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SUMMARY

Staphylococcus aureus is a major cause of infectious disease. Liver Kupffer cells (KCs) are responsible
for sequestering and destroying S. aureus through the phagolysosomal pathway. Proteins belonging
to the COMMD family emerge as key intracellular regulators of protein trafficking, but the role of
COMMD10 in macrophage-mediated S. aureus eradication is unknown. Here we report that
COMMD10 in macrophages was necessary for its timely elimination, as demonstrated with two
different S. aureus subspecies. In vivo, COMMD10-deficient liver KCs exhibited impaired clearance
of systemic S. aureus infection. S. aureus-infected COMMD10-deficient macrophages exhibited
impaired activation of the transcription factor EB, resulting in reduced lysosomal biogenesis. More-
over, S. aureus-initiated phagolysosomal maturation and function were significantly attenuated in
COMMD10-deficient macrophages. Finally, expression of COMMD/CCDC22/CCDC93 complex,
linked to phagolysosomal maturation, was reduced by COMMD10 deficiency. Collectively, these re-
sults support an important role for COMMD10 in instructing macrophage phagolysosomal biogenesis
and maturation during S. aureus infection.

INTRODUCTION

Macrophages are immune cells of the myeloid lineage that are strategically positioned in all organs of the
body, where they perform tissue-specific functions. A generic macrophage function is to act as immune
sentinels in the frontline of tissue defense against infectious invaders, especially at barrier organs, which
represent putative entry and colonization sites for pathogens (Varol et al., 2015). Macrophages are armed
with a large repertoire of pattern recognition receptors that determine theirimmunologic and homeostatic
potential (Taylor et al., 2005). They are keen in internalizing and destroying invading organisms by trapping
them in phagosomes. These structures undergo a sequence of transformations termed phagolysosomal
maturation, whereby phagosomal membrane and contents acquire a wide arsenal of microbicidal and lytic
features through a strictly choreographed sequence of fusion and fission events with trans-Golgi transport
vesicles, endosomes, lysosomes, and autophagosomes (Fairn and Grinstein, 2012; Flannagan et al., 2009).

Staphylococcus aureus is a highly adaptable human pathogen causing significant morbidity and mortality
due to both community- and hospital-acquired infections (Lowy, 1998; Magill et al., 2014). The pathoge-
nicity of S. aureus is enhanced by its capacity to cause bacteremia and by the emergence of high-level
antimicrobial resistance strains, such as methicillin-resistant S. aureus. Macrophages initiate intracellular
microbicidal mechanisms to rapidly kill S. aureus after ingestion. However, when exposed to large inocula
of S. aureus, they become progressively exhausted, leading to incomplete phagolysosomal maturation and
acidification and to a persisting pool of viable intracellular bacteria (Flannagan et al., 2016; Jubrail et al.,
2016). Enabled by a variety of virulence factors and an intricate network of regulators, a few S. aureus survive
within phagocytes and disseminate to non-phagocytic cells leading to tissue destruction and persistence
of infection (Horn et al., 2018; Pollitt et al., 2018; Strobel et al., 2016). In particular, liver intravascular Kupffer
cells (KCs) are primarily responsible for the initial sequestration and killing of circulating S. aureus within
minutes. However, a minority of the staphylococci can sometimes overcome KC antimicrobial defenses,
survive and proliferate within this intracellular niche, and ultimately escape to colonize other tissues (Pollitt
et al., 2018; Surewaard et al., 2016).

Macrophage phagocytic activities must be tightly regulated to allow for rapid escalation in case of S. aureus
invasion. Therefore it is essential to define the regulatory pathways that shape the macrophage innate im-
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that share a highly conserved and unique motif in their carboxyl terminus termed copper metabolism gene
MURR1 domain (COMMD), which functions as an interface for protein-protein interactions. Several func-
tions have been linked to members of the COMMD protein family, which can be broadly grouped into
two categories: transcription factor regulation and regulation of intracellular cargo-specific trafficking
via interaction with components of the endolysosomal pathway. Previous work in human cell lines has
established that all COMMD proteins are negative regulators of the nuclear factor (NF)-kB pathway (Bur-
stein et al., 2005; Maine et al., 2007; Mouhadeb et al., 2018). This was further corroborated in transgenic
mouse systems, in which targeting of COMMD1 or COMMD10 deficiencies to myeloid cells resulted in
increased NF-kB activation and subsequent exacerbation of lipopolysaccharide (LPS)-induced sepsis
and dextran sodium sulfate-induced colitis (Li et al., 2014; Mouhadeb et al., 2018). Additional transcrip-
tional programs that are controlled by COMMD1 include hypoxia-inducible factor (HIF) and E2F1 (Muller
etal., 2009; Murata et al., 2017; van de Sluis et al., 2010). Emerging findings also indicate that COMMD pro-
teins play important roles in tuning intracellular signaling and protein trafficking pathways that are highly
relevant to macrophage bactericidal activity. In particular, studies in human cells revealed that COMMD
proteins are essential components of the COMMD/CCDC22/CCDC93 (CCC) protein complex (Li et al.,
2015; Phillips-Krawczak et al., 2015; Starokadomskyy et al., 2013). This complex interacts with the
Wiscott-Aldrich and Scar Homolog (WASH) complex (Bartuzi et al., 2016; Phillips-Krawczak et al., 2015),
which is intimately linked to bacterial phagocytosis (Buckley et al., 2016) and subsequent lysosomal matu-
ration (King et al., 2013). We have recently shown in human embryonic kidney (HEK) cells that COMMD10
binds the CCDC22 component of the CCC complex (Starokadomskyy et al., 2013). Moreover, COMMD10
has been identified by proteomics to be associated with phagosomes in murine macrophages (Dill et al.,
2015). Both these features of COMMD10 prompted us to study its possible involvement in mediating
macrophage immune response to S. aureus infection.

