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Abstract

Azithromycin is effective at controlling exaggerated inflammation and slowing the long-term
decline of lung function in patients with cystic fibrosis. We previously demonstrated that the drug
shifts macrophage polarization towards an alternative, anti-inflammatory phenotype. Here we
investigated the immunomodulatory mechanism of azithromycin through its alteration of signaling
via the NF-xB and STAT1 pathways. J774 murine macrophages were plated, polarized (with
IFNYy, 1L4/13, or with azithromycin plus IFNy), and stimulated with LPS. The effect of
azithromycin on NF-xB and STAT1 signaling mediators was assessed by Western blot, HTRF
assay, nuclear translocation assay, and immunofluorescence. The drug’s effect on gene and protein
expression of arginase was evaluated as a marker of alternative macrophage activation.
Azithromycin blocked NF-xB activation by decreasing p65 nuclear translocation while blunting
the degradation of IxBa due at least in part to a decrease in IKKp kinase activity. A direct
correlation was observed between increasing azithromycin concentrations and increased IKK
protein expression. Moreover, incubation with the IKK@ inhibitor IKK16 decreased arginase
expression and activity in azithromycin-treated cells, but not in cells treated with 1L4 and 1L13.
Importantly, azithromycin treatment also decreased STAT1 phosphorylation in a concentration-
dependent manner, an effect that was reversed with IKK16 treatment. We conclude that AZM anti-
inflammatory mechanisms involve inhibition of the STAT1 and NF-xB signaling pathways
through the drug’s effect on p65 nuclear translocation and IKK.
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Introduction

While the function of alternatively activated macrophages (M2-polarized) has primarily been
evaluated in host responses to disease processes that elicit Th2-type immune mechanisms
(1-4), little is known of their role in regulating inflammation in response to extracellular
Gram-negative bacterial infections. M2-polarized macrophages primarily function to
orchestrate remodeling and repair by producing effector molecules such as arginase-1 and
TGFB. In the cystic fibrosis lung, these mediators control lung homeostasis, inflammation,
and subsequent pulmonary damage associated with pneumonia (4, 5). We have demonstrated
that the antimicrobial azalide azithromycin can induce macrophage characteristics that are
consistent with M2 polarization, both in vitro and in a mouse model of Pseudomonas
aeruginosa pneumonia (6-8). The subsequent improvement observed in the severity of lung
destruction and in the mortality of this infection model has direct bearing on chronic
inflammatory lung conditions such as cystic fibrosis, where 2 aeruginosa relapsing
pneumonias contribute to the decline in pulmonary function over time (9, 10).

Macrophages are polarized to distinct functional phenotypes via signaling through two
separate pathways (11-13). Classical, or M1 macrophages are activated by TNFa or IFN-y
when stimulated by non-self foreign antigens (such as LPS in the case of gram-negative
bacteria) (14, 15). Signaling through IRF and STAT is the central governing mechanism of
macrophage M1-M2 polarization (14-16). LPS signaling through the pattern recognition
receptor TLR4 activates several signaling cascades which involve two adaptors, MyD88 and
TRIF. MyD88 signaling activates the nuclear factor kappaB (NF-xB), the main M1
macrophage transcription factor (14, 15). Alternatively, TRIF signaling promotes the
secretion of type | interferons through IRF3 activation. Consequently, secreted interferons
bind receptors on macrophages and stimulate the phosphorylation and activation of the
second ML transcription factor, STAT-1. Phosphorylated STAT-1 subunits form dimers and
translocate to the nucleus (15), inducing the transcription of many inflammatory mediators
and cytokines (12, 17).

Similarly, NF-xB activation involves a series of phosphorylation steps which result in its
translocation from the cytoplasm to the nucleus. Canonical NF-xB is the prototypical pro-
inflammatory transcription factor activated through TLR and inflammatory cytokine
signaling. In the absence of TLR and cytokine receptor stimulants, NF-xB activation is
suppressed by an inhibitory subunit (IxBa, 1xBp, or 1xBe) which binds to dimerized NF-xB
subunits (p50 or RelA (also named p65)) and prevents them from translocating to their site
of action in the nucleus. Therefore, stimulation through TLR, IL1R, or other TNF receptor
family members results in a series of phosphorylation reactions activating the IKK complex
(a trimeric complex composed of two catalytic subunits, IKKa and IKKp, and a regulatory
subunit, IKKvy) (18, 19). Activated IKKp phosphorylates the NF-xB inhibitory subunit,
IxBa. Once phosphorylated, the IxBa subunits undergo rapid ubiquitination and
proteasomal degradation, thus releasing p50/p65 from the inhibited state. Dimerized
subunits then translocate to the nucleus where they bind to the NF-xB DNA promoter
region, thereby controlling several genes for pro-inflammatory cytokines and mediators
including TNF-a, IL-1pB, IL-6, IL-12, iNOS, and IFN-y (20-24). Regulation of NF-xB
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activation mainly involves tight control of the activity and synthesis of the IxBa and IKKp
proteins (sensitive to NF-xB activation through negative feedback regulation) as well as
controlling subunit nuclear translocation and DNA binding (19). Additionally, IKKp
activation requires phosphorylation of two serines; thus, regulation of IKKp activation
involves tight control of its trans-autophosphorylation as well as its phosphorylation by the
upstream kinases (19, 21, 22).

