BMDMs
were left untreated or treated with oxLDL alone or oxLDL + NMMA
(0.5 mM) or oxLDL + NAC (10 mM) in phenol red free media for 3h at
37 °C. Hoechst was added to all the wells and incubated for an addi-
tional 30 minat 37 °C. Fluorescence intensity of mitoSOX was de-
termined using an excitation wavelength of 510nm and read at an
emission wavelength of 580 nm. Fluorescence intensity of mitoSOX was
normalized to fluorescence intensity of Hoechst from the same well.

2.6.12. Statistical analyses

Data from individual experiments is represented as mean = SEM.
GraphPad Prism was used to perform statistical analyses. Values from
individual experiments were analyzed by Kolmogorov-Smirnov test to
determine if the values were normally distributed. Values that were
normally distributed were subsequently analyzed using 2-tailed
Student's t-test and significance was determined (*p < 0.05,
**p < 0.01, ***p < 0.001). Values from 15 week HFD total cholesterol
assay, 15 week HFD percent necrotic area and 15 week HFD necrotic
area measurements were not normally distributed and hence were
analyzed using non-parametric Mann-Whitney U test and significance
was determined (*p < 0.05, **p < 0.01, ***p < 0.001). All the p values
from both Kolmogorov-Smirnov and Mann-Whitney U tests have been
tabulated in the supplementary excel document.

3. Results
3.1. CD137/~Ldlr~’/~ mice developed larger atherosclerotic lesions

To determine the role of CD13 in atherosclerosis, CD13"/ ' Ldlr =/~
and CD13~/~Ldlr~/~ mice were fed basal or HFD and harvested after
9, 12 and 15 weeks of diet. HFD increased plasma total cholesterol
(average ~1000 mg/dL) and triglyceride levels (average ~400 mg/dL)
at all time points when compared to those on basal diet (average cho-
lesterol ~155mg/dL and average triglyceride ~100mg/dL,
Supplemental Fig. I, Fig. 1A and B). Importantly, plasma cholesterol
and triglyceride levels were comparable between CD13*/*Ldlr~/~ and
CD13~/~Ldlr~/~ mice fed HFD, suggesting that the lack of CD13 did
not affect metabolic processes and any observed phenotypic alterations
will be independent of lipid metabolism.

Examination of individual aortic root sections harvested at various
time points showed that as expected, mice fed with HFD progressively
developed lesions of increasing size (as assessed by area of Oil red O
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Levels of total fasting (4 h) plasma cholesterol (A) (n = 6, 3, 17 and 18 respectively) and triglycerides (B) (n = 6, 14 and 14 respectively) were measured in CD13*”
*Ldlr~/~ and CD13~/~ Ldlr~/~ mice fed basal diet or HFD for 15 weeks. Data is represented as mean + SEM. Statistical analysis for total cholesterol assay was
performed using 2-tailed Mann Whitney test while Student's t-test was performed on triglyceride assay values, ns (not significant). (C) Representative images of Oil
red O stained aortic root sections from basal and HFD fed mice at 9 (n = 4 and 6 respectively), 12 (n = 3 and 4 respectively) and 15 week time points (n = 5 and 6

respectively). Scale bar represents 200 pm. (D) Quantification of lesion areas using Image-pro Plus software. Data is represented as mean *

SEM. Statistical analysis

was performed using 2-tailed Student's t-test with **p < 0.01. ns (not significant). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

stain), while mice on a basal diet did not acquire any lesions (Fig. 1C).
Total lesion area measurements showed no differences between
CD13"/*Ldlr~’~ and CD137/"Ldlr~/~ mice (Fig. 1D) at the early
time points of 9 and 12 weeks, suggesting that the formation and initial
progression of lesions was unaffected by the absence of CD13. However,
contrary to our predictions, CD13~/"Ldlr~/~ mice displayed larger
lesions at the later time point (~1.5 fold larger, 15 weeks), indicating
that the long-term progression of lesions is accelerated in CD13~/
“Ldlr~/~ mice. Subsequent experiments were aimed at determining
the potential mechanisms underlying these unexpected results.

