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ARTICLE
The metabolic regulator Lamtor5 suppresses inflammatory

signaling via regulating mTOR-mediated TLR4 degradation

Wei Zhang1, Ningtong Zhuangz, Xiaoyi Liu’, Long He', Yan He?, Paween Mahinthichaichan?, Hang Zhangz, Yanhua Kangz, Yin Lu?,
Qinan Wu®, Dakang Xu*®” and Liyun Shi'?

Comprehensive immune responses are essential for eliminating pathogens but must be tightly controlled to avoid sustained
immune activation and potential tissue damage. The engagement of TLR4, a canonical pattern recognition receptor, has been
proposed to trigger inflammatory responses with different magnitudes and durations depending on TLR4 cellular
compartmentalization. In the present study, we identify an unexpected role of Lamtor5, a newly identified component of the amino
acid-sensing machinery, in modulating TLR4 signaling and controlling inflammation. Specifically, Lamtor5 associated with TLR4 via
their LZ/TIR domains and facilitated their colocalization at autolysosomes, preventing lysosomal tethering and the activation of
mTORC1 upon LPS stimulation and thereby derepressing TFEB to promote autophagic degradation of TLR4. The loss of Lamtor5
was unable to trigger the TFEB-driven autolysosomal pathway and delay degradation of TLR4, leading to sustained inflammation
and hence increased mortality among Lamtor5 haploinsufficient mice during endotoxic shock. Intriguingly, nutrient deprivation,
particularly leucine deprivation, blunted inflammatory signaling and conferred protection to endotoxic mice. This effect, however,
was largely abrogated upon Lamtor5 deletion. We thus propose a homeostatic function of Lamtor5 that couples pathogenic insults

and nutrient availability to optimize the inflammatory response; this function may have implications for TLR4-associated

inflammatory and metabolic disorders.
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INTRODUCTION

Mammalian Toll-like receptors (TLRs) are evolutionally conserved
sensors of pathogen-associated molecular patterns that play a
central role in host defense against infection and injury.?
Appropriately controlled immune responses are essential for
eliminating injurious agents and maintaining homeostasis,
whereas excessive immune and inflammatory responses cause
tissue damage.® Dysregulated TLRs and downstream signaling
molecules are therefore major players in various disorders such as
infections, inflammatory, and metabolic diseases and cancers.
Among known TLRs, TLR4 is distinguished by its ability to
recognize a variety of exogenous and endogenous agents and
activate different signaling pathways depending on its cellular
localization.* Upon ligation, TLR4 dimerizes and associates with
the TIR domain-containing adaptors TIRAP and myeloid differ-
entiation primary response88 (MyD88), initiating signaling at the
plasma membrane to drive NF-kB-mediated production of
proinflammatory cytokines. Concurrently, engaged TLR4 is trans-
ferred to endosomes, where it activates Toll/IL-1R domain-

containing adaptor and inducing IFN (TRIF) and the interferon
factor (IRF)3-dependent production of interferon (IFN)-B.>”
Alternatively, TLR4 is transported to the degradative lysosome,
where it contributes to signaling termination, or sorted to the
recycling endosome for return to the cellular surface.®'" Thus, the
intracellular trafficking and subcellular compartmentalization of
TLR4 constitute a key mechanism that dictates the direction and
amplitude of inflammatory signaling.'*"® In particular, cellular
degradation systems, such as lysosome- and proteasome-
mediated catabolic processes, play a pivotal role in controlling
TLR4 destiny and immune homeostasis.

Autophagy is a conserved cellular catabolic process that can
involve the digestion of intracellular protein aggregates, damaged
organelles, and invasive microorganisms.'* Autophagy is initiated
by the engulfment of large cytoplasmic portions and the
formation of double membrane autophagosomes that subse-
quently fuse with endosomes and lysosomes, leading to the
degradation and clearance of the sequestered contents.'” The
disruption of autophagy, which has been described as a
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cytoprotective response to stressful conditions, is associated with
a myriad of diseases including inflammatory disorders.'®'” Loss of
the autophagic components autophagy-related 16 like 1, Beclin1,
and microtubule-associated protein 1A/1B light chain 3 (LC3)
enhanced the macrophage response to LPS, a prototypical agonist
of TLR4, and caused sustained inflammatory signaling.'®'® TLR4
engagement has been demonstrated to trigger the formation
of LC3™ structures and activate the autophagosomal pathway,
which in turn causes the eradication of inflammatory initiators
such as invading pathogens and mitochondrial ROS and DNA
release?®?' or the degradation of key signaling molecules such as
TRIF, NF-kB, and pellino E3 ubiquitin protein ligase family member
3 (Peli3).?*™2* Studies have shown the critical involvement of
autophagy in TLR signaling, but the direct relevance of autophagy
to TLR4 turnover has not been explored.

Late endosomal/lysosomal adaptor, mitogen-activated protein
kinase (MAPK) and mTOR activator (Lamtor)5 is a highly conserved,
~18 kDa protein originally identified as a hepatitis type B x protein-
interacting protein.”> Lamtor5 associates with the oncogenic
proteins c-FOS and c-Myc as well as Survivin and p53, promotes
proliferation and exerts antiapoptotic effects in cancer cells.?*2% A
recent study identified Lamtor5 as an indispensable component of
the Ragulator complex that interacts with small GTPase Ras-related
GTP binding protein (RAG), contributing to lysosomal recruitment
and the activation of mechanistic target of rapamycin complex 1
(mTORC1) in response to amino acids.>*3*° mTORC1 is a master
growth regulator whose translocation to the lysosomal surface, the
site. of MTORC1 activation, is stimulated by amino acids and
GTPase. As a result, the mTOR pathway couples amino acid
availability to cell growth and autophagy.'*? In this process,
Lamtor5, in combination with other Lamtor proteins, serves as a
guanine exchange factor (GEF) for RAG GTPase to transduce
nutrient-sensing signaling. GEFs, molecular switches that control
the GTP-bound ‘on” and GDP-bound ‘off’ statuses of GTPase, play a
key role in integrating extracellular signals initiated from surface
receptors to intracellular pathways. GEFs have been implicated in
diverse cellular processes such as receptor recycling, synaptic
vesicle endocytosis, and protein transport. Recent studies have
indicated that the GEFs RAB guanine nucleotide exchange factor 1,
Ras guanine nucleotide releasing protein 3, and DENN domain-
containing B1 are critically involved in inflammatory and allergic
processes,>>™> implying the expanding roles of GEFs in immuno-
logical contexts.

In the present study, we reveal the unexpected key role of
Lamtor5 in regulating TLR4 intracellular fate and immune home-
ostasis. Specifically, Lamtor5 directly interacts with internalized
TLR4 and facilitates their colocalization at autolysosomes, pre-
venting mTORC1 recruitment to lysosomes and facilitating nuclear
translocation of transcription Factor EB (TFEB)*®, hence promoting
the autophagic degradation of TLR4. Accordingly, the depletion of
Lamtor5 delays TLR4 degradation and sustains inflammatory
signaling, leading to increased susceptibility to endotoxic sepsis.
In addition, Lamtor5 was shown to largely mediate the anti-
inflammatory action of nutrient deprivation, particularly leucine
depletion. We have thus identified a critical role for Lamtor5 in
TLR4 biology and inflammatory regulation that provides a
potential molecular link between immune and metabolic
processes.