Alternative, or M2 macrophage polarization, occurs through the binding of either 1L-4 or
IL-13 to their respective receptors leading to the phosphorylation and dimerization of
STAT-6. Upon activation, STAT-6 translocates to the nucleus and upregulates the expression
of genes associated with anti-inflammatory processes (25-29). Through our work
characterizing the effects of azithromycin, we found that the drug is only able to polarize
macrophages to an M2-like phenotype when they are also stimulated with LPS (27). This
characteristic provides the basis for our hypothesis that the mechanism of the drug’s ability
to polarize cells lies in its interference with these signaling cascades. Others have shown that
azithromycin decreases the activation of NF-xB signaling and subsequent production of pro-
inflammatory cytokines and other inflammatory effectors (30, 31). While these effects alone
may help to explain the beneficial effects of azithromycin in patients with cystic fibrosis, the
mechanism by which azithromycin is able to polarize macrophages towards an M2-like
phenotype is unknown.

In the present study we investigate the hypothesis that azithromycin polarizes macrophages
to an M2 phenotype via inhibition of STAT-1 and NF-xB signaling mediators. We
demonstrate that azithromycin inhibits the nuclear translocation of p65, and this correlated
with concurrent increased amounts of IKKp. Additionally, STAT-1 phosphorylation was
inhibited by the drug. The addition of an IKKP competitive inhibitor resulted in a reversal of
production of the alternatively activated macrophage effector arginase-1. These results
provide insights into the immunomodulatory mechanism of azithromycin and support
studies by others that demonstrate an interface between the 2 pathways through IKKp.

Materials and Methods

Macrophage polarization

In-vitro assays used to study azithromycin’s mechanism of action were performed using the
murine macrophage cell line J774A.1 (ATCC, Manassas, VA) as well as using primary bone
marrow derived macrophages (BMDMSs). J774 macrophages were allowed to grow and
reach confluency using DMEM + 10% FBS + 1% sodium pyruvate + 1% penicillin/
streptomycin in all experiments. Confluent cells were scrapped, counted, and plated in 24-
well plates at a concentration of 2.5x10° cells per 1ml of media. Cells were allowed to
adhere for 4-8 hours and then polarized to an M1 phenotype with IFNy (final concentration
20 ng/ml) or to an M2 phenotype with both IL-4 and I1L-13 (final concentration 10 ng/ml of
each). Azithromycin was added to select wells along with IFN-y at concentrations ranging
from 5 to 100 pM. Additionally, IKK-16, an IKKp inhibitor, was added to select wells with
azithromycin and IFNy (final concentrations 50 or 100 nM). Cells were then incubated
overnight at 37 °C with 5% CO,. Polarized cells were then stimulated with LPS (final
concentration 100 ng/ml). The duration of LPS stimulation ranged from 0 to 60 minutes or
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up to 24 hours depending on the experimental goals. Cells were then washed, harvested by
scraping, enumerated, and lysed in 0.1% (v/v) Triton X-100 (protease and phosphatase
inhibitors were added to the lysis buffer prior to use). Protein concentrations were quantified
utilizing the Pierce BCA reaction kit. Alternatively, in some experiments cells were
fractionated into nuclear and cytoplasmic contents or homogenized with Trizol for RNA
extraction. Additionally, bone marrow cells isolated from the femur and tibia bones of
sacrificied C57BL/6 mice were cultured for 6 days in RPMI supplemeted with L929
suppernatant containing M-CSF. After 6 days, BMDMs were plated at 2.5x 10° cells/ml in a
24-well plate. Cells were allowed to adhere for 8 hours and then polarized to an M1
phenotype or to an M2 phenotype as described above.

RNA isolation and quantitative RT-PCR

RNA isolation was performed using Trizol reagent (Invitrogen, Carlsbad, CA) and RNeasy
Mini Kits (QIAGEN, Valencia, CA) per manufacturers instructions. Isolated RNA was
quantified using Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE). Equal amounts of RNA were then reverse transcribed into cDNA using the iScript
cDNA Synthesis Kit (Bio-Rad, Hercules, CA) according to manufacturer’s protocols. cDNA
samples were then used for quantitative real-time PCR using the TagMan gene expression
arrays for murine Argl (arginase-1), Ikbkb (IKKp) and GAPDH. An epMotion 5070 robot
was used to accurately pipette the PCR reaction components (cDNA template, forwards and
reverse primers, TagMan Gene Expression Master Mix, and RNase-free water) into 384-well
plates. Plates were centrifuged briefly and transferred into the ABI Prism 7900HT Fast Real
Time-PCR System (Applied Biosystems, Foster City, CA) set for 40 standard thermal PCR
cycles. The generated CT values were used to quantify gene expression. ACt values were
calculated by normalizing the target gene expression (Argl and Ikbkb) to the housekeeping
gene expression (GAPDH). The AACt was then calculated by comparing the expression of
the experimental condition to the control condition. Power analysis of the generated AACt
values was then used to interpret the fold change in gene expression.

RelA translocation assay

A nuclear translocation assay was used to interpret NF-xB activation by quantifying the
amount of translocated p65 subunit (RelA) in the nucleus compared to that remaining in the
cytoplasm. Polarized and stimulated J774 macrophages were counted and fractionated into
nuclear and cytoplasmic fractions using the NF-xB Assay Kit (FivePhoton Biochemicals,
San Diego, CA) according to the manufacturer protocol. Supernatants containing the
cytoplasmic and nuclear fractions were collected, and p65 was quantified in each by Western
blot.

