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Abstract
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M1 macrophages release pro-inflammatory factors during inflammation. They transition to an M2
phenotype and release anti-inflammatory factors to resolve inflammation. An imbalance in the
transition from M1 to M2 phenotype in macrophages contributes to the development of persistent
inflammation. CD163, a member of the scavenger receptor cysteine-rich family, is an M2
macrophage marker. The functional role of CD163 during the resolution of inflammation is not
completely known. We postulate that CD163 contributes to the transition from M1 to M2
phenotype in macrophages. We induced CD163 gene in THP-1 and primary human macrophages
using polyethylenimine nanoparticles grafted with a mannose ligand (Man-PEI). This nanoparticle
specifically targets cells of monocytic origin via mannose receptors. Cells were challenged with a
single or a double stimulation of lipopolysaccharide (LPS). A CD163 or empty plasmid was
complexed with Man-PEI nanoparticles for cell transfections. Quantitative RT-PCR,
immunocytochemistry, and ELISAs were used for molecular assessments. CD163-overexpressing
macrophages displayed reduced levels of tumor necrosis factor-alpha (TNF)-α and monocytes
chemoattractant protein (MCP)-1 after a single stimulation with LPS. Following a double
stimulation paradigm, CD163-overexpressing macrophages showed an increase of interleukin
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(IL)-10 and IL-1ra, and a reduction of MCP-1. This anti-inflammatory phenotype was partially
blocked by an anti-CD163 antibody (effects on IL-10 and IL-1ra). A decrease in the release of
TNF-α, IL-1β, and IL-6 was observed in CD163-overexpressing human primary macrophages.
The release of IL-6 was blocked by an anti-CD163 antibody in the CD163-overexpressing group.
Our data show that the induction of the CD163 gene in human macrophages under inflammatory
conditions produces changes in cytokine secretion in favor of an anti-inflammatory phenotype.
Targeting macrophages to induce CD163 using cell-directed nanotechnology is an attractive and
practical approach for inflammatory conditions that could lead to persistent pain, i.e. major
surgeries, burns, rheumatoid arthritis, etc.
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Persistent inflammation can promote the development of chronic diseases, such as
rheumatoid arthritis, osteoarthritis, metabolic syndrome-associated disorders (including type
2 diabetes and atherosclerosis), Alzheimer’s disease, asthma, or Crohn’s disease (Libby,
2006, Okin and Medzhitov, 2012, Wong and Lord, 2004). Most of these chronic
inflammatory diseases result in persistent pain due to the sensitization of peripheral
terminals and a subsequent central sensitization. The research in this field has been mainly
focused on reducing pro-inflammatory final effectors (cytokines, prostaglandins, etc.), and,
therefore, the current therapies (i.e. glucocorticoids, antibodies against cytokines, COX
inhibitors, etc.) are based on the inhibition, specifically or globally, of acute proinflammatory mediators. These therapies have been shown to improve the quality of life of
patients suffering from chronic inflammatory diseases, but they have many downfalls. For
example, they produce multiple side effects, are not effective for all patients, and, most
importantly, do not target the underlying causes of the disorder. Even though there have been
significant advances in the identification of anti-inflammatory effectors, our understanding
of the upstream molecular signaling that drives, promotes, or alters the normal resolution of
inflammation is not complete. Therefore, the elucidation of the molecular mechanisms that
drive the normal resolution of inflammation will provide the foundation to develop a novel
and promising therapeutic approach aiming to restore tissue homeostasis.
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Resolution of inflammation is an active and coordinated process preceded by an early
cytodestructive phase (Serhan, 2011, Serhan, et al., 2007). Cells of the monocyte/
macrophage lineage have been recognized as essential in both phases (Wynn, et al., 2013,
Dunster, 2016). Usually, macrophages are divided into 2 categories (M1 and M2), each of
which is predominant in the initiation or resolution of inflammation (Martinez and Gordon,
2014). The M1/M2 dichotomy is based on the response of macrophages to an external
stimuli (Martinez and Gordon, 2014). For example, the presence of lipopolysaccharide
(LPS), interferon-gamma or tumor necrosis factor-alpha (TNF-α) polarize macrophages
towards and M1 phenotype. This macrophage phenotype produces pro-inflammatory
cytokines (interleukin [IL]-1, IL-6, IL-12, TNF-α, etc.) and oxidative metabolites (nitric
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oxide and superoxide) that promote host defense and removal of damaged tissue (Gordon,
2003, Gordon and Taylor, 2005, Roszer, 2015). In contrast, macrophages with an M2
phenotype (usually labeled as anti-inflammatory) represent a heterogeneous population of
macrophages composed by multiple sub-groups or sub-phenotypes (Martinez and Gordon,
2014). For instance, the M2a macrophage phenotype is characterized by the cellular surface
expression of CD163/CD206 (Martinez and Gordon, 2014). Macrophages that adopt an M2b
phenotype express markers such as CD86 and class II major histocompatibility complex
(MHCII), and macrophages that adopt an M2c phenotype express signaling lymphocyteactivation molecule (SLAM) (Martinez and Gordon, 2014). All these M1/M2 hallmarks do
not necessarily exclude each other and usually coexist and adapt depending of the stimulus
or the conditions of the system (Davis, et al., 2013). Until date, all functions of these
markers and phenotypes are not thoroughly understood. When macrophages are unable to
change their phenotype from M1 to M2, inflammation does not resolve, becoming persistent
or chronic (Nathan and Ding, 2010). Therefore, therapies that specifically target
macrophages could result in the resolution of inflammation or pain. In fact, promoting an
M2 phenotype has been shown to decrease pain-related behaviors in murine models of pain
(Hasegawa-Moriyama, et al., 2012, Kiguchi, et al., 2015) This study focuses on exploring
the functions of CD163 in human macrophages phenotype beyond its use as a phenotype
marker. To our knowledge, the functional capabilities of CD163 in the acquisition of an M2
phenotype in macrophages have not been explored.

