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ABSTRACT

Macrophages are important for the first line of defense against microbial pathogens. Integrin
CD11b, which is encoded by Itgam, is expressed on the surface of macrophages and has been
implicated in adhesion, migration, and cell-mediated cytotoxicity. However, the functional
impact of CD11b on the inflammatory responses of macrophages upon microbial infection
remains unclear. Here, we show that CD11b deficiency resulted in increased susceptibility to
sepsis induced by methicillin-resistant Staphylococcus aureus (MRSA) infection by enhancing
the pro-inflammatory activities of macrophages. Upon infection with MRSA, the mortality of
Itgam knockout mice was significantly higher than that of control mice, which is associated
with increased production of TNF-o and IL-6. In response to MRSA, both bone marrow-
derived macrophages and peritoneal macrophages lacking CD11b produced elevated
amounts of pro-inflammatory cytokines and nitric oxide. Moreover, CD11b deficiency
upregulated IL-4-induced expression of anti-inflammatory mediators such as IL-10 and
arginase-1, and an immunomodulatory function of macrophages to restrain T cell activation.
Biochemical and confocal microscopy data revealed that CD11b deficiency augmented the
activation of NF-«B signaling and phosphorylation of Akt, which promotes the functional
activation of macrophages with pro-inflammatory and immunoregulatory phenotypes,
respectively. Overall, our experimental evidence suggests that CD11b is a critical modulator of
macrophages in response to microbial infection.

CD11b; Methicillin-resistant Staphylococcus aureus; Sepsis; Inflammation; Macrophages

INTRODUCTION

Sepsis is a life-threatening infectious disease and a leading cause of death in hospitals (1).
Upon pathogen infection, the host immune system elicits an appropriate inflammatory
response to eliminate the invading microbe, followed by active resolution of the
inflammation to maintain tissue homeostasis (2). Otherwise, hyperactivation and/or
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sustained activation of neutrophils and macrophages, upregulation of pro-inflammatory
cytokines such as TNF-a, and the enhanced tissue necrosis contribute to the pathogenesis
of sepsis (3). Imnmunocompromised patients are at a higher risk of sepsis partially due

to an impaired capability of clearing pathogens, leading to the continued activation

of inflammatory cells (4,5). Antibiotics are currently used to treat sepsis (6); however,
antimicrobial resistance has become a major global healthcare problem (1). The increasing
prevalence of methicillin-resistant Staphylococcus aureus (MRSA), for which multiple antibiotic
resistances are conferred by mutations in a penicillin-binding protein, has been one of the
serious threats (7). Indeed, MRSA bacteremia is closely associated with a poor outcome
because antibiotic resistances can lead to sustained systemic inflammatory responses against
the accumulated bacteria (8).

Macrophages have a pivotal role in the innate immune responses to remove pathogenic
microbes and in tissue homeostasis. Pattern recognition receptors including TLRs sense
invading pathogens and trigger inflammation by producing soluble factors that include IL-1f,
TNF-a, and IL-6 and recruiting other immune cells to the inflamed tissue (9,10). In addition,
macrophages modulate adaptive immune responses by presenting foreign antigens in the
context of MHC molecules supplemented with costimulators and inhibitory ligands such as
CD80 and PD-L1, respectively (11). After clearing the infection, macrophages responsible for
anti-inflammation and tissue remodeling are essential to maintain tissue homeostasis (12).
The secretion of anti-inflammatory cytokines such as IL-10 and TGF-f and the production of
immunomodulatory proteins including arginase-1 are involved in this later stage of infection.
Tissue-resident macrophage populations are also responsible for peripheral tolerance by
producing anti-inflammatory cytokines such as IL-10 and/or by inducing regulatory T cells
(13). In this regard, there are two functional classes of macrophages, classically activated
macrophages with a pro-inflammatory phenotype and alternatively activated macrophages
with an immune regulatory phenotype (14). The septic symptom can be derived from the
attenuated function of the regulatory macrophages and the hyperactivation activation of pro-
inflammatory macrophages against pathogens (15,16). Thus, a balance between functionally
distinct macrophages in the context of heterogeneous populations is critical for many
inflammatory disorders, including infectious diseases, autoimmune diseases, and sepsis.
However, it remains unclear how macrophages decide their fates to differentiate into the two
distinct populations, which attribute to the pathogenesis of inflammatory diseases.

The integrin protein CD11b is encoded by the ITGAM gene and expressed on the surface

of many innate immune cells that include macrophages, granulocytes, NK cells, subsets

of dendritic cells (DCs), and B cells (17). CD11b is important for the adhesion, migration,
and phagocytosis of macrophages as a subunit of the integrin oyf3,/Mac-1/CR3. Besides

its role as an integrin, CD11b is reported to modulate several other biological functions

in macrophages, DCs, and B cells (18-20). Single nucleotide polymorphisms in /TGAM are
highly associated with susceptibility to autoimmune diseases such as arthritis, nephritis, and
systemic lupus erythematosus (SLE) (21,22), suggesting a crucial role for CD11b in immune
tolerance. Using KO animal approaches, Han and colleagues (18,23) reported that Itgam

" mice are more susceptible to sepsis induced by endotoxin shock and Escherichia coli
infection and colitis in dextran sodium sulfate-treated mice. These reports suggested that
CD11b negatively regulates pro-inflammatory responses of macrophages but also promotes
anti-inflammatory function by IL-10 production. In contrast, other study claimed that
CD11b facilitates pro-inflammatory responses of macrophages as inhibition of CD11b using
a blocking antibody, small molecule inhibitor or genetic ablation protected mice against
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septic death in LPS- and polymicrobial-induced inflammation models (24). Similarly,

Schmid et al. (25) reported that pharmacological activation of CD11b promoted polarization
of pro-inflammatory macrophage whereas CD11b deficiency led to immunosuppressive
macrophages. Moreover, Ling and colleagues (19) suggested that CD11b positively cooperates
with TLR as an LPS co-receptor to elicit optimal inflammatory responses in DCs. At the same
time, another group proposed that the expression of CD11b confers DCs with a regulatory
phenotype in a collagen-induced arthritis model (26). These studies revealed that CD11b has
a pivotal role in the balance between pro-inflammatory and immune regulatory responses,
although the conflicting results remain to be clarified in terms of immune populations and
disease conditions.

