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Summary

Toll-like receptors (TLRs) and other pattern recognition receptors (PRRs) sense microbial ligands
and initiate signaling to induce inflammatory responses. Although the quality of inflammatory
responses is influenced by internalization of TLRs, the role of endosomal maturation in clearing
receptors and terminating inflammatory responses is not well understood. Here, we report that
Drosophila and mammalian Vps33B proteins play critical roles in the maturation of phagosomes
and endosomes following microbial recognition. VVps33B was necessary for clearance of
endosomes containing internalized PRRs, failure of which resulted in enhanced signaling and
expression of inflammatory mediators. Lack of Vps33B had no effect on trafficking of endosomes
containing non-microbial cargo. These findings indicate that Vps33B function is critical for
determining the fate of signaling endosomes formed following PRR activation. Exaggerated
inflammatory responses dictated by persistence of receptors in aberrant endosomal compartments
could therefore contribute to symptoms of ARC syndrome, a disease linked to loss of VVps33B.
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Introduction

Cells of the innate immune system express several different Toll-like receptors (TLRs) that
recognize a diverse set of microbial ligands and initiate signaling to generate inflammatory
responses. The outcome of TLR signaling depends on the cell type that encounters the
pathogen and the specificity of TLR signaling is determined by the downstream adapter
proteins used by different TLRs. Endolysosomal compartments play a critical role in
determining signaling specificity and strength that leads to inflammatory responses (Kagan
etal., 2008; Zanoni et al., 2011). For example, LPS initiates a Myeloid differentiation
primary response gene 88(MyD88) and TIR domain containing adapter protein (TIRAP)-
dependent TLR4 signaling cascade at the plasma membrane resulting in the induction of
pro-inflammatory genes through activation of the NF-xB and AP-1 families of transcriptions
factors. In parallel, LPS binding to TLR4 and CD14 leads to rapid receptor endocytosis,
which downregulates MyD88 and TIRAP-dependent signaling while synchronously
endosomal TLR4 engages a different set of adapters (Kagan and Iwasaki, 2012; Tanimura et
al., 2008; Zanoni et al., 2011). The endosomal TRIF and TRAM adaptors enable induction
of type | Interferons (IFNs) through activation of Interferon-Regulatory Factor 3 (IRF3)
(Kagan et al., 2008; Yamamoto et al., 2003). For other cell surface TLRs, such as TLR2 and
TLRS, it is not clear if signaling downstream of these TLRs depends on their endocytosis.
By contrast, TLR3, TLR7 and TLR9 primarily reside in endolysosomes and are activated by
nucleic acids in endosomes (Kawai and Akira, 2010). Importantly, both TLR7 and TLR9
ecto-domains are cleaved in endolysosomes and this cleavage, at least for TLRY, is essential
for signal transduction following ligand recognition (Ewald et al., 2011; Ewald et al., 2008).
All endosomal TLRs, in addition to inducing NF-xB dependent genes, induce a type |
interferon response by engaging the MyD88 (TLR7 and TLR9) or TRIF (TLR3)
downstream adapters (Honda et al., 2005a; Honda et al., 2005b; Yamamoto et al., 2003).
Thus, receptor endocytosis and endosomal maturation are critical in determining the
spectrum of TLR-induced pro-inflammatory responses.

TLRs also play a critical role in phagocytosis. TLR activation enhances phagocytosis of both
gram-positive and gram-negative bacteria while having no demonstrable effects on non-
microbial cargo (Blander and Medzhitov, 2004; Underhill et al., 1999). TLRs have also been
implicated in regulating phagosomal maturation, but the mechanisms of this regulation are
not known (Blander and Medzhitov, 2006; Kagan and Iwasaki, 2012). Endosomal and
phagosomal maturation are connected cellular processes that determine the rate of
progression of cargo along the endosomal route and its ultimate fate (Kinchen et al., 2008).
Since ligands expressed on bacterial cargo activate TLRs, phagosome maturation is likely to
play a crucial role in regulating signaling initiated by ligand recognition. Therefore, TLR-
facilitated endosomal maturation and signaling by TLRs are intricately linked.
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An important step in endosomal maturation is the fusion of late endosomes with lysosomes,
which is controlled by the conserved homotypic fusion and vacuole protein sorting (HOPS)
complex. To orchestrate lysosomal fusions, HOPS complexes interact with phospholipids,
SNARE fusion proteins and small Rab GTP binding proteins (Wickner, 2010). Among
HOPS subunits, Vps33 proteins belong to the family SM proteins, named for Secl and
Munc18, that directly interact with SNAREs during membrane fusions (Lobingier et al.,
2014). In Drosophila, loss of Vps33A (encoded by carnation), or its close binding partner
Vps16A (Baker et al., 2013), compromises the fusion of lysosomes with late endosomes and
autophagosomes (Akbar et al., 2009; Pulipparacharuvil et al., 2005; Takats et al., 2014). By
contrast, a fob null mutation blocks the maturation of phagosomes (Akbar et al., 2011). fob
encodes the Drosophila ortholog of Vps16B (VIPAS39), the binding partner of Vps33B
(Cullinane et al., 2010; Pulipparacharuvil et al., 2005; Tornieri et al., 2013). This defect in
phagosome maturation compromises bacterial clearance and renders fob flies susceptible to
non-virulent microbial infections (Akbar et al., 2011). Consistent with these observations,
the mycobacterial virulence factor PtpA targets Vps33B for dephosphorylation, which
contributes to intracellular persistence of Mycobacterium (Bach et al., 2008). Mutations in
human Vps33B and VIPAS39 are responsible for arthrogryposis-renal dysfunction-
cholestasis (ARC) syndrome (Cullinane et al., 2010; Gissen et al., 2004), a fatal recessive
disorder characterized by trafficking defects in multiple organ systems (Gissen et al., 2006;
Tornieri et al., 2013) and persistent infections and sepsis (Jang et al., 2009; Seo et al., 2014).