3.2. Infiltrating immune cell profiles were identical between CD13"/
*Ldlr~/~ and CD13~/"Ldlr~’/~ atherosclerotic lesions

CD13 plays an important role in monocyte trafficking to and mac-
rophage accumulation at sites of injury and repair [9,10,13] which are
essential for lesion progression, prompting our initial focus on potential
effects on the immune cell profile of CD13"/* and CD13~/" lesions.
We restricted this analysis to the 15-week time point since the
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differences in lesion area were only observed at this time point
(Fig. 1D). Aortas from CD13*/* Ldlr—/~ and CD13~/~ Ldlr—/~ HFD fed
mice were harvested individually and single cell suspensions were
stained to identify different immune cell types by flow cytometry.
Percentages of hematopoietic cells, macrophages, dendritic cells
(Fig. 2A), T cells and B cells (Supplemental Fig. IIA and IIB) were es-
sentially identical between the genotypes. Assessment of potential dif-
ferences in macrophage (F4/80+) and dendritic cell (CD11c+) dis-
tribution in frozen sections of innominate arteries demonstrated that
these populations were predominantly localized to the intima, while a
small population of macrophages was present on the adventitial side
(Fig. 2B). In the intima, small subsets of single-positive cells were ob-
served, while a majority of the cells consisted of a F4/80-CD11c double-
positive subset of dendritic cells [14] (Fig. 2B). To enumerate the
number of F4/80 and CD11c positive cells, images were quantified
using Fiji software [12]. Similar to results seen with the flow analysis,
no differences were observed in the percentage of F4/80 and CD1l1c
positive cells between CD13*/*Ldlr~/~ and CD13~/~Ldlr~/~ mice on
HFD (Fig. 2C). Finally, staining for Mac-3+ macrophages confirmed
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as mean * SEM. Statistical analysis was performed using 2-tailed Student's t-test, (ns — not significant). (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

these findings (Supplemental Fig. IIC and IID). These results are
somewhat surprising but are consistent with our previous observations
demonstrating that CD13 differentially regulates inflammatory pro-
cesses depending on the site and type of inflammatory stimulus
[6,10,13,15].

3.3. CD137/"Ldlr /"
and apoptosis

atherosclerotic lesions showed increased necrosis

Infiltrating immune cell profiles were similar in CD13%/*Ldlr—/~
and CD13~/"Ldlr~/~ mice, yet the lesions were larger in mice lacking
CD13. To understand the reasons for this disparity, we stained in-
nominate artery sections with Hematoxylin and Eosin to compare ne-
crotic areas within the lesions. We observed a nearly two-fold increase
in normalized acellular necrotic area within the CD13~/"Ldlr™"~ le-
sions (~28% necrotic; Fig. 3A and B) as compared to CD13*/*Ldlr~/~
lesions (~14% necrotic; Fig. 3A and B). While this difference was not
statistically significant (p = 0.1143), it may allude to the role of CD13
in determining lesion characteristics. Additionally, trichrome stained
aortic root sections revealed an identical increase in necrotic area in
CD13~/"Ldlr~’~ lesions (Fig. 3C) as seen with innominate arteries,
suggesting that the increased necrosis in the absence of CD13 is in-
dependent of the lesion location.
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Necrotic cores in atherosclerotic lesions result from inadequate re-
moval of apoptotic foam cells [16]. To determine if the increase in
necrotic area in CD13~/ " Ldlr—/~ lesions was due to increased apop-
tosis, aortic roots were analyzed using TUNEL assay to identify and
enumerate apoptotic cells. Additionally, aortic roots were also in-
cubated with F4/80 antibodies to identify macrophages within the le-
sions. Apoptotic cells were observed in both CD13*/*Ldlr~/~ and
CD137/"Ldlr~/~ lesions and were predominantly F4/80 positive
macrophages (Fig. 3D). Quantitation of the entire lesion illustrated that
at the 15 week time point CD13~/~Ldlr—/~ lesions contained a higher
number of apoptotic cells (125.37 cells) in comparison to CD13%/
*Ldlr~/~ lesions (37.4 cells; p = 0.0547), while the number of apop-
totic cells were similar at the 9 and 12 week time points (Fig. 3E). This
suggests that the progression of CD13 ™7~ Ldlr~/~ lesions diverged from
CD13%/*Ldlr~/~ lesions over time, resulting in increased apoptosis
and lesional necrosis. In addition to increased apoptosis, inefficient
efferocytosis leads to expansion of necrotic cores in advanced lesions
[16]. We therefore analyzed the aortic lesions to determine if the
CD13~/"Ldlr~’~ mice showed defective efferocytosis by calculating
the ratio of free to macrophage-associated apoptotic cells. Similar to the
increased apoptosis observed in CD13~/~Ldlr~/~ lesions at the 15-
week time point, we observed decreases in efferocytosis in CD13~/
“Ldlr~’~ lesions (Fig. 3F). While levels of efferocytosis in the CD13*/
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(A) Hematoxylin and Eosin staining of innominate arteries from 15 week HFD fed mice. Scale bar represents 100 um, N (necrotic area). (B) Quantification of
Hematoxylin and Eosin stained bright field images using Fiji software (n = 4 and 6 respectively). Data is represented as mean * SEM. Statistical analysis was
performed using 2-tailed Mann Whitney test. (C) Quantification of trichrome stained aortic root images (15 week HFD) using Fiji software (n = 5 and 9 respectively).
Data is represented as mean + SEM. Statistical analysis was performed using Mann-Whitney test (necrotic core area) and 2-tailed Student's t-test (total lesion area).
(D) Representative fluorescent images of aortic roots from 15 week HFD fed mice stained with TUNEL stain (red), F4/80 (green) and DAPI (blue). Scale bar represents
20 um. (E and F) Quantification of TUNEL stained images using Fiji software to determine total number of apoptotic cells (E) and efferocytosis efficiency (F) (n = 4, 6,
3, 5, 5 and 8 respectively). Data is represented as mean = SEM. Statistical analysis was performed using 2-tailed Student's t-test with **p < 0.01. ns (not sig-
nificant). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