To delineate the role of CD11b in activation and functional polarization of macrophages
against pathogenic microbes, in this study, we infected Ifgam” mouse with the antibiotic-
resistant bacteria MRSA. We found that the CD11b deficiency conferred a higher susceptible
to bacteremia and sepsis induced by MRSA infection. In line with previous studies using LPS
or other infection models (18,23), we observed increased activation of the pro-inflammatory
macrophages upon MRSA infection in vivo and in vitro. Intriguingly, the CD11b deficiency
also enhanced functional activities of macrophages induced by IL-4 treatment, suggesting

a modulatory role of CD11 in macrophages with both the pro-inflammatory and regulatory
phenotypes against pathogen infection. Our experimental evidence sheds new light on the
regulatory role of CD11b in macrophages and suggests that CD11b is required for the fine-
tuning of immune responses to microbial infection.

MATERIALS AND METHODS

The MRSA MW?2 strain was kindly provided by Bok Leul Lee (Pusan National University,
Busan, Korea) and cultured at 37°C in Columbia broth (BD Bioscience, Franklin Lakes, NJ,
USA) containing 2% NaCl in a shaking incubator (27). Bacteria cultured overnight were
diluted in the Columbia broth at 1:100 and grown to an ODgq, of 0.8 for the in vitro and in
vivo infection experiments. To measure bacterial colony forming units (CFUs), samples
were serially diluted in PBS and plated on the Columbia broth plates containing 1.5% agar,
followed by the enumeration of the CFUs.

C57BL/6] mice were purchased from DBL (Eumseong-gun, Korea), and Itgam™ mice were
obtained from Jackson Laboratories (Bar Harbor, ME, USA). OT-II mice were provided by
Mark Boothby (Vanderbilt University, Nashville, TN, USA). The mice were housed in specific
pathogen-free conditions and used under experimental protocols (Hallym 2017-14) approved
by the Institutional Animal Care and Use Committee of Hallym University. The Ifgam™ mice
were backcrossed with C57BL/6]J, and the direct analyses of each type of control mice (/tgam™*
and Itgam™") were compared to the knockout mice. Eight- to twelve-week-old male mice
were injected intraperitoneally with MRSA (8x10° CFU/mouse) and monitored over 7 days.
Peripheral blood was collected from the tail vein 8 h after MRSA infection and treated with

5 mM EDTA. The peritoneum was infused with ice-cold PBS containing 2% FBS and the
peritoneal lavage was used for determining the bacterial titer and for the flow analysis.
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Bone marrow-derived macrophages (BMDMs) were prepared as described elsewhere (28).
Briefly, bone marrow cells were isolated from the femurs and tibias and resuspended in
complete RPMI1640 medium supplemented with 10% FBS. Cells were cultured for 4 days in
the presence of 5 ng/ml GM-CSF or 20 ng/ml M-CSF at 37°C in a 5% CO, atmosphere, and
adherent cells were grown in fresh media containing GM-CSF or M-CSF for an additional

3 days. Prevalence of F4/80" cells in the cultured BMDMs was more than 90% (data not
shown). Peritoneal macrophages were isolated from mice 4 days after pretreatment with 3%
thioglycollate. BMDMs and peritoneal macrophages were allowed to adhere for at least 2 h in
well plates and cultured in antibiotic-free RPMI1640 containing 10% FBS with 5 multiplicities
of infection (MOI) of MRSA for 8 h. Alternatively activated macrophages were treated with 10
ng/ml IL-4 for 18 h.

The migration of macrophages was measured using a Boyden chamber transwell plate with
a5 um porous membrane. Peritoneal macrophages were loaded onto the upper chamber of
the transwells in complete RPMI1640 medium. Four hours after incubation with or without
200 ng/ml LPS in the lower chamber at 37°C, the cells were removed from the upper side of
membranes and the migratory cells in the lower side of the membranes were stained with
crystal violet. The number of migratory cells was counted from random microscopic fields
for each sample.

BMDMs or peritoneal macrophages were treated with 200 ng/ml LPS for 8 h and incubated
with 5 MOI of MRSA in an antibiotic-free medium in 12-well plates. Half an hour after
incubation with MRSA at 37°C, the cells were washed in PBS to remove the free bacteria and
incubated in a new medium for an additional 1.5 h. The cells were lysed in 0.2% Triton X-100
in PBS and then diluted in PBS to measure live bacterial titers.