Since the mechanisms of TLR-dependent endosomal maturation and endo-lysosomal fusion
are not well understood and our earlier work (Akbar et al., 2011) suggests a role for Vps33B
in regulating bacterial clearance in Drosophila hemocytes, we explored the possibility that
this SM protein could be responsible for regulating endosomal maturation following TLR
activation in mouse macrophages. We have found that functions of Vps33B are conserved
between flies and mice, as VVps33B is required in mouse macrophages for normal maturation
of phagosomes and specialized endosomes that are induced upon PRR activation. We found
that absence of VVps33B caused defects in the degradation of endosomal and phagosomal
microbial cargo and their receptors, thus contributing to exaggerated pro-inflammatory
responses. These findings suggest that TLR signaling promotes a specialized endosomal
pathway and Vps33B is required for ultimate degradation of those endosomes and,
importantly, for termination of TLR signaling.

a conserved role in phagosomal clearance

To investigate the role of Vps33B in Drosophila, we generated a null allele (Figure 1A).
Similar to fob mutants (Akbar et al., 2011), flies null for Vps33B were viable and fertile. To
investigate possible defects in phagosomal maturation, we isolated hemocytes from Vps338
larvae. When challenged with heat-inactivated £. coli, Vps33B hemocytes phagocytosed the
bacteria, but, compared to hemocytes from Oregon R wild-type flies (OreR), their
phagosomal clearance was inhibited (Figure 1B,C). Phagosomal clearance was restored by a
bacterial artificial chromosome (BAC) transgene encompassing the entire Vps338 gene
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(Figure 1A-C), confirming that, like its binding partner Fob (Akbar et al., 2011), Vps33B is
necessary for normal phagosomal maturation.

To test whether this function of Vps33B is conserved between flies and mammals, we used
shRNAs to generate immortalized bone marrow-derived macrophages (iBMDMSs) (Nagpal et
al., 2009) deficient for Vps33B. Five different ShRNAs were used to target Vps33B mRNA
in macrophages. Expression of shRNA#1 effectively reduced Vps33B protein expression
(Figure 1D,E) and was used in all subsequent experiments.

First, we measured the effect of Vps33B silencing on phagocytosis and microbial clearance.
Initial phagocytic uptake of dextran beads was unchanged (Figure S1). By contrast, bacterial
clearance was significantly reduced in macrophages expressing Vps33B shRNA compared
to those expressing scrambled control shRNA (Figure 1F-H). When we quantified
phagocytic uptake and subsequent clearance of bacteria by flow cytometry, we found no
difference in the ability of wild-type and Vps33B-deficient macrophages to phagocytose
bacteria (Figure 11, 0-min chase). However, subsequent time points revealed drastically
reduced ability of Vps33B-deficient macrophages to clear phagocytosed bacteria (Figure 11).
These data indicate that, like its Drosophila ortholog, murine Vps33B is important for
clearance of bacterial cargo and suggest a conserved function for Vps33B proteins in the
maturation of phagosomes.

Vps33B is critical for regulating inflammatory responses

Since Vps33B-deficient macrophages displayed a similar inability to clear phagocytosed
bacteria as their Drosophila counterparts, we were interested in understanding the impact of
loss of Vps33B function on innate immune responses in both models. In infected flies,
activation of the Toll or IMD pathways (Lemaitre and Hoffmann, 2007) induces anti-
microbial peptides (AMPs). Consistent with defects in bacterial clearance, Vps33B8 adult
flies injected with heat-killed £. coliexhibited strikingly increased expression of AMPs
(Figure 2A).

For macrophages, we decided to focus on the TLR family of PRRs because of the diversity
of their ligands, their role in regulating phagocytosis (Barton and Kagan, 2009; Beutler et
al., 2006; Kawai and Akira, 2010) and the distinct signaling profiles described for cell
surface and endosomal TLRs (Husebye et al., 2006; Kagan et al., 2008). In response to LPS-
mediated activation of TLR4, VVps33B silenced macrophages displayed enhanced expression
of the pro-inflammatory cytokines TNF-a and IL-6 (Figure 2B). We investigated the status
of downstream signaling components, following TLR4 stimulation and did not find any
major differences in activation status of NF-xB and MAP Kinases, JNK and ERK (Figure
S2). However, p38 phosphorylation was slightly enhanced at early time points (15 and 30
min) in Vps33B-silenced macrophages compared to controls upon LPS stimulation (Figure
S2).

Elevated responses were not limited to LPS-induced TLR4 signaling, as activation of TLR2
by Pam3CSK4 (Figure 2C) and TLR9 by CpG (Figure 2D) also led to strongly increased
secretion of IL-6 and TNF-a by Vps33B-silenced macrophages. This is consistent with a
recent report that TLR2 endocytosis in human monocytes is important for signaling (Brandt
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et al., 2013). Similarly, the TLR9 data suggest an important role for VVps33B in regulating
the function of endosomal TLRs. Furthermore, in response to the TLR4 ligand LPS as well
as the TLR3 ligand Poly(I:C), the TRIF-dependent expression of IFN-f was strongly
enhanced in macrophages lacking Vps33B (Figures 2E,F). In contrast to the previous
understanding that there is spatial segregation of MyD88 (plasma membrane) and TRIF
(endosome)-dependent signaling, these data suggest that both MyD88- and TRIF-dependent
signaling pathways can be concomitantly active, following TLR4 endocytosis.

