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SUMMARY
Toll-like receptor-9 (TLR9) is largely responsible for discriminating self from pathogenic DNA.
However, association of host DNA with autoantibodies activates TLR9, inducing the pathogenic
secretion of type I interferons (IFNs) from plasmacytoid dendritic cells (pDCs). Here, we found
that in response to DNA-containing immune complexes (DNA-IC), but not to soluble ligands,
IFN-α production depended upon the convergence of the phagocytic and autophagic pathways, a
process called microtubule-associated protein 1A/1B-light chain 3 (LC3)-associated phagocytosis
(LAP). LAP was required for TLR9 trafficking into a specialized interferon signaling
compartment by a mechanism that involved autophagy-related proteins, but not the conventional
autophagic preinitiation complex, or adaptor protein-3 (AP-3). Our findings unveil a new role for
nonconventional autophagy in inflammation and provide one mechanism by which anti-DNA
autoantibodies, such as those found in several autoimmune disorders, bypass the controls that
normally restrict the apportionment of pathogenic DNA and TLR9 to the interferon signaling
compartment.

INTRODUCTION
Pattern recognition receptors, including Toll-like receptors (TLRs), recognize conserved
microbial features as a strategy of pathogen detection and play a central role in innate and
adaptive immunity (Akira et al., 2001). The cellular mechanisms of innate DNA sensing are
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emerging, but it is well established that microbial nucleic acids trigger the induction of type
I interferons (IFNs) (Barbalat et al., 2011), such as IFN-α, and that this represents a key host
defense strategy to limit the replication of invading microorganisms (Stetson and
Medzhitov, 2006). However, under some circumstances, recognition of host DNA has been
linked to autoimmunity, highlighting the importance of the mechanisms that ensure the
distinction between self and foreign DNA (Gilliet et al., 2008) in the type I IFN response.

Unabated activation of TLR9 in plasmacytoid dendritic cells (pDCs) has been associated
with autoimmune disorders such as systemic lupus erythematosus (SLE) (Gilliet et al.,
2008). A hallmark of such diseases is the production of IFN-α in response to large DNA-
containing immune complexes (DNA-IC) that are engulfed by phagocytosis. Phagocytes
internalize DNA-IC using cell surface Fcγ-receptors (FcγR) (Means et al., 2005). FcγR
initiates a tyrosine phosphorylation cascade that activates phosphatidylinositol 3-kinase
(PI3K), and results in dynamic and rapid reorganization of the actin cytoskeleton, which is
essential for phagocytic uptake (Jaumouillé and Grinstein, 2011), compartment maturation
(Yates et al., 2005; Trivedi et al., 2006), and the secretion of proinflammatory cytokines
(Abrahams et al., 2000). How DNA-IC trigger TLR9 is poorly understood, but some of the
mechanisms leading to TLR9 activation have been described using agonistic CpG-
containing phosphorothioate-modified oligodeoxynucleotides (CpG-ODN) (Klinman, 2004)
that are internalized by endocytosis. CpG-ODN actively signal in intracellular compartments
(Ahmad-Nejad et al., 2002) as they are inactive when immobilized (Manzel and Macfarlane,
1999), and lipofection enhances the stimulatory activity of CpG-ODN (Gursel et al., 2001).
Unc-93 homolog B (UNC93B) physically interacts with the transmembrane domain of
TLR9 and mediates TLR9 transport from the endoplasmic reticulum (ER) to the endosome.
Endosomal maturation is required for TLR9 stimulation (Häcker et al., 1998) where its
ectodomain is cleaved by cathepsins (Park et al., 2008). Upon ligand recognition,
recruitment of the adaptor protein myeloid differentiation primary response gene 88
(MyD88) initiates the secretion of nuclear factor κB (NF-κB)-dependent inflammatory
cytokines (Kawai and Akira, 2007) and interferon regulatory factor 7 (IRF7)-dependent type
I IFNs (Honda et al., 2006). Although these two pathways are triggered by the same adaptor
protein, it is apparent that TLR9 trafficking through the endolysosomal pathway further
shapes signaling outcome, as differential cytokine production results from targeting TLR9
ligands to specific compartments (Sasai et al., 2010). Although largely unknown, the
mechanisms associated with TLR9 compartmentalization are starting to emerge. Activation
of type I IFN genes is initiated by TNF receptor-associated factor 3 (TRAF3) in a mature
compartment. Trafficking of TLR9 to this interferon signaling compartment (ISC) is
mediated by the clathrin adaptor protein-3 (AP-3); however, this requirement can be
bypassed if TRAF3 is forced onto early endosome compartments (Sasai et al., 2010).

Autophagy, a self-digestion pathway, has been linked to innate immunity and its activation
plays a role in the degradation of a wide range of intracellular pathogens, including bacteria
and viruses (Levine et al., 2011). Autophagy is engaged by immune cells to isolate cytosolic
replicating viruses in the lumen of autophagosomes and deliver their genetic material to
intracellular TLRs for recognition. However, there are additional situations where the
autophagic machinery is involved in host defense: proteins that participate in the formation
of the autophagosome can be directly recruited to the phagosome after engulfment of
particles associated with ligands for TLR2, 4 or 6 (Sanjuan et al., 2007) or in response to T
cell immunoglobulin mucin-4 (TIM-4) binding to phosphatidylserine (Martinez et al., 2011).
As opposed to conventional autophagy, this process appears to occur without the formation
of a double membrane, and it promotes a more rapid maturation of the phagosome. Similarly
to conventional autophagy, the recruitment of microtubule-associated protein (MAP) 1A/
1B-light chain 3 (LC3) to phagosomes is preceded by class III PI3K activity and involves
the autophagy proteins 5 and 7 (ATG5 and ATG7). However, it proceeds in the absence of
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ULK1 (Martinez et al., 2011) and FIP200 (Florey et al., 2011), two components of the
autophagosome preinitiation complex. To distinguish this process from conventional
autophagy, we refer to it as LC3-associated phagocytosis (LAP) (Sanjuan et al., 2009).