The protein levels of IL-12p70, TNF-a, [FN-y, MCP-1 and IL-6 were determined using the
Cytokine Bead Array Mouse Inflammation Kit (BD Bioscience) and LEGENDplex Multiplex
Assay kit (BioLegend, San Diego, CA, USA) following the manufacturer's instructions. IL-10
levels were measured by the Cytokine Beads Array Mouse IL-10 Enhanced Sensitivity Flex Set
(BD Bioscience). The NO assay was performed as described (29). Briefly, macrophages were
treated with 5 MOI of MRSA for 8 h, and the culture medium was collected to measure the
amount of nitrite, a stable metabolite of NO. One hundred microliters of the culture medium
were incubated with equal amount of Griess reagent (Promega, Madison, W1, USA) at room
temperature for 10 min, and the absorbance was measured at 540 nm using a microplate
reader. The quantity of nitrite was determined from a standard curve of sodium nitrate.

Spleen cells were isolated from class Il MHC-restricted TCR transgenic OT-II mice, and CD4
T cells were purified using anti-CD4 microbeads and MACS cell separation reagents (Miltenyi
Biotec, Seoul, Korea). OT-II T cells were covalently fluorescein-labeled using the CellTrace
Violet Cell Proliferation Kit (ThermoFisher, Waltham, MA, USA) and cultured with BMDMs
in the presence of 1 ug/ml OVAsy; 33 peptides for 4 days. For intracellular cytokine staining,
the cells were restimulated with 50 ng/ml PMA and 1 pug/ml ionomycin for 6 h in the presence
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of the Golgi-stop (BD Bioscience) followed by surface FACS staining. After fixed with 4%
paraformaldehyde and permeabilized with 1% saponin, the cells were stained with antigen
presenting cell (APC)-conjugated anti-IFN-y and analyzed by flow cytometry.

Immunofluorescent staining of peritoneal cells and cultured macrophage was conducted

as described (20). Fluorescein-conjugated anti-CD11b (M1/70), anti-F4/80 (T45-2342),
anti-CD19 (ID3), anti-TCRP (H57-0597), anti-CD11c (N418), anti-CD86 (GL1), anti-I-A/I-E
(M5/114.15.2), anti-38 (90/CD38), and anti-CD278 (TY25) antibodies were purchased from
BD Bioscience or eBioscience (San Diego, CA, USA). Data were acquired using the BD
FACSCanto-II with the FACSDiva software (BD Bioscience) and analyzed using FlowJo (Tree
Star, Ashland, OR, USA). Macrophages were defined as CD11b* F4/80" TCRB™ B220™ cells in a
viable forward scatter and side scatter gate.

Cells were lysed in 20 mM HEPES (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA,
protease inhibitors and phosphatase inhibitors (GenDEPOT, Hanam, Korea) and used for
SDS-PAGE. Immunoblotting was performed using the indicated antibodies, followed by the
appropriate HRP-conjugated secondary antibodies. All primary antibodies were purchased
from Cell Signaling Technologies except for NF-kB p65 (Santa Cruz Biotechnology, Dallas,
TX, USA) and B-actin (Sigma-Aldrich, St. Louis, MO, USA). Total RNA was extracted using
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), and cDNA was synthesized by M-MLV
reverse transcriptase (Promega) with random nonamers (Genotech, Daejeon, Korea).
Using the primer pairs tabulated in Table 1, quantitative PCR was performed with a SYBR
PCR mix (Toyobo, Osaka, Japan) and the CFX Real-Time PCR detection system (Bio-Rad,
Hercules, CA, USA). Data were normalized to the levels of Acth expression in each sample and
quantified using the comparative 22T method (20).

Table 1. Primer sequences used in the quantitative RT-PCR analysis

Gene name Sequence (5'to 3')
Tnf GATCGGTCCCCAAAGGGATG
CACTTGGTGGTTTGCTACGAC
6 GTTCTCTGGGAAATCGTGGA
TGTACTCCAGGTAGCTATGG
11b GGATGAGGACATGAGCACCT
GGAGCCTGTAGTGCAGTTGT
1112b CACGGCAGCAGAATAAATA
CTTGAGGGAGAAGTAGGAATG
Nos2 TCCTGGACATTACGACCCCT
CTCTGAGGGCTGACACAAGG
1o CCCATTCCTCGTCACGATCTC
TCAGACTGGTTTGGGATAGGTTT
Argl GGGACCTGGCCTTTGTTGAT
GCTTCCAACTGCCAGACTGT
Ymi GAAGGAGCCACTGAGGTCTG
TGAGCCACTGAGCCTTCAAC
Fizz1 AGTGCCCTGTGTTTCAGAGA
TGTGGAAGTTCACGCTCCAG
Irf4 CTTTGAGGAATTGGTCGAGAGG
GAGAGCCATAAGGTGCTGTCA
Actb GGCACCACACCTTCTACAATG

GGGGTGTTGAAGGTCTCAAAC
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Indirect immunofluorescent staining was performed as described (30). BMDMs were placed
onto coverslips and treated with 200 nM LPS for the indicated times. After washing with
ice-cold PBS, the cells were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton
X-100, and stained using anti-NF-kB p65 antibody (Santa Cruz Biotechnology) followed by
secondary antibody conjugated with Alexa Fluoro 488 (ThermoFisher). After stained with
DAPI (Sigma-Aldrich), the cells were scanned using a Zeizz LSM710 laser scanning confocal
device attached to an Axiovert 100 microscope (Carl Zeiss, Oberkochen, Germany).

All of the experiments were performed in duplicate or triplicate, and the results of more
than 3 independent experiments are presented as the mean+SEM. Differences between

the samples were analyzed using an unpaired, 2-tailed nonparametric t-test of significance
(Instat; GraphPad Inc., San Diego, CA, USA). The Kaplan-Meier log rank test was used to
analyze mouse mortality data using R (The R Foundation for Statistical Computing, Vienna,
Austria). In the figures, " and ** denote p-values less than 0.05 and 0.01, respectively.