*Ldlr~/~ lesions were similar at all 3 time points, efferocytosis pro- analysis of Annexin V-FITC and PI stained cells to closely monitor the
gressively decreased in CD13~ /" Ldlr—/~ lesions over time. While the progression of apoptosis from early (annexin + /PI -) to late/end stage
variability of the data precluded statistical significance, clearly effer- apoptosis (annexin +/PI +) to necrotic cells (annexin -/PI +) [21].

ocytosis of apoptotic cells is reduced in the absence of CD13 OxLDL treatment of BMDMs of both genotypes increased the percentage
(p = 0.0589, p = 0.0607, p = 0.1407 for 9, 12 and 15 week time of double-positive, late-apoptotic cells over basal readings. However,
points). Taken together, the absence of CD13 led to increased apoptosis apoptosis in BMDMs lacking CD13 was surprisingly and consistently

as well as reduced efferocytosis, which together result in larger necrotic higher than CD13*/" macrophages. Specifically, untreated CD13/~

areas seen in the CD13~/"Ldlr~/~ lesions. macrophages averaged 25.83% apoptotic cells as compared to 9.97% in

CD13%/* macrophages (Fig. 4A and B). Analogously, oxLDL treatment

3.4. OxLDL treatment induced significantly higher apoptosis in CD13~/~ of CD13"/* BMDMs showed an increase in the percentage of apoptotic

BMDMs cells from 9.97% to 22.06%, while CD13~/~ BMDMs rose from 25.83%

to 47.73% (Fig. 4B), resulting in a nearly two-fold net increase in the

High fat diet increases the concentration of circulating lipids, par- rate of oxLDL-induced apoptosis in CD13~/~ macrophages (CD13*/
ticularly oxidized LDL (oxLDL) [17], that are internalized by macro- * =12.09% vs. CDI13~/~ = 21.9%, Fig. 4C).

phages via receptor-mediated endocytosis, promoting foam cell for- To further investigate the mechanisms underlying the increased

mation [18] and eventual apoptotic cell death [19,20]. Initially, to apoptosis in CD13~/~ BMDMs, we treated CD13"/* and CD137/~
determine if the differential rates of apoptotic cell death were due to BMDMs with two different concentrations of oxLDL (80 pg/mL and

lipid-mediated mechanisms, we incubated CD13*/* and CD13™/~ 150 ug/mL) and monitored their progression through the different
BMDM s with highly oxidized LDL for 24 h to mimic the high lipid en- stages of apoptosis over time (24 h and 48 h post-oxLDL treatment). As
vironment [17]. We chose to analyze apoptotic cells by flow cytometric previously, cells were classified as early apoptotic (annexin +/PI -),
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Fig. 4. OxLDL induced significantly amplified apoptosis in CD13~/~ BMDMs.

