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Abstract

Many intracellular pathogens cause disease by subverting macrophage innate immune defense 

mechanisms. Intracellular pathogens actively avoid delivery to, or directly target lysosomes, the 

major intracellular degradative organelle. Here, we demonstrate that AGS3 (Activator of G-

protein Signaling 3), a lipopolysaccharide inducible protein in macrophages, affects both 

lysosomal biogenesis and activity. AGS3 binds the Gi family of G proteins via its G-protein 

regulatory (GPR/GoLoco) motif stabilizing the Gα subunit in its GDP-bound conformation. 

Elevated AGS3 levels in macrophages limited the activity of the mammalian target of rapamycin 

(mTOR) pathway, a sensor of cellular nutritional status. This triggered the nuclear translocation of 

transcription factor EB (TFEB), a known activator of lysosomal gene transcription. In contrast, 

AGS3 deficient macrophages had increased mTOR activity, reduced TFEB activity, and a lower 

lysosomal mass. High levels of AGS3 in macrophages enhanced their resistance to infection by 

Burkholderia cenocepacia J2315, Mycobacterium tuberculosis, and methicillin-resistant 
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Staphylococcus aureus while AGS3 deficient macrophages were more susceptible. We conclude 

that LPS priming increases AGS3 levels, which enhances lysosomal function and increases the 

capacity of macrophages to eliminate intracellular pathogens.
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Pathogens especially those that survive and proliferate in intracellular niches have developed 

sophisticated strategies to subvert host defense systems (1). Subject to strong selective 

pressures, drug-resistant microorganisms have emerged that are unresponsive, or poorly 

responsive, to current antimicrobial agents (2). This provides an incentive to better 

understand host-pathogen interfaces; on the pathogen side, to unravel the mechanisms by 

which pathogens target and hijack host factors for their own benefit and, on the host side, to 

delineate how host cells marshal intracellular defense systems to combat infections. Such 

understanding may lead to alternative strategies to improve host defense and enhance 

cellular resistance (3). Lysosomes occupy a crucial position in host-pathogen interactions, 

both being targeted by pathogens and serving as a major mechanism for killing intracellular 

invaders.

Lysosomes maintain cellular homeostasis by acting as a degradative and recycling organelle 

in the cytosol. They recycle macromolecules reducing the energy intensive de novo 

synthesis of raw materials and dysfunction causes inefficient energy utilization diverting 

energy to synthesis pathways at the expense of energy storage depots. Lysosomes degrade 

substrates and metabolic waste products by fusing with endocytic, autophagic, and 

phagocytic vesicles (4). Both lysosomal mass and function are subject to regulation by the 

cellular physiologic state and in response to pathologic conditions including bacterial 

infections, neurodegenerative disorders, and lysosomal storage diseases (5). The coordinated 

upregulation of lysosomal volume and function is governed by the transcriptional factor EB 

(TFEB), which controls lysosomal biogenesis by enhancing the expression of the CLEAR 

(Coordinated Lysosomal Expression and Regulation) gene network. Among the induced 

genes are lysosomal hydrolases, lysosomal membrane proteins, and the components of 

vacuolar H+-ATPase (v-ATPase) that causes lysosomal acidification (6). Recently, TFEB 

was shown to be rapidly activated in murine macrophages upon S. aureus infection and 

required for the proper transcriptional induction of several proinflammatory cytokines and 

chemokines (7). Yet, the precise signaling pathways that govern TFEB activity and 

lysosome biogenesis in macrophages are largely unknown.

Here, we show the level of AGS3 (Activator of G protein signaling 3, also referred to as G-

protein signaling modulator (Gpsm1)) in macrophages helps govern lysosomal biogenesis 

and function by affecting the translocation of TFEB into the nucleus through the regulation 

of the mTOR pathway. AGS3 was originally identified as a guanine nucleotide dissociation 

inhibitor (GDI) in a yeast-based functional screen of mammalian cDNA libraries for 

proteins that activate G-protein signaling independent of G-protein coupled receptors (8). As 

a GDI, AGS3 binds to the Gi/Go/transducin family of G proteins via its G-protein regulatory 
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(GPR/GoLoco) motif and stabilizes the Gα subunit in its GDP-bound conformation. AGS3 

has been implicated in a surprisingly broad array of intracellular functions including 

neuronal asymmetric cell divisions (9), adaptive responses to addiction and craving behavior 

(10–13), autophagy (14–18), membrane protein trafficking (19, 20), metabolism, 

cardiovascular function (21), polycystic kidney disease (22–24), and leukocyte migration 

(25–27). In macrophages, LPS stimulation raised AGS3 levels, which led to lysosomal 

enrichment and a decreased susceptibility to three different antibiotic resistant bacteria.

Materials and Methods

Mice

The animal experiments and protocols were performed according to the regulations of the 

National Institute of Allergy and Infectious Diseases Animal Care and Use Committee 

(ACUC) at the National Institutes of Health. All animals were bred and housed under 

pathogen-free conditions. Wild-type C57BL/6 mice were purchased from Jackson 

Laboratory. AGS3-deficient (Gpsm1−/−) mice have been described (21). All experiments 

were performed using sex and age matched animals, typically between 6 and 10 weeks old.

Antibodies and reagents

The AGS3 polyclonal antibody has been described previously and was kindly provided Dr. 

D. Ma (15). The commercial antibodies used as follows: LC3B antibody (L7543), β-actin-

peroxidase antibody (A3854) [Sigma-Aldrich]; LAMP-1 (1D4B), LAMP-2 (H4B4), and 

CD-63/LAMP-3 (H5C6) antibodies [Developmental Studies Hybridoma Bank]; TGN-46 

(ab16059) and LAMP-1 (ab25630) [Abcam]; cathepsin D (sc-6486) [Santa Cruz]; Akt 

(11E7), phospho-Akt (Ser473) (D9E), TSC2 (D93F12), phospho-TSC2 (Thr 1462) (5B12), 

4E-BP1 (53H11), phospho-4E-BP1 (Thr37/46) (236B4), p70 S6 kinase (49D7), phospho-

p70 S6 kinase (Thr389) (108D2) and GAPDH (14C10) [Cell Signaling]; and TFEB antibody 

(A303-672A) [Bethyl Laboratories]. The following reagents were used phorbol12-myristate 

13-acetate (PMA) [Sigma-Aldrich]; bafilomycin A1 and glycogen synthase kinase 3 (GSK3) 

inhibitor VIII [Calbiochem]; G418 sulfate [Cellgro]; lipopolysaccharide (LPS) [Enzo Life 

Sciences]; Staphylococcus aureus (Wood strain without protein A) BioParticles, Escherichia 

coli (K-12 strain) BioParticles and DQ-Red BSA [Molecular Probes].