MATERIALS AND METHODS

Reagents and antibodies

LPS from Escherichia coli O111:B4, chloroquine (CQ) (C6628), L-
leucine (L8912), and a Myeloperoxidase (MPO) Fluorometric
Activity Assay Kit (MAK069) were purchased from Sigma (St.
Louis, MO). Bafilomycin A1 (Baf-A1) (S1413), torin 1 (52827), U0126
(51102), SB203580 (S1076), LY2904002 (S1105), BAY11-7082
(52913), SP600125 (S1460), and vinblastine (54505) were obtained
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from Selleck Chemicals (Shanghai, China). Dynabeads™ Protein A
for Immunoprecipitation (10002D) and DQ-BSA (D-12050) were
purchased from Thermo Fisher Scientific (Waltham, MA). Enzyme-
linked immunoassay kits for IL-6, IL-13, and TNF-a were obtained
from R&D Systems (Minneapolis, MN).

Antibodies (Abs) specific for total and phosphorylated forms of
p38 (Thr180/Tyr182), ERK1/2 (Thr202/Tyr204), JNK (Thr183/Tyr185),
p65 (Ser536), IKKa/B (Ser176), TAK1 (Thr187), AKT (Ser473), mTOR
(Ser2448), p70 S6 Kinase (Thr421/Ser424), 4E-binding protein 1
(4E-BP1) (Thr37/46), ULK1 (Ser757), IRF3 (Ser396), and IkBa (Ser32)
were obtained from Cell Signaling Technology (Beverly, MA). Abs
against Lamtor5 (ab157480), TLR4 (ab22048 and ab13556), TFEB
(ab2636), Rab7 (ab50533), p62 (ab56416), and EEA1 (ab2900) were
obtained from Abcam. Abs against FLAG (#14793 and #8146), GFP
(#2956 and #2955), LC3A/B (#4108), LC3B (#3868), lysosomal-
associated membrane protein (LAMP1) (#3243), and p-actin
(#4970) were obtained from Cell Signaling Technology (Beverly,
MA). Horseradish peroxidase-conjugated secondary antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Alexa
Fluor-conjugated antibodies were purchased from Life Technolo-
gies (Carlsbad, CA).

Lamtor5-, TFEB-, Atg5-, and Rab7-targeted siRNAs and non-
specific siRNA were synthesized from GenePharma (Shanghai,
China). The pEGFP-LC3 (#24920) and ptfLC3 (#21074) plasmids
were purchased from Addgene. The pRL-TK-Renilla-luciferase
plasmid was obtained from Promega (Madison, WI). The full-
length fragments of Lamtor5 (NM_026774.2) and TLR4
(NM_021297.3) were cloned and inserted into the pCMV-Tag 2B
or pEGFP vectors, respectively, using standard molecular biology
protocols. Expression plasmids encoding Lamtor5, Lamtor5
mutants (ALZ), and truncated TLR4 proteins were constructed by
GeneChem (Shanghai, China).

Generation of Lamtor5 knockout mice

The CRISPR/Cas9 technique was used to edit Lamtor5 in mice by
CasGene Biotech (Beijing, China). Small guide RNAs (sgRNAs)
targeting exons 1-3 of Lamtor5 were designed and constructed.
sgRNA-Cas9 coexpression plasmids were injected into mouse
zygotes, which were then transferred into pseudopregnant mice.
Neonatal mutant mice were identified by genotyping and
sequencing.’

Cell culture and transfection

RAW264.7 cells (ATCC® TIB-71™) and 293T cells (ATCC® CRL-3216™)
were cultured in DMEM-containing 10% fetal bovine serum (FBS).
THP-1 cells (ATCC® TIB-202™) were cultured in RPMI-1640 medium
supplemented with 10% FBS in a humidified incubator at 37 °C
with 5% CO,. To generate peritoneal macrophages, 8-week-old
mice were injected i.p. with 3% thioglycolate broth. After 72 h,
peritoneal cells were harvested, and macrophages were enriched
by quick adherence.

For cell transfection, RAW264.7 or 293T cells were transiently
transfected with plasmids using X-tremeGENE Transfection
Reagent (Roche) or siRNAs using siPORT™ Transfection Agent
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. To establish stable Lamtor5-expressing or Lamtor5-
silenced cell lines, the transfected cells were subjected to selection
with G418 (600 pg/ml) for 3-4 weeks.

RNA isolation, reverse transcription PCR, and quantitative PCR
Total cellular RNA was isolated using TRIzol reagent (Invitrogen).
SYBR Green PCR Master Mix (TOYOBO) was used to detect mRNA
levels. mRNA levels of the tested genes were normalized to those
of B-actin and determined by applying the AACt method. The
following primer sequences were used (forward and reverse):
IL-1B8: 5/-CTCGTGCTGTCGGACCCAT and 5'-CAGGCTTGTGCTCT
GCTTGTGA; IL-6: 5-CCACTTCACAAGTCGGAGGC and 5-TGCAA
GTGCATCATCGTTGTTC;, TNF-a: 5-ATCCGCGACGTGGAACTGGC
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and 5'-CCATGCCGTTGGCCAGGAGG; IFN-B: 5'-CAGTAATAGCTCTTC
AAGTGG and 5’-AGACTATTGTTGTACGTCTCC; TLR4: 5'-AACCTGCTC
TACCTACACCTG and CCGAGAGATTGAGGAATCGAAG; B-actin: 5'-
CTCATGAAGATCCTGACCGAG and 5- AGTCTAGAGCAACATAGCAC
AG; and Lamtor5: 5-CATCCATTGTTGGAGTCCTATGC and 5/-TGCT
GGGCTAGAACAGATATGA.

Immunoblot analysis and coimmunoprecipitation assay

Cell lysates were prepared in a lysis buffer containing 150 mM NaCl,
50 mM Tris-HCI (pH 7.4), 1% NP-40 and protease inhibitor cocktail
(Roche Diagnostics). Proteins were separated by SDS-PAGE and
transferred to PVDF membranes followed by incubation with the
appropriate primary antibodies. The membranes were then
incubated with HRP-conjugated secondary antibody (Santa Cruz,
CA). Signals were visualized with an ECL kit (Amersham Biosciences).
Images were captured using a ChemiDoc™ XRS+ system (Bio-Rad,
USA). Band detection was within the linear range.

For immunoprecipitation studies, cell lysates were incubated at
4°C for 2h with a capture antibody or control IgG, followed by
overnight incubation with Dynabeads™ Protein A. The immuno-
complexes were collected by centrifugation, washed with ice-cold
PBST (PBS-0.02% Tween-20), and separated by SDS-PAGE. Proteins in
the samples were detected by standard immunoblotting methods.

Luciferase reporter assay

To assess NF-kB-driven promoter activity, the pGL3-NF-kB, and pGL3-
Basic (Promega) plasmids were transfected into RAW264.7 cells using
X-tremeGENE DNA Transfection Reagent (Roche). The pRL-TK plasmid
was used as an internal control. Twenty-four hours later, the cells
were stimulated with or without LPS (100 ng/ml) for 1 h. Luciferase
activities were determined with Dual-Glo reagent (E1960, Promega).3®

Determination of cytokine and MPO Levels

The levels of TNF-q, IL-6, and IL-1B in the culture supernatants or
bronchoalveolar lavage fluid (BALF) were measured by ELISA (R&D
Systems). Lung MPO levels were determined using mouse MPO
ELISA (Hycult Biotech) following the manufacturers’ instructions.

