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Nucleus

Engagement

Formation of 
phagocytic cup

Nacent phagosome
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Late phagosome
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1-2 min after sealing

2-10 min after sealing

10-30 min after sealing

> 30 min after sealing

Figure 1.1: The six stages of phagocytosis as described by Steinberg and Grinstein (2008).
Phagosome formation consists of engagement, formation of the phagocytic cup and formation of the
nacent phagosome. Phagosome maturation involves the three last stages; early phagosome, late
phagosome and phagolysosome. Elapsed time between the different stages will depend on cell type
and nature of phagosomal content.
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Figure 1.2: Human TLRs: Their ligands and signalling pathways. TLRs form homodimers or
heterodimers in response to several different PAMPs and activate transcription of proinflammatory
cytokines or interferons through the MyD88 dependent or MyD88 independent signalling pathway.
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Table 1.1:

Name Type Function in microbial host defense

Streptococcus pneumoniae E. coli,
Legionella pneumophila Salmonella typhimurium

Listeria monocytogenes Chlamydia muridarum
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1.1.2.3 Toll-like receptor 4 

Figure 1.3: Crystal structure of TLR4 in
complex with MD 2 and lipid A. TLR4 is
displayed as the signalling homodimer
(blue and green). One MD 2 molecule is
found associated with the concave face
of each TLR4 molecule, and five of the
six acyl chains of Lipid A (red) is buried in
a hydrophobic pocket of MD 2 leaving
the sixth acyl chain to interact with TLR4
(Park et al., 2009). Printed with
permission.
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Figure 1.4: Key steps in the activation of NF B and IRF 3 downstream of TLR4. The TLR4/MD 2
receptor complex is activated by LPS binding and signals from the plasma membrane through the
MyD88 dependent pathway and from endosomes/phagosomes via the MyD88 independent
pathway. The two pathways end up with phosphorylation and nuclear translocation of the
transcription factors NF B (here with typical subunits p50 and p65) and IRF 3, followed by
transcription of genes for proinflammatory cytokines and IFN 1, respectively. Both the MyD88
dependent and the MyD88 independent pathways are able to activate TRAF6, which further
activates the TAK1 complex leading to phosphorylation and degradation of I B for reversal of its
inhibitory function and release of NF B. TAK1 can also be activated by the MyD88 independent
pathway through RIP1. The MyD88 independent pathway activates TRAF3, which activates the kinase
TBK1 and finally phosphorylate IRF 3.
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Figure 1.5: Proteolytic activation of IL 1 and IL 18 by the inflammasome. PAMPs will activate TLRs
and result in the expression of pro IL 1 and pro IL 18. PRRs can also directly activate NLRP3
inflammasomes. Proteolytic activation of caspase 1 and subsequent proteolytic activation of IL 1
and IL 18 by the inflammasomes are initiated by a multitude of stimuli. Known inflammasomes
consists of one or more NLRs and pro caspase 1. ASC is not always obligate, but is usually needed for
full IL 1 secretion.
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1.3.1 Rab11a

Figure 1.6: Structure of Rab11a and effector
protein. Crystal structure of Rab11a molecules
(yellow and purple), in complex with FIP2
(pink and green) shows two FIP2 molecules
bridging two molecules of Rab11a (Jagoe et
al., 2006). Printed with permission.

Rab11 family interacting proteins (FIPs):

Rab11BP:
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Phosphatidylinositol 4 kinase :

1.4 Bacterial strategies for evasion of innate immunity

Figure 1.7: Some mechanisms of bacterial evasion employed by immune cells. Bacteria are able to
evade the innate immune system by several mechanisms including modification of surface, escape
from the phagolysosomal pathway, expression of enzymes to neutralize ROS and AMPs, subversion
of phaogcytes and immunosupression.
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Figure 1.8: Whole genome comparison of Y. pestis and Y. pseudotuberculosis. Genome map of Y.
pseudotuberculosis IP32953 (A) and Y. pestis CO92 (B) shows great genetic similarity (75 % more than
97 % identical) between the organisms and a complex genetic rearrangement. Circles 5 and 6 from
the centre show homologous regions in colour code, black segments represent genome specific
regions. The orientation of each region is indicated by strand (circle 5; strand, circle 6; + strand)
(Chain et al., 2004). Printed in accordance with PNAS guidelines for reprint.
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Figure 4.1: Confocal image analysis example. Step I: Acquire 3D images by confocal microscopy
making sure the images are within the dynamic range of the microscope and minimizing bleaching of
the sample. Example image shows phagocytosed E. coli (red) and fluorescently marked TLR4 (green).
Step II: Make pseudolayers that cover the structure of interest. E. coli and TLR4 are kept red and
green, respectively. Step III: Pseudolayers are manipulated to retrieve the desired subset of
structures. In this example the figure shows discrimination of TLR4 structures not containing E. coli
(blue) from TLR4 structures containing E. coli /phagosomes (magenta). Step IV: The software
produces the parameters of each subset of structures using the information in the actual confocal
image that is covered by the pseudolayers to be used for statistical analysis.
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Figure 4.2: Trafficking of TLR4 to the phagosome. TLR4 on the plasma membrane is internalized
during phagosome formation. ERC is found inside the tube like structure of Golgi (Red) and transport
of TLR4 (small arrows) from this compartment to phagosomes is controlled by Rab11a. Transcription
of proinflammatory cytokines is mediated by the MyD88 dependent pathway (unbroken line) with a
smaller contribution form the MyD88 independent pathway (thin, unbroken line). The MyD88
independent pathway (unbroken line) is initiated from phagosomes and governs the transcription of
IFN 1s.

4.3 Consequences of the ERC to phagosome trafficking route
on TLR4 signalling
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SUMMARY

Toll-like receptor 4 (TLR4) is indispensable for recog-
nition of Gram-negative bacteria. We described a
trafficking pathway for TLR4 from the endocytic
recycling compartment (ERC) to E. coli phagosomes.
We found a prominent colocalization between TLR4
and the small GTPase Rab11a in the ERC, and
Rab11a was involved in the recruitment of TLR4 to
phagosomes in a process requiring TLR4 signaling.
Also, Toll-receptor-associated molecule (TRAM)
and interferon regulatory factor-3 (IRF3) localized to
E. coli phagosomes and internalization of E. coli
was required for a robust interferon-b induction.
Suppression of Rab11a reduced TLR4 in the ERC
and on phagosomes leading to inhibition of the
IRF3 signaling pathway induced by E. coli, whereas
activation of the transcription factor NF-kBwas unaf-
fected. Moreover, Rab11a silencing reduced the
amount of TRAM on phagosomes. Thus, Rab11a is
an important regulator of TLR4 and TRAM transport
to E. coli phagosomes thereby controlling IRF3 acti-
vation from this compartment.

INTRODUCTION

Toll-like receptor 4 (TLR4) has an essential role in host defense

against Gram-negative bacteria (Montminy et al., 2006; Poltorak

et al., 1998). The signaling receptor for lipopolysaccharide (LPS)

is TLR4 in complex with myeloid differentiation factor 2 (MD-2),

which receives LPS from CD14 (Gioannini et al., 2004). The

TLR4 signaling cascade is mediated through the Toll and Inter-

leukin-1 receptor (TIR)-adaptors myeloid differentiation factor

88 (MyD88), TIR-domain-containing adaptor protein (TIRAP,

also known as MyD88 adaptor-like protein), Toll-receptor-asso-

ciated activator of interferon (TRIF), Toll-receptor-associated

molecule (TRAM), and Sterile a- and armadillo-motif containing

protein (SARM) (O’Neill and Bowie, 2007). TLR4 signaling

proceeds through a MyD88-dependent and MyD88-indepen-

dent pathway. The MyD88-dependent pathway rapidly activates

NF-kB and mainly takes place at the plasma membrane (Kagan

and Medzhitov, 2006; Latz et al., 2002), whereas the MyD88-

indenpendent pathway activates interferon regulatory factor-3

(IRF3) and occurs at early endosomes (Halaas et al., 2007; Kagan

et al., 2008). Systemic infections with Gram-negative bacteria

may lead to septic shock, multiorgan failure, and death (Waage

et al., 1989). Therefore, fine-tuning of the TLR4 response is

of essential importance in regulating inflammatory reactions

against Gram-negative bacteria.

Macrophages and neutrophils eliminate invading pathogens

and foreign particles by first ingesting them into a plasma

membrane-derived intracellular vacuole termed the phagosome.

The formation of the phagosome and phagocytosis per se is

a receptor-mediated and actin-dependent process. The result-

ing phagosome undergoes a series of fusion and fission events

through a sequence that resembles the endocytic pathway,

referred to as phagosomal maturation (Flannagan et al., 2009).

Although soluble LPS is a primary inducer of host responses

against Gram-negative bacteria, LPS on the bacterial surface

contributes to both phagocytosis and TLR4 signaling. This is

demonstrated by recent data showing that MD-2 acts as an

opsonin for Gram-negative bacteria (Jain et al., 2008; Tissières

et al., 2008). Having MD-2 on the surface of Gram-negative

bacteria is likely to result in binding to and aggregation of TLR4

on the envelope that forms during phagocytosis. A consequence

of TLR4 aggregation is potent signaling events that can be

demonstrated as high tumor necrosis factor (TNF) production

in human PBMC (Latz et al., 2002).

Rab proteins are small guanosine triphosphatases (GTPases)

that have key roles in membrane transport and fusion (Jordens

et al., 2005). Rab4 is a main regulator of exocytosis and rapid
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(IRF3) and occurs at early endosomes (Halaas et al., 2007; Kagan

et al., 2008). Systemic infections with Gram-negative bacteria

may lead to septic shock, multiorgan failure, and death (Waage

et al., 1989). Therefore, fine-tuning of the TLR4 response is

of essential importance in regulating inflammatory reactions

against Gram-negative bacteria.

Macrophages and neutrophils eliminate invading pathogens

and foreign particles by first ingesting them into a plasma

membrane-derived intracellular vacuole termed the phagosome.

The formation of the phagosome and phagocytosis per se is

a receptor-mediated and actin-dependent process. The result-

ing phagosome undergoes a series of fusion and fission events

through a sequence that resembles the endocytic pathway,

referred to as phagosomal maturation (Flannagan et al., 2009).

Although soluble LPS is a primary inducer of host responses

against Gram-negative bacteria, LPS on the bacterial surface

contributes to both phagocytosis and TLR4 signaling. This is

demonstrated by recent data showing that MD-2 acts as an

opsonin for Gram-negative bacteria (Jain et al., 2008; Tissières

et al., 2008). Having MD-2 on the surface of Gram-negative

bacteria is likely to result in binding to and aggregation of TLR4

on the envelope that forms during phagocytosis. A consequence

of TLR4 aggregation is potent signaling events that can be

demonstrated as high tumor necrosis factor (TNF) production

in human PBMC (Latz et al., 2002).

Rab proteins are small guanosine triphosphatases (GTPases)

that have key roles in membrane transport and fusion (Jordens

et al., 2005). Rab4 is a main regulator of exocytosis and rapid
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SUMMARY

Toll-like receptor 4 (TLR4) is indispensable for recog-
nition of Gram-negative bacteria. We described a
trafficking pathway for TLR4 from the endocytic
recycling compartment (ERC) to E. coli phagosomes.
We found a prominent colocalization between TLR4
and the small GTPase Rab11a in the ERC, and
Rab11a was involved in the recruitment of TLR4 to
phagosomes in a process requiring TLR4 signaling.
Also, Toll-receptor-associated molecule (TRAM)
and interferon regulatory factor-3 (IRF3) localized to
E. coli phagosomes and internalization of E. coli
was required for a robust interferon-b induction.
Suppression of Rab11a reduced TLR4 in the ERC
and on phagosomes leading to inhibition of the
IRF3 signaling pathway induced by E. coli, whereas
activation of the transcription factor NF-kBwas unaf-
fected. Moreover, Rab11a silencing reduced the
amount of TRAM on phagosomes. Thus, Rab11a is
an important regulator of TLR4 and TRAM transport
to E. coli phagosomes thereby controlling IRF3 acti-
vation from this compartment.

INTRODUCTION
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demonstrated by recent data showing that MD-2 acts as an
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et al., 2008). Having MD-2 on the surface of Gram-negative

bacteria is likely to result in binding to and aggregation of TLR4

on the envelope that forms during phagocytosis. A consequence

of TLR4 aggregation is potent signaling events that can be

demonstrated as high tumor necrosis factor (TNF) production
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recycling of membrane receptors whereas Rab5 and Rab7

control early endocytic transport and late endocytic membrane

traffic, respectively. Thus, both Rab5 and Rab7 have essential

functions in phagosomematuration (Kinchen and Ravichandran,

2008). The Rab11 subfamily consists of three isoforms—

Rab11a, Rab11b, and Rab25. Rab11a and Rab11b are ubiqui-

tously expressed, whereas Rab25 expression is restricted to

epithelial cells (Goldenring et al., 1993; Lapierre et al., 2003).

Rab11 proteins regulate the ‘‘slow’’ recycling of the transferrin

receptor to the plasma membrane and Rab11 is highly concen-

trated in the perinuclear endocytic recycling compartment (ERC)

(Ullrich et al., 1996). Like all GTPases of the Ras family, Rab11

functions as a molecular switch. Rabs associate with mem-

branes in the guanosine diphosphate (GDP)-bound form and

switch to a GTP-bound conformation in a reaction catalyzed

by a GEF (guanine-nucleotide-exchange factor). In the active

GTP-bound state, they interact with downstream effector pro-

teins that coordinate vesicle formation, vesicle and organelle

motility, and the tethering of vesicles to their target compartment

(Zerial and McBride, 2001). Rab11 binds to Rab11 family inter-

acting protein 2 (FIP2) that recruits the actin motor MyoVb that

mediates transports of cargo along actin filaments (Jordens

et al., 2005; Wei et al., 2009). Of interest, Rab11 has been

reported to be associated with phagosomes (Cox et al., 2000)

and to be involved in the intracellular transport of pro-TNF from

the Golgi complex to the phagocytic cup (Murray et al., 2005).

TLR2 is recruited to macrophage phagosomes containing

zymosan particles and S. aureus (Ip et al., 2008; Nilsen et al.,

2004) as well as to immunoglobulin-G (IgG)-coated erythrocytes

(Ozinsky et al., 2000). Also, TLR4 accumulates at the phagocytic

cup that develops around E. coli in HEK293 cells overexpressing

TLR4, CD14, and MD-2 (Espevik et al., 2003). However, no

information exists on possible functions of Rab11 in cytokine

responses and whether Rab11 controls trafficking of TLR4 to

phagosomes containing Gram-negative bacteria.

We found that TLR4 strongly colocalized with Rab11a, in

particular in the ERC. Our data demonstrate that Rab11a

controls trafficking of TLR4 in and out of ERC and that Rab11a

is involved in transport of TLR4 to the E. coli phagosome.

Furthermore, we have documented that phagocytosis of E. coli

is required for interferon-b (IFN-b) production and that Rab11a

is a specific regulator of TLR4-induced IRF3 activation and

IFN-b production.

RESULTS

Perinuclear TLR4 Is Located in the Rab11a+ ERC
Earlier reports suggest that the large perinuclear pool of TLR4 is

localized to the Golgi apparatus (Hornef et al., 2002; Latz et al.,

2002; Uronen-Hansson et al., 2004). However, because the

Rab11-positive perinuclear endocytic recycling compartment

(ERC) is in close vicinity to the Golgi apparatus (Jones et al.,

2006; Saraste and Goud, 2007), we wanted to carefully analyze

in 3D the spatial localization of TLR4 in relation to markers for

Golgi and ERC. HEK293 cells stably expressing TLR4 fused to

yellow fluorescent protein (TLR4YFP) were transfected with

a trans-medial Golgi marker b-1,4-galactosyl transferase fused

to cyan fluorescent protein (b-1,4-GTCFP) and subjected to

optical sectioning. As can be seen in Figure 1A, there is only

a partial overlap between TLR4 and b-1,4-GTCFP that identifies

the trans-medial Golgi as a ring structure (Misaki et al., 2007).

