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TLR9 Is Localized in the Endoplasmic Reticulum Prior to

Stimulation

Cynthia A. Leifer, Margaret N. Kennedy, Alessandra Mazzoni, ChangWoo L ee,

Michael J. Kruhlak, and David M. Segal*

In mammals, 10 TLRs recognize conserved pathogen-associated molecular patterns, resulting in the induction of inflammatory
innate immune responses. One of these, TLRY, is activated intracellularly by bacterial DNA and synthetic oligodeoxynucleotides
(ODN), containing unmethylated CpG dinucleotides. Following treatment with CpG ODN, TLR9 isfound in lysosome-associated
membrane protein type 1-positive lysosomes, and we asked which intracellular compartment contains TL R9 before CpG exposure.
Surprisingly, we found by microscopy and supporting biochemical evidence that both transfected and endogenously expressed
human TLR9 isretained in the endoplasmic reticulum. By contrast, human TLR4 trafficked to the cell surface, indicating that
endoplasmic reticulum retention is not a property common to all TLRs. Because TLR9 is observed in endocytic vesicles following
exposure to CpG ODN, our data indicate that a special mechanism must exist for translocating TLR9 to the signaling compart-
ments that contain the CpG DNA. The Journal of Immunology, 2004, 173: 1179-1183.

recognize conserved patterns on microorganisms known

as pathogen-associated molecular patterns (PAMPs)? (1).
Exposure of TLRs to PAMPs triggers inflammatory processes that
result in enhanced uptake and the direct killing of microorganisms,
aswell asthe generation of primary adaptive immune responses (2,
3). Mice deficient in MyD88 and humans lacking IL-1R-associated
kinase 4, two components immediately downstream of TLRs in
their signaling pathways, are highly susceptible to infection, dem-
onstrating the critical role that TLRs play in host responses to patho-
gens (4, 5). Genetic deletion or recondtitution experiments have dem-
ongrated that individua TLRs are both essentid and sufficient for
specific responsiveness to a wide variety of PAMPs; for example,
TLR2 is the receptor for lipopeptides, TLR3 for dsRNA, TLR4 for
LPS, and TLR5 for flagellin. TLR9 recognizes bacteria and vira
DNA, and studies using synthetic single-stranded oligodeoxynucle-
otides (ODNs) have defined the immunogenic sequences of bacteria
DNA as congsting of unmethylated CpG motifs in the context of
species-dependent surrounding sequences (6, 7). TLR9 is expressed
primarily on APCs such as B cells and dendritic cells (DC). In human
DC, TLR9 is redtricted to a subset of DC, plasmacytoid DC, respon-
sible for production of high levels of type | IFN (8). Phagocytes en-
docytose microorganisms and lyse them in phagolysosomes, where
their DNA is released and presumably interacts with TLR9, initiating
an inflammatory response. In systemic autoimmune diseases, the
stimulation of TLR9 in B cells by endocytosed immune complexes

T he TLRs comprise a family of at least 10 proteins that
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containing hypomethylated CpG DNA has been hypothesized to play
adedeterious role in the induction of autoantibodies (9, 10). Thus, the
recognition of DNA by TLR9 plays important roles in both host de-
fense and autoimmunity.

Several lines of evidence suggest that the molecular recognition
of CpG DNA occursinside the cell, perhapsin lysosomes. First, in
contrast to other TLRs, TLR9 has not been detected on the surface
of cells (11, 12). In addition, chloroquine and other inhibitors of
endosome maturation inhibit signaling by CpG DNA (11, 13), and
MyD88 is recruited to vesicles containing the lysosomal marker,
lysosome-associated membrane protein type 1, in cells stimulated
with CpG DNA (11). Finally, TLR9 and CpG DNA localize to a
common intracellular compartment (12). Studies using fluores-
cently labeled ODNs indicate that both stimulatory and nonstimu-
latory DNA are internalized nonspecifically by surface receptors,
but only the stimulatory DNA activates TLR9 in the intracellular
compartment where both colocalize (11, 12). In this paper, we
address the important question of where TLR9 is located within
the cell before CpG exposure. We show that transfected and en-
dogenous TLRO are retained intracellularly in areticular compart-
ment that we identify as the endoplasmic reticulum (ER). We also
propose mechanisms that may explain how TLR9 getsfrom the ER
to the signaling compartment.

