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FIGURE 1. Generation of CD11b™*?% KI mice. (A) Schematic of the targeting strategy. From top to bottom, the diagrams indicate the genomic structure of
the WT allele, the targeting vector, and the targeted KI allele. Confirmatory Southern blots used a probe complementary to the Neo cassette and DNA digested
with EcoRI or Kpnl (see Supplemental Fig. 1). (B) Genotyping of the WT and KI alleles in mice by PCR, followed by BglII digestion. The 1332G mutation
disrupts a BglII recognition site in exon 9 of the Itgam gene, generating a 269-bp band in KI homozygotes and 107- and 162-bp bands for the WT allele. (C)
Partial amino acid alignment of the human, WT mouse, and mutant (I332G) mouse CD11b subunits of integrin CD11b/CD18. The mutant position is highlighted
in black. The boxed sequence delineates the CD11b A-domain, with asterisks indicating amino acid residues that form a hydrophobic coordination socket (known
as SILEN) for WT Ile**?. Amino acid numbering is based on the full-length proteins in GenBank accession numbers NP_001139280.1 (https://www.ncbi.nlm.
nih.gov/protein/NP_001139280.1) and NP_001076429.1 (https://www.ncbi.nlm.nih.gov/protein/NP_001076429.1) for human and mouse, respectively.

ELISA

Primary macrophages were collected by peritoneal lavage from 14- to 16-
wk-old CD11b™T and CD11b"**¢ mice of both sexes, 4 d after injecting
3 ml of sterile 3% Brewer’s thioglycollate broth (Sigma-Aldrich). Cells
were adherence purified for 1 h, followed by a wash with PBS to remove
nonadherent cells. Adherent cells were suspended in DMEM supplemented
with 10% FBS and counted. One million cells per well were plated in
12-well plates and allowed to settle down for 2 d before treatment. Cells
were stimulated with 50 ng/ml of LPS from Escherichia coli K12 (Invi-
voGen, San Diego, CA), and supernatants were collected at baseline and at
2, 4, and 8 h after treatment. Levels of secreted IL-1@3, IL-6, and TNF-a
were quantified by ELISA following the manufacturer’s protocols (R&D
Systems, Minneapolis, MN).

Immunofluorescence

Three brachiocephalic artery cross-sections per animal, corresponding to
positions ~550, ~450, and ~350 wm from the aortic arch were costained
with anti—galectin-3 (Mac2) and smooth muscle actin (SMA) Abs to
identify macrophages and smooth muscle cells, respectively. Briefly, Ag
retrieval was performed in 10 mM sodium citrate, 0.05% Tween 20
(pH 6) solution for 30 min in 95°C water, followed by treatment with 3%
hydrogen peroxide and TNB blocking solution (no. FP1020; Perki-
nElmer, Waltham, MA). Then, slides were incubated with rat anti-mouse
Mac2 Ab (1:50, no. 125402; BioLegend, San Diego, CA) and mouse anti-
human SMA Ab (1:200, no. M0851; Dako) overnight at 4 C. The next day,

the slides were incubated with Alexa Fluor 546 goat anti-rat Ab (1:1000, no.
A11081; Thermo Fisher Scientific, Waltham, MA) and Alexa Fluor 488 goat
anti-mouse Ab (1:1000, no. A11029; Thermo Fisher Scientific) for 45 min.
Sections were counter stained with 300 nM DAPI solution (no. D1306;
Thermo Fisher Scientific) in PBS for 3 min and mounted in DABCO anti-
fading polyvinyl alcohol mounting medium (no. 10981; Sigma-Aldrich).
Sections were examined in an Olympus Ix71 inverted microscope and
photographed using the Olympus cellSens Standard software. Image anal-
ysis was performed with ImageJ (National Institutes of Health).