Immunofluorescence staining and analysis

Immunostaining was used to visualize the NF-xB subunit localization in stimulated cells.
Macrophages were polarized as described except that round glass coverslips (12 mm) were
added to each well of the 24-well plates. Cells were allowed to attach to the glass coverslips
overnight. After polarization and stimulation, the coverslips were washed three times with
PBS++ (PBS contianing 0.5 mM CaCl, and MgCl,). Cells were then fixed and
permeabilized by with ice-cold methanol. Primary and secondary antibodies were diluted at
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appropriate concentrations in 3% BSA as determined by titration experiments, and each was
applied to the coverslips sequentially for 45 minute incubations in a humidified chamber.
The coverslips were finally incubated in DAPI nucleic acid stain (Invitrogen, Carlsbad, CA),
washed, and mounted using an antifade reagent. Stained cells were visualized using a Zeiss
fluorescent microscope (Oberkochen, Germany) with a 100X objective. Multiple fields were
evaluated to score at least 150 cells per replicate coverslip by 2 blinded investigators. Each
cell was evaluated to determine the localization of the p65 signal with respect to the nucleus
as follows: p65 signal in cytoplasm only (score 0), evenly distributed between the nucleus
and cytoplasm (score 1), mostly nuclear with faint cytoplasmic signal (score 2), or nuclear
signal only (score 3). Scores were then averaged and compared to the control condition.

Arginase assay

Arginase enzymatic activity was assessed using the urea-based assay. Arginase is an enzyme
which metabolizes arginine into ornithine and urea; therefore, urea concentrations directly
correlate with the activity and expression level of arginase. J774 murine macrophages were
polarized and lysed with 0.1% Triton X-100 (containing protease and phosphatase
inhibitors) as described. The enzyme was activated by incubating 50 pL of the cell lysate
with 50 pL of the arginase activation solution (10 mM MnCl, in 50 mM Tris HCI, pH 7.5)
for 10 minutes at 55 °C. Subsequently, 25 L of the mixture was added to 25 uL of the
arginase substrate solution (0.5 M L-arginine in water, pH 9.7) and incubated at 37 °C for 6
hours. The reaction was then terminated by adding an acid mixture (H,SO,4, H3PO4,, water at
a ratio of 1:3:7), followed by the addition of 25 pL of alpha-isonitrosopropiophenone (9%
w/v) which was heated to 100°C for 45 minutes. Optical density was then read at 540 nm
wavelength using a spectrophotometer (the intensity of color change of the urea-chromogen
complex was measured). A standard curve was used to interpret the results by repeating the
assay described above using standard stock solutions with known urea concentrations.
Readings were normalized to the optical density of blank sample and water, and normalized
to total protein concentration of each sample.

Western blot analysis

Western blot analysis was performed to determine the effect of macrophage polarization on
the protein mediators of NF-xB and Statl signaling pathways. Cell lysates obtained from the
polarization assay described above were quantified. Samples of 20-30 pg of protein were
denatured in loading buffer (Bio-Rad, Hercules, CA) containing p-mercaptoethanol.
Denatured samples were loaded onto 4-15% precast polyacrylamide gels (Bio-Rad,
Hercules, CA). Proteins were then separated by electrophoresis at 100 V for 1-2 hours and
transferred onto a methanol-activated and wetted Immobilon®-FL PVDF membranes at
100-200 V for 90 minutes (LI-COR Biosciences, Lincoln, NE). The membranes were rinsed
and then blocked using TBS based Odyssey® Blocking Buffer (LI-COR Biosciences,
Lincoln, NE). Membranes were then incubated overnight at 4°C with primary antibodies
specific for p65, 1xBa, IKK, phospho-IKKB (Abcam, Cambridge, UK), phospho-Statl
(Santa Cruz, Dallas, TX), Statl (ThermoFisher, Wilmington, DE), or actin (LI-COR
Biosciences, Lincoln, NE) at recommended dilutions. Membranes were washed and
subsequently incubated with the appropriate IRDye Subclass Specific secondary antibody
(IRDye 680RD Goat anti-rabbit or IRDye 800CW Goat anti-mouse, LI-COR Biosciences,

J Immunol. Author manuscript; available in PMC 2020 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Haydar et al.

Page 6

Lincoln, NE). Membranes were imaged and analyzed using the Odyssey® CLx Imaging
System (LI-COR Biosciences, Lincoln, NE). Quantification was performed using ImageJ.

IKKB Kinase Assay

A two-plate HTRF assay was used to examine the effects of AZM on IKKp kinase activity.
The assay detects endogenous levels of IKK only when phosphorylated at Ser 177 and Ser
181 (32, 33). Polarized macrophages were stimulated with LPS and cells were lysed
according to manufacturer protocol (Cisbio, Codolet, France). Supernatants were removed
and cells were incubated with the supplemented lysis buffer for 30 minutes at room
tempreture with shaking. After homogenization, samples were incubated with the antibody
mix (Phospho-IKK Cryptate/Phospho-IKKB d2 antibodies) for 2 hours at room tempreture
in 384-well small volume white plates. Fluorescence emission was then read at 665nm and
620nm using Synergy H1 plate reader. HTRF ratios are calculated by dividing the
fluorescene signal at 665nm by the fluorescene signal at 620 nm and multiplied by a factor
of 10%. CV% is equal to the standard deviation divided by the mean ration and multiplied by
100.