The highest TLR4 intensity was found inside the center of the

Golgi ring, which is clearly visualized in both planar and ortho-

graphic projections (Figure 1A). We next examined whether the

high amounts of TLR4 expression inside the Golgi ring repre-

sented the Rab11a-positive ERC. HEK293-TLR4YFP cells were

labeled with Rab11a antibodies and examined by confocal

microscopy. The results demonstrate that there is a strong

colocalization of TLR4 and endogenous Rab11a (Figure 1B) sug-

gesting that TLR4 accumulates in the ERC. Similar data were

also obtained when Rab11aCFP was expressed in the HEK293-

TLR4YFP cells (Figure 1C; Figure S1A available online). Transfec-

tion of a dominant-negative GDP-bound version of Rab11a

(Rab11aSNGFP) into HEK293-TLR4Cherry caused a redistribution

of TLR4 from ERC to endosomes close to the plasma mem-

brane, whereas the constitutively active GTP variant of Rab11a

(Rab11aQLGFP) sequestered TLR4 in numerous vesicles that

were positive for Rab11aQLGFP (Figures 1D and 1E). Thus,

Rab11a has an essential role in localization of TLR4 to the ERC.

In addition to the marked accumulation in ERC, Rab11a was

also expressed on tubular structures throughout the cell and

on the limiting membrane of enlarged endosomes where it fre-

quently colocalized with TLR4 (Figure S1A). Three-dimensional

reconstruction of optical sections revealed that TLR4 and

Rab11a were colocalized inside the cis-Golgi ring in HEK293-

TLR4YFP cells (Figure 1C; Figure S1B). Because TLR4YFP is over-

expressed in HEK293 cells, wewanted to confirm the above data

in human monocytes. Relatively low amounts of TLR4 are found

on the plasma membrane of human monocytes, whereas

considerable amounts of TLR4 are detected in intracellular

compartments (Latz et al., 2002). By using antibodies against

a trans-medial Golgi marker and TLR4, we found that TLR4

was concentrated inside the Golgi ring also in monocytes (Fig-

ure 2A). Furthermore, TLR4 and Rab11a displayed a marked

colocalization in human monocytes, particularly in the perinu-

clear ERC (Figure 2B). Rab11 has been reported to interact

with G protein-coupled receptors (Parent et al., 2009). There-

fore, we examined whether TLR4 and Rab11a could physically

interact. Coimmunoprecipitation experiments were carried out

in HEK293 cells stably expressing HA-tagged TLR4 and cotrans-

fected with Flag-tagged Rab11a; however, no association

between TLR4 and Rab11a was observed (Figure S2). These

data demonstrate that TLR4 accumulates in the Ra11a+ ERC

that is located inside the Golgi ring.

TLR4 and Rab11a Accumulate around Phagocytosed
E. coli but Not around S. aureus

Because TLR4 and Rab11a showed prominent colocalization,

we wanted to investigate the role for Rab11a in trafficking of

TLR4 to phagosomes containing E. coli. Human monocytes

were incubated with pHrodo (a pH-sensitive, rhodamine-based

dye)-labeled E. coli or S. aureus bioparticles before they were

fixed and stained for TLR4. A strong accumulation of TLR4

around E. coli phagosomes was observed (Figure 3A). In early

phases of phagosome formation, TLR4 seemed to be recruited

to the phagocytic cup from intracellular vesicles whereas later

in the phagocytosis process, TLR4 was found around the

E. coli particle (Figures S3A and S3B). Recruitment of TLR4 to
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is a specific regulator of TLR4-induced IRF3 activation and

IFN-b production.

RESULTS

Perinuclear TLR4 Is Located in the Rab11a+ ERC
Earlier reports suggest that the large perinuclear pool of TLR4 is

localized to the Golgi apparatus (Hornef et al., 2002; Latz et al.,

2002; Uronen-Hansson et al., 2004). However, because the

Rab11-positive perinuclear endocytic recycling compartment

(ERC) is in close vicinity to the Golgi apparatus (Jones et al.,

2006; Saraste and Goud, 2007), we wanted to carefully analyze

in 3D the spatial localization of TLR4 in relation to markers for

Golgi and ERC. HEK293 cells stably expressing TLR4 fused to

yellow fluorescent protein (TLR4YFP) were transfected with

a trans-medial Golgi marker b-1,4-galactosyl transferase fused

to cyan fluorescent protein (b-1,4-GTCFP) and subjected to

optical sectioning. As can be seen in Figure 1A, there is only

a partial overlap between TLR4 and b-1,4-GTCFP that identifies

the trans-medial Golgi as a ring structure (Misaki et al., 2007).

The highest TLR4 intensity was found inside the center of the

Golgi ring, which is clearly visualized in both planar and ortho-

graphic projections (Figure 1A). We next examined whether the

high amounts of TLR4 expression inside the Golgi ring repre-

sented the Rab11a-positive ERC. HEK293-TLR4YFP cells were

labeled with Rab11a antibodies and examined by confocal

microscopy. The results demonstrate that there is a strong

colocalization of TLR4 and endogenous Rab11a (Figure 1B) sug-

gesting that TLR4 accumulates in the ERC. Similar data were

also obtained when Rab11aCFP was expressed in the HEK293-

TLR4YFP cells (Figure 1C; Figure S1A available online). Transfec-

tion of a dominant-negative GDP-bound version of Rab11a

(Rab11aSNGFP) into HEK293-TLR4Cherry caused a redistribution

of TLR4 from ERC to endosomes close to the plasma mem-

brane, whereas the constitutively active GTP variant of Rab11a

(Rab11aQLGFP) sequestered TLR4 in numerous vesicles that

were positive for Rab11aQLGFP (Figures 1D and 1E). Thus,

Rab11a has an essential role in localization of TLR4 to the ERC.

In addition to the marked accumulation in ERC, Rab11a was

also expressed on tubular structures throughout the cell and

on the limiting membrane of enlarged endosomes where it fre-

quently colocalized with TLR4 (Figure S1A). Three-dimensional

reconstruction of optical sections revealed that TLR4 and

Rab11a were colocalized inside the cis-Golgi ring in HEK293-

TLR4YFP cells (Figure 1C; Figure S1B). Because TLR4YFP is over-

expressed in HEK293 cells, wewanted to confirm the above data

in human monocytes. Relatively low amounts of TLR4 are found

on the plasma membrane of human monocytes, whereas

considerable amounts of TLR4 are detected in intracellular

compartments (Latz et al., 2002). By using antibodies against

a trans-medial Golgi marker and TLR4, we found that TLR4

was concentrated inside the Golgi ring also in monocytes (Fig-

ure 2A). Furthermore, TLR4 and Rab11a displayed a marked

colocalization in human monocytes, particularly in the perinu-

clear ERC (Figure 2B). Rab11 has been reported to interact

with G protein-coupled receptors (Parent et al., 2009). There-

fore, we examined whether TLR4 and Rab11a could physically

interact. Coimmunoprecipitation experiments were carried out

in HEK293 cells stably expressing HA-tagged TLR4 and cotrans-

fected with Flag-tagged Rab11a; however, no association

between TLR4 and Rab11a was observed (Figure S2). These

data demonstrate that TLR4 accumulates in the Ra11a+ ERC

that is located inside the Golgi ring.

TLR4 and Rab11a Accumulate around Phagocytosed
E. coli but Not around S. aureus

Because TLR4 and Rab11a showed prominent colocalization,

we wanted to investigate the role for Rab11a in trafficking of

TLR4 to phagosomes containing E. coli. Human monocytes

were incubated with pHrodo (a pH-sensitive, rhodamine-based

dye)-labeled E. coli or S. aureus bioparticles before they were

fixed and stained for TLR4. A strong accumulation of TLR4

around E. coli phagosomes was observed (Figure 3A). In early

phases of phagosome formation, TLR4 seemed to be recruited

to the phagocytic cup from intracellular vesicles whereas later

in the phagocytosis process, TLR4 was found around the

E. coli particle (Figures S3A and S3B). Recruitment of TLR4 to
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the trans-medial Golgi as a ring structure (Misaki et al., 2007).

The highest TLR4 intensity was found inside the center of the

Golgi ring, which is clearly visualized in both planar and ortho-

graphic projections (Figure 1A). We next examined whether the
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fore, we examined whether TLR4 and Rab11a could physically

interact. Coimmunoprecipitation experiments were carried out

in HEK293 cells stably expressing HA-tagged TLR4 and cotrans-

fected with Flag-tagged Rab11a; however, no association

between TLR4 and Rab11a was observed (Figure S2). These

data demonstrate that TLR4 accumulates in the Ra11a+ ERC

that is located inside the Golgi ring.
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dye)-labeled E. coli or S. aureus bioparticles before they were

fixed and stained for TLR4. A strong accumulation of TLR4
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Figure 1. The Rab11a-Positive ERC Contains High Amounts of TLR4 in HEK293 TLR4YFP Cells

Orthographic and planar projection data were obtained via confocal microscopy on fixed cells. Overlapping regions appear as yellow in the overlay panels.

(A) Orthographic projections of HEK293-TLR4YFP cells coexpressing the trans-medial Golgi marker b-1,4 galactosyl transferase linked to CFP (b-1,4 GTCFP).

(B) Planar sections of HEK293-TLR4YFP cells stained for endogenous Rab11a via the Rab11a antibody (ab3612).

(C) 3D modeling of the cis-Golgi (GM130), TLR4YFP, and Rab11aCFP in HEK293-TLR4YFP cells cotransfected with Rab11aCFP, MD-2, and CD14.

(D and E) HEK-TLR4Cherry cells cotransfected with dominant-negative GDP-bound Rab11aSNGFP (D) or constitutive active GTP-bound Rab11aQLGFP (E) together

with MD-2 and CD14.

Scale bars represent 10 mm. Data are representative of four independent experiments. See also Figure S1.

Immunity

Rab11a Controls TLR4 Transport and IRF3 Activation

Immunity 33, 583–596, October 29, 2010 ª2010 Elsevier Inc. 585

Figure 1. The Rab11a-Positive ERC Contains High Amounts of TLR4 in HEK293 TLR4YFP Cells

Orthographic and planar projection data were obtained via confocal microscopy on fixed cells. Overlapping regions appear as yellow in the overlay panels.

(A) Orthographic projections of HEK293-TLR4YFP cells coexpressing the trans-medial Golgi marker b-1,4 galactosyl transferase linked to CFP (b-1,4 GTCFP).

(B) Planar sections of HEK293-TLR4YFP cells stained for endogenous Rab11a via the Rab11a antibody (ab3612).

(C) 3D modeling of the cis-Golgi (GM130), TLR4YFP, and Rab11aCFP in HEK293-TLR4YFP cells cotransfected with Rab11aCFP, MD-2, and CD14.

(D and E) HEK-TLR4Cherry cells cotransfected with dominant-negative GDP-bound Rab11aSNGFP (D) or constitutive active GTP-bound Rab11aQLGFP (E) together

with MD-2 and CD14.

Scale bars represent 10 mm. Data are representative of four independent experiments. See also Figure S1.

Immunity

Rab11a Controls TLR4 Transport and IRF3 Activation

Immunity 33, 583–596, October 29, 2010 ª2010 Elsevier Inc. 585

Figure 1. The Rab11a-Positive ERC Contains High Amounts of TLR4 in HEK293 TLR4YFP Cells

Orthographic and planar projection data were obtained via confocal microscopy on fixed cells. Overlapping regions appear as yellow in the overlay panels.

(A) Orthographic projections of HEK293-TLR4YFP cells coexpressing the trans-medial Golgi marker b-1,4 galactosyl transferase linked to CFP (b-1,4 GTCFP).

(B) Planar sections of HEK293-TLR4YFP cells stained for endogenous Rab11a via the Rab11a antibody (ab3612).

(C) 3D modeling of the cis-Golgi (GM130), TLR4YFP, and Rab11aCFP in HEK293-TLR4YFP cells cotransfected with Rab11aCFP, MD-2, and CD14.

(D and E) HEK-TLR4Cherry cells cotransfected with dominant-negative GDP-bound Rab11aSNGFP (D) or constitutive active GTP-bound Rab11aQLGFP (E) together

with MD-2 and CD14.

Scale bars represent 10 mm. Data are representative of four independent experiments. See also Figure S1.

Immunity

Rab11a Controls TLR4 Transport and IRF3 Activation

Immunity 33, 583–596, October 29, 2010 ª2010 Elsevier Inc. 585

Figure 1. The Rab11a-Positive ERC Contains High Amounts of TLR4 in HEK293 TLR4YFP Cells

Orthographic and planar projection data were obtained via confocal microscopy on fixed cells. Overlapping regions appear as yellow in the overlay panels.

(A) Orthographic projections of HEK293-TLR4YFP cells coexpressing the trans-medial Golgi marker b-1,4 galactosyl transferase linked to CFP (b-1,4 GTCFP).

(B) Planar sections of HEK293-TLR4YFP cells stained for endogenous Rab11a via the Rab11a antibody (ab3612).

(C) 3D modeling of the cis-Golgi (GM130), TLR4YFP, and Rab11aCFP in HEK293-TLR4YFP cells cotransfected with Rab11aCFP, MD-2, and CD14.

(D and E) HEK-TLR4Cherry cells cotransfected with dominant-negative GDP-bound Rab11aSNGFP (D) or constitutive active GTP-bound Rab11aQLGFP (E) together

with MD-2 and CD14.

Scale bars represent 10 mm. Data are representative of four independent experiments. See also Figure S1.

Immunity

Rab11a Controls TLR4 Transport and IRF3 Activation

Immunity 33, 583–596, October 29, 2010 ª2010 Elsevier Inc. 585



E. coli phagosomes was also apparent when live E. coliYFP was

used (data not shown). No accumulation of TLR4 was observed

around S. aureus phagosomes (Figure 3B), suggesting that this

phenomenon is specific for Gram-negative bacteria. We next

investigated whether Rab11a was recruited to phagosomes.

As seen for TLR4, Rab11a showed a clear accumulation around

E. coli- but not S. aureus-containing phagosomes in human

monocytes (Figures 3C and 3D).

Phagocytosis of E. coli Reduces TLR4 and Rab11a
in the ERC
The effect of a challengewith E. coli on the TLR4 pool in ERCwas

investigated. In order to obtain a nonbiased and accurate

measurement of TLR4 intensities, optical sections of monocytes

were obtained and the amounts of TLR4 in the ERC were esti-

mated by measuring the sum of voxel intensity of each ERC

via 3D image analysis. The median TLR4 voxel intensity in the

ERC was estimated in monocytes with and without added

bacteria for 15 min (Figure 4A). A significant reduction of TLR4

in the ERCwas observedwhen E. coliwas added. Also, the voxel

intensity of Rab11a in the ERC was reduced after addition of

E. coli for 15 min (Figure 4B). These data suggest that addition

of E. coli is emptying the ERC for both TLR4 and Rab11a.

TLR4 andRab11a onPhagosomesAreAffected byE. coli
Incubation Time
Next, we monitored the amount of TLR4 and Rab11a on phag-

osomes at different maturation states. In a time kinetic study,

monocytes were exposed to E. coli for 15 min, for 30 min,

and for 30 min followed by an additional 30 min in medium

(‘‘pulse-chase’’). The median TLR4 voxel intensity on E. coli

phagosomes was measured by 3D image analysis for each of

the three time points (Figure 4C). This revealed that the amount

of TLR4 on phagosomes increased as a function of E. coli incu-

bation time. Worth noting is that the 30+30 min pulse-chase

resulted in significant increase of TLR4 on phagosomes com-

pared to the 30 min exposure (Figure 4C). This result suggests

that TLR4 is recruited to the maturing phagosome by mecha-

nisms that involve trafficking of TLR4 mainly from intracellular

compartments. We also wanted to compare the kinetics of

TLR4 and Rab11a accumulation on E. coli phagosomes. In

contrast to TLR4, the amount of Rab11a was highest around

E. coli after 15 min followed by a gradual decrease on matur-

ing phagosomes (Figure 4D). The dynamics of Rab11a recruit-

ment to E. coli was further studied by confocal live cell imag-

ing of immortalized murine macrophages stably expressing

Rab11aGFP (Figures S4A–S4C and Movie S1). Time series

images of an E. coli entering a macrophage revealed that

Rab11aGFP rapidly trafficked by small vesicles and tubules

that seemed to fuse with the developing phagosome (Fig-

ure S4A). After 35 min of E. coli incubation, a considerable

amount of Rab11aGFP was observed on the phagosome and

processes resembling both fusion and fission events of

Rab11aGFP-positive vesicles on phagosomes were observed

(Figures S4B and S4C). The observed reduction in the

Rab11a on maturing phagosomes (Figure 4D) may thus be

Figure 2. The Rab11a-Positive ERC Contains High Amounts of TLR4 in Human Monocytes

Orthographic and planar projection data were obtained with confocal microscopy on fixed cells. Overlapping regions appear as yellow in the overlay panels.