Animal experiments

All of the animal experiments were performed in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals with the approval of the Animal Care and Use
Committee of Nanjing University of Chinese Medicine. The
CRISPR/Cas9 technique®” was used to edit Lamtor5 in mice. Mice
were housed in a temperature-controlled room with a 12-h-light/
dark cycle and allowed food and water ad libitum. Six- to eight-
week-old Lamtor5™~ or wild-type (WT) mice were instilled with
PBS or LPS (1 mg/kg, i.t.) and killed 12 or 24 h after exposure. BALF
and lung tissues were then collected for functional analysis. To
induce endotoxic sepsis, mice were intraperitoneally injected with
LPS (12mg/kg), and their survival was monitored every 4h.
Alternatively, prior to endotoxin challenge, mice were fed a rodent
diet (Research Diet, A10021B) or leucine-free diet (Research Diet,
A05080202) for a week.>

Bronchoalveolar lavage and cell differentiation

Briefly, the trachea was exposed through a midline incision and
cannulated with a sterile 22-gauge needle. BALF was obtained by
flushing three times with 1 ml of 0.5mM EDTA/PBS. The super-
natants were stored at —80 °C until use. Total cell numbers in BALF
were counted with a hemocytometer. Neutrophils and macrophages
were assessed through immunostaining and flow cytometry.

Immunohistochemistry (IHC) staining

Five-micron-thick sections of murine lung tissue were deparaffi-
nized, hydrated, and blocked in DPBS with 2% normal goat serum.
The slides were then stained with anti-Lamtor5 (1:100) and biotin-
conjugated secondary antibodies, followed by incubation with
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streptavidin-conjugated HRP. Sections were finally incubated with
DAB reagent and counterstained with hematoxylin.

Flow cytometry and lysosome labeling

After blocking unspecific binding with mouse IgG, cells were
incubated with 0.25 ug of PE-conjugated anti-mouse TLR4 anti-
body (eBioscience) for 1h at room temperature. Appropriate
isotype controls were used. After washing twice in flow cytometry
buffer, cells were analyzed on a FACSCalibur flow cytometer (BD
Biosciences).

To evaluate functional lysosomes, the LysoSensor Green probe,
which fluoresces in an acidic environment (pH < 5.2), was used.
RAW264.7 cells were loaded with 1 uM LysoSensor in prewarmed
medium for 1 h at 37 °C, washed twice with PBS and immediately
analyffd by flow cytometry. Data were analyzed with FlowJo (Tree
Star).

Immunofluorescence staining and DQ-BSA quench assay

Cells were grown on cover glasses, fixed with 4% paraformalde-
hyde, and*' permeabilized with 0.2% Triton X-100 in PBS. After
blocking with 1% BSA, cells were stained by incubation with
primary antibodies (against TLR4, LAMP1, LC3, EEA1, mTOR,
Lamtor5, or TFEB) for 16 h at 4 °C. After washing, samples were
incubated with Alexa Fluor 568-conjugated anti-rabbit antibody
and/or Alexa Fluor 488-conjugated anti-mouse antibody. Cell
nuclei were visualized with DAPI (Sigma). Slides were mounted
with SlowFade Gold anti-fade reagent (Invitrogen) and detected
under a LSM710 laser scanning confocal microscope (Carl Zeiss).
For the DQ-BSA quench assay, cells were treated with 0.3 mg/ml
DQ Green BSA (molecular probe) at 37°C for 2h. Green
fluorescence was detected by a Zeiss LSM 5 LIVE.

Electron microscopy

Cells were first fixed with 2.5% glutaraldehyde in PBS (0.1 M, pH
7.0) for 4h, washed, and postfixed with 1% OsO,4 for 2 h. The
specimen was dehydrated with a graded ethanol series for 20 min
at each step, transferred to absolute acetone for 20 min, placed in
a mixture of absolute acetone and resin overnight, and embedded
in resin at 70°C for more than 9h. The specimen was then
sectioned with a LEICA EM UC7 ultratome and stained with uranyl
acetate and alkaline lead citrate for 5-10 min. Electron micro-
graphs were taken on a JEOL Model JEM-1230 transmission
electron microscopy (TEM).

The structural modeling and molecular dynamics (MD) simulation
The Lamtor5 dimer was modeled using the 1.5-A resolution crystal
structure deposited as PDB entry 3MSH. A disulfide bond was
modeled between the two Cys66 residues located at the dimer
interface and adjacent to each other. Because the structure of the
TIR domain of TLR4 (residues 672-818) was not available in the
PDB, a refined homology model was obtained using the |-TASSER
webserver.*? Using the first of five predicted models, the TIR-TLR4
dimer was modeled using the matrix operator provided for the TIR
domain of TLR2 (PDB entry 1FYW), the sequence of which is most
similar to that of TIR-TLR4.** A disulfide bond was modeled
between the two Cys76 residues of TIR-TLR4, which are located at
the dimer interface. The ClusPro webserver, which is widely
accepted as a reliable docking program by CAPRI (critical
assessment of predicted interactions), was used for
protein—protein docking.

Lamtor5 dimer, TIR-TLR4 dimer, and Lamtor5-TLR4 complex
simulations were performed using NAMD2** with a time step of 2
fs and the CHARMM36 force field. These simulations were all
performed under the Generalized Born/Solvent-Accessible Surface
Area (GB/SA) implicit solvent model implemented in NAMD** with
both hydrophilic and hydrophobic effects taken into account. The
solvent (ions and water molecules) was represented as a
continuous medium with a solvent dielectric constant of 78.5
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instead of individual explicit molecules. The born radius cutoff was
set to 12 A. All bonds involving hydrogen atoms were kept rigid
using the SHAKE algorithm. The cutoff for van der Waals
interactions was set to 14 A with the switching distance set to
13 A. The temperature was maintained at 310K by Langevin
dynamics with a damping coefficient of 5ps~".

Statistical analysis

All experiments were performed at least three times. The results
are expressed as the mean * SD. Differences between two groups
were established by Student’s t-test. Multiple group comparisons
were performed by one-way ANOVA followed by Bonferroni post
hoc t test. P < 0.05 indicated statistical significance.

RESULTS

Lamtor5 is induced by TLR4 engagement and amino acid
deprivation

To explore the potential role of Lamtor5 in innate immune
responses, we first examined its expression in macrophages in
response to an array of TLR ligands. Strikingly, Lamtor5 expression
was induced by LPS, Pam3CSK4, poly I:C, CpG (Supplementary
Fig. S1a-d) and the pathogenic agents Staphylococcal aureus (S.
aureus) and vesicular stomatitis virus (Supplementary Fig. S1e, f).
These findings indicated the involvement of Lamtor5 in PRR-
mediated immune responses, and our attention was focused on
TLR4 signaling given its central importance in immune and
inflammatory responses. We further confirmed that LPS stimula-
tion induced Lamtor5 in murine RAW264.7 macrophages and
primary macrophages in a time- and dose-dependent manner
(Fig. 1a-d). A similar increase in Lamtor5 levels was observed in
human monocytic THP-1 cells and peripheral blood mononuclear
cells (Fig. 1e-g). Moreover, the in vivo induction of Lamtor5 was
demonstrated in murine lungs intratracheally challenged with
endotoxin (Fig. 1h).

To understand the mechanism underlying TLR4-driven Lamtor5
expression, we applied specific inhibitors of phosphoinositide 3-
kinase, MAPK, NF-kB, and mTOR signaling pathways, the key
pathways downstream of TLR4. Lamtor5 expression was impaired
by treatment with the NF-kB inhibitor BMS345541 and the ERK
inhibitor U0126, although the effect of U0126 was less
pronounced (Fig. 1i). Since Lamtor5 is a component of the amino
acid-sensing machinery, we then assessed the impact of nutrient
status on Lamtor5 expression. Unexpectedly, the deprivation of
serum or leucine, an essential amino acid (EAA), profoundly
increased Lamtor5 levels, whereas the addition of leucine reduced
Lamtor5 expression (Fig. 1j, k). Taken together, our data indicate
that Lamtor5 is induced in macrophages in response to cellular
stresses such as pathogenic insult or nutrient insufficiency.

