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Abstract: Akt is an important kinase in metabolism. Akt also phosphorylates and activates en-
dothelial and neuronal nitric oxide (NO) synthases (eNOS and nNOS, respectively) expressed in M0
(unpolarized) macrophages. We showed that e/nNOS NO production downstream of bitter taste
receptors enhances macrophage phagocytosis. In airway epithelial cells, we also showed that the
activation of Akt by a small molecule (SC79) enhances NO production and increases levels of nuclear
Nrf2, which reduces IL-8 transcription during concomitant stimulation with Toll-like receptor (TLR)
5 agonist flagellin. We hypothesized that SC79’s production of NO in macrophages might likewise
enhance phagocytosis and reduce the transcription of some pro-inflammatory cytokines. Using live
cell imaging of fluorescent biosensors and indicator dyes, we found that SC79 induces Akt activation,
NO production, and downstream cGMP production in primary human M0 macrophages. This was
accompanied by a reduction in IL-6, IL-8, and IL-12 production during concomitant stimulation with
bacterial lipopolysaccharide, an agonist of pattern recognition receptors including TLR4. Pharma-
cological inhibitors suggested that this effect was dependent on Akt and Nrf2. Together, these data
suggest that several macrophage immune pathways are regulated by SC79 via Akt. A small-molecule
Akt activator may be useful in some infection settings, warranting future in vivo studies.

Keywords: signal transduction; live cell imaging; monocyte-derived macrophages; inflammation;
innate immunity; Toll-like receptor

1. Introduction

Macrophages are important players in both bacterial [1,2] and viral immunity [3,4]
as well as cancer [5]. Understanding mechanisms of macrophage function may reveal
novel targets for boosting immune responses to combat infections without the use of
conventional antibiotics. Such strategies would be highly useful in the setting of upper
respiratory infections [6]. For example, conventional management of upper respiratory
infections, including acute and chronic rhinosinusitis, accounts for ~20% of adult antibiotic
prescriptions [7], acting as a major diver of the ongoing crisis of antibiotic resistance, named
by the World Economic Forum as “arguably the greatest risk. . .to human health” [8]. New
therapies for respiratory and other infections are needed [9-11], which could be obtained
via targeting host signaling pathways to stimulate endogenous innate immune defenses.

The Akt family of kinases can phosphorylate multiple downstream targets involved
in cell survival and/or proliferation [12], such as transcription factors or other downstream
kinases that regulate metabolism [12]. Another important target of Akt in several cells is
endothelial (e) and neuronal (n) nitric oxide synthases (eNOS and nNOS, respectively).
While eNOS and nNOS were named based on their initially discovered roles in endothelial
cells and neurons, these NOS isoforms are expressed in a diverse array of cell types [13]
and acutely regulated by kinases and/or Ca?*/calmodulin binding [14,15]. For example,
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we extensively studied how eNOS in airway ciliated cells regulates ciliary beating and the
innate defense process of mucociliary clearance [16].

We also previously showed that activation of bitter taste receptors (taste family 2 re-
ceptors or T2Rs) in unpolarized (M0) human macrophages stimulates Ca?*-dependent
e/nNOS activation to enhance bacterial phagocytosis via the downstream production
of cGMP [17-19]. Prior studies also showed that stimulation of Fcy receptors activates
e/nNOS to enhance phagocytosis in MO macrophages [20]. However, few other studies
have focused on macrophage e/nNOS signaling [13,20-27]. Most studies on macrophage
NOS focus on inducible (i) NOS during macrophage activation and NF«B induction [28,29].
Our data suggest that defects in e/nNOS signaling in macrophages may potentially play a
role in the early stages of respiratory infection in diseases like chronic rhinosinusitis and
cystic fibrosis (CF) [30]. Impaired function of the CF transmembrane conductance regulator
(CFTR) results in impaired T2R signaling to e/nNOS in human M0 macrophages [18].
While Ca?* responses downstream of T2Rs were unaffected, the translation of these Ca*
responses to e/nNOS activation was impaired, resulting in less NO production [18].

While e/nNOS are both activated by Ca?*/calmodulin binding, the AKT phospho-
rylation of human eNOS and nNOS can also activate NO production independently of
Ca?* [31-34], including in nasal and lung epithelial cells [35-37]. We hypothesized that
one way to enhance macrophage phagocytosis in, for example, CF patient macrophages,
might be to target Akt directly to enhance innate killing. Several studies have pointed
toward defects in CF macrophage function [38-40], making this cell a potential target for CF
respiratory infections. While some have reported altered receptor-dependent Akt signaling
in CF cells [41-43], we did not observe alterations to Akt signaling in CF nasal epithelial
cells using a small-molecule Akt activator [37], suggesting that this pathway may be intact
and druggable in CF macrophages. Macrophages are important players in early airway
innate immunity [44,45], and enhancing macrophage function may help combat infections
in CE.

Here, we tested the effects of direct Akt activation in human macrophages using
5C79, a compound that interacts with Akt to change its conformation and allow the
phosphorylation of Akt by upstream kinases [46-50]. SC79 has been shown to have
beneficial effects in some animal models of hepatic [50] and neuronal [48,49] disease,
linked to SC79’s activation of Akt-driven survival pathways. We previously demonstrated
that SC79 acutely increased Akt’s phosphorylation at one of its activating sites (5473) in
multiple types of lung and nasal epithelial cells [35]. The resulting Akt activation and NO
production from these epithelial cells was bactericidal against the common respiratory
opportunistic pathogen, Pseudomonas aeruginosa [37]. We hypothesized that the activation of
Akt-dependent NO production in human macrophages may enhance bacterial phagocytosis,
like the NO activated downstream of T2Rs.