The results presented here demonstrate that IFN-α secretion depends on this convergence of
the phagocytic and autophagic pathway, LAP, in response to DNA-IC. Collectively, these
data provide a mechanism by which inflammatory disease is triggered by host-DNA bound
to autoantibodies.

RESULTS
DNA-IC Elicits TLR9-Dependent IFN-α Secretion

The presence of anti-nuclear antibodies (ANA) in serum is used to diagnose autoimmune
disorders such as SLE. These autoantibodies form DNA-IC that trigger type I IFN
production in pDCs (Means et al., 2005), a response that normally is elicited by pathogenic
nucleic acids. In order to study the interferon response engaged by such complexes, we
formed in vitro DNA-IC by combining monoclonal DNA antibodies with CG50, a plasmid
optimized to activate TLR9 (Viglianti et al., 2003). DNA antibodies greatly enhanced the
formation of IFN-α in murine pDCs (Figure 1A) and were also required for the secretion of
IFN-α in response to mammalian DNA by human peripheral blood mononuclear cells
(PBMCs) (see Figure S1A available online).

DNA-IC sensing strictly depends on FcγR. Mouse pDCs lacking the common γ-chain of
FcγR (FcRγ) did not secrete IFN-α in response to DNA-IC (Figure 1B). Similarly, inhibition
of FcγR with blocking antibodies (Figure S1B) or with aggregated IgG (Figure S1C)
inhibited IFN-α triggered by DNA-IC in human PBMCs, suggesting an interplay between
FcγR and TLR9 for recognizing DNA-IC. However, synthetic CpG-containing
phosphorothioate oligodeoxynucleotides (ODN) induced IFN-α in FcRγ−/− cells (Figure
1B), indicating that activation of FcγR is an important step in the induction of interferon in
response to DNA-IC, but not to CpG-ODN.

The DNA-IC found in lupus patients trigger interferon responses through TLR9 (Means et
al., 2005). Similarly, IFN-α production by human PBMCs in response to our DNA-IC were
reduced in the presence of antagonistic ODN (Figure S1D) or chloroquine (Figure S1E),
both of which inhibit TLR9 activation (Trieu et al., 2006; Macfarlane and Manzel, 1998).
We further investigated our model of in vitro formed DNA-IC in fetal liver-derived murine
pDCs, a cell type that in our knowledge has not previously been used to investigate TLR9
responses and that was used throughout the current study. Neither DNA antibodies nor DNA
alone were capable of inducing significant type I IFN responses in fetal liver-derived pDCs,
whereas DNA-IC were potently active (Figure 1C). Ablation of TLR9 (Figure 1C) or the
adaptor protein MyD88 (Figure 1D) completely blocked the secretion of IFN-α in response
to DNA-IC. Because ODN induce TLR9-dependent tumor necrosis factor (TNF)-α secretion
in an NF-κB-dependent manner (Kawai and Akira, 2007), we investigated whether DNA-IC
triggered TNF-α production in fetal liver-derived pDCs. DNA-IC, but not antibody or DNA
alone, induced a robust secretion of TNF-α (Figure 1E) in pDCs. Cells deficient for TLR9
(Figure 1E) or MyD88 (Figure 1F) did not secrete TNF-α in response to DNA-IC (or CpG-
ODN), indicating that the TLR9-MyD88 axis triggers both IRF7-dependent and NF-κB-
dependent responses upon sensing DNA-IC.

IgG Component of DNA-IC Enhances Both TLR9 and UNC93B Trafficking to Phagosomes
FcγR and TLR9 are localized in different compartments in resting cells, with FcγR exposed
at the cell surface (Nimmerjahn and Ravetch, 2006) and TLR9 localized intracellularly
(Brinkmann et al., 2007). We hypothesized that TLR9 mobilizes to engulfed particles in
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order to be activated. We prepared beads coated with DNA, IgG, or both DNA and IgG
(DNA-IgG) and examined the intracellular localization of TLR9 after beads were engulfed
by phagocytosis in mouse macrophages expressing a TLR9-GFP. Beads adsorbed to IgG or
the combination of DNA and IgG resulted in an enhanced recruitment of TLR9 to
phagosomes containing the engulfed particles (Figures 2A and 2B), lasting up to 6 hr
(Figure 2C). UNC93B is required for TLR9 trafficking from the ER to the endosome
(Brinkmann et al., 2007) and we observed that this protein also accompanied TLR9 to the
phagosome (Figures 2A and 2D). Our data indicate that DNA is not required for the
enhancement of TLR9 and UNC93B translocation to phagosomes by DNA-IgG complexes,
and this was further confirmed with antibody-opsonized erythrocytes, which lack nuclear
DNA (Figures 2A, 2B, and 2D).

As previously reported (Latz et al., 2004), we detected CpG-ODN in TLR9 positive
compartments (Figure S2A). This is consistent with the idea that free CpG-ODN
accumulates in endosomal compartments by nonspecific endocytosis (Häcker et al., 1998)
where it directly binds TLR9. However, immobilization of agonistic CpG-ODN on beads
appeared to force this ligand to enter the cell through phagocytosis, which did not trigger a
mobilization of TLR9 (Figures S2A and S2B), UNC93B (Figure S2A, and S2C), or the
activation of the interferon pathway (Figure S2D). Further, DNA-IgG coated beads triggered
interferon production (Figure 2E) and also induced more IL-6 than DNA-or IgG-coated
beads (Figure 2F). TNF-α induction was also modestly enhanced by DNA-IgG (Figure 2G).
Together, our results indicate that TLR9 recruitment to the phagosome is an important step
for the recognition of DNA-IC.