Lamtor5 suppresses inflammatory responses and alleviates
endotoxic sepsis
To investigate the function of Lamtor5 in TLR4-induced immune
and inflammatory responses, we generated Lamtor5-expressing
and Lamtor5-silenced macrophage cell lines (Supplementary
Fig. S2a, b). Remarkably, the enforced expression of Lamtor5
reduced the expression of the proinflammatory cytokines inter-
leukin (IL)-6, IL-1B, and tumor necrosis factor (TNF)-a in response
to LPS stimulation, whereas knockdown of Lamtor5 increased their
expression (Fig. 2a-d). A similar increase in proinflammatory
cytokine expression was induced in macrophages isolated from
mice following the monoallelic depletion of Lamtor5, as homo-
zygous gene knockout was embryonically lethal (Supplementary
Fig. S3). This suppressive effect of Lamtor5 was also confirmed in
human THP-1 cells following LPS challenge, implying its conserved
role in inflammatory responses (Fig. 2e).

To further understand the in vivo relevance of this finding, we
exploited a murine model of acute lung inflammation and injury
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induced by endotoxins. Compared with their control littermates,
Lamtor5 haploinsufficient mice displayed more severe airway
inflammation and tissue damage, as evidenced by increased
inflammatory cell infiltration, proinflammatory cytokine produc-
tion, protein leakage, and lung MPO activity (Fig. 2f-j). Further-
more, Lamtor5™~ mice exhibited elevated mortality compared
with WT controls when challenged with lethal doses of endotoxin
(Fig. 2k). Taken together, our data indicated that Lamtor5 plays a
key role in restraining TLR4-mediated inflammatory signaling and
maintaining immune homeostasis.

Lamtor5 restrains TLR4-induced inflammatory signaling

To gain mechanistic understanding of the Lamtor5-mediated
regulation of inflammatory responses, we next analyzed the key
signaling pathways downstream of TLR4. As revealed in Fig. 3a, b,
enforced expression of Lamtor5 increased LPS-stimulated activa-
tion of IkB kinase (IKK), NF-kB inhibitor alpha (IkBa), and p65, the
key signaling molecules required for NF-kB activation. In contrast,
knockdown of Lamtor5 enhanced the phosphorylation of these
molecules upon LPS stimulation. In addition, our data showed that
NF-kB-driven promoter activity and the nuclear translocation of
p65, the essential step for the activation of proinflammatory
genes, were consistently repressed upon Lamtor5 overexpression
but increased upon Lamtor5 silencing (Fig. 3¢, d). The suppression
of NF-kB activity by Lamtor5 was further confirmed in Lamtor5™/~
macrophages (Fig. 3e). Activation of the MAPKs p38, ERK1/2, and
JNK, however, was slightly affected by Lamtor5 (Fig. 3f, g).

In addition, Lamtor5 overexpression decreased, while Lamtor5
knockdown increased, the phosphorylation of TANK binding
kinase 1 and IRF3, which was consistent with the modulated
IFN-B expression upon LPS stimulation (Fig. 3h-k). Thus, our data
indicated that Lamtor5 exerts an inhibitory effect on both NF-kB-
and IRF3-dependent signaling upon the engagement of TLR4.

Lamtor5 promotes TLR4 degradation through the autophagic
pathway

Given the comprehensive inhibition of TLR4 signaling by Lamtor5
observed as described above, we hypothesized that Lamtor5 affects
key upstream signaling events and, in particular, the dynamic
expression of TLR4. Indeed, our data demonstrated that enforced
expression of Lamtor5 reduced, while the knockdown of Lamtor5
increased, TLR4 levels upon TLR4 engagement (Fig. 4a). Lamtor5™~
macrophages consistently displayed increased TLR4 levels (Fig. 4b).
Notably, despite the prominent suppression of the TLR4 protein
induced by Lamtor5, the TLR4 mRNA level was only mildly affected
(Supplementary Fig. S4a, b). Furthermore, by fluorescent cytometry,
we observed that surface TLR4 levels were reduced upon Lamtor5
overexpression but increased upon Lamtor5 deletion (Fig. 4c). Taken
together, these data implied that Lamtor5 exerts a regulatory effect
on TLR4 turnover upon TLR4 ligation. Since TLR4 is internalized upon
engagement and subjected to different intracellular fates, we then
evaluated the impact of Lamtor5 on TLR4 endocytosis by staining
with EEA1, an endocytic marker. TLR4 localization at the endosome
was not affected by Lamtor5 (Supplementary Fig. S4c). However,
using the self-quenched fluorophore DQ-BSA*', we showed that BSA
hydrolysis was enhanced in Lamtor5-expressing cells but decreased
in Lamtor5-silenced cells (Fig. 4d), indicating that Lamtor5 affects
cellular degradation.

Given that autophagy is a major cellular catabolic process
essential for the degradation of cellular components and
proteins, we then assessed the potential role of the autophagic
pathway in Lamtor5-mediated TLR4 regulation. Critically,
Lamtor5 expression promoted, while Lamtor5 silencing
impeded, the conversion of LC3-I to LC3-Il and the stability of
p62, which are key events representative of the autophagic
pathway (Fig. 4e). In addition, the amplitude of the fluorescence
at LC3 puncta was increased upon Lamtor5 overexpression but
decreased by Lamtor5 deletion in LPS-stimulated macrophages
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Fig. 1

Expression of Lamtor5 upon LPS stimulation and nutrient deprivation. Time- and dose-dependent expression of Lamtor5 following LPS

stimulation in RAW264.7 cells (a, b), murine peritoneal macrophages (c, d), THP-1 cells (e, f), or human PBMCs (g). LPS (100 pg/ml) was used in
the time course experiments, and a 12-h time point was used in experiments to assess the LPS dose. h Immunostaining of Lamtor5 in the lung
tissues of mice intratracheally injected with PBS (24 h) or LPS (1 mg/kg) for the indicated time periods. i Expression of Lamtor5 in RAW264.7
cells pretreated with DMSO, LY294002 (10 pM), BMS345541 (10 pM), SB203580 (10 uM), U0126 (10 pM), SP600125 (20 uM), or torin 1 (250 nM)
followed by LPS (100 ng/ml) stimulation for 6 h. j Lamtor5 expression in RAW264.7 cells or BMDMs cultured in the presence or absence of fetal
bovine serum (FBS) for the indicated time periods. k Lamtor5 expression in RAW264.7 cells cultured in medium with or without leucine (Leu)
and/or FBS. All the results are from three independent experiments and presented as the mean + SD. *P < 0.05, **P < 0.01 by Student’s t-test

(Fig. 4f). We also confirmed that autophagic flux was induced in
Lamtor5-expressing macrophages, as detected upon treatment
with Baf-A1, a putative autophagy inhibitor (Fig. 4g). To
corroborate the potential role of Lamtor5 in autophagy, we
then analyzed its effect on the activity of mTOR, a critical
regulator of autophagy induction. The activation of mTORC1,
along with its downstream signaling molecules ribosomal
protein S6 kinases, eukaryotic translation initiation factor 4E-
BP1, and unc-51 like kinase (ULK)1, was repressed upon
Lamtor5 overexpression but increased upon Lamtor5 deletion
(Fig. 4h, i). Therefore, our data demonstrated that Lamtor5
contributes to the mTOR-dependent autophagic pathway in
response to LPS stimulation.