Cytokine production by Vps33B-silenced macrophages was robustly enhanced at low doses
of soluble LPS that enter cells by endocytosis (Figure 3A,A’). Similarly, phagocytosis of
low concentrations of bead-immobilized LPS induced substantially higher expression of
IL-6 and IFN-B (Figure 3B,B’) in Vps33B-deficient macrophages. We further examined the
effects of small doses of LPS stimulation on p38 MAP kinase activation in WT and Vps33B-
deficient macrophages. At 10 ng/ml of LPS, initial p38 activation was similar (15 and 30
min), but remained elevated in Vps33B-deficient macrophages up to 120 min (Figure 3C).
At only 1 ng/ml of LPS, Vps33B-deficient macrophages displayed transiently elevated
phospho-p38 at 30 and 60 min compared to control macrophages, but were indistinguishable
at 120 min (Figure 3D). It remains to be examined if altered p38 activation contributes to
elevated pro-inflammatory responses in both flies and mouse macrophages lacking Vps33B
function.

Together, these findings suggest that VVps33B may be important not only for phagosomal
maturation, but also for endosomal trafficking of activated TLRs and thereby regulate
cytokine production. Since signaling pathways from the plasma membrane and from
endosomes are well characterized for TLR4, we focused on TLR4-mediated trafficking for
further characterization of the role of Vps33B in regulating signaling outcomes and
dynamics of endosomal maturation.

Vps33B modulates endosomal dynamics of pattern recognition receptors

LPS promotes TLR4 internalization and the subsequent distinct signaling from endosomes
prior to TLR4 degradation in lysosomes (Husebye et al., 2006; Kagan et al., 2008). To
investigate whether Vps33B has a role in TLR4 trafficking after LPS stimulation, we first
monitored the loss of TLR4 from the cell surface. Neither immunostaining (Figure 4A,B)
nor flow cytometry-based quantification (Figure 4C,D) detected differences in TLR4 surface
expression between control and VVps33B-silenced macrophages before LPS treatment.
Similarly, LPS-induced downregulation of cell surface TLR4 was unaltered by loss of
Vps33B (Figure 4C,D) suggesting that VVps33B does not play a role in the internalization of
TLR4 following stimulation. Immuno-blotting revealed a steady decrease of total TLR4
protein in wild-type macrophages, consistent with surface downregulation followed by
intracellular degradation. By contrast, despite the downregulation of surface TLR4 following
LPS stimulation, there was no reduction in total TLR4 protein in VPS33B-deficient
macrophages (Figure 4E). This suggested a possible alteration in intracellular trafficking and
accumulation of TLR4 in the absence of Vps33B.

To test for changes in the fate of endocytosed receptor, we stained permeabilized
macrophages for TLR4. As previously described (Husebye et al., 2010), TLR4 redistributed

Immunity. Author manuscript; available in PMC 2017 August 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Akbar et al.

Page 6

from the cell surface to endosomes at early time points after LPS stimulation in both control
and Vps33B-silenced macrophages (Figures 4F, 15 and 30 min). At later time points,
differences emerged between control and Vps33B-silenced cells. At 60 and 120 min after
LPS stimulation, the overall amount of intracellular TLR4 was significantly higher in
Vps33B-silenced macrophages compared to controls (Figure 4F,G). This difference is most
likely due to reduced TLR4 degradation in VVps33B-silenced macrophages, rather than
recycling, as cell surface expression did not appreciably differ at these time points (Figure
4C,D). These findings were corroborated by intracellular flow cytometry, which detected
high amounts of intracellular TLR4 in VPS33B-deficient macrophages at 2 and 4 hours
following LPS stimulation, when TLR4 protein in wild-type cells had substantially declined
(Figure 4H).

The intracellular TLR4 accumulation likely represents a subset of receptors that is targeted
for LPS-induced degradation in lysosomes of control macrophages, but persists in Vps33B-
silenced macrophages. Differences in intracellular trafficking and defects in lysosomal
delivery are also consistent with the accumulation of Alexa-594-labeled LPS in Vps33B-
silenced macrophages (Figure 41-K) and point to a role of Vps33B in endo-lysosomal fusion
events that result in degradation of TLR4 and its ligand. Consistent with TLR4 accumulation
in mouse macrophages, the Drosophila pattern recognition receptor, PGRP-LC, also
accumulated in discrete intracellular compartments following stimulation with its ligand
PGN-BS in fat bodies of Vps33B, but not wild-type larvae (Figure 4L—N). These data
highlight the fundamental similarities in the role of Vps33B in regulating the fate of pattern
recognition receptors, following their endocytosis, in both flies and vertebrates.