Flow cytometry

All Abs and reagents were purchased from BioLegend except when in-
dicated otherwise. Quantification of integrin subunit expression used the
Abs CDl11a PE (no. 101107), CD11b PerCP (no. 101230), CD11c BV650
(no. 564079; BD Biosciences), CD18 APC (no. 562828; BD Biosciences),
CD115BV605 (catalog no. 135577), and Gr-1 PE/Dazzle 594 (no. 108452).
Briefly, cells were washed with PBS twice and counted, and Fc receptors
were blocked with anti-mouse CD16/32 Ab for 10 min at 4°C. Cells were
washed with PBS, and True-Stain Monocyte Blocker was added before
labeling with eBioscience Fixable Viability Dye eFluor 660 (Thermo
Fisher Scientific) for 30 min. Cells were washed with FACS buffer with
0.1% sodium azide (flow buffer), and True-Stain Monocyte Blocker was
added again, followed by 30-min incubation with the remaining labeling
Abs. Excess Abs were washed, and cells were fixed with flow cytometry
buffer supplemented with 1% paraformaldehyde prior to flow cytometric
analyses. Flow cytometry data were read using a BD LSRFortessa High
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Table I. Complete blood count analysis of peripheral blood collected from 16-wk-old WT and CD1 161326 KI mice

WT (n = 8) CD11b™*? KI (n = 8) p Value
Complete Blood Count

WBC (1 X 10%/ul) 32 %15 22 *£05 0.09
RBC (1 X lOG/le) 7.8 £0.5 74 £ 0.6 0.11
Hemoglobin (g/dl) 109 = 0.5 10.5 £ 0.5 0.16
Hematocrit (%) 373 =23 353 =25 0.12
MCV (fl) 475+ 1.2 479 + 1.6 0.61
MCH (pg) 14.0 (13.3-14.0) 14.0 (14.0-14.8) 0.50
MCHC (%) 295 1.6 30.0 = 0.8 0.44
Segs (1 X 103/31) 0.2 (0.1-0.3) 0.2 (0.1-0.2) 0.24
Bands (1 X 107/ul) N.D. N.D. —
Lymphocytes (1 X 10%/pl) 24 % 1.0 1.7 = 04 0.09
Monocytes (1 X 10%/ul) 04 03 0.3 = 0.1 0.09
Eosinophils (1 X 103/ul) 0.03 (0.0-0.04) 0.02 (0.0-0.03) 0.41
Basophils (1 X 10*/ul) N.D. N.D. —
NRBC N.D. N.D. —

Values are presented as mean * SD or median (interquartile range). Dashes indicated p values could not be calculated. MCH, mean corpuscular hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; MCV, mean corpuscular volume; N.D., not detected; NRBC, nucleated RBC; Seg, segmented neutrophils.

Throughput Sampler analyzer (BD Biosciences) and processed with the
FlowJo software (Ashland, OR).

Statistics

Statistical analyses were performed in GraphPad Prism 5 (San Diego, CA).
Normally distributed values are presented as mean = SEM and compared
using a two-tailed Student ¢ test or one-way ANOVA. Nonnormally dis-
tributed data are presented as median * interquartile range and compared
using the Mann-Whitney U test. A p value <0.05 was considered
significant.

Results
Generation of CD11b™%2C KI mice

Isoleucine 332 in CDI11b, corresponding to residue 316 after
processing the N-terminal signal peptide, has been identified as a
key residue in stabilizing the inactive low-affinity conformation of
the CD11b/CD18 integrin receptor (36). The regulatory role of this
residue relies on its hydrophobic interactions with the SILEN
(Fig. 1C). The I332G substitution weakens these interactions and
favors the active, high-affinity, open conformation of the CD11b
aA-domain (36). However, consequences of such activation of
CD11b in animals are currently not fully understood. Therefore, to
investigate the role of active CD11b in vivo, we generated mice
harboring the 1332G-activating CD11b mutation following the
strategy delineated in Fig. 1. Briefly, a genetic construct was
designed to replace the WT exon 9 in the Itgam gene with the
mutant exon 9 downstream of an Frt-flanked Neo cassette (Fig. 1A).
The construct was inserted by homologous recombination in ES
cells, followed by antibiotic selection, PCR screening, and Southern
blot confirmation (Supplemental Fig. 1). After blastocyst injection
and chimera production, heterozygous founders were crossed
with ROSA26::FLPe mice to generate Neo-deleted CD11b"329
KI animals (KI animals), and backcrossed successively into the
C57BL/6 background. Fig. 1B presents the genotyping analysis
of CD11b™*2¢ KI and littermate WT mice.