Materials and Methods
Cell culture

HelLa and HEK293T cells (American Type Culture Collection, Manassas,
VA) were cultured in DMEM containing 2 mM L-glutamine, 50 U/ml
penicillin, 50 ug/ml streptomycin, and 10% low endotoxin FBS. B cell
lines (gifts from Dr. A. Shaffer, National Cancer Institute (NCI), Bethesda,
MD) were cultured in RPMI 1640 containing the same supplements.

Antibodies

Anti-glucose-regulated protein 94 and anti-KDEL Abs were from Stratagene
(San Diego, CA), anti-calnexin was from StressGen Biotechnologies (Victoria,
British Columbia, Canada), anti-hemagglutinin (HA) epitope (clone 3F10) and
anti-HA HRP (clone 12CA5) were from Roche (Indianapolis, IN), and anti-
HA-Alexa 488 (clone HA1.1) was from Covance (Berkeley, CA). PE-
conjugated anti-TLR4 (HTA125) and unconjugated and PE-anti-TLR9 (eB72-
1665) were from eBioscience (San Diego, CA). Alexa 488 and Alexa 546
conjugated secondary Abs (for microscopy) were from Molecular Probes
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(Eugene, OR), and alophycocyanin secondary Abs (for flow cytometry) were
from Calteg Laboratories (Burlingame, CA).

Transfections and constructs

Hel.a and HEK293T cells were transfected using Lipofectamine 2000 (In-
vitrogen Life Technologies, Carlsbad, CA) and calcium phosphate precip-
itation, respectively. Human TLR9 and TLR4 tagged at their C termini
with enhanced GFP (TLR9-GFP, TLR4-GFP), yellow fluorescent protein
(TLR9-YFP, TLR4-YFP), or cyan fluorescent protein (TLR9-CFP) were
generated by inserting the TLR in frame into pEGFP-N1, pEYFP-N1, or
pECFP-N1, respectively (BD Clontech, Palo Alto, CA). HA-tagged TLR9
was generated by inserting TLR9, lacking its leader sequence but retaining
its stop codon, in frame into pDisplay (Invitrogen Life Technologies). All
TLR fusion proteins were shown to activate NF-«B in response to CpG (for
TLR9) or LPS (for TLR4/MD-2) in HEK 293 cells. CFP-tagged constructs
used to identify organelles were pECFP-ER and pECFP-Golgi (BD Clon-
tech), pECFP-C1 Rab5, 7, 9, and 11 (gifts from Dr. J. Bonifacino, National
Ingtitute of Child Health and Human Development, Bethesda, MD). Mo-
nomeric red fluorescent protein (RFP)-tagged CD63 was generated by ex-
cising CD63 from CD63-GFP (a gift from Dr. P. Roche, NCI) and ligating
it into a monomeric RFP vector (14) modified by Dr. L. Samelson (NCI).

Flow cytometry

HEK293T cells were transfected in 6-well plates and, after 48 h, stained
directly for surface expression, or fixed, permeabilized (using Caltag Fix
and Perm), and stained for total expression, using a directly conjugated
fluorescent Ab. For human B cell lines, cells were fixed, permeabilized,
and labeled with anti-TLR9, followed by an Alexa 488 secondary Ab. Data
were collected with aFACSCalibur cytometer (BD Immunocytometry Sys-
tems, San Jose, CA), and analyzed using FlowJo (Tree Star, Ashland, OR).

Confocal microscopy

HEK293T cellswere transfected in 6-well plates and 48 h later were plated
in HBSS on Labtek |1 (Campbell, CA) coverglass chambers precoated with
poly-L-lysine. After 1 h, the medium was changed to growth medium con-
taining 10 mM HEPES and 100 pg/ml cycloheximide for 1 h, before vi-
sualization. Hel a cells were transfected on coverdlips, fixed, permeabil-
ized, and stained. BJAB cells were fixed, permeabilized, and stained for
calnexin and TLR9 using anti-calnexin and anti-TLR9 Abs, and counter-
stained with Alexa 546 anti-rabbit and Alexa 488 anti-rat secondary Abs,
respectively. In parallel, cells were stained with isotype control Abs. These
control cells were used to set the background levels for image collection.
All cells were visualized using a Zeiss LSM510 laser scanning confocal
(LSC) microscope (Jena, Germany). Images were processed for presenta-
tion in figures using Adobe Photoshop 6.0 (Adobe Systems, San Jose, Ca).