Cell isolation and culture

Bone marrow-derived macrophage (BMDM) cell cultures were prepared as described (18). 

Wild type (WT), MyD88-deficient and TRIF-deficient immortalized bone marrow 

macrophages (iBMDM) were provided by James Harris (Monash University, Melbourne, 

Australia) (28). The THP-1 cells (American Type Culture Collection) were maintained in 

RPMI-1640 medium containing 10% (vol/vol) fetal bovine serum along with 50 μM 2-

mercaptoethanol. The THP-1 cells were treated with 50 nM PMA for at least 3 hours to 

promote their differentiation into macrophages. To generate AGS3 expressing THP-1 cell 

lines, a AGS3-GFP plasmid was nucleofected into THP-1 cells as previously described (29) 

using the human monocyte nucleofector kit (VPA-1007, Lonza). The cells were selected 

G418 (100 μg/ml) and later sorted on the basis of GFP expression into AGS3lo and AGS3hi 

cells using a FACSAria flow cytometer (Becton Dickinson). The AGS3-GFP stable HeLa 
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cell lines were generated by transfection of the AGS3-GFP expression plasmid using 

Lipofectamine 2000. The cells were selected with 1000 μg/ml G418 and sorted based on 

GFP expression into HeLa AGS3lo and AGS3hi cell lines. The AGS3hi cells were 

periodically resorted to maintain high levels of GFP expression.

B. cenocepacia infection

B. cenocepacia J2315 bacteria were grown on blood agar plates at 37 °C for 3 days. Single 

colonies were picked and grown overnight at 37 °C in 10 ml Luria-Bertani (LB) broth while 

shaking. The OD of bacterial suspensions was measured at an absorbance of 600 nm and the 

CFU/ml calculated based on the previously established equation: CFU/ml/OD600 = 2.7X108. 

In addition, formalin-killed (FK) bacteria were prepared using 3.65% paraformaldehyde in 

PBS solution for 30 minutes and then washed with 150 mM NaCl. The infections were 

performed at MOI 1 into both THP-1 and BMDM cell cultures, which were seeded as 

2.0×105 cells/ml density two days before. The plates were centrifuged at 1200 rpm for 5 

minutes to synchronize the infection and this step corresponded to the zero time point. Next, 

the infected cells were incubated for an additional 1h in 5% CO2 at 37 °C. To remove the 

extracellular bacteria, the cells were further washed 3 times with culture medium and 

incubated 2h with an antibiotic cocktail (gentamicin 250 μg/ml; ceftazidime 500 μg/ml) to 

eradicate the remaining extracellular bacteria (30). At the end of 3- and 8-hours infections, 

the supernatant was aspirated and the macrophages were lysed by adding 200 μl of sterile 

water and shaking for 15–20 minutes at room temperature. For 24 hours infection, the cell 

supernatant and lysates were combined in 1:1 ratio to include the bacteria escaped from the 

cells at later stages of infection. The lysates were transferred to 96 well plates and serial 

dilutions were performed. The aliquots were plated on blood agar plates to determine the 

number of bacteria as CFU/ml unit.

M. tuberculosis infection

Mycobacterium tuberculosis H37Rv was grown in 7H9 medium supplemented with ADC 

(albumin, dextrose, catalase), glycerol and Tween-80 to mid-log phase (OD 0.6–0.8). 

Bacteria were washed and resuspended in PBS containing 0.05% Tween-80 prior to 

infection. THP-1 monocytes were maintained in RPMI 1640 supplemented with 10% heat 

inactivated fetal bovine serum. Cells were differentiated with 20ng/ml PMA for 20–24 

hours, washed with PBS followed by addition of infection media containing 5% human 

serum. Bacteria were added to cells at MOI 0.5 for 4 hours at 37°C, following which 

extracellular bacteria were removed by PBS washes and chase medium without antibiotics 

was added. At indicated time points post infection, cells were lysed with 0.1% Triton X 100 

in PBS and appropriate dilutions were plated on 7H11 medium in triplicate.

S. aureus infection

The clinical community-associated methicillin-resistant S. aureus isolates USA300 clone 

LAC and MRSA252 were grown in tryptic soy broth (TSB) at 37 °C with shaking at 180 

rpm. For all experiments, 50-ml cultures were inoculated with 1/100 dilution of an overnight 

bacterial culture and grown for 2 hours in 125-ml baffled flasks. The bacteria were harvested 

and washed with sterile PBS and adjusted to the desired bacterial concentration in RPMI 
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without phenol red and 20 mM HEPES (assay media). Bacteria were added to THP-1 cells 

or BMDMs, which had been seeded into 24 well plates (3.5 × 105 cells/ml) with assay 

media. Synchronized phagocytosis was initiated by centrifugation at 500 x g for 5 minutes. 

For BMDM infections, S. aureus USA300 clone LAC and MRSA252 were used at MOIs of 

6:1 and 30:1, respectively. For THP-1 infections, S. aureus USA300 clone LAC and 

MRSA252 were used at MOIs of 2:1 and 4:1, respectively. Plates were incubated at 37 °C 

for 1 hour to allow phagocytosis of S. aureus. After the incubation period, THP-1 cells, but 

not BMDMs, were washed, to remove extracellular bacteria, and then replaced with RPMI 

without phenol red and 20 mM HEPES and incubated further at 37 °C. Supernatant was 

collected from assay wells every hour for lactate dehydrogenase (LDH) detection, which 

was subsequently detected using the Cytotoxicity Detection Kit (Roche). Cells, treated with 

1% (v/v) Triton X-100 (Sigma), served as the 100% positive control. Images were taken 

using the EVOS FL microscope (Life Technologies).

siRNA knockdown

Control siRNA, AGS3 siRNA, and GFP-siRNA were purchased from Santa Cruz. HeLa 

cells were seeded at a density of 3.0×105 cells/well into 6-well plate one day prior to 

transfection. HeLa and HeLa AGS3lo/hi cells were transfected with 10–20 nM of scrambled, 

AGS3 and GFP siRNAs for 72 hours using Lipofectamine 2000 reagent according to 

manufacturer’s instructions. The knockdown results were confirmed by Western blot for 

each experiment.