To investigate the dynamics of TLR4 endocytosis and the fate of TLR4 containing
endosomes following LPS stimulation, we stained macrophages for Rab proteins associated
with various endosomal compartments. Rab5 localizes to early endosomes where it
facilitates recruitment of Rab7 and maturation of early endosomes to late endosomes
(Poteryaev et al., 2010). Consistent with these roles of Rab5 and Rab7, we found that in both
wild-type and Vps33B-deficient macrophages, Rab5 and Rab7 were rapidly recruited to
TLR4 containing endosomes at 15 and 30 min following LPS stimulation (Figure 5A-D). In
the same time frame, some 30% to 40% of TLR4 colocalized with Rab11a, a marker for
recycling endosomes (Figure 5A,B,E), consistent with previous observations (Husebye et al.,
2010). Striking differences between control and VVps33B-silenced cells in the endosomal
distribution of TLR4 emerged only at later time points. Starting at 45 min after LPS
induction, TLR4 was significantly enriched in VVps33B-silenced macrophages compared to
controls (Figure 4G) and remained associated with all three endosomal Rabs, whereas their
co-localization in wild-type macrophages started to decline (Figure 5A-E), as the majority
of TLR4 had reached dextran-labeled lysosomes (Figure 5A,F). In Vps33B-silenced cells,
by contrast, TLR4 remained largely excluded from lysosomes (Figure 5B,F). These data
suggest that unlike wild-type macrophages, where TLR4-containing endosomes undergo
rapid maturation, the TLR4-containing aberrant endosomes in Vps33B-silenced
macrophages retain characteristics of early, late and recycling endosomes as their fusion
with lysosomes is inhibited.
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Vps33B is required for LPS-induced trafficking to lysosomes

The intracellular accumulation of endocytosed TLR4 and its ligand, LPS, prompted us to
examine if Vps33B specifically regulates endosomal trafficking of pattern recognition
receptors or also affects other receptors not involved in inflammatory responses. For
example, after internalization, Transferrin receptors (TfR) recycle back to the plasma
membrane from the common early endosomal network. Unlike TLR4 however, Transferrin
internalization and recycling was unaltered by loss of Vps33B in naive and LPS-stimulated
cells (Figure 6A-E).

A different endocytic route is taken by cargoes like cholera toxin B subunit (CTxB), which
binds to GM1 gangliosides and enters the early endosomal network marked by Transferrin
before reaching the Golgi by retrograde transport (Johannes and Popoff, 2008). We observed
no difference between Vps33B-silenced and control macrophages in CTxB’s colocalization
with early endosomal Transferrin after a 10-min chase (Figure S3A,B) or in its subsequent
retrograde transport to the Golgi complex following chases of 15 or 60 min in naive (Figure
S3C-F) or LPS-stimulated cells (Figure S3G-J).

Other cargos, such as acetylated-LDL (AcLDL), are directed toward lysosomal degradation
via late endosomes in macrophages (Fukuda et al., 1986). After a 5-min chase, FITC-
AcLDL uptake was visible with a typical punctate endosomal distribution in both control
and Vps33B-silenced cells (Figure 6F,G,R). After a 20-min chase, more than 60% of Ac-
LDL had reached dextran-labeled lysosomes (Figure 6H,1,S). At this time point, regardless
of the status of Vps33B FITC fluorescence was reduced (Figure 6R), indicative of AcLDL
degradation and quenching of FITC fluorescence by the acidic lysosomal environment.

Since LPS modulates endocytic trafficking of some cargos in macrophages, including
AcLDL (Peppelenbosch et al., 1999), we tested whether Vps33B silencing altered
trafficking of this scavenger receptor cargo in LPS-stimulated macrophages. As early as 5
min following AcLDL uptake into LPS-stimulated macrophages, Vps33B deficiency
resulted in elevated intracellular AcLDL compared to control macrophages (Fig. 6J,K,R).
After a 20-min chase in LPS-activated control macrophages (Figure 6L), their FITC
fluorescence was 78% reduced (Fig. 6R) consistent with AcLDL degradation and quenching
of FITC in lysosomes. Accordingly, the remaining FITC-AcLDL co-localized to 60% with
dextran-labeled lysosomes (Fig. 6N,S). By contrast, FITC fluorescence in LPS-activated
Vps33B-silenced macrophages was reduced less than 25% after a 20-min chase (Figure
6M,R) and only some 40% of the remaining AcLDL had reached lysosomes (Figure 60,S).
Even after a 60-min chase this fraction did not increase (Fig 6Q,S). Altered maturation of
TLR4 and AcLDL-positive endosomes was not due to changes in lysosome structure or
distribution as detected by lysotracker or Lamp2 staining (Figure S3K-N). Furthermore, in
contrast to lysosomal delivery of AcLDL, recycling of Transferrin (Figure 6C,D,E) and
retrograde trafficking of CTxB to the Golgi (Figure S3G-J) were not affected by loss of
Vps33B, regardless of TLR stimulation by LPS. Together, these data indicate that LPS
stimulation alters only a subset of endosomal trafficking routes in a way that makes them
dependent on Vps33B function.
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Abrogation of PRR signaling protects Vps33B mutants from death induced by non-
pathogenic bacteria

To test the possibility that infected flies might be dying because of exaggerated signaling
rather than failure to control bacterial load (Akbar et al., 2011), we injected heat-killed £.
coliinto Vps33Band fob mutant flies. Unlike wild-type OreR flies, both mutants were
susceptible to infections with the dead bacteria (Figures 7A,S4A). Viability after these
injections was restored for Vps33B and fob mutants by genomic rescue transgenes
confirming that both genes are critical for the normal response to heat-inactivated £. coli
(Figures 7A,S4A).

Bacterial infections trigger activation of the IMD and Toll pathways (Lemaitre and
Hoffmann, 2007). These pathways are activated by peptidoglycans (PGN) of bacterial cell
walls: DAP-type PGNSs, such as PGN-BS isolated from Bacillus subtilis, activate the PGRP-
LC receptor in the IMD pathway, whereas Lysine-type PGNs, such as PGN-SA isolated
from Staphylococcus aureus, activate the Toll pathway (Kaneko et al., 2004; Leulier et al.,
2003). Importantly, activation of these innate immune pathways by either type of PGN was
sufficient to compromise survival of Vps33B flies (Figures 7B, Figure S4B). Similar to the
response to heat-killed E. cofi, this was due to loss of Vps33B function, as a genomic
Vps33B transgene restored survival after PGN injection (Figures 7B,S4B). These results
indicate that increased susceptibility to bacterial infections in Vps338 mutants is not due the
bacterial burden suggesting that instead, exaggerated activation of immune signaling
compromises their survival after infections.