Author Manuscript
Author Manuscript

CD163 was first described as a cysteine–rich scavenger receptor exclusively expressed in
M2 macrophages (Zwadlo, et al., 1987). In fact, CD163 binds to the hemoglobinhaptoglobin complex (Hb-Hp) (Kristiansen, et al., 2001), which degradation causes the
release of compounds with anti-oxidative and anti-inflammatory effects (i.e. IL-10, free iron,
biliverdine, and carbon monoxide) (Otterbein, et al., 2003, Stocker, et al., 1987, Otterbein, et
al., 2000). Moreover, the expression of CD163 in circulating human monocytes is associated
with the resolution phase of inflammation following major surgeries (Philippidis, et al.,
2004). Similarly, CD163-positive macrophages are a hallmark of wound healing in humans
(Evans, et al., 2013). Although this evidence shows that CD163 is a definitive marker of an
M2 macrophage phenotype associated with the resolution of inflammation, the cause-effect
relationship between CD163 and the resolution of inflammation has not yet been explored.
Thus, we hypothesize that the specific induction of CD163 gene expression in human
macrophages promotes a transition from an M1 to an M2 macrophage phenotype. To test our
hypothesis, we used THP-1 and primary human macrophages stimulated with LPS. First, we
investigated whether the specific blockade of CD163, using a specific antibody delayed the
reduction of pro-inflammatory cytokines or the increase of anti-inflammatory cytokines.
Second, we overexpressed the CD163 gene using Man-PEI nanoparticles and measured
cytokine secretion as functional outcomes to determine M1 and M2 phenotypes. Third, we
confirmed the CD163-dependence of the observed effects by blocking the CD163 receptor
using a specific antibody.
One of the translational and clinically relevant features of our study is the utilization of a
novel cell-directed gene induction technique using nanotechnology. Specifically, we used
polyethyleneimine (PEI) grafted with a mannose receptor ligand (Man-PEI). This feature
makes Man-PEI a powerful tool to develop a specific cell (macrophage)-directed gene
Immunobiology. Author manuscript; available in PMC 2018 August 01.
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therapy. Man-PEI preferentially targets monocytes, since these are the only cells that express
mannose receptors. In addition to this clear advantage of our approach, Man-PEI has other
superior features when compared to other techniques, such as naked DNA, electroporation,
lipoplexes, diethylaminoethyl-dextran, or viruses. These alternative techniques produce low
transfection efficiencies, short-lasting transfections, cytotoxicity, and immunogenic
responses. We have previously demonstrated that Man-PEI efficiently induces different
genes in human macrophages under inflammatory conditions without inducing cytotoxicity
or significant immunogenicity (Bernal, et al., 2016). Furthermore, this nanoparticle
possesses a strong clinical background, since it has been successfully used to induce HIV
gene antigens, which activate monocytes from HIV-positive patients, improving clinical
outcomes (Lisziewicz, et al., 2012, Rodriguez, et al., 2013).