(A) Representative flow histograms of untreated and oxLDL (80 pg/mL) treated BMDMs stained with Annexin V FITC and propidium iodide (PI). Apoptotic cells were
classified as Annexin and PI double positive cells. (B) Quantification of percent apoptotic cells from flow histograms (n = 3 per genotype). (C) Quantification of
percent apoptotic cells due specifically to oxLDL treatment (oxLDL minus untreated) (n = 3 per genotype). (D) Quantification of early apoptotic, late apoptotic and
necrotic CD13%/* and CD13™/~ BMDMs treated with either 80 ug/mL or 150 pg/mL oxLDL and analyzed after 24h and 48 h by flow cytometry (n = 3 per
genotype). (E) Dil-oxLDL uptake assay - CD13"/* and CD13~/~ BMDMs (n = 3 per genotype) were incubated with Dil-oxLDL (20 pg/mL) for 3h, 6h and 24 h
respectively. Uptake was determined by quantifying fluorescence intensity of extracted Dil-oxLDL and normalized to total protein content. Data is represented as

+

mean

late or end stage apoptotic (annexin +/PI +) and necrotic cells (an-
nexin -/PI +). Flow cytometric analysis at the 24 h time point indicated
that the percentage of early apoptotic cells in CD13"/" macrophages
was higher than in CD137/~ macrophages at both oxLDL doses
(Supplemental Fig. III and Fig. 4D). Alternatively, this analysis clearly
revealed an accelerated, dose-dependent progression of oxLDL-treated
CD13~/~ BMDMs to late apoptosis as compared to CD13*/* BMDMs
(Supplemental Fig. III and Fig. 4D) (p = 0.0547 for 80 ug/mL late
apoptotic cells), while necrotic cells were absent at 24 h in both geno-
types in all conditions. However, by 48 h, the early apoptotic cells seen
at the 24h time point were completely absent in both genotypes
(Fig. 4D), accompanied by a reduction in the percentage of late apop-
totic cells. However, in contrast to the 24 h time point, necrotic cells
predominated at 48h and the CD13~/~ macrophages displayed uni-
formly higher percentages of necrotic cells in a dose-dependent manner
in comparison to CD13%/* BMDMs. Additionally, CD13~/~ BMDMs
showed increased levels of the apoptosis-dependent protein fragment,
cleaved PARP, validating the flow findings (Supplemental Fig. IV). In
summary, cells lacking CD13 showed increased apoptosis in response to
oxLDL treatment.

Finally, it is formally possible that the lack of CD13 alters the in vitro
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SEM. Statistical analysis was performed using 2-tailed Student's t-test, *p < 0.05, **p < 0.01, ***p < 0.001.

differentiation of myeloid cells, thus potentially affecting apoptosis.
However, flow analysis confirmed that untreated and oxLDL-treated
BMDMs of both genotypes showed identical differentiation profiles
with regard to classical myeloid differentiation markers (CD11b, F4/80,
CD206, Supplemental Fig. VA and B), suggesting that the increased
apoptosis in D13/~ BMDMs was independent of the differentiation
status of macrophages. Therefore, using a combination of both flow
cytometric analyses of apoptosis progression and traditional protein
cleavage assays, apoptosis is distinctly enhanced and accelerated in
BMDMs lacking CD13.