Cellular & Molecular Immunology (2020) 17:1063 - 1076

Next, we determined whether inhibition of the Lamtor5-
mediated autophagic pathway affects TLR4-driven signaling. To
this end, Baf-A1 was used to block the autophagic process,
which restored the TLR4 level and NF-kB activity (Fig. 4j) and led
to the subsequent elevation of LPS-induced IL-6 and TNF-a in
Lamtor5-expressing macrophages (Supplementary Fig. S5). In
contrast, the application of torin 1, a putative mTOR inhibitor,
downregulated TLR4 levels and p65 activity in Lamtor5-
deficient macrophages following LPS stimulation (Fig. 4k).
Consistent with this finding, the knockdown of autophagy
protein (Atg)5, a key factor required for autophagosome
elongation, largely abolished the Lamtor5-mediated suppres-
sion of TLR4 (Fig. 4l). Collectively, our data indicated that

SPRINGER NATURE



The metabolic regulator Lamtor5 suppresses inflammatory signaling via...

W Zhang et al.
1068
a
= pCMV
107 mm PCMN-Lamtors 40 — 300
- X =) % B kN
38 S35 T2
£ o = ﬁ < 200 xx
o 6 [ >
> 3 30 )
84 - x =
P =10 = J 100
2 2 b z
0 o- 0!
0 3 6 1224h 0 3 6 12 24h 0 3 6 1224h
b 3 NC
10 Em Lamtor5-shR e _ 25 * _ 800 .
T g 3 20 2 1
2 . = < 400 %
3 6 -3 T 15 ] ]
[ >
8, 3 5 80 -
@ = 4 i
= 2 N2 E 40
ol 0 0
0 3 6 1224h 0 3 6 12 24h 0 3 6 12 24h
C
= pCMV M
30088 pCW-Lamtor5 60 2 2000 &
F 200 Ea E 1000 n ﬁ
B 2 e
e 3
© 100 220 3 100
o- 0 ol
0 6 12 24h 0 6 12 24h 0 6 12 24h
d  NC .
300 mm Lamtor5-shR ~ —
E 200 E rI
2 2 A
© 100 Q@
= 2

0 6

12 24h 0 6 12 24h 0 6 12 24h

120 N 2000 X
E 0 E 10001 fL “
2 g
= 5 500
T L o5
= =]
0 0
0 6 12 24h 0 6 12 24h
WT amtor5* WT Lamtor5*-
; b N~ T ». i Ll 3

LPS

PBS
g owr k
o
500 Lamtors 400 N 150 100
= 400 T Fa00 £ * 5 e l_ P=0.0293
E 5 D 100 N
3 300 4 e ®
e = 200 = 2 50
© 200 o L 50 z
= 400 21 100 £ ® 25wy
== Lamtors""
0 0 0 o ——
PBS LPS PBS LPS PBS LPS 0 25 50 75 100h
h i j
~ 40, T _. 250 150
E E * E &
S 30 D 200 3 2
x < 150 .?100
£2 2 £
5 £ 100 g 5
© 10 =] o
= 2 50 o
o [} =
o 0
Total Neu. Total Neu. PBS LPS PBS LPS

LPS

PBS

Fig. 2 Lamtor5 inhibits the LPS-induced inflammatory response in vitro and in vivo. Expression of IL-6, IL-1p, and TNF-« in control, Lamtor5-
expressing, and Lamtor5-silenced RAW264.7 cells following LPS (100 ng/ml) stimulation at either the mRNA (a, b) or protein level (c, d). e
Levels of IL-6, IL-1f, and TNF-a in control or Lamtor5-expressing THP-1 cells stimulated with LPS (100 ng/ml) for the indicated time periods. f-j
WT and Lamtor5™~ mice (n = 5) were intratracheally instilled with LPS (1 mg/kg) and killed 12 h later. Representative H&E staining of lung
sections (f); BALF cytokine levels (g), cell counts (h) and protein leakage (i); and lung MPO activity (j). k WT and Lamtor5*'~ mice (n = 10-12)
were challenged with LPS (12 mg/kg, i.p.), and their survival was analyzed by the Kaplan-Meier method. All the data are from three
independent experiments (a—e) and expressed as the means + SDs. *P < 0.05, **P < 0.01 by Student’s t-test

Lamtor5 plays a pivotal role in promoting the mTOR-dependent
autophagic pathway and hence reduces TLR4 levels and
subsequent signaling.

Lamtor5 directly binds and recruits TLR4 to autophagosomes
through the TIR/LZ interaction
During the induction of autophagy, substrate proteins or targeting
organelles are sequestered in double membrane autophagosomes
that then fuse with lysosomes for digestion. To further understand
the mode of action of Lamtor5 in the autophagic process, we next
examined its localization at autolysosomal compartments. Impor-
tantly, Lamtor5 colocalized with the autophagosome marker
LC3b and LAMP1 (Fig. 5a, b), suggesting Lamtor5 tethering at
autophagic/lysosomal vacuoles upon LPS stimulation in particular.
Furthermore, upon its ligation, TLR4 was internalized and
transported to the autolysosomal compartments, as inferred from
its colocalization with LC3b and LAMP1, particularly that upon
Lamtor5 overexpression (Fig. 5¢c, d). Using immunofluorescence
confocal microscopy and coimmunoprecipitation (co-IP), we
further revealed that Lamtor5 is prominently associated with
TLR4 during TLR4 engagement (Fig. 5e, f). Thus, we have
demonstrated for the first time that internalized TLR4 is trafficked
to and resides at the autolysosome through the recruitment of
Lamtor5.

To further understand the interaction between Lamtor5 and
TLR4, we generated a series of expression constructs containing
truncated TLR4 fragments or lamtor5 fragments (Fig. 5g). Loss of
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the leucine zipper (LZ) domain significantly impaired the
association of Lamtor5 with TLR4 (Fig. 5h—j). More specifically,
when we substituted Leu48 with Leu55 (L — A), the key residue
essential for the LZ structure,*® the interaction between
Lamtor5 and TLR4 was inhibited (Fig. 5k). We further confirmed
that the Toll/IL-1 receptor homology (TIR) domain, rather than
leucine-rich repeat (LRR) domain,*” within TLR4 is indispensable
for this association (Fig. 51, m). Accordingly, mutation of the
Lamtor5 LZ domain or deletion of the extracellular domain of
TLR4 caused a profound reduction in the TIR/LZ interaction
(Fig. 5n, o). In addition, MD simulation***” provided a structural
basis to support the ligation of Lamtor5 and TLR4 (Fig. 5p).
Therefore, our data demonstrated that Lamtor5 directly
associates with TLR4 and contributes to their colocalization at
the LC3"LAMP1™" autophagosome for subsequent TLR4 hydro-
lysis. In support of this conclusion, LZ-mutant Lamtor5 lost its
ability to interact with TLR4 and hence failed to suppress TLR4
levels (Fig. 5q).