Moreover, we also previously observed that SC79 caused the translocation of an im-
portant anti-oxidant transcription factor, Nrf2, to the nucleus in nasal and lung epithelial
cells [35]. Nrf2 is normally restricted from the nucleus via its interaction with KEAP-1 that
targets Nrf2 for ubiquitination and degradation [51,52]. Activation of Akt has been shown
to enhance Nrf2 activity via downstream phosphorylation and the inhibition of glyco-
gen synthase kinase-3beta (GSK-3f3) [53]. GSK-33 phosphorylation of Nrf2 contributes to
Nrf2 targeting for degradation [54,55], and thus the Akt phosphorylation and inhibition
of GSK-3f3 enhance Nrf2 protein stability [56,57] and increase the transcription of Nrf2
targets [58]. Nrf2 activates the transcription of genes containing anti-oxidant response
elements (AREs) [59]. However, in many cases, Nrf2 can also reduce the expression of many
NF«B gene targets [60-62]. We found that the SC79 induction of Nrf2 in lung and nasal ep-
ithelial cells reduces the transcription of NFkB-driven IL-8 (CXCL8) downstream of Toll-like
receptor (TLR) and TNF« receptor activation [35]. IL-8 is an important chemotactic and in-
flammatory cytokine/chemokine in inflammation all over the body [63,64], and a reduction
in IL-8 suggests the effect of less inflammation, so SC79 may be anti-inflammatory in certain
settings. Thus, here, we also tested if /how SC79 affects macrophage cytokine responses
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to bacterial lipopolysaccharide (LPS), an important activator of TLR4 and other pathogen
recognition receptors [65,66] produced by Gram-negative bacteria like P. aeruginosa [67,68].

2. Materials and Methods
2.1. Cell Culture and General Reagents

Primary human unprimed (M0) macrophages were cultured as described [17-19] in
RPMI1640 media with 10% human serum and penicillin/streptomycin for cell culture
at 1x concentration (Gibco/ThermoFisher Scientific, Waltham, MA, USA). De-identified
purified monocytes from healthy apheresis donors were obtained from the University of
Pennsylvania Human Immunology core with the written informed consent of every partic-
ipant and institutional review board approval. Monocytes were isolated via RosetteSep
Immunodensity cell separation (StemCell Technologies, Vancouver, BC, Canada). Cells
isolated from 10 different individuals were used. As all samples were de-identified in
terms of race, age, sex, etc., the samples were used in a blinded fashion. Macrophages were
differentiated by adherence culture for 12 days in 8-well chamber slides (CellVis; Mountain
View, CA, USA), as described [17]. Our prior studies [17-19] suggest no differences in T2R
or phagocytosis responses among macrophages differentiated by adherence alone or by
adherence plus M-CSF [17]. Others have also shown differentiation of macrophages in
the absence of M-CSF [69-71], and thus only adherence was used for these studies. For
all experiments, macrophages collected on different days from at least 3 different donors
were tested.

LDH assay kit was from Abcam (Cambridge, MA, USA). P. aeruginosa LPS was from
Sigma (St. Louis, MO, USA). GSK690693, H89, U73343, U73122, LY294002, MK2206, cPTIO,
D-NAME, L-NAME, SNAP, and SC79 were from Cayman Chemical (Ann Arbor, MI, USA).
All other reagents were from MilliporeSigma (St. Louis, MO, USA). Stock solutions of
hydrophobic compounds were made at >1000x in DMSO. The final concentration of
DMSO in working solutions was <0.1% with the control containing the highest DMSO
concentration used in the individual experiment types. Pharmacological inhibitors and
targets are in Table 1.

Table 1. Pharmacological inhibitors and activators used in this study.

Compound Mechanism/Target Source (Catalogue Number)
Brusatol Nrf2 inhibitor Cayman Chemical (30883)
Cetirizine H1 histamine receptor antagonist Cayman Chemical (19686)
CFTR;,n 172 CFTR inhibitor Cayman Chemical (15545)
cPTIO Nitric oxide (NO) scavenger Cayman Chemical (81540)
D-NAME Inactive analogue of L-NAME Cayman Chemical (21687)
G066983 Protein kinase C (PKC) inhibitor Cayman Chemical (13311)
GSK690693 Akt inhibitor Cayman Chemical (16891)

H89 Protein kinase A (PKA) inhibitor Cayman Chemical (10010556)
KH7 Soluble adenylyl cyclase (sAC) inhibitor Cayman Chemical (13243)
L-NAME Nitric oxide synthase (NOS) inhibitor Cayman Chemical (80210)

LPS Toll-like receptor 4 (TLR4) agonist Millipore Sigma (L9143)

L£Y294002 PI3K inhibitor Cayman Chemical (70920)
MK2206 Akt inhibitor Cayman Chemical (11593)
ML385 Nrf2 inhibitor Cayman Chemical (21114)
NS 2028 Soluble guanylyl cyclase (sGC) inhibitor Cayman Chemical (81600)
ODQ sGC inhibitor Cayman Chemical (81410)
Rapamyecin mTOR inhibitor Cayman Chemical (13346)
SC79 Akt activator Cayman Chemical (14972)
SNAP NO donor Cayman Chemical (82250)
U73122 PLC inhibitor Cayman Chemical (70740)
U73343 Inactive analogue of U73122 Cayman Chemical (17339)
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ELISAs for TNFa, IL6, and IL12 were from Peprotech (Cranbury, NJ, USA), and IL8
ELISA was from ThermoFisher Scientific. All ELISAs were carried out in accordance with
the manufacturers’ instructions, as described previously [72,73].

P. aeruginosa conditioned media were obtained from P. aeruginosa lab strains PAO-1
(ATCC 15692), and we used clinical CRS-isolates P11006, 2338, and 13847 (obtained from
Drs. N. Cohen and L. Chandler, Philadelphia VA Medical Center [74]). Colonies were
grown overnight to OD ~1 in LB media (Gibco), followed by resuspension in RPMI 1640
media at an OD of 0.1. Bacteria were grown overnight (~18 h) in RPMI 1640. Bacte-
ria were then removed via centrifugation followed by filtration through a 0.2 um filter.
Conditioned bacteria media were used at a 25% concentration diluted in unconditioned
RPMI 1640 media (no FBS) for cytokine production experiments. Mock-conditioned RPMI
1640 (overnight incubation with no bacteria) was used as a control. All cytokine produc-
tion/release/transcription experiments were carried out with overnight incubation in
serum-free RPMI 1640 media.