OxLDL treatment and its subsequent endocytic uptake [22] have
been shown to induce apoptosis of macrophages in a dose-dependent
manner. We have previously shown that CD13 is a negative regulator of
receptor-mediated endocytic uptake in macrophages and dendritic cells
[6,7], raising the possibility that increased lipid endocytosis in the
absence of CD13 underlies the increase in apoptotic cell death observed
in both the CD13™/~ lesions and CD13~/~ BMDMs. We incubated
CD13"/" or CD13™/~ BMDMs with fluorescent Dil-oxLDL for 3h
(early), 6 h (intermediate) and 24 h (late) time points to assess influ-
ences of CD13 on the kinetics and degree of ligand uptake. Subse-
quently, cells were lysed and fluorescence intensity of internalized Dil-
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oxLDL measured and normalized to total protein content. Endocytosis
of Dil-oxLDL was observed at the earliest time point (3 h) and increased
over time (Fig. 4E). However, no difference in uptake was seen between
CD13*/" and CD13~/~ BMDMs at all time points. Inhibition of dy-
namin-dependent endocytosis with the dynamin inhibitor dynasore
significantly reduced uptake of Dil-oxLDL, but again no differences
were observed between CD13*/* and CD13~/~ BMDMs. This was also
consistent with the patterns of expression of cell surface receptors for
oxLDL between CDI13*/* and CD13~/~ BMDMs. Flow analysis of
CD36 (major oxLDL receptor) [18] and Lox-1 [23] revealed that the
percentage of CD36 and Lox-1 positive cells in untreated BMDMs was
identical (Supplemental Fig. VIA and VIB). Also, oxLDL treatment led to
internalization of CD36 and Lox-1 receptors to similar extent in both
CD13%/* and CD13~/~ BMDMs (Supplemental Fig. VIA and VIB).
From these results, it is clear that CD13 does not regulate endocytosis of
oxLDL and the increase in apoptosis was likely due to differences in
post-uptake processes.

3.5. OxLDL-treated CD13~/~ BMDM:s produced higher levels of oxidative
stress

OxLDL uptake drives pro-inflammatory signaling [24] which sti-
mulates ROS production [25] and subsequent oxidative stress that if
unresolved, leads to apoptosis. To test the role of CD13 on cellular
production of oxidative stressors, CDI13"/* and CD13~/~ BMDMs
were pre-loaded with H2DCFDA dye (fluorescent indicator of ROS and
RNS levels) [26] and treated with oxLDL or oxLDL + Dynasore. Mea-
surement of fluorescence intensity of DCF dye (oxidatively-activated)
after 3h indicated that while oxidative stress increased upon oxLDL
treatment in both CD13*/* and CD13~/~ BMDMs, the levels were
significantly higher in CD13~/~ BMDMs (Fig. 5A and B). This increase
was mediated by dynamin-dependent oxLDL endocytosis, since inhibi-
tion of uptake by dynasore abolished the production of oxidative
stressors in both CD13"/* and CD13™/~ BMDMs to similar levels.
Combining these results with the uptake analysis, it is evident that
CD13~/~ BMDMs endocytose similar amounts of oxLDL in comparison
to CD13"/* BMDMs and yet show increased oxidative stress.

The important role played by TLR4 (Toll-like receptor 4) in oxLDL
uptake and subsequent signaling has been well established [4,27,28].
The absence of TLR4 or MyD88 has been shown to reduce the athero-
sclerotic burden as well as plaque infiltration of macrophages [4]. We
have previously shown that the LPS-TLR4 signaling in cells lacking
CD13 is biased towards endosomal signaling pathways, leading to in-
creased iNOS (inducible nitric oxide synthase) production and subse-
quently augmented nitric oxide levels [6]. We therefore hypothesized
that the oxLDL treatment of CD13~/~ BMDMs could lead to increased
nitric oxide production. To this end, CD13*/* and CD13~/~ BMDMs
were treated short-term (1 h) with oxLDL, lysed and total nitric oxide
content normalized to total protein levels. In agreement with our pre-
vious observations with LPS treatment, oxLDL treatment of CDI13™/~
BMDMs resulted in higher amounts of nitric oxide in comparison to
CD13%/" BMDMs (21.1pmol/ug vs 10.8 pmol/ug, respectively
Fig. 5C). In addition, untreated CD13~/~ BMDM:s also generated higher
amounts of nitric oxide compared to untreated wild type controls
(12.1 pmol/ug vs 6.96 pmol/ug), suggesting a basal dysregulation of
nitric oxide production in the absence of CD13. To confirm the oxLDL-
dependent increase in iNOS production, we treated CD13*/* and
CD13~/~ BMDMs with oxLDL and an iNOS inhibitor, L-NMMA (N°-
Monomethyl-1-arginine, monoacetate salt) and performed H2DCFDA
analysis as before. As predicted, the treatment of CD13~/~ BMDMs
with oxLDL and L-NMMA reduced the levels of RNS and eliminated the
difference between the genotypes (Fig. 5D). Importantly, inhibition of
iNOS did not eliminate total oxidative stressors in either genotype,
since L-NMMA treatment did not reduce DCF fluorescence intensity to
that of untreated cells. Alternatively, treatment with the pan-anti-
oxidant NAC (N-Acetyl-L-cysteine) resulted in overall DCF fluorescence
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intensity similar to untreated samples (Fig. 5D), suggesting that while
nitric oxide is a major oxidative stressor produced upon oxLDL treat-
ment, other species are clearly induced as well.