RESULTS

CD11b has an important role in immunity as an integrin, but there have been conflicting
reports on its function regulating inflammatory responses against microbial (18,24,31,32).
To define the impact of CD11b on the pathogen-driven immune responses, we infected mice
lacking CD11b (/tgam™) and control mice with MRSA. Intraperitoneal inoculation of MRSA
with 3x10® CFU resulted in septic death in 50% of the control C57BL/6 mice (Fig. 1A). The
mortality of the Jtgam™ mice upon MRSA infection was substantially higher (87%) than that
of the control mice, and all the sepsis mice were dead within 24 h post-infection (Fig. 1A). The
MRSA titers in the blood circulation and peritoneum of the Itgam™ mice were significantly
higher than in those of the control mice (Fig. 1B), suggesting that CD11b deficiency might
impede the ability to clear the invading bacterial pathogen. On the other hand, CD11b-
deficient mice produced elevated amounts of pro-inflammatory cytokines such as TNF-o and
IL-6 in the plasma and peritoneum upon MRSA infection (Fig. 1C and Supplementary Fig. 1),
which was correlated with the higher susceptibility to septic death in the Itgam™ mice.

CD11b is reported to be involved in the integrin-mediated cellular processes including
migration and recruitment of innate immune cells including macrophages to the inflamed
tissues (17). Accordingly, there were fewer Ly-6C" Ly-6G™ monocytes and Grl'® F4/80"
macrophages cells in the peritoneum of the Itgam™ mice upon MRSA infection, while the
total numbers of peritoneal leukocytes were comparable (Fig. 1D and Supplementary Fig. 2).
In contrast, prevalence of Grl1" F4/80™ granulocytes was higher in the peritoneum of Itgam™
mice (Supplementary Fig. 2), in agreement with other studies in which CD11b deficiency
promoted neutrophil infiltration into the lung upon pulmonary infection (33,34). The surface
expression of pro-inflammatory activation markers such as CD86 and class II MHC (I-A/I-E)
was higher on the peritoneal macrophages of the Itgam™ mice than on those of the control
mice (Fig. 1E and F). Glycoprotein CD38 is selectively expressed on the classically activated
macrophages, whereas expression of CD273 is largely confined in the alternatively activated
macrophages (35). We observed predominant induction of CD38" macrophages in the MRSA-
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Figure 1. CD11b-deficient mice are more susceptible to sepsis induced by MRSA infection. (A) Mice were inoculated intraperitoneally with MRSA, and the
mortality was monitored: n=16 ltgam™- vs. 16 control mice. (B) Bacterial titers in the peripheral blood and peritoneum were determined 8 h after infection:

bar indicates the mean values of CFUs. (C) Amounts of TNF-o. and IL-6 in the plasma and peritoneal lavage were measured 8 h after the infection, and shown

as mean (+SEM) of cytokine levels. (D) Viable cells in the peritoneal lavage were counted 8 h after infection and analyzed by flow cytometry: bar indicates the
mean numbers of total peritoneal leukocytes as CD45* and macrophages as TCR3- B220 F4/80" cells, respectively. (E) Representative FACS profiles of peritoneal
macrophages with frequencies of indicated subsets in the viable TCRB~ B220~ F4/80" gates. (F) Shown are mean (+SEM) prevalence of the indicated subsets
obtained from 2 independent experiments.

*p<0.05; *p<0.01.

inoculated peritoneum, and the prevalence of the CD38* macrophages was significantly
higher in the Jtgam™ mice (Fig. 1E and F). Intriguingly, the surface expression of CD273 on
peritoneal macrophages was also markedly upregulated by CD11b deficiency (Fig. 1E and F).
Collectively, the data suggest a regulatory role of CD11b in the inflammatory responses of
macrophages and that CD11b-deficiency causes exacerbated inflammatory responses upon

MRSA infection.

MRSA infection experiments showed that CD11b deficiency resulted in decreased
macrophages and higher bacterial burden in the in the peritoneum of the Itgam™ mice
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upon MRSA infection (Fig. 1). To determine the requirement of CD11b in the recruitment
of macrophages, we performed an ex vivo migration assay using a Boyden-chamber well
plate with peritoneal macrophages. While basal migration was comparable, LPS-induced
migration of CD11b-deficient BMDMs was substantially impaired (Fig. 2A and B). This
result was consistent with the attenuated recruitment of macrophages in the inflamed
peritoneum of the Jtgam™ mice in vivo. Macrophages are the primary phagocytes for invading
microorganisms and eliminate the pathogens by producing cytotoxic molecules such as
NO, ROS, and lysosomal hydrolases (10). As shown in Fig. 2C and D, uptake of bacteria by
the BMDMs and peritoneal macrophages 0.5 h after incubation with MRSA was not affected
by CD11b deficiency. Live bacteria in both CD11b-deficient and control macrophages were
significantly declined by additional 1.5 h incubation, which indicated an increment of

the bacteria killing activity. Of note, CD11b deficiency did not impair the bacteria killing
activity of the activated macrophages against MRSA, although previous studies reported a
requirement of CD11b in a phagocytic function against other bacterial pathogens (36,37).
Instead, we observed an enhancement of the bactericidal activity (Fig. 2C and D), implying
a distinct regulation of CD11b in the phagocytic pathway to ingest and destroy the pathogen
MRSA. Overall, these ex vivo experimental results indicate that the increased MRSA burden
in the Itgam™ mice was likely due to impaired migration rather than an altered phagocytic
function of macrophages.