Immunoblotting and nuclear fractionation

The immunoblot analysis of BMDM and THP-1 cell lysates were performed as described 

(18). HeLa cells were seeded in 6-well plate at 3.0×105 cells/well 36–40 hours prior to 

collection and preparation of cell lysates. Following the indicated treatments, HeLa cells 

were lysed with a buffer consisting of 25 mM HEPES, pH 7.4, 4% glycerol, 0.5 % (vol/vol) 

NP-40, 150 mM NaCl, 2mM CaCl2, protease inhibitor cocktail, and a PhosSTOP inhibitor 

cocktail (Roche Applied Sciences). Lysates were shaken at 4 °C for 30 minutes, transferred 

to Eppendorf tubes, and centrifuged at 10,000 rpm for 10 minutes at 4°C. The supernatant 

corresponds to cytosolic fraction. Using the same lysis buffer, the pellet was resuspended, 

washed and centrifuged twice at 5000 rpm for 5 minutes. After which, the pellet was 

resuspended with a lysis buffer including 0,5% SDS and incubated for 30 minutes at 4 °C, 

which corresponds to the nuclear fraction. The samples were subjected to 4–20% SDS-

PAGE and analyzed by immunoblotting.

Immunocytochemistry

HeLa cells, BMDMs and PMA-differentiated THP-1 macrophages were cultured on 35 mm 

glass bottom dishes for 18–24 hours prior to treatments. The cells were washed with cold 

PBS, fixed with 4% paraformaldehyde for 20 minutes, permeabilized with 0.25% Triton-X 

for 5 minutes, and incubated with 4% normal goat serum for 30 minutes at room 

temperature. Subsequently, the fixed and blocked cells were incubated overnight at 4 °C 

with the indicated primary antibody, the following day washed three times, and incubated 

with Alexa Fluor-conjugated secondary antibodies for 1h at room temperature. The cells 
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were imaged by confocal microscopy. For the B. cenocepacia infections, approximately 

5.0×105 cells were grown on circular glass coverslips in 24-well plates. At the end of 

infections, the cells were fixed, permeabilized with ice-cold methanol for 5 minutes at −20 

°C, and blocked with 3% BSA for 1 hour at room temperature. The same protocol was 

followed for primary and secondary antibody incubations as indicated above.

Intracellular calcium and flow cytometry

Cells were seeded at 5 × 104 cells per 100 μl loading medium (RPMI 1640, 10% FBS) into 

poly-D-lysine coated 96-well black wall, clear-bottom microtiter plates (Nalgene Nunc). An 

equal volume of assay loading buffer (FLIPR Calcium 4 assay kit, Molecular Devices) in 

Hanks’ balanced salt solution supplemented with 20 mM HEPES and 2 mM probenecid was 

added. Cells were incubated for 1 h at 37 °C before adding CXCL12 (100 ng/ml, R & D 

Systems) and then the calcium flux peak was measured using a FlexStation 3 (Molecular 

Devices). The data was analyzed with SOFT max Pro 5.2 (Molecular Devices). Data is 

shown as fluorescent counts and the y-axis labeled as Lm1. For flow cytometry the cells 

were immunostained with APC mouse Anti-human CD184 (clone 12G5, BD Biosciences). 

The background staining was performed with APC conjugated IgG2a,b (BD Biosciences). 

Data acquisition was done on FACSCanto II (BD) flow cytometer and the data analyzed 

with FlowJo software (Treestar).

Fluorescence confocal microscopy and image preparation

The images were captured using PerkinElmer Ultraview spinning-wheel confocal system 

mounted on a Zeiss Axiovert 200 equipped with an argon-krypton laser with 100Χ Plan-

Aprochromax oil-immersion objective (numerical aperture 1.4). Volocity 4.1 (PerkinElmer) 

and Adobe Photoshop 7 (Adobe Systems) were used to process the images. For the co-

localization experiments, approximately 100 cells were analyzed using Imaris (Bitplane 

Scientific Software). For each sample 8–15 1 μm Z sections were captured for analysis.

RNA isolation and quantitative RT-PCR

RNA was isolated from AGS3lo and AGS3hi THP-1 and HeLa cells using RNeasy Mini Kit 

(Qiagen) as per the manufacturer’s instructions. Complementary DNA (cDNA) was 

synthesized from 2 μg RNA using Omniscript RT Kit (Qiagen). Real-time PCR was 

performed in triplicate using StepOneTM Real Time PCR System (Applied Biosytems) 

according to Quantitect SYBR Green PCR kit (Qiagen) instructions. The following primer 

pairs were used:

MAP1LC3B F:5′-GAGAAGCAGCTTCCTGTTCTGG-3′

R:5′-GTGTCCGTTCACCAACAGGAAG-3′

SQSTM1 F:5′-GCACCCCAATGTGATCTGC-3′

R:5′-CGCTACACAAGTCGTAGTCTGG-3′

ATP6V1H F:5′-GGAAGTGTCAGATGATCCCCA-3′

R:5′-CCGTTTGCCTCGTGGATAAT-3′

CTSD F:5′-AACTGCTGGACATCGCTTGCT-3′

R:5′-CATTCTTCACGTAGGTGCTGGA-3′

LAMP1 F:5′-ACGTTACAGCGTCCAGCTCAT-3′
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R:5′-TCTTTGGAGCTCGCATTGG-3′

GAPDH F:5′-TGCACCACCAACTGCTTAGC-3′

R:5′-GGCATGGACTGTGGTCATGAG-3′

The results were normalized to the expression levels of the GAPDH mRNA and relative 

mRNA levels were calculated using the 2−ΔΔCt method.