Here we report the establishment of transgenic COMMD10 conditional knockout mice allowing the target-
ing of its deficiency to myeloid cells and specifically macrophages. We show that COMMD10 in macro-
phages propagates phagolysosome maturation and function to facilitate adequate killing of S. aureus
bacteria.

RESULTS
COMMD10 Deficiency Impairs KC-Governed Elimination of S. aureus in the Liver

Liver-resident macrophages, namely, KCs, are the key cell population responsible for eliminating S. aureus
from the circulation (Surewaard et al., 2016). Hence, we first examined in vivo whether S. aureus handling
is influenced by COMMD10 deficiency in KCs. The study of COMMD10 immunoregulation in macro-
phages has been hampered by embryonic lethality of COMMD10 knockout mice. To overcome this
obstacle, we generated transgenic mice that allow specific targeting of COMMD10 deficiency to macro-
phages by crossing Commd10™" mice (Mouhadeb et al.,, 2018) with Cx3cr1™® mice (Yona et al., 2013).
In these mice, cre-driven recombination (and the ensuing COMMD10 deficiency) is largely restricted to
tissue-resident macrophages, and specifically in the liver to KCs (Yona et al,, 2013), as well as to
recently defined CX3CR1" liver capsular macrophages (LCMs) (Sierro et al., 2017) and a subset of
dendritic cells (David et al., 2016). The resulting Cx3cr14ceommdi0 ice exhibited normal birth rate and
life expectancy (data not shown). Data mining into gene expression databases of sorted steady-state
KCs (Zigmond et al., 2014) and LCMs (Sierro et al., 2017) confirmed the expression of Commd10 in
both subsets (Figure S1A). Cx3cr14€em™md10 mice infected with GFP-tagged SH1000 strain of S. aureus
showed a higher burden of bacteria in the blood (Figure 1A) and liver (Figure 1B) 3 h post
intravenous inoculation. The increased bacteremia persisted at 24 h post infection (Figure 1C). We next
focused on KCs in light of their key role in handling of circulating S. aureus infection. Despite similar abun-
dance of KCs at baseline (Figure 1D), KC numbers were decreased in Cx3cr14commdi0 ice following
infection (Figure 1E), and accordingly, the KC fraction out of liver CD45" leukocytes was lower at 3 and
24 h (Figures 1F and 1G). Looking at the bacterial signal from the remaining KCs, a higher mean
fluorescent intensity (MFI) of GFP-tagged S. aureus was observed in infected Cx3cr14cemmd10
Commd10™ KCs (Figure TH).

versus

Cx3cr14€ommdi0 mice infected for 24 h with the untagged Rosenbach strain of S. aureus exhibited increased he-
patic damage, as manifested by more abundant and extended subcapsular and parenchymal necrotic lesions
(Figures S1B and S1C) and increased serum levels of the liver enzymes alanine and aspartate aminotransferases
(Figure S1D). Increased bacteremia (Figure STE), weight loss (Figure S1F), and serum creatine phosphokinase
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Figure 1. Impaired Clearance of S. aureus Infection by COMMD10-Deficient KCs

(A-H) Commd 10" (blue, closed circles) or Cx3Cr14cemmdi0 (e, open squares) mice were intravenously injected with SH1000-GFP S. aureus (5 x 10" CFU
per animal). (A and C) Blood and (B) liver specimens were extracted at 3h (n > 7) and 24 h (n > 3) following S. aureus injection. Colony-forming units (CFU)
were determined per 0.2 mL of blood (A and C) or normalized to liver tissue mass (B). (D) Flow cytometry-based assessment of liver-resident KC numbers at
steady state (n = 7 from a single experiment). (E) Assessment of liver-resident KC numbers at 3 h (n = 5). Right panel, flow cytometry gating strategy of KCs.
(F and G) Assessment of KC fraction out of total CD45" immune cells at 3 h (F) and at 24 h (G) following S. aureus injection (n = 5). (H) SH1000-GFP S. aureus
signal intensity in KCs as depicted by MFI (n = 5).
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Figure 1. Continued

(I-M) Liver KCs isolated from Commd10™" and Cx3Cr14¢°™m919 mice were infected with SH1000-GFP or untagged S. aureus at MOl = 5 (n > 3 mice). (I) Flow
cytometry images showing isolated KC purity. (J) Immunoblots demonstrating the expression of COMMD10. B-Actin was used as a control (n = 2 