CD11b"™2F KI mice are normal in size and in reproductive and
social behavior. Their complete blood count at 16 wk showed no
significant differences from littermate WT mice (Table I). Surface
expression of the integrin subunits CD11b and CD18, and of other
o subunits (CD11a and CDl1l1c) from the (3, integrin family, in
peripheral blood neutrophils and monocytes was also similar be-
tween KI and WT animals (Supplemental Fig. 2).

Adhesion and chemotaxis of CDI1 p3326 neutrophils in vitro

The functional effect of the I332G mutation was tested in peritoneal
neutrophils using adhesion and chemotaxis assays (Figs. 2—4). In

agreement with the activating role of this mutation (36), neutro-
phils from CD11b™*2% mice showed increased static adhesion to
fibrinogen than those from WT controls under physiological
conditions (1 mM Ca®* and 1 mM Mg>*; Fig. 2). The enhanced
adhesion of KI neutrophils was CD11b dependent and could be
neutralized with an anti-CD11b blocking Ab (M1/70). Both WT
and CD11b"*S neutrophils reached similar levels of adhesion in
the presence of the activating cation Mn** (Fig. 2) (43).

Firmer adhesion of neutrophils is expected to result in impaired
chemotaxis in response to an fMLF gradient (28), and indeed, we
observed that KI neutrophils showed significantly reduced che-
motaxis compared with WT cells (Figs. 3, 4A). As with chemo-
taxis of neutrophils upon pharmacologic CD11b activation (28),
the chemotaxing KI neutrophils showed prevalence of elongated,
trailing uropods compared with those from WT animals (Fig. 4B).
These results suggest increased adhesion and reduced detachment
from the substrate as the reasons for their impaired motility.

Effect of integrin activation in acute inflammation

The CD11b/CD18 integrin plays a fundamental role in the re-
cruitment of neutrophils and monocytes to sites of inflammation
(5. 44, 45). Therefore, we tested the effects of the CD11b"7>¢
mutation in inflammatory cell recruitment in vivo in the setting of
thioglycollate-induced peritonitis. The number of infiltrated neu-
trophils and macrophages in the peritoneal cavity was measured at
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FIGURE 2. Adhesion of neutrophils from CD11b WT and KI (I1332G)
mice. Adhesion of peritoneal neutrophils to fibrinogen in the presence of
physiological divalent cations (1 mM Ca** and 1 mM Mg?>*), the activating
cation Mn>* (1 mM), and the anti-CD11b blocking Ab clone M1/70. Bars
represent the mean * SEM, n = 4 per group in three independent exper-
iments. N.S., not significant.
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FIGURE 3. Chemotaxis of neutrophils from CD11b WT and KI (I332G) mice. (A) Spider plots delineating the chemotaxis of peritoneal neutrophils in
response to an fMLF gradient. (B—D) Quantification of Euclidean distance (B), accumulated distance (C), and cell velocity (D) in 30 migration tracks from
CD11b™T and CD11b™32¢ neutrophils as shown in (A). Bars represent the mean *+ SEM, n = 30 per group in three independent experiments.

two time points after thioglycollate injection (Fig. 5A, 5B).
Neutrophil counts were significantly lower in KI versus WT mice
4 h after injection but equivalent at 48 h in both animal groups
(Fig. 5A). Similarly, there was a significant decrease in peritoneal
macrophage infiltration in CD11b™*2% mice compared with WT
animals at the 48-h time point (Fig. 5B). These results indicate a
reduction and/or delay in leukocyte recruitment in KI mice in the
setting of acute sterile inflammation.

]332
b G

Cytokine secretion by CDI11 macrophages

Primary macrophages were obtained from the peritoneal cavity of
CD116™*2C and WT animals at 4 d after thioglycollate-induced
peritonitis. Count-normalized cells were plated and cultured for
2 d in the absence of CDI11b-specific ligands. After this pre-
treatment period, cells were stimulated with LPS, and cytokine
secretion was quantified at three time points (Fig. 5C-E).
CD11b™*% cells showed significantly lower IL-1B and TNF-«
secretion starting at 2 h after treatment (Fig. 5C, 5E). Significantly
reduced IL-6 levels were also observed starting at 4 h poststim-
ulation (Fig. 5D). These results parallel published reports with
pharmacological CD11b-activating agents (23, 46) and are further
supported by the opposite pattern in CD11b knockout (KO) ani-
mals (47).