2.2. Quantitative PCR (gPCR)

RNA was isolated from macrophages as described previously [17,75] (RNA extraction
kit, Zymo Research; Irvine, CA, USA). Quantitative (q) PCR was performed using TagMan
primer assays (ThermoFisher) for indicated genes and UBC as a housekeeping gene in sep-
arate reactions. Relative expression in experiments with control conditions was calculated
using the 2724t method while experiments reporting expression vs. UBC utilized the
2~ method. The primers used in this study have been described previously [17,35,76,77].

2.3. Immunofluorescence (IF) Microscopy

IF microscopy was carried out as previously described [17-19,78]. Macrophages on a
chambered coverglass (CellVis, Mountain View, CA, USA) were fixed in 4% formaldehyde
(20 min, room temperature) followed by permeabilization and blocking in Dulbecco’s
phosphate-buffered saline (DPBS) plus 1% bovine serum albumin (BSA), 5% normal donkey
serum (NDS), 0.2% saponin, and 0.1% triton X-100 at 4 °C for one hour. After washing with
DPBS, samples were incubated with primary antibody (1:100; 4 °C; overnight). After further
washing, samples were incubated with AlexaFluor (AF)-labeled secondary antibodies
(1:1000; 4 °C; 2 h; donkey anti-rabbit AlexaFluor 546, donkey anti-mouse AlexaFluor 488,
or donkey anti-goat AlexaFluor 647; ThermoFisher). Samples were imaged after further
washing and the addition of mounting media (Fluoroshield with DAPI; Abcam; Cambridge,
MA, USA). Imaging was performed on an Olympus (Tokyo, Japan) IX-83 microscope,
with a 60x (1.4 NA) objective, and a Hamamatsu Orca Flash 4.0 camera (Tokyo, Japan),
using Metamorph (Molecular Devices, San Jose, CA, USA). Raw images were analyzed in
FIJI (version 2.14) [79] using only linear adjustments (min/max) and no gain or gamma
settings. Antibody for atubulin was from Developmental Studies Hybridoma Bank (12G10;
mouse monoclonal), antibody for Akt was from Cell Signaling Technologies (92725; rabbit
polyclonal), and antibody for eNOS was from Santa Cruz (sc-12972; goat polyclonal).

For the expression of macrophage markers, fixed macrophages were stained for mark-
ers shown to be expressed in MO human monocyte-derived macrophages [80-83], includ-
ing CD14 (conjugated to FITC; mouse monoclonal clone MEM-15; ThermoFisher Scien-
tific/ Invitrogen, Waltham, MA USA MA1-19592), CD16 (conjugated to FITC; mouse mono-
clonal clone 3G8; MA5-44096 and CD68 (conjugated to FITC; clone KP1; Novus NB100683F),
or the isotype control (normal mouse IgG1 conjugated to FITC; Abcam ab91356). Imaging
cytometry was performed using fluorescence microscopy as described [17]. Chamber wells
were scanned with a 10x (0.4 NA; PlanApo) objective using the Metamorph slide scanner
function on an Olympus IX83 microscope and a standard FITC filter set. Intensities of
individual cells were automatically determined by the integrated morphometry plugin.
Cell detection was validated by comparing cell counts with DAPI stain nucleus counts, and
was found to differ by <2%. Approximately 2000-3000 cells were counted per well.
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2.4. Live Cell Imaging of Akt Activation

Macrophages on 8-well chambered coverglass were transfected the next day with
Effectene (Qiagen, Germantown, MD, USA) and the FRET-based ratiometric sensor AktAR
(obtained from Jin Zhang via Addgene, Watertown, MA, USA [84]). Imaging was performed
on an inverted microscope, the Olympus IL83 microscope, a with 20x (0.8 NA) objective,
CFP/YFP filters (Chroma Technologies, Bellows Falls, VT, USA), and Lambda LS filter
wheels (Sutter, Novato, CA, USA). Images were acquired using MetaFluor (Molecular
Devices). SC79, SNAP, L-NAME, D-NAME, cPTIO, MK2206, LY294002, U73122, U73343,
GSK690693, and colistin sulfate were from Cayman Chemical (Ann Arbor, MI, USA).

2.5. Live Cell Imaging of Calcium, NO, and cGMP Production

Macrophages on glass chambered coverslips (CellVis) were loaded with 5 uM Fluo-
4-AM (to measure calcium) or 5 uM DAF-FM diacetate (to measure NO) for 45 min as
previously described [17,85] in 20 mM HEPES-buffered Hank’s Balanced Salt Solution
(HBSS; pH 7.4) with 1.8 mM Ca?*. Either Fluo-4-loaded or DAF-FM-loaded cells were
imaged as previously described [18,19,78] on a TS100 microscope (Nikon, Tokyo, Japan)
with a 20x 0.8 NA PlanApo objective, Retiga R1 CCD camera (Photometrics, Tucson, AZ,
USA), standard FITC/GEFP filter set (Chroma, Bellows Falls, VT, USA), and XCite 110 LED
illumination source used as an instant on/off shutter. Images were acquired and analyzed
with Micromanager Image] (Version 2.0) [86] and FIJI (Version 2.14) [79].

For the Green GENIe cGMP biosensor (Montana Molecular, Bozeman, MT, USA),
macrophages were transfected with mammalian-modified baculovirus (BacMam; Au-
tographa californica pseudotyped to infect mammalian cells [87-89]), as previously de-
scribed [17]. Imaging was carried out using the same settings described above.