To test whether such reduced tolerance to non-pathogenic bacteria was indeed due to
cognate interaction between bacterial ligands and specific PRRs, we injected flies in which
PGRP-LC receptor was silenced in a Vps33B background. Strikingly, PGRP-LC silencing
significantly (p<0.001 log-rank) suppressed lethality of Vjps33B mutants after injections
with both heat-killed £. coliand PGN-BS (Figure 7C, D). Together these results uncover a
role for Vps33Bin the regulation of innate immune signaling and reveal its importance in
the degradation of microbial cargo and the control of inflammatory responses, which is
critical for tolerating microbial burden.

Discussion

Persistent infections and sepsis are recurring symptoms in ARC patients (Jang et al., 2009;
Seo et al., 2014). Our findings indicate that, rather than being an indirect consequence of
failures in other organ systems, these complications could reflect direct roles of the ARC
protein VVps33B in innate immunity. First, we have shown that the requirement of VVps33B
for phagosomal maturation was not restricted to Drosophila but conserved in mammalian
macrophages. Second, loss of a conserved function of Vps33B in endosomal and
phagosomal maturation in macrophages caused accumulation of activated internalized TLR4
receptors and its cargo in aberrant endosomal compartments resulting in elevated pro-
inflammatory cytokine production. The importance of this excessive signaling was
confirmed by silencing of the PGRP-LC receptor in Drosophila Vps338 mutants, which
restored their ability to tolerate non-pathogenic bacteria thereby confirming the potentially
important contribution of elevated immune signaling to the symptoms of ARC syndrome.
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Members of the Vps33 sub-family of SM proteins mediate fusions with lysosomes and
lysosome-related organelles (Solinger and Spang, 2013), but the division of labor between
the Vps33A and Vps33B paralogs is not clearly understood. In Drosophila, Vps33A
(Carnation) is part of the HOPS complex that mediates formation of pigment granules and
the fusion of lysosomes with endosomes and autophagosomes (Akbar et al., 2009; Takats et
al., 2014), functions that are conserved in mammals (Jiang et al., 2014; Suzuki et al., 2003).
By contrast, loss of Drosophila Vps33B, or its binding partner Fob, does not interfere with
endosomal or autophagosomal delivery of cargo to lysosomes, but prevents clearance of
phagosomal content this work and (Akbar et al., 2011). Our findings in mouse macrophages
suggest that this function is conserved in mammals as well.

Previous work has linked the complex of the ARC proteins, Vps33B and Vipas39, to
Rab1la-positive endosomes (Cullinane et al., 2010). Intriguingly, Rab11la-positive
endosomes have been identified as intermediates in the delivery of TLRs and the TRAM
adaptor to phagosomes (Husebye et al., 2010; Nair-Gupta et al., 2014). Consistent with
functions of Vps33B and Rabl1la in related trafficking steps, loss of Rab11a alters the
intracellular distribution of TLR receptors and compromises the tolerance to TLR ligands
(Yu et al., 2014). We show here that following LPS-mediated activation, TLR4 was
internalized into Rab5- and Rab7-positive early and late endosomes and there was no
difference in the early aspects of endosomal maturation in the presence or absence of
Vps33B. Furthermore, TLR4 localized to Rab11a enriched recycling endosomes as reported
(Husebye et al., 2010). Our experiments expand on this finding, as we have shown that,
although there was no difference in recruitment of Rab5, Rab7 and Rabl11a to endocytic
compartments that contain TLR4, Vps33B played a critical role in the kinetics of maturation
of these endosomes. Absence of Vps33B led to sustained presence of TLR4 in endosomes
marked by Rab5, Rab7 and Rab11. Together these findings suggest a role of VVps33B in
regulating fusion events of Rabl1la-positive endosomes that are critical for degrading
activated TLRs and their ligands, thus regulating TLR-induced inflammatory responses in
macrophages. In the absence of VVps33B, trapped TLRs induced enhanced inflammatory
responses from aberrant endosomal compartments that concomitantly had adopted features
of early, late and recycling endosomes.

Trafficking defects due to loss of Vps33B function are not restricted to receptors in the
immune system. In ARC patients the altered distribution of the bile salt export protein BSEP
in liver cells contributes to cholestasis, a defining feature of ARC, which is also
characterized by the intracellular accumulation of CD26 in kidney cells (Cullinane et al.,
2010; Gissen et al., 2004). Such defects in intracellular trafficking appear to contrast with
our findings that endocytic trafficking appears normal in fob or Vps33B mutant flies (Akbar
etal., 2011) and data presented here showing that classic endocytic trafficking routes of
scavenger receptors or receptors for transferrin and cholera toxin are unaffected by Vps33B
deficiency in naive macrophages.