2. Material and Methods
Author Manuscript

2.1. THP-1 cell culture conditions, cell differentiation and lipopolysaccharide (LPS)
stimulation
Immortalized human acute monocytic leukemia cell line (THP-1) was cultured in Roswell
Park Memorial Institute 1640 media (RPMI 1640. Gibco, Grand Island, NY) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells were plated in 75
cm2 flasks at 8 × 104 cells/cm2 and incubated at 37°C in a 5% CO2 atmosphere. The
viability of THP-1 cells was monitored in each experiment using the Trypan blue assay (dye
exclusion method). Briefly, the cell suspension was diluted at a 1:1 ratio and incubated at
room temperature with a Trypan blue dye (Life Technologies, Grand Island, NY) for one
minute. Dead cells were identified as Trypan blue-positive cells. Cells were counted using a
hemocytometer (VWR International, Wayne, PA).
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THP-1 monocytes were differentiated into macrophages by incubating them with 60 ng/mL
phorbol-12-myristate-13-acetate (PMA, Sigma, St. Louis, MO) for 36 hours (37°C, 5 %
CO2) (Landry, et al., 2012). Cells were seeded on 24-well plates (250,000 cells/mL per well)
for 1 hour and then stimulated with 5 μg/mL of LPS (Escherichia coli O111:B4, Sigma).
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Based on our previous work, two stimulation paradigms were utilized: single stimulation
(acute inflammation paradigm) and double stimulation (sub-acute stimulation paradigm)
(Bernal, et al., 2016). For the single stimulation experiments, THP-1 macrophages were
incubated from 24 to 96 hours after a single LPS stimulation (5 μg/mL). For double
stimulation experiments, THP-1 macrophages were incubated for 48 hours after a single
LPS stimulation (5 μg/mL). Then, supernatants were removed and fresh media was added
before the second challenge with LPS (5 μg/mL). The time point for a second stimulation
(48 hours) was chosen based on the time point in which gene overexpression is consistent
(Bernal, et al., 2016). Subsequently, cells and/or supernatants were collected at 4 and 24
hours after the second LPS stimulation. In both paradigms, cells were transfected with a
plasmid that encodes for the CD163 gene (pCD163) or an empty vector plasmid (pEmpty) at
the same time as the first LPS stimulation.
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Human peripheral blood CD14+ monocytes were purchased from LONZA (Lonza
Walkersville, MD). Upon arrival, aliquots were thawed at 37°C and transferred to 50 mL
conical tubes. Cells were washed twice with 10 mL of supplemented RPMI (10% FBS, 1%
penicillin/streptomycin) and 20 U/mL of DNase I (Sigma Aldrich, St. Louis, MO), followed
by centrifugation at 200 × g for 15 min. Cells were then re-suspended in RPMI containing
10% FBS, 1% penicillin/streptomycin, 1% sodium pyruvate, and 100 ng/mL of recombinant
human M-CSF (eBioscience, San Diego, CA). M-CSF was used to differentiate monocytes
into macrophages. Primary cells were cultured for 5–6 days in a 75-cm2 tissue culture flask
at 37°C with 5% of CO2. Macrophages were harvested, and non-adherent cells and media
were removed. The cells remaining in the culture flask were detached by adding 12 mL of
trypsin for 30 min (37 °C, 5% CO2). Cells were plated at 250,000 cells/mL in 24-well plates,
seeded for 1 hour, stimulated with LPS (5 μg/mL, Escherichia coli O111:B4, Sigma), and
transfected with a plasmid containing the CD163 gene or an empty vector. Supernatants and
cells were harvested at 48 and 96 hours after LPS stimulation and stored at −80°C until used.
2.3. Cell transfection using Man-PEI nanoparticles
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Transfection of both THP-1 macrophages and primary human macrophages were performed
using a nanoparticle (polyethylenimine, PEI) grafted with a mannose receptor ligand (ManPEI; Polyplus Transfection, New York, NY). The Man-PEI nanoparticle was complexed
with a cDNA plasmid using a pCMV6-XL4 vector, following the manufacturer’s
instructions. A nitrogen per DNA phosphate (N/P) ratio of 5 was used, since these
conditions induce efficient gene induction without cytotoxicity, as demonstrated elsewhere
(Lisziewicz, et al., 2001). We have confirmed these findings in our laboratory with human
macrophages under inflammatory conditions using LPS as stimulus (Bernal, et al., 2016). A
working mixture of 1 μL of Man-PEI nanoparticle and 50 μL of NaCl (150 mM) was used to
prepare the cell transfection. This solution was mixed with either a CD163 plasmid
(pCD163, 0.5 μg of plasmid in 50 μL of NaCl) or an empty vector plasmid as a negative
control (pEmpty L of NaCl) or an empty vector plasmid as a negative control (pEmpty, 0.5
μg of plasmid in 50 μL of NaCl), and incubated for 30 minutes at room temperature. The
plasmids were purchased from Origene (Rockville, MD). Then, 100 μL of the Man-PEI +
plasmid preparation were added to primary macrophages or THP-1 macrophages (in 24-well
plates, 250,000 cells/well). Lipopolysaccharide (single stimulation, or first stimulation in
double stimulation paradigm) was added to cells concomitantly with the Man-PEI + plasmid
complexes. For a main control group, the Man-PEI nanoparticle alone (1 μL of Man-PEI in
100 μL of 150 nM NaCl), non-complexed with plasmids, was added to THP-1 macrophages
stimulated with LPS. This group was used to normalize the Man-PEI + pCD163 and ManPEI + pEmpty groups in THP-1 macrophages. Since Man-PEI did not show a significant
effect in human THP-1 macrophages (Bernal, et al., 2016) and our access to primary
monocytes was limited, all values in the Man-PEI + pCD163 group for primary human
macrophages were normalized against the Man-PEI + pEmpty group, which was given a
value equal to 1.
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Cells were collected at different time points following single and double LPS stimulation
paradigms. For the single stimulation paradigm, collections were performed at 24, 48, 72,
and 96 hours. For the double stimulation paradigm, collections were performed at 4 and 24
hours after the second stimulus. Cells were collected using BL+TG buffer and stored at
−80°C. The RNA was isolated from THP-1 macrophages and primary macrophages using
ReliaprepTM RNA Cell Miniprep System (Promega, Madison, WI), according to the
manufacturer’s protocols. Levels of mRNA were determined as described previously
(Ndong, et al., 2012). Complementary DNA (cDNA) was synthesized from 1 μg of total
RNA from each sample using Script Reverse Transcription Supermix (BioRad, Hercules,
CA) under the following conditions: 5 min at 25°C, 30 min at 42°C, and 5 min at 85°C. We
quantified the expression of TNF-α (59°C), IL-6 (60°C), IL-10 (59°C), CD163 (57°C), and
β-actin (57°C) using the SsoAdvanced Universal SYBR Green Supermix (BioRad) under the
following conditions: 1 cycle of 98 °C for 30 sec, 45 cycles of 98 °C for 15 sec, followed by
30 sec of the primer-specific annealing temperature. The primers for quantitative PCR are
shown in table 1. All samples were run in duplicate using the CFX96 Real-Time PCR
system (Bio-Rad, Hercules, CA). The expression of mRNA for our molecules of interest was
normalized in each sample using the β-actin expression. To determine the fold change of
each gene we used the ddCt method, as previously described (Livak and Schmittgen, 2001).
2.5. Immunocytochemistry and fluorescence microscopy
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The protein expression of CD163 (intracellular and membrane-anchored form) and CD206
(a marker for mannose receptor) was determined by immunocytochemistry and fluorescence
microscopy. Briefly, a rounded coverslip (12 mm diameter) was placed into the wells of a
12-well plate. Fibronectin (500 μg/μl, Sigma Aldrich, St. Louis, MO) was added to each well
and incubated for 12 hours at 4°C. The fibronectin was removed, and the coverslips were
washed with PBS. Then, cells were seeded (250,000 cells/well/mL) and incubated for 1 hour
before stimulation with LPS, using the single stimulation paradigm. The following
treatments were added concomitantly with LPS: Man-PEI alone, Man-PEI + pCD163, or
Man-PEI + pEmpty. Cell cultures under these conditions were incubated for 48, 72, and 96
hours. We based our time points for these experiments on our mRNA results following
pCD163 induction (see the results section), in which CD163 mRNA expression was
significantly increased at 48 hours and remained elevated until 96 hours of incubation.
Following these incubation times, cells were fixed with 4% formaldehyde/PBS solution for
30 minutes at room temperature, then rinsed and permeabilized with 0.25% Triton-X100 in
PBS for 5 minutes (room temperature). Non-specific antibody binding was prevented by
adding 0.5% fetal bovine serum to the cells for 1 hour at room temperature. Cells were then
incubated overnight at 4°C with a mouse antibody against human CD163 (Serotec, Raleigh
NC, 1:150) and a rabbit antibody against human CD206 (Abcam, Cambridge MA, 1:250).
Then, cells were rinsed and incubated for 1 hour at room temperature with the proper