Our confocal studies indicate that TLR9 recruitment is enhanced by the IgG component of
DNA-IC and that TLR9 was not efficiently mobilized to uncoated beads. Supporting this
conclusion, we were able to detect a dramatic increase in the recruitment of TLR9 to the
phagosome by immunoblotting using the phagosome fraction from cells fed with DNA-IgG
coated beads, compared to DNA-coated beads (Figure S2E). To further investigate FcγR-
mediated mobilization of TLR9 to phagosomes, we adsorbed beads to IgG fragments. Beads
bound to IgG or Fc fragments induced an increase in TLR9 trafficking to the phagosome
compared to control beads, whereas those coated with F(ab)2 fragments did not (Figures S2F
and S2G). The same effect was seen for UNC93B (Figures S2F and S2H). FcγR signaling in
mouse macrophages is largely initiated by a tyrosine kinase cascade (Ravetch and Bolland,
2001). Ablation of FcRγ expression in macrophages using small interfering RNA (siRNA)
silencing (Figure S2I) reduced the recruitment of TLR9 and UNC93B to beads coated with
IgG (Figures S2J and S2K).

Together, our results indicate that the engagement of FcγRs during engulfment of DNA-IC
is responsible for the enhanced mobilization of both TLR9 and UNC93B to phagosome
membranes in a DNA-independent manner.

DNA-IC Induce LC3-Associated Phagocytosis
Recently, we uncovered a process in which components of the autophagy pathway are
recruited to the membrane of the phagosome. This process, LAP (Sanjuan et al., 2009), is
engaged upon phagocytosis of particles containing some TLR ligands (those for TLR2,
TLR4, or TLR6) (Sanjuan et al., 2007) or phosphatidylserine on liposomes or dying cells
(Martinez et al., 2011; Florey et al., 2011) and functions in phagosome maturation. We
therefore asked whether engulfment of DNA-IC can trigger the recruitment of LC3 to the
phagosome. To this end, we employed the macrophage cell line RAW 264.7, expressing
fluorescent LC3-mCherry, and monitored engulfment of beads. We observed recruitment of
LC3 to phagosomes containing beads coupled with DNA-IgG, but not uncoated or DNA-
coated beads (Figures 3A and 3B). Bead adsorption to IgG was sufficient to elicit LC3
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recruitment to phagosomes (Huang et al., 2009) (Figures 3A and 3B). Similarly, engulfment
of red blood cells (RBC) opsonized with RBC antibody-induced recruitment of LC3
(Figures 3A and 3B). Phagosomes containing IgG recruited both LC3 and TLR9, and these
two proteins colocalized in the phagosome compartment (Figure 3C). LC3 mobilization did
not depend on TLR9 signaling as it mobilized normally to phagosomes in TLR9-deficient
pDCs (Figure 3D). However, siRNA suppression of FcRγ (Figure 3E) interfered with the
recruitment of LC3 to phagosomes (Figure 3F), indicating that LC3 mobilization to the
phagosome depends on FcγR signaling.

Using live cell imaging, we noted that the recruitment of LC3, TLR9, and UNC93B
proceeded with similar, rapid kinetics (Figures 4A and 4B). As observed for LAP under
other conditions (Sanjuan et al., 2007), PI3P, the product of PI3-kinases, was formed at the
phagosome membrane as detected with a PX-domain probe (Figures 4A and 4B). Both LAP
(Sanjuan et al., 2007) and TLR9 signaling (Kuo et al., 2006) require PI3-kinase activity.
Consistent with this, we found that the PI3-kinase inhibitor Wortmannin prevented
recruitment of LC3, TLR9, and UNC93B to phagosomes in macrophages (Figure S3A) and
the secretion of IFN-α (Figure S3B) and TNF-α (Figure S3C) in response to DNA-IC in
human pDCs.

Although LAP requires Beclin-1, ATG7, and ATG5 (Sanjuan et al., 2007; Martinez et al.,
2011), it is distinct from conventional autophagy in that it involves only the single
phagosome membrane rather than the double membrane of the autophagosome. We
therefore generated pDCs from fetal livers carrying an LC3-GFP transgene (Kuma and
Mizushima, 2008) with or without deletion of Atg7. Although wild-type (WT) and Atg7−/−

pDCs equivalently engulfed beads coated with DNA-IC (Figure 5A), no recruitment of LC3
to phagosomes was observed in Atg7−/− pDCs (Figure 5B).

Unlike conventional autophagy, LAP appears to proceed independently of ULK1 (Martinez
et al., 2011) or FIP200 (Florey et al., 2011), two proteins of the autophagic preinitiation
complex. We therefore examined pDCs from Ulk1−/− mice carrying LC3-GFP. ULK1
deficiency was not associated with defects in the rate of particle internalization (Figure 5C)
but eliminated rapamycin-induced autophagic LC3 puncta formation (Figure 5D). However,
LC3 recruitment to phagosomes containing DNA-IC-coupled beads was equivalently
observed in both WT and Ulk1−/− cells (Figure 5E).

We then extended these observations to RAW 264.7 cells expressing LC3-GFP. Silencing of
Fip200 or Atg13 with siRNA did not impact the rate of particle internalization (Figure 5F),
whereas the formation of LC3-positive autophagosomes in response to rapamycin was
dramatically reduced (Figures 5G and 5I). Nevertheless, LC3 recruitment to phagosomes
containing DNA-IC-coated beads was unaffected (Figures 5H and 5I). Therefore, whereas
ATG7 is required for FcγR-mediated LAP, the elements of the autophagy preinitiation
complex, ULK1, FIP200, and ATG13 appear to be dispensable.