Glycosidase treatment

HEK?293 cells stably expressing HA-TLR9 or BJAB cells were lysed as
described (11), and immunoprecipitated with anti-HA or anti-TLR9 mAbs,
respectively. Theimmunoprecipitates were treated with endoglycosidase H
(EndoH) or peptide:N-glycosidase F (PNGaseF) according to manufacturer
instructions (New England Biolabs, Beverly, MA). Treated samples were
separated by SDS-PAGE, transferred to nitrocellulose, and probed with
anti-HA or anti-TLR9.

Pulse chase

After transfection with untagged TLR9, 5 X 10° Hel a cells were pulsed
with 0.2 mCi [3°S]methionine for 30 min in methionine-free medium. The
cells were washed twice with culture medium supplemented with 300 mg/L
methionine, and chased for various times in culture medium with 75 mg/L
methionine. Cells were harvested in PBS with 20 mM EDTA, lysed, im-
munoprecipitated with anti-TLR9 mAb, and treated with glycosidase be-
fore separation by SDS-PAGE. Gels were fixed, treated with Enlightening
(NEN, Boston, MA), and exposed to film for 48 h.

Results
TLR9 is retained intracellularly

Although most TLRs are expressed at the cell surface, recent stud-
ies have shown that TLR9 islocated in intracellular compartments.
To determine the extent of intracellular localization of endog-
enously expressed TLR9, permeabilized or nonpermeabilized
Ramos B cells were stained with an anti-TLR9 mAb and examined
by flow cytometry. As seen in Fig. 1A, the permeabilized cells
(“Tota") stained positive for TLR9, but no TLR9 was detected on
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FIGURE 1. TLR9 is retained intracellularly, TLR4 traffics to the cell
surface. A and B, Flow cytometric analyses. A, Ramos B cells were stained
directly with an anti-TLR9 mAb (Surface) or were fixed and permeabilized
before staining (Total). Shaded histograms represent cells stained with an
isotype-matched control mAb. B, HEK293T cells transfected with TLR4-GFP
(upper panels) or TLR9-GFP (lower panels) were stained for surface or tota
expression, as in A, using PE-conjugated anti-TLR4 or anti-TLR9 mAbs. C,
LSC microscopy analysis. Live HEK293T cells transfected with TLR4-YFP
(Ieft panes) or TLRO-YFP (right panels) were treated with 100 wg/ml cyclo-
heximide for 1 h before visudization to block protein synthesis. A single section
(0.8 wm) is shown for YFP (upper panels) and as an overlay of YFP with the
differentia interference contrast image (lower panels). Scalebar, 4.5 um.
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FIGURE 2. TLR9 colocalizes with ER markers. Hel.a cells were co-
transfected with TLR9-Y FP and either Rab5-CFP (early endosome), Rab7-
CFP (late endosome), or Rab11-CFP (recycling endosome); with TLR9-
GFP and CD63-mRFP (lysosome); and with TLR9-CFP and pEY FP-ER (a
commercial marker for ER). Cells were fixed, mounted, and examined by
L SC microscopy. Single 0.8-um sections pseudocolored green (TLR9, left
panels) and red (organelle marker, middle panels) are shown. An overlay
of the two channels is shown in the right panels. Scalebar, 9 um.

the cell surface (honpermeabilized cells). Then, we analyzed the
expression of TLR4-GFP and TLR9-GFP in transiently transfected
HEK?293T cells. Fig. 1B showsthat only TLR4 was surface |abeled
with a PE-conjugated mAb, whereas both TLR4 and TLR9 were
labeled with mAbs in permeabilized cells. Finally, HEK293T cells
were transfected with TLR4-YFP or TLR9-Y FP and examined live
by LSC microscopy. After treatment with cycloheximide to block
protein synthesisand allow newly synthesized protein to reach itsfinal
degtination, TLR4-YFP was observed on the cell surface and in a
perinuclear area, most likely the Golgi. In contrast, TLR9-YFP re-
mained in an intracellular compartment (Fig. 1C) even after a 24-h
incubation with cycloheximide (data not shown). Thus, TLR9 is re-
tained intracellularly and is not detected on the cell surface in either
TLRO transfectants or in cells endogenoudly expressing TLRO.