(A) Orthographic projections of a human monocyte costained for TLR4 and trans-medial Golgi (Golgin-97).

(B) Human monocytes costained for TLR4 and Rab11a.

Scale bars represent 10 mm. Data are representative of three independent experiments. See also Figure S2.
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E. coli phagosomes was also apparent when live E. coliYFP was

used (data not shown). No accumulation of TLR4 was observed

around S. aureus phagosomes (Figure 3B), suggesting that this

phenomenon is specific for Gram-negative bacteria. We next

investigated whether Rab11a was recruited to phagosomes.

As seen for TLR4, Rab11a showed a clear accumulation around

E. coli- but not S. aureus-containing phagosomes in human

monocytes (Figures 3C and 3D).

Phagocytosis of E. coli Reduces TLR4 and Rab11a
in the ERC
The effect of a challengewith E. coli on the TLR4 pool in ERCwas

investigated. In order to obtain a nonbiased and accurate

measurement of TLR4 intensities, optical sections of monocytes

were obtained and the amounts of TLR4 in the ERC were esti-

mated by measuring the sum of voxel intensity of each ERC

via 3D image analysis. The median TLR4 voxel intensity in the

ERC was estimated in monocytes with and without added

bacteria for 15 min (Figure 4A). A significant reduction of TLR4

in the ERCwas observedwhen E. coliwas added. Also, the voxel

intensity of Rab11a in the ERC was reduced after addition of

E. coli for 15 min (Figure 4B). These data suggest that addition

of E. coli is emptying the ERC for both TLR4 and Rab11a.

TLR4 andRab11a onPhagosomesAreAffected byE. coli
Incubation Time
Next, we monitored the amount of TLR4 and Rab11a on phag-

osomes at different maturation states. In a time kinetic study,

monocytes were exposed to E. coli for 15 min, for 30 min,

and for 30 min followed by an additional 30 min in medium

(‘‘pulse-chase’’). The median TLR4 voxel intensity on E. coli

phagosomes was measured by 3D image analysis for each of

the three time points (Figure 4C). This revealed that the amount

of TLR4 on phagosomes increased as a function of E. coli incu-

bation time. Worth noting is that the 30+30 min pulse-chase

resulted in significant increase of TLR4 on phagosomes com-

pared to the 30 min exposure (Figure 4C). This result suggests
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nisms that involve trafficking of TLR4 mainly from intracellular

compartments. We also wanted to compare the kinetics of
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contrast to TLR4, the amount of Rab11a was highest around

E. coli after 15 min followed by a gradual decrease on matur-
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that seemed to fuse with the developing phagosome (Fig-

ure S4A). After 35 min of E. coli incubation, a considerable

amount of Rab11aGFP was observed on the phagosome and

processes resembling both fusion and fission events of

Rab11aGFP-positive vesicles on phagosomes were observed
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E. coli phagosomes was also apparent when live E. coliYFP was

used (data not shown). No accumulation of TLR4 was observed

around S. aureus phagosomes (Figure 3B), suggesting that this

phenomenon is specific for Gram-negative bacteria. We next

investigated whether Rab11a was recruited to phagosomes.

As seen for TLR4, Rab11a showed a clear accumulation around

E. coli- but not S. aureus-containing phagosomes in human

monocytes (Figures 3C and 3D).

Phagocytosis of E. coli Reduces TLR4 and Rab11a
in the ERC
The effect of a challengewith E. coli on the TLR4 pool in ERCwas

investigated. In order to obtain a nonbiased and accurate

measurement of TLR4 intensities, optical sections of monocytes

were obtained and the amounts of TLR4 in the ERC were esti-

mated by measuring the sum of voxel intensity of each ERC

via 3D image analysis. The median TLR4 voxel intensity in the

ERC was estimated in monocytes with and without added

bacteria for 15 min (Figure 4A). A significant reduction of TLR4

in the ERCwas observedwhen E. coliwas added. Also, the voxel

intensity of Rab11a in the ERC was reduced after addition of

E. coli for 15 min (Figure 4B). These data suggest that addition

of E. coli is emptying the ERC for both TLR4 and Rab11a.

TLR4 andRab11a onPhagosomesAreAffected byE. coli
Incubation Time
Next, we monitored the amount of TLR4 and Rab11a on phag-

osomes at different maturation states. In a time kinetic study,

monocytes were exposed to E. coli for 15 min, for 30 min,

and for 30 min followed by an additional 30 min in medium

(‘‘pulse-chase’’). The median TLR4 voxel intensity on E. coli

phagosomes was measured by 3D image analysis for each of

the three time points (Figure 4C). This revealed that the amount

of TLR4 on phagosomes increased as a function of E. coli incu-

bation time. Worth noting is that the 30+30 min pulse-chase

resulted in significant increase of TLR4 on phagosomes com-

pared to the 30 min exposure (Figure 4C). This result suggests

that TLR4 is recruited to the maturing phagosome by mecha-

nisms that involve trafficking of TLR4 mainly from intracellular

compartments. We also wanted to compare the kinetics of

TLR4 and Rab11a accumulation on E. coli phagosomes. In

contrast to TLR4, the amount of Rab11a was highest around

E. coli after 15 min followed by a gradual decrease on matur-

ing phagosomes (Figure 4D). The dynamics of Rab11a recruit-

ment to E. coli was further studied by confocal live cell imag-

ing of immortalized murine macrophages stably expressing

Rab11aGFP (Figures S4A–S4C and Movie S1). Time series

images of an E. coli entering a macrophage revealed that

Rab11aGFP rapidly trafficked by small vesicles and tubules

that seemed to fuse with the developing phagosome (Fig-

ure S4A). After 35 min of E. coli incubation, a considerable

amount of Rab11aGFP was observed on the phagosome and

processes resembling both fusion and fission events of

Rab11aGFP-positive vesicles on phagosomes were observed

(Figures S4B and S4C). The observed reduction in the

Rab11a on maturing phagosomes (Figure 4D) may thus be
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E. coli phagosomes was also apparent when live E. coliYFP was

used (data not shown). No accumulation of TLR4 was observed

around S. aureus phagosomes (Figure 3B), suggesting that this

phenomenon is specific for Gram-negative bacteria. We next

investigated whether Rab11a was recruited to phagosomes.

As seen for TLR4, Rab11a showed a clear accumulation around

E. coli- but not S. aureus-containing phagosomes in human

monocytes (Figures 3C and 3D).

Phagocytosis of E. coli Reduces TLR4 and Rab11a
in the ERC
The effect of a challengewith E. coli on the TLR4 pool in ERCwas

investigated. In order to obtain a nonbiased and accurate

measurement of TLR4 intensities, optical sections of monocytes

were obtained and the amounts of TLR4 in the ERC were esti-

mated by measuring the sum of voxel intensity of each ERC

via 3D image analysis. The median TLR4 voxel intensity in the

ERC was estimated in monocytes with and without added

bacteria for 15 min (Figure 4A). A significant reduction of TLR4

in the ERCwas observedwhen E. coliwas added. Also, the voxel

intensity of Rab11a in the ERC was reduced after addition of

E. coli for 15 min (Figure 4B). These data suggest that addition

of E. coli is emptying the ERC for both TLR4 and Rab11a.

TLR4 andRab11a onPhagosomesAreAffected byE. coli
Incubation Time
Next, we monitored the amount of TLR4 and Rab11a on phag-

osomes at different maturation states. In a time kinetic study,

monocytes were exposed to E. coli for 15 min, for 30 min,

and for 30 min followed by an additional 30 min in medium

(‘‘pulse-chase’’). The median TLR4 voxel intensity on E. coli

phagosomes was measured by 3D image analysis for each of

the three time points (Figure 4C). This revealed that the amount

of TLR4 on phagosomes increased as a function of E. coli incu-
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nisms that involve trafficking of TLR4 mainly from intracellular

compartments. We also wanted to compare the kinetics of

TLR4 and Rab11a accumulation on E. coli phagosomes. In
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ing phagosomes (Figure 4D). The dynamics of Rab11a recruit-
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Figure 2. The Rab11a-Positive ERC Contains High Amounts of TLR4 in Human Monocytes

Orthographic and planar projection data were obtained with confocal microscopy on fixed cells. Overlapping regions appear as yellow in the overlay panels.

(A) Orthographic projections of a human monocyte costained for TLR4 and trans-medial Golgi (Golgin-97).

(B) Human monocytes costained for TLR4 and Rab11a.

Scale bars represent 10 mm. Data are representative of three independent experiments. See also Figure S2.
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due to a time-dependent increase in the fission-fusion ratio of

Rab11a vesicles associated with E. coli phagosomes.

Accumulation of TLR4 around Phagosomes Requires
TLR4 Signaling and Results in Strong IFN-b Induction
We next wanted to see whether Gram-negative bacteria other

than E. coli induced mobilization of TLR4 to the phagosomes,

and whether this phenomenon required an LPS type that acti-

vates TLR4. Y. pestis grown at 37�C produces a tetraacylated

LPS that poorly stimulates TLR4 whereas Y. pestis grown at

26�C produces a hexaacylated LPS with high TLR4-stimulating

properties (Montminy et al., 2006). The two Y. pestis variants

were labeled with CFP, heat-killed bacteria were added to

monocytes, and the median voxel intensity of TLR4 around

Y. pestis phagosomes was quantified with 3D image analysis.

As can be seen from Figure 5A, Y. pestis grown at 37�C was

Figure 3. TLR4 and Rab11a Accumulate around Phagocytosed E. coli, but Not around S. aureus

Human monocytes were incubated with E. coli or S. aureus particles (5.0 3 106/ml) for 15 min and fixed and stained for TLR4 or Rab11a. Overlapping regions

appear as yellow in the overlay panels.

(A) TLR4 accumulates toward the E. coli phagosome. TLR4 (green), E. coli (red), and overlay (right).

(B) TLR4 does not accumulate toward the S. aureus phagosome. TLR4 (green), S. aureus (red), and overlay (right).

(C) Rab11a accumulates toward the E. coli phagosome. Rab11a (green), E. coli (red), and overlay (right).

(D) Rab11a does not accumulate toward the S. aureus phagosome. Rab11a (green), S. aureus (red), and overlay (right).

Scale bars represent 10 mm. Data are representative of three independent experiments. See also Figure S3.
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a poor inducer of TLR4 recruitment to the phagosomes, whereas

TLR4 was strongly recruited to phagososmes with Y. pestis

grown at 26�C. This result suggests that phagosomal TLR4

accumulation requires Gram-negative bacteria that produce

a TLR4-stimulating LPS.

A likely consequence of TLR4 accumulation at the phago-

somes is that TLR4 signaling occurs from this compartment.

In order to initiate TLR4 signaling from the phagosomes, adaptor

molecules must also be recruited. TRAM interacts with TRIF and

is required for IRF3 activation. MyD88 is the universal adaptor for

TLRs that activates NF-kB, c-Jun kinase, and p38 mitogen-acti-

vated protein kinase (O’Neill and Bowie, 2007). Therefore, we

wanted to examine whether the adaptor molecules TRAM and

MyD88 were recruited to phagosomes containing E. coli. We

found that both TRAM and MyD88 strongly accumulated around

phagosomes (Figure 5B; Figures S5A, S5B, and S5E). In line

with the TRAM observation, we also detected prominent recruit-

ment of IRF3 to E. coli phagosomes (Figure 5C; Figure S5C).

These data suggest that E. coli initiates powerful signaling from

this compartment.

Having described that TLR4 accumulation on phagosomes is

associated with TRAM, MyD88, and IRF3 recruitments, we next

wanted to address the involvement of actin filaments, Golgi, and

dynamin GTPase in the recruitment of TLR4 to phagosomes.

Inhibition of actin polymerization with cytochalasin D (cyto D)

reduced the number of internalized bacteria by approximately

65% (Figure S6C) as well as the recruitment of TLR4 to E. coli

phagosomes (Figure 5D). In contrast, brefeldin A, which inhibits

ADP-ribosylation factor 1 (Arf 1) leading to retraction of Golgi

membranes back into the ER, did not influence the amount of

TLR4 associated with E. coli phagosomes (Figure 5E). It has

previously been reported that TLR4 is internalized from the

plasma membrane by a dynamin-dependent process (Husebye

et al., 2006; Kagan et al., 2008). Pulse chase experiments

with E. coli showed that TLR4 was almost doubled during the

30+30min chase experiment (Figure 4C), so we added the dyna-

min inhibitor Dynasore (Kagan et al., 2008) during the last 30 min

of the pulse-chase to see whether this treatment inhibited TLR4

recruitment to phagosomes. Quantitative analyses of phagoso-

mal TLR4 revealed no inhibitory effect of Dynasore. In fact,

Figure 4. Addition of E. coli to Human Monocytes Results in Intracellular Redistribution of TLR4 and Rab11a

Human monocytes were incubated with E. coli particels (2 3 106/ml), fixed, and immunostained for TLR4 or Rab11a.

(A) TLR4 voxel intensity in the ERC in cells incubated with or without E. coli for 15 min was measured (p = 0.001).

(B) Rab11a voxel intensity in the ERC in cells incubated with or without E. coli for 15 min (p < 0.0001).

(C) TLR4 voxel intensity on E. coli phagosomes as a function of incubation time (p < 0.0001 for TLR4 from 15 min to 30+30 min).

(D) Rab11a voxel intensity on E. coli phagosomes as a function of incubation time (p = 0.046 for Rab11a from 15 min to 30+30 min).

Bars in plots represent the median. n = number of observations. Data are representative of three independent experiments. See also Figure S4 and Movie S1.
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found that both TRAM and MyD88 strongly accumulated around

phagosomes (Figure 5B; Figures S5A, S5B, and S5E). In line

with the TRAM observation, we also detected prominent recruit-

ment of IRF3 to E. coli phagosomes (Figure 5C; Figure S5C).

These data suggest that E. coli initiates powerful signaling from

this compartment.

Having described that TLR4 accumulation on phagosomes is

associated with TRAM, MyD88, and IRF3 recruitments, we next

wanted to address the involvement of actin filaments, Golgi, and

dynamin GTPase in the recruitment of TLR4 to phagosomes.

Inhibition of actin polymerization with cytochalasin D (cyto D)

reduced the number of internalized bacteria by approximately

65% (Figure S6C) as well as the recruitment of TLR4 to E. coli

phagosomes (Figure 5D). In contrast, brefeldin A, which inhibits

ADP-ribosylation factor 1 (Arf 1) leading to retraction of Golgi

membranes back into the ER, did not influence the amount of

TLR4 associated with E. coli phagosomes (Figure 5E). It has

previously been reported that TLR4 is internalized from the

plasma membrane by a dynamin-dependent process (Husebye

et al., 2006; Kagan et al., 2008). Pulse chase experiments

with E. coli showed that TLR4 was almost doubled during the

30+30min chase experiment (Figure 4C), so we added the dyna-

min inhibitor Dynasore (Kagan et al., 2008) during the last 30 min

of the pulse-chase to see whether this treatment inhibited TLR4

recruitment to phagosomes. Quantitative analyses of phagoso-

mal TLR4 revealed no inhibitory effect of Dynasore. In fact,

Figure 4. Addition of E. coli to Human Monocytes Results in Intracellular Redistribution of TLR4 and Rab11a

Human monocytes were incubated with E. coli particels (2 3 106/ml), fixed, and immunostained for TLR4 or Rab11a.

(A) TLR4 voxel intensity in the ERC in cells incubated with or without E. coli for 15 min was measured (p = 0.001).

(B) Rab11a voxel intensity in the ERC in cells incubated with or without E. coli for 15 min (p < 0.0001).

(C) TLR4 voxel intensity on E. coli phagosomes as a function of incubation time (p < 0.0001 for TLR4 from 15 min to 30+30 min).

(D) Rab11a voxel intensity on E. coli phagosomes as a function of incubation time (p = 0.046 for Rab11a from 15 min to 30+30 min).