IFN-α Secretion in Response to DNA-IC Requires LAP
We then asked whether LAP was involved in signaling upon TLR9 ligation. Expression of
TLR9, MyD88, and IRF7 messenger RNA (mRNA) and protein were similar in WT and
Atg7−/− fetal liver-derived pDCs (Figures S4A–S4D). However, Atg7−/− pDCs were
strikingly deficient in their IFN-α response to DNA-IC, and IFN-α secretion in response to
CpG-ODN was also partially reduced (Figure 6A). This defect was observed over a range of
concentrations of DNA-IC (Figure 6B) but was not observed upon treatment with
imiquimod (Figure 6C), a cell-permeable TLR7 ligand that, as CpG-ODN, does not require
phagocytosis for entry. In contrast, WT and Ulk1−/− pDCs, capable of engaging LAP
(Figure 5E) but not conventional autophagy (Figure 5D), showed nearly identical IFN-α
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responses to both CpG-ODN and DNA-IC (Figure 6D). Although LAP was required for the
secretion of IFN-α, production of TNF-α was only moderately reduced in response to DNA-
IC and CpG-ODN in Atg7−/− pDCs (Figure 6E; Figures S4E and S4F). TLR9 translocation
to phagosomes was not compromised in Atg7−/− pDCs (Figure 6F). This was further
confirmed by silencing Atg5 using siRNA in RAW 264.7 cells, where TLR9 and UNC93B
mobilization was sustained (Figure S4G), whereas LC3 recruitment was strongly reduced in
the absence of ATG5 (Figure S4H). Therefore, neither LAP nor conventional autophagy is
involved in TLR9 trafficking to phagosomes, but LAP is necessary for IFN-α secretion in
response to DNA-IC.

TLR9 localization has been associated with differential cytokine production. Some TLR9
ligands activate inflammatory cytokines upon entering the endosomal system, but IRF7
activation requires TLR9 trafficking into a specialized IRF7-signaling compartment (Sasai
et al., 2010). We therefore examined the activation of IRF7 in pDCs in response to DNA-IC.
In WT pDCs, free CpG-ODN and DNA-IC both induced nuclear accumulation of IRF7,
which was not observed in pDCs lacking TLR9 (Figure 7A). In contrast, Atg7−/− cells
showed robust nuclear translocation of IRF7 in response to free CpG-ODN but not to DNA-
IC, indicating that LAP is required for initiating the IFN pathway in pDCs engulfing DNA-
IC.

AP-3 is required for the TLR9 response to CpG-ODN, functioning in the formation of this
IRF7 signaling compartment (Sasai et al., 2010). As expected, bone-marrow-derived pDC
from Ap3b1−/− mice were defective in the interferon response to CpG-ODN, but
remarkably, IFN-α secretion in response to DNA-IC was normal in Ap3b1−/− pDCs (Figure
7B), indicating that LAP, but not AP-3, may be required for the formation of the specialized
IFN-signaling compartment in response to DNA-IC. To test this, we targeted TRAF3 to
early compartments using a chimeric molecule in which a PI(3,5)P2-binding plextrin
homology (PH) domain of centaurin β2 is fused to the N-terminal end of TRAF3 (PH-
TRAF3) (Sasai et al., 2010), a strategy that had been shown to bypass the requirement for
AP-3 in the response to CpG-ODN (Sasai et al., 2010). Ectopic expression of PH-TRAF3
was sufficient to reconstitute TLR9 signaling for IFN induction in fetal liver derived Atg7−/−

pDC (Figure 7C).

TLR9 trafficking into the specialized IRF7-signaling compartment is associated with late-
endolysosomal proteins (Sasai et al., 2010).We therefore examined the recruitment of the
lysosomal marker LAMP1 to phagosomes containing DNA-IC-coated beads. Phagosomes in
macrophages constitutively acquire lysosomal markers (Huang et al., 2009). However, we
found that recruitment of LAMP1 in pDCs was regulated by the cargo, as particles covered
with DNA-IC mobilized LAMP1 to the phagosome but not control particles (Figure 7D).
The recruitment of LAMP1 to such phagosomes in pDCs was independent of TLR9 (Figure
7D) or MyD88 (Figure S5A) but required ATG7 (Figure 7E). Beclin-1, a binding partner of
class III PI3K, is activated upstream of ATG7 (Kang et al., 2011). ATG7-deficient cells
effectively recruited Beclin-1 but failed to recruit LC3 (Figure 7F). The vesicle-associated
membrane protein 3 (VAMP3), an early maturation marker, was found on phagosomes from
WT and Atg7−/− pDC (Figure 7F), but strikingly, Atg7−/− phagosomes failed to progress
into mature compartments as they failed to recruit LAMP1 (Figure 7E), LAMP2 (Figure
7F), or acidify (Figure S5B) in pDCs. Together, our data indicates that LAP is required for
the progression of the TLR9 compartment into a mature LAMP1+ phagosome.

Collectively, these results suggest that IFN-α production in response to DNA-IC is initiated
in a mature IRF7-signaling compartment and that ATG7 is required for the TLR9+

phagosome to progress into that compartment. The mature phagosome is formed in response
to FcγR engagement and does not require TLR9 signaling. The presence of native DNA can
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then signal IRF7 to engage IFN-α production. We conclude that such signaling requires
LAP to facilitate the formation of the IRF-7 signaling compartment.

DISCUSSION
Recognition of DNA appears to be a mechanism by which cells identify invading pathogens,
but there is ample evidence that autoantibodies that bind directly or indirectly to host DNA
can induce IFN-responses and cause autoimmunity (Gilliet et al., 2008). Here we have
provided evidence that IFN-α secretion depends on a convergence of the phagocytic and
autophagic pathways in response to DNA-IC. FcγR-mediated internalization of DNA-IC
induced an enhanced recruitment of TLR9 to the phagosome. Upon recruitment, TLR9
triggered the secretion of the inflammatory cytokine TNF-α. However the activation of the
transcription factor IRF7 and subsequent IFN-α secretion required phagosome progression
into a late compartment that was positive for LAMP1 and LAMP2 in pDCs. This
compartment was generated upon recruitment of the autophagy protein LC3, dependent on
ATG7. Because neither LC3 recruitment nor IFN-α secretion required components of the
classical autophagy preinitiation complex, we propose that LAP is required for IFN-α
secretion in response to DNA-IC.