TLR9 is located in the ER

To identify the compartment(s) that TLR9 localizesto, HeL acells,
cotransfected with fluorescently tagged TLR9 and markers for se-
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FIGURE 3. Stably expressed TLR9 residesin the ER. A, HEK293 cells
stably expressing HA-TLR9 were stained for TLR9 (with anti-HA-Alexa
488) and the ER markers, heat shock protein 90 (upper panels, two con-
nected cells) and KDEL (lower panels), using Alexa 546 secondary Abs.
Single 0.8-um sections from LSC microscopy are shown for TLR9 (left
panels) and ER markers (middle panels). Overlays are shown in the right
panels. B and C, TLR9 does not enter the Golgi. B, HA immunoprecipitates
(from the same cells as in A) were incubated with medium alone (—),
EndoH (H), or PNGaseF (F). The proteins were analyzed by SDS-PAGE
and immunoblotting using an anti-HA-HRP mAb. C, Untagged TLR9, la-
beled with [3°*S)methionine and chased for the indicated times, was immu-
noprecipiated and treated with glycosidase as in B. Shown is the autora-
diograph of the SDS-PAGE gel.

lected vesicles and organelles, were examined by LSC micros-
copy. TLR9 localized to areticular compartment that did not con-
tain Rab5, an early endosome marker; Rab7 or Rab9, late
endosome markers; Rab11, a recycling endosome marker; CD63,
alysosome marker; or acommercial Golgi marker (Fig. 2, and data
not shown). In stark contrast, TLR9 colocalized with a commercial
ER marker (Fig. 2). In additional experiments, HEK293 cells sta-
bly expressing HA-TLR9 also showed reticular staining for TLRO.
In these cells, the TLR9 localized to a compartment that was
stained with Abs to the ER-resident KDEL motif, the ER-retained
heat shock protein 90 family member, glucose-regulated protein
94, and MHC class |1 invariant chain, which is retained in the ER
in the absence of the a- and B-chains (Fig. 3A, and data not
shown).

After leaving the ER, most newly synthesized proteins enter the
Golgi stack where their N-linked carbohydrates are processed and
become resistant to digestion with EndoH (15). We have previ-
ously shown that TLR4 contains an EndoH-resistant form that is
located on the cell surface (16). In contrast, HA-TLR9 is sensitive
to both EndoH and PNGaseF (an enzyme that digests both imma-
ture and mature N-linked carbohydrates) at steady-state (Fig. 3B),
and for at least 8 h following synthesis (Fig. 3C). Although pre-
vious studies have indicated that TLR9 localizes in vesicles after
treatment with CpG ODN, our current data show that TLR9 resides
in the ER before treatment.

ER localization of endogenously expressed TLR9

Previous studies have shown that B cells express TLR9 and re-
spond to TLR9-dependent ligands (6, 17). To determine whether
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FIGURE 4. Endogenous TLR9 isretained intracellularly in B cell lines.
A, Four B cell lines (BJAB, Rgji, WIL2, and JY) were permeabilized,
labeled with anti-TLR9 Ab, and stained with an Alexa 488 secondary Ab.
Shaded profiles represent isotype controls. B, Endogenous TLR9 from the
four B cell lines was immunoprecipated and analyzed by SDS-PAGE. Af-
ter transferring to nitrocellulose, TLR9 was detected with the same Ab. In
addition to the TLR9 band (—), a faint nonspecific band migrating imme-
diately above TLR9 is evident in al samples.