Bars in plots represent the median. n = number of observations. Data are representative of three independent experiments. See also Figure S4 and Movie S1.
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a poor inducer of TLR4 recruitment to the phagosomes, whereas

TLR4 was strongly recruited to phagososmes with Y. pestis

grown at 26�C. This result suggests that phagosomal TLR4

accumulation requires Gram-negative bacteria that produce

a TLR4-stimulating LPS.

A likely consequence of TLR4 accumulation at the phago-

somes is that TLR4 signaling occurs from this compartment.

In order to initiate TLR4 signaling from the phagosomes, adaptor

molecules must also be recruited. TRAM interacts with TRIF and

is required for IRF3 activation. MyD88 is the universal adaptor for

TLRs that activates NF-kB, c-Jun kinase, and p38 mitogen-acti-

vated protein kinase (O’Neill and Bowie, 2007). Therefore, we

wanted to examine whether the adaptor molecules TRAM and

MyD88 were recruited to phagosomes containing E. coli. We

found that both TRAM and MyD88 strongly accumulated around

phagosomes (Figure 5B; Figures S5A, S5B, and S5E). In line

with the TRAM observation, we also detected prominent recruit-

ment of IRF3 to E. coli phagosomes (Figure 5C; Figure S5C).

These data suggest that E. coli initiates powerful signaling from

this compartment.

Having described that TLR4 accumulation on phagosomes is

associated with TRAM, MyD88, and IRF3 recruitments, we next
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TLR4 associated with E. coli phagosomes (Figure 5E). It has
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with E. coli showed that TLR4 was almost doubled during the

30+30min chase experiment (Figure 4C), so we added the dyna-
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of the pulse-chase to see whether this treatment inhibited TLR4

recruitment to phagosomes. Quantitative analyses of phagoso-

mal TLR4 revealed no inhibitory effect of Dynasore. In fact,

Figure 4. Addition of E. coli to Human Monocytes Results in Intracellular Redistribution of TLR4 and Rab11a

Human monocytes were incubated with E. coli particels (2 3 106/ml), fixed, and immunostained for TLR4 or Rab11a.

(A) TLR4 voxel intensity in the ERC in cells incubated with or without E. coli for 15 min was measured (p = 0.001).

(B) Rab11a voxel intensity in the ERC in cells incubated with or without E. coli for 15 min (p < 0.0001).

(C) TLR4 voxel intensity on E. coli phagosomes as a function of incubation time (p < 0.0001 for TLR4 from 15 min to 30+30 min).
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of the pulse-chase to see whether this treatment inhibited TLR4
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Dynasore treatment weakly increased the TLR4 amounts (Fig-

ure 5F). Dynasore treatment inhibited the LPS-induced IFN-b

mRNA by approximately 70%, whereas the LPS-induced TNF

response was inhibited by only 30% (Figure S5F). The E. coli-

induced IFN-b and TNF responses were only weakly inhibited

(15%–18%) when Dynasore was added with the last 30 min

chase (Figure S5F). These results suggest that dynamin is not

involved in TLR4 transport to phagosomes and that the plasma

membrane is not the main source of phagosomal TLR4.

Because of the pronounced accumulation of TLR4, TRAM,

and IRF3 to E. coli phagosomes, we wanted to address the

involvement of phagocytosis in cytokine production. In the first

set of experiments, we compared the potency of E. coli and

LPS from E. coli in inducing IFN-b and TNF mRNA. We found

that themaximum IFN-b response induced by E. coliwas around

700% higher compared to the maximum IFN-b response

induced by LPS. In contrast, the TNF mRNA was only around

60% higher for E. coli compared to LPS (Figures 6A and 6B).

The robust IFN-b response obtained with E. coli seemed to be

specific for Gram-negative bacteria as shown by the fact that

S. aureus did not induce detectable IFN-b under the same exper-

imental conditions (data not shown). Furthermore, the potent

IFN-b induction required LPS in the bacteria because a N. men-

ingitidis mutant without LPS induced minimal IFN-b production

compared to the wild-type N. meningitides (Figure S6A). Thus,

E. coli is far more potent in inducing IFN-b than LPS, whereas

a considerable lesser difference between E. coli and LPS is

seen for the TNF response. Because opsonization of bacteria

increases phagocytosis (Johnston et al., 1969), we used serum-

opsonized and nonopsonized E. coli and compared the induc-

tion of IFN-b and TNF. We observed that opsonization of

E. coli increased the IFN-b production by 300%, whereas opso-

nization increased the TNF response by only 20%. The fact that

opsonization clearly increases the number of internalized E. coli

in monocytes was verified by flow cytometry (data not shown).

Another way to inhibit phagocytosis is to use cyto D. We found

that 2 mMcyto D inhibited E. coli-induced IFN-b by 53%whereas

the TNF response was reduced by only 17%. According to the

dose response curve in Figure 6A, a 10-fold (90%) reduction in

E. coli concentration (from 107/ml to 106/ml) corresponded to

a 50%–60% reduction in the IFN-bmRNA. If we assume a linear

relationship between added E. coli to monocytes and internal-

izedE. coli, a 90% reduction in phagocytosed E. coliwould result

in a 50%–60% inhibition of IFN-b mRNA. Because cyto D treat-

ment inhibited the IFN-b response and E. coli uptake by 53%and

65%, respectively, it is likely that the reduction in IFN-b mRNA

after cyto D treatment is an effect mainly resulting from reduced

uptake, but also from a contribution from failure to deliver TLR4

to the phagosome membrane. Addition of cyto D had minimal

effect on LPS-induced IFN-b and TNF (Figures 6C and 6D).

Together these data clearly demonstrate a selective and impor-

tant role of E. coli phagocytosis in the IFN-b response.

Suppression of Rab11a Results in Emptying of TLR4
from the ERC and Reduction of TLR4 around
Phagosomes
To investigate the role of Rab11a in trafficking of TLR4 from the

ERC to phagosomes, we performed experiments where we

specifically silenced Rab11a. Consequently, human monocytes

and HEK293-TLR4YFP cells were treated with Rab11a siRNA or

nonsilencing control RNA (NS RNA). The silencing was verified

by immunoblotting. The Rab11a amount was reduced by

approximately 90% in HEK293-TLR4YFP cells and 60% in mono-

cytes when quantified with a Kodak Imager (Figure 6E). Suppres-

sion of Rab11a minimally affected the Rab7a in monocytes and

HEK293-TLR4YFP cells (Figure 6E). Also, Rab11a siRNA treat-

ment reduced the mRNA for Rab11a by approximately 60% in

monocytes, whereas the Rab11b mRNA was unaffected (Fig-

ure S6C). After establishing the conditions for proper Rab11a

silencing, we examined whether the intensity of TLR4 in ERC

was affected by this treatment. We observed a significant reduc-

tion in TLR4 voxel intensity in the ERC in monocytes when the

Rab11a was reduced (Figure S6E). This observation was also

verified in HEK293-TLR4YFP cells where the intense accumula-

tion of TLR4 in the ERC disappeared completely in cells treated

with Rab11a siRNA (Figure 6F). Additional experiments via flow

cytometry showed that Rab11a suppression only minimally

affected the total amount of TLR4 in HEK293-TLR4YFP cells

(data not shown). Furthermore, immunoblotting of TLR4 in

monocytes did not reveal a reduction in total TLR4 amounts in

Rab11a-silenced cells (data not shown). We did not observe

a reduction in the number of phagocytosed bacteria in mono-

cytes treated with Rab11a siRNA (Figure S6D). The amount of

phagocytosed bacteria in Rab11a-silenced monocytes was

quantified both by manual counting from the 3D data obtained

from the confocal microscope and by flow cytometry (data not

shown).

We next addressed the role of Rab11a in trafficking of TLR4 to

phagosomes. The amount of TLR4 around E. coli was deter-

mined in monocytes treated with Rab11a siRNA and control

oligo. The result from this experiment revealed an approximately

50% reduction in TLR4 voxel intensity around E. coli in Rab11a-

silenced cells compared to the control siRNA-treated cells

(Figure 6G). The reduced amount of TLR4 on phagosomes was

observed at both 15 min and 30 min after addition of E. coli.

In addition, we observed that recruitment of TRAM to E. coli

phagosomes was reduced by approximately 50% in monocytes

treated with Rab11a siRNA (Figure 6H). In parallel experiments

we did not observe reduction in recruitment of MyD88 to

E. coli phagosomes in monocytes treated with Rab11a siRNA

(Figure S6G). Taken together, our results show that Rab11a

controls trafficking of both TLR4 and TRAM to the E. coli phag-

osome most probably by mechanisms affecting the transport

of TLR4 and TRAM vesicles in and out of the ERC.

Suppression of Rab11a Selectively Inhibits
E. coli-Induced IRF3 Activation and IFN-b Production
TLR4 activates MyD88- and TRAM-TRIF-dependent signal-

ing pathways from the plasma membrane and the endo-

some, respectively. Therefore, we wanted to address whether

Rab11a differentially affected these two pathways in monocytes

and in HEK293-TLR4 cells. We first examined the effect of

Rab11a siRNA treatment on IRF3 phosporylation in monocytes

stimulated with E. coli and LPS. As can be seen from Figures

7A and 7B, Rab11a silencing resulted in an almost complete inhi-

bition of IRF3 phosphorylation induced by both E. coli and LPS.

We next explored whether activation of NF-kB was affected by

Rab11a siRNA treatment. NF-kB activation was measured as
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Dynasore treatment weakly increased the TLR4 amounts (Fig-

ure 5F). Dynasore treatment inhibited the LPS-induced IFN-b

mRNA by approximately 70%, whereas the LPS-induced TNF

response was inhibited by only 30% (Figure S5F). The E. coli-

induced IFN-b and TNF responses were only weakly inhibited

(15%–18%) when Dynasore was added with the last 30 min

chase (Figure S5F). These results suggest that dynamin is not

involved in TLR4 transport to phagosomes and that the plasma

membrane is not the main source of phagosomal TLR4.

Because of the pronounced accumulation of TLR4, TRAM,

and IRF3 to E. coli phagosomes, we wanted to address the

involvement of phagocytosis in cytokine production. In the first

set of experiments, we compared the potency of E. coli and

LPS from E. coli in inducing IFN-b and TNF mRNA. We found

that themaximum IFN-b response induced by E. coliwas around

700% higher compared to the maximum IFN-b response

induced by LPS. In contrast, the TNF mRNA was only around

60% higher for E. coli compared to LPS (Figures 6A and 6B).

The robust IFN-b response obtained with E. coli seemed to be

specific for Gram-negative bacteria as shown by the fact that

S. aureus did not induce detectable IFN-b under the same exper-

imental conditions (data not shown). Furthermore, the potent

IFN-b induction required LPS in the bacteria because a N. men-

ingitidis mutant without LPS induced minimal IFN-b production

compared to the wild-type N. meningitides (Figure S6A). Thus,

E. coli is far more potent in inducing IFN-b than LPS, whereas

a considerable lesser difference between E. coli and LPS is

seen for the TNF response. Because opsonization of bacteria

increases phagocytosis (Johnston et al., 1969), we used serum-

opsonized and nonopsonized E. coli and compared the induc-

tion of IFN-b and TNF. We observed that opsonization of

E. coli increased the IFN-b production by 300%, whereas opso-

nization increased the TNF response by only 20%. The fact that

opsonization clearly increases the number of internalized E. coli

in monocytes was verified by flow cytometry (data not shown).

Another way to inhibit phagocytosis is to use cyto D. We found

that 2 mMcyto D inhibited E. coli-induced IFN-b by 53%whereas

the TNF response was reduced by only 17%. According to the

dose response curve in Figure 6A, a 10-fold (90%) reduction in

E. coli concentration (from 107/ml to 106/ml) corresponded to

a 50%–60% reduction in the IFN-bmRNA. If we assume a linear

relationship between added E. coli to monocytes and internal-

izedE. coli, a 90% reduction in phagocytosed E. coliwould result

in a 50%–60% inhibition of IFN-b mRNA. Because cyto D treat-

ment inhibited the IFN-b response and E. coli uptake by 53%and

65%, respectively, it is likely that the reduction in IFN-b mRNA

after cyto D treatment is an effect mainly resulting from reduced

uptake, but also from a contribution from failure to deliver TLR4

to the phagosome membrane. Addition of cyto D had minimal

effect on LPS-induced IFN-b and TNF (Figures 6C and 6D).

Together these data clearly demonstrate a selective and impor-

tant role of E. coli phagocytosis in the IFN-b response.

Suppression of Rab11a Results in Emptying of TLR4
from the ERC and Reduction of TLR4 around
Phagosomes
To investigate the role of Rab11a in trafficking of TLR4 from the

ERC to phagosomes, we performed experiments where we

specifically silenced Rab11a. Consequently, human monocytes

and HEK293-TLR4YFP cells were treated with Rab11a siRNA or

nonsilencing control RNA (NS RNA). The silencing was verified

by immunoblotting. The Rab11a amount was reduced by

approximately 90% in HEK293-TLR4YFP cells and 60% in mono-

cytes when quantified with a Kodak Imager (Figure 6E). Suppres-

sion of Rab11a minimally affected the Rab7a in monocytes and

HEK293-TLR4YFP cells (Figure 6E). Also, Rab11a siRNA treat-

ment reduced the mRNA for Rab11a by approximately 60% in

monocytes, whereas the Rab11b mRNA was unaffected (Fig-

ure S6C). After establishing the conditions for proper Rab11a

silencing, we examined whether the intensity of TLR4 in ERC

was affected by this treatment. We observed a significant reduc-

tion in TLR4 voxel intensity in the ERC in monocytes when the

Rab11a was reduced (Figure S6E). This observation was also

verified in HEK293-TLR4YFP cells where the intense accumula-

tion of TLR4 in the ERC disappeared completely in cells treated

with Rab11a siRNA (Figure 6F). Additional experiments via flow

cytometry showed that Rab11a suppression only minimally

affected the total amount of TLR4 in HEK293-TLR4YFP cells

(data not shown). Furthermore, immunoblotting of TLR4 in

monocytes did not reveal a reduction in total TLR4 amounts in

Rab11a-silenced cells (data not shown). We did not observe

a reduction in the number of phagocytosed bacteria in mono-

cytes treated with Rab11a siRNA (Figure S6D). The amount of
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quantified both by manual counting from the 3D data obtained
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shown).
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(Figure S6G). Taken together, our results show that Rab11a
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some, respectively. Therefore, we wanted to address whether

Rab11a differentially affected these two pathways in monocytes

and in HEK293-TLR4 cells. We first examined the effect of

Rab11a siRNA treatment on IRF3 phosporylation in monocytes

stimulated with E. coli and LPS. As can be seen from Figures

7A and 7B, Rab11a silencing resulted in an almost complete inhi-

bition of IRF3 phosphorylation induced by both E. coli and LPS.

We next explored whether activation of NF-kB was affected by

Rab11a siRNA treatment. NF-kB activation was measured as

Immunity

Rab11a Controls TLR4 Transport and IRF3 Activation

Immunity 33, 583–596, October 29, 2010 ª2010 Elsevier Inc. 589

Dynasore treatment weakly increased the TLR4 amounts (Fig-

ure 5F). Dynasore treatment inhibited the LPS-induced IFN-b

mRNA by approximately 70%, whereas the LPS-induced TNF

response was inhibited by only 30% (Figure S5F). The E. coli-

induced IFN-b and TNF responses were only weakly inhibited

(15%–18%) when Dynasore was added with the last 30 min

chase (Figure S5F). These results suggest that dynamin is not

involved in TLR4 transport to phagosomes and that the plasma

membrane is not the main source of phagosomal TLR4.

Because of the pronounced accumulation of TLR4, TRAM,

and IRF3 to E. coli phagosomes, we wanted to address the

involvement of phagocytosis in cytokine production. In the first

set of experiments, we compared the potency of E. coli and

LPS from E. coli in inducing IFN-b and TNF mRNA. We found

that themaximum IFN-b response induced by E. coliwas around

700% higher compared to the maximum IFN-b response

induced by LPS. In contrast, the TNF mRNA was only around

60% higher for E. coli compared to LPS (Figures 6A and 6B).