DNA is a shared feature of both host and pathogens, and thus safeguards must be in place to
avoid TLR9 response to self-DNA. Surface expression of transgenic cleaved TLR9 on
hematopoietic stem cells results in lethal autoinflammatory disease in mice (Mouchess et al.,
2011), highlighting the importance of concealing TLR9 in intracellular membranes. We
have provided evidence that TLR9 trafficking inside the cell is also strictly regulated,
because receptor mobilization to phagosomes was enhanced by the phagosome content.
Beads coated with DNA plus IgG strongly colocalized with TLR9, a phenomenon also
observed in cells incubated with human lupus autoantibody-DNA complexes that are
associated with disease pathogenesis (Means et al., 2005). We found that signals triggering
TLR9 mobilization did not emanate from nucleic acids but rather from the IgG in the
immune complexes. This trafficking is likely to be mediated by PI3K because TLR9
mobilization was impaired upon pharmacological inhibition of this lipid kinase. We noticed
that FcγR activation also mobilized UNC93B, a protein responsible for TLR9 transport from
the ER to endosomes (Kim et al., 2008), and it is therefore likely that it also escorts the
receptor to phagosome membranes. Phagosomes containing Asperguillus fumigatus conidia
also recruit TLR9 (Kasperkovitz et al., 2010), suggesting that there are other receptors
associated with microbial defense that trigger TLR9 trafficking. It is therefore apparent that
there are active mechanisms that limit the presence of TLR9 to those phagosomes most
likely to contain pathogens in order to prevent aberrant activation, a protection against
inflammatory responses that is circumvented by the formation of DNA-IC.

Autophagy has previously been linked to IFN-responses in pDCs. The recognition of single-
stranded RNA in cells infected with viruses such as vesicular stomatitis virus (VSV) or
Sendai virus (SV) requires transport of cytosolic viral replication intermediates into the
lysosome by the process of autophagy (Lee et al., 2007). Atg5−/− cells fail to encapsulate
viral RNA in autophagosomes, which was required for viral nucleic acid sensing, and
infected Atg5−/− cells do not secrete cytokines, including IFN-α (Lee et al., 2007). Thus, in
addition to LAP, pDCs may use the conventional autophagy pathway to deliver some
ligands to nucleic acid sensors, although the role of the preinitiation complex (ULK1,
FIP200, ATG13) has not been examined in this process.

While LAP is required for the IFN-α response to DNA-IC, autophagy deficiency did not
block all responses to these immune complexes. Atg7−/− pDCs failed to produce IFN-α, but
the secretion of TNF-α was only moderately reduced, indicating that LC3-phagosome
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recruitment was associated with shaping TLR9 signaling but not with ligand delivery to the
receptor. Further supporting this conclusion, TLR9 was found at the phagosome in Atg7−/−

pDCs and in macrophages where ATG5 was silenced with siRNA.

Signals emanating from TLR9 are determined by the compartment where the receptor is
activated; however, the nature of those compartments remains controversial.
Compartmentalization of IRF7-dependent responses into a LAMP2+ compartment capable
of recruiting TRAF3 has previously been reported for CpG-ODN. Although NF-κB
responses remain intact, AP-3 deficient cells failed to traffic TLR9 into LAMP2+ mature
compartments, which impedes TRAF3 recruitment, and resulted in a profound defect in
CpG-ODN-induced IFN-α production. However, AP-3 deficient cells showed normal IFN-α
secretion when treated with DNA-IC, indicating that AP-3 is not part of the machinery used
to sense this ligand. Compartment maturation in response to DNA-ICs was not regulated by
TLR9 signaling as pDCs from Tlr9−/− and Myd88−/− mice recruited LAMP1 to phagosomes
containing DNA-IC. Failure to induce LAP in Atg7−/− pDCs impeded LAMP1 and LAMP2
recruitment to the phagosome and this abrogated IRF7 activation. Targeting TRAF3 to early
compartments restored secretion of IFN-α in response to DNA-ICs. Thus we conclude that
FcγR bypass the need of AP-3 by providing a signal that recruits LAP to the phagosome,
which in turn leads to phagosome progression into a LAMP+ compartment, and ultimately
IRF7-dependent IFN-α secretion in response to DNA-ICs.

We noted that Atg7−/− pDCs produced IFN-α in response to CpG-ODN, although the
response was decreased compared to WT pDCs. This observation is further supported by a
previous report where the deletion of Atg5 in pDCs reduced but did not prevent IFN-
responses (Lee et al., 2007). We also observed that nuclear translocation of IRF7 was
defective in Atg7−/− pDCs when treated with DNA-IC, but not with free CpG-ODN. Thus
our data suggest that LAP is required for the activation of IRF7 in phagosomes but may not
be the only mechanism employed by pDCs to traffic endosomal ligands such as CpG-ODN
to the specialized IRF7-signaling compartment.

The anti-inflammatory functions of autophagy have been reported. Autophagy deficiency
has been linked to exacerbated intestinal inflammation in a mouse model of induced-acute
colitis (Saitoh et al., 2008), and polymorphisms in autophagy genes are strongly associated
to Crohn’s disease susceptibility (Hampe et al., 2007). The role of LAP versus conventional
autophagy in such inflammatory responses has not been fully explored. Macrophages
deficient for ATG7, but not ULK-1 (Martinez et al., 2011), secrete higher amounts of
inflammatory cytokines than WT macrophages in response to dying cells. The requirement
for LAP to induce a DNA-IC-mediated IFN-α response in pDCs implies that the pathway
we described here could be involved in the pathogenesis of diseases such as SLE, where
type I IFNs secreted in response to DNA-IC contributes to disease progression. Supporting
this conclusion, genome-wide association studies have found that single nucleotide
polymorphisms in ATG5 are associated with increased susceptibility to SLE (Harley et al.,
2008). It is then conceivable that pharmacological interventions designed to treat SLE might
benefit from incorporating agents that target the LAP machinery involved in sensing of
nucleic acid immune complexes.