Lamtor5 enhances lysosomal biogenesis through modulating the
mTOR/TFEB axis

Since Lamtor5 was shown to recruit and colocalize with TLR4 at
the autolysosome, a site generally thought to be occupied by
mTORC1 upon amino acid induction,?*>? we thus wondered
whether mTORC1 participates in the Lamtor5/TLR4 interaction.
Indeed, our data demonstrated the docking of mTORC1 at the
LAMP1* lysosome following LPS stimulation; however, this

Cellular & Molecular Immunology (2020) 17:1063 -1076
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Fig. 3 Lamtor5 negatively regulates TLR4-driven signaling. a, b Immunoblotting of total and phosphorylated IKK, IxBa, and p65 in control,
Lamtor5-expressing and Lamtor5-silenced RAW264.7 cells stimulated with LPS (100 ng/ml) for the indicated time periods. ¢ Relative NF-xB
promoter activity induced by LPS in control, Lamtor5-expressing and Lamtor5-silenced RAW264.7 cells. d Confocal microscopy analysis of p65
nuclear translocation upon stimulation with p65. p65 immunoreactivity is shown in red, and nuclei are stained with DAPI (blue). e
Immunoblotting of total and phosphorylated IKK, IxBa, and p65 in WT and Lamtor5™~ cells stimulated with LPS (100 ng/ml) for the |nd|cated
time periods. f, g Immunoblotting of total and phosphorylated JNK, p38, and ERK in control, Lamtor5-expressing or Lamtor5-silenced
RAW264.7 cells stimulated with LPS (100 ng/ml) for the indicated time periods. h, i Immunoblotting of total and phosphorylated TBK1 and
IRF3 and j, k quantitative PCR to assess IFNB production in control, Lamtor5-expressing, or Lamtor5-silenced RAW264.7 cells stimulated with
LPS (100 ng/ml) for the indicated time periods. Representative images are shown, and the data from three independent experiments are
expressed as the means + SDs. *P < 0.05, **P < 0.01 by Student’s t-test

docking was prevented when WT Lamtor5, but not mutant
Lamtor5 (ALZ), was expressed (Fig. 6a). This finding prompted us
to further examine whether the Lamtor5/TLR4 association affects

fragments (Fig. 4h), had no apparent effect on mTORC1 activation
upon LPS stimulation (Fig. 6c).
Activated mTORC1 has been demonstrated to bind and

mTORC1 localization at the lysosome. Intact TLR4, but not the
truncated fragment (LRR) of TLR4, prevented the localization of
mTORC1 at the lysosome (Fig. 6b). Accordingly, association-
incompetent Lamtor5 or TLR4, unlike the intact Lamtor5 or TLR4

Cellular & Molecular Immunology (2020) 17:1063 - 1076

phosphorylate TFEB, a master transcription factor responsible for
the expression of autophagy-lysosome genes, which then causes
the cytoplasmic retention of TFEB and hinders its nuclear
translocation to trigger gene transcription.>*® Given that
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Fig. 4 Lamtor5 downregulates TLR4 levels by promoting autophagy. Immunoblotting for TLR4 in control, Lamtor5-expressing, and Lamtor5-

silenced RAW264.7 cells (a) and Lamtor5™/~

and WT macrophages (b) stimulated with LPS (100 ng/ml) for the indicated time periods. ¢ FACS

to assess surface TLR4 levels in control, Lamtor5-expressing, and Lamtor5-silenced RAW264.7 cells 2 h after LPS stimulation. Representative
histograms and mean fluorescence intensities (MFls) are shown. d Representative immunofluorescence images (left) and fluorescence
quantification (right) of DQ-BSA activity in control, Lamtor5-expressing, and Lamtor5-silenced RAW264.7 cells. e Immunoblotting for LC3 and
P62 in control, Lamtor5-expressing and Lamtor5-silenced RAW264.7 cells stimulated with LPS for the indicated time periods. f Representative
confocal images showing LC3 puncta in control, Lamtor5-expressing and Lamtor5-silenced RAW264.7 cells stimulated with LPS for 2 h.
Quantification of LC3 puncta per cell is also shown (n =100 cells). g Immunoblotting for LC3 in control and Lamtor5-expressing RAW264.7
cells pretreated with DMSO or Baf-A1 and subjected to LPS stimulation for the indicated time periods. h, i Inmunoblotting for the indicated
proteins in control, Lamtor5-expressing, and Lamtor5-silenced RAW264.7 cells stimulated with LPS for the indicated time periods. j
Immunoblotting for TLR4 and total and phosphorylated p65 in control and Lamtor5-expressing RAW264.7 cells pretreated with DMSO or Baf1
and then stimulated with LPS for the indicated time periods. k Immunoblotting for TLR4 and total and phosphorylated p65 in control and
Lamtor5-silenced RAW264.7 cells pretreated with DMSO or torin 1 and then stimulated with LPS for the indicated time periods. |
Immunoblotting for TLR4 in control, Lamtor5-expressing, and Lamtor5-silenced RAW264.7 cells transfected with nonspecific control (NC) or
Atg5-specific siRNA, followed by LPS stimulation for 2 h. Representative images are shown, and data from three independent experiments are
expressed as the means + SDs. *P < 0.05, **P < 0.01 by Student’s t-test
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Fig. 5 Lamtor5 interacts with TLR4 and promotes its tethering at autolysosomes upon LPS stimulation. a, b Colocalization of Lamtor5 with
LC3 or LAMP1 and ¢, d colocalization of TLR4 with LC3 or LAMP1 in control and Lamtor5-expressing RAW264.7 cells stimulated with LPS for
1 h. e Colocalization of TLR4 with Lamtor5 in RAW264.7 cells stimulated by LPS for 1 h. f Coimmunoprecipitation of Lamtor5 and TLR4 in
293T cells transfected with control, GFP-TLR4- and/or Flag-Lamtor5-expressing plasmids. IgG was used as a control. g Schematic illustration of
the TLR4 structure and truncated TLR4 fragments (upper), the Lamtor5 structure and truncated Lamtor5 fragments (middle), and the LZ-
mutant fragment (lower). h—-k Coimmunoprecipitation of Lamtor5 and TLR4 in 293T cells transfected with plasmids harboring intact Lamtor5-
or truncated/mutant Lamtor5-expressing plasmids with or without TLR4-expressing plasmids; I, m Coimmunoprecipitation of Lamtor5 and
TLR4 in 293T cells transfected with plasmids encoding truncated TLR4 constructs and/or Lamtor5. n, o Colocalization of TLR4 with Lamtor5 in
293T cells transfected with intact Lamtor5- or mutant Lamtor5-expressing plasmid with or without TLR4-expressing plasmid. p Stereoview of
the interaction between TLR4 (TIR) and Lamtor5 fragments using the I-TASSER server. Both TLR4 (TIR) and the Lamtor5 fragments are modeled
as dimers, and the leucine zipper (LZ) structure at the interactive interface is shown. q Immunoblotting for TLR4 in RAW264.7 or THP-1 cells
transfected with Lamtor5- or Lamtor5 (ALZ)-expressing plasmids. Quantified relative band intensities are also shown. Representative images
are shown, and the data from three independent experiments are expressed as the means + SDs. *P < 0.05, **P < 0.01 by Student’s t-test
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mTORC1 activation was suppressed upon Lamtor5 expression, the
activity of its substrate, TFEB, is expected to be affected upon
Lamtor5 expression. Indeed, the phosphorylation of TFEB was
decreased upon Lamtor5 overexpression but enhanced by
Lamtor5 knockdown following LPS stimulation (Fig. 6d). The
nuclear translocation of TFEB was thus boosted upon Lamtor5
overexpression (Fig. 6e). Consequently, the expression of
autophagy-lysosome genes was upregulated in Lamtor5-
expressing macrophages but reduced in Lamtor5-silenced cells
in response to LPS stimulation (Fig. 6f). TEM consistently
demonstrated increased amounts of lysosome upon Lamtor5
expression (Fig. 6g). Moreover, our data indicated that Lamtor5
overexpression increased, while Lamtor5 knockdown hindered,
lysosomal maturation, as detected with LysoSensor Green, a pH-
sensing dye (Fig. 6h). To establish functional relevance, we
showed that knockdown of TFEB largely abolished the Lamtor5-
mediated reduction in TLR4 levels (Fig. 6i and Supplementary
Fig. S6a). This result appeared to be related to abrogation of the
Lamtor5-induced increase in LC3 fluorescence (Fig. 6j). Thus, the
TFEB-driven autolysosomal pathway appears to be essential for
Lamtor5-mediated regulation of TLR4 stability. We further tested
this assumption by interfering with the autophagic pathway.
Treatment with Rab7 siRNA or the autophagic inhibitor vinblas-
tin*® remarkably abrogated the suppressive effect of Lamtor5 on
TLR4 levels (Supplementary Fig. S6b, c). In addition, the
application of CQ, a putative neutralizer of lysosomal pH, or
leupeptin, a lysosomal protease inhibitor, restored TLR4 levels in
Lamtor5-expressing macrophages (Supplementary Fig. Séd, e).
Collectively, our data indicated that Lamtor5, through recruiting
and binding TLR4 at the autolysosome, dislodges, and inactivates
mTOR and hence facilitates TFEB-driven autolysosomal processes.