A resolution to this paradox may be offered by our analysis of Ac-LDL trafficking. In naive
macrophages, Ac-LDL is internalized and rapidly degraded in lysosomes, regardless of
Vps33B function. By contrast, in LPS-stimulated macrophages Ac-LDL appears to be
shunted into a different pathway that requires Vps33B for lysosomal delivery. It is important
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to note here that Vps33B and VIPAS39 are phosphorylated in response to LPS-mediated
activation (Chen et al., 2012; Sjoelund et al., 2014) and their activity is regulated by
phosphorylation (Bach et al., 2008; Ishii et al., 2012). In particular, dephosphorylation of
Vps33B by PtpA of Mycobacteria leads to inhibition of phagolysosomal fusion (Bach et al.,
2008). It remains to be tested whether such specific inhibition of Vps33B function is
responsible for heightened inflammatory responses that cause pathology during
Mycobacterial infections. Ligands of scavenger receptors, such as Ac-LDL, can be
internalized by multiple endocytic pathways (Howes et al., 2010), and among them
macropinocytosis has been shown to be upregulated in LPS-activated cells of the immune
system (West et al., 2004). Other LPS-induced changes in trafficking include altered
phagosomal maturation (Blander and Medzhitov, 2006). Changes in the cellular handling of
cargo, such as the Ac-LDL ligand of scavenger receptors, are consistent with the intricate
link and cross talk between TLRs and scavenger receptors (Erdman et al., 2009). Since LPS
has the ability to bind both, scavenger receptors (Hampton et al., 1991) and TLR4 (Poltorak
et al., 1998), initiation of signal transduction from TLR4 coincident with scavenger receptor-
mediated endocytosis may lead to the formation of Vps33B-dependent endosomes in
conjunction with TLR4-induced Vps33B phosphorylation and activation. We propose, thus,
that scavenger receptor cargo is trafficked differently in the presence and absence of
associated microbial signals; this difference, however, becomes apparent only in the absence
of Vps33B.

Notably, our observation that MyD88-dependent and TRIF-dependent genes were
upregulated in the absence of VPS33B suggests that both of these signaling events are
sustained even after TLRA4 is internalized. Endosomes formed in the absence of Vps33B
remained positive for Rab5 and Rab7 suggesting that, at least in part, they maintain early
endosomal characteristics that may facilitate continued signaling through the MyD88-
dependent pathway. Additionally, recruitment of Rab11a might facilitate signaling through
the TRIF axis leading to increased production of TRIF-dependent cytokines (Klein et al.,
2015). Among the different elements of the downstream signaling cascade, MAP kinase, p38
was appreciably enhanced by the Vps33B-dependent changes in receptor trafficking. In
Drosophila, p38 kinase has been implicated in the ability of flies to tolerate non-pathogenic
bacteria (Shinzawa et al., 2009), similar to our observations of Vps338 mutant flies. It is
therefore plausible that higher p38 phosphorylation at early time points and its sustained
activation at later time points might be responsible for increased production of pro-
inflammatory cytokines. Alternatively, persistent TLR4 and its ligand in endosomes might
lead to other transcriptional and post-transcriptional events (Decque et al., 2016) that
enhance inflammatory responses.

Elevated inflammatory responses, in the absence of Vps33B, are not restricted to cell surface
TLRs, but extend to endosomal TLRs (TLR3 and TLR9) as well. This suggests that,
following ligand recognition, TLR3 or TLR9-containing endosomes depend on Vps33B to
undergo further maturation to degrade the respective receptors and their ligands, thus
terminating inflammatory responses. Earlier reports suggest a critical role for Rab7b on late
endosomes and lysosomes in the degradation of both TLR4 and TLR9 and the termination
of their signaling (Wang et al., 2007; Yao et al., 2009). Consistent with this idea, our finding
that Vps33B is a major regulator of endosomal and phagosomal maturation following TLR
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stimulation sheds light on how microbial presence dictates endocytic and phagocytic events
and their importance for termination of inflammatory responses.

The intricate interactions between trafficking and signaling may be best illuminated by the
extreme susceptibility of foband Vps33b mutant flies to infections with non-pathogenic £.
coli. Our study demonstrates that the cause of death for Vps33Bflies is not the bacterial load
itself but exaggerated anti-microbial responses to non-pathogenic microbes, similar to sepsis
that contributes to death in ARC patients (Jang et al., 2009; Seo et al., 2014). Furthermore,
such exaggerated TLR signaling can cause innate immune paralysis (Hotchkiss et al., 2013),
where the innate immune system, following a robust response to the first infection, fails to
respond to secondary infections, possibly resulting in enhanced susceptibility of ARC
patients to pathogenic microbes.

Experimental Procedures

Fly work

Vps33B null allele was generated by mobilizing P-element BG683-5 inserted upstream of
the Vps33B start codon as described (Akbar et al., 2009). One line, Vps338°20, had a ~2.3
kb-deletion that removes 1161 bp of the Vps33B gene including the first three and part of
the fourth exon, a total 736bp of Vps33B coding sequences. This line also deletes 1073 bp in
the upstream non-coding region at the 5’ end of the neighboring Fur1 gene. For rescue
experiments, the Pacman clone CH322-65H17, which contains the entire genomic region of
Vps33B, but not Furl, was inserted at the 53B2 landing site (Best Gene).

For infection experiments, flies were injected with 80 nl PBS containing a mean of 1,600
heat-killed £. coli (DH5a) and survival and AMP induction were measured (Akbar et al.,
2011) with primers listed in supplemental Table I. Peptidoglycans (InvivioGen) PGN-BS
(Cat no. tirl-pgnb3) and PGN-SA (Cat no: tlrl-pgnsa) were injected at 10 ug/ml in PBS (50
nl per fly). All injection experiments were repeated 8 to 10 times.

Gene Silencing in mouse macrophages

Previously generated WT iBMDMs (Nagpal et al., 2009) were used to silence Vps33B as
described before (Troutman et al., 2012) by stable expression of MISSION shRNA plasmids
containing hairpin sequence generated from different regions of the Vps33B gene according
to manufacturer’s instructions (Sigma-Aldrich). Silencing efficiency was tested by RT-PCR
and western blotting. Vps33B antibodies (1:500 dilution) were raised in rabbits against a
His-fusion protein containing amino acids 341-590 of human Vps33B.