The robust IFN-b response obtained with E. coli seemed to be

specific for Gram-negative bacteria as shown by the fact that

S. aureus did not induce detectable IFN-b under the same exper-

imental conditions (data not shown). Furthermore, the potent

IFN-b induction required LPS in the bacteria because a N. men-

ingitidis mutant without LPS induced minimal IFN-b production

compared to the wild-type N. meningitides (Figure S6A). Thus,

E. coli is far more potent in inducing IFN-b than LPS, whereas

a considerable lesser difference between E. coli and LPS is

seen for the TNF response. Because opsonization of bacteria

increases phagocytosis (Johnston et al., 1969), we used serum-

opsonized and nonopsonized E. coli and compared the induc-

tion of IFN-b and TNF. We observed that opsonization of

E. coli increased the IFN-b production by 300%, whereas opso-

nization increased the TNF response by only 20%. The fact that

opsonization clearly increases the number of internalized E. coli

in monocytes was verified by flow cytometry (data not shown).

Another way to inhibit phagocytosis is to use cyto D. We found

that 2 mMcyto D inhibited E. coli-induced IFN-b by 53%whereas

the TNF response was reduced by only 17%. According to the

dose response curve in Figure 6A, a 10-fold (90%) reduction in

E. coli concentration (from 107/ml to 106/ml) corresponded to

a 50%–60% reduction in the IFN-bmRNA. If we assume a linear

relationship between added E. coli to monocytes and internal-

izedE. coli, a 90% reduction in phagocytosed E. coliwould result

in a 50%–60% inhibition of IFN-b mRNA. Because cyto D treat-

ment inhibited the IFN-b response and E. coli uptake by 53%and

65%, respectively, it is likely that the reduction in IFN-b mRNA

after cyto D treatment is an effect mainly resulting from reduced

uptake, but also from a contribution from failure to deliver TLR4

to the phagosome membrane. Addition of cyto D had minimal

effect on LPS-induced IFN-b and TNF (Figures 6C and 6D).

Together these data clearly demonstrate a selective and impor-

tant role of E. coli phagocytosis in the IFN-b response.

Suppression of Rab11a Results in Emptying of TLR4
from the ERC and Reduction of TLR4 around
Phagosomes
To investigate the role of Rab11a in trafficking of TLR4 from the

ERC to phagosomes, we performed experiments where we

specifically silenced Rab11a. Consequently, human monocytes

and HEK293-TLR4YFP cells were treated with Rab11a siRNA or

nonsilencing control RNA (NS RNA). The silencing was verified

by immunoblotting. The Rab11a amount was reduced by

approximately 90% in HEK293-TLR4YFP cells and 60% in mono-

cytes when quantified with a Kodak Imager (Figure 6E). Suppres-

sion of Rab11a minimally affected the Rab7a in monocytes and

HEK293-TLR4YFP cells (Figure 6E). Also, Rab11a siRNA treat-

ment reduced the mRNA for Rab11a by approximately 60% in

monocytes, whereas the Rab11b mRNA was unaffected (Fig-

ure S6C). After establishing the conditions for proper Rab11a

silencing, we examined whether the intensity of TLR4 in ERC
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phagosomes. The amount of TLR4 around E. coli was deter-
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observed at both 15 min and 30 min after addition of E. coli.
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(Figure S6G). Taken together, our results show that Rab11a
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ing pathways from the plasma membrane and the endo-

some, respectively. Therefore, we wanted to address whether

Rab11a differentially affected these two pathways in monocytes

and in HEK293-TLR4 cells. We first examined the effect of

Rab11a siRNA treatment on IRF3 phosporylation in monocytes

stimulated with E. coli and LPS. As can be seen from Figures

7A and 7B, Rab11a silencing resulted in an almost complete inhi-

bition of IRF3 phosphorylation induced by both E. coli and LPS.

We next explored whether activation of NF-kB was affected by
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treated with Rab11a siRNA (Figure 6H). In parallel experiments

we did not observe reduction in recruitment of MyD88 to
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(Figure S6G). Taken together, our results show that Rab11a
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some, respectively. Therefore, we wanted to address whether

Rab11a differentially affected these two pathways in monocytes

and in HEK293-TLR4 cells. We first examined the effect of

Rab11a siRNA treatment on IRF3 phosporylation in monocytes

stimulated with E. coli and LPS. As can be seen from Figures

7A and 7B, Rab11a silencing resulted in an almost complete inhi-
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Figure 5. Recruitment of TLR4 to E. coli Phagosomes Requires TLR4 Signaling and Intact Actin Filaments, but Not Dynamin

Human monocytes incubated with bacterial particles, fixed, and immunostained for TLR4, TRAM, and MyD88; with normal rabbit IgG as control antibody.

(A) TLR4 recruitment to the phagosome requires TLR4 signaling. Fold increase in phagosomal TLR4 voxel intensity in cells immunostained for TLR4 versus cells

stained with control antibody. Cells were incubated 30 min with heat-killed Y. pestis (2 3 106/ml) cultured at 26�C or 37�C.
(B) TRAM voxel intensity on E. coli phagosomes (p < 0.0001).

(C) IRF3 voxel intensity on E. coli phagosomes. An increase in IRF3 was observed from 30 min to 30+30 min (p < 0.0028).

(D) TLR4 recruitment to E. coli phagosomes requires intact actin filaments. Cells were pretreated with 2 mM cytochalasin D (cyto D) or vehicle (DMSO) for 30 min

and incubated with E. coli for 30 min in the presence of inhibitor or vehicle (p < 0.0001).

(E) TLR4 recruitment to E. coli phagosomes occurs independent of Golgi. The cells were pretreated with 5 mg/ml Brefeldin A or vehicle (DMSO) and incubated

30 min with E. coli in the presence of inhibitor or vehicle.
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degradation of IkB-a after addition of E. coli. Suppression of

Rab11a did not affect IkB-a degradation either in monocytes

(Figure 7C) or in HEK293-TLR4YFP cells expressing MD-2 and

CD14 (Figure 7D). This result suggests that NF-kB activation is

not controlled by Rab11a. The role of Rab11a in IRF3 activation

was confirmed via IRF3 and NF-kB reporter assays. The Gal4-

IRF3 fusion protein and the endothelial adhesion molecule-

luciferase (ELAM-luc) reporter were used to measure IRF3

and NF-kB activation, respectively, in HEK293-TLR4Cherry cells

expressingMD-2 and CD14. Rab11a knockdown gave amarked

inhibition of E. coli- and LPS-induced signaling to IRF3, whereas

NF-kB activation was unaffected (Figures 7E and 7F). Additional

support for the selectivity of Rab11a in controlling E. coli-

induced signaling to IRF3 was obtained by measuring nuclear

translocation of IRF3 and NF-kB subunit p65 in monocytes.

Suppressing the Rab11a led to a significant inhibition of IRF3

that translocated to the nucleus in response to E. coli (Fig-

ure 7G). In contrast, p65 translocation was not inhibited by the

siRNA treatment (Figure 7H). In fact, Rab11a suppression

resulted in a weak increase in p65 translocation after 30 min

with E. coli. In line with these findings, treatment of monocytes

with Rab11a siRNA led to a 65% inhibition of E. coli-induced

IFN-b mRNA production at both 30 and 60 min of stimulation,

whereas the TNF mRNA amounts were unaffected (Figures 7I

and 7J). When E. coli and LPS responses were compared, it

became apparent that Rab11a siRNA treatment selectively

inhibited LPS-induced IFN-b production that was comparable

to E. coli (Figure S7).

In summary, our results demonstrate that Rab11a has an

essential function in localizing TLR4 to phagosomes and control-

ling IRF3 activation and IFN-b production in response to E. coli

and also LPS.

DISCUSSION

Phagocytosis and concomitant induction of proinflammatory

cytokines are two instrumental events of an innate immune

response against bacteria. In this study we describe an unex-

pected route for TLR4 recruitment to the E. coli phagosome by

recycling mechanisms involving Rab11a. This conclusion is

based on our observations that TLR4 is strongly expressed in

the Rab11a-positive ERC that is localized inside the Golgi ring.

Furthermore, TLR4 and Rab11a were recruited to E. coli phago-

somes and suppression of Rab11a significantly inhibited the

amount of TLR4 and TRAM around the phagosomes as well as

signaling to IRF3 and IFN-b induction. The rapid accumulation

of TLR4 was not observed in response to Gram-positive bacteria

S. aureus or against Y. pestis with a nonstimulating LPS, sug-

gesting that recruitment of TLR4 to E. coli requires TLR4

signaling.

Phagocytosis of E. coli and recruitment of TLR4, TRAM, and

IRF3 to the phagosome implicate a strong type I IFN response

from the vacuole. Indeed, our data have demonstrated that

phagocytosis of E. coli is required for a robust IFN-b response,

whereas phagocytosis is minimally involved in the TNF

response. Recently, Ip and coworkers (Ip et al., 2010) reported

that phagocytosis is necessary for MyD88-dependent TNF

production induced by Gram-positive bacteria although this is

not the case for Gram-negative bacteria. They also showed

that phagosome acidification was needed to initiate the TNF

production induced by S. aureus. We found that lysosomal inhib-

itors like Bafilomycin A1 and NH4Cl inhibited neither IRF3 phos-

porylation nor the IFN-b response induced by E. coli (data not

shown), suggesting that LPS in the bacterium is already acces-

sible for TLR4 sensing without the need for enzymatic process-

ing in the phagosome. The IRF3 pathway can be activated by

LPS in the absence of phagosomes; however, because E. coli

is much more potent in inducing IFN-b compared to LPS, it is

likely that internalization of the bacteria is the prevailing pathway

for IFN-b production during E. coli infections.

Our data have demonstrated that Rab11a mediates trafficking

of TLR4 from the ERC to E. coli phagosomes. We suggest that

TLR4 recycling to phagosomes from the ERC may occur consti-

tutively without the need for TLR4 signaling. This would be in

accord with the fact that Rab11 regulates the constitutive recy-

cling of transferrin receptors through the ERC (Ullrich et al.,

1996). When TLR4 encounters a phagosome with E. coli, TLR4

is activated for signaling, which may lead to formation of stable

receptor complexes and development of signaling platforms

resulting in TLR4 accumulation. This statement is supported by

our observations that TRAM, MyD88, and IRF3 are all present

on E. coli phagosomes. Moreover, as the maturation proceeds,

TLR4 may then be internalized into the lumen of intermediate

and late phagosomes by mechanisms similar to the described

sorting of the LPS receptor complex to late endosomes and lyso-

somes (Husebye et al., 2006; Kobayashi et al., 2006).

Kagan and coworkers have suggested that TLR4 is recruited

to the endosome from the plasma membrane and that TRAM-

TRIF displaces MyD88 on the endosome as the TLR4 signaling

switches from a MyD88- to a TRAM-TRIF-dependent pathway.

Our data have suggested a different model where Rab11a medi-

ates recruitment of TLR4 from the ERC to the E. coli phagosome.

Our model is supported by data showing that TLR4 is strongly

expressed in the ERC compared to the plasma membrane,

silencing of Rab11a results in a marked reduction of TLR4 in

the ERC and also around E. coli vacuoles, and the amount of

TLR4 on phagosomes increases during phagosomal matura-

tion. Furthermore, inhibition of dynamin with Dynasore inhibits

internalization of TLR4 (Kagan et al., 2008); however, Dynasore

did not inhibit TLR4 recruitment to E. coli phagosomes. Thus,

our data suggest that TLR4 is recruited from the ERC to phago-

somes allowing for TRIF signaling to occur. This is further sup-

ported by our observations showing that Rab11a controls

TRAM recruitment to phagosomes. Despite the evidence for

our model that the ERC is the major source for phagosomal

TLR4, it cannot be excluded that also a sequential MyD88- and

(F) Inhibition of dynamin does not cause a reduction in phagosomal TLR4. Monocytes were incubated for 2 hr under serum-free conditions and treated for 30min

with opsonized E. coli. Subsequently the cells were washed two times and incubated for 30 min with 80 mM Dynasore or vehicle (DMSO) in serum-free medium

(p = 0.0002 for DMSO and Dynasore treatments).

Monocytes were incubated with E. coli particles (3.0–8.0 3 106/ml) (B–F).

Bars in plots represent the median. n = number of observations. Data are representative of three independent experiments. See also Figure S5.
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degradation of IkB-a after addition of E. coli. Suppression of

Rab11a did not affect IkB-a degradation either in monocytes

(Figure 7C) or in HEK293-TLR4YFP cells expressing MD-2 and

CD14 (Figure 7D). This result suggests that NF-kB activation is

not controlled by Rab11a. The role of Rab11a in IRF3 activation

was confirmed via IRF3 and NF-kB reporter assays. The Gal4-

IRF3 fusion protein and the endothelial adhesion molecule-

luciferase (ELAM-luc) reporter were used to measure IRF3

and NF-kB activation, respectively, in HEK293-TLR4Cherry cells

expressingMD-2 and CD14. Rab11a knockdown gave amarked

inhibition of E. coli- and LPS-induced signaling to IRF3, whereas

NF-kB activation was unaffected (Figures 7E and 7F). Additional

support for the selectivity of Rab11a in controlling E. coli-

induced signaling to IRF3 was obtained by measuring nuclear

translocation of IRF3 and NF-kB subunit p65 in monocytes.

Suppressing the Rab11a led to a significant inhibition of IRF3

that translocated to the nucleus in response to E. coli (Fig-

ure 7G). In contrast, p65 translocation was not inhibited by the

siRNA treatment (Figure 7H). In fact, Rab11a suppression

resulted in a weak increase in p65 translocation after 30 min

with E. coli. In line with these findings, treatment of monocytes

with Rab11a siRNA led to a 65% inhibition of E. coli-induced

IFN-b mRNA production at both 30 and 60 min of stimulation,

whereas the TNF mRNA amounts were unaffected (Figures 7I

and 7J). When E. coli and LPS responses were compared, it

became apparent that Rab11a siRNA treatment selectively

inhibited LPS-induced IFN-b production that was comparable

to E. coli (Figure S7).

In summary, our results demonstrate that Rab11a has an

essential function in localizing TLR4 to phagosomes and control-

ling IRF3 activation and IFN-b production in response to E. coli

and also LPS.

DISCUSSION

Phagocytosis and concomitant induction of proinflammatory

cytokines are two instrumental events of an innate immune

response against bacteria. In this study we describe an unex-

pected route for TLR4 recruitment to the E. coli phagosome by

recycling mechanisms involving Rab11a. This conclusion is

based on our observations that TLR4 is strongly expressed in

the Rab11a-positive ERC that is localized inside the Golgi ring.

Furthermore, TLR4 and Rab11a were recruited to E. coli phago-

somes and suppression of Rab11a significantly inhibited the

amount of TLR4 and TRAM around the phagosomes as well as

signaling to IRF3 and IFN-b induction. The rapid accumulation

of TLR4 was not observed in response to Gram-positive bacteria

S. aureus or against Y. pestis with a nonstimulating LPS, sug-

gesting that recruitment of TLR4 to E. coli requires TLR4

signaling.

Phagocytosis of E. coli and recruitment of TLR4, TRAM, and

IRF3 to the phagosome implicate a strong type I IFN response

from the vacuole. Indeed, our data have demonstrated that

phagocytosis of E. coli is required for a robust IFN-b response,

whereas phagocytosis is minimally involved in the TNF

response. Recently, Ip and coworkers (Ip et al., 2010) reported

that phagocytosis is necessary for MyD88-dependent TNF

production induced by Gram-positive bacteria although this is

not the case for Gram-negative bacteria. They also showed

that phagosome acidification was needed to initiate the TNF

production induced by S. aureus. We found that lysosomal inhib-

itors like Bafilomycin A1 and NH4Cl inhibited neither IRF3 phos-

porylation nor the IFN-b response induced by E. coli (data not

shown), suggesting that LPS in the bacterium is already acces-

sible for TLR4 sensing without the need for enzymatic process-

ing in the phagosome. The IRF3 pathway can be activated by

LPS in the absence of phagosomes; however, because E. coli

is much more potent in inducing IFN-b compared to LPS, it is

likely that internalization of the bacteria is the prevailing pathway

for IFN-b production during E. coli infections.

Our data have demonstrated that Rab11a mediates trafficking

of TLR4 from the ERC to E. coli phagosomes. We suggest that

TLR4 recycling to phagosomes from the ERC may occur consti-

tutively without the need for TLR4 signaling. This would be in

accord with the fact that Rab11 regulates the constitutive recy-

cling of transferrin receptors through the ERC (Ullrich et al.,

1996). When TLR4 encounters a phagosome with E. coli, TLR4

is activated for signaling, which may lead to formation of stable

receptor complexes and development of signaling platforms

resulting in TLR4 accumulation. This statement is supported by

our observations that TRAM, MyD88, and IRF3 are all present

on E. coli phagosomes. Moreover, as the maturation proceeds,

TLR4 may then be internalized into the lumen of intermediate

and late phagosomes by mechanisms similar to the described

sorting of the LPS receptor complex to late endosomes and lyso-

somes (Husebye et al., 2006; Kobayashi et al., 2006).