Statistical analysis

Data are expressed as a mean value ± SEM. All results were confirmed in at least three 

independent experiments. Data were analyzed using Prism software (GraphPad) as Student’s 

t test or ANOVA and p< 0.05 was considered statistically significant (* p <0.05; ** p<0.005, 

*** p<0.001).

Results

Increased AGS3 expression reduces p62 levels without substantially affecting autophagic 
induction

Considerable evidence implicates heterotrimeric G protein signaling and AGS3 in the 

regulation of autophagic processes (14, 15, 17, 31). However in primary macrophages, no 

essential role for AGS3 in starvation or nigericin induced autophagosome formation or 

autophagic flux was found (18). To reconcile this discrepancy, we generated 2 cell lines 

stably expressing AGS3 as a GFP fusion protein; THP-1 cells, a monocyte cell line that can 

be differentiated into macrophages, and HeLa cells. The cells lines were sorted into GFP 

high (AGS3hi) or GFP low (AGS3lo) cells. Initially, we assessed LC3-II protein levels, as a 

marker for autophagosome formation, and p62 levels, as a marker for long-lived protein 

degradation. We found similar LC3-II/actin ratios in the THP-1 AGS3lo and AGS3hi cells, 

and a slight reduction in the ratio in the HeLa AGS3hi compared to the AGS3lo cells (Fig. 

1A and 1B). In contrast, the p62 protein levels were significantly depressed in both AGS3hi 

cell lines (Fig. 1A and 1B). To better interpret these results we treated the AGS3lo and 

AGS3hi THP-1 cell lines with Bafilomycin A1, an inhibitor of vacuolar-type H+ ATPases, 

which prevents the fusion between autophagosomes and lysosomes. Now when we 

immunoblotted for LC3 and p62, the THP-1 AGS3hi cells had elevated levels compared to 

AGS3lo cells (Fig. 1C). Consistent with this result, the untreated AGS3hi cells also had 

elevated SQSTM1 and MAP1LC3B mRNA transcripts, which encode p62 and LC3, 

respectively, compared to the AGS3lo cells (Fig. 1D). Together these findings suggested that 

the elevated AGS3 levels had predominately affected protein degradation, but not autophagy 

per se, perhaps by enhancing the lysosomal portion of the autophagy/lysosome degradation 

pathway.

Elevated AGS3 expression enhances lysosomal mass

To examine the lysosome status in the stable cell lines, we assessed the cell lysates for the 

expression of LAMP-1, LAMP-2, CD63 (LAMP-3); integral membrane glycoproteins 

abundant in lysosomes, and for Cathepsin D, a lysosomal hydrolase (32). Both the THP-1 

and HeLa AGS3hi cell lines possessed significantly elevated levels of these proteins 

compared to AGS3lo counterparts (Fig. 2A and B). To verify that the changes in LAMP-1 

Vural et al. Page 7

J Immunol. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression were not simply due to the overexpression of GFP we checked LAMP-1 

expression in GFP-nucleofected stable THP-1 cell line. The THP-1 GFP cells had lower 

levels of LAMP-1 expression than did the AGS3lo cells arguing that GFP expression did not 

increase LAMP-1 expression (Fig. 2C). Confocal microscopy visualized immunostained 

LAMP-1 positive lysosomal vesicles in the HeLa (Fig. 2D) and THP-1 cell lines (data not 

shown). The lysosomal vesicles were larger and more extensively populated the cytosol in 

the AGS3hi cells. To assess lysosomal proteolytic activity, we used DQRedBSA, a substrate 

whose proteolysis leads to increased fluorescence. Based on this analysis the AGS3hi cells 

had increased lysosomal proteolytic activity (Fig. 2E). We validated the lysosomal 

enrichment in the permanent cell lines by transiently expressing AGS3-GFP in HeLa cells 

(Fig. 2F). Conversely, silencing AGS3 mRNA in the AGS3hi HeLa cells (Fig. 2G) or 

reducing endogenous AGS3 mRNA in HeLa cells (Fig. 2H) decreased LAMP1 expression. 

These data indicate that increased AGS3 expression enhances lysosomal biogenesis in both 

macrophages and HeLa cells.

LPS stimulation upregulates macrophage AGS3 expression and increased AGS3 levels 
trigger the nuclear translocation of TFEB

The levels of AGS3 are sensitive to a variety of stimuli in the cellular environment (25, 26). 

Here, we showed that lipopolysaccharide (LPS) stimulation raised AGS3 and LAMP-1 

expression in both THP-1 cells and mouse bone marrow derived macrophages (BMDM, Fig. 

3A). Consistent with a role for AGS3 in the induction of the LAMP-1 expression, LPS 

stimulated Gpsm1−/− BMDM had lower LAMP-1 levels than did WT BMDM (Fig. 3A). 

LPS stimulation of cardiomyocytes is known to increase LAMP1 and LAMP2 expression by 

triggering the nuclear translocation of TFEB (33). Increased TFEB transcriptional activity 

depends upon TFEB dephosphorylation, release from cytosolic 14-3-3 proteins, and nuclear 

translocation (34, 35). To test whether LPS affected TFEB phosphorylation, we stimulated 

BMDM and THP-1 cells with LPS and checked the mobility of TFEB via SDS-PAGE. LPS 

treatment altered TFEB mobility in a manner consistent with partial TFEB 

dephosphorylation (Fig. 3B, upper panels). Immunoblotting BMDM lysates from WT and 

AGS3 deficient mice revealed that under basal conditions TFEB migrated similarly, 

however following LPS treatment the mobility of TFEB shifted in WT cell lysates, but not 

in Gpsm1−/− cell lysates (Fig. 3B, lower left panel, and data not shown). Examination of cell 

lysates from the THP-1 stable cell lines revealed an increased TFEB mobility in the AGS3hi 

cells (Fig. 3B, lower right panel).