The role of mitochondrial oxidative stress in atherosclerosis has
generated significant interest with studies showing that the alleviation
of mitochondrial oxidative stress reduces atherosclerosis [29-31]. To
investigate potential contributions of CD13 to mitochondrial stress, we
measured the levels of mitochondrial reactive oxygen species using
mitoSOX, a fluorogenic dye that specifically reacts with mitochondrial
superoxide to generate a fluorescent product [32]. Similar to the total
cellular oxidative stressor levels, oxLDL treated CDI3~/~ BMDMs
generated higher amounts of mitochondrial superoxide compared to
CD13%/* BMDMs (Fig. 5E) (p = 0.0529, p = 0.1826, p = 0.4950 for
oxLDL, oxLDL + NMMA and oxLDL + NAC treatments, respectively).
However, the increase in mitochondrial superoxide levels in CD13~/~
BMDMs was much lower in magnitude compared to the increase in the
total cellular oxidative stressor levels, suggesting a limited contribution
from the mitochondria and that the predominant oxidative stressor
produced in oxLDL-treated CD13~/~ BMDMs is cytosolic nitric oxide.
This notion is further validated by the inability of the inhibitors NMMA
and NAC to reduce mitochondrial oxidative stress to the levels of un-
treated BMDMs (Fig. 5E).

In summary, using the HFD, Ldlr~/~ model of atherosclerosis we
have shown in vivo that the absence of CD13 generates larger athero-
sclerotic lesions accompanied by increased lesional cell apoptosis and
overall necrosis. Mechanistically, we demonstrate that in vitro, BMDMs
lacking CD13 show increased levels of oxidative stress in response to
oxLDL uptake and, consistent with our in vivo phenotype, ultimately
amplify cell death by apoptosis.

4. Discussion

While we have previously shown that CD13 mediates endothelial/
monocyte adhesion in inflammatory processes [9], the immune and
vascular systems of unchallenged CD13~/~ mice are physiologically
normal with standard hematopoietic profiles and myeloid cell functions
[11]. However, in various sterile injury models, we found that the lack
of CD13 leads to distinct cellular and physiological responses that de-
pend on the type of challenge and tissue involved. For instance, CD13~/
~ mice subjected to myocardial infarction via coronary artery occlusion
[10] or thioglycollate-induced peritonitis [33] showed dramatic re-
ductions in the number of infiltrating immune cells and compromised
infarct healing [10,13]. On the other hand, peripheral artery occlusion
in CD13™/~ mice reduced infiltration of only the pro-inflammatory
dendritic cell subset (DCs) while other immune cell populations were
equivalent to wild type ischemic muscle [15]. While this DC-low phe-
notype logically would be considered pro-healing, repair of the muscle
tissue in these mice was impaired [15], clearly indicating that the
profile of migrating immune cells has specific and context-dependent
physiological effects, presumably dependent on the nature of injury and
infiltrating cells as well as on the microenvironmental conditions.

Based on this knowledge, we assessed the contribution of CD13 in
atherosclerosis, a cardiovascular disorder driven by chronic and aber-
rant inflammatory responses, hypothesizing that the lack of CD13
would be atheroprotective. Contrary to our belief, CD13%/*Ldlr—/~
and CDI13™/"Ldlr~/~ mice on HFD showed equivalent numbers of
infiltrating immune cells in atherosclerotic lesions, indicating that the
initial recruitment and entrapment of macrophages was unaffected by
the absence of CD13 and supports the notion that the number/pheno-
type of infiltrating immune cells is only one factor in determining
atherosclerotic burden.