2.6. Phagocytosis Assays

Phagocytosis assays were performed as described [17]. Macrophages were incubated
in phenol red-free, low-glucose DMEM with heat-killed FITC-labeled Escherichia coli at
250 pg/mL (strain K-12; reagents from Vybrant phagocytosis assay kit; ThermoFisher; cat #
E2861) £ SC79 for 15 min at 37 °C. Extracellular FITC was quenched with trypan blue, and
fluorescence was recorded on a Spark 10M plate reader (Tecan, Médnnedorf, Switzerland;
485 nm excitation, 535 nm emission). As phagocytosis is negligible at 4 °C up to room
temperature [17], we recorded the fluorescence from living cells at room temperature
immediately after the FITC-E. coli incubation. For the representative micrograph shown,
macrophages on glass were incubated as above, extracellular FITC was quenched with
trypan blue, and cells were washed >5x in PBS to remove residual extracellular FITC-E. coli.
Remaining adherent M®s were fixed in 4% formaldehyde (Electron Microscopy Sciences,
Hatfield, PA, USA) for 10 min followed by being subject to DAPI staining in mounting
media (Fluoroshield with DAPI, Abcam). E. coli were then imaged using standard FITC
filters (Semrock, Rochester, NY, USA) on an inverted Olympus IX-83 microscope with a 20 x
(0.8 NA) objective, XCite 120LEDBoost illumination, and a Hammamatsu (Tokyo, Japan)
Orca Flash 4.0 camera.

Phagocytosis assays were also carried out similarly using 125 ug/mL pHrodo red-
labeled S. aureus (strain Wood 46; ThermoFisher, cat #A10010) [17]. As pHrodo dyes only
fluoresce when particles are internalized into low-pH endosomes (previously tested by
our own group [17]), this assay does not require washing or quenching of the extracellular
pHrodo S. aureus. Macrophages were incubated with pHrodo-S. aureus for 30 min at 37 °C
as described [17] with excitation at 555 nm and emission at 595 nm measured on the Tecan
Spark 10 M plate reader. Background measurements were made using wells containing
fluorescent S. aureus in the absence of macrophages. Representative micrograph images
were taken as above except using a standard TRITC filter set (Semrock). The images shown
for comparison were collected on the same day under identical conditions with identical
min/max settings. No non-linear (e.g., gamma) adjustments were made. For superoxide
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experiments, macrophages were loaded with 2.5 uM MitoSox or dihydroethidium for
45 min at room temperature, with subsequent incubations carried out at 37 °C.

2.7. Statistical Methods

Numerical data were compiled and analyzed in Excel (Version 16.85, Microsoft, Red-
mond, WA, USA) and/or Prism (Version 10, GraphPad software, La Jolla, CA, USA).
One-way ANOVA and a Bonferroni’s post-test (pre-selected pairwise comparisons) or
Dunnett’s post-test (for comparing the result to the control value) were used for multiple
comparisons. Asterisks (*) or pound signs (#) were used to denote p < 0.05, the cutoff for
statistical significance for this study. Bar graphs show both the mean £ SEM and individual
data points derived from the biological replicates (i.e., separate experiments conducted
with different donor cells on different days). All data generated during this study were
analyzed and are shown in this article. Raw numerical data points from traces or bar graphs
shown here are available upon request.

3. Results
3.1. Akt Expression and Function in Human Monocyte-Derived Macrophages

We examined the expression of the three Akt family isoforms in the Database of
Immune Cell Expression (DICE) quantitative trait loci and epigenomics database [90] and
the Gene Expression Omnibus data set GSE122597, viewed via The Immunological Genome
Project (ImmGen; [91]). We noted that Aktl was the most highly expressed isoform in
monocytes (Figure 1A) and peritoneal macrophages (Figure 1B). We confirmed this via
performing qPCR on the human monocytes and derived macrophages used in this study
(Figure 1C). The identity of macrophages was validated based on the expression of CD14
and CD68 via imaging cytometry (Figure 1D), as described previously [17], as well as
histamine-induced calcium responses blocked by an H1 antagonist (Figure 1E) [92]. The
immunofluorescence of Akt in macrophages overlapped closely with that of eNOS in some
cell regions (Figure 1EG).

We next imaged the ability of SC79 to activate Akt using a ratiometric biosensor,
AktAR?2 [84] (Figure 2A), in cultured and differentiated human macrophages from healthy
apheresis donors, as described [17]. AktAR2 changes in terms of conformation when
phosphorylated by Akt, resulting in an increase in FRET from cyan fluorescent protein
(CFP) brought into close proximity to yellow fluorescent protein (YFP). SC79 increased the
ratio of AktAR YFP/CFP emission with CFP excitation, suggesting an increase in Forster
resonance energy transfer (FRET). Traces are shown in Figure 2B, and peak changes are
shown in Figure 2C. The ratio changes in response to SC79 were inhibited by MK2206
(10 ng/mL), suggesting a dependence on Akt (Figure 2B,C). Activation of Akt by SC79 is
dependent on upstream phosphoinositide 3-kinase (PI3K) [35]. Agreeing with this, AktAR
ratio changes were also inhibited by PI3K inhibitor LY294002 (10 pg/mL) (Figure 2C). We
observed an increase in CFP/YFP emission with TORCAR [93], a biosensor for mTORC1
that changes conformation to bring YFP and CFP further apart via mTORC1 phosphory-
lation (Figure 2D,E). This was blocked by the mTOR inhibitor rapamycin (Figure 2E,F).
As mTORC1 is downstream of Akt, this further supports the SC79 activation of Akt
in macrophages.

3.2. SC79/Akt Activation of NO and Downstream cGMP in Human Macrophages

We next tested if the activation of Akt by SC79 also resulted in NO production in M0
macrophages, as observed in airway epithelial cells [35,37]. We used DAF-FM, a dye that flu-
oresces after it covalently reacts with NO, and its reactive degradation products [18]. SC79
(0.1-10 uM) increased DAF-FM fluorescence in macrophages after 30 min of stimulation
(Figure 3A). This was blocked by Akt inhibitors MK2206 and GSK690693, but not protein
kinase C inhibitor G66983 or protein kinase A inhibitor H89 (all at 10 uM; Figure 3A). An
SC79-induced DAF-FM fluorescence increase was also blocked by NOS inhibitor N-Nitro-
L-arginine methylester (L-NAME) but not the control inactive D-stereoisomer analogue
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D-NAME (Figure 3A). We previously showed that T2R-induced NO production was de-
creased in macrophages treated overnight with CFIR inhibitor CFTR;,1172 (10 pM), a
protocol that both blocks CFTR and likely downregulates protein levels [18]. In contrast, we
found that SC79-induced NO was not blocked by pretreatment with CFTR;,;,172 (Figure 3B).
We confirmed our endpoint measurements by imaging DAF-FM fluorescence changes in
real time. We found that 10 uM SC79 induced sustained NO production over >20 min that
was blocked by L-NAME (Figure 3C,D). Together, these data support that SC79 induces
NO production via Akt activation in MO macrophages.