CD11b deficiency resulted in increased production of IL-6 and TNF-a after MRSA infection,
and a higher susceptibility to sepsis (Fig. 1). To explore whether CD11b is associated with
functional activation of macrophages, we measured the secretion of pro-inflammatory
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Figure 2. Impaired migration but normal in bacteria killing ability of CD11b-deficient macrophages. (A) Peritoneal macrophages were isolated from itgam™- or
control mice 4 days after thioglycollate treatment, and migration assay was performed using a Boyden chamber transwell plate. Shown are representative
pictures (100x) of macrophages stained with crystal violet on the bottom side of the membranes 4 h after the cells were incubated in the upper insert wells

in the presence or absence of LPS. (B) Shown are mean (+SEM) numbers of macrophages on the bottom side of the membranes obtained from 3 experiments.
(C, D) BMDMs and peritoneal macrophages were activated with LPS for 8 h and treated with MRSA for 0.5 h. After washed to remove cell-free bacteria, some
macrophages were lysed in 0.2% Triton X-100 (denoted by “0.5 h”) and the others were incubated in a new antibiotics-free medium for additional 1.5 h (denoted
by “2 h”). Live bacteria inside the macrophages were determined as a CFU.
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mediators. In response to MRSA treatment in vitro, BMDMs lacking CD11b produced higher
amounts of pro-inflammatory cytokines such as TNF-a and IL-6 than control BMDMs (Fig. 3A).
Enzyme NO synthesis 2 (inducible nitric oxide synthase [iINOS]) and the resulting production
of NO were also significantly increased in the Jtgam™ macrophages (Fig. 3B and C). According
to the increased amounts of pro-inflammatory cytokines and NO, we detected the elevated
expression of mRNAs encoding TNF-a, IL-6, IL-1B, and iNOS in the CD11b-deficient
macrophages (Fig. 3D), suggesting a regulatory effect of CD11b at the transcriptional level.
Ling et al. (19) reported that CD11b deficiency upregulated LPS-induced expression of IL-6
and TNF-a in thioglycolate-elicited peritoneal macrophages but not in resident peritoneal
macrophages or BMDMs. However, our data show that CD11b deficiency also promotes
functional activation of BMDMs with pro-inflammatory phenotypes such as the production of
TNF-0 and NO. Moreover, similar results were obtained with peritoneal macrophages elicited
with thioglycollate (Fig. 3E-G). These data could explain why CD11b-deficient mice exhibited
exaggerated inflammatory responses against the MRSA infection. In addition to the secretion
of pro-inflammatory mediators, flow cytometry analysis revealed an increased induction of
CD80, class II MHC, and CD38 on the surface of CD11b-deficient BMDMs compared with that
of the control BMDMs (Fig. 3H). In line with the elevated pro-inflammatory gene expression
(Fig. 3D and G), these results imply that CD11b functions as a negative modulator in the
activation and function of pro-inflammatory macrophages upon MRSA infection.

Given that MRSA is a gram-positive bacterium, BMDMs derived from Itgam™ or control
mice were activated with TLR ligands that include lipoteichoic acid (LTA), peptidoglycan
(PGN) and bacterial DNA containing immunostimulatory CpG motifs (CpG-DNA), as well
as LPS. Consistently, BMDMs lacking CD11b produced significantly higher amounts of
TNF-o and IL-6 in response to LTA, PGN, and CpG-DNA (Supplementary Fig. 3), which are
major constituents of gram-positive bacteria and recognized by TLR2, TLR2/4 and TLRY,
respectively (9). Thus, we speculated that CD11b could restrain pro-inflammatory activation
of macrophages in response to various microbial stimuli.

The alternatively activated macrophages produce IL-10 and arginase-1, which exert anti-
inflammatory functions by transducing immunomodulatory signals by its cognate receptor
or depleting arginine as a source of NO, respectively (14). In addition, immunomodulatory
macrophages are also involved in tissue remodeling during wound healing and tumor growth
by expressing several enzyme genes, including Argl, Ym1, and Fizz (38). To determine whether
increased production of pro-inflammatory molecules in CD11b-deficient macrophages