secondary antibodies. The secondary antibodies used were: anti-mouse secondary antibody
raised in goat and conjugated to Alexa 555 (Life technologies, Grand Island, NY, 1:1000),
and anti-rabbit secondary antibody raised in donkey and conjugated to Alexa 488 (Life
technologies, Grand Island, NY, 1:1000). The antibodies and the blocking solution were
diluted in PBS that contained 0.25% Triton-X100. Coverslips containing cells were mounted
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on slides using an anti-fade medium (Vectashield; Vector Laboratories, Burlingame CA,
USA) containing 4′, 6-diamidino-2-phenylindole dihydrochloridehydrate (DAPI, Sigma, St.
Louis, MO) to allow visualization of cell nuclei (blue fluorescence). Slides were examined
using a Leica DMIL microscope (Model: 11521258) and a Leica DFC345 FX Digital
Camera (Leica Microsystems Inc., Buffalo Grove, IL). The percent of CD163 or CD206
positive cells was determined by quantifying the percentage of red or green cells
respectively, based on the DAPI positive cells in six random fields (40X) per slide.
Fluorescence intensities for CD163 or CD206 were quantified in each individual cell
analyzed within its local region of interest. The mean background intensity was calculated
from areas outside of the cell perimeter. The average intensity per cell was determined after
background subtraction using Sigma Scan Pro software (Systat Software Inc., San Jose,
CA).
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2.6. ELISA and Multiplex assays
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Cells were cultured as mentioned above, and supernatants from all groups were collected at
different time points following single or double LPS stimulation paradigms. Supernatants
were collected at 24, 48, 72, and 96 hours for the single stimulation paradigm, while
collections were made at 4 and 24 hours for the double stimulation paradigm. Supernatants
were collected and stored at −80°C until enzyme-linked immunosorbent assays (ELISA)
were performed. Tumor necrosis factor-alpha (TNF-α), interleukin (IL)-10, IL-6 and
transforming growth factor-beta (TGF-β) concentrations were measured with commercial
sandwich ELISA kits (Human TNF-α/IL /IL-10/IL-6/TGF-βELISA Ready-SET-Go!,
eBioscience, San Diego, CA) in stored supernatants. The sensitivity of these ELISA kits was
4 pg/mL for human TNF-α, 8 pg/mL, 8 pg/mL for human TGF-β, and 2 pg/mL for human
IL-6 and IL-10. The levels of the soluble form of CD163 (sCD163) and IL-1 receptor
antagonist (IL-1ra) were also measured with a commercial ELISA kits (Human CD163/IL-ra
ELISA kit, R&D systems, McKinley Place, MN). The sensitivity of the sCD163 ELISA kit
was 0.613 ng/mL, while the sensitivity of the IL-1ra kit was 1.83 pg/mL. The ELISA assays
were performed, following the manufacturer’s instructions. We also quantified the levels of
IL-4, IL-1ra, and IL-1β by Multiplex assays (Human-3 plex HCYTOMAG-60K kit,
MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel, Millipore Billerica,
MA) using the Luminex 100 IS system (Luminex, Austin, TX) for detection and analysis of
the samples. The detection sensitivity for IL-1ra, IL-1β, and IL-4 were 1.8 pg/mL, 2.4
pg/mL, and 2.7 pg/mL, respectively. Levels of IL-4 for all samples are not shown because all
values were under the detection limit of the standard curve.
2.7. Westernblot analysis
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Confluent THP-1 monocytes were differentiated into macrophages as described before.
THP-1 macrophages were counted and plated at a density of 5 × 105 cells/mL. The cells
were transfected as previously described using Man-PEI nanoparticles complexed with an
empty vector (pEmpty) or a plasmid that encodes de CD163 gene (pCD163). The
nanoparticles alone were added to a group of cells as control. Cell lysates were collected 48
hours after the transfection using 200 μl of Rippa buffer (Invitrogen, Carlsbad, CA)
containing protease inhibitor (Sigma Aldrich, St. Louis, MO). The samples were sonicated
three times for five seconds and then centrifuged at 10,000 g × 10 min at 4°C. The protein
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rich supernatant was used to assess the expression of CD163 by Westernblot. Samples and
standard protein markers were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (10% gels, Bio-Rad, Hercules, CA) and transferred to polyvinylidene
difluoride membranes (Bio-Rad, Hercules, CA). Non-specific binding was prevented by
blocking the membrane with 5% bovine serum albumin in Tris-buffered saline for 1 hour.
Then, membranes were incubated overnight with a mouse anti-human CD163 antibody
(1:200, clone EDHu-1, Bio-Rad, Hercules, CA). The next day, blots were incubated for 1 h
at room temperature with a goat anti-mouse horseradish peroxidase-conjugated secondary
antibody (1:3000; KPL, Gaithersburg, MD). The signal was visualized with SuperSignal
West Femto Maximum Sensitivity Substrate (Thermo Fisher, Waltham, MA) and imaged
using the Li-cor C-DiGit scanner (Li-cor, Lincon, NE). Blots were stripped (10 min at room
temperature) and re-probed with a mouse anti-Beta-Actin antibody incubated overnight at
4°C (1:3000; Sigma Aldrich, St. Louis, MO). This protein was used as the loading control.
The next day, blots were incubated for 1 h at room temperature with a goat anti-mouse
horseradish peroxidase-conjugated secondary antibody (1:3000; KPL, Gaithersburg, MD).
The signal was visualized with SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher, Waltham, MA) and imaged using the Li-cor C-DiGit scanner (Li-cor,
Lincon, NE). The density of the bands was measured using Image J software. The ratio of
CD163 to the corresponding loading control bands (Beta-Actin) was calculated. Then the
relative expression of CD163 was normalized to the pEmpty group, which was assigned a
value of 1. Three independent studies were conducted to obtain an n=10 for pCD163 and
pEmpty groups. One sample for the nanoparticle group (Man-PEI) was used in each
experiment for a total of 3 observations (n=3).
2.8. Functional blockade of CD163
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To test whether the normal expression of CD163 in stimulated human macrophages plays a
role in the resolution of LPS-induced inflammatory effects, we blocked CD163 with a
monoclonal anti-CD163 antibody (Clone RM3/1) that has been shown to inhibit the
functional properties of CD163 in monocyte cultures (Philippidis, et al., 2004). We used
THP-1 and primary human macrophages challenged with LPS as described above. CD163
was blocked using 20 μg/mL of the anti-CD163 antibody (Clone RM3/1, Santa Cruz
Biotechnology, Santa Cruz, CA, sc-33715). For the control group, we used an isotype
antibody (Mouse IgG, Santa Cruz Biotechnology, Santa Cruz, sc-3877) 48 hours after the
addition of LPS (the time in which CD163 is up-regulated following LPS stimulation).
Supernatants were collected 24 hours after the addition of the antibody or isotype control
(72 hours after LPS) for further cytokine measurements. This time point after LPS
stimulation was selected because pro-inflammatory cytokines are returning to basal levels at
this time, and anti-inflammatory cytokines peak following LPS stimulation, as demonstrated
in our previous studies (Bernal, et al., 2016).
In another series of experiments, the anti-CD163 antibody was used to block CD163 in
THP-1 and primary human cells transfected with the CD163 gene or the empty vector. In the
single stimulation paradigm, 20 μg/mL of the anti-CD163 antibody or isotype control was
added at 24, 48, and 72 hours after the transfection of THP-1 cells. Supernatants were
collected at 96 hours for cytokine ELISA analyses. For the double stimulation paradigm, 20
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μg/mL of the anti-CD163 antibody or its isotype control was added concomitantly with the
second LPS challenge to THP-1 cells. Supernatants were collected at 4 and 24 hours after
the second LPS stimulation for further cytokine measurement, using ELISA analyses. When
primary human cells were used, the anti-CD163 antibody (20 μg/mL) or its isotype control
was added at 24, 48, and 72 hours after cell transfection. The supernatants were collected at
48 hours and 96 hours after the transfection of primary human macrophages for further
cytokine ELISA analyses.
2.9. Statistics
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In all studies where THP-1 macrophages were used, the values from pEmpty- and pCD163transfected cells were normalized against the Man-PEI group. For primary monocytes, all
values in the pCD163 group were normalized against the pEmpty-transfected group. In the
experiments where the antibody or isotype control was used, all values were normalized
against the empty vector group. Statistical analysis was performed using GraphPad Prism
6.01 (GraphPad Software Inc., La Jolla, CA). Unpaired t-test and one-way ANOVA followed
by Bonferroni’s post hoc test was used as appropriate. A p<0.05 was considered significant.
Data is presented as mean ± standard deviation (SD).