endogenously expressed TLR9 also localizes to the ER, we first
analyzed a panel of B cell lines for TLR9 expression. By flow
cytometry, BJAB expressed the highest level of TLR9, followed
by Ramos and Ragji. JY expressed barely detectable levels of
TLR9, and no TLR9 was detected in H929 or WIL2 (Figs. 1A and
4A). Consistent with our earlier results, permeabilization was re-
quired for staining, indicating that TLR9 was located intracellu-
larly. Immunoprecipitation and blotting of TLR9 from the B cell
lines showed a 160-kDa protein whose expression level correlated
with flow cytometry results and was the correct molecular mass of
the glycosylated form (Fig. 4B). The anti-TLR9 Ab also detected
a faint, slower migrating band that was also seen in the isotype
control (data not shown) and, therefore, was not specific. Because
BJAB cells expressed the highest amount of TLR9, we used these
cellsto examine the intracellular location of TLR9. B cells contain
a large nucleus and very little cytoplasm, therefore, the different
organelles are not resolved with high precision in these cells. How-
ever, by LSC microscopy, TLR9 gave a clearly discernable stain-
ing that colocalized with the ER marker calnexin (Fig. 5A). In
addition, TLR9 was sensitive to both EndoH and PNGaseF diges-
tion (Fig. 5B), resulting in the expected 113-kDa unglycosylated
form, indicating that it did not reach the Golgi. Taken together,
these data provide strong evidence that endogenously expressed
TLR9, like transfected TLRY, resides solely in the ER in unstimu-
lated cells.

Discussion
Recognition of bacterial DNA induces a potent innate immune
response and affects the development of adaptive responses. It has

Calnexin

Y T R9

IP: TLR9
Blot: TLR9

FIGURE 5. Endogenous TLR9isinthe ER. A, BJAB cells were stained
for calnexin, an ER marker (red), and TLR9 (green). Shown is a 0.7-um
section of TLR9 (upper left), calnexin (upper right), an overlay of the two
(lower left), and the differential contrast image (lower right). Scalebar, 4.5
wm. B, TLR9 was immunoprecipitated from BJAB cells and digested with
EndoH (H) or PNGaseF (F) as in Fig. 3B. The trace upper band in the
EndoH digest corresponds to the nonspecific band seen in Fig. 4B.

been demonstrated that bacterial DNA or synthetic ODNSs contain-
ing unmethylated CpG motifs are recognized only after endocyto-
sis and not at the cell surface (12, 13). Recently, several studies
have shown that TLR9 colocalizes with CpG ODN in a vesicular
compartment, identified as a lysosome-associated membrane pro-
tein type 1-positive lysosome, where signaling isinitiated (11, 12).
What remained unclear was where TLR9 resides before stimula-
tion. In this study, we show that both endogenously expressed and
transfected TLR9 are retained in the ER.

In agreement with previous results, we were unable to detect
TLR9 on the surface of transfected cells or B cell lines, athough
these same cells clearly expressed TLR9 intracellularly. When
TLR9 was either labeled with a fluorescent mAb or fused to a
fluorescent protein, it was located in a perinuclear reticular com-
partment that colocalized with ER markers, but not with markers
specific for endocytic vesicles or, more importantly, lysosomes
where it has been detected after stimulation with CpG ODN. En-
dogenously expressed TLR9 in B cells or ectopically expressed
TLR9 in transfectants was sensitive to digestion with EndoH, an
enzyme that digestsimmature N-linked sugars that are added in the
ER but are modified to an EndoH-resistant form in the Golgi. In
fact, newly synthesized TLR9 remained sensitive to EndoH diges-
tion even after 8 h. Because most proteins traffic directly to the
Golgi from the ER, the EndoH sensitivity of TLR9 in unstimulated
cells suggests that the TLR9 has never left the ER. Although we
have observed that TLR9 islocated in the ER in severa cell types,
we cannot rule out that in other cells, TLR9 may reside in a dif-
ferent cellular compartment. The precedence for this is TLRA4,
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which has been shown to reside in a distinct compartment depend-
ing upon the cell type examined (18—20).