Effect of genetic activation of CD11b in atherosclerosis

CDl11b is a key mediator of vascular inflammation and athero-
sclerosis by regulating leukocyte adhesion and extravasation across
the endothelium via its ligands ICAM-1, lipoprotein(a), and others

(5, 7, 48). We previously showed that pharmacologic activation of
CD11b reduces influx of macrophages after arterial injury (28). To
investigate whether activation of CD11b is also atheroprotective,
we used KI animals in a model of atherosclerosis. Hyperlipidemia
was induced in cohorts of CD11b™** and WT mice via injection
of the recombinant rAAV8-D377Y-mPCSK9 virus, followed by 12
wk of high-fat diet, a recently established model of atherosclerosis
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FIGURE 4. Time-lapse video and photography of chemotaxing neu-
trophils from CD11b WT and KI (I332G) mice. (A) Time-lapse videos of
representative peritoneal neutrophils during chemotaxis toward an fMLF
gradient. (B) Microphotographs of representative chemotaxing neutrophils
from CD11b%T and CD11b"*? mice in response to an fMLF stimulus.
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FIGURE 5. Inflammatory cell recruitment and cytokine secretion in thioglycollate-induced peritonitis. (A and B) Cell counts of neutrophils (A) and

macrophages (B) in the peritoneum of CD11b™" and CD11b"*2S mice by flow cytometry at 4 and 48 h after sterile thioglycollate injection. Neutrophils

were selected as Gr-1"

, whereas macrophages were identified as F4/80". Bars represent the mean = SEM, n = 7-9 mice per group. (C-E) Secretion of

inflammatory cytokines by peritoneal macrophages isolated at 4 d after thioglycollate injection. Cells were count normalized and stimulated with LPS for
increasing periods of time in vitro. Bars represent the mean * SEM, n = 4 mice per group in three independent experiments. N.S., not significant.

(39). Both experimental groups had overt hypercholesterolemia at
the end point (Supplemental Fig. 3A, 3B). However, CD11b"32¢
mice showed significantly lower atherosclerotic burden than WT
animals, particularly in the thoracic and abdominal aorta (Fig. 6).
These results were confirmed in cross-sections of the brachioce-
phalic artery (Fig. 7). Lesion size (as percentage of total wall area)
was significantly smaller in CD11b"**2% mice compared with their
WT counterparts (Fig. 7B). In addition, the number of infiltrated
macrophages per section was significantly lower in the former
(Fig. 7C). This suggests that CD11b activation has a protective
role in atherosclerosis in great part because of a reduction of
macrophage recruitment to atherosclerotic lesions.

Discussion
Integrin CD11b/CD18 is essential for a diversity of functions in
immune cells (2, 4). In addition to regulating cell adhesion, mi-
gration, and phagocytosis, CD11b/CD18 modulates pro- and anti-
inflammatory signaling (23, 49-51). Our recent studies show that
CDl11b acts as a negative regulator of proinflammatory TLR
signaling and of B cell autoreactivity (23) and that pharmacologic
activation of CD11b reduces inflammation and injury (28-31, 33).
However, our current knowledge of CD11b functions and down-
stream signaling pathways is largely based on pharmacological
agents and CD11b KO models, whereas a genetic activation model
was missing. In this study, to our knowledge, we present a novel
genetic model of constitutive CD11b activation to study the role of
active integrin CD11b/CD18 in inflammatory injury in vivo.