3. Results
3.1. Blockade of CD163 following LPS stimulation
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First, anti-inflammatory cytokines were studied in THP-1 macrophages (IL-10 and TGF-β,
Fig. 1A and 1B) during the resolution stage of LPS stimulation. We observed that the
blockade of CD163 using an anti-CD163 antibody resulted in a reduction of TGF-β
(1948.71 ± 713.32 pg/mL) when compared to LPS alone (3079.50 ± 533.03 pg/mL, Fig.
1B). No changes were observed in the levels IL-10 (Fig. 1A). The isotype control antibody
did not produce any significant effect when compared to LPS alone group or the anti-CD163
group. Then, pro-inflammatory cytokines were studied in LPS stimulated THP-1
macrophages (TNF-α, MCP-1, IL-1β and IL-6). We observed that the blockade of CD163
resulted in an increase of TNF-α (5769.51 ± 2719.68 pg/mL) when compared to LPS alone
(2858.45 ± 1304.04 pg/mL) or the isotype group (3270.79 ± 1352.58 pg/mL) (Fig. 1D); no
changes were observed in IL-1, MCP-1 or IL-6 among groups (Fig. 1C, 1E and 1F,
respectively).
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The enhanced pro-inflammatory phenotype found in LPS-stimulated THP-1 macrophages
during the resolution of the inflammatory stage following CD163 blockade was replicated in
human primary macrophages. When anti-inflammatory cytokines were studied in human
primary macrophages, we observed that the blockade of CD163 did not change the
concentration of IL-10 (Fig. 2A) or TGF-β (Fig. 2B) compared to any control group.
However, when pro-inflammatory cytokines were studied in human primary macrophages,
we observed that the blockade of CD163 resulted in an increase in TNF-α (1393.94
± 343.67 pg/mL) compared to the isotype group (1033.17 ± 229.83 pg/mL), and reached a
statistical difference of P=0.05 when compared to the LPS alone group (1080.55 ± 298.93
Fig. 2D); no changes were observed in IL-1β, MCP-1 or IL-6 among groups (Fig. 2C, 2E
and 2F, respectively).
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The transfection of LPS-stimulated THP-1 macrophages (single stimulation) with pCD163
using Man-PEI nanoparticles resulted in a significant increase in CD163 mRNA expression
at 48, 72, and 96 hours after transfection compared to pEmpty or Man-PEI group (Fig. 3).
The changes observed at the 24-hour incubation time point in the pCD163 group reached a
statistical difference of p=0.056 when compared to the pEmpty group.