Amino acid starvation reduces endotoxic shock via a Lamtor5-
dependent mechanism

As Lamtor5 plays an essential role in the amino acid-sensing
pathway?® and nutrient status was shown to regulate the level of
Lamtor5 in macrophages (Fig. 1j, k), we wondered whether Lamtor5
plays a role in coordinating immune and metabolic signaling.
Intriguingly, deprivation of the EAA leucine significantly repressed
the production of IL-6, TNF-q, and IL-1B in LPS-stimulated
macrophages, which was at least partially abrogated upon the
knockdown of Lamtor5 (Fig. 7a). In addition, leucine insufficiency
had an anti-inflammatory effect on macrophages from WT control
but not Lamtor5*'~ mice (Fig. 7b). In addition, TLR4 levels were
reduced upon leucine deprivation in control but not Lamtor5-
silenced macrophages (Fig. 7c), implying that TLR4 is regulated by
leucine deprivation in a Lamtor5-dependent manner. To further test
this hypothesis in an in vivo system, we exploited a murine model of
lung inflammation and injury induced by endotoxin challenge. Lung
inflammation and injury, as exhibited by proinflammatory cell
infiltration, proinflammatory cytokine production, protein leakage
and lung MPO activity, were alleviated in mice fed a leucine-free diet
(leu-), but this effect was largely abrogated in Lamtor5 haploinsuffi-
cient mice (Fig. 7d-h). Moreover, mice fed a leucine-free diet
exhibited a survival advantage over littermates fed a normal diet
when challenged with a lethal dose of endotoxin. However, this
elevated survival rate upon leucine deprivation appeared to be
abrogated in Lamtor5™~ mice (Fig. 7i), implying that the anti-
inflammatory effect of leucine deletion is at least partially mediated
through Lamtor5 functioning.

DISCUSSION

In the present study, we elucidate an unexpected key role for
Lamtor5, a newly identified amino acid-sensing protein, in
modulating TLR4 signaling and inflammatory responses. Impor-
tantly, Lamtor5 impacted TLR4 intracellular trafficking, promoted
its autophagic degradation, and controlled inflammatory
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signaling. We demonstrate that the physical association of
Lamtor5 with TLR4 facilitated their colocalization at LC3TLAMP™
autolysosomes and thereby hindered mTORC1 lysosomal tether-
ing and activation upon LPS stimulation, which in turn dere-
pressed TFEB to activate the autolysosomal program and promote
TLR4 degradation. Accordingly, Lamtor5 deficiency caused uncon-
trolled TLR4 signaling and increased susceptibility to endotoxic
shock and lung injury; we have thus elucidated a hitherto
unknown role of Lamtor5 in TLR biology and identified a novel
catabolic mechanism essential for immune homeostasis (Fig. 7j).
Interestingly, Lamtor5 was induced by not only inflammatory
insult but also by nutrient stress, specifically deprivation of the
EAA leucine. Lamtor5, mostly likely through promoting TLR4
degradation, mediated the anti-inflammatory effect of leucine
deprivation and contributed to the alleviation of inflammatory
pathology in mice fed a leucine-free diet.>® We thus propose a
Lamtor5-centered regulatory paradigm that integrates inflamma-
tory and metabolic cues to shape immune and inflammatory
responses; this model may have implications for TLR4-associated
metabolic inflammation.>®>"

An increasing amount of data indicate that cellular degradative
system is a dynamic and complex vacuolar network that also
involves the autophagosome, a canonical catabolic structure
responsible for the clearance of intracellular molecules or
organelles. TLR engagement on macrophages has been demon-
strated to trigger the generation of LC3" autophagosomes or
promote LC3 recruitment to endosomes or phagosomes, resulting
in activation of the autolysosomal pathway in an ATG5/7-
dependent manner.?'*? The autolysosomal machinery has been
implicated in TLR-mediated responses, but its exact role and the
involved mechanism remain largely unknown.>® Our present study
demonstrates that the cellular catalytic process controlled by
Lamtor5 is essential for the autophagic degradation of TLR4 and
homeostatic control of inflammation.

Lamtor5 regulates TLR4 on at least two levels: the association
and recruitment of TLR4 to degradation vacuoles and regulation
of the autolysosomal pathway. Lamtor5 specifically associates with
TLR4 through the TIR/LZ interaction, as disruption of the Lamtor5
LZ domain or deletion of the TLR4 TIR fragment almost completely
abrogated their association and subsequent TLR4 degradation.
Computer-aided structural predictive analysis further substan-
tiated the feasibility and reliability of the TIR/LZ interaction
between these two molecules. We have thus identified Lamtor5 as
an unconventional adaptor without a TIR domain capable of
interacting with TLR4 in a site-specific manner’* that is essential
for TLR4 recruitment to autolysosomes. Indeed, Lamtor5 has been
reported to act as a scaffold in its interactions with Rag GTPases, c-
FOS, c-Myc, Survivin, and p53.257?8 Intriguingly, the LZ domain is
required for the association of Lamtor5 c-FOS and c-Myc but not
Survivin, implying that Lamtor5 recognizes and interacts with
different substrates with different site preferences. In addition,
environmental conditions, particularly pH, were shown to affect
the conformation of Lamtor5 and hence its affinity to binding
partners. A low pH (5.0-5.6) was favorable for a folded and hence
more stable and accessible Lamtor5 structure, whereas Lamtor5
was more unstructured and unstable and bound its partners with
a lower affinity in basic conditions (pH 8.3).*® This finding seems
compatible with our currently proposed model that Lamtor5
promotes the biogenesis and maturation of lysosomes upon LPS
stimulation, generating acidic, and amenable conditions for its
association with TLR4, whereas low levels of Lamtor5 in resting
macrophages yield immature and nonacidic lysosomes, prevent-
ing the binding of TLR4 to Lamtor5. Thus, Lamtor5 functioning
serves as a pH-sensitive and lysosome-dependent feedback
mechanism to control ongoing inflammation.