Our results show that global, constitutive CD11b™*?Y KI ani-
mals developed reduced inflammatory injury in two different

models of inflammation. In vitro studies with KI, neutrophils
showed impaired chemotaxis and pronounced uropod elongation
in response to an fMLF gradient. Directional motility of neutro-
phils requires a tightly coordinated and self-organizing cell polarity.
Redistribution of B, integrins and regulation of their ligand-binding
affinity along the cell body is one of the mechanisms by which
neutrophils regulate polarized adhesion (52). Ultimately, after
initial adhesion and cell elongation, the trailing edge of the cell
(uropod) needs to be able to detach and retract to promote for-
ward protrusion of the leading edge (pseudopod) in the direction
of the chemoattracting agent (52, 53). In migrating neutrophils,
CD11b/CD18 redistributes to the uropod, where it stabilizes
microtubules and regulates myosin L chain-mediated uropod
contractility (54-57). The morphology of chemotaxing neutro-
phils from CD11b"*?C KI mice is indicative of impaired uropod
detachment as a result of CD11b/CD18 integrin activation. In vivo,
both CD11b* neutrophils and monocytes from CD11b"** mice
showed a significant reduction in inflammatory cell recruitment in
the setting of peritonitis. These data confirm our previous findings
that CD11b activation can efficiently regulate neutrophil and mono-
cyte infiltration (28, 29).

Finally, using a model of chronic vascular inflammation, we
show that genetic activation of CD11b results in a significant
decrease in aortic and brachiocephalic plaque burden in hyper-
lipidemic KI mice compared with WT controls. Our results suggest
that a reduction in macrophage infiltration is one of the mechanisms
behind CD11b-mediated atheroprotection. Nonetheless, future
studies will help determine whether other mechanisms contribute to
this effect, including lower macrophage retention or proliferation in
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FIGURE 6. Atherosclerosis development in the aorta of CD11b WT and KI (I332G) mice. (A) Heatmap and percentage of plaque burden by area in
whole aortas from CD11b™7T (n = 10) and CD11b326 hyperlipidemic mice (n = 13). (B-D) Quantification of plaque burden in the aortic arch (B), the
thoracic aorta (C), and the abdominal aorta (D) of hyperlipidemic mice. Error bars represent the median and interquartile range, n = 10—13 per group. N.S.,

not significant.

plaques, and/or a regulatory role in macrophage activation and
polarization. Previous studies have associated CD11b/CD18
surface upregulation and activation in macrophages with in-
creased macrophage egression from atherosclerotic plaques
(58) and the peritoneum (6). Others have proposed that active
CD11b suppresses the alternative activation of macrophages
and decreases foam cell formation in vitro through the down-
regulation of lipid peroxidation mechanisms and scavenger
receptors (49, 59). However, a clear understanding of these
mechanisms is lacking because of the use on nonselective
integrin activating agents and the absence of a murine model of

FIGURE 7. Atherosclerosis development in the
brachiocephalic trunk of CD11b WT and KI
(I332G) mice. (A) Representative cross-sections of
advanced atherosclerotic lesions in the brachiocephalic
artery of CD11b™" and CD11b™*?% hyperlipidemic
mice. Galectin-3 (Mac2)*-positive macrophages/foam
cells are stained in yellow, SMA™ cells are in green,
and nuclei are counter stained in blue (DAPI). Scale
bar, 100 wm. (B and C) Quantification of lesion size
as percentage of total wall area (B) and Mac2*

macrophage counts per section (C) in brachiocephalic 9
artery sections of CD11b™" and CD11b"%% mice. B o~
Values represent the average of three positions in <
the artery (at ~550, ~450, and ~350 pm from the s
aortic arch). Error bars represent the median and 'g 403
interquartile range, n = 7 per group. ;'

'-g 20

=

]

o

o

CD11b activation in which to test these findings in vivo.
Similarly, CD11b KO mice have provided conflicting data (60,
61), likely because of compensatory effects by other integrins,
among other factors. Despite the previously reported athero-
protective role of CD11b in females, but not males (61), we
observed a similar trend of decreased plaque burden in both
sexes. Unfortunately, our study was not adequately powered
for gender effects. Therefore, this is a question that deserves
further attention. Future investigations on the role of activated
CD11b on controlling atherogenesis and/or enhancing ath-
erosclerosis regression are warranted.
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T
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In conclusion, our work presents, to our knowledge, a novel

murine model that constitutively expresses an active variant of the
CD11b/CD18 integrin. Given the recent interest in integrin acti-
vation as a potential therapeutic approach, we expect that this
model will not only provide a unique tool for future studies on the
effects of CD11b activation in a variety of disease settings but will
also be extremely useful in fully elucidating underlying mecha-
nisms of action that can support therapeutic drug development.
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