60 sec
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Figure 1. Akt isoform expression in M0 macrophages. (A) Expression (transcripts per million,
TPM) of Akt isoforms in immune cells in the DIC database; (B) Normalized gene counts of Akt
isoforms from GEO dataset GSE122597. (C) Expression of Akt isoforms relative to housekeeping gene
UBC determined via performing qPCR on the monocytes and derived M0 macrophages used here;
data points show results from 3 independent donors. (D) Imaging cytometry analysis of staining
of macrophage markers (CD14, CD68, and CD16) with eNOS and iNOS in MO macrophages. All
markers were significantly above the control (mouse IgG) except iNOS, which was upregulated in
M1 macrophages; * p < 0.05 vs. IgG isotype control via one-way ANOVA with Dunnett’s post-test.
(E) Fluo-4 Ca2* trace (average of n = 3 experiments) showing response to 50 uM histamine inhibited
by H1 antagonist cetirizine. The time of addition of histamine = cetirizine is denoted by the arrow.
(F) Immunofluorescence of Akt and eNOS in M0 macrophages. The nuclear DAPI stain is shown in
yellow. The scale bar is 5 um. (G) Isotype control (rabbit and goat serum) staining. All images are
representative of images from cells from 3 independent donors collected and imaged on different
days. The scale bar is 5 pm.

To further test that the data in Figure 3 reflect NO production, we imaged changes
in cGMP, which is elevated downstream of the NO activation of soluble guanylyl cyclase.
We used a cGMP biosensor delivered to M0 macrophages by BacMam, as previously
described [17]. We found that 10 uM SC79 increased cGMP production compared with
the vehicle alone (0.1% DMSO; Figure 4A). The change in cGMP was reduced by MK2206,
GSK690693, and L-NAME (Figure 4B). It was also blocked by soluble guanylyl cyclase
inhibitors 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) and NS 2028 (Figure 4B).
Together, these data support that SC79 activates acute NO production, which leads to
downstream cGMP production, agreeing with prior data on airway epithelial cells [35,37].
Because we previously showed that acute NO and ¢cGMP production downstream of
T2Rs can enhance macrophage phagocytosis [17], we next tested the effects of SC79 on
this process.
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Figure 2. Visualization of SC79 Akt activation in M0 macrophages using fluorescent biosensors.
(A) Schematic of the AktAR biosensor. Cerulean (cyan fluorescent protein (CFP) variant) and circularly
permutated (cp) Venus (YFP variant) surround a forkhead-associated domain (FHA1)-phosphorylated
amino acid binding domain and FOXO1 Akt substrate sequence. Akt phosphorylation causes a change
in conformation, and a closer proximity of CFP and YFP increases FRET (an increase in the YFP/CFP
emission ratio). (B) Representative traces from single experiments of AktAR2 YFP/CFP ratio changes
in response to 1-10 uM SC79 + MK2206 or LY294002. Time of addition of the indicated drugs is
denoted by the arrow. (C) Bar graph of the same responses as in B from 4 independent experiments
from different donors per condition. (D) Diagram of the TORCAR biosensor. Phosphorylation of
the 4EBP1 motif brings CFP and YFP further apart and decreases FRET (an increased CFP/YFP
emission ratio). (E) Representative traces from single experiments of TORCAR (or mutated T/A
control TORCAR) FRET ratio changes in response to 1-10 uM SC79 =+ rapamycin. Time of addition
of the indicated drugs is denoted by the arrow. (F) Bar graph of the same responses as in (E) from
4 independent experiments from different donors per condition. Significance was determined via
one-way ANOVA with Dunnett’s post-test, comparing values to the vehicle control; * p < 0.05.

3.3. 5C79/Akt Activation of MO Macrophage Bacterial Phagocytosis

We tested if SC79 enhanced the macrophage phagocytosis of FITC-labeled Escherichia
coli bioparticles (Figure 5A) on a fluorescence plate reader. SC79 increased macrophage
phagocytosis in a manner inhibited by MK2206 and GSK690693 as well as L-NAME
(Figure 5B).

SC79-stimulated macrophage phagocytosis was confirmed via a plate reader assay of
Staphylococcus aureus labeled with pH-sensitive dye pHrodo, suggesting increased phago-
cytosis with SC79 and inhibition by MK2206 (Figure 6A), L-NAME (Figure 6B), and soluble
guanylyl cyclase inhibitors 1H-[1,2,4Joxadiazolo[4,3-a]quinoxalin-1-one (ODQ) and NS-
2028 (Figure 6C), but not adenylyl cyclase inhibitor KH 7 (Figure 6C). SC79 stimulation of
the phagocytosis of S. aureus was confirmed via microscopic visualization and quantifica-
tion, showing dose-dependent effects of SC79 at 1-10 ug/mL (Figure 6D,E).



Cells 2024, 13,902

9 of 21

@ & 15004
Ac:g_ * B:.
2 1000 N &
$s . : © & 1000 P
S c - o c ®
S< 2E g
= £ 5004 * = £
sc . SO 500{ee w o° s
i - w
1 L]
4% EINEY <= ARE
g - i T = D 0 T T T 1 T 1
AN
o ‘ P v.é@ ‘QO&Q (\W &00&1 <\W
L 2o (L a2 S
L& ‘\&&Q'
& &K
" 1pgiml 10 pg/ml
< o SC79 SC79
® S S £ *
c . D £y
1.6 = h
N
° e~ 10 pg/ml SC79 ® 1.4
L 1.4 9 °
fra -+ 10 pg/ml SC79 w
+D-NAME L
E 121 s 1.2
| & :
g 1.0 -= 10 ug/ml SC79 #
+ L-NAME 8 1.0-
0.8 —————— RO
0 10 20 30 "c\;‘?of
Minutes o~ 0¥
A
o 9