Author Manuscript

We observed that the transfection of THP-1 cells using pCD163 resulted in an
overexpression of CD163 at the protein level (fluorescence intensity) at the 48-hour time
point compared to the pEmpty or Man-PEI group (Fig. 4A and 4B). We did not observe any
significant changes at 72 or 96 hours after transfection. Similarly, when the percent of
CD163-positive cells was determined, we found that the percentage of CD163-positive cells
in the pCD163 group (75.0±6.3%) was significantly higher than in the pEmpty group
(53.0±2.6%) 48 hours after transfection (P<0.05). There were no differences between groups
in the number of CD163-positive cells at 72 hours (pCD163 = 46.6±1.8% vs. pEmpty =
39.4±8.3%) and 96 hours (pCD163 = 38.5±7.9% vs. pEmpty = 38.8±2.7%) after
transfection. The increase of CD163 protein at the 48-hour time point in the pCD163 group
when compared to the pEmpty group was confirmed by Westernblot analysis (Fig. 5).

Author Manuscript

We then confirmed that the induction of CD163 overexpression resulted in the expression of
an M2a phenotype macrophage surface marker, CD206. The transfection of LPS-stimulated
THP-1 macrophages (single stimulation) with pCD163 resulted in a significant increase in
CD206 expression at the protein level (fluorescence intensity) at 72- and 96-hour incubation
time points when compared to the pEmpty or Man-PEI group (Fig. 4A and 4C). No changes
in CD206 expression were observed at 48 hours after transfection. The percent of CD206
positive cells remained similar in both pCD163 and pEmpty groups at 48 hours (pCD163 =
40.9±3.2% vs. pEmpty = 39.9±1.5%), 72 hours (pCD163 = 91.4±4.3% vs. pEmpty =
89.9±4.2%), and 96 hours (pCD163 = 77.2±4.1% vs. pEmpty = 78.3±4.3%).
We also measured the levels of the soluble form of CD163 (sCD163) after CD163
overexpression. The levels of sCD163 increased in both pCD163 and pEmpty groups at 72
and 96 hours following a single stimulation of LPS, consistent with previous observations
(Hintz, et al., 2002, Weaver, et al., 2006), and no differences between groups were observed
(Supplementary fig. 1). These data suggest that the levels of cellular CD163 do not
necessarily determine the levels of sCD163. We speculate that the overexpression of cellular
CD163 does not influence the cleavage mechanisms that promote the shedding of sCD163.
3.3. Cytokine profile of CD163-overexpressing THP-1 macrophages

Author Manuscript

When anti-inflammatory cytokines were studied in LPS-stimulated CD163-overexpressing
THP-1 macrophages, we did not find any change in IL-10 (Fig. 6A), IL-1ra (Fig. 6B), or
TGF-β (Fig. 6C) when compared to the pEmpty group at any time point tested. However,
CD163-overexpressing macrophages produced lower concentrations of the proinflammatory cytokines TNF-α (pCD163 = 0.63 ± 0.10, pEmpty = 0.98 ± 0.10 Fig. 6D) and
MCP-1 (pCD163 = 0.97 ± 0.10, pEmpty = 1.19 ± 0.05, Fig. 6E) when compared to the
pEmpty group at 96 hours (no changes were found at 24, 48, or 72 hours). No differences in
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IL-1β (Fig. 6F) and IL-6 (Fig. 6G) were found at any time point between pCD163 or
pEmpty groups. We did not detect IL-4 in our system. The addition of the RM3/1 antibody
against CD163 (membrane-bound form) or its respective isotype control (48 hours after
transfection) did not block effects on TNF-α or MCP-1 observed in CD163-overexpressing
cells at 96 hours (data not shown). The effects of CD163 overexpression on the cytokine
concentration in THP-1 cells in the single LPS stimulation paradigm are summarized in the
table 2.

Author Manuscript

Additionally, we measured the mRNA expression of two major pro-inflammatory cytokines
(TNF-α, IL-6) and one anti-inflammatory cytokine (IL-10) after the overexpression of
CD163 under the abovementioned conditions. We did not observe differences in the mRNA
levels of TNF-α between pCD163 and pEmpty groups at any time point (Supplementary fig.
2A). We observed that IL-6 mRNA was elevated at 24 hours in CD163-overexpressing
macrophages when compared to the pEmpty group, and no changes were observed at other
time points (Supplementary fig. 2B). An increase in IL-10 mRNA at 72 hours (no changes in
other time points) was found in CD163-overexpressing macrophages when compared to the
pEmpty group (Supplementary fig. 2C).
3.4. Cytokine profile of CD163-overexpressing macrophages in a model of sub-acute
inflammation
We confirmed that CD163 mRNA was significantly increased in THP-1 macrophages
transfected with pCD163 in a double LPS stimulation paradigm when compared to the
pEmpty group at 4 and 24 hours after the second stimulus (+4 and +24, respectively; Fig. 7).
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When anti-inflammatory cytokines/chemokines were measured under these conditions, we
observed that CD163-overexpressing THP-1 macrophages displayed higher concentrations
of IL-10 (at +4 hours; pCD163 = 2.52 ± 1.20, pEmpty = 1.28 ± 0.34; Fig. 8A) and IL-1ra (at
+24 hours; pCD163 = 2.41 ± 0.21, pEmpty = 1.95 ± 0.23; Fig. 8B) when compared to the
pEmpty group. There were no changes in the concentration of TGF-β between the pCD163
and pEmpty groups at the tested time points (Fig. 8C). The effects on IL-10 and IL-1ra
observed in the pCD163 group were replicated in independent experiments, and the RM3/1
anti-CD163 antibody blocked these effects (Fig. 9A and 9B). The isotype control antibody
did not produce any significant change when compared to the pCD163 group, and it was
significantly different to pCD163+anti-CD163 antibody group for IL-10 but not for IL-1ra.
A weak unspecific effect of this isotype antibody has been previously observed (Luo, et al.,
2014, Moura, et al., 2012).
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When pro-inflammatory cytokines were measured under these conditions, we observed that
CD163-overexpressing THP-1 macrophages displayed lower concentrations of MCP-1 (at
+24 hours; pCD163 = 0.77 ± 0.04, pEmpty = 0.97 ± 0.09; Fig. 8E) when compared to the
pEmpty group. There were no changes in the concentration of TNF-α (Fig. 8D), IL-1β (Fig.
8F), or IL-6 (Fig. 8G) between the pCD163 and pEmpty groups at the tested time points.
The addition of the RM3/1 anti-CD163 antibody did not block the effects on MCP-1
observed in CD163-overexpressing cells (data not shown). The effects of CD163
overexpression on the cytokine concentration in THP-1 cells in the double LPS stimulation
paradigm are summarized in the table 2.
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When major cytokines were evaluated at the mRNA level, we did not observe differences in
the amount of TNF-α (Supplementary fig. 3A), IL-6 (Supplementary fig. 3B), or IL-10
(Supplementary fig. 3C) between the pCD163 and pEmpty groups.
3.5. CD163 overexpression and cytokine profile in primary human macrophages following
LPS stimulation
Using the same transfection approach and Man-PEI nanoparticles in a single LPS
stimulation paradigm, we observed an overexpression of CD163 mRNA in primary human
macrophages transfected with pCD163 when compared with the pEmpty vector at both 48
and 96 hours (Fig. 10). The concentration of the soluble form of CD163 did not differ
between the CD163 and pEmpty groups at any time point in human primary macrophages
(Supplementary fig. 4).
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We also determined the cytokine production profile of CD163-overexpressing cells as a
functional outcome. When anti-inflammatory cytokines were measured under these
conditions, we observed that CD163-overexpressing human primary macrophages displayed
a slight, yet significant, reduction in IL-10 (at 48 hours; pCD163 = 0.90 ± 0.09, pEmpty = 1
± 0.06; Fig. 11A), but no changes were observed in IL-1ra or TGF-β when compared to the
pEmpty group (Fig. 11B and 11C).
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When pro-inflammatory cytokines were measured under these conditions, we observed that
CD163-overexpressing human primary macrophages displayed lower concentrations of
TNF-α (at 48 hours; pCD163 = 0.68 ± 0.15, pEmpty = 1 ± 0.11; Fig. 11D), IL-1β (at 96
hours; pCD163 = 0.67 ± 0.19, pEmpty = 1 ± 0.14; Fig. 11F), and IL-6 (at 48 hours; pCD163
= 0.76 ± 0.08, pEmpty = 1 ± 0.08; Fig. 11G) when compared to the pEmpty group. There
were no changes in the concentration of MCP-1 (Fig. 11E) between the pCD163 and
pEmpty groups at the tested time points. The effects of CD163 overexpression on the
cytokine release in primary human cells are summarized in the table 2.
These cytokine effects in CD163-overexpressing primary human macrophages were
replicated and challenged with the addition of the RM3/1 anti-CD163 antibody. We observed
that the anti-CD163 antibody blocked the effects on IL-6 when compared to the pCD163
group (Supplementary fig. 5A). The isotype antibody control group was not significantly
different from either the pCD163 group or the anti-CD163 group. The anti-CD163 antibody
or its isotype antibody did not reverse the effects on TNF-α, IL-1β, or IL-10 in human
primary macrophages (Supplementary fig. 5B, 6C, and 5D, respectively).