Immunofluorescence Staining

To follow endosomal cargoes, untreated or LPS-treated (1 pg/ml) macrophages were pre-
labeled with endocytic tracers or directly used for immunostaining. Imaging experiments
were repeated three to five times and typical images are shown. For quantification, sufficient
frames were analyzed to sample 50-100 cells. For TLR4 trafficking assays, cells were pre-
stained with biotin-labeled TLR4 antibodies (1:100; Novusbio: NBP2-27149B), fixed at
indicated times in 4% formaldehyde in PBS and permeabilized on ice with 0.3% saponin in
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PBS+0.5% BSA. Antibodies were used as follows: GM130 (1:100; BD Bioscience
#610822) Rabl11la (1:50; Cell Signaling #2413), Rab5a (1:75, Santa Cruz sc-309), Rab7
(1:50, Cell Signaling #9367), LAMP2 (1:500, Santa Cruz #ABL-93). Secondary antibodies
were goat anti-rat Alexa488 and goat anti-rabbit Alexa568 or Streptavidin-568 (1:500,
Invitrogen). Topro3 was added to visualize DNA before imaging by confocal microscopy.

Western blots

Immuno blots measured TLR4 protein at indicated times after LPS induction (1 pg/ml) as
described (Troutman et al., 2012) using TLR4-biotin antibodies (1:1000; Novusbio:
NBP2-27149B) and anti-mouse HRP-conjugated secondary antibody (Biorad).

Flow Cytometry

To measure surface TLR4 expression, Vps33B-silenced and control macrophages were
stimulated with LPS (1ug/ml) for the indicated times followed by Fc block (Mouse BD Fc
#553141) and staining with TLR4 antibody (Novushio: NBP2-27149B or Biolegend
#117609, 145403 and 145402) or isotype control (Biolegend #400507, 400521). Cell-
associated fluorescence was analyzed using a FACSCalibur flow cytometer (BD
Biosciences).

FlowJo software (Tree Star, inc) was used to analyze flow cytometry data (Hu et al., 2011).

Microscopy and Image analysis

Fluorescence images were captured using a 63xNA1.4 objective (pinhole: one Airey unit) on
a Zeiss confocal microscope (LSM510). Images were quantified in ImageJ after using
Gaussian blur of 1, auto-thresholding at 0.1-10 for size and 0.05-1 for circularity. 50-100
cells were quantified for each condition. Color images were generated using ImageJ and
were adjusted in Adobe Photoshop for contrast.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Loss of Vps33B in flies and macrophages leads to enhanced
inflammatory responses.

Vps33B is necessary for Drosgphilato tolerate non-pathogenic bacteria

Activated TLR4 enters an endosomal trafficking route requiring
Vps33B for maturation.

High inflammation due to altered endosomes may contribute to
symptoms of ARC syndrome.
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Figure 1. The requirement of Vps33B for phagosome maturation is conserved
A) Map of Vps33B flanked by an alternative Fur1 noncoding exon and the neighboring

CG4553 gene. The Vps33885-20 deletion allele removes the alternative Furl noncoding
exon, the Vps33B promoter and codons for the first 196 amino acids of Vps33B. A
transgene containing P[acman]Ch322-65H17 rescued all phenotypes of Vps3388°-20
discussed here, but not a linked “blemished wing” phenotype.

B) Micrographs of primary hemocytes that phagocytosed GFP-labeled £. colifor 20 min and
were chased for 45 min.
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C) Quantification of phagocytosed E. coli detectable after 10-min or 45-min chases.
Genotypes in B, C: were OreR, nA118:+/*: \/ps338520 and nAl18; BACCH322-65H17/+
Vps33B520, (***: p<0.001, One way ANOVA)

D) Immuno blots of macrophages expressing none, scrambled control or Vps33B shRNA
developed with Vps33B antibodies. Alpha-tubulin served as loading control.

E) Quantification of Vps33B protein from western blots as shown in D (n = 3).

F,G) Micrographs of macrophages expressing scrambled control (F) or Vps33B shRNA (G)
allowed to phagocytose GFP-labeled £. colifor 20 min followed by a 45-min chase.

H) Quantification of phagocytosed £. coli detectable after a 45-min chase as shown in F and
G (***: p<0.001, Two-tailed t-test).

I) Flow cytometry analysis of macrophages expressing control or Vps33B shRNA allowed to
phagocytose GFP-labeled £. colifor 20 min followed by a chase of the indicated times. [All
data here are representative of at least 3-5 independent experiments.

Please also see Figure S1.
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Figure 2. Vps33B has a conserved function in the regulation of innate immune signaling
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A) Quantification of transcripts encoding the indicated anti-bacterial peptides relative to the
ribosomal protein RP49 before or 24 h after injection of £. coliinto OreR or Vps338520

mutant adult flies.

B-D) ELISA-quantification of TNFa and IL-6 cytokines after a 12-h stimulation of

macrophages expressing control or Vps33B shRNA with no ligand or LPS (B), Pam3CSK4

(C) or CpG (D).
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E,F) gRT-PCR quantification of IFNP expression relative to Histone2A after stimulation of
macrophages expressing control or Vps33B shRNA with LPS (E) or Poly:IC (F) for the
indicated times. (ND: not detected).