Kagan and coworkers have suggested that TLR4 is recruited

to the endosome from the plasma membrane and that TRAM-

TRIF displaces MyD88 on the endosome as the TLR4 signaling

switches from a MyD88- to a TRAM-TRIF-dependent pathway.

Our data have suggested a different model where Rab11a medi-

ates recruitment of TLR4 from the ERC to the E. coli phagosome.

Our model is supported by data showing that TLR4 is strongly

expressed in the ERC compared to the plasma membrane,

silencing of Rab11a results in a marked reduction of TLR4 in

the ERC and also around E. coli vacuoles, and the amount of

TLR4 on phagosomes increases during phagosomal matura-

tion. Furthermore, inhibition of dynamin with Dynasore inhibits

internalization of TLR4 (Kagan et al., 2008); however, Dynasore

did not inhibit TLR4 recruitment to E. coli phagosomes. Thus,

our data suggest that TLR4 is recruited from the ERC to phago-

somes allowing for TRIF signaling to occur. This is further sup-

ported by our observations showing that Rab11a controls

TRAM recruitment to phagosomes. Despite the evidence for

our model that the ERC is the major source for phagosomal

TLR4, it cannot be excluded that also a sequential MyD88- and

(F) Inhibition of dynamin does not cause a reduction in phagosomal TLR4. Monocytes were incubated for 2 hr under serum-free conditions and treated for 30min

with opsonized E. coli. Subsequently the cells were washed two times and incubated for 30 min with 80 mM Dynasore or vehicle (DMSO) in serum-free medium

(p = 0.0002 for DMSO and Dynasore treatments).

Monocytes were incubated with E. coli particles (3.0–8.0 3 106/ml) (B–F).

Bars in plots represent the median. n = number of observations. Data are representative of three independent experiments. See also Figure S5.
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degradation of IkB-a after addition of E. coli. Suppression of

Rab11a did not affect IkB-a degradation either in monocytes

(Figure 7C) or in HEK293-TLR4YFP cells expressing MD-2 and

CD14 (Figure 7D). This result suggests that NF-kB activation is

not controlled by Rab11a. The role of Rab11a in IRF3 activation

was confirmed via IRF3 and NF-kB reporter assays. The Gal4-

IRF3 fusion protein and the endothelial adhesion molecule-

luciferase (ELAM-luc) reporter were used to measure IRF3

and NF-kB activation, respectively, in HEK293-TLR4Cherry cells

expressingMD-2 and CD14. Rab11a knockdown gave amarked

inhibition of E. coli- and LPS-induced signaling to IRF3, whereas

NF-kB activation was unaffected (Figures 7E and 7F). Additional

support for the selectivity of Rab11a in controlling E. coli-

induced signaling to IRF3 was obtained by measuring nuclear

translocation of IRF3 and NF-kB subunit p65 in monocytes.

Suppressing the Rab11a led to a significant inhibition of IRF3

that translocated to the nucleus in response to E. coli (Fig-

ure 7G). In contrast, p65 translocation was not inhibited by the

siRNA treatment (Figure 7H). In fact, Rab11a suppression

resulted in a weak increase in p65 translocation after 30 min

with E. coli. In line with these findings, treatment of monocytes

with Rab11a siRNA led to a 65% inhibition of E. coli-induced

IFN-b mRNA production at both 30 and 60 min of stimulation,

whereas the TNF mRNA amounts were unaffected (Figures 7I

and 7J). When E. coli and LPS responses were compared, it

became apparent that Rab11a siRNA treatment selectively

inhibited LPS-induced IFN-b production that was comparable

to E. coli (Figure S7).

In summary, our results demonstrate that Rab11a has an

essential function in localizing TLR4 to phagosomes and control-

ling IRF3 activation and IFN-b production in response to E. coli

and also LPS.

DISCUSSION

Phagocytosis and concomitant induction of proinflammatory

cytokines are two instrumental events of an innate immune

response against bacteria. In this study we describe an unex-

pected route for TLR4 recruitment to the E. coli phagosome by

recycling mechanisms involving Rab11a. This conclusion is

based on our observations that TLR4 is strongly expressed in

the Rab11a-positive ERC that is localized inside the Golgi ring.

Furthermore, TLR4 and Rab11a were recruited to E. coli phago-

somes and suppression of Rab11a significantly inhibited the

amount of TLR4 and TRAM around the phagosomes as well as

signaling to IRF3 and IFN-b induction. The rapid accumulation

of TLR4 was not observed in response to Gram-positive bacteria

S. aureus or against Y. pestis with a nonstimulating LPS, sug-

gesting that recruitment of TLR4 to E. coli requires TLR4

signaling.

Phagocytosis of E. coli and recruitment of TLR4, TRAM, and

IRF3 to the phagosome implicate a strong type I IFN response

from the vacuole. Indeed, our data have demonstrated that

phagocytosis of E. coli is required for a robust IFN-b response,

whereas phagocytosis is minimally involved in the TNF

response. Recently, Ip and coworkers (Ip et al., 2010) reported

that phagocytosis is necessary for MyD88-dependent TNF

production induced by Gram-positive bacteria although this is

not the case for Gram-negative bacteria. They also showed

that phagosome acidification was needed to initiate the TNF

production induced by S. aureus. We found that lysosomal inhib-

itors like Bafilomycin A1 and NH4Cl inhibited neither IRF3 phos-

porylation nor the IFN-b response induced by E. coli (data not

shown), suggesting that LPS in the bacterium is already acces-

sible for TLR4 sensing without the need for enzymatic process-

ing in the phagosome. The IRF3 pathway can be activated by

LPS in the absence of phagosomes; however, because E. coli

is much more potent in inducing IFN-b compared to LPS, it is

likely that internalization of the bacteria is the prevailing pathway

for IFN-b production during E. coli infections.

Our data have demonstrated that Rab11a mediates trafficking

of TLR4 from the ERC to E. coli phagosomes. We suggest that

TLR4 recycling to phagosomes from the ERC may occur consti-

tutively without the need for TLR4 signaling. This would be in

accord with the fact that Rab11 regulates the constitutive recy-

cling of transferrin receptors through the ERC (Ullrich et al.,

1996). When TLR4 encounters a phagosome with E. coli, TLR4

is activated for signaling, which may lead to formation of stable

receptor complexes and development of signaling platforms

resulting in TLR4 accumulation. This statement is supported by

our observations that TRAM, MyD88, and IRF3 are all present

on E. coli phagosomes. Moreover, as the maturation proceeds,

TLR4 may then be internalized into the lumen of intermediate

and late phagosomes by mechanisms similar to the described

sorting of the LPS receptor complex to late endosomes and lyso-

somes (Husebye et al., 2006; Kobayashi et al., 2006).

Kagan and coworkers have suggested that TLR4 is recruited

to the endosome from the plasma membrane and that TRAM-

TRIF displaces MyD88 on the endosome as the TLR4 signaling

switches from a MyD88- to a TRAM-TRIF-dependent pathway.

Our data have suggested a different model where Rab11a medi-

ates recruitment of TLR4 from the ERC to the E. coli phagosome.

Our model is supported by data showing that TLR4 is strongly

expressed in the ERC compared to the plasma membrane,

silencing of Rab11a results in a marked reduction of TLR4 in

the ERC and also around E. coli vacuoles, and the amount of

TLR4 on phagosomes increases during phagosomal matura-

tion. Furthermore, inhibition of dynamin with Dynasore inhibits

internalization of TLR4 (Kagan et al., 2008); however, Dynasore

did not inhibit TLR4 recruitment to E. coli phagosomes. Thus,

our data suggest that TLR4 is recruited from the ERC to phago-

somes allowing for TRIF signaling to occur. This is further sup-

ported by our observations showing that Rab11a controls

TRAM recruitment to phagosomes. Despite the evidence for

our model that the ERC is the major source for phagosomal

TLR4, it cannot be excluded that also a sequential MyD88- and

(F) Inhibition of dynamin does not cause a reduction in phagosomal TLR4. Monocytes were incubated for 2 hr under serum-free conditions and treated for 30min

with opsonized E. coli. Subsequently the cells were washed two times and incubated for 30 min with 80 mM Dynasore or vehicle (DMSO) in serum-free medium

(p = 0.0002 for DMSO and Dynasore treatments).

Monocytes were incubated with E. coli particles (3.0–8.0 3 106/ml) (B–F).

Bars in plots represent the median. n = number of observations. Data are representative of three independent experiments. See also Figure S5.
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degradation of IkB-a after addition of E. coli. Suppression of

Rab11a did not affect IkB-a degradation either in monocytes

(Figure 7C) or in HEK293-TLR4YFP cells expressing MD-2 and

CD14 (Figure 7D). This result suggests that NF-kB activation is

not controlled by Rab11a. The role of Rab11a in IRF3 activation

was confirmed via IRF3 and NF-kB reporter assays. The Gal4-

IRF3 fusion protein and the endothelial adhesion molecule-

luciferase (ELAM-luc) reporter were used to measure IRF3

and NF-kB activation, respectively, in HEK293-TLR4Cherry cells

expressingMD-2 and CD14. Rab11a knockdown gave amarked

inhibition of E. coli- and LPS-induced signaling to IRF3, whereas

NF-kB activation was unaffected (Figures 7E and 7F). Additional

support for the selectivity of Rab11a in controlling E. coli-

induced signaling to IRF3 was obtained by measuring nuclear

translocation of IRF3 and NF-kB subunit p65 in monocytes.

Suppressing the Rab11a led to a significant inhibition of IRF3

that translocated to the nucleus in response to E. coli (Fig-

ure 7G). In contrast, p65 translocation was not inhibited by the

siRNA treatment (Figure 7H). In fact, Rab11a suppression

resulted in a weak increase in p65 translocation after 30 min

with E. coli. In line with these findings, treatment of monocytes

with Rab11a siRNA led to a 65% inhibition of E. coli-induced

IFN-b mRNA production at both 30 and 60 min of stimulation,

whereas the TNF mRNA amounts were unaffected (Figures 7I

and 7J). When E. coli and LPS responses were compared, it

became apparent that Rab11a siRNA treatment selectively

inhibited LPS-induced IFN-b production that was comparable

to E. coli (Figure S7).

In summary, our results demonstrate that Rab11a has an

essential function in localizing TLR4 to phagosomes and control-

ling IRF3 activation and IFN-b production in response to E. coli

and also LPS.

DISCUSSION

Phagocytosis and concomitant induction of proinflammatory

cytokines are two instrumental events of an innate immune

response against bacteria. In this study we describe an unex-

pected route for TLR4 recruitment to the E. coli phagosome by

recycling mechanisms involving Rab11a. This conclusion is

based on our observations that TLR4 is strongly expressed in

the Rab11a-positive ERC that is localized inside the Golgi ring.

Furthermore, TLR4 and Rab11a were recruited to E. coli phago-

somes and suppression of Rab11a significantly inhibited the

amount of TLR4 and TRAM around the phagosomes as well as

signaling to IRF3 and IFN-b induction. The rapid accumulation

of TLR4 was not observed in response to Gram-positive bacteria

S. aureus or against Y. pestis with a nonstimulating LPS, sug-

gesting that recruitment of TLR4 to E. coli requires TLR4

signaling.

Phagocytosis of E. coli and recruitment of TLR4, TRAM, and

IRF3 to the phagosome implicate a strong type I IFN response

from the vacuole. Indeed, our data have demonstrated that

phagocytosis of E. coli is required for a robust IFN-b response,

whereas phagocytosis is minimally involved in the TNF

response. Recently, Ip and coworkers (Ip et al., 2010) reported

that phagocytosis is necessary for MyD88-dependent TNF

production induced by Gram-positive bacteria although this is

not the case for Gram-negative bacteria. They also showed

that phagosome acidification was needed to initiate the TNF

production induced by S. aureus. We found that lysosomal inhib-

itors like Bafilomycin A1 and NH4Cl inhibited neither IRF3 phos-

porylation nor the IFN-b response induced by E. coli (data not

shown), suggesting that LPS in the bacterium is already acces-

sible for TLR4 sensing without the need for enzymatic process-

ing in the phagosome. The IRF3 pathway can be activated by

LPS in the absence of phagosomes; however, because E. coli

is much more potent in inducing IFN-b compared to LPS, it is

likely that internalization of the bacteria is the prevailing pathway

for IFN-b production during E. coli infections.

Our data have demonstrated that Rab11a mediates trafficking

of TLR4 from the ERC to E. coli phagosomes. We suggest that

TLR4 recycling to phagosomes from the ERC may occur consti-

tutively without the need for TLR4 signaling. This would be in

accord with the fact that Rab11 regulates the constitutive recy-

cling of transferrin receptors through the ERC (Ullrich et al.,

1996). When TLR4 encounters a phagosome with E. coli, TLR4

is activated for signaling, which may lead to formation of stable

receptor complexes and development of signaling platforms

resulting in TLR4 accumulation. This statement is supported by

our observations that TRAM, MyD88, and IRF3 are all present

on E. coli phagosomes. Moreover, as the maturation proceeds,

TLR4 may then be internalized into the lumen of intermediate

and late phagosomes by mechanisms similar to the described

sorting of the LPS receptor complex to late endosomes and lyso-

somes (Husebye et al., 2006; Kobayashi et al., 2006).

Kagan and coworkers have suggested that TLR4 is recruited

to the endosome from the plasma membrane and that TRAM-

TRIF displaces MyD88 on the endosome as the TLR4 signaling

switches from a MyD88- to a TRAM-TRIF-dependent pathway.

Our data have suggested a different model where Rab11a medi-

ates recruitment of TLR4 from the ERC to the E. coli phagosome.

Our model is supported by data showing that TLR4 is strongly

expressed in the ERC compared to the plasma membrane,

silencing of Rab11a results in a marked reduction of TLR4 in

the ERC and also around E. coli vacuoles, and the amount of

TLR4 on phagosomes increases during phagosomal matura-

tion. Furthermore, inhibition of dynamin with Dynasore inhibits

internalization of TLR4 (Kagan et al., 2008); however, Dynasore

did not inhibit TLR4 recruitment to E. coli phagosomes. Thus,

our data suggest that TLR4 is recruited from the ERC to phago-

somes allowing for TRIF signaling to occur. This is further sup-

ported by our observations showing that Rab11a controls

TRAM recruitment to phagosomes. Despite the evidence for

our model that the ERC is the major source for phagosomal

TLR4, it cannot be excluded that also a sequential MyD88- and

(F) Inhibition of dynamin does not cause a reduction in phagosomal TLR4. Monocytes were incubated for 2 hr under serum-free conditions and treated for 30min

with opsonized E. coli. Subsequently the cells were washed two times and incubated for 30 min with 80 mM Dynasore or vehicle (DMSO) in serum-free medium

(p = 0.0002 for DMSO and Dynasore treatments).

Monocytes were incubated with E. coli particles (3.0–8.0 3 106/ml) (B–F).

Bars in plots represent the median. n = number of observations. Data are representative of three independent experiments. See also Figure S5.
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Figure 6. E. coli-Induced IFN-b Signaling Requires Phagocytosis, and TLR4 Recruitment to Phagosomes Is Rab11a Dependent

(A and B) Induction of IFN-bmRNA (A) and TNFmRNA (B) inmonocytes stimulated for 60minwith different concentrations of E. coli particles or LPS. The amounts

of IFN-b and TNF mRNAs were determined by QPCR and is presented as mean relative to nonstimulated monocytes and standard deviations.

(C and D) Induction of IFN-b (C) and TNF mRNAs (D) in monocytes stimulated with E. coli particles (8.0 3 106/ml) or LPS (100 ng/ml) for 60 min. The impact of

phagocytosis was examined by incubation with or without human A+ serum, with or without preopsonization as well as the phagocytosis inhibitor Cyto D or

vehicle (DMSO). The amounts of IFN-b and TNF mRNAs were determined by QPCR and are presented as mean relative to nonstimulated monocytes and

standard deviations.