Aside from its role as an anchor for internalized TLR4, Lamtor5
also plays a critical role in promoting the autolysosomal pathway
through regulating the mTOR/TFEB axis. TLR4 signaling has been
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Fig. 6 Lamtor5 enhances the autolysosomal gene program via regulating the mTOR/TFEB axis. a Colocalization of mTOR and LAMP1 in
control, Lamtor5- or mutant Lamtor5 (ALZ)-expressing RAW264.7 cells treated with or without LPS for 1 h. b Colocalization of mTOR and
LAMP1 in RAW264.7 cells transfected with intact TLR4- or truncated TLR4 (LRR)-expressing plasmids with or without LPS stimulation for 1 h. ¢
Immunoblotting for total and phosphorylated mTOR in RAW264.7 cells transfected with Lamtor5- or Lamtor5 (ALZ)-expressing plasmids
(upper) or TLR4-/- macrophages transfected with intact TLR4 or truncated TLR4 (LRR) (lower) upon stimulation with LPS for the indicated time
periods. d Immunoblotting for phosphorylated and total TFEB in control, Lamtor5-expressing, and Lamtor5-silenced RAW264.7 cells
stimulated with LPS for the indicated time periods. e Imnmunostaining for TFEB in control and Lamtor5-expressing RAW264.7 cells stimulated
with LPS for 1 h. f Heat map showing the levels of autophagy-lysosome genes in control, Lamtor5-expressing or Lamtor5-silenced RAW264.7
cells stimulated with LPS for 3 h. g Transmission electron microscopy (TEM) of RAW264.7 cells transfected with control and Lamtor5-
expressing plasmids with or without LPS stimulation. Black box, lysosomes. h Control, Lamtor5-expressing or Lamtor5-silenced RAW264.7 cells
were stained with LysoSensor Green and analyzed by FACS. Representative histograms (lower) and relative fluorescence quantification (upper)
are shown. i Immunoblotting for TLR4 in control and Lamtor5-expressing RAW264.7 cells transfected with nonspecific control (NC) or TFEB-
targeted siRNA followed by LPS stimulation for the indicated time periods. j Confocal microscopy showing LC3 puncta in control and Lamtor5-
expressing RAW264.7 cells transfected with nonspecific control (NC) or TFEB-targeted siRNA followed by LPS stimulation for 1 h.
Representative images (left) and the quantification of LC3 puncta (100 cells) are shown (right). Data are from three independent experiments
and expressed as the means + SDs. *P < 0.05, **P < 0.01 by Student’s t-test
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Fig. 7 Lamtor5 partially mediates the anti-inflammatory effect of leucine deprivation. a Production of proinflammatory cytokines by control
and Lamtor5-silenced RAW264.7 cells or b macrophages from WT and Lamtor5™~ mice. Cells were cultured in complete (Leu™) and leucine-
depleted (Leu™) media and stimulated with LPS for 12 h. Levels of the indicated cytokines in cellular supernatants were analyzed by ELISA. c
TLR4 levels in control and Lamtor5-silenced RAW264.7 cells cultured in complete (Leu™) and leucine-depleted (Leu™) media stimulated with
LPS for the indicated time periods. Relative intensities were quantified and are shown below each corresponding band. d-h WT and
Lamtor5™~ mice (n = 5) were fed a normal (Leu™) or leucine-deficient (Leu™) diet for 1 week and then received LPS treatment (1 mg/kg, i.t.) for
12 h. Cell counts (d), H&E staining of lung sections (e), BALF cytokine levels (f) and protein leakage (g), lung MPO activity (h). All the data are
from three independent experiments and expressed as the means + SDs. *P < 0.05, **P < 0.01 by Student's t-test. i WT and Lamtor5™~ mice (n
= 10-12) were fed a normal (Leu™) or leucine-depleted diet (Leu™) and challenged with LPS (12 mg/kg, i.p.), following which the survival rate
was analyzed by the Kaplan-Meier method. j A proposed working model indicating that Lamtor5 plays dual roles in both associating with/
recruiting TLR4 and regulating the TFEB-driven autolysosomal pathway, thereby contributing to the autophagic degradation of TLR4 and
inflammation termination. AA amino acid, AP autophagosome, AL autolysosome, Ly lysosome, Lam5 Lamtor5, Leu leucine, Nuc nucleus

demonstrated to trigger mTOR, but the functional relevance of forms a tightly bound supercomplex with v-ATPase and Rag
mTOR to TLR4 signaling remains controversial.>>>® Our current GTPases that inhibits lysosome docking and activation of mTORC1
study reveals that mTORC1, which is controlled by Lamtor5, plays upon amino acid insufficiency. Alternatively, the suppression of
a unique role in promoting TLR4 signaling through counteracting mTORC1 by Lamtor5 might be attributed to its promotion of the
autophagy. Although the exact mechanism by which Lamtor5 activation of AMP-activated protein kinase (AMPK), a putative
modulates mTORC1 is not understood at this stage, our initial data mTORC1 inhibitor,’® in response to LPS stimulation (Supplemen-
indicate that the association and colocalization of Lamtor5 and tary Fig. S7).

TLR4 significantly hinders the lysosomal docking of mTORC1 and Intriguingly, the Lamtor5-mediated inhibition of mTORC1 is
thus prevents its activation. mTORC1 may be inaccessible due to seemingly at odds with the requirement of Lamtor5 for mTORC1
altered lysosomal architecture upon Lamtor5/TLR4 ligation or the activation upon amino acid stimulation. This discrepancy might be
formation of a compact TLR4/Lamtor5 structure that blocks attributed to the context-dependent function of Lamtor5. In fact,
mTORC1 tethering.>” This hypothesis is likely supported by the Lamtor5 is not the sole Ragulator member that exerts an inhibitory
recent finding that the Lamtor5-containing Ragulator complex effect on mTORC1 activity. Lamtor2, another Ragulator molecule,
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was shown to repress mTORC1 activity in dendritic cells (DCs),
leading to rapid degradation of the Fms-like tyrosine kinase 3
receptor and limiting DC activity.>® Lamtor1 can also promote the
autolysosomal pathway, a process presumably repressed by
mTORC1, and plays a central role in epidermal development.®
These results reveal the intimate relationship between mTOR and
Lamtor family members, which appears to be essential for
immune homeostasis.

Despite an increasing appreciation for the importance of
autolysosomes in immune and inflammatory responses, how this
degradative machinery reacts to external signals and contributes
to optimized immune and inflammatory responses remains
elusive. We herein have identified TFEB, a master transcriptional
factor for autolysosome genes, as an effector molecule of Lamtor5
that translates inflammatory information into the regulatory
system for TLR4 signaling. In response to nutrients and growth
factors, TFEB is phosphorylated by mTORC1 and subsequently
bound by 14-3-3 proteins for cytosolic sequestration.*®®" Nutrient
starvation, however, leads to mTORC1 inaction and the conse-
quent depression of TFEB, allowing its entry into the nucleus to
activate autolysosomal genes. Our current study expands upon
the functions of TFEB by demonstrating its importance in
mediating the cellular response to pathogenic insults such as
bacterial endotoxin. Upon LPS stimulation, TFEB is released from
mTORC1-mediated inhibition, which is suppressed by Lamtor5,
promoting autolysosome biogenesis and expediting TLR4 proces-
sing. The mTOR/TFEB axis appears to function as a balanced
system that guarantees the TLR4-driven response to be compre-
hensive but not excessive.

Another interesting finding of our present study is that Lamtor5
plays a role in coordinating inflammatory and metabolic cues to
shape the optimized host response. Lamtor5, most likely through
accelerating the autophagic degradation of TLR4, mediated the
anti-inflammatory effect of leucine deprivation and protected
against endotoxic sepsis in mice fed a leucine-free diet; these
results may confer mechanistic insight into so-called “starving
inflammation”.%? Recently, Zhao et al. identified transmembrane
BAX inhibitor motif-containing 1 (TMBIM1) as a negative regulator
of TLR4 signaling that also plays a role in suppressing hepatic
steatosis and inflammation.®*® Similar to our findings, the multi-
vesicular body-lysosomal pathway was identified as a key
mechanism responsible for TMBIM1-mediated TLR4 degradation
and immune and metabolic balance. Given that the TLR4 pathway
is frequently aberrantly activated during metabolic diseases,*®
further studies on the potential role of Lamtor5 in TLR4-associated
metabolic inflammation may be warranted.

In summary, we have uncovered hitherto unknown roles of
Lamtor5 in regulating TLR4 fate and maintaining immune
homeostasis. We also show that Lamtor5 is essential in
coordinating nutrient and inflammatory cues to shape the
optimized immune response, which may shed new light on
immunometabolic disorders.
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