Statistical analysis

Results

Statistical analysis was performed using GraphPad Prism (GraphPad Software, La Jolla,
CA). Comparison between groups was made via one-way ANOVA with Tukey’s test
multiple comparisons, paired sample T-test with McNemar’s test, or via two-way ANOVA
with Sidak’s multiple comparisons test where appropriate. Repeated-measures ANOVA with
Tukey’s multiple comparison tests were utilized for time course experiments.

Azithromycin prevents p65 nuclear translocation while increasing IKKp concentrations

We first assessed the effects of azithromycin on the activation of transduction proteins
involved in the NF-xB signaling cascade. Macrophages incubated overnight with IFN-y
alone or with azithromycin were stimulated with LPS then fractionated into nuclear and
cytoplasmic fractions to assess the effects of azithromycin on the translocation of p65
subunits to the nucleus. (Fig. 1). Overnight incubation with IFNy and stimulation with LPS
(Fig. 1A) induced p65 nuclear translocation, with a peak in nuclear p65 fractions at 30
minutes post LPS stimulation. However, azithromycin treatment in the presence of IFNy
completely prevented p65 translocation to the nucleus at all timepoints. Treatment with
azithromycin at all concentrations tested was associated with retention of p65 in the
cytoplasm, shown for azithromycin concentrations of 5 uM and 30 uM. This was coupled
with decreased p65 fractions in the nuclei of cells treated with azithromycin compared to
cells treated with IFN-y only, with the ratios of p65 nuclear to cytosolic fractions shown over
time in Fig. 1B.

Additionally, immunostaining was used to visualize the localization of p65 subunits relative
to the nucleus at 30 minutes post LPS stimulation (Fig. 2). NF-xB p65 subunits were stained
with a FITC-conjugated antibody (green). The p65 signal was overlayed with the DAPI
stained nuclei (blue) to determine the localization of the subunits in the polarized
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macrophages (Fig. 2A). Similar to the observations in Fig. 1, a strong nuclear signal was
observed in IFNy polarized macrophages while azithromycin treatment was associated with
a strong cytoplasmic signal. The nuclear translocation scoring (Fig. 2B) shows a significant
decrease in p65 nuclear translocation with azithromycin treatment at all the concentrations
tested compared to IFNvy polarized macrophages. Similar results were also observed using
primary BMDMs, with azithromycin causing blunted p65 nuclear translocation to a similar
extent (Fig. S1 and S2).

The impact of azithromycin treatment upon the expression of NF-xB associated proteins
was then assessed. The amounts of IxBa,, IKKp, and phospho-1KKp were measured by
Wester blot over time after incubation overnight with azithromycin and IFNy and
stimulation with LPS as described in Methods (Fig. 3A). The amount of IKKp present in
cell lysates remained relatively constant across all timepoints for the control and
azithromycin treatment conditions, but was increased at all timepoints by azithromycin even
before the addition of LPS (Fig. 3B). This baseline increase was sustained throughtout the
60 minute assay period. Similarly, azithromycin polarized macrophages displayed increases
in phospho-IKKp levels compared to cells polarized with only IFNvy through 10 minutes
after LPS addition (Fig. 3C).

Additionally, azithromycin affected the degradation of IxBa in macrophages upon LPS
stimulation. For cells incubated with IFN+y, LPS caused the expected decrease in IxBa
within 2 minutes (Fig. 3). This is due to activation of this pathway, because when IxBa is
phosphorylated it is rapidly ubiquitinated and degraded. However, azithromycin at
concentrations of 5 UM delayed the degradation kinetics of IxBa, and at a concentration of
30 uM the drug blocked its degradation entirely, as graphically represented in Figure 3D.
Within 10 minutes of NF-xB activation, resynthesis of IxBa was observed in macrophages
polarized with IFN-y.

The increase in IKKp is potentially a result of the inhibition of p65 translocation to the
nucleus in azithromycin polarized macrophages. Termination of the NF-xB pathway
involves resynthesis of IxBa induced by the activated NF-xB as well as downregulation of
IKK synthesis, as IKKp gene (Ikbkb) transcription is inhibited when p65 is in the nucleus
as a feedback mechanism (11, 19, 34-37). To test this, we compared messenger RNA
expression for Ikbkb via RT-PCR and found that azithromycin treatment caused a modest
increase as compared to the control condition (Fig. 3E). Significant differences were
observed with an increase in gene expression at some timepoints including time zero,
however the increased gene expression of Ikbkb induced by azithromycin was not
substantial, with only moderate increases of approximately 1.5 times control expression
levels observed.