was due to the attenuated function of the alternatively activated macrophages, we activated
BMDMs with the type 2 cytokine IL-4. The IL-4-induced expression of the alternatively
activated macrophage markers, including /10, Argl and Fizzwas significantly higher in the
CD11b-deficient BMDMs than in the control macrophages (Fig. 4A). We confirmed that the
protein amounts of IL-10 and arginase-1 were increased in the IL-4-activated BMDMs by CD11b
deficiency (Fig. 4B and C), suggesting that the CD11b deficiency led to enhanced functional
activation of alternatively activated macrophages. Consistently, flow cytometry analysis
showed a higher prevalence of the mannose receptor CD206, a marker for alternatively
activated macrophages (Fig. 4D). In line with the higher prevalence of CD273" macrophages
along with the increased CD38" cells in the inflamed peritoneum (Fig. 1E and F), these
results imply a regulatory role of CD11b in the acquisition of phenotypes associated with the
alternatively activated macrophages.
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Figure 3. CD11b-defieicnt macrophages produce increased amounts of pro-inflammatory mediators. (A) BMDMs were treated with MRSA for 8 h, and cytokine
levels in the culture supernatants were measured using the Cytokine Bead Array. (B) iNOS expression was assessed by immunoblotting and intensity of iNOS
signal in each band was normalized by B-actin. Shown is the representative of 3 independent experiments. (C) NO production was measured as nitrate levels
using the Griess reagent. (D) Expression of mRNA of the indicated cytokines was analyzed by quantitative real-time RT-PCR. Concentration of each mRNA was
normalized to Actb, and depicted as the relative expression levels to those of the control macrophages. Data are presented the mean (+SEM) from 2 independent
experiments with 3 biological replicates. (E-G) Peritoneal macrophages were treated with MRSA for 8 h, and cytokine levels (E), NO production (F) and mRNA
expression (G) were determined as described above. (H) BMDMs were treated with MRSA for 8 h, and analyzed by flow cytometry. Shown are representative FACS
profiles with frequencies of indicated subsets in the viable TCR~ B220" F4/80" gates.
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Figure 4. Enhanced functional activation of CD11b-deficient macrophages with an immune regulatory phenotype. Peritoneal macrophages were treated with
IL-4 for 18 h, and quantitative real-time RT-PCR was performed as in Fig. 3. Shown is the relative expression of the indicated genes obtained from 2 independent
experiments, each involving 3 mice per group. (B) Amount of IL-10 in the culture supernatants was measured using the Cytokine Bead Array. (C) Arginase-1
expression was assessed by immunoblotting and intensity of arginase-1 signal in each band was normalized by f3-actin. (D) Representative FACS profiles of
surface markers including CD86, class Il MHC (I-A/I-E), CD38 and CD206 with frequencies of indicated subsets in the viable TCR~ B220" F4/80" gates are shown.
(E) OT-11 T cells were labeled with CellTrace™ Violet, and cocultured with BMDMs in the presence of OVAy; 530 peptide. Four days after the coculture, cell division
and IFN-y expression of the T cells were analyzed by flow cytometry. Representative FACS profiles with frequencies of undivided cells and IFN-y* cells in the CD4
T cell gates and mean (+SEM) prevalence of the indicated subsets are shown.

To further determine the functional impact of CD11b on macrophages, we activated class II
MHC-restricted TCR-transgenic OT-II T cells with an antigenic peptide in the presence of
BMDMs as APCs and measured the T cell expansion and cytokine production of the activated
T cells. While coculturing with unactivated BMDMs did not affects the antigen-induced cell
division of OT-II T cells, the BMDMs markedly upregulated the antigen-induced expression
of interferon-y as shown by the CFSE dilution and intracellular cytokine staining in Fig. 4E.
On the other hand, OT-II T cells that were cocultured with IL-4-activated BMDMs divided
with a lower efficiency than the T cells cocultured with unactivated BMDMs and expressed a
less amount of interferon-y (Fig. 4E). Intriguingly, coculturing with IL-4-activated BMDMs
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lacking CD11b resulted in further attenuated cell division and lesser interferon-y expression
of activated OT-II T cells (Fig. 4E), suggesting that CD11b deficiency augments the ability of
immunomodulatory macrophages to restrain the inflammatory T cell activation. Therefore,
we might exclude the possibility that the exaggerated inflammatory responses of CD11b-
deficient macrophages were attributed to an elevated immunomodulatory function of the
alternatively activated macrophages.

To address the molecular mechanisms by which CD11b regulates the activation and function
of macrophages, we investigated impact of CD11b-deficiency on signal transduction
pathways. The TLR4 pathway in the pro-inflammatory macrophages that is induced by LPS
stimulation is quite well characterized. TLR4 triggering initiates the MAPKs, including

p38 and Erk, that activates transcription factors associated with the expression of pro-
inflammatory cytokines (28). LPS-induced phosphorylation of p38 and Erk in BMDMs was
not affected by the CD11b deficiency (Fig. 5A). The transcription factor NF-«kB regulates

the expression of a wide array of pro-inflammatory genes that include 1/1b, 1l6, Il12b, and
Tnf(39). When CD11b-deficient BMDMs were treated with LPS, we observed an enhanced

A Control Itgam~ B DAPI p65 Merge  LPS (min): (o Control Itgam™~

LPS(min): O 15 30 O 15 30 IL-4 (min): O 15 30 O 15 30
P-p38 - - ... o P-STAT6 =T =m=
e state |
P-Erki/2 [ S Sy P-Akt [ e
e ““” . . . g) - - -
P-p65 o - - - - 15 g' O-tUDULIN | . ——————

T ———— B

a-tubulin |
Control Itgam- 30 D Irf4
LPS(min): 0 5 1015 O 5 10 15 2.0 -
c
- - — - - - o
PrlxBo. 8 i LPS (min): f 1.5
KB M- = 05)_
< ]
a-tubulin |——— ¢ 10
0 =
E 05
[}
o
0-
> X
g & s
15 |8 >®
3
30

Figure 5. Increased activation of NF-kB signaling and phosphorylation of Akt in CD11b-deficient macrophages. (A) BMDMs were activated with LPS for the
indicated times, and analyzed by Western blotting. Representative results from 2 or 3 independent experiments are shown. Immunoblotting of a-tubulin and
unphosphorylated proteins was used as a loading control. (B) Accelerated nuclear induction of NF-kB p65 in CD11b-deficient macrophages. BMDMs were treated
with LPS for the indicated times, and stained using anti-p65, followed by Alexa Fluor 488-conjugated secondary antibody. Shown are representative confocal
images obtained from 3 independent experiments. DAPI (blue) was used to stain nucleus. (C) BMDMs were treated with IL-4, and phosphorylation of STAT6

and Akt was analyzed as in (A). (D) mRNA expression of Irf4 was measured quantitative real-time RT-PCR 8 h after IL-4 treatment. Data are presented the mean
(+SEM) from 2 independent experiments with 3 biological replicates.
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NF-«B activation as shown by the increased phosphorylation of NF-«B p65 and IkBa, along
with the subsequent degradation of IkBa. (Fig. 5A). Confocal microscopy analysis also
showed accelerated nuclear localization of NF-«kB p65 in the CD11b-deficiecnt macrophages
in response to LPS (Fig. 5B). These results indicate that integrin CD11b could restrain the
activation of pro-inflammatory macrophages through the modulation of NF-«B signaling.