(E) HEK293-TLR4YFP cells or human monocytes were treated with nonsilencing RNA oligo (NS RNA) or Rab11a siRNA, cellular lysates were made, and immu-

noblotting performed with Rab11a antibody (ab3612) or Rab7a antibody. GAPDH was used for control of equal loading.

(F) Confocal image of TLR4YFP (green) in HEK293-TLR4YFP cells coexpressing b-1,4 GTCFP (red) treated with NS RNA (left) or Rab11a siRNA (right). The arrow

indicates the center of the Golgi ring.

(G) TLR4 on E. coli phagosomes in monocytes treated with NS RNA or Rab11a siRNA and stimulated with E. coli particles (33 106/ml), p = 0.05 and p = 0.03 for

TLR4 amounts in NS RNA compared to Rab11a siRNA-treated cells at 15 min and 30 min, respectively.
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Figure 6. E. coli-Induced IFN-b Signaling Requires Phagocytosis, and TLR4 Recruitment to Phagosomes Is Rab11a Dependent

(A and B) Induction of IFN-bmRNA (A) and TNFmRNA (B) inmonocytes stimulated for 60minwith different concentrations of E. coli particles or LPS. The amounts

of IFN-b and TNF mRNAs were determined by QPCR and is presented as mean relative to nonstimulated monocytes and standard deviations.

(C and D) Induction of IFN-b (C) and TNF mRNAs (D) in monocytes stimulated with E. coli particles (8.0 3 106/ml) or LPS (100 ng/ml) for 60 min. The impact of

phagocytosis was examined by incubation with or without human A+ serum, with or without preopsonization as well as the phagocytosis inhibitor Cyto D or

vehicle (DMSO). The amounts of IFN-b and TNF mRNAs were determined by QPCR and are presented as mean relative to nonstimulated monocytes and

standard deviations.

(E) HEK293-TLR4YFP cells or human monocytes were treated with nonsilencing RNA oligo (NS RNA) or Rab11a siRNA, cellular lysates were made, and immu-

noblotting performed with Rab11a antibody (ab3612) or Rab7a antibody. GAPDH was used for control of equal loading.

(F) Confocal image of TLR4YFP (green) in HEK293-TLR4YFP cells coexpressing b-1,4 GTCFP (red) treated with NS RNA (left) or Rab11a siRNA (right). The arrow

indicates the center of the Golgi ring.

(G) TLR4 on E. coli phagosomes in monocytes treated with NS RNA or Rab11a siRNA and stimulated with E. coli particles (33 106/ml), p = 0.05 and p = 0.03 for

TLR4 amounts in NS RNA compared to Rab11a siRNA-treated cells at 15 min and 30 min, respectively.
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TRIF-dependent signaling pathway may operate as cell sur-

face TLR4 is internalized during the very early stages of E. coli

phagocytosis.

The fact that Rab11a is such an important regulator of TLR4

trafficking and IRF3 signaling from E. coli phagosome may also

be expanded to include LPS-induced IRF3 signaling from endo-

somes. By comparing E. coli particles and LPS, we found that

Rab11a silencing also selectively reduced LPS-induced TRAM-

TRIF signaling, suggesting that Rab11a also can regulate trans-

port of TLR4 to endosomes.

In summary, we have uncovered an unexpected transport

pathway of TLR4 toward the internalized E. coli vacuole that

involves ERC and Rab11a. This route of TLR4 transport results

in the production of IFN-b that takes place from the E. coli phag-

osome. We have found that phagocytosis of Gram-negative

bacteria is essential for type I IFN production, which may serve

as an important link between the innate and adaptive immune

systems in providing host defense against Gram-negative

infections.

EXPERIMENTAL PROCEDURES

Reagents and Bacteria

E. coli and S. aureus pHrodo Bioparticles (Invitrogen) were used. LPS

(0111:B4) from E. coli (Invivogen) was Cy5 labeled as previously described

(Latz et al., 2002). Cytochalasin D and Brefeldin A1 were purchased from

Sigma. DRAQ5 was from Biostatus Limited. Plasmids for bacterial expression

of CFP was electroporated into Y. pestis KIM5 strains and cultured at 26�C or

37�C to gain bacteria expressing hexaacylated or tetraacylated LPS, respec-

tively (Montminy et al., 2006). Alexa Fluor labeling of Golgin-97 was performed

according to themanufacturer’s protocol (Invitrogen). The following antibodies

were used: mouse-anti-Golgin-97 from Invitrogen; mouse-anti-GAPDH

(ab9484) and rabbit-anti-Rab11a (ab3612) from AbCam; rabbit-anti-phos-

pho-IRF3 (Ser396), rabbit-anti-total IRF3, and rabbit-anti IkB-a from Cell Sig-

naling; rabbit-anti-TLR4 (H-80), rabbit-anti-Rab7 (H-50), goat-anti-Rab11a

(K-15), rabbit-anti-NF-kB p65 (A) antibody, rabbit-anti-IRF3 (FL-425), rabbit-

anti-MyD88 (HFL-296), rabbit-anti-TRAM (TICAM-2) (H-85), normal rabbit

IgG, and goat IgG from Santa Cruz Biotech. Alexa Fluor labeled secondary

antibodies were from Invitrogen. The following mammalian expression vectors

were used: pcDNA3.1 (Invitrogen), huCD14, and Elam-luc (Latz et al., 2002);

and huMD-2 in pEF-BOS was kindly provided by K. Miyake (University of

Tokyo). Rab11aS25NGFP and Rab11aQ70L in pEGFP (Clontech) were kindly

provided by M. Zerial (Max Planck Institute of Molecular Cell Biology and

Genetics). pGEM-Rab11a was kindly provided by T.G. Iversen (The Norweigan

Radium Hospital, University of Oslo). The Gal4-IRF3 reporter assay was kindly

provided by K. Fitzgerald (UMassMed School, Worcester, MA) and T. Maniatis

(Harvard University, Cambridge, MA). The ECFP-Rab11a vector was made by

inserting the human Rab11a cDNA from pGEM-Rab11a into the pECFPC1

vector (Clontech).

Cells

Human monocytes were isolated from buffycoat as previously described

(Husebye et al., 2006). Use of human monocytes from blood donors was

approved by the Regional Committees from Medical and Health Research

Ethics at NTNU. The monocytes were maintained in RPMI1640 (GIBCO) sup-

plemented with 10% or 25% of pooled human A+ serum (The Blood Bank, St

Olavs Hospital, Trondheim, Norway). 25%A+ serumwas used if the incubation

time exceeded 24 hr. The HEK293 TLR4Cherry cells were made as previously

described (Latz et al., 2002). The HEK293 TLR4YFP and HEK293 TLR4Cherry

cells were cultured in DMEM with 10% fetal calf serum (FCS) and 0.5 mg/ml

G418 and transfected with GeneJuice transfection reagent (Novagen).

Luciferase Assays

NF-kB activation was determined by the ELAM-luc NF-kB luciferase reporter

assay as described (Latz et al., 2002) and IRF3 activation determined with the

Gal4-IRF3 assay as described (Fitzgerald et al., 2003). The Renilla luciferase

pRL-TK vector (Promega) was cotransfected for normalization.

siRNA Treatment

Monocytes or HEK293 cells were seeded on 35 mm glass-bottom g-irradiated

tissue cell dishes (MatTek Corporation) or 6-well plates (NUNC) at 10 3 106

cells per dish/well containing medium free of antibiotics, before transfection

with siRNA via Lipofectamine RNAiMAX transfection reagent (Invitrogen)

according to the manufacturer‘s recommendations. The AllStars Negative

Control (QIAGEN) was used as a nonsilencing control RNA and the Hs_

RAB11A_5 HP Validated siRNA (QIAGEN) was used to target Rab11a. The

cells were treated for 20–72 hr with 20 nM siRNA and, when stated, transfected

with indicated plasmid DNA for 24 hr.

Gene Expression Analysis

Gene expression analysis was carried out via QPCR as described in Supple-

mental Experimental Procedures.

Immunoblotting

Immunoblotting was performed on HEK293 cells expressing TLR4YFP and

transfected with MD-2 and CD14 or monocytes as previously described

(Husebye et al., 2006). The blots were developed with the SuperSignal West

Femto (Thermo Scientific) and visualized with the Image Estimation 2000R

(Kodak). For quantification the Kodak 1D Image Analysis software was used.

Confocal Laser Scanning Microscopy

Images of live cells were captured at 37�C with a Zeiss LSM 510 META scan-

ning unit, a heating stage, and a 1.4 NA 3 63 objective. For intracellular stain-

ing, the cells were fixed with 2% paraformaldehyde in PBS, put 15 min on ice,

permeabilized with PEM buffer (80 mM K-Pipes [pH 6.8], 5 mM EGTA, 1 mM

MgCl2, 0.05% saponin) for 15 min on ice, quenched of free aldehyde groups

in 50 mM NH4Cl with 0.05% saponin for 5 min, and blocked in PBS with

20% human serum and 0.05% saponin (monocytes) or in PBS with 10%

FCS and 0.05% saponin (HEK293 cells) for 20 min. The cells were incubated

with primary antibody 2 mg/ml (polyclonal antibodies) or 10 mg/ml (monoclonal

antibodies) in PBS with 1% human serum and 0.05% saponin (monocytes)

overnight at 4�C or PBS with 0.05% saponin (HEK293 cells) for 60 min at

room temperature. Alexa Fluor-labeled secondary antibodies (Invitrogen)

were incubated 15 min at room temperature after three washes in PBS with

0.05% saponin.

Quantification of Relative Amounts of Fluorescently Labeled

Proteins in Intracellular Compartments

3D data were captured with identical settings and avoiding saturation of voxels

(3D pixels) intensities. The ImarisXT software (Bitplane) was used to surface

render the imaged structures giving one surface for each ERC. The pHrodo

or DRAQ5 fluorescence was used to spot or surface render the volume of indi-

vidual phagosomes or nuclei, respectively. The software produced a numerical

value of the relative amount of TLR4, Rab11a, IRF3, or p65 as a sum of voxel

intensities from the original image in each compartment. The values for voxel

intensities did not follow a Gaussian distribution, and therefore we used

median as a measure of average intensities and the nonparametric Mann-

Whitney test to evaluate statistical significance.

(H) TRAM on E. coli phagosomes in monocytes treated with NS RNA or Rab11a siRNA stimulated with E. coli particles (33 106/ml), p = 0.02 for TRAM amounts in

NS RNA- compared to siRNA-treated cells.

Bars in plots represent the median. n = number observations. Data are representative of four independent experiments. Scale bars represent 5 mm. See also

Figure S6.
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trafficking and IRF3 signaling from E. coli phagosome may also
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TRIF signaling, suggesting that Rab11a also can regulate trans-
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infections.

EXPERIMENTAL PROCEDURES

Reagents and Bacteria

E. coli and S. aureus pHrodo Bioparticles (Invitrogen) were used. LPS

(0111:B4) from E. coli (Invivogen) was Cy5 labeled as previously described

(Latz et al., 2002). Cytochalasin D and Brefeldin A1 were purchased from

Sigma. DRAQ5 was from Biostatus Limited. Plasmids for bacterial expression

of CFP was electroporated into Y. pestis KIM5 strains and cultured at 26�C or

37�C to gain bacteria expressing hexaacylated or tetraacylated LPS, respec-

tively (Montminy et al., 2006). Alexa Fluor labeling of Golgin-97 was performed

according to themanufacturer’s protocol (Invitrogen). The following antibodies

were used: mouse-anti-Golgin-97 from Invitrogen; mouse-anti-GAPDH

(ab9484) and rabbit-anti-Rab11a (ab3612) from AbCam; rabbit-anti-phos-

pho-IRF3 (Ser396), rabbit-anti-total IRF3, and rabbit-anti IkB-a from Cell Sig-

naling; rabbit-anti-TLR4 (H-80), rabbit-anti-Rab7 (H-50), goat-anti-Rab11a

(K-15), rabbit-anti-NF-kB p65 (A) antibody, rabbit-anti-IRF3 (FL-425), rabbit-

anti-MyD88 (HFL-296), rabbit-anti-TRAM (TICAM-2) (H-85), normal rabbit

IgG, and goat IgG from Santa Cruz Biotech. Alexa Fluor labeled secondary

antibodies were from Invitrogen. The following mammalian expression vectors

were used: pcDNA3.1 (Invitrogen), huCD14, and Elam-luc (Latz et al., 2002);

and huMD-2 in pEF-BOS was kindly provided by K. Miyake (University of

Tokyo). Rab11aS25NGFP and Rab11aQ70L in pEGFP (Clontech) were kindly

provided by M. Zerial (Max Planck Institute of Molecular Cell Biology and

Genetics). pGEM-Rab11a was kindly provided by T.G. Iversen (The Norweigan

Radium Hospital, University of Oslo). The Gal4-IRF3 reporter assay was kindly

provided by K. Fitzgerald (UMassMed School, Worcester, MA) and T. Maniatis

(Harvard University, Cambridge, MA). The ECFP-Rab11a vector was made by

inserting the human Rab11a cDNA from pGEM-Rab11a into the pECFPC1

vector (Clontech).

Cells

Human monocytes were isolated from buffycoat as previously described

(Husebye et al., 2006). Use of human monocytes from blood donors was

approved by the Regional Committees from Medical and Health Research

Ethics at NTNU. The monocytes were maintained in RPMI1640 (GIBCO) sup-

plemented with 10% or 25% of pooled human A+ serum (The Blood Bank, St

Olavs Hospital, Trondheim, Norway). 25%A+ serumwas used if the incubation

time exceeded 24 hr. The HEK293 TLR4Cherry cells were made as previously

described (Latz et al., 2002). The HEK293 TLR4YFP and HEK293 TLR4Cherry

cells were cultured in DMEM with 10% fetal calf serum (FCS) and 0.5 mg/ml

G418 and transfected with GeneJuice transfection reagent (Novagen).

Luciferase Assays

NF-kB activation was determined by the ELAM-luc NF-kB luciferase reporter

assay as described (Latz et al., 2002) and IRF3 activation determined with the

Gal4-IRF3 assay as described (Fitzgerald et al., 2003). The Renilla luciferase

pRL-TK vector (Promega) was cotransfected for normalization.

siRNA Treatment

Monocytes or HEK293 cells were seeded on 35 mm glass-bottom g-irradiated

tissue cell dishes (MatTek Corporation) or 6-well plates (NUNC) at 10 3 106

cells per dish/well containing medium free of antibiotics, before transfection

with siRNA via Lipofectamine RNAiMAX transfection reagent (Invitrogen)

according to the manufacturer‘s recommendations. The AllStars Negative

Control (QIAGEN) was used as a nonsilencing control RNA and the Hs_

RAB11A_5 HP Validated siRNA (QIAGEN) was used to target Rab11a. The

cells were treated for 20–72 hr with 20 nM siRNA and, when stated, transfected

with indicated plasmid DNA for 24 hr.

Gene Expression Analysis

Gene expression analysis was carried out via QPCR as described in Supple-

mental Experimental Procedures.

Immunoblotting

Immunoblotting was performed on HEK293 cells expressing TLR4YFP and

transfected with MD-2 and CD14 or monocytes as previously described

(Husebye et al., 2006). The blots were developed with the SuperSignal West

Femto (Thermo Scientific) and visualized with the Image Estimation 2000R

(Kodak). For quantification the Kodak 1D Image Analysis software was used.

Confocal Laser Scanning Microscopy

Images of live cells were captured at 37�C with a Zeiss LSM 510 META scan-

ning unit, a heating stage, and a 1.4 NA 3 63 objective. For intracellular stain-

ing, the cells were fixed with 2% paraformaldehyde in PBS, put 15 min on ice,

permeabilized with PEM buffer (80 mM K-Pipes [pH 6.8], 5 mM EGTA, 1 mM

MgCl2, 0.05% saponin) for 15 min on ice, quenched of free aldehyde groups

in 50 mM NH4Cl with 0.05% saponin for 5 min, and blocked in PBS with

20% human serum and 0.05% saponin (monocytes) or in PBS with 10%

FCS and 0.05% saponin (HEK293 cells) for 20 min. The cells were incubated

with primary antibody 2 mg/ml (polyclonal antibodies) or 10 mg/ml (monoclonal

antibodies) in PBS with 1% human serum and 0.05% saponin (monocytes)

overnight at 4�C or PBS with 0.05% saponin (HEK293 cells) for 60 min at

room temperature. Alexa Fluor-labeled secondary antibodies (Invitrogen)

were incubated 15 min at room temperature after three washes in PBS with

0.05% saponin.