EXPERIMENTAL PROCEDURES
Mice

Mice were housed pathogen-free and experiments were done in accordance with the
guidelines of the Institutional Animal Care and Use Committee of Med-Immune or the
Committee for Animal Care at the St. Jude Children’s Research Institute. Ap3b1−/− and
C57BL/6 mice were obtained from Jackson Laboratories. Tlr9−/− and Myd88−/− mice were
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kindly provided by Shizuo Akira (Osaka University, Japan). To generate Atg7−/− mice, male
Atg7flox/flox mice (Komatsu et al., 2005) were bred to females EIIaCre mice (Williams-
Simons and Westphal, 1999). Atg7−/− and Atg7+/+ littermates were used to generate E14
fetal liver stem cells for pDC generation. Ulk1−/− mice were kindly provided by Mondira
Kundu (St. Jude Children’s Research Hospital). Fcer1g mice, deficient for the common
gamma chain (FcRγ) of FcγR, have been previously described (Park et al., 1998) and were a
generous gift from Jeffery Ravetch.

Cells
Human peripheral blood mononuclear cells (PBMCs) were isolated from fresh peripheral
venous blood from healthy humans in accordance with the guidelines of the Institutional
Review Board of MedImmune, using CPT tubes (BD Biosciences). EasySep Human pDC
Enrichment kit (STEMCELL Technologies) was used to isolate human pDCs, and the
enriched fraction was consistently ≥90%. Mouse macrophages expressing TLR9-GFP were
generated as previously described (Hornung et al., 2008). Briefly, TLR9-deficient
macrophages were immortalized from bone marrow of Tlr9−/− mice using the J2
recombinant retrovirus (carrying v-myc and v-raf oncogenes). Bone marrow cells were
infected with J2 virus after 3 days of culture in L929 conditioned medium. Immortalized
macrophages were then retrovirally transduced with mouse TLR9-GFP, UNC93B-mCherry,
and/or LC3-mCherry. Jurkat and Raw 264.7 cells were obtained from ATCC. RAW 264.7
cells were retrovirally transduced with PX-GFP, LC3-mCherry, LC3-GFP, TLR9-mCherry,
and/or UNC93B-mCherry.

Phagocytosis Assays
Polystyrene beads (Spherotech) were resuspended in PBS and incubated at 4°C for 16 hr
with 10 ug/ml of thymic double-stranded DNA (dsDNA) (Trevigen), 50 ug/ml of anti-
dsDNA antibody (clone MAB030, Millipore), 1.0 μg/ml CG50 DNA, 50 ug/ml of anti-DNA
clone E11, 10 μM ODN2216, 50 μg/ml mouse IgG, 50 μg/ml mouse F(ab)2, or 50 μg/ml
mouse Fc, as indicated in figure legend. Polystyrene beads precoated with IgG (Spherotech)
were also used. Sheep erythrocytes were obtained from Bioreclamation and were used either
uncoated or opsonized with 50 μg/ml sheep RBC antibody (Rockland Immunochemicals).
RAW 264.7 cells were cultured in the presence of IFN-γ (30 ng/ml) for 16 hr prior to
internalization experiments.

Cell Imaging
Confocal microscopy on live cells was performed with either a Leica TCS SP5 confocal
system consisting of a Leica DMI6000 B inverted microscope (Leica Microsystems) or a
Marianas SDC imaging system (Intelligent Imaging Innovations/3i) (Carl Zeiss
MicroImaging). Temperature was maintained at 37°C with 5% CO2 using an environmental
control chamber (Life Imaging Services and Solent Scientific). Images were acquired at time
points noted in the figure and were analyzed using the LAS AF version 2.2.1 Leica
Application Suite software (Leica Microsystems) or the SlideBook 4.2 software (3i).

Phagosome Isolation
Raw 267.4 cells expressing TLR9-GFP were incubated with smooth magnetic beads
(Spherotech) coated with either 1 μg/ml CG50 plasmid DNA alone or with both CG50 and
50 μg/ml E11 DNA antibodies. Cells were transferred into HEPES-Sucrose Buffer pH 7.2
supplemented with Complete Mini protease inhibitor tablet (Roche) and DTT. Cells were
homogenized using a Dounce homogenizer and phagosomes were isolated using DynaMag
magnets (Life Technologies). Phagosomal proteins were extracted in RIPA lysis buffer and
used for immunoblot analysis. Phagosomes from mouse pDCs were obtained as previously
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described (Desjardins et al., 1994). Briefly, after culture of pDCs with CG50 plasmid DNA
plus E11 antibody-coated latex beads, the cells were washed in cold PBS, pelleted,
resuspended in 1 ml of homogenization buffer (250 mM sucrose, 3 mM imidazole, pH 7.4),
and homogenized on ice in a Dounce homogenizer. Phagosomes were then isolated by
flotation on a sucrose step gradient during centrifugation for 1 hr at 100,000 g at 4°C. Latex-
bead phagosomal fraction was then collected from the interface of the 10% and 25% sucrose
solutions and resuspended in RIPA buffer for protein immunoblot analysis.