STATOG is an essential signaling mediator and transcription factor in IL-4-induced activation
of many immune cells and involved in the transcriptional programming of alternatively the
activated macrophages (14). When BMDMs were activated with IL-4, we did not observe

any apparent difference in the phosphorylation of STATG6 between the control and Itgam™
macrophages (Fig. 5C). Hyperactive PI3K signaling was reported to suppress activation of the
pro-inflammatory macrophages, which instead leads to preferential polarization toward the
alternatively activated macrophages, partially via Akt (40,41). While IL-4 treatment did not
increase the basal phosphorylation of Akt in the control BMDMs compared to untreated cells,
it did enhance the phosphorylation of Akt in BMDM lacking CD11b (Fig. 5C). Furthermore,
expression of interferon regulatory factor 4 (IRF4) that is reported to have a role in the IL-
4-induced metabolic reprogramming to support the alternatively activated macrophages

(42) was higher in CD11b-deficient BMDMs than in the control BMDMs (Fig. 5D). This

result implies that the enhanced production of anti-inflammatory mediators and the
immunomodulatory function of CD11b-deficient macrophages might be due to the increased
ability of Akt to promote functional activation of alternatively activated macrophages.
Overall, several lines of our experimental data suggested a regulatory role of CD11b in the
activation of macrophages, and that CD11b modulates the activation of macrophage with
both proinflammatory and immunomodulatory phenotypes by regulating the NF-kB and Akt
signaling pathways.

DISCUSSION

Deregulated inflammatory responses against pathogens is a key feature of sepsis (3). Sepsis
could occur when macrophages with pro-inflammatory phenotypes are hyperactivated in
response to invading microbes and/or when the regulatory functions of counterbalanced
macrophages are attenuated. S. aureus bacteremia is the most common serious infection
worldwide, leading to sepsis (43). In this study, we investigated the role of CD11b in

the activation and functional polarization of macrophages during MRSA infection.

When peritonitis was induced with MRSA inoculation, CD11b deficiency resulted in an
increased susceptibility to bacteremia and sepsis, which was associated with increased
pro-inflammatory cytokines and hyperactivation of macrophages with pro-inflammatory
phenotypes despite the attenuated migratory potential of the macrophages. In vitro studies
using BMDM s and peritoneal macrophages revealed that CD11b deficiency not only led to
increased secretion of pro-inflammatory mediators such TNF-o and NO but also enhanced
production of anti-inflammatory proteins such as IL-10 and arginase-1 in macrophages
treated with MRSA and IL-4, respectively. Therefore, our study demonstrated that CD11b
has a regulatory role in both pro-inflammatory macrophages and immunomodulatory
macrophages during pathogenic microbial infection.

As an integrin, CD11b is essential for many innate immune cells such as macrophages to

influx into inflamed tissues and to clear invading pathogens. However, there have been
conflicting reports in the impact of CD11b on the functional polarization of macrophages.

https://doi.org/10.4110/in.2021.21.e13 13/19



IMmMmMuUN=
|
|

-
CD11b Modulates Inflammatory Responses Against MRSA n =Two R I(

The Han et al. (18) investigated the mechanism by which CD11b suppresses inflammatory
responses of macrophages and revealed a cross-regulation of CD11b with TLR4 to protect
undesired inflammation against microbial pathogens including E. coli. They also claimed
that the increased colitis severity of Itgam™ mice was partially due to the reduced IL-10
production of CD11b-deficient macrophages and indicated a positive regulatory role in the
anti-inflammatory response of macrophages (23). In contrast, Zhou et al. (24) provide a
mechanistic insight in which CD11b facilitates pro-inflammatory responses of macrophages
by upregulating HMGBI release in LPS shock or polymicrobial sepsis. Similarly, Schmid et
al. identified CD11b as a pivotal regulator of anti-tumor immunity in which CD11b promotes
polarization of the pro-inflammatory macrophage and suppresses tumor growth (25).

Similar to the previous experiment using E. coli, [tgam™ mice were more sensitive to sepsis
induced by MRSA infection, which was associated with enhanced functional activation

of pro-inflammatory macrophages. Intriguingly, we observed higher bacterial burden in
CD11b-deficient mice infected with MRSA, which is gram-positive and known to be primarily
sequestered by macrophages during infection (44). This result was quite different from

the Han et al.'s report (18) where they claimed that larger amount of TNF-a could promote
clearance of the intracellular pathogen Listeria monocytogenes. On the contrary, the expression
of immunomodulatory proteins including IL-10 and arginase-1 during MRSA infection was
not affected by CD11b deficiency in vivo and in vitro (data not shown). These data imply

that the increased sensitivity to sepsis upon MRSA infection might be largely due to the
negative regulatory role of CD11b in pro-inflammatory macrophages. However, we could

not rule out the possible that upregulation of the alternatively activated immunoregulatory
macrophages might contribute to the higher susceptibility to MRSA infection. Indeed,
macrophages expressing CD273" and CD206*, phenotypic markers for the alternatively
activated macrophages were increased in the inflamed peritoneum of Jtgam™ mice along with
pro-inflammatory CD38* macrophages (Fig. 1and data not shown).