Quantification of Relative Amounts of Fluorescently Labeled

Proteins in Intracellular Compartments

3D data were captured with identical settings and avoiding saturation of voxels

(3D pixels) intensities. The ImarisXT software (Bitplane) was used to surface

render the imaged structures giving one surface for each ERC. The pHrodo

or DRAQ5 fluorescence was used to spot or surface render the volume of indi-

vidual phagosomes or nuclei, respectively. The software produced a numerical

value of the relative amount of TLR4, Rab11a, IRF3, or p65 as a sum of voxel

intensities from the original image in each compartment. The values for voxel

intensities did not follow a Gaussian distribution, and therefore we used

median as a measure of average intensities and the nonparametric Mann-

Whitney test to evaluate statistical significance.

(H) TRAM on E. coli phagosomes in monocytes treated with NS RNA or Rab11a siRNA stimulated with E. coli particles (33 106/ml), p = 0.02 for TRAM amounts in

NS RNA- compared to siRNA-treated cells.

Bars in plots represent the median. n = number observations. Data are representative of four independent experiments. Scale bars represent 5 mm. See also

Figure S6.
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Figure 7. Silencing of Rab11a Selectively Affects TLR4-Mediated IRF3 Activation and IFN-b Induction

(A and B) Human monocytes were treated with NS RNA or siRNA (48 hr) and stimulated with E. coli particles (A) or LPS (B) as indicated. Immunoblotting was

performed with IRF3 antibodies recognizing phosphorylated-IRF3 (Ser 396) and total-IRF3. a-Tubulin was used as a control of equal loading.

(C and D) IkB-a degradation in siRNA-treated monocytes (C) and HEK293TLR4YFP cells (D) stimulated with E. coli particles (1.0 3 107/ml) as indicated, with

GAPDH as loading control.
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Bars represent the median. n = number of observations. Scale bars represent 10 mm.

(I and J) Human monocytes treated with NS RNA or siRNA for 20 hr were stimulated with E. coli particles (3.03 106/ml) as indicated. Total RNA was isolated and

the level of IFN-b and TNF mRNA quantified by QPCR shown as mean relative to reference sample (NS RNA, 0 min) and standard deviations. Data are represen-

tative of three independent experiments. See also Figure S7.
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Treatment protocol equivalent to that used in Figure 6E, G and H.  

E: Uptake of E. coli by Rab11a siRNA treated vs. NS RNA treated monocytes. 

Treatment protocol is equivalent to that used in Figure 6E, G and H.   

F: TLR4 levels in ERC in Rab11a siRNA treated vs. NS RNA treated 
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G: MyD88 and TRAM recruitment to E. coli phagosomes in monocytes treated 

with Rab11a siRNA. Relates to Figure 6H. 
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Figure S1. TLR4 and Rab11a show extensive co-localization in many cellular 
compartments. (A) Confocal image of live HEK293-TLR4YFP cells expressing Rab11aCFP, 
MD-2 and CD14. The boxed area shows co-localization of TLR4 and Rab11a on a single 
endosome. (B) Orthographic projection raw data used for 3D modeling of the cis-Golgi
(GM130), TLR4YFP and Rab11aCFP in fixed HEK293-TLR4YFP cells co-expressing plasmids 
encoding Rab11aCFP, MD-2 and CD14 shown in the main article (Fig. 1C). Overlapping 
regions appear as yellow in the overlay panels. Nu indicates nucleus. Scalebar 10 μm. 
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Figure S2. Rab11a does not physically interact with TLR4. HEK293 cells expressing 
TLR4-HA were co-transfected with pFlag-CMV2 and CD14 (lane 1 and 2) or Flag-Rab11a 
and CD14 (Lane 4) for 24 hours. MD-2-Flag was included as a positive control for TLR4 
association (Lane 2) and non-transfected cells (Lane 3) as negative control. Cellular lysates 
were made and Flag-Rab11a or MD-2-Flag pulled down using Flag (M2)-conjugated agarose. 
The immuno-complexes were eluted using Flag-peptide. TLR4-HA was detected using a HA-
antibody, MD-2-Flag and Flag-Rab11a was detected using a Flag antibody. As seen in the 
upper panel (Lane 4), Flag-Rab11a does not associate with TLR4-HA (Lane 4). Under the 
same conditions MD-2-Flag showed a strong association with the upper band of TLR4-HA 
(Lane 2, upper panel). Data are representative of three independent experiments. 
 
 

 
Figure S3. Accumulation of TLR4 towards E. coli. Human monocytes were incubated with 
E. coli particles (2 x 106/ml), fixed and immunostained for TLR4. (A) After 5 min. TLR4 
(green) is recruited towards E. coli (red) in very early phagocytic events such as the formation 
of the phagocytic cup. (B) After 30 min. TLR4 (green) is shown to predominantly reside on 
the phagosomal membrane around the E. coli particle (red) by presenting the shape of a halo. 
Nu indicates nucleus. Scalebars: 10 μm. 
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Figure S4. Rab11a is associated with E. coli in very early phagocytic events and the E. 
coli containing phagosome undergoes fusion and fission events with Rab11a vesicles. 
Live murine B6 macrophages with retrovirally transduced Rab11aGFP were incubated with 
pHrodo E. coli particles (2 x 106/ml) and images captured using a spinning disc confocal 
microscope. Single frames are shown with the first time point set to 0 sec. (A) Arrow follows 
a single E. coli particle (red) before and after phagocytosis. The cells surface is indicated in 
grey and is processed and rendered 3D in Imaris. Images show that Rab11a (green) is 
recruited towards the E. coli particle at point of entry to the cell, and that additional Rab11a is 
accumulated in very early maturation events. (B) Arrow follows a Rab11aGFP (green) vesicle 
as it fuses with the E. coli (red) containing phagosome. (C) Arrow follows a Rab11aGFP 
(green) vesicle as it separates and moves away from the E. coli (red) phagosome. Nu indicates 
nucleus. Scalebars: 2 μm. 
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Figure S5. MyD88, TRAM and IRF3 accumulate around phagocytosed E. coli.
Human monocytes incubated with E. coli pHrodo bioparticles (2 x 106/ml) for 30 min and 
immuno-stained for TRAM, MyD88 or IRF3 following fixation. (A) E. coli treated 
monocytes showing TRAM (green) recruitment to E. coli phagosomes (red). (B) E. coli 
treated monocytes showing MyD88 (green) recruitment to E. coli phagosomes (red). (C) E.
coli treated monocytes showing IRF3 (green) on recruitment to E. coli phagosomes (red). (D) 
MyD88 in unstimulated monocytes. (E) MyD88 on E. coli phagosomes.  Monocytes 
incubated with E. coli pHrodo bioparticles as indicated.  The moderate increase in MyD88 on 
phagosomes from 30 min to 30+30 min was not significant (p = 0.07). (F)  Effect of Dynasore 
on E. coli and LPS induced IFN-  and TNF mRNA. Monocytes were serum starved for 2 hrs 
before E. coli (8.0 x 106/ml) or LPS treatment (1 ng/ml). The cells were treated for 30 min 
with opsonised E. coli and subsequently washed two times before an additional 30 min 
incubation with 80 μM Dynasore or vehicle (DMSO) in medium supplemented with 1% A+ 
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serum. In parallel, monocytes were pre-treated with 80 μM Dynasore or vehicle (DMSO) in 
medium supplemented with 1% A+ serum for 5 min before addition of LPS for 1 hr. 
Scalebars: 10 μm.  
 

 
Figure S6. TLR4 specificity of IFN-  induction and Rab11a siRNA specificity. Induction 
of IFN-  mRNA (A) and TNF mRNA (B) in monocytes stimulated with different 
concentrations of wild type (NmB) or LPS deficient (NmLPS-) heat killed N. meningitidis 
bacteria. Total RNA was isolated 60 min after stimulation and the level of IFN-  and TNF 
mRNA determined by QPCR presented as mean and s.d. relative to non-stimulated 
monocytes. (C) Plot of phagocytic frequency (number of E. coli /cell) obtained by analysis of 
3D-confocal data from monocytes incubated with DMSO or 2 μM Cytochalasin D (Cyto. D). 
The cells were pretreated for 15 min with inhibitor or vehicle and incubated with E. coli (3 x 
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106/ml) for 30 min prior fixation. (D) Rab11a knock down does not affect the level of Rab11 
isotype Rab11b. Human monocytes were treated with NS RNA or Rab11a siRNA for 40 hrs. 
Rab11a and Rab11b mRNA were quantified by QPCR and shown relative to reference sample 
(NS RNA, 0 min) and standard deviations. (E) Plot of phagocytic frequency (number of E.
coli /cell) obtained from Rab11a siRNA and NS RNA treated cells (40 hrs). The monocytes 
were incubated with E. coli (2 x 106/ml) prior fixation. The data is representative for six 
independent experiments. (F) Plot of TLR4 voxel intensity in the ERC of human monocytes 
30 min following E. coli. Silencing of Rab11a resulted in a significant decrease of TLR4 in 
ERC compared to the NS RNA treated cells (p < 0.0001). (G) Fold increase in median levels 
of MyD88 and TRAM on E. coli phagosomes in monocytes treated with NS RNA or Rab11a 
siRNA (40 hrs). Fold increase in median levels is relative to normal rabbit antibody control. 
Monocytes were stimulated with 3 x 106/ml E. coli particles. Under the same conditions the 
silencing of Rab11a resulted in a significant decrease in TRAM levels on phagosomes at 30 
min (p = 0.0002) while the MyD88 recruitment was not impaired (p = 0.48) compared to NS 
RNA treated cells. Bars in plots represent the median. n = number observations. Data above 
are representative of three or more independent experiments.  
 

 
 
 
Figure S7. Silencing of Rab11a selectively affects TLR4 induced IRF3 activation and 
IFN-  induction (A,B) Human monocytes treated with NS RNA or siRNA for 20 hours and 
stimulated with E. coli particles (C) or LPS (100ng/ml) (D). Total RNA was isolated from 
monocytes before and after 120 min of stimulation. The levels of IFN-  and TNF mRNA 
were quantified by QPCR and presented as mean and standard deviations relative to reference 
sample (NS RNA, 0 min).  
 

Movie S1. Trafficking of Rab11a during the initial phases of phagocytosis. Immortalized 
murine macrophages expressing Rab11aGFP were placed in heating chamber at 37ºC on a 
spinning disk microscope. Images were acquired and E. coli particles were added so that the 
initial process of phagocytosis was captured. The cell surface is indicated in grey and is 
processed and rendered 3D in Imaris. Three 4D timelapse movies were put together to 
demonstrate the internalization of E. coli and the recruitment of Rab11aGFP to the 
phagocytosed particle (indicated by white arrows). A single image montage of the movie was 
prepared to better follow the internalization and recruitment (Figure S4, white arrows). Movie 
available online. 
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SUPPLEMENTARY EXPERIMENTAL PROCEDURES 

Reagents and bacterial strains.  

The following antibodies were used for Western blotting: Mouse-anti Flag (M2) and mouse-

anti-HA (HA-7) (Sigma). The following antibodies were used for immunofluorescence:  

Rabbit-anti-TLR4 (H80) Rabbit-anti-NF B p65 (A), rabbit-anti-total IRF3 (FL-425), rabbit-

anti-MyD88 (HFL-296) and rabbit-anti- TICAM-2 (H-85) all from Santa Cruz Biotech. N. 

meningitidis H44/76lpxA- (denoted NmLPS- in this study) is a viable encapsulated isogenic 

mutant of H44/76 that completely lacks LPS due to insertional inactivation of the lpxA gene 

which is essential for the first committed biosynthesis step of LPS  (Steeghs  et al., 1998).  

The LPS-deficient N. meningitidis strain (H44/76lpxA-) was created by L. Steeghs and P. van 

der Ley, National Institute of Public Health and Environment, the Netherlands and donated to 

the National Institute of Public Health, Oslo, for research purpose. E. coli DH5-  strain 

carrying YFP (BRL Life Technologies). 

Cloning of Flag-Rab11a. The Flag-Rab11a vector was made by inserting the human Rab11a 

cDNA from pGEM-Rab11a into the pFLAG CMV2 vector (Sigma).  

Cells and cell lines: Human monocytes were isolated as described in the main article. 

HEK293 cell lines stably expressing human TLR4-HA was purchased from Invivogen and 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

calf serum (FCS) and 10 g/ml of Blasticidin. Transfection of plasmids was performed as 

described in the main article. For confocal imaging, the cells were seeded on 35 mm glass 

bottom -irradiated tissue. An immortalized B6 murine macrophage cell line expressing 

Rab11aGFP was made using J2 recombinant retrovirus and Rab11aGFP cloned into the lentiviral 

plasmid FugW as described previously described (Bauernfeind et al., 2009). 

Co-immunopreciptiation and Western bloting: Immunoprecipitation was performed using 

Flag (M2) - conjugated agarose or HA (HA-7) conjugated agarose from Sigma, according to 

manufacturers instructions. Cellular lysates were made from HEK293 cells expressing TLR4-

HA transfected with MD-2, CD14 and Flag-Rab11a or pFLAG-CMV2. The immuno-

complexes were eluted from the Flag-or HA -agarose using the Flag (M2) peptide or the HA 

(HA-7) peptide, respectively. Western blotting was preformed as described in the main 

article. 
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described in the main article. For confocal imaging, the cells were seeded on 35 mm glass 

bottom -irradiated tissue. An immortalized B6 murine macrophage cell line expressing 

Rab11aGFP was made using J2 recombinant retrovirus and Rab11aGFP cloned into the lentiviral 

plasmid FugW as described previously described (Bauernfeind et al., 2009). 

Co-immunopreciptiation and Western bloting: Immunoprecipitation was performed using 

Flag (M2) - conjugated agarose or HA (HA-7) conjugated agarose from Sigma, according to 

manufacturers instructions. Cellular lysates were made from HEK293 cells expressing TLR4-

HA transfected with MD-2, CD14 and Flag-Rab11a or pFLAG-CMV2. The immuno-

complexes were eluted from the Flag-or HA -agarose using the Flag (M2) peptide or the HA 

(HA-7) peptide, respectively. Western blotting was preformed as described in the main 

article. 
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Gene expression analysis. Total RNA from monocytes were isolated with the RNeasy Mini 

Kit, including DNAse digestion, using the QIAcube robotic work station (Qiagen). cDNA 

was made with the High-Capacity RNA-to-cDNA Kit (Applied Biosystems, ABI), according 

to the recommended procedure. Realtime PCR (QPCR) was performed with the 

StepOnePlusTM Realtime PCR System, TaqMan® Gene Expression Assays, and TaqMan® 

Universal Master Mix (ABI) with 20 l reaction volume in duplicate wells. The PCR-

efficiencies were determined by series dilution of monocyte cDNA in control cDNA made 

from yeast tRNA (Sigma), thus ensuring a constant cDNA background level in the standard 

curve. The efficiencies of the TaqMan® Gene Expression Assays for IFN-  

(Hs01077958_s1), TNF (Hs00174128_m1), Rab11a (Hs00900539_m1), Rab11b 

(Hs00188448_m1), and GAPDH (Hs99999905_m1) ranged from 89-103 percent. Efficiency-

correction was used in the analysis using the StepOneTM Software 2.1 (ABI). No-RT controls 

were negative. The level of GAPDH mRNA was used for normalization. 

Live cell imaging. In some experiments live cell image acquisition was performed on an 

Andor Revolution XD spinning disc microscope. The spinning disc unit CSU22 was 

synchronized with an iXonEM+ 885 EMCCD camera. The spinning disc data was 3D rendered 

and processed in ImarisSuite (Bitplane). Fluorescent average intensity of E. coli and 

Rab11aGFP was masked to be reconstructed in 3D and iso-surfaced. The 4D supplementary 

video with 3 pictures in one movie was created in Adobe Premiere Pro and compressed with 

AVI jpeg mode in ImageJ. 

SUPPLEMENTARY REFERENCES 

Bauernfeind FG, Horvath G, Stutz A, et al: Cutting edge: NF-kappaB activating pattern 

recognition and cytokine receptors license NLRP3 inflammasome activation by regulating 
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