4. Discussion
Author Manuscript

The major findings of this study are: 1) The blockade of CD163 in human macrophages at
the resolution phase of LPS-induced inflammatory response resulted in an exacerbated proinflammatory cellular phenotype; and 2) The overexpression of CD163 in human
macrophages resulted in the expression of M2 markers and an a clear reduction of the
inflammatory phenotype (cytokine profile) produced by LPS in all the studied conditions.
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The classic effects of CD163 have been associated with the scavenging activity of the
hemoglobin-haptoglobin (Hb-Hp) complexes. The degradation of the Hb-Hp complex
through the CD163 receptor produces metabolites with anti-inflammatory properties
(Philippidis, et al., 2004, Etzerodt and Moestrup, 2013). However, CD163 could serve as a
receptor for other molecules and drive different responses. For example, under certain
conditions, CD163 acts as an adhesion receptor for erythroblasts, promoting the growth and
survival of these cells (Fabriek, et al., 2007). Additionally, CD163 has been described as a
contributor to THP-1 cell immune response under infections, serving as a bacterial (Fabriek,
et al., 2009) or viral receptor (Guo, et al., 2014). Similarly, the crosslink of CD163 with
some antibodies triggers pro-inflammatory immune responses (Ritter, et al., 2001). On the
other hand, CD163 seems to bind to dust mites (Dai, et al., 2016) and cockroach allergens
(Mushaben, 2015), which protects the host from inflammatory reactions. Together, these
data show that the conditions or stimuli present in a system can determine the
immunomodulatory actions of CD163, which are not limited to the Hb-Hp complex
interaction. In fact, using CD163 gene overexpression techniques, it has been demonstrated
that CD163 not only interacts with the Hb-Hp complexes, but also with T-lymphocytes and
viruses as a receptor (Guo, et al., 2014, Nielsen, et al., 2013, Madsen, et al., 2004, Frings, et
al., 2002).
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The current study uncovers a new function for CD163, which promotes changes in the
phenotype in human macrophages under LPS inflammatory conditions in the absence of
factors that have been described to interact with CD163, namely, Hb-Hp complexes,
erythroblasts, bacteria, allergens, viruses, and other types of cells. Macrophages express
multiple markers following LPS stimulation, which probably contribute to the acquisition of
a clear pro-inflammatory phenotype. In our hands, the overexpression of CD163 favored the
induction of some markers of an M2a phenotype that encompassed a cytokine profile
associated to the resolution of inflammation in both THP-1 and primary macrophages under
different LPS stimulation paradigms.
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Our approach demonstrates that the mechanism by which CD163 promotes this cellular
phenotype is in part due to the extracellular engagement of a ligand present in the
inflammatory milieu. This is demonstrated by the use of the RM3/1 antibody, which blocks
an extracellular domain of CD163 and, therefore, its potential interaction with its ligand. In
all circumstances (non-overexpressed and overexpressed CD163 cells), this antibody
induced a pro-inflammatory cytokine profile in our settings. Our studies did not identify the
responsible ligand that interacts with CD163 following LPS stimulation, but a likely
candidate is the tumor necrosis factor-like weak inducer of apoptosis (TWEAK) (Bover, et
al., 2007, Moreno, et al., 2009). This molecule, which is produced by macrophages upon
LPS stimulation (Chacon, et al., 2006), induces apoptosis in macrophages by binding to the
Fn14 receptor, via the nuclear factor-κB pathway (Brown, et al., 2003). Interestingly, CD163
acts as a decoy receptor for TWEAK, which blocks its apoptotic effects (Bover, et al., 2007).
TWEAK induces the production of pro-inflammatory factors, such as IL-6, MCP-1, IL-8,
and MMP-9 (Kim, et al., 2004). Even though the direct interaction of CD163 and TWEAK
does not occur in all conditions (Fick, et al., 2012), there is consistent evidence showing that
TWEAK binds to CD163, and this interaction blocks other functions of TWEAK, i.e. its
myogenic effects (Akahori, et al., 2015). Therefore, we speculate that in our system an
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interaction between CD163 and TWEAK could be promoting an anti-inflammatory
macrophage phenotype. However, further studies are needed to characterize the CD163/
TWEAK interaction under our experimental settings.
In contrast to our findings, it has been shown that CD163-positive macrophages under a
double LPS stimulation paradigm display a higher intracellular content of TNF-α in
comparison to their CD163-negative counterparts (Alves-Januzzi, et al., 2015). Here, we
show that CD163 overexpression resulted in a reduction of released TNF-α. A potential
explanation of these findings is that CD163 could reduce the release of TNF-α, which would
result in an accumulation of this cytokine in the intracellular space. This hypothesis is
interesting, since it opens the possibility of several potential mechanisms for CD163
immunomodulatory effects, namely the reduction of the de novo production of proinflammatory factors, and the reduction of the release of these molecules.
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Our data (i.e. regarding IL-10) are in accordance with previous findings, in which the
presence of CD163-positive macrophages was associated with the resolution of
inflammation and higher production of IL-10 (Philippidis, et al., 2004, Etzerodt and
Moestrup, 2013). The use of an empty vector as a control group demonstrates that the
observed effects are CD163 specific. Our additional control group, using only the
nanoparticle, also rules out the possibility that the observed anti-inflammatory effect is
related to the mannose ligand, since it has been shown that mannose receptors could trigger
anti-inflammatory responses (Chieppa, et al., 2003). Additionally, we have previously
demonstrated that this nanoparticle produces a minimal and transient immunogenic effects
and no cytotoxicity under our current conditions (Bernal, et al., 2016), which also rules out
the possibility of a masking effect induced by the polyethyleneimine nanoparticle or the
mannose ligand interaction.
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We further confirmed the specificity of our observations through the functional blockade of
a specific extracellular domain of CD163 (scavenger receptor cysteine rich [SRCR] domain
nine) on IL-10, IL-1ra, and IL-6 with a specific antibody, RM3/1. These findings are in line
with previous studies that show the blocking effect of the RM3/1 antibody on IL-10 release
in human macrophages (Philippidis, et al., 2004, Landis, et al., 2013). Interestingly, in our
experiments, RM3/1 antibody affected TNF-α in non-transfected macrophages after LPS
stimulation, but it did not affect this cytokine in CD163-overexpressing macrophages. Thus,
the binding of molecules to the different CD163 SRCR extracellular domains could trigger
differential effects in different conditions. In fact, it has been shown that the crosslinking of
CD163 with antibodies also triggers some pro-inflammatory responses by the activation of
its different extracellular domains and via alternative intracellular pathways that involve
casein kinase II or protein kinase C (Ritter, et al., 2001). For instance, targeting the third
SRCR domain using the EDhu-1 antibody increases inositol production, IL-6, and
granulocyte-monocyte colony stimulating factor (Van den Heuvel, et al., 1999). Similarly,
the binding of bacteria to the second SRCR domain induces the release of TNF-α (Fabriek,
et al., 2009). This evidence suggests that pro-inflammatory cytokines could be modulated
through different CD163 SRCR domains in different conditions.
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Our findings could set the foundation for a novel therapeutic approach for conditions with
the risk of developing chronic inflammation and chronic pain, such as major surgeries or
large burns. Inducing an efficient transition from M1 to M2 phenotype in macrophages by
inducing CD163 as a gene therapy could directly restore a homeostatic state by targeting the
cause of the problem. The induction of M2 macrophages has been shown to reduce painrelated behaviors in mice models of postoperative or neuropathic pain using a PPAR-γ
agonist (Hasegawa-Moriyama, et al., 2012) or IL-4 (Kiguchi, et al., 2015).
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The clinical relevance of our approach lies in the fact that in our studies we use human
primary macrophages (Bosshart and Heinzelmann, 2016, Heil, et al., 2002), demonstrating
that our target, CD163, retains its anti-inflammatory functions in clinically relevant human
cells under potent (LPS) inflammatory conditions. Even though our approach show
differential responses of THP-1 and primary human macrophages, as shown elsewhere, cells
(Bosshart and Heinzelmann, 2016, Heil, et al., 2002) CD163 consistently induced an antiinflammatory phenotype if both types of cells. We believe that inducing CD163 could not
only be beneficial for promoting resolution of inflammation and treating related pain
conditions, but also protect from bacterial infections. CD163 can bind to bacteria through
the interaction of fibronectin peptides, which amplifies the phagocytosis of S. aureus and
improves the killing efficiency of this pathogen (Kneidl, et al., 2012). This feature is
particularly relevant for conditions with open injuries or tissue damage, such as major
surgeries or burns.
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Another clinically relevant feature of our study is the use of a clinically proven gene delivery
method, Man-PEI nanoparticles (Lisziewicz, et al., 2012, Rodriguez, et al., 2013). This
polyethylenimine nanoparticle is an endotoxin-free cationic polymer that forms stable
complexes with nucleic acids, protecting DNA from degradation (Grzelinski, et al., 2006,
Urban-Klein, et al., 2005). Although PEI does not have cell specificity, the modified
nanoparticle, Man-PEI preferentially targets cells that express mannose receptors (Diebold,
et al., 1999). Thus, Man-PEI is ideal to preferentially target macrophages. Moreover,
mannose receptors are involved in endocytosis and antigen delivery processes, which
increase the uptake of the Man-PEI complexes and enhance the specificity to target cells
(Diebold, et al., 1999, Martinez-Pomares, 2012). Our previous studies further confirm the
safety and efficiency of these nanoparticles for gene induction in macrophages under
inflammatory conditions (Bernal, et al., 2016).
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Taken together, our data shows that under potent inflammatory conditions, the induction of
the CD163 gene using Man-PEI nanoparticles resulted in changes in macrophage cytokine
secretion, which are in favor of an anti-inflammatory phenotype. These findings suggest that
targeting macrophages via CD163 could be beneficial to promote an efficient resolution of
inflammation and a subsequent reduction in the risk of developing chronic inflammation,
delayed tissue repair, and/or persistent pain. Although the exact mechanism by which
CD163 produces these effects is still unknown, our data provide new insights into the
functions of this molecule. Ongoing studies are focused on elucidating the upstream ligands
and downstream molecular mechanisms of the overexpression of CD163, and the use of this
approach in in vivo models of chronic pain.
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Figure 1. Changes of cytokine concentration in THP-1 macrophages challenged with a single
LPS stimulation and a CD163 antibody

Quantification for IL-10 (A), TGF-β (B), IL-1β (C), TNF-α (D), MCP-1 (E), and IL-6 (F)
protein concentration in THP-1 macrophages with a single LPS stimulation and incubated
with the anti-CD163 antibody (RM3/1) or its isotype control (Iso) for 24 hours (72 hours
after the addition of LPS). N = 6–10 per group. *p<0.05, vs. LPS, #p<0.05, vs. isotype
control by student’s t-test.
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Figure 2. Changes of cytokine concentration in primary human macrophages challenged with a
single LPS stimulation and a CD163 antibody

Quantification for IL-10 (A), TGF-β (B), IL-1β (C), TNF-α (D), MCP-1 (E), and IL-6 (F)
protein concentration in primary human macrophages with a single LPS stimulation and
incubated with the anti-CD163 antibody (RM3/1) or its isotype control (Iso) for 24 hours
(72 hours after the addition of LPS). N = 6–10 per group. #p<0.05, vs. isotype control by
student’s t-test.
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Figure 3. CD163 mRNA induction in THP-1 macrophages challenged with a single LPS
stimulation

Author Manuscript

Quantification for CD163 mRNA induction using Man-PEI complexed with either a plasmid
encoding for CD163 gene (pCD163) or the empty vector (pEmpty) in LPS-stimulated
THP-1 macrophages at 24, 48, 72 and 96 hours after transfection. The expression of CD163
mRNA was normalized to the respective levels of β-actin expression in each group, and then
calculated as fold change against the expression of the control group (Man-PEI) at each time
point. N = 5–6 per group. *p<0.05 vs. pEmpty by student’s t-test.
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Figure 4. CD163 protein induction in THP-1 macrophages challenged with a single LPS
stimulation