Assessment of steady state mRNA levels of several lysosomal genes revealed an increase in 

THP-1 AGS3hi cells (Fig. 3C). To demonstrate that increased AGS3 levels could shift TFEB 

into the nucleus, we co-expressed GFP-TFEB with AGS3-RFP, which resulted in a 

prominent nuclear localization of TFEB (Fig. 3D and E). These results were supported by 

cytosol/nuclear fractionation (Fig. 3F). The failure to observe an increase LAMP-1 in the co-

transfection experiment is likely secondary to the collection of cell lysates after overnight 

transfection. These data show that increased levels of AGS3 in macrophages lead to the 

nuclear translocation of TFEB.
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AGS3 basal expression and its upregulation by TLR4 engagement depends upon MyD88 
and TRIF

To examine the TLR4 signaling pathway that elevates AGS3 expression in macrophages we 

used immortalized BMDM from WT, MyD88−/− and Ticam1−/− (TRIF) deficient mice. We 

stimulated the cells, or not, with the TLR4 ligand LPS and immunoblotted for the expression 

of AGS3 and LAMP-1. The stimulated immortalized WT macrophages had higher AGS3 

and LAMP-1 levels as we had previously noted with the stimulated THP-1 cells and 

BMDMs (Fig. 4A, left panel). Surprisingly, the MyD88 deficient cells had undetectable 

basal levels of AGS3, and no observable increased following LPS stimulation (Fig. 4A, 

middle panel). Furthermore, LPS failed to significantly upregulate LAMP-1 expression. LPS 

stimulation of the TRIF deficient cells also failed to raise AGS3 levels or increase LAMP-1 

expression (Fig. 4A, right panel). These results suggest that MyD88 dependent signaling 

maintain the basal levels of AGS3 in macrophages and that TLR4 signaling through MyD88 

and TRIF-dependent pathways raise AGS3 and LAMP-1 expression in macrophages.

We also checked whether exposure of the WT immortalized BMDMs to bacteria would raise 

AGS3 and LAMP-1 expression. We incubated the cells with either Staphylococcus aureus 

(S. aureus) or Escherichia coli (E. coli) bioparticles overnight, prepared lysates, and then 

immunoblotted for LAMP-1 and AGS3. The overnight exposures raised the expression of 

AGS3 and LAMP-1 approximately 2-fold compared to the non-exposed cells (Fig. 4B). 

These results suggest that macrophages may upregulate their expression of AGS3 and 

LAMP-1 in response to a variety of different pathogens.

AGS3 regulates TFEB translocation through the AKT/TSC2/mTOR pathway

Previous reports have linked mTOR (mammalian target of rapamycin) activity to the nuclear 

translocation of TFEB (34, 35). Under basal conditions, activated mTOR on the lysosomal 

surface phosphorylates TFEB, preventing its nuclear translocation. Inhibition of mTOR 

activity reduces TFEB phosphorylation allowing it to translocate. To check mTOR activity 

in the cell lines, we assessed the phosphorylation status of a downstream target S6K1 (S6 

kinase 1). We found a 50% reduction in pS6K1 in the AGS3hi cells (Fig. 5A). Rheb, an 

essential upstream protein in the mTOR pathway, is controlled by TSC1/2 (Tuberous 

Sclerosis Complex 1/2) (36, 37). TSC2 activity can be assessed by its phosphorylation status 

at threonine 1462, and we found pTSC2 levels lower in the AGS3hi cells. As the 

phosphatidylinositol 3-Kinase–AKT pathway is upstream of TSC2 (38), we also examined 

pAKT levels and found reduced pAKT levels in the AGS3hi THP-1 cells versus the AGS3lo 

cells (Fig. 5A). We recapitulated these results by transiently expressing AGS3 in HeLa cells 

(Fig. 5B). Moreover, reduced AGS3 expression in HeLa cells had the opposite phenotype 

(Fig. 5C). Finally, since LPS increases AGS3 expression in BMDM, we tested the AKT/

TSC2/mTOR signaling axis in LPS-induced WT and Gpsm1−/− BMDM. Consistent with 

our previous results we noted higher levels of pAKT, pTSC2 and p4EBP1, another mTOR 

downstream target, in the LPS-induced Gpsm1−/− BMDM compared to WT cells (Fig. 5D). 

These results indicate that elevated AGS3 levels in macrophages decrease pAKT levels and 

dampen mTOR activity.

Vural et al. Page 9

J Immunol. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Elevated level of AGS3 affects heterotrimeric G-protein signaling in macrophages

While a wide variety of upstream signals affect the PI3K–AKT pathway, a major upstream 

input is G-protein coupled receptor signaling. However, the role of AGS3 in regulating 

heterotrimeric G-protein signaling remains controversial. As AGS3 is a GDI, increased 

AGS3 levels compete with Gβγ for GDP-Gαi binding. When GDP-Gαi is sequestered by 

AGS3 docking, Gβγ remains free to signal or to be degraded. The increased expression of 

the AGS3 related protein LGN resulted in the ubiquitination and degradation Gβγ (39). 

Consistent with this scenario Gβ1 and Gβ2 levels were lower in the THP-1 AGS3hi cells 

(Fig. 6A). To determine whether elevated AGS3 level impacted Gαi signaling, we examined 

chemokine induced increases in intracellular calcium, which depend upon Gβγ release from 

Gαi. The THP-1 AGS3hi cells responded less well to the chemokine CXCL12 than did the 

AGS3lo cells (Fig. 6B). In addition, the THP-1 AGS3hi cells expressed less CXCR4, the 

cognate receptor for CXC12, possibility because of enhanced lysosomal degradation (Fig. 

6C). In agreement with our results, overexpression of AGS3 in RBL-2H3-CXCR2 cells 

reduced chemokine induced increases in intracellular calcium and an AGS3 knockdown 

enhanced CXCR2 expression (27). Together, these data suggest that elevated levels of 

AGS3 in macrophages lowers pAKT levels, which leads to decreased mTOR activity, the 

translocation of TFEB into the nucleus, and enhanced lysosome biogenesis.

AGS3-induced lysosomal enrichment mediates resistance against antibiotic resistant 
bacterial strains

To assess whether AGS3 induced lysosomal enrichment offered a selective advantage 

against invasive pathogens, we challenged macrophages expressing different levels of AGS3 

with three different bacteria. Burkholderia cenocepacia J2315 is a gram-negative bacterium 

that causes life threatening infections in cystic fibrosis patients (40). The intracellular 

replication kinetics in THP-1 cells is known (41). Analysis of the cells infected (MOI 1) 

with a DsRed- B. cenocepacia strain J2315 revealed that 24h post infection bacterial counts/

cell exceeded 15 in 68% of AGS3lo cells, while only 11% of AGS3hi cells harbored similar 

numbers (Fig. 7A and B). The percentage of initially infected cells was similar (data not 

shown). Conversely, 24 hours after infection Gpsm1−/− BMDM had a 60% higher bacterial 

burden than did WT BMDM (Fig. 7C). Next, we infected the AGS3lo and AGS3hi cells and 

immunostained for the late endosomal/lysosomal protein LAMP-2. At 8 hours post infection 

only 15% of the bacteria co-localized with LAMP-2 in the AGS3lo cells while 88% co-

localized in the AGS3hi cells (Fig. 7D and E). This argues that fewer bacteria had escaped 

the endo-lysosomal pathway in the AGS3hi cells. The second bacterium, we tested was 

Mycobacterium tuberculosis, which causes in excess 1.0 million deaths/year worldwide 

(42). We infected the THP-1 cell lines. While we noted little difference in initial CFU counts 

by 6 days post infection a marked decrease had occurred in the THP-1 AGS3hi cells 

indicating that the AGS3hi cells had better controlled the infection (Fig. 7F).