Lastly, because azithromycin blunts IxBa degradation in the presence of increased IKKp
protein expression, we sought to determine whether the drug affects IKKp kinase activity.
Activated phospho-1IKK (Ser177/181) was detected using antibodies labelled with Eu3*-
Cryptate (donor) and d2 (acceptor). Fluorescence Resonance Energy Transfer (FRET) is
triggered when the two dyes are in close proximity thus fluorescing at a specific wavelength
of 665 nm. The flourescese signal is proportional to the phospho-IKKp at Ser177/181,
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which is measured as a surrogate for kinase activity. Kinase activity increased as expected
after LPS stimulation in the control cells over time. Azithromycin treatment was associated
with significantly lower IKKp kinase activity (when normalized to actin and IKK protein
levels) between 5 and 15 minutes after stimulation compared to the IFN-y polarized
macrophages (Fig. 3F). By 30 minutes post-LPS stimulation, kinase activity returned to
baseline levels in all treatment groups. Similar results were demonstrated using primary
mouse BMDM s polarized with azithromycin (Fig. S1, C).

Inhibition of IKKB activation prevents azithromycin from increasing production of the M2
macrophage effector protein arginase

Because azithromycin increased the amount of IKKp present, we sought to determine
whether azithromycin exerts its effect on macrophage polarization via this mechanism. A
previous report by Fong et. al. shows that excessive IKKp activation prevents the induction
of pro-inflammatory characteristics of macrophages (38). We treated macrophages with
cytokines and azithromycin to polarize them into either M1 or M2 cells, and in addition
added IKK-16, an inhibitor of IKKB (Fig. 4). This inhibitor displays a high affinity for
IKKB, with an IC50 of 40nM. At higher concentrations, it can also inhibit the activation of
the entire IKK complex (39). Arginase-1 (Argl) is an important effector of M2 macrophages
and it is a marker of M2 macrophage polarization induced in response to Th2 cytokines (40).
Azithromycin increased Argl gene expression in cells incubated with IFN+y and exposed to
LPS (Fig. 4A). The addition of the IKK inhibitor significantly negated the effect of
azithromycin on Argl gene expression. Interestingly, the decrease in Argl gene expression
was not statistically significant when IKK-16 was added to wells treated with IL4 and IL13
(the M2 control condition) (p=0.115). These data suggest that azithromycin’s ability to
induce expression of Argl, an important M2 effector, is dependent on its effect on IKKp.

We next assessed the effect of IKK-16 on arginase protein activity (Fig. 4B). In this series of
experiments cells were treated with 100nM of IKK-16, a concentration chosen due to its
maximal inhibition. Once again azithromycin increased the amount of arginase activity as
previously published, but not to the extent of the M2 control condition of IL4 and I1L13
treatment. The inhibitor had no effect on arginase activity in cells treated with IL4 and IL13
plus LPS, but for the cells incubated with azithromycin, treatment with IKK-16 decreased
arginase activity to similar levels as cells that were not exposed to the drug. When cells were
treated with increasing concentrations of IKK-16, the inhibition of azithromycin-induced
arginase activity was consistent over a wide range of concentrations, with statistically
significant decreases from 12.5 to 200nM (Fig. 4C). The inhibition of IKK had a little
effect however on IL4 and IL13-dependent arginase production over the broad range of
concentrations.

Inhibition of STAT-1 phosphorylation by azithromycin is dependent upon IKKp

We then assessed the effect of azithromycin on the phosphorylation of STAT-1.
Phosphorylated STAT-1 dimerizes and translocates to the nucleus of the cell where it
initiates the transcription of several cytokines and inflammatory genes, most of which are
associated with M1 macrophage activation (11, 12). J774 macrophages were polarized under
conditions to drive them to either an M1 (IFN-y) or an M2 (1L4/13) phenotype. IFNvy-treated
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cells were also polarized in the presence of different azithromycin concentrations. After
stimulation with LPS we assessed the concentrations of phospho-STAT-1 and STAT-1. As
shown in Fig. 5, IFN+y activated STAT-1 leading to an increase in the phosphorylated form,
whereas IL4 and IL13 blunted this increase in phosphorylation and resulted in lower levels
of phospho-STAT-1 as expected. The LPS alone control had similar levels of phospho-
STAT-1 as the media control. Azithromycin treatment also blunted IFNy-dependent STAT-1
phosphorylation decreasing phospho-STAT-1 levels in a concentration-dependent manner.
These results support our previous observation that azithromycin blunts NF-xB activation
and subsequently shifts macrophage polarization away from the M1 phenotype. Inhibiting
IKKP via IKK-16 was associated with a reversal of azithromycin’s effect, with the addition
of IKK-16 to the azithromycin-polarized macrophages restoring the phosphorylation of
STAT-1. Additionlly, primary BMDMs polarized with azithromycin also show decreased
STAT1 activation compared to IFNy polarized BMDMs, an effect which is again reversed
by IKK-16 treatment (Fig. S3).

Discussion

Macrophages constitute the first line of defense for pathogen infiltration into the lungs
through their ability to initiate inflammation. This is accomplished in the case of Gram-
negative pathogens primarily through the binding of TLR4 to bacterial LPS (41). NF-xB
activation, through the binding of IFNy and LPS, leads to the transcription of inflammatory
genes including cytokines and chemokines. The NF-xB signaling cascade synergizes with
STAT-1 activation to polarize macrophages to this classically activated phenotype (11, 12).
Here we demonstrate that the immunomodulatory mechanism of azithromycin involves
elements of both of these pathways, which results in the inhibition of the translocation of
p65 to the nucleus. The production of IKKB is also increased by the drug, which in turn
blocks the phosphorylation of STAT-1, further increasing the expression of M2 effectors

(Fig. 6).