Atherosclerotic lesions arise from arterial endothelial damage,
leading to oxLDL accumulation and monocyte infiltration from the
circulation, followed by subsequent uptake of oxLDL particles by
macrophages differentiated in situ [34]. Lipid-loaded macrophages are
trapped in the intima [35] and eventually undergo apoptosis. In



C.V. Devarakonda, et al. Atherosclerosis 287 (2019) 70-80
A B c

2.0

1.5 4

1.0 4

Nitric oxide (pmol/ug)

0.5

lized DCF fit

0.0 - a
cp13** cp13” cp13** cp13”

cp13**  cp13  cp13**  cp13”  cp13**  cp13”

Untreated oxLDL
Untreated oxLDL oxLDL + Dynasore

o
m

0.0157

0.0107

0.0051

Normalized DCF fluorescence intensity

0.000-

Normalized mitoSOX fluorescence intensity

cp13**  cp13”  cp13”*  cp13”  cp13¥*  cp13”  cp13”*  cD13”

cp13** cp13” cp13** cp13” cp13** cp13” cp13”* cp13”

Untreated oxLDL oxLDL + oxLDL + Untreated oxLDL oxLDL + oxLDL +
NMMA NAC NMMA NAC

Fig. 5. CD13~/~ BMDMs showed increased levels of oxidative stress in response to oxLDL treatment.

(A) Detection of oxidative stressors using H2DCFDA dye. CD13*/* and CD13~/~ BMDMs (n = 3 per genotype) preloaded with H2DCFDA dye were left untreated or
incubated with oxLDL (80 pg/mL) or oxLDL + dynasore for 3 h. Fluorescence intensity of DCF was normalized to Hoechst fluorescence intensity. (B) Representative
DCF fluorescent images of untreated and oxLDL treated BMDMs. Scale bar represents 10 pm. (C) Measurement of nitric oxide from cell lysates left untreated or treated
with oxLDL (80 pg/mL) for 1 h. (D) BMDMs pre-loaded with H2DCFDA dye were left untreated or treated with oxLDL alone (80 pg/mL) or oxLDL + NMMA (0.5 mM)
or oxLDL + NAC (10 mM) for 1 h. DCF fluorescence intensity was measured as before. (E) Detection of mitochondrial ROS using mitoSOX. BMDMs pre-loaded with
mitoSOX (5 uM) were left untreated or treated with oxLDL alone or oxLDL + NMMA (0.5 mM) or oxLDL + NAC (10 mM) for 3 h. Fluorescence intensity of mitoSOX
was normalized to fluorescence intensity of Hoechst. Data is represented as mean + SEM. Statistical analysis was performed using 2-tailed Student's t-test,
*p < 0.05, **p < 0.01, ***p < 0.001.