Finally, we assessed whether AGS3 expression affected the course of a methicillin-resistant 

Staphylococcus aureus (MRSA) infection, a major cause of hospital-acquired infections 

(43). Representative strains of community-associated (CA)-MRSA (USA300 clone LAC) 

and hospital-acquired (HA)-MRSA 252 were used. While S. aureus produces an arsenal of 

virulence factors that assist in the escape from phagolysosomes, leading to host cell death 
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(44), upon infection with MRSA252 the AGS3hi cells exhibited greater resistance displaying 

fewer signs of cell lysis and less cell death (Fig. 7G). In addition, USA300 clone LAC and 

MRSA252-infected AGS3hi cells released significantly lower levels of lactate 

dehydrogenase (LDH) than did the AGS3lo cells (Fig. 7H). Conversely, we found that 

Gpsm1−/− BMDM released more LDH than did WT BMDM incubated with both MRSA 

strains (Fig. 7I). Together these data indicate that elevated AGS3 levels help macrophages 

eliminate dangerous intracellular bacteria.

Discussion

Lysosomes degrade and recycle transported cellular components and internalized material 

by fusing with autophagosomes, phagosomes, and late endosomes. The resulting lysosomal 

breakdown products are used to generate new macromolecules and to provide energy in 

response to the nutritional needs of the cell. Recently, lysosomes functions have been 

expanded to include roles in nutrient sensing and energy metabolism (4). In this study, we 

report that the exposure of macrophages to LPS or heat killed bacteria raises AGS3 levels. 

The increases in AGS3 reduced signaling through the mTOR pathway. However, in a 

nutrient replete state this did not lead to a substantive increase in autophagy, but it did 

facilitate the nuclear translocation of TFEB, which transcriptionally activates many of the 

genes involved in lysosomal biogenesis and function. The subsequent increase in lysosomal 

biogenesis/function helped macrophages resist intracellular infections by several different 

strains of antibiotic resistant bacteria.

While AGS3 did not materially affect macrophage autophagosome formation (18), previous 

studies have documented increased intracellular proteolysis, vesiculation, and vesicle acidity 

following AGS3 overexpression in other cell types (14). While interpreted as increased 

autophagy, the accepted gold standard LC3-based assay was then unavailable. Also, the 

AGS3-induced increases in monodansylcadavarine staining noted previously (14) may have 

delineated lysosomes rather than autophagosomes (45). In this study when we overexpressed 

AGS3 as a GFP fusion protein, we found similar LC3-II levels in the AGS3hi and AGS3lo 

cell lines, irrespective of the cell line type, but decreased p62 protein in the AGS3hi cell 

lines. Conversely, we found a relative increase in p62 mRNA transcripts in the AGS3hi 

cells. When we blocked autophagic flux in the THP-1 cell lines using Bafilomycin A1, the 

LC3-II and p62 levels increased in the AGS3hi cells as compared to the AGS3lo cells. This 

indicates that the increased level of AGS3 had enhanced p62 degradation via the 

autophagosomal/lysosomal pathway without altering basal LC3-II levels in the cell. These 

observations suggested that the elevated AGS3 levels under nutrient replete conditions had 

not triggered autophagy, but rather had impacted lysosome function and/or biogenesis. By 

examining cells with elevated or reduced AGS3 levels we found a corresponding increase or 

decrease of LAMP-1 and other lysosomal markers.

Mouse BMDMs constitutively express AGS3 and following exposure to LPS further raise 

their expression level. Using immortalized BMDMs from WT, MyD88, and TRIF deficient 

mice stimulated, or not, with LPS; we showed that the basal level of AGS3 depended upon 

constitutive MyD88 signaling, and that both TRIF and MyD88 contributed to the increase in 

AGS3 that followed LPS stimulation. The loss of MyD88 or TRIF also impaired the 
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induction of LAMP-1 expression following LPS stimulation. The combined role of MyD88 

and TRIF in the early induction and sustained activity of NF-κB activity TLR4 signaling 

(46) suggests that AGS3 may be a NF-κB target gene in macrophages. An involvement of 

NF-κB in the induction of AGS3 is also consistent with the increase in AGS3 noted in 

lymphocytes following antigen receptor crosslinking (26).

Different physiological and pathological inputs affect the status of the mTOR complex 1, 

thereby affecting autophagy and controlling TFEB activity (4). Starvation induced 

autophagy depends upon ULK1 dephosphorylation, a consequence of mTORC1 inactivation 

and increased activity of the phosphatase PP2A (47). High AGS3 levels in a nutrient replete 

state reduced signaling through the mTOR pathway reducing TFEB phosphorylation and 

triggering its nuclear translocation, but evidently did not suppress the pathway sufficiently to 

trigger ULK1 dephosphorylation and visible increases in autophagosome formation. A well-

defined input to the mTOR complex 1 is the phosphatidylinositol 3-Kinase (PI3K)–AKT 

pathway. In HeLa cells, THP-1 cells, and mouse BMDM we found that increased AGS3 

expression led to decreased pAKT, pTSC2, and pS6K1 levels. While many upstream signals 

affect the PI3K–AKT pathway, a major input are signals generated by G-protein coupled 

receptors (GPCRs) (48). Ligand activated GPCRs triggers Gα nucleotide exchange and the 

functional dissociation of GTP-Gα and Gβγ, both of which activate downstream effectors 

that can lead to activation of the PI3K-AKT pathway. Following nucleotide exchange Gα 

remains only transiently GTP bound as its intrinsic GTPase activity returns it to its GDP 

bound state, which can recombine with Gβγ to terminate signaling. However, as AGS3 

competes with Gβγ for binding to GDP-Gαi, AGS3 can potentially prolong Gβγ signaling, 

or conversely, trigger Gβγ degradation as free Gβγ in the absence of Gα is unstable. 