It is unclear how TLR9 reaches the lysosome where stimulation
by CpG DNA occurs. One possibility is suggested by recent stud-
ies of Degardins and colleagues (21, 22) who demonstrated that
the ER supplies membrane and ER proteins to phagosomes during
particle engulfment. Because bacterial DNA is released in phago-
somes following lysis, TLR9 might enter the phagosome directly
from the ER. According to this hypothesis, the ER is the predicted
location of TLR9 in resting cells. In contrast to phagocytosis, sol-
uble CpG DNA is taken up in nonphagocytic cells such as B cells,
by receptor-mediated and fluid phase endocytosis. This process
also has important biological consequences; it stimulates responses
that protect against pathogens (23) but may also contribute to sys-
temic autoimmune diseases (9, 10). Endocytosis of soluble mole-
cules such as CpG DNA leads to their entry into early and late
endosomes and lysosomes. Unlike phagosomes, these vesicles are
formed from membranes that bud off from the plasma membrane
or Golgi, and not by direct fusion with the ER. Nevertheless, the
direct fusion between endosomes and the ER may occur by a pre-
viously unknown pathway. In favor of the direct pathway of ER to
endosomes, we have not detected an EndoH-resistant form of
TLR9 following stimulation of cells with CpG ODN (C.A.L., un-
published observations). Indeed, Latz et a. (24) suggest that an
EndoH-sensitive form of TLR9 reaches early endosomes, where
CpG DNA is localized soon after endocytosis. Biotinylation stud-
ies demonstrated that upon CpG DNA stimulation, a small amount
of TLR9 becomes accessible to the extracellular environment, pos-
sibly by ER to endosome fusion. However, if a small fraction of
TLR9 molecul es trafficked to vesicles by the conventional pathway
(via the Golgi), then our current studies, and those of Latz (24),
may not be sensitive enough to detect the presence of mature sug-
ars on TLR9. Thus, we cannot rule out the possibility that TLR9
may pass through the Golgi en route to the CpG-containing vesi-
cles by a conventional mechanism. Studies are currently underway
to identify which mechanism(s) are involved.

References

1. Takeda, K., T. Kaisho, and S. Akira. 2003. Toll-like receptors. Annu. Rev. Im-
munol. 21:335.

2. Kaisho, T., and S. Akira. 2003. Regulation of dendritic cell function through
Toll-like receptors. Curr. Mol. Med. 3:373.

3. Doyle, S. E.,, R. M. O'Connell, G. A. Miranda, S. A. Vaidya, E. K. Chow,
P. T. Liu, S. Suzuki, N. Suzuki, R. L. Modlin, W. C. Yeh, et a. 2004. Toll-like
receptors induce a phagocytic gene program through p38. J. Exp. Med. 199:81.

4. Kawal, T., O. Adachi, T. Ogawa, K. Takeda, and S. Akira. 1999. Unresponsive-
ness of MyD88-deficient mice to endotoxin. Immunity 11:115.

5. Medvedev, A. E., A. Lentschat, D. B. Kuhns, J. C. Blanco, C. Sakowski,
S. Zhang, M. Arditi, J. I. Gallin, and S. N. Vogel. 2003. Distinct mutations in

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Leadbetter, E. A., I

1183

IRAK-4 confer hyporesponsiveness to lipopolysaccharide and interleukin-1 in a
patient with recurrent bacterial infections. J. Exp. Med. 198:521.

. Krieg, A.M., A. K. Yi, S, Matson, T. J. Waldschmidt, G. A. Bishop, R. Teasdale,

G. A. Koretzky, and D. M. Klinman. 1995. CpG motifs in bacterial DNA trigger
direct B-cell activation. Nature 374:546.

. Lund, J, A. Sato, S. Akira, R. Medzhitov, and A. lwasaki. 2003. Toll-like re-

ceptor 9-mediated recognition of Herpes simplex virus-2 by plasmacytoid den-
dritic cells. J. Exp. Med. 198:513.

. Hornung, V., S. Rothenfusser, S. Britsch, A. Krug, B. Jahrsdorfer, T. Giese,

S. Endres, and G. Hartmann. 2002. Quantitative expression of Toll-like receptor
1-10 mRNA in cellular subsets of human peripheral blood mononuclear cells and
sensitivity to CpG oligodeoxynucleotides. J. Immunol. 168:4531.

R. Rifkin, A. M. Hohlbaum, B. C. Beaudette,
M. J. Shlomchik, and A. Marshak-Rothstein. 2002. Chromatin-1gG complexes
activate B cells by dual engagement of IgM and Toll-like receptors. Nature
416:603.