Data in A, E and F are representative of 2 independent experiments and data in B-D are
representative of 5 independent experiments.
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Figure 3. VVps33B silencing sensitizes macrophages to low LPS doses
A) ELISA measurements of IL-6 (A) and TNF-a. (A’) in the supernatants of Vps33B-

deficient or control macrophages exposed to the indicated concentrations of LPS for 12

hours.

B) Vps33B-silenced or control macrophages were exposed to control beads or LPS-bound
beads for 6 hours. Secreted IL-6 was measured by ELISA (B) or IFNp transcript relative to

Histone2A by gRT-PCR (B’).
(“ND” indicates not detected).
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C,D) Flow cytometry analysis of phospho-p38 MAP kinase at indicated time points after
stimulation with 10 ng/ml (C) or 10 ng/ml of LPS (D).

Data in this figure here are representative of 3 independent experiments. Please also see
Figure S2.
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A-D) Surface expression of TLR4 in non-permeabilized macrophages expressing control or

Vps33B shRNA detected by immunofluorescence staining (A,B) or measured by flow

cytometry (C) at 0, 45 or 120 min after LPS stimulation (1pg/ml). Cells with no antibodies

or with isotype control antibodies are shown for comparison. Scale bar: 20 um. (D)

Quantification of flow cytometry data as shown in panels C revealed no significant

difference in the decline of TLR4 cell surface expression following LPS stimulation over a

2-h time course.
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E) Immuno blot of TLR4 protein in macrophages expressing control or Vps33B shRNA
following exposure to LPS (1 pg/ml).

F,G) Intracellular accumulation of TLR4 detected in micrographs (F) of macrophages
expressing control or Vps33B shRNA that were surface-labeled with TLR4 antibodies and
chased for the indicated times following LPS activation. Scale bar: 10 pm. G) Quantification
of internal TLR4 punctae detected in micrographs. (ns: not significant, ***: p<0.001, one-
way ANOVA).

H) Flow cytometry analysis of internal TLR4 staining of macrophages expressing control or
Vps33B shRNA at indicated times following LPS activation. External staining was
quenched with trypan blue (TB).

I-K) Intracellular accumulation of LPS-Alexa-594 (5 pg/ml) after an 18-h exposure of
macrophages expressing control (1) or Vps33B shRNA (J). Quantification of fluorescent
LPS-Alexa-594 punctae (K) revealed a significant increase in Vps33B-silenced
macrophages compared to controls. (***: p<0.001, two-tailed t-test).

L—N) Micrographs visualizing PGRP-LC-GFP localization in wild-type or Vps33B fat
bodies cultured without (L) or with PGN-BS (M). Scale bar: 40 um. Quantification of
internal PGRPLC-GFP punctae (N). (***: p<0.001, Two-tailed t-test).

All data in this figure are representative of 4 independent experiments.
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Figure 5. Vps33B is required for maturation of TLR4-positive endosomes in LPS-stimulated
macrophages

A,B) Micrographs of macrophages expressing control (A) or Vps33B shRNA (B) visualize
TLR4-positive endosomes and the indicated Rabs or dextran preloaded into lysosomes,
following LPS stimulation chases for the indicated times. Scale bar: 10 um.

C-F) Quantification of the fraction of TLR4 colocalizing with the indicated Rabs or dextran-
labeled lysosomes at different times after LPS stimulation. Note that the lower colocalization
of TLR4 with lysosomes at 120 min in control macrophages primarily reflects the low
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amounts of TLR4 remaining in these cells. All data here are representative of 3 independent
experiments.
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Figure 6. The requirement of Vps33B for maturation is restricted to only a subset of endosomes
Micrographs visualize different endosomal trafficking routes in macrophages with or

without a 30-min pre-exposure to LPS (1ug/ml) as indicated.

A-E) Transferrin internalization and recycling at the indicated time points in control (A,C)
and Vps33B-silenced (B,D) macrophages without (A,B) or with (C,D) LPS treatment. (E)
Quantification of Transferrin punctae per cell. Scale bar: 20 ym in Ato Q.

F-I) FITC-AcLDL (green) uptake and lysosomal delivery was visualized in control (F,H) or
Vps33B-silenced macrophages (G, 1) after a chase of 5 min (F,G) or 20 min (H,I). Lysosomes
were pre-labeled by internalization and overnight chase of dextran-Alexa594 (red).
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J-M) FITC-AcLDL (green) amounts in LPS-treated control (J,L) or Vps33B-deficient
(K,M) macrophages after a chase of 5 min (J,K) or 20 min (L,M).

N-Q) FITC-AcLDL (green) lysosomal delivery was visualized in LPS-treated control (N,P)
or Vps33B-silenced macrophages (O,Q) after a chase of 20 min (N,O) or 60 min (P,Q).
Lysosomes were pre-labeled by internalization and overnight chase of dextran-Alexa594
(red).

R) Quantification of AcLDL-punctae per cell.

(S) Percentage of AcLDL co-localizing with dextran-labeled lysosomes.

Data in this figure are representative of at least 2-4 independent experiments. Please also see
Figure S3.
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Figure 7. Vps33B is necessary for Drosophila to tolerate non-pathogenic E. coli bacteria
A-D) Diagrams show the fraction of surviving flies with indicated genotypes after injection

with heat-killed E. coli (A, C) or peptidoglycans PGN-BS (B,D). Genotypes: (A,B) OreR,
Wl118; V,O.S‘3355'2, Wl118; BACCH322'65H17/+; V,U533B5'20 (C,D) OreR, Wl118; V,053355'20,
WAl18: Vps33B520 da-Gald | Vips33B529 UAS-PGRP-LC-RNAI. (***: p<0.001, log-rank).
Data are representative of 3 independent experiments. Please also see Figure S4.
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