Figure 3. SC79 activates NO production via Akt. (A) Bar graph of endpoint DAF-FM fluorescence
from 5 independent experiments using macrophages from different donors. Responses were tested
with 0.1-10 ug/mL SC79 + Akt inhibitors MK2206 (10 ug/mL) or GSK690693 (10 uM), PKC inhibitor
G66983 (10 uM), PKA inhibitor H89 (10 uM), NOS inhibitor L-NAME (10 uM), or inactive D-NAME
(10 uM). Significance was determined via one-way ANOVA with Dunnett’s post-test, comparing
values to those for HBSS alone; * p < 0.05. (B) DAF-FM fluorescence data with 1 and 10 pg/mL
SC79 £ 10 uM CFTR;,,172 pretreatment. No significant differences were determined via one-way
ANOVA. (C) Representative real-time traces of DAF-FM fluorescence, + L-NAME or D-NAME. Time
of addition of the indicated drugs is denoted by the arrow. (D) Data from 5 independent experiments
done similarly as in (C). Significance was determined via one-way ANOVA with Dunnett’s post-test,

comparing values to those for SC79 alone; * p < 0.05.
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Figure 4. SC79 activates cGMP production downstream of NO. (A) Representative traces of cGMP
biosensor fluorescence changes with stimulation by 10 pug/mL SC79 vs. the vehicle (0.1% DMSO) only.
An upward deflection corresponds to an increase in cGMP levels. Time of addition of the indicated
drugs is denoted by the arrow. (B) Bar graph of results from independent experiments done similarly
as in (A). Significance was determined via one-way ANOVA with Dunnett’s post-test, comparing
values to those for HBSS plus the vehicle (0.1% DMSO) alone; * p < 0.05.
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Figure 5. SC79 enhances FITC E. coli phagocytosis, likely via Akt and NO signaling. (A) Images
showing phagocytosis of FITC-labeled E. coli (magenta, DAPI nuclear stain in green) in primary
human monocyte-derived macrophages, as described [17,19]. (B) FITC fluorescence (indicating
macrophage phagocytosis) increased with SC79 treatment, which was blocked by Akt inhibitor
MK2206 or GSK690693 and NOS inhibitor L-NAME. Significance was determined via one-way
ANOVA with Dunnett’s post-test, comparing all values to those of the control; * p < 0.05. Data are
from 5 independent experiments using cells from 5 donors.

Phagocytosis of either FITC E. coli (Figure 7A) or pHrodo S. aureus (Figure 7B) was
unaffected by CFTR;,,172 (10 uM) pretreatment during SC79 treatment (1-10 pg/mL). This
suggests that there was no alteration in direct Akt-to-e/nNOS signaling in CF macrophages,
despite the alterations in the T2R receptor activation of NOS-driven NO production, that
may have occurred with the loss of CFTR function [18,41]. Thus, the direct stimulation of
Akt might be a potential target pathway to enhancing NO-driven immune responses in
macrophages in the context of CF respiratory infections.

Macrophages can kill phagocytosed bacteria via the production of reactive oxygen
species, including superoxide (O,e7) [94,95]. We measured mitochondrial superoxide
production via MitoSox Red, previously used in macrophages to measure ROS production
during exposure to LPS, bacteria, or fungi [96-99]. SC79 did not significantly induce an
increase in MitoSox fluorescence, but SC79 (1 ug/mL) significantly enhanced MitoSox
fluorescence in the presence of LPS (10 ng/mL) or heat-killed E. coli at the same concen-
tration used in the phagocytosis assays above (Figure 8A). We confirmed these results
using another superoxide indicator, dihydroethidium (also known as hydroethidine). As
with MitoSox, SC79 did not have a significant effect alone but increased dihydroethidium
fluorescence in the presence of E. coli bioparticles (Figure 8B). Thus, we hypothesize that the
increased phagocytosis measured above may translate to increased bacterial killing as well,
though this remains to be tested experimentally. All together, these data warrant further
investigation into the effects of SC79 on macrophage phagocytosis and bacterial killing.

3.4. SC79 May Also Have Anti-Inflammatory Effects, Possibly through Nrf2

Because we previously showed that SC79 reduced IL8 transcription through Nrf2
in airway epithelial cells during Toll-like receptor (TLR) 5 stimulation with Pseudomonas
flagellin, we tested if SC79 had similar effects in macrophages. Nrf2 was previously shown
to reduce pro-inflammatory cytokine secretion in macrophages [100]. Nrf2 in macrophages
may be activated downstream of anti-inflammatory metabolite itaconate [101,102], and
TPV1 has also been implicated in activating Nrf2 via calcium and CaMKII to inhibit
macrophage polarization [103]. The regulation of Nrf2 is complex [104], but it has been
shown that PI3K-activated Akt can phosphorylate and inactivate GSK-3(3, which reduces
the Nrf2 degradation and/or removal of Nrf2 from the nucleus; thus, Akt activation
increases the levels of active nuclear-localized Nrf2 [104]. We tested if the SC79 activation
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of Akt, and possibly Nrf2, could also suppress key inflammatory cytokines activated
downstream of the stimulation of TLRs involved in M1 polarization.
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Figure 6. SC79 enhances pHrodo S. aureus phagocytosis, likely via Akt and NO signaling. (A) The
phagocytosis of pHrodo S. aureus also increased with 10 pg/mL SC79 and was blocked by MK2206.
Note that pHrodo only fluoresces in acidic environments like the phagosome, confirming that
internalization reflects phagocytosis. Data were obtained from 5 independent experiments using
cells from 5 donors. Significance was determined via one-way ANOVA with Bonferroni’s post-test;
**p <0.01. (B) The same type of experiments as in A, but testing SC79 + L-NAME or D-NAME;
significance determined via one-way ANOVA with Dunnett’s post-test, comparing all values to those
of the control (HBSS + 0.1% DMSO); ** p < 0.01. (C) The same type of experiments as in A and B,
but testing SC79 £ guanylyl cyclase inhibitor ODQ or N52028 or adenylyl cyclase inhibitor KH 7
(all at 10 uM); significance determined via one-way ANOVA with Dunnett’s post-test, comparing
all values to those of the control (HBSS + 0.1% DMSO); ** p < 0.01. (D) Micrographs of pHrodo
S. aureus phagocytosed in macrophages. Top and bottom rows show images from two different
donors. (E) Quantification of 4 independent experiments, as shown in (D), confirming the dose-
dependent increase in phagocytosis with SC79; significance was determined via one-way ANOVA
with Dunnett’s post-test, comparing all values to those of the control; ** p < 0.01.