Neutrophils migrate into infected tissues to prevent bacterial pathogen replication and
spread. In chronic inflammatory lung conditions, responses to bacteria like P auruginosa
induce exaggerated or prolonged neutrophilia leading to pulmonary damage and fibrosis.
Lung scaring is caused by excessive neutrophil elastase concentrations, an imbalance in the
protease-antiprotease ratio, and a vicious cycle of excessive inflammation (42—-46). While
many groups have demonstrated that azithromycin reduces NF-xB activation (31, 47-50),
our previous work showed that azithromycin also polarizes macrophages to an M2-like
phenotype, both in vitro and in vivo during £ auruginosa infection (6, 7). Subsequently, we
demonstrated in a mouse model of 2 auruginosa infection that polarizing the macrophage
response to one in which the M2 phenotype predominates early in the inflammatory process
reduces neutrophil influx, decreases inflammation, and reduces fibrotic changes that
correlate to improved morbidity and survival (7). Other effects included decreased
production of iINOS and an increased production of the M2 effectors, mannose receptor and
arginase-1. Our results show that, when the addition of azithromycin polarizes the
macrophage response early in the infection, lung damage is mitigated (7). The efficacy of
azithromycin in this setting is also reflected in clinical practice, as this agent is used as a
chronic therapy for patients with cystic fibrosis. This is reflected in our methods to incubate
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cells with AZM overnight before exposing cells to LPS. Multiple clinical trials have
demonstrated that quality of life is improved with chronic use of azithromycin, and extended
treatment with azithromycin slows the decline of pulmonary function in patients with cystic
fibrosis who are colonized with 2. aeruginosa (51-53). We have observed in our mouse
model that the clearance of 2 aeruginosais not altered, and likewise no changes in the
incidence of bacterial infection have been observed in these studies that place subjects on
azithromycin long-term (51-53).

Additional published studies corroborate the results presented here. Previous reports
demonstrate that the nuclear translocation of phospho-p65 is inhibited by azithromycin (49,
50). Additionally, Vrancic et al. showed no overall impact of azithromycin on the
phosphorylation of p65—this is consistent with our findings when factoring in the increase
in phospho-p65 in the cytoplasmic fraction that we observed (48). They also demonstrated
that azithromycin inhibits the phosphorylation of STAT-1. We extend these studies here in
our model to prove a direct relationship between increased IKK protein concentrations and
this effect on STAT-1 through experimentally blocking IKKp through competitive inhibition.

Evidence from the work by Fong and colleagues alludes to a link between the NF-xB and
STAT-1 signaling pathways. This group demonstrated that the NF-xB signaling molecule
IKKB can inhibit STAT-1 signaling in macrophages in a model of Group B Streptococcus
infection (38). While deletion of IKKp in airway epithelial cells led to a decrease in
inflammation, macrophage-specific deletion of IKKp caused a resistance to Group B
Streptococcus infection that was associated with increased expression of M1-associated
inflammatory molecules including IL-12, iNOS, and MHCII (38). Additionally, in
macrophages infected with Group B Strepfococcus and in macrophages incubated with
IFNy, the absence of IKKp led to an increase in phosphorylation of STAT-1 (38). These
findings, along with our data, suggest that the increase in IKKp expression in macrophages
by azithromycin may be the mechanism through which polarization to the M2 phenotype
occurs.

There are other examples of small molecules that inhibit the translocation of NF-xB
including aspirin, non-steroidal anti-inflammatory drugs, and 1,8-Cineol (54-57). The
nuclear binding of p65 normally provides a feedback signal to shut down the production of
IKKB (19, 58-63). Therefore, it is likely that the inhibition of p65 translocation contributes
to the increase in IKKp production. Additionally, IKKB degradation occurs through a
mechanism of autophosphorylation. Because p65 concentrations are high in the cytoplasm,
this autophosphorylation process is likely decreased, which turns the degradation pathway
off (33, 58, 64-68). We have shown by PCR that message expression for Ikbkb is increased,
therefore a reversal of the feedback loop is at least partly responsible. However, the
difference is moderate and message expression is not increased until 30 minutes after LPS
stimulation at lower azithromycin concentrations, whereas the IKKp protein expression is
increased earlier, even at time zero, suggesting other potential mechanisms at work.

Despite the evidence concerning macrophage polarization, the primary immunomodulatory
mechanism of azithromycin remains to be discovered. Clearly NF-xB activation is highly
dependent upon the degradation of I1xB (58, 60, 63, 69). Our data shows that with higher
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azithromycin concentrations, degradation of IkxBa is inhibited, leading to decreases in p65
nuclear translocation. The IxBa concentration is decreased upon stimulation with LPS for
30 minutes, and then rebounds to baseline concentrations (Fig. 3), with p65 translocation
peaking at the corresponding 30-minute timepoint (Fig. 1)—all of which is blocked by
azithromycin. It is likely that the decrease in IKK kinase activity (Fig. 3) is a critical aspect
of the drug’s mechanism which is the likely cause of the effect on IxBa., although other
aspects including proteosomal degredation could also be affected. Additionally, the fact that
p65 translocation is inhibited at time zero and by lower (5 uM) azithromycin concentrations
provides additional evidence that other mechanisms are likely at work. This will be a focal
point for future investigations.