advanced lesions, apoptotic macrophages are removed inefficiently, and perturbation of the various pro- and antioxidant enzyme systems
culminating in the formation of necrotic areas or cores. Not surpris- clearly impacts atheroprogression [39,40]. These responses are pro-
ingly, enhancing macrophage-emigration from atherosclerotic lesions posed to be due in part to oxLDL-dependent effects on components of
has been shown to reduce atherosclerotic progression [36]. Alter- the innate immune TLR4 pathway [41,42]. OXLDL treatment stimulates
natively, defective clearance (efferocytosis) of apoptotic macrophages functionally-relevant increases in expression of both theTLR4 receptor
promotes expansion of necrotic cores in advanced lesions [16]. In this and its downstream mediator TRIF, since blocking or knockdown of
study, we observed larger necrotic areas as well as higher numbers of these molecules inhibits oxLDL-induced pro-inflammatory responses
apoptotic cells in CD13™/~ lesions, consistent with our phenotype. and foam cell formation [43]. We have previously reported that the
Since CD13 negatively regulates receptor-mediated endocytosis of se- knockout of or antibody blockage of CD13 in macrophages and den-
lected ligands, we hypothesized that CD13~/~ macrophages would dritic cells skews PAMP and DAMP-induced TLR4 signaling toward the
internalize more oxLDL via various receptors and thus increase apop- TRIF-dependent endosomal pathway, thereby stimulating iNOS tran-
tosis. However, our in vitro analysis of oxLDL-treated macrophages scription and generating deleteriously high levels of oxidative stressors
clearly showed that CD13*/* and CD13~/~ macrophages expressed in vitro and in vivo [6]. Similarly, in this study we see increased nitric
equivalent amounts of the CD36 and Lox-1 receptors and endocytosed oxide levels in CD13™/~ macrophages in response to oxLDL, strongly
similar amounts of oxLDL, ruling out potential uptake-dependent me- suggesting that in the atherosclerotic plaque, CD13 controls oxLDL-in-
chanisms for our phenotype. duced inflammation and holds nitric oxide production in check via its
We found that overall levels of oxidative stressors were significantly effects on TLR4/TRIF signaling. Consequently, cells lacking CD13 are
higher in oxLDL-treated macrophages and that inhibition of oxLDL hyper-sensitized to oxidative stress-inducing agents such as oxLDL re-
uptake completely abolished production of oxidative stressors, strongly sulting in increased nitric oxide and elevated levels of cell death. Thus,
suggesting that increased oxLDL-induced oxidative stress promotes in the context of atherosclerosis, rather than promoting damaging in-
higher levels of apoptosis in CD13~/~ macrophages. Not surprisingly, flammation, CD13 acts to protect the cells from toxic oxidative stress
ROS production in response to oxLDL has been well documented both in and is atheroprotective.
macrophages in vitro and in atherosclerotic plaques in vivo [29,37,38] Pertinent to these observations, we also found that CD13™/~
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macrophages showed significantly higher levels of basal apoptosis, in-
dependent of oxLDL treatment, which were observed with other
CD13~/~ primary cell isolates and cell lines engineered to lack CD13
(unpublished data). We have previously demonstrated that cross-
linking-induced activation of CD13 induces FAK phosphorylation and
conversely, inhibition of FAK activation reduces CD13-mediated
monocyte adhesion [13]. Similarly, lack of CD13 in skeletal muscle
satellite stem cells impairs FAK phosphorylation and adhesion to the
stem cell niche, resulting in defective self-renewal and aberrant early
differentiation [15]. Since FAK signaling is critical to suppressing an-
oikis [44,45], it is logical that the diminished FAK signaling in the
absence of CD13 renders cells susceptible to anoikis, a hypothesis that is
currently under investigation. However, we believe that the increase in
apoptosis of oxLDL-treated CD13 ™/~ cells is independent of anoikis to a
certain degree. This assumption is based on the fact that the treatment
of differentiating human monocytes with LDL has been shown to up-
regulate cell-adhesion molecules (CD49c) and down-regulate anoikis in
early stages of differentiation [46]. Additionally, oxLDL treatment of
peritoneal macrophages causes spreading rather than reduced adhesion
in macrophages [47]. Therefore, we believe that the increased basal
apoptosis seen in CD13 ™/~ cells is mediated by anoikis, while increased
apoptosis seen with oxLDL treatment is due to increased oxidative
stress.

Limitations of this study include exclusion of females in the in vivo
experiments, relatively subtle phenotypes, lack of later time points for
in vivo experiments, limiting the study to a single model of athero-
sclerosis and our use of global CD13~/~ mice. Clearly, sex is a variable
in atherosclerosis in humans where men develop disease at an earlier
age than women. Testing both sexes would strengthen our studies [48],
but the extremely small litter sizes typically seen in C57Bl/6 back-
ground necessitated our use of the majority of females for breeding. The
subtle phenotypes observed in our in vivo analyses can be attributed to
the fact that we designed our experiment to primarily evaluate differ-
ences in immune cell infiltration which are typically evident at rela-
tively early time points in this model. However, our unexpected phe-
notype of increased necrosis develops over longer time periods, as it is
not clearly evident until our latest 15 week time point. It is possible that
delaying harvest until to 20-25 weeks or longer on high fat diet may
further amplify the differences between CD13"/* and CD13~/~ mice.
Alternatively, since the mice are born and mature in the absence of
CD13, it is possible that compensatory mechanisms are activated that
reduce the impact of its effects long-term [49,50]. Using inducible,
macrophage-specific knockout animals would address this issue. A
second well-characterized model of atherosclerosis focuses on lesion
formation in ApoE knockout mice on high fat diet. Unfortunately, the
genes encoding ApoE and CD13 are both located on chromosome 7
which may interfere with production of double knockouts, leading us to
choose the Ldlr knockout model. Finally, while a macrophage-specific
knockout would likely provide clearer results in our studies as this
would eliminate confounding contributions from other cell types, it
may be argued that global knockout animals more faithfully re-
capitulate germline mutations in humans, where alterations in gene
function would be present in all organs.

In conclusion, we have extended the findings of our previous studies
to show that in addition to its other immunomodulatory functions in
the innate immune system, CD13 plays a broader role in maintaining
homeostatic levels of nitric oxide to protect myeloid cells in the in-
flammatory response to various detrimental extracellular stressors.
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