No LDH release was observed from macrophages over 8 h of stimulation with SC79,
suggesting no overt toxic effects of SC79 (Figure 9A). We next tested the effects of SC79
against LPS, a Gram-negative bacterial cell wall component and activator of pattern recogni-
tion receptors, including TLR4. LPS is part of the classic LPS+IFNy cocktail for in vitro M1
macrophage polarization that causes an elevation in cytokines like IL12 (Figure 9B). To block
Nrf2, we used two distinct pharmacological inhibitors, brusatol [105] and ML385 [106]. We
chose concentrations of these inhibitors (10 nM) that did not themselves promote proinflam-
matory cytokine release via ELISA (the dose response is in Figure 9C, and is also shown
in D-F), consistent with our prior observations of airway cells [35]. We found that SC79
reduced IL-6, IL-8, and IL-12 release during stimulation with LPS (Figure 9D-F). This was
reversed by ML385 and brusatol (Figure 9D-F). We also found that IL-6 release was reduced
with SC79 during exposure to 10% conditioned media from laboratory P. aeruginosa (strain
PAO1) and clinical isolates (P11006, L3847, 2338) of P. aeruginosa from chronic rhinosinusitis
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patients (Figure 9G). SC79 also reduced IL6 and IL8 gene transcription via qPCR during
stimulation with LPS, and this was reversed with ML385 (Figure 9H). Further supporting
the role of Nrf2, we found that SC79 induced the transcription of itself (NFE2L2 gene) and
Nrf2 target genes NQO-1 and HO-1 (Figure 91). Prior studies suggested that Nrf2 is not
able to reduce tumor necrosis factor alpha (INF«, encoded by the TNF gene) transcription
with LPS stimulation. We similarly found that TNF transcript elevation with LPS was not
affected by SC79. All together, these data support the potential anti-inflammatory role of
Akt observed via activating Nrf2, likely functioning to inhibit the transcription of a subset
of NFkB target genes [100,101].
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Figure 7. SC79 enhancement of phagocytosis is not altered by CFTR;,,172. (A) The same type of
FITC E. coli phagocytosis experiments as in Figure 5, testing the SC79 + CFTR;,,172 pretreatment.
(B) The same type of phagocytosis experiments of pHrodo S. aureus as in Figure 6, but testing
SC79 + CFTR;,,172 pretreatment. Significance was determined via one-way ANOVA with Bonfer-
roni’s post-test with paired comparisons; * p < 0.05 vs. 0 pg/mL SC79 (HBSS + 0.1% DMSO vehicle
control); n.s. means there was no statistical significance between bracketed groups. Data from
5-6 independent experiments per condition with macrophages from different donors.
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Figure 8. SC79 enhances LPS or bacterial-induced superoxide production. (A) Bar graph of
macrophage MitoSox Red fluorescence measured on plate reader (396 nm excitation, 610 nm emission)
after 60 min stimulation with LPS or E. coli = SC79. (B) Bar graph of macrophage dihydroethidium
fluorescence (518 nm excitation, 605 nm emission) from experiments similar to those in (A). Data from
4-5 independent experiments per condition with macrophages from different donors; significance
determined via one-way ANOVA with Bonferroni’s post-test with paired comparisons (+=5C79);
*p <0.05.
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Figure 9. Reduction in macrophage cytokines with SC79. (A) LDH release into cell culture media.
Staurosporine and triton X-100 were controls used to induce apoptotic death (often followed by
secondary necrosis in vitro [107]) and nonspecific lysis, respectively. No LDH was observed with
SC79 (one-way ANOVA; Dunnett’s post-test; n = 4 experiments per condition from separate donors);
*p > 0.05. (B) Macrophage IL-12 (M1 marker) or IL-10 (M2 marker) release determined by performing
ELISA after 72 h on M1 cocktail (20 ng/mL IFNy + 100 ng/mL LPS)- or M2-polarizing IL-4 (20 ng/mL).
Significance was determined via one-way ANOVA with Bonferroni’s post-test, comparing values
with those of MO (no stimulation); * p > 0.05; n = 8 experiments per condition from separate donors.
(C) Dose response of brusatol or ML385 with IL-6 release. Significance was determined via one-way
ANOVA with Bonferroni’s post-test, comparing values with those of the control (no stimulation);
*p > 0.05; n = 4 experiments from separate donors. (D-F) Bar graphs of IL-6 (D), IL-8 (E), or IL-12
(F) release with SC79 (10 pg/mL) & LPS (100 ng/mL) + 10 nM brusatol or ML385, as indicated.
Significance was determined via one-way ANOVA, with Bonferroni’s post-test; * p < 0.05 vs. control
(media + vehicle) and * p < 0.05 between bracketed columns. n = 4-5 experiments from separate
donors. (G) The same type of experiments as in D-F but using P. aeruginosa-conditioned media £ SC79
+ ML385. Significance was determined via one-way ANOVA with Bonferroni’s post-test; * p < 0.05
between bracketed columns. (H) IL-6 (green) or IL-8 (magenta) transcript with LPS £ SC79 £+ ML385.
Significance was tested via one-way ANOVA with Bonferroni’s post-test; * p < 0.05 vs. control and
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# p < 0.05 between bracketed columns; n = 4 experiments from separate donors. (I) Nrf2 target
transcript levels with SC79 + brusatol or ML385. Significance was tested via one-way ANOVA with
Dunnett’s post-test; * p < 0.05 vs. control; n = 4 experiments from separate donors. (J) TNF transcript
levels with LPS + SC79. Significance was tested via one-way ANOVA with Dunnett’s post-test;
* p < 0.05 vs. control; n = 4 experiments from separate donors.