Statistical Analysis
Unpaired, two-tailed Student’s t test was used to determine the statistical differences
between the data sets. p ≤ 0.05 were considered statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DNA-IgG-Mediated Production of IFN-α Requires Both FcγR and TLR9
(A) Bone-marrow-derived pDCs from WT mice were stimulated with increasing
concentrations of CG50 plasmid DNA (DNA) in presence of different concentrations of the
DNA antibody E11 (DNA Ab). Production of IFN-α was measured by ELISA after 24 hr.
(B) Bone-marrow-derived pDCs from WT and Fcer1g (FcRγ −/−) mice were unstimulated
(NS) or stimulated with DNA-IC formed by combining CG50 plasmid DNA and DNA
antibody E11 (DNA-IgG). We used 5 μM of ODN1585 (CpG-ODN) as positive control.
Secretion of IFN-α was measured by ELISA 24 hr after pDC stimulation. Data is
representative of three independent experiments.
(C–F) Fetal liver-derived pDCs from WT, Tlr9−/− (C and E) or Myd88−/− (D and F) mice
were stimulated with DNA antibody E11 (IgG), CG50 plasmid DNA (DNA), or DNA-IgG.
ODN1585 (CpG-ODN) was used as a positive control. IFN-α and TNF-α in supernatants
were measured by ELISA 24 hr after pDC stimulation. Data are presented as mean ± SD of
three independent experiments. (*p < 0.05).