Indeed, CD11b-deficiency resulted in increased production of IL-10 and arginase-1 from
macrophages activated with IL-4 (Fig. 4). Furthermore, CD11b-deficient macrophages showed
an enhanced activity to suppress expansion and IFN-y expression of antigen-stimulated T
cells, implying a negative regulatory role of CD11b for macrophages to restrain an adaptive
immune response. Consistently, it was reported that CD11b deficiency resulted in elevated
expression of Argl and YmI, markers for immunomodulatory macrophages in IL-4-activated
macrophages, which contribute to improved insulin resistance in a high-fat diet model (45).
In tumor transplantation experiments using LLC and B16 cancer cells, CD11b deficiency
promoted tumor growth in a macrophage-dependent manner, whereas the constitutive
activation of CD11b suppressed it (25). Intriguingly, it was suggested that increased IL-6
secretion from macrophages lacking CD11b led to autocrine induction of STAT-3-dependent
genes including Argl, Pdfgb and Vegfa, which in turn promoted the enhancement of immune
suppressive and pro-tumorigenic activities. Overall, combined with these studies, our data
revealed a potential regulatory role of CD11b in the functional polarization of the alternatively
activated macrophages with an immunomodulatory phenotype.

Functional polarization of macrophages toward pro-inflammatory and immunomodulatory
activities requires the engagement of a set of signaling pathways and transcriptional
regulatory networks. Pattern recognition receptors such as TLRs sense microbial pathogen
upon infection and induce the expression of inflammatory genes including TNF-a, IL-6,
IL-12, and iNOS, by triggering MAPK and NF-«B signaling pathways (28). A cross-regulation
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of TLR signaling with integrin CD11b in macrophages was proposed by Han et al. (18): TLR4
ligation induces an “inside-out” activation of CD11b, which in turn promotes the degradation
of MyD88 and TRIF, essential adaptor molecules downstream from the TLRs. In contrast,
the concept of TLR4-coreceptor was raised by Zheng et al. (45) in which CD11b cooperates
with TLR4 signaling to elicit optimal inflammatory responses of DCs by facilitating

TLR4 endocytosis. Our biochemical and confocal analyses showed that CD11b deficiency
accelerated NF-kB signaling in macrophages treated with TLR4 ligand, supporting the cross-
regulation of CD11b in TLR signaling. Of note, we did not observe any significant changes in
the MAPK signaling as shown by the phosphorylation of p38 and Erk1/2. Considering both
MAPK and NF-«B signaling pathways as downstream from TLRs, it is unlikely that CD11b
controls the stability of MyD88 and TRIF in a feedback loop in TLR signaling. However, it
remains to be elucidated how CD11b selectively modulates NF-kB-dependent activation of
pro-inflammatory macrophages.

Polarization toward the regulatory macrophages could be achieved by treatment with IL-4,
IL-10, and immune complexes (14). While phosphorylation of STATG was not affected,
phosphorylation of Akt was upregulated by CD11b deficiency when macrophages were
activated with IL-4 (Fig. 5C). Hyperactivation of PI3K signaling driven by Pten loss leads

to preferential activation of immunoregulatory macrophages that produce arginase-1

(46). It was also shown that TSC1 deficiency exacerbates the functional polarization of
pro-inflammatory macrophages through the suppression of Akt (41). Thus, the enhanced
sensitivity to IL-4-induced activation of Akt in CD11b-deficient macrophages could
contribute to the alternatively activated macrophages with immunomodulatory activity.
Furthermore, we observed increased transcriptional induction of IRF4, which depends on
the regulation of PI3K-Akt signaling and facilitates metabolic reprogramming to support
functional polarization of the regulatory macrophages (42). While CD11b deficiency
accelerated TLR-triggered phosphorylation of Akt, pharmacological activation of CD11b
was reported to protect mice from polymicrobial sepsis and attenuate SLE of MRL/lpr
mice through the upregulation of Akt signaling (32). Overall, our experimental evidence
highlights the regulatory roles of CD11b in the functional activation of macrophages upon
microbial infection and suggests that CD11b modulates NF-kB and Akt signaling pathways
during polarization of macrophages toward the pro-inflammatory and immune regulatory
phenotypes, respectively.
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SUPPLEMENTARY MATERIALS

CD11b-deficient mice produced elevated amounts of pro-inflammatory cytokines upon
MRSA infection. Mice were inoculated intraperitoneally with MRSA as in Fig. 1and cytokine
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levels were determined by the Cytokine Beads Array (BioLegend) 8 h after the infection.
Shown are mean (+SEM) amounts of the indicated cytokines in the plasma (A) and peritoneal
lavage (B).

Click here to view

CD11b deficiency attenuated infiltration of monoctyes/macrophages into the inflamed
peritoneum. Cells were obtained from the peritoneal lavage 8 h after MRSA infection and
analyzed by flow cytometry. (A) Representative FACS profiles of peritoneal innate immune
cells with frequencies of indicated subsets in the viable TCRB~ B220™ gates. (B) Shown are
mean (+SEM) percentage of the indicated subsets among the viable CD45.2+ cells: n =5
Itgam™ vs. 5 control mice.

Click here to view

CD11b deficiency enhanced production of TNF-a and IL-6 in response to TLR stimuli.
BMDMs were cultured in the presence of M-CSF and treated with LPS, LTA, PGN and
bacterial CpG-DNA for 8 h. Cytokine levels in the culture supernatants were measured using
the Cytokine Bead Array.

Click here to view
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