Consistent with the later scenario, we found a reduction in Gβ1 and Gβ2; decreased CXCR4 

expression; and a reduced intracellular calcium response in the THP-1 AGS3hi cells as 

compared to the THP-1 AGS3lo cells. These results suggest that increasing levels of AGS3 

in macrophages reduced the availability of Gi heterotrimers, which limits GPCR signaling 

through Gi-linked pathways, thereby decreasing an important input into the PI3K–AKT 

pathway. In contrast, low AGS3 levels likely boost the availability of Gi. Similar to our 

results, the overexpression of AGS3 in RBL-2H3-CXCR2 cells reduced chemokine induced 

increases in intracellular calcium (27).

Gpsm1−/− mice have increased energy expenditures, reduced body fat mass, and a lean body 

habitus (21). A similar deficiency in adipose deposition has been noted in mouse models of 

lysosomal storage diseases (LSDs) (49). A major function of lysosomes is to recycle 

macromolecules, reducing the energy intensive de novo synthesis of raw materials. 

Lysosomal dysfunction causes inefficient energy utilization diverting energy to synthesis 

pathways at the expense of energy storage depots. The phenotypic similarity of the 

Gpsm1−/− mice with the LSD model mice suggests a possible link between the metabolic 

changes and whole organism level lysosome activity in the Gpsm1−/− mice. This possibility 

warrants further investigation.

Pathogens often hijack the phagocytic and endocytic pathways to enter cells, but they must 

avoid being degraded in lysosomes (1). To this end, manipulation of lysosomes at the host-

pathogen interface offers an alternative strategy to reduce or eliminate intracellular 
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pathogens (3). To test this idea we infected the lysosome-enriched AGS3hi THP-1 

macrophages with three different intracellular pathogens and in each instance the AGS3hi 

cells proved more resistant than the control cells. Most strikingly many of the AGS3hi 

THP-1 cells eliminated the highly antibiotic resistant B. cenocepecia J2315 likely due to a 

failure of the bacteria to subvert the endo-lysosomal pathway. The demonstration that the 

TFEB homolog, HLH-30 is a key transcription factor for host (C. elegans) defense (7) and 

that exposure of macrophages to S. aureus activates TFEB supports our findings that AGS3-

mediated activation in TFEB leads to improved macrophage defense against intracellular 

bacteria.

While we demonstrated a role for mTOR inhibition in the enhanced lysosomal biogenesis, 

other AGS3 dependent mechanisms may contribute to this successful control. AGS3-

induced changes in the trans-Golgi network could also promote endosome/lysosome 

enrichment. AGS3 can translocate to the trans-Golgi network (20), which leads to its 

fragmentation/vesiculation (19). Since the trans-Golgi network serves as a critical hub for 

the trafficking of resident lysosome proteins, high levels of AGS3 may enhance endosome 

and/or lysosome formation via this mechanism (32). AGS3 could also promote lysosomal 

fusion with phagosomes or autophagosomes bearing pathogens. While the factors that 

prepare autophagosomes or phagosomes for lysosomal fusion remain largely unknown, 

lysosomal LAMP1/2 expression are needed (50). The increased LAMP1/2 levels noted in 

the AGS3hi cells could enhance the fusion rate and explain the increased resistance to 

pathogens that actively try to avoid the fusion of bacterial laden phagosomes with 

lysosomes.

In conclusion, our study reveals AGS3-mediated lysosomal elevation through the inhibition 

of AKT/TSC2/mTOR pathway leads to TFEB nuclear translocation. This boosted 

intracellular resistance of macrophages against B. cenocepacia J2315, M. tuberculosis, and 

two clinically important strains of MRSA. Further studies with other intracellular pathogens 

may provide additional insights into the impact of raising AGS3 levels in macrophages. 

Finally, loss of AGS3 expression or function could contribute to pathological conditions 

associated with diminished lysosomal function.
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Figure 1. 
AGS3 stable cell lines exhibit increased proteolysis without an alteration in autophagic 

induction. (A,B,C) Immunoblot of cell lysates prepared from PMA-differentiated AGS3lo 

and AGS3hi THP-1 cells (A), or from AGS3lo and AGS3hi HeLa cells (B), or from 

Bafilomycin A1-treated AGS3lo and AGS3hi THP-1 cells (C) to examine the expression of 

the indicated proteins. The results obtained from three experiments are shown below and 

presented as % of the THP-1 AGS3lo (A) and HeLa AGS3lo (B). The LC3-II and p62 levels 

were normalized to the actin level in the corresponding lysates. (D) qRT-PCR of RNA 

prepared from AGS3lo and AGS3hi THP-1 cell lines for the indicated genes.
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Figure 2. 
Lysosome levels are regulated by AGS3 expression. (A,B) Immunoblots of the indicated 

proteins in lysates from AGS3lo and AGS3hi stable THP-1 (A) and in AGS3lo and AGS3hi 

stable HeLa cells (B). Lysosome marker/actin band intensity ratios were normalized and the 

results shown as percentage of AGS3lo cells in the graphs to the right of the immunoblots. 

(C) Immunoblots of the indicated proteins in THP-1 stable cells expressing GFP, AGS3lo 

THP-1 cells, or AGS3hi THP-1 cells. (D) Confocal images of lysosomal vesicles in an 

AGS3lo HeLa cell (marked by asterisks) and AGS3hi (GFP positive) HeLa cell 

immunostained for LAMP-1 (right panel). The lysosomal mass was quantified by counting 

LAMP-1 positive vesicles in 50-70 cells of each cell type. The graph is shown to the right of 

the images. Scale bar: 10 μm. (E) Confocal images of an AGS3lo cell (** in the upper panel, 

visible in lower panel) and an AGS3hi THP-1 cell incubated with DQ-BSA overnight. Scale 
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bar: 10 μm. (F) Immunoblot of indicated protein levels in cell lysates from HeLa cells 

transiently expressing AGS3 for 60 hours. Lysosome marker/actin band intensity ratios were 

normalized and shown as percentage of the control transfected cells. (G,H) Immunoblots of 

the indicated proteins in lysates from AGS3hi HeLa cells transfected with scrambled (ctrl) or 