4. Discussion

While at least one Akt isoform is likely expressed in every cell in the human body,
the role of Akt in the context of innate immunity is still not fully elucidated [36,108], even
despite the knowledge that Akt functions downstream of several pattern recognition re-
ceptors like TLRs [43,109]. This may be because studying Akt’s precise role is somewhat
complicated by cross-talk between multiple convergent signaling pathways downstream
of TLRs and other receptors. However, other studies support a role for Akt in reducing
the inflammatory response downstream of the bacterial activation of TLRs in some set-
tings [110-113]. While PI3K (upstream of AKT) is typically activated by TLRs in many
cells [114], there is also precedent to suggest that AKT downregulates TLR-induced sig-
nals to NF«B in at least some cells. Notably, TLR4-induced IL-12 expression in human
blood-derived monocytes is partly reduced by PI3K, AKT, and JNK [115]. In macrophages,
vasoactive intestinal peptide (VIP) reduces TLR4 expression via AKT activation [116];
VIP also downregulates TLR2/4 responses in T regulatory (Treg) cells [117,118], possibly
through Akt and/or Nrf2. Quercetin, a T2R14 and T2R39 agonist, was previously shown to
reduce the expression of IL6 and to enhance the expression of HO-1 and NQO1 via Akt
signaling in macrophages [119]. PI3K and Akt have also been suggested to be essential for
macrophage phagocytosis downstream of a variety of receptors [120-127].

Here, we used SC79, a small molecule that interacts with Akt to alter its conformation
and allow its phosphorylation by upstream activating kinases [46-50]. This has allowed
us to examine the effects of Akt activation independently of other upstream pathways.
When Akt is activated downstream of receptors like EGFR, other pathways are activated
that might impinge on kinases like Erk in parallel to Akt [128]. When we previously
examined the SC79 activation of Akt in nasal and lung epithelial cells [35,37], we found
anti-inflammatory effects due to Nrf2 upregulation and translocation to the nucleus [35].
We also showed that the levels of NO produced by nasal epithelial cells during SC79
stimulation can be sufficient to kill clinical strains of bacteria [37].

Here, we show that SC79 also enhances macrophage phagocytosis via Akt and NO
signaling. While a previous study showed that SC79 increased macrophage-like mouse
Raw264.7 cell phagocytosis [129], our study is the first to show this in human macrophages
and tie it to NO. A caveat to this study is that we are working with already-heat-killed
bacteria, and while the pHrodo experiments suggest tat the process we are studying is
antimicrobial phagocytosis, future studies are needed on live bacteria to look more directly
at reactive oxygen species (ROS)-dependent bacterial killing, using antibiotic protection
assays and CFU counting, for example [130].

Moreover, we also found that LPS-induced cytokine production is lowered when
macrophages are co-stimulated with SC79 via a mechanism that may involve Nrf2, suggest-
ing the inflammation-reducing effects of this molecule’s ability to activate the Akt/Nrf2
pathway. SC79 has also been linked to the activation on Nrf2 in other cell types [47,131-134],
and Nrf2 appears to be involved here based on two different Nrf2 inhibitors. While our
data suggest that SC79 can inhibit the onset of an inflammatory response, future experi-
ments are needed to determine the ability of SC79 to reduce cytokine secretion by already
activated macrophages.

An important caveat to our study is that we only tested the effects of SC79 in M0
(unprimed /unpolarized) macrophages. It may be that SC79 has other effects on polarized
(M1 or M2) macrophages. The role of Akt and its ability to acutely regulate NO production,
particularly in M1 macrophages, where inducible NOS (iNOS) is upregulated, and in M2
macrophages, where arginase is upregulated [66,120], must be determined in future studies.
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Furthermore, the effects of SC79 on macrophage polarization itself must also be determined.
Nonetheless, our study represents a demonstration that the Akt pathway can be targeted in
naive MO macrophages, and this might be used to enhance phagocytosis and/or reduce the
transcription of some cytokines. More work, including in vivo testing, is needed to more
fully understand if SC79 has potential clinical utility.

It is important to note here that, because Akt plays a central role in metabolism and
cell proliferation [12], the PI3K-Akt pathway drives tumorigenesis and/or tumor growth in
some cancers [36,128] via mutations in Akt or upstream proteins (e.g., in EGFR or PI3K) that
result in aberrant activation of the pathway. These proteins are thus important anti-cancer
targets in some cancers [128]. We have not observed increased proliferation with SC79 alone
for any of the cells we have tested so far [35,37]. To our knowledge, increased incidence of
tumors has not been highlighted in published animal model studies on SC79 [47-50]. In
contrast, SC79 was found to suppress tumor growth by enhancing lymphocyte infiltration
into tumors causing cancer cell death [135]. We thus hypothesize that transient pharma-
cological Akt activation with SC79 may have different effects compared with those of the
mutations that arise in cancers. Cancer mutations often lead to prolonged Akt activation.
Transient application may avoid unintended proliferative effects. Moreover, cancers cells
often have one or more other oncogenic driver mutations in parallel with mutations in the
Akt pathway:.

Nonetheless, while SC79 is a useful tool for investigating the Akt pathway, we believe
it still requires further in vitro and in vivo testing considering its potential to impact cell
proliferation. Nonetheless, we believe that our data here and in previous studies [35,37]
suggest that acute SC79 application could have both anti-bacterial and anti-inflammatory
effects with possibly limited cellular toxicity, at least as shown in our in vitro primary cell
models in the setting of short-term (24-48 h) exposure. Limited, targeted delivery of an
Akt activator (e.g., as a topical nasal rinse or spray for nasal infections, or as an inhaler for
lung infections) may also be a strategy to minimize any undesired effects of activating this
pathway systemically.

5. Conclusions

This study suggests that a small-molecule activator of Akt like SC79 could be used to
modify macrophage phagocytosis and TLR-induced cytokine production in some settings
via NO production and Nrf-2, respectively. Further work is needed to understand the
effects of targeting the Akt pathway in specific macrophage polarization states as well
as in in vivo infection models. This study demonstrates the mechanism of SC79’s effects
on unpolarized M0 macrophages, supports an immune role for Akt activation in some
settings, and justifies future exploration of SC79 and Akt signaling in models of acute or
chronic infection.
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