Nuclear translocation of p65 also depends upon a number of other factors. Alteration of the
nuclear location sequence of p65 can occur through a number of mechanisms, including
changes in the dimerization or improper folding, which are both required. The function of
importins and other nuclear shuttling machinery (70-72), and permeability characteristics of
the nuclear membrane can be disrupted (73-78). Additionally, acetylation of the activated
subunit in the nucleus at multiple lysine residues is required for translocation and is
governed by histone regulation and coactivators such as CREP-binding protein (79-82). We
are continuing to evaluate the impact of azithromycin on these mechanisms.

Future studies will investigate whether the modulation of macrophage phenotype with
azithromycin via inhibition of the NF-xB and STAT-1 signaling pathways is beneficial in
patients with cystic fibrosis. Several groups have studied the impact of macrolides including
azithromycin, clarithromycin, and erythromycin on ERK1/2 and p35 MAPK signaling
cascades which result in decreased downstream NF-xB and AP-1 signaling. Azithromycin
was shown in vivo and in vitro, both in human and murine cell culture models, to decrease
NF-xB activation, decrease its nuclear translocation, and decrease NF-xB and Sp1
transcription factor binding to DNA (31, 48, 50, 83, 84). These effects were associated with
a significant reduction in inflammatory cell infiltration into infected lungs, and a profound
decrease in proinflammatory cytokine concentrations in the alveolar space. Groups studying
the anti-inflammatory mechanisms of azithromycin show that decreases in NF-xB activation
lead to suppressed induction of pro-inflammatory gene and protein expression in different
murine and in vitro models of various inflammatory and infectious diseases (30, 31, 47-50,
84, 85). We expanded these studies here to address the specific effects on the upstream
mediators of the NF-xB signaling cascade and their interaction with the other inflammatory
signaling pathways.

In conclusion, the immunomodulation of macrophage function by azithromycin is a complex
effect associated with the alteration of STAT1 signaling through the inhibition of NF-xB
mediators, linked through the drug’s effect on IKKB. Macrolides effect the polarization of
macrophages in several models of inflammation. Studies have been extended to investigate
the impact of azithromycin-polarized macrophages in spinal cord injury, stroke, and acute
myocardial infarction (86, 87). An improved understanding of the mechanisms associated
with these agents could lead to promising therapeutic target discovery in these and other
devastating disease processes. And, defining interactions between signaling pathways will
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lead to a better understanding of cellular biology and provide the impetus for future drug
discovery.
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1. Azithromycin’s immunomodulatory mechanism involves both NF-xB and STAT1

pathways

2. Azithromycin’s impact on STAT1 phosphorylation works in part through IKKp

Key Points

J Immunol. Author manuscript; available in PMC 2020 August 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Haydar et al.

Page 18

>

IFNy + LPS
0 2 5 10 15 30 60 Time (minutes)

Cytoplasmic p65
Actin
Nuclear p65

Histone H3

IFNy + AZM 5uM + LPS
2 5 10 15 30 60 Time (minutes)

Cytoplasmic p65
Actin

_;"“f ! "y | Nuclear p65
Histone H3

IFNy + AZM 30pM + LPS
2 5 10 15 30 60 Time (minutes)

0

Cytoplasmic p65

Actin

Nuclear p65

Histone H3

I IFNy + LPS
B AZM 5 M + IFNy + LPS
[ AZM 30 uM + IFNy + LPS

i

Nuclear/Cytoplasmic p65 TJ
N

=) ar
O«E*

*
*
=

2

rx lee e flxe 2z
5 10 15 30 60
Time (minutes)

Figure 1.
Azithromycin decreases NF-xB activation and prevents p65 nuclear translocation. J774 cells

were plated at 2.5 x 10° cells per 1 ml of media in 24 well plates. Cells were allowed to
attach for 8 hours and were then polarized overnight with IFN-y (50U/ml) alone or with
azithromycin over a range of concentrations. Cells were then stimulated with LPS (10 nM)
for durations ranging from 0 to 60 minutes. (A) Cells were harvested by scrapping and the
nuclear and cytoplasmic fractions were separated. Western blots were performed to detect
p65 in nuclear and cytoplasmic fractions. (B) Bar graph represents the ratio of nuclear to
cytoplasmic fractions of p65 from (A). Nuclear fractions are normalized to histone H3 and
cytoplasmic fractions are normalized to actin. Data are depicted as mean + SD and are
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representative of 3 independent experiments. Statistical significance was determined by two-
way ANOVA with Sidak’s multiple comparisons test. AZM-treated groups were compared
to the control group ((*) p-value < 0.05).
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Figure 2.
NF-xB p65 subunit accumulates in the cytoplasm around the nuclear membrane in

azithromycin treated macrophages. J774 murine macrophages were plated at 2.5 x 10° cells
on round glass coverslips. Cells were allowed to attach to the glass and then polarized
overnight with IFNy (50U/ml) alone or along with azithromycin. Cells were then stimulated
with LPS (10 nM) for 30 minutes. (A) Immunofluorescence staining for the p65 subunit of
NF-xB at 100X. Images show NF-xB p65 subunits stained in green (FITC) overlayed with
DAPI nuclear staining. (B) Bar graphs represent the nuclear versus cytoplasmic fractions of
p65 quantified using a scoring system as follows: p65 signal in cytoplasm only (score 0),
evenly distributed between the nucleus and cytoplasm (score 1), mostly nuclear with faint
cytoplasmic signal (score 2), or nuclear signal only (score 3). Data values depict mean + SD
and are representative of 3 independent experiments. Statistical significance determined by
two-way ANOVA, with AZM treated groups compared to the control (IFN-y plus LPS)
condition ((*) p-value < 0.05).
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Figure 3.