Henault et al. Page 13

Immunity. Author manuscript; available in PMC 2013 December 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Intracellular TLR9 and UNC93B Are Specifically Recruited to IgG-Opsonized
Phagosomes
(A) Mouse macrophages expressing TLR9-GFP and UNC93B-mCherry were allowed to
ingest uncoated polystyrene beads (Control) or polystyrene beads coated with double-
stranded DNA (DNA), anti-DNA IgGs (IgG), or a combination of both (DNA-IgG). RBC
opsonized with RBC antibodies (RBC+Anti-RBC) were used as control. Engulfed beads
were followed by time lapse confocal microscopy and representative frames taken 30 min
after bead internalization are shown. Yellow arrows point to internalized beads. Scale bar
represents 5 μm.
(B and C) The percentage of phagosomes positive for TLR9 recruitment were quantified for
three independent experiments (n ≥ 75 phagosomes per group) on cells treated as described
in (A). Data are presented as mean ± SD. TLR9 recruitment was also quantified in (C) for
phagosomes containing DNA-IgG at 1, 3, and 6 hr after bead phagocytosis for three
independent experiments (n ≥ 75 phagosomes per group).
(D) The percentage of phagosomes positive for UNC93B recruitment were quantified for
three independent experiments (n ≥ 75 phagosomes per group). Data are presented as mean
± SD.
(E–G) Mouse macrophages were stimulated with beads as described in (A). We used 3 μM
ODN 1826 (CpG-ODN) as a positive control. IFN-β, IL-6, and TNF-α mRNA expression
was assessed by quantitative RT-PCR 4 hr after stimulation with beads. Results are
presented as mean ± SD of three independent experiments.
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Figure 3. LC3 Colocalizes with TLR9 in IgG-Opsonized Phagosomes
(A) Raw 264.7 cells expressing LC3-mCherry were allowed to ingest uncoated polystyrene
beads (Control) or polystyrene beads coated with double-stranded DNA (DNA), anti-DNA
IgGs (IgG), or a combination of both (DNA-IgG). RBC opsonized with RBC antibodies
(RBC+Anti-RBC) were used as control. Engulfed beads were followed by time lapse
confocal microscopy and representative frames taken 15 min after bead internalization are
shown. Yellow arrows point to internalized beads. Scale bar represents 5 μm.
(B) The percentage of phagosomes that were positive for LC3 upon particle ingestion were
quantified for three independent experiments (n ≥ 75 phagosomes per group). Data are
presented as mean ± SD.
(C) Mouse macrophages expressing TLR9-GFP (green) and LC3-mCherry (red) were
exposed to IgG-opsonized RBCs and engulfed particles were visualized by time lapse
confocal microscopy. Representative frames from cells before and 15 min after particle
internalization are shown. Yellow arrows point to internalized particles. Scale bar represents
5 μm.
(D) Bone marrow-derived pDCs from WT and Tlr9−/− mice expressing LC3-GFP were
allowed to ingest uncoated polystyrene beads (Control) or polystyrene beads coated with a
combination of CG50 plasmid DNA and DNA antibody E11 (DNA-IgG). Engulfed beads
were followed by time-lapse confocal microscopy and representative frames taken 30 min
after bead internalization are shown. Yellow arrows point to internalized beads. The
percentage of phagosomes that were positive for LC3 upon bead ingestion were quantified
for three independent experiments (n ≥ 75 phagosomes per group). Data are presented as
mean ± SD. Scale bar represents 10 μm.
(E and F) Raw 264.7 cells expressing LC3-mCherry were treated with siRNA
oligonucleotides targeting FcRγ. Nontargeting siRNA was used as control. FcRγ expression
was assessed by immunoblotting 48 hr after the cells were treated with siRNA (E). siRNA-
treated cells were allowed to ingest polystyrene beads coated with DNA-IgG. Engulfed
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beads were followed by time lapse confocal microscopy and representative frames taken 15
min after bead internalization are shown. Yellow arrows point to internalized beads. The
percentage of phagosomes that were positive for LC3 upon bead ingestion were quantified
for three independent experiments (n ≥ 75 phagosomes per group). Data are presented as
mean ± SD. Scale bar represents 5 μm.
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Figure 4. PI3K Activity Precedes LC3 and TLR9 Recruitment to the Phagosome
(A) RAW 264.7 cells expressing PX-GFP, LC3-GFP, TLR9-mCherry, or UNC93B-
mCherry were fed with IgG-opsonized RBCs. Internalization was followed by acquiring
time-lapse confocal images every 1 min for a period 2 hr and representative images are
shown. Yellow arrows point to internalized particles. Scale bar represents 10 μm.
(B) Translocation of PX, LC3, TLR9, and UNC93B was quantified by measuring the time
and duration of recruitment for each of the proteins represented to individual phagosomes.
Phagosomes were followed for 100 min. Data are presented as mean ± SD (n = 25
phagosomes per group).
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Figure 5. Phagosome Recruitment of LC3 Requires ATG7 but Not the Autophagy Initiation
Complex
(A and B) Fetal liver-derived pDCs from WT and Atg7−/− mice were fed with beads coated
with CG50 plasmid DNA and the DNA antibody E11 (DNA-IgG). Bead phagocytosis and
LC3 recruitment at the phagosomes were visualized by time-lapse confocal microscopy. The
percentage of cells that were positive for bead phagocytosis (A) and the percentage of
phagosomes that were positive for LC3 upon particle ingestion (B) were quantified for three
independent experiments. (n = 25 phagosomes per group). Scale bars represent 5 μm.
(C–E) Fetal liver-derived pDCs from WT and Ulk1−/− mice were treated with rapamycin
(200 nM) or fed with beads coated with DNA-IgG as in (A). The percentage of cells that
were positive for bead phagocytosis (C), LC3 puncta formation (D), and the percentage of
phagosomes that were positive for LC3 upon particle ingestion (E) were quantified for three
independent experiments (n = 25 phagosomes per group). Scale bars represent 5 μm.
(F–I) RAW 264.7 cells expressing LC3-GFP were transfected with nontargeting (control),
FIP200, or ATG13 siRNA oligonucleotides. At 24 hr after transfection, cells were treated
with 200 nM rapamycin or fed DNA-IgG coated beads as in (A). Bead phagocytosis and
LC3 recruitment at the phagosomes were visualized by time-lapse confocal microscopy. The
percentage of cells that were positive for bead phagocytosis (F), LC3 puncta formation (G
and I), and the percentage of phagosomes that were positive for LC3 upon particle ingestion
(H and I) were quantified for three independent experiments (n ≥ 50 cells per / group). Data
are presented as mean ± SD (*p value < 0.05). Scale bars represent 5 μm.
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Figure 6. LAP Is Required for IFN-α Secretion in Response to DNA-IgG
(A) Fetal liver-derived pDCs from WT and Atg7−/− mice were incubated with DNA
antibody E11 (IgG), CG50 plasmid DNA (DNA) or the immune complexes that result from
combining both (DNA-IgG). We used 5 μM of ODN 1585 (CpG-ODN) as a control. IFN-α
in supernatants was measured by ELISA 24 hr after stimulation. Representative data from at
least three independent experiments are presented. Data are presented as mean ± SD (*p
value < 0.05).
(B) IFN-α secretion in Atg7−/− pDCs was further evaluated by using DNA-IgG that were
formed using increasing concentrations of CG50 plasmid DNA (DNA) combined with either
25 or 50 μg/ml of DNA antibody (IgG).
(C) Fetal liver-derived pDCs from WT and Atg7−/− mice were stimulated with the TLR7
ligand imiquimod (5 μg/ml) and also with DNA-IgG as described in (A).
(D) Fetal liver-derived pDCs from WT and Ulk1−/− mice were incubated with DNA-IgG as
in (A). ODN 1585 (CpG-ODN) was used as a control.
(E) Fetal liver-derived pDCs from WT and Atg7−/− mice were incubated with DNA-IgG as
in (A). TNF-α in supernatants was measured by ELISA 24 hr after stimulation.
Representative data from at least three independent experiments are presented. Data are
presented as mean ± SD.
(F) Fetal liver-derived pDCs from WT and Atg7−/− mice transiently expressing TLR9-GFP
were allowed to ingest uncoated polystyrene beads (Control) or polystyrene beads coated
with DNA-IgG. Engulfed beads were followed by time-lapse confocal microscopy and
representative frames taken 30 min after bead internalization are shown. Yellow arrows
point to internalized beads. The percentage of phagosomes that were positive for TLR9 upon
bead ingestion was quantified for three independent experiments (n ≥ 75 phagosomes per
group). Data are presented as mean ± SD. Scale bar represents 5 μm.
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Figure 7. IRF7 Activation Requires the Formation of an Interferon Signaling Compartment
(A) Fetal liver-derived pDCs from WT, Tlr9−/−, or Atg7−/− mice were left untreated (NS) or
were treated with a combination of CG50 plasmid DNA and DNA antibody E11 (DNA-IgG)
or with 5 μM ODN 1585 (CpG-ODN) for 6 hr. The presence of IRF7 in nuclear and
cytoplasmic extracts was assessed by immunoblotting. Data presented are representative of
three independent experiments.
(B) Bone marrow-derived pDCs from WT and Ap3b1−/− mice were incubated for 24 hr with
DNA-IgGs or ODN 1585 (CpG-ODN) as in (A). IFN-α in supernatant was measured by
ELISA. Representative data from at least two independent experiments are presented. Data
are presented as mean ± SD.
(C) Fetal liver-derived pDCs from WT and Atg7−/− mice transiently expressing PH-TRAF3
or an empty vector were incubated for 24 hr with DNA-IgG as in (A). No treatment (−) or
DNA antibody E11 alone (IgG) were used as control. IFN-α in supernatant was measured by
ELISA. Representative data from at least two independent experiments are presented. Data
are presented as mean ± SD.
(D and E) Fetal liver-derived pDCs were fed with uncoated beads (Control) or DNA-IgG-
coated beads for 4 hr. Cells were then fixed and LAMP1 was detected by
immunofluorescence. Confocal images for TLR9−/− cells (D) and Atg7−/− (E) pDCs were
obtained and representative images shown. The percentage of phagosomes that were
positive for LAMP1 upon bead ingestion was quantified for three independent experiments
(n ≥ 50 phagosomes per group). Data are presented as mean ± SD (*p value < 0.05). Scale
bars represent 5 μm.
(F) Immunoblotting analysis of phagosome proteins. Fetal liver-derived pDCs from WT and
Atg7−/− mice were allowed to phagocytose latex beads coated with DNA-IgG for the
indicated time. Phagosomes were purified using sucrose gradient as described in
experimental procedures. Phagosome proteins were solubilized in SDS-PAGE and blotted
with the indicated antibodies. The results presented are representative of three independent
experiments.
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