Author Manuscript

Microscopic images of nuclear staining using DAPI (blue), CD163 protein (red) and
mannose receptor (CD206, green) in LPS-stimulated THP-1 macrophages transfected with
Man-PEI complexed with an empty vector (pEmpty), a plasmid encoding for CD163 gene
(pCD163) or the Man-PEI nanoparticle alone (A). Quantification of the relative average
fluorescence intensity of CD163 (B) or mannose receptor (CD206, C) in LPS-stimulated
THP-1 macrophages from 48 to 96 hours after transfection. The quantification of the relative
average fluorescence intensity was normalized to the respective levels in the Man-PEI group,
which was assigned a value equal to 1. N = 3 per group. *p< 0.05 vs. pEmpty by student’s ttest.
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Figure 5. CD163 protein induction in THP-1 macrophages challenged with a single LPS
stimulation

Representative Westernblot images of CD163 and Beta-Actin proteins in LPS-stimulated
THP-1 macrophages transfected with Man-PEI complexed with an empty vector (pEmp or
pEmpty), a plasmid encoding for CD163 gene (pCD163) or the Man-PEI nanoparticle alone
(A). Quantification of the relative expression (band density) of CD163 in LPS-stimulated
THP-1 macrophages from 48 hours after transfection (B). The quantification of the relative
density was normalized to the respective levels in the pEmpty group, which was assigned a
value equal to 1. N = 10 for pCD163 or pEmpty group. *p< 0.05 vs. pEmpty by student’s ttest.
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Figure 6. Changes in cytokine expression in CD163-overexpressing THP-1 macrophages
challenged with a single LPS stimulation
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Quantification for IL-10 (A), IL-1ra (B), TGF-β (C), (C), TNF-α (D), MCP-1 (E), IL-1β
(F) and IL-6 (G) protein concentration in THP-1 macrophages with a single LPS stimulation
and transfected with either a plasmid encoding for CD163 gene (pCD163) or the empty
vector (pEmpty) at 24, 48, 72 and 96 hours after transfection. The concentration of each
cytokine/chemokine was normalized to the control group (Man-PEI), which was assigned a
value equal to 1. N = 4–9 per group. *p<0.05, vs. pEmpty by student’s t-test.
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Figure 7. CD163 mRNA induction in THP-1 macrophages challenged with a double LPS
stimulation
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Quantification for CD163 mRNA using Man-PEI complexed with either a plasmid encoding
for CD163 gene (pCD163) or the empty vector (pEmpty) in THP-1 macrophages with a
double LPS stimulation at 4 and 24 hours after the second stimulus (+4 and +24
respectively). The expression of CD163 mRNA was normalized to the respective levels of βactin expression in each group, and then calculated as fold change against the expression of
the control group (Man-PEI) at each time point, which was assigned a value equal to 1. N =
4–6 per group. *p<0.05 against the pEmpty transfected group by student’s t-test.
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Figure 8. Changes of cytokine expression in CD163-overexpressing THP-1 macrophages
challenged with a double LPS stimulation
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Quantification for IL-10 (A), IL-1ra (B), TGF-β (C), TNF-α (D), MCP-1 (E), IL-1β (F)
and IL-6 (G) protein concentration in THP-1 macrophages with a double LPS stimulation
and transfected with either a plasmid encoding for CD163 gene (pCD163) or the empty
vector (pEmpty) at 4 and 24 hours after the second stimulus (+4 and +24 respectively). The
concentration of each molecule was normalized to the control group (Man-PEI), which was
assigned a value equal to 1. N = 5–13 per group. *p<0.05, vs. pEmpty by student’s t-test.
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Figure 9. Changes of cytokine expression in CD163-overexpressing THP-1 macrophages
challenged with a double LPS stimulation and a CD163 antibody

Quantification for IL-10 (A) and IL-1ra (B) protein concentration in THP-1 macrophages
transfected with either a plasmid encoding for CD163 gene (pCD163) or the empty vector
(pEmpty) and incubated with either anti-CD163 antibody (RM3/1) or its isotype control
antibody at 4 (for IL-10) and 24 (for IL-1ra) hours after a second LPS stimulus. The protein
concentration of each group was normalized to the control group (pEmpty), which was
assigned a value equal to 1. N= 5–12 per group. *p<0.05 using student’s t-test.
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Figure 10. CD163 mRNA induction in primary human macrophages challenged with a single
LPS stimulation
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Quantification for CD163 mRNA induction using Man-PEI complexed with either a plasmid
encoding for CD163 gene (pCD163) or the empty vector (pEmpty) in primary human
macrophages with a single stimulation of LPS at 48 and 96 hours after transfection. The
expression of CD163 mRNA was normalized to the respective levels of β-actin expression in
each group, and then calculated as fold change against the expression of the pEmpty group
at each time point, which was assigned a value equal to 1. N = 6–9 per group. *p<0.05
against the pEmpty group by student’s t-test.

Author Manuscript
Immunobiology. Author manuscript; available in PMC 2018 August 01.

Alvarado-Vazquez et al.

Page 30

Author Manuscript
Author Manuscript
Author Manuscript

Figure 11. Changes of cytokine expression in CD163-overexpressing primary human
macrophages challenged with a single LPS stimulation

Quantification for IL-10 (A), IL-1ra (B), TGF-β (C), TNF-α (D), MCP-1 (E), IL-1β (F)
and IL-6 (G) protein concentration in primary human macrophages with a single LPS
stimulation and transfected with either a plasmid encoding for CD163 gene (pCD163) or the
empty vector (pEmpty) at 48 and 96 hours after transfection. The concentration of each
molecule was normalized to the control group (pEmpty), which was assigned a value equal
to 1. N= 5–8 per group. *p<0.05 vs. pEmpty by student’s t-test.
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Primers used for RT-PCR analyses.
PCR Primers

Forward (5′-3′)

Reverse (5′-3′)

IL-6

ATGCAATAACCACCCCTGAC

GAGGTGCCCATGCTACATTT

IL-10

CATCGATTTCTTCCCTGTGAA

TCTTGGAGCTTATTAAAGGCATTC

TNF-α

CCCAGGGACCTCTCTCTAATC

ATGGGCTACAGGCTTGTCACT

CD163

GCTACATGGCGGTGGAGACAA

ATGATGAGAGGCAGCAAGATGG

β-actin

AGAGCTACGAGCTGCCTGAC

AGCACTGTGTTGGCGTACAG
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Effects of CD163 and its antibody reversal effects in macrophage cytokines
Cytokines
-THP-1, LPSx1

Author Manuscript

Effect of pCD163

Reversal effect of anti-CD163

TNF-α

↓

(−)

MCP-1

↓

(−)

Effect of pCD163

Reversal effect of anti-CD163

IL-10

↑

(+)

IL-1ra

↑

(+)

MCP-1

↓

(−)

Cytokines
-Primary Macrophages

Effect of pCD163

Reversal effect of anti-CD163

IL-10

↓

(−)

TNF-α

↓

(−)

IL-1β

↓

(−)

IL-6

↓

(+)

Cytokines
-THP-1, LPSx2

Note: LPSx1 = LPS single stimulation paradigm, LPSx2 = LPS double stimulation paradigm, ↑ = Significant increase expression, ↓ = Significant
decrease expression, (−) = No significant reversal effect, (+) = Significant positive reversal effect. The effect of pCD163 is in relation to pEmpty.
The reversal effect of anti-CD163 antibody is in relation to pCD163.
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