GFP siRNAs (20nM), or HeLa cells transfected with scrambled or AGS3 siRNA (20 nM) 

for 72 hours. The results were normalized to actin levels and shown as a percentage of HeLa 

AGS3hi (G, right panel) or HeLa cells transfected with control siRNAs (H, right panel).
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Figure 3. 
AGS3 levels alter lysosomal biogenesis by regulating the nuclear translocation of TFEB. (A) 

Immunoblot of the indicated proteins in cell lysates from THP-1 cells, AGS3lo and AGS3hi 

stable THP-1 cells; and from BMDM derived from WT and Gpsm1−/− mice. In some 

instances the BMDM were stimulated with LPS overnight (100 ng/ml). Normalized AGS3 

and LAMP-1 levels are shown as a percentage of non-stimulated (left and middle) or WT 

(right). (B) Immunoblot of TFEB and actin expression in cell lysates prepared from the 

indicated cells. The LPS treated cells were from overnight stimulation. (C) qRT-PCR of 

RNA prepared from AGS3lo and AGS3hi THP-1 cell lines for the indicated genes. (D) 

Confocal images of HeLa cells expressing TFEB-GFP and AGS3-RFP or only TFEB-GFP. 

The location of the AGS3lo cell in the middle panel is marked by asterisks. Scale bar: 10 

μm. (E) Quantification of TFEB nuclear localization in HeLa cells as in part D. Localization 

assessed in 500 cells. (F) Immunoblots of the indicated proteins in cytosolic and nuclear 

fractions isolated from HeLa cells transfected with vector or AGS3 expression plasmids 

overnight or treated with a GSK3β inhibitor (VIII).
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Figure 4. 
MyD88- and TRIF-dependent signaling pathways involved in AGS3 and LAMP-1 

upregulation in macrophages. (A) Representative immunoblots of cell lysates prepared from 

WT, MyD88, and TRIF deficient immortalized bone marrow macrophages (iBMDMs) to 

examine AGS3 and LAMP-1 expression. The results of three separate experiments are 

shown below each of the immunoblots. The data is shown as a percentage increase versus 

the non-stimulated cells. The cells were exposed to LPS (100 ng/ml) overnight prior to cell 

lysis and immunoblotting. (B) Immunoblot of cell lysates from iBMDMs exposed overnight 
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to S. aureus, E. coli bioparticles at MOI of 2.0, or not, to examine LAMP-1 and AGS3 

expression. Quantification of three separate experiments is shown to the right.
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Figure 5. 
AGS3 regulates mTOR complex via the AKT/TSC2/mTOR pathway. (A-D) Immunoblots 

of the indicated proteins in cell lysates from AGS3lo and AGS3hi THP-1 cells (A), control or 

HeLa cells transiently expressing AGS3 for 72 hours (B), HeLa cells treated with control or 

siRNA targeting AGS3 expression for 72 hours (C), or BMDM from WT or Gpsm1−/− mice 

stimulated with LPS overnight (100 ng/ml). Shown below each immunoblot is the 

summation of results from at least 3 experiments normalized to actin and presented as a 

percentage of AGS3lo, % of control, % of control, or % of WT as indicated.

Vural et al. Page 23

J Immunol. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
High levels of AGS3 reduce Gβ expression and inhibit chemokine receptor signaling. (A) 

Immunoblot of cell lysates prepared from AGS3lo and AGS3hi THP-1 cells for the 

expression of Gαi and Gβ. The % reduction in Gβ1 and Gβ2 expression compared to the 

AGS3lo cells are shown below the immunoblot. (B) Trace of the intracellular calcium levels 

following exposure of AGS3hi and AGS3lo cells to different concentrations of CXCL12. (C) 

Flow cytometry to examine CXCR4 expression on AGS3lo and AGS3hi THP-1 cells. The 

geometric means are shown to the right of the flow cytometry plot.
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Figure 7. 
AGS3-induced lysosomal enrichment mediates resistance against antibiotic resistant 

bacteria. (A) Confocal microscopy images of THP-1 AGS3lo and AGS3hi cells infected with 

DsRed-tagged B. cenocepacia J2315 strain at MOI of 1.0 for 24 hours. The location of the 

AGS3lo cell is indicated with asterisks in the GFP panel. Scale bars: 10 μm. (B) The 

percentage of THP-1 AGS3lo and AGS3hi cells harboring ≥15 bacteria per cytosol 24 hours 

post-infection. (C) Quantification of CFUs from WT and Gpsm1−/− BMDM infected with B. 

cenocepacia J2315 at an MOI 1.0 at 24 hours. Results were normalized to WT cells. The 

results obtained from three separate infection experiments are shown for each specific 

bacteria. (D) Confocal microscopy images of THP-1 AGS3lo and AGS3hi cells infected with 

B. cenocepacia J2315 at an MOI of 1.0 at 24 hours post-infection. The cells were 

immunostained with B. cenocepacia and LAMP-2 specific antibodies. The location of the 

AGS3lo cell is indicated with asterisks in the GFP panel. Scale bars: 10 μm. (E) 

Quantification of the co-localization rate between B. cenocepacia J2315 and LAMP-2 (F) 

Kinetic analysis of CFU counts upon Mycobacterium tuberculosis infection. THP-1 AGS3lo 

and AGS3hi cells were infected with M. tuberculosis at MOI 0.5 for 4 hours. The cells were 

lysed at various time points post infection and the lysates were plated on 7H11 media for 

CFU counts. The results are from three independent experiments performed in triplicate. (G) 

Brightfield microscopy images of THP-1 AGS3lo and AGS3hi cells infected with MRSA252 

at MOI of 4:1 for 6 hours. Scale bar: 400 μm. (H,I) Quantification of LDH release from 

THP-1 AGS3lo and AGS3hi cells (H) and from WT and Gpsm1−/− BMDM (I) 6 hours post-

infection with MRSA252 or USA300 clone LAC at MOIs of 6:1 and 30:1, respectively. 
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Control cells were incubated with a 2% Triton-X solution to determine 100% LDH release. 

The amounts of LDH release following bacterial infections are shown as a percentage of the 

Triton-X triggered release. The results obtained from three separate infection experiments 

are shown for each specific bacteria.
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