Viglianti, G. A., C. M. Lau, T. M. Hanley, B. A. Miko, M. J. Shlomchik, and
A. Marshak-Rothstein. 2003. Activation of autoreactive B cells by CpG dsDNA.
Immunity 19:837.

Ahmad-Nejad, P., H. Hacker, M. Rutz, S. Bauer, R. M. Vabulas, and H. Wagner.
2002. Bacteria CpG-DNA and lipopolysaccharides activate Toll-like receptors at
distinct cellular compartments. Eur. J. Immunol. 32:1958.

Takeshita, F., C. A. Leifer, |. Gursel, K. J. Ishii, S. Takeshita, M. Gursel, and
D. M. Klinman. 2001. Cutting edge: role of Toll-like receptor 9 in CpG DNA-
induced activation of human cells. J. Immunol. 167:3555.

Krieg, A. M. 2002. CpG motifsin bacterial DNA and their immune effects. Annu.
Rev. Immunol. 20:709.

Campbell, R. E., O. Tour, A. E. Pamer, P. A. Steinbach, G. S. Baird,
D. A. Zacharias, and R. Y. Tsien. 2002. A monomeric red fluorescent protein.
Proc. Natl. Acad. Sci. USA 99:7877.

Helenius, A., and M. Aebi. 2001. Intracellular functions of N-linked glycans.
Science 291:2364.

Visintin, A., A. Mazzoni, J. A. Spitzer, and D. M. Segal. 2001. Secreted MD-2
isalarge polymeric protein that efficiently confers lipopolysaccharide sensitivity
to Toll-like receptor 4. Proc. Natl. Acad. Sci. USA 98:12156.

Hemmi, H., O. Takeuchi, T. Kawai, T. Kaisho, S. Sato, H. Sanjo, M. Matsumoto,
K. Hoshino, H. Wagner, K. Takeda, and S. Akira. 2000. A Toll-like receptor
recognizes bacterial DNA. Nature 408: 740.

Latz, E., A. Visintin, E. Lien, K. A. Fitzgerald, B. G. Monks, E. A. Kurt-Jones,
D. T. Golenbock, and T. Espevik. 2002. Lipopolysaccharide rapidly traffics to
and from the Golgi apparatus with the Toll-like receptor 4-MD-2-CD14 complex
in a process that is distinct from the initiation of signal transduction. J. Biol.
Chem. 277:47834.

Hornef, M. W., B. H. Normark, A. Vandewalle, and S. Normark. 2003. Intra-
cellular recognition of lipopolysaccharide by Toll-like receptor 4 in intestinal
epithelia cells. J. Exp. Med. 198:1225.

Hornef, M. W., T. Frisan, A. Vandewalle, S. Normark, and A. Richter-Dahlfors.
2002. Toll-like receptor 4 resides in the Golgi apparatus and colocalizes with
internalized lipopolysaccharide in intestina epithelial cells. J. Exp. Med.
195:559.

Degjardins, M. 2003. ER-mediated phagocytosis: a new membrane for new func-
tions. Nat. Rev. Immunol. 3:280.

Gagnon, E., S. Duclos, C. Rondeau, E. Chevet, P. H. Cameron,
O. Steele-Mortimer, J. Paiement, J. J. Bergeron, and M. Degjardins. 2002. En-
doplasmic reticulum-mediated phagocytosis is a mechanism of entry into mac-
rophages. Cell 110:119.

Krieg, A. M. 2003. CpG DNA: trigger of sepsis, mediator of protection, or both?
Scand. J. Infect. Dis. 35:653.

Latz, E., A. Schoenemeyer, A. Visintin, K. A. Fitzgerald, B. G. Monks,
C. F. Knetter, E. Lien, N. J. Nilsen, T. Espevik, and D. T. Golenbock. 2004.
TLR9 signals after translocating from the ER to CpG DNA in the lysosome. Nat.
Immunol. 5:190.

1202 ‘T RN uo 1s9nb Aq /6.0 jounwiwi 1" mammy/:dny wioly papeo jumoq


http://www.jimmunol.org/