Azithromycin prevents IxB-a degradation while accumulating IKK. J774 cells were plated
at 2.5 x 10° cells per 1 ml of media in 24 well plates. Cells were allowed to attach for 8
hours and then were polarized overnight with IFNy (50U/ml) alone or along with
azithromycin at concentrations ranging from 5 to 100 uM. Cells were then stimulated with

LPS (10 nM) and harvested at timepoints between 0 and 60 minutes. Proteins and RNA were
then collected and probed for mediators in the NF-xB signaling cascade using Western blot,
RT-PCR, and HTRF assay. (A) Western blots depict 1xB-a, IKK, phospho-IKKp and actin
over time. (B, C, D) Relative fold change over time post LPS simulation of IKKp, phospho-
IKKB, and IxB-a respectively. IKKB, phospho-IKKp, and IxB-a band intensities were
normalized to actin and the control condition at time 0. Data represents mean £ SD (p-value
< 0.05 (*)). (E) Relative fold change in IKKp gene expression calculated from the AACt
values, normalized to GAPDH, and compared to IFN+y treated macrophages at time 0. Data
represents mean = SD (p-value < 0.05 (*)). (F) Changes in IKKp kinase activity over time
post LPS stimulation. HTRF ratios were calculated from the flurorescense signals at 665nm
and 620nm and are representative of the kinase activity of IKKp. Values represent mean +
%CV (p-value < 0.05 (*) AZM 5 pM; (+) AZM 30 pM) and are normalized to total IKKp
and actin. Data is representative of 3 independent experiments. Statistical significance was
determined by two-way ANOVA with Sidak’s multiple comparisons test.
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FIGURE 4.

Azithromycin induced arginase gene expression and activity are reversed with IKKf
inhibition. J774 cells were stimulated overnight with IFN+y, IL4 and IL13, or with
azithromycin (concentration 10 pM shown here) plus IFNy in the presence or absence of the
IKKB inhibitor, IKK-16. Cells were then stimulated with LPS for 24 hours. (A) Arginase-1
gene expression was analyzed by qRT-PCR. Bar graphs represent fold change in arginase-1
gene expression calculated from the AACt values normalized to GAPDH and compared to
IFNy treated macrophages. (B) Arginase activity as determined using an enzymatic assay in
lysates from polarized macrophages. Data values represent fold change in arginase activity
calculated from the standard curve under different polarization conditions compared to IFN-y
treated macrophages. (C) Fold-change in arginase activity with increasing IKK-16
concentrations compared to no inhibitor treatment for cells treated with IFN-y plus AZM or
with IL4/13. Data depicts mean + SD and is representative of 3 independent experiments.
Statistical significance was determined by two-way ANOVA (p-value of < 0.05 (*); p-value
of <0.0001 (**)).
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FIGURE 5.
Azithromycin prevents STAT-1 activation via an IKKB-dependent mechanism. J774 cells

were plated at 2.5 x 10° cells per 1 ml of media in 24 well plates. Cells were then polarized
with 1L4 and IL13 (10 nM each), IFNy (50U/ml) alone, or with IFNy plus azithromycin (5,
30, 60, and 100 pM) with or without IKK-16 (100 nM). After overnight polarization cells
were stimulated with LPS (10 nM) for 15 minutes and proteins were harvested by cell lysis.
(A) Bar graph represents fold change in STAT-1 phosphorylation under different polarization
conditions compared to IFNvy and LPS stimulated macrophages (normalized to actin and
STAT-1 levels) depicted by Western blot in (B). Western blot represents treatment conditions
denoted above each lane corresponding with (A). Data depicts mean + SD and are
representative of 3 independent experiments. Statistical significance was determined by two-
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way ANOVA with Sidak’s multiple comparisons test ((*) denotes significant difference
compared to IFNy + LPS; (#) denotes significant difference compared to the corresponding
AZM concentration with no IKK16 treatment; p-value < 0.05).
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FIGURE 6.
The proposed interaction induced by azithromycin (AZM) is depicted. Azithromycin inhibits

IFN-y-induced STAT-1 activation as well as inhibiting LPS mediated NF-xB activation. The
nuclear translocation of p65 that results in pro-inflammatory gene transcription is inhibited
by azithromycin. This is due, in part, to sustained IxBa levels at higher azithromycin
concentrations, likely stemming from decreased kinase activity of IKKp. Because p65
nuclear translocation is inhibited at time zero and at low azithromycin concentrations,
additional mechanisms are likely at work. Increased total IKK is in part caused by a loss of
negative feedback which otherwise shuts down the inflammatory signal by decreasing IKKp
production through decreased IKK gene expression. Accumulated IKK protein cross-
inhibits the STAT-1 signaling pathway by decreasing STAT-1 phosphorylation thereby
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decreasing the associated pro-inflammatory gene transcription and increasing the expression
of the M2-associated proteins including arginase-1.
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