
MAP1S Protein Regulates the Phagocytosis of Bacteria and
Toll-like Receptor (TLR) Signaling*

Received for publication, August 21, 2015, and in revised form, November 2, 2015 Published, JBC Papers in Press, November 12, 2015, DOI 10.1074/jbc.M115.687376

Ming Shi‡§1, Yifan Zhang‡1, Leyuan Liu¶, Tingting Zhang‡, Fang Han‡§, Joseph Cleveland‡, Fen Wang¶,
Wallace L. McKeehan¶, Yu Li§2, and Dekai Zhang‡3

From the ‡Center for Infectious and Inflammatory Diseases and ¶Center for Cancer and Stem Cell Biology, Institute of Biosciences
and Technology, Texas A&M University Health Science Center, Houston, Texas 77030 and the §School of Life Science and
Technology, Harbin Institute of Technology, Harbin 150001, China

Phagocytosis is a critical cellular process for innate immune
defense against microbial infection. The regulation of phagocy-
tosis process is complex and has not been well defined. An intra-
cellular molecule might regulate cell surface-initiated phagocy-
tosis, but the underlying molecular mechanism is poorly
understood (1). In this study, we found that microtubule-asso-
ciated protein 1S (MAP1S), a protein identified recently that is
involved in autophagy (2), is expressed primarily in macro-
phages. MAP1S-deficient macrophages are impaired in the
phagocytosis of bacteria. Furthermore, we demonstrate that
MAP1S interacts directly with MyD88, a key adaptor of Toll-like
receptors (TLRs), upon TLR activation and affects the TLR sig-
naling pathway. Intriguingly, we also observe that, upon TLR
activation, MyD88 participates in autophagy processing in a
MAP1S-dependent manner by co-localizing with MAP1 light
chain 3 (MAP1-LC3 or LC3). Therefore, we reveal that an intra-
cellular autophagy-related molecule of MAP1S controls bacte-
rial phagocytosis through TLR signaling.

Autophagy is a highly conserved process involved not only in
metabolic regulation but also in the innate immune defense
against organisms in the cytosol (3–5). An important stage for
autophagy is forming an autophagosome, and microtubule-as-
sociated protein 1 light chain 3 (MAP1-LC3 or LC3), a mam-
malian homolog of yeast Atg8, plays an essential role in the
formation of the autophagosome (6, 7). It initiates from the
elongation of the isolation membrane, and the complex Atg12-
Atg5-Atg16 provides docking sites for LC3-II. LC3-II then
elongates the isolation membrane until it forms an intact
autophagosome. The autophagosome fuses with the lysosome

and matures into an autolysosome in which its content is
degraded. The lapidated LC3 is the most widely used marker for
detection of autophagy (6, 7). Recent studies have shown that
TLR4 signaling induced autophagy in macrophages/monocytes
(8, 9) and that TLR signaling induced the maturation of phago-
somes after exposure to bacteria and promoted the MHC II-de-
pendent presentation of bacterial antigens (10, 11).

Phagocytosis is a conserved form of host defense by which
phagocytes internalize large particles such as pathogens or apo-
ptotic cells. Phagocytosis is an essential component of effective
innate immunity in mammals (12, 13). Phagocytosis of bacteria
is often accompanied by inflammatory responses that are
driven by TLRs, suggesting that phagocytosis and TLR signal-
ing may be linked functionally. It has been shown that TLRs
regulate phagocytosis in a MyD88-dependent way in which
TLR signaling activated p38 to accelerate phagosome matura-
tion. Meanwhile, TLRs might regulate phagocytosis in a
MyD88-independent pathway (14, 15). Another possible mech-
anism of TLR-modulated phagocytosis is that TLR signaling
alters gene transcription programs that affect phagocytosis (16,
17). Interestingly, it has been reported that autophagy can lend
a hand in phagocytosis (1), but the molecular mechanism is
poorly understood.

MAP1S is a newly identified autophagy-related protein (2,
18). This molecule regulates autophagosomal biogenesis and
degradation and interacts with autophagosome-associated LC3
(2, 18). MAP1S mediates the aggregation of mitochondria,
resulting in cell death and genomic destruction, and plays a role
in apoptosis (19, 20). MAP1S is involved in the formation of
microtubule bundles (20). Considering that actin and microtu-
bules are responsible for the process of phagocytosis, we
hypothesize that this autophagy-related MAP1S protein might
play a role in the regulation of phagocytosis. Indeed, we found
that MAP1S regulates cell surface TLR activation in macro-
phages and controls the efficacy of bacterial phagocytosis.
Therefore, we uncovered one of the molecular mechanisms
detailing how the autophagy-related MAP1S molecule is a sig-
nificant component of phagocytosis.

Experimental Procedures

Mice—MAP1S knockout mice were generated at the Texas
A&M Health Science Center in Houston (18) and then back-
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crossed with the wild-type BL6 background for more than 15
generations. MyD88�/� was provided by Dr. S. Akira. All mice
were maintained in the specific pathogen-free facility at the
Texas A&M University Health Science Center. All animal
experiments were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee.

Cells and Reagents—Raw264.7 and HEK293T cells were
grown in DMEM containing 10% (v/v) heat-inactivated fetal
bovine serum (HyClone). Bone marrow-derived macrophages
(BMDMs) were obtained from bone marrow cells cultured for
6 – 8 days in the presence of 10 ng/ml macrophage colony-stim-
ulating factor (R&D Systems). Peritoneal macrophages were
isolated by peritoneal lavage after 4 days of intraperitoneal
injection of 2 ml of sterile 3% thioglycollate medium (BD Bio-
sciences). Salmonella typhimurium SR11 and Staphylococcus
aureus strain Newman were cultured in LB medium.

Antibodies against I�B�, phospho-p38 MAP kinase (Thr-
180/Tyr-182), and phospho-Akt (Ser-473) were purchased
from Cell Signaling Technology. Antibody against MAP1S (cat-
alog no. 4G1) was purchased from Precision Antibody. Anti-
body against MyD88 (catalog no. IMG-178) was from Imgenex.
Antibodies against LC3 for immunofluorescence staining (cat-
alog no. M115-3B) and Western blot analysis (catalog no.
PD014B) and p62/SQSTM1 (catalog no. PM045) were pur-
chased from MBL. Escherichia coli K12 LPS, ODN 2216, and
LTA were purchased from InvivoGen and used at the indicated
concentrations. Total RNA was isolated from TRIzol reagent
(Invitrogen), and cDNA was prepared with SuperScript II
reverse transcriptase (Invitrogen). The plasmid construct
expressing the NF-�B luciferase reporter has been described
previously (21).

Cell Sorting and FACS Analysis—Various cell types were
sorted from single-cell suspensions of C57BL/6 mouse spleens.
Cells were stained with combinations of fluorescence-
conjugated monoclonal antibodies (BD Biosciences) and were
sorted by a FACSAria (BD Biosciences) with the following
sorting criteria for each cell type: B cell, CD19�; CD4
T cell, CD3�CD4�; natural killer cell, NK1.1�; macro-
phage, CD11b�F4/80�; and myeloid dendritic cell,
CD11c�CD11b�. Dendritic cells were sorted further with
CD11c�CD45RAhighCD11blow for plasmatocytoid dendritic
cells and CD11c�CD45RAnegCD11bhigh for conventional den-
dritic cells. The purity of all sorted cell types was greater than
96%, as determined by post-sorting flow cytometry with a FAC-
SCalibur (BD Biosciences). FACS analysis for TNF-� was per-
formed as described in our previous report (21).

Transient Transfections and Luciferase Assay—All transfec-
tions were performed in triplicate in 24-well plates. Approxi-
mately 2 � 105 cells/well were seeded 24 h before transfection.
Plasmids were transfected into cells using Lipofectamine 2000
(Invitrogen) following the instructions of the manufacturer.
Briefly, 0.8 �g of reporter plasmids plus 0.05 �g of pCMV-LacZ
vector were diluted with Opti-MEM and then mixed with
diluted Lipofectamine 2000. After 20 min of incubation at room
temperature, the mixtures were added to each well. 24 h post-
transfection, cells were either analyzed for luciferase activity or
challenged further with different TLR agonists or other stimuli
at the specified treatment times. Luciferase assays were per-

formed using a luciferase assay system (Promega). �-Galacto-
sidase activity was used as an internal control. Each experiment
was conducted a minimum of three times.

Immunofluorescence Staining—Cells were seeded on glass
coverslips overnight, fixed in 4% paraformaldehyde for 10 min,
and permeabilized with 0.5% Triton X-100 for 15 min. The cells
were washed with PBS three times and blocked with 5% BSA in
PBS for 1 h at room temperature. The cells were then incubated
with primary antibodies (1:200) against MyD88 in blocking
buffer at 4 °C overnight. The cells were washed three times with
phosphate-buffered saline with Tween 20 for 5 min each and
incubated with primary antibodies (1:150) against LC3 for 1 h at
room temperature. Then cells were washed three times with
phosphate-buffered saline with Tween 20 and incubated with
FITC-conjugated anti-rabbit secondary antibody (1:200) for
1 h. After washing with PBS, the specifically bound antibodies
were detected using Tyramide Signal Amplification Plus fluo-
rescence systems from PerkinElmer Life Sciences. The cov-
erslips were then rinsed and mounted with Aqua mounting
solution. Images were analyzed with a Zeiss Axioskop-2
microscope.

Immunoprecipitation and Immunoblotting—For immuno-
precipitation, cell lysates were incubated with the indicated
antibody plus protein G-Sepharose at 4 °C overnight to form
immunocomplexes. After extensive washing with lysis buffer,
the immunocomplexes were analyzed by immunoblotting. For
immunoblotting, cells with or without treatment were col-
lected and lysed in lysis buffer containing 150 mM NaCl, 50 mM

Tris (pH 8.0), 0.5 mM EDTA, and 1% Nonidet P-40 plus com-
plete protease inhibitor mixture (Roche Applied Science). Fol-
lowing brief vortexing and rotation, cell lysates were separated
by SDS-PAGE and transferred to PVDF membranes. These
membranes were blocked with 5% fat-free milk in PBS for 30
min and incubated with the indicated antibody in PBS with 1%
fat-free milk for 2 h. The membranes were then washed in
phosphate-buffered saline with Tween 20 and incubated for
1 h with HRP-conjugated secondary antibody. After subse-
quent washes, the immunoreactive bands were detected with
ECL plus immunoblotting detection reagents (Amersham
Biosciences).

Phagocytosis—Monolayers of primary macrophages (perito-
neal macrophages and BMDMs) were infected with S. aureus
Newman strain and S. typhimurium SR11 at a multiplicity of
infection of 10:1. We synchronized the infection of monolayers
by centrifuging the infected tissue culture plates at 1000 rpm for
2 min. Following a 30-min incubation at 37 °C, 5% CO2, the cells
were washed three times with PBS, and then we added fresh
DMEM supplemented with 100 �g/ml of gentamicin. Macro-
phages were incubated in DMEM with gentamicin for 60 min,
washed with PBS, and lysed in sterile water for 10 min. The cell
lysate was diluted serially and replated on the LB plate to deter-
mine the colony-forming unit count (bacterial colonies are
enumerated). We presented the percentage of phagocytosis rel-
ative to the average of phagocytosis by wild-type control cells,
set as 100%.

ELISA—Levels of cytokine proteins in the primary macro-
phages supernatants were determined by the specific ELISA
kits (R&D Systems).
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Statistical Analysis—Results are expressed as mean � S.D.
and are representative of at least three separate experiments.
The values are shown as mean � S.E. of six independent exper-
iments for phagocytosis, and each was performed in triplicate.
Unpaired two-tailed Student’s t test was used to determine sta-
tistical differences in the means of two columns. A p value of
less than 0.05 was considered to be statistically significant.

Results

MAP1S Is Expressed Primarily in Macrophages and Controls
the Phagocytosis of Bacteria—MAP1S plays an important role in
the regulation of autophagy and liver cancer development (2).
We found that MAP1S is also highly expressed in the spleen, in
which macrophages, members of the phagocytic lineage, are
the specific cell type that expresses MAP1S at high levels (Fig.
1). To investigate the role of MAP1S in the phagocytosis of
bacteria, we utilized our Map1s knockout mouse (2). We per-
formed traditional phagocytosis assays by infecting primary
peritoneal macrophages derived from C57BL/6 mice and
Map1s knockout mice with different bacteria, including
S. aureus, S. typhimurium, and E. coli. We found that the
Map1s-deleted macrophages exhibited impaired phagocytosis
of each bacterial strain compared with macrophages derived
from the wild-type macrophages (Fig. 2A and data not shown).
We obtained similar results by assessing phagocytosis of an
E. coli strain expressing GFP (22) using both confocal micros-
copy (Fig. 2B) and flow cytometry (Fig. 2C) with both peritoneal
macrophages and bone marrow-derived macrophages. Taken
together, these data demonstrate that the MAP1S autophagy
protein plays a critical role in controlling the phagocytosis of
bacteria.

MAP1S Regulates Cell Surface TLR Activation in Macro-
phages—A link between autophagy and phagocytosis has been
noticed recently in which Atg7 controls the phagocytosis of
mycobacteria through regulating scavenger receptor expres-
sion (23). Then we checked whether MAP1S utilized the same
mechanism. However, we found that MAP1S deficiency did not
affect the expression of scavenger receptors in macrophages
(data not shown). Then we assessed the effect of the Map1s

deletion on Toll-like receptor activation because phagocytosis
is a receptor-mediated process. We exposed bone marrow-de-
rived macrophages isolated from parent C57BL/6 mice and iso-
genic Map1s�/� mice to TLR agonists and heat-killed S. typhi-
murium LT2 (SR11) for 36 h. We found that Map1s-deleted
primary macrophages treated with LTA, LPS, the outer surface
lipoprotein A (OspA), and heat-killed S. typhimurium secreted
significantly less IL-6 and TNF-� than C57Bl/6 macrophages
(Fig. 3, A, D, and E). Notably, the LTA-treated group exhibited
the most dramatic changes, whereas poly(I:C) yielded similar
results from both cell lineages (Fig. 3, A, D, and F). We further
examined the LTA-induced cytokine secretion of Map1s�/�

and C57Bl/6-derived macrophages at different time points
using a variety of doses (Fig. 3, B and C). We noted that the
TLRs that exhibited impaired activation (TLR1, TLR2, and
TLR4) are also expressed at the cell surface. Furthermore,
TLR3, an intracellular TLR and the only TLR that utilizes a
MyD88-independent pathway, exhibited similar activation in
both cell types by Poly(I:C) (Fig. 3F), and Flagellin failed to
induce strong cytokine secretion in our assays (24, 25). MAP1S
has been shown to be important for mitochondrial stress, which
can affect cell viability, but the cell viability of wild-type and
knockout cells after different stimulations was not different
(Fig. 3G). Overall, the results suggest that MAP1S regulates cell
surface TLR activation and the MyD88-dependent TLR signal-
ing pathway.

FIGURE 1. Characterization of the MAP1S expression profile. Real-time
RT-PCR was performed to analyze the MAP1S mRNA expression in various cell
types in the spleen, including B and CD4� T lymphocytes, natural killer (NK)
cells, dendritic cells (DCs), and macrophages (M�), as well as white blood cells
(WBC). -Fold expression is shown by comparison with the expression level in
the liver. Single-cell suspensions of splenocytes were sorted by FACS. �-Actin
was used as a control. Data are shown as mean � S.D. (n � 3 technical
replicates).

FIGURE 2. Autophagy MAP1S controls phagocytosis of bacteria. A, phag-
ocytosis assay with standard plate count Salmonella. Peritoneal macrophages
from the MAP1S wild type and MAP1S KO mice were infected with S. typhi-
murium strain SR11 at a multiplicity of infection of 10. Right panel, quantita-
tive results and percentage of phagocytosis relative to the average of phag-
ocytosis of wild-type control cells, set as 100%. B, confocal microscopy-based
phagocytosis assay. Peritoneal macrophages from wild-type and MAP1S KO
mice were infected with a multiplicity of infection of 1:10 or 1:100 of E. coli-
GFP for different times. The number of phagocytosed bacteria was deter-
mined by counting E. coli-GFP in 200 macrophages. C, flow cytometry-based
phagocytosis assay. BMDMs from MAP1S wild-type and MAP1S KO mice
infected with E. coli-GFP (multiplicity of infection of 1:10 or 1:100). The values
in A and B are shown as mean � S.E. of six independent experiments for
phagocytosis, and each was performed in triplicate. **, p � 0.01 by unpaired
two-tailed Student’s t test.
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MAP1S Interacts with MyD88 —MAP1S is an intracellular
protein involved in autophagy (2). To determine the mecha-
nism of how this intracellular molecule regulates cell surface
TLR activation, we reasoned that MAP1S might associate with
components in the TLR signaling pathway (26 –28). We then

investigated the association between MAP1S and molecules
involved in downstream intracellular TLR signaling. In co-im-
munoprecipitation experiments, either with anti-MAP1S anti-
body or antibodies against TLR signaling, including anti-
MyD88, anti-MAL (MyD88-adaptor-like), anti-TRIF [TIR

FIGURE 3. MAP1S regulates TLR signaling. A and D, BMDMs from MAP1S�/� (WT) and MAP1S�/� (KO) C57BL/6 mice were seeded into 24-well plates and
treated with different TLR agonists, including LPS (100 ng/ml), LTA (10 �g/ml), OspA (50 ng/ml), Flagellin (100 ng/ml), poly(I:C) (100 ng/ml), ODN 2216 (10
�g/ml), and heat-killed S. typhimurium (HK-ST, 105 cells/ml), or left untreated (UT). IL-6 (A) in the supernatant of cell-cultured medium was measured 36 h after
the challenge with TLR agonists. B and C, IL-6 was measured after BMDMs from MAP1S�/� and MAP1S�/� C57BL/6 mice were treated with indicated amount
of LTA for 36 h (B) or 10 �g/ml LTA for the indicated time (C). E, BMDMs were treated with LTA (10 �g/ml) for 24 h. The production of TNF-� was detected by flow
cytometry. The filled region indicates TNF-� expression in KO cells, whereas the line represents TNF-� produced in WT cells. Data shown are from an experiment
that is representative of three separate experiments. F, BMDMs were stimulated with poly(I:C) (1 �g/ml) for 4 h, and IFN� mRNA was measured by quantitative
PCR. G, cell viability assay for BMDMs after 24-h treatment with HK-ST (105 cells/ml), HK-E. coli (105 cells/ml), and LTA (10 �g/ml) or left untreated. All the
experiments were repeated three times, and results with bar graphs are shown as mean � S.D. *, p � 0.05; **, p � 0.01 (by unpaired two-tailed Student’s t test).

MAP1S Links Autophagy to Phagocytosis

1246 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 3 • JANUARY 15, 2016



(Toll/interleukin-1 receptor) domain-containing adaptor pro-
tein inducing interferon �], and anti-TRAF6 antibodies, we
found that MAP1S associated only with MyD88, a key adapter
in TLR signaling pathway in RAW264.7 cells upon LTA stimu-
lation (Fig. 4, A—C, and data not shown). MAP1S and MyD88
immunoprecipitated from cell lysates were revealed by immu-
noblots with specific antibodies (Fig. 4, A–C). Furthermore,
LTA induced accumulation of MAP1S in parallel with MyD88
in the cytosol of macrophages (Fig. 4, D and E). Collectively,
these data indicated that MAP1S interacted with MyD88 to
regulate TLR signaling and to control bacterial phagocytosis.

MAP1S Regulates p38 Activation in the TLR Signaling
Pathway—We elucidated the downstream TLR signaling path-
way, which is a part of the phenotypic response because of the
MAP1S deficiency. We knew that the cytokines induced by
LTA were attenuated by the MAP1S deficiency (Fig. 4A).
Therefore, we assessed the activation of molecules in the TLR
signaling pathway upon LTA stimulation. There was no differ-
ence in I�B� degradation in primary macrophages from
MAP1S WT and MAP1S KO mice. In contrast, the phosphor-
ylation level of p38 decreased dramatically in MAP1S-deficient
primary macrophages. Moreover, the Akt phosphorylation
level was opposite to that of the pattern observed with p-p38
(Fig. 5). The results are consistent with previous reports show-
ing that the expression of cytokines is decreased by inhibition of
p38 activity and that p38 inhibitors impair phagocytosis and
inhibit phagosome maturation (10, 11). Therefore, these data
indicate that MAP1S is involved in the regulation of TLR sig-
naling through the activation of the p38-Akt pathway but not
through that of the NF-�B pathway.

MyD88 Is Recruited into the Processing of TLR-induced
Autophagy by MAP1S—A recent hot research topic in innate
immunity is the induction of autophagy by TLR activation (1,
29). To investigate whether activated TLR-induced autophagy
was altered by MAP1S deficiency, we stimulated wild-type and
knockout mouse macrophages with LTA and LPS for 24 h. We
found that, upon LTA and LPS stimulation, the MAP1S deficit
did not attenuate the conversion of LC3I to LC3II in primary
macrophages, but it led to an accumulation of LC3II and p62

(Fig. 6A). This indicated that regulation of MAP1S in activated
TLR-induced autophagy did not occur at the initiation of pha-
gosomes but, instead, during phagosome maturation.

Because MAP1S can interact with MyD88 upon LTA stimu-
lation, we wanted to determine whether the MyD88 expression
pattern was altered in the MAP1S knockout macrophages. We
performed immunofluorescent staining on MAP1S WT and
KO primary macrophages using anti-MyD88 antibody. Intrigu-
ingly, we observed that LTA could induce MyD88 accumula-
tion with the punctate structures characteristic of autophagy
dependent on MAP1S (Fig. 6, B and C). Remarkably, we also
found that, upon TLR activation, MyD88 co-localizes with LC3
in a MAP1S-dependent mode (Fig. 6D). These results indicated
that MAP1S, in response to TLR activation, promotes the
recruitment and accumulation of MyD88 in the cytoplasm and
may be involved in the autophagy process.

Discussion

In the immune system, phagocytosis of bacteria plays a crit-
ical role in cleaning bacterial pathogens. In this case, phagocy-
tosis requires receptor-mediated recognition of the molecular
patterns expressed on the surface of infectious agents. The
receptors are collectively called pattern recognition receptors.
The toll-like receptor is one of well characterized pattern rec-

FIGURE 4. MAP1S interacts with MyD88. A–C, endogenous co-immunoprecipitation showing the interaction between MAP1S and MyD88 upon LTA stimu-
lation. Raw264.7 was treated with LTA for 0.5 or 24 h. Cell lysates of Raw264.7 were immunoprecipitated with control IgG, antibody against MAP1S (A and C),
or antibody against MyD88 (C), followed by immunoblotting for the presence of MyD88 and MAP1S in the immunocomplex. D and E, Western blotting
demonstrating that LTA induced the accumulation of MAP1S as well as MyD88 in wild-type macrophages in a similar time frame. FL, full-length; HC, heavy
chain; SC, short chain.

FIGURE 5. MAP1S regulates p38 but not NF-�B activation in the TLR sig-
naling pathway. BMDMs from MAP1S wild-type and MAP1S KO mice treated
with 10 �g/ml LTA for the indicated times. Immunoblots of I�B�, phospho-
p38, and phospho-Akt demonstrate their expression levels. �-Actin was used
as a loading control.
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ognition receptors . TLRs and TLR signaling play an important
role in the regulation of phagocytosis. However, the regulation
of phagocytosis is a complex issue.

Autophagy (or autophagocytosis) is a cellular process by
which a cell degrades its own components through the lyso-
somal machinery and maintains a balance between the synthe-
sis, degradation, and subsequent recycling of cellular products.
However, recent evidence redefines this concept and finds that
autophagy degrades not only its own components but also
intracellular bacteria and viruses (foreign bodies). Further-
more, it can aid phagocytosis induced by infection. TLR signal-
ing activates a variety of defense mechanisms, including phago-
cytes, phagosome maturation, and autophagy. Sanjuan et al. (1)
have provided evidence that TLR signaling engaged traditional
autophagocytic components to promote phagocytosis. It is also
supported by our results showing that MAP1S is involved in
TLR signaling and promotes the phagocytosis of bacteria.

TLRs detect the invasion of microbial pathogens and induce
the expression of inflammatory cytokines. Phagocytosis trig-
gers the degradation of pathogens and the presentation of

pathogen-derived peptide antigens. These subsequent reac-
tions of TLRs and phagocytosis instruct the development of
antigen-specific acquired immunity (10). Therefore, it is essen-
tial to study the relationship between TLRs and phagocytosis.
Phagocytosis of bacteria has been shown to be impaired
because of defective phagosome maturation in the absence of
TLR2, TLR4, or MyD88 (11). In agreement with this study, our
data show that a defect of MAP1S also attenuates phagocytosis
and bacterial ingestion by macrophages. This strongly suggests
that cooperation of MAP1S and TLR-MyD88 enhances matu-
ration of the phagosome in TLR-activated cells.

Compared with the LTA stimulation group, the difference in
the LPS and OspA stimulation groups was mild. The underlying
mechanism is not fully understood. We only showed that
MAP1s interacts with MyD88. There are four adaptors, and
LPS utilizes all of them. OspA activates the signaling pathway
through TLR1/2, whereas LTA is recognized by TLR2/6. We
are currently investigating whether MAP1s interacts with the
other three adaptors after different stimulations. This might
provide the answer regarding the difference. Another hypoth-

FIGURE 6. MyD88 is recruited into the processing of TLR-induced autophagy by MAP1S. A, BMDMs from WT and MAP1S KO mice were stimulated with LPS
or LTA for 24 h. Cell lysates were harvested to detect the LC3I/II ratio and p62 level by immunoblotting. UT, untreated. B, confocal images of cellular localization
of MyD88 in peritoneal primary macrophages from wild-type and MAP1S KO mice stimulated with LTA (10 �g/ml) for 24 h. C, quantification of punctate foci is
the average of 10 randomly selected images in the field of 512 � 512 pixels (2). Data are shown as mean � S.E. of three independent experiments, and each was
performed in triplicate. **, p � 0.01 by unpaired two-tailed Student’s t test. D, BMDMs from WT and MAP1S KO mice were stimulated with LTA for 24 h.
Localization of MyD88 (red) and LC3 (green) in WT and MAP1S KO BMDM were analyzed by confocal microscopy, and colocalization resulted in yellow. Scale
bar � 10 �m. E, simplified working model. An autophagy-related protein, MAP1S, regulates bacterial phagocytosis and TLR signaling.
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esis is that MAP1S may play a role in TLR2 trafficking (30, 31),
which is an intriguing concept regarding the TLR2 signaling
pathway. This hypothesis needs to be investigated further.

TLRs and autophagy play an important role in innate immu-
nity. Recent evidence suggests that TLRs are involved in the
regulation of autophagy (10). In this study, we investigated the
function of MAP1S in TLR signaling-induced autophagy. We
found that MAP1S promoted the recruitment of MyD88 to its
functional site in the cytoplasm and enhanced the expression of
inflammatory cytokines in response to MyD88-dependent TLR
signaling (Fig. 6E). Surprisingly, we also found that it was
MAP1S that led MyD88 to the autophagosome in MyD88-de-
pendent, TLR-activated cells. Consistent with other reports of
TLR signaling-induced autophagy, TLRs promoted phagosome
maturation through the TLR-MyD88-p38 dependent pathway
(10, 11). Our results further indicated that MAP1S promoted
the recruitment of MyD88 and the activation of p38 by signals
from TLRs to enhance maturation of the phagosome. The
underlying mechanism through p38, but not through NF-�B, is
not clear at this moment, although this phenomenon has been
reported (10, 11). The current knowledge to explain this phe-
nomenon may be at the MAPK/IKK level (32, 33), which dis-
tinguishes p38 and NF-kB pathway. However, we do not yet
have evidence showing that MAP1s can interact with a MAPK
(e.g. MEKK3/6). This will be investigated further. Another pos-
sibility is that p38 signaling, but not NF-�B signaling, regulates
phagosome maturation. MAP1S has been suggested to be an
autophagy-promoting protein. Loss of MAP1S leads to the
accumulation of p-AKT, which has been shown to suppressed
autophagy. This is consistent with a previous report showing
that loss of MAP1S dampened autophagy (2).

Moreover, MAP1S associates with microtubules and
autophagic components to affect autophagosomal maturation
(2), and our results show that MAP1S is involved in TLR signal-
ing-induced autophagy through association with MyD88.
These findings may indicate that MAP1S recruits MyD88,
autophagic components, or even endocytic organelles through
association with microtubules. This conclusion is also sup-
ported by another potential mechanism: that TLRs trigger pha-
gosome maturation by increasing the rate of phagosome motil-
ity along microtubules (11).

Recently, there has been increasing interest in the connec-
tion between TLR signaling and autophagy (1, 29, 34). Studies
have mainly focused on the induction of autophagy by TLR
ligands. By knocking out autophagy-associated genes, it has
been demonstrated that autophagy plays a critical role in both
innate and adaptive immunity (9, 35). However, it is unclear
whether this critical role is via the classical autophagy pathway
or whether it results from autophagy-independent functions of
the autophagy genes. We identified an autophagy-associated
protein, MAP1S, that may help to clarify the relationship
between autophagy and phagocytosis. Our results indicate that
the function of MAP1S in TLR signaling may not be solely
through its role in the classical autophagy pathway but an
autophagy-independent function of the gene in addition to its
function in classical autophagy. This protein, normally involved
in autophagy (2), also interfaces with the cell surface-initiated
TLR-MyD88-p38 pathway to regulate bacterial phagocytosis.

Unveiling the interaction between MAP1S and MyD88 repre-
sents a potential target to concurrently manipulate autophagy
and bacterial phagocytosis to block phagolysosomal fusion and
prevent a deadly overshoot of immune responses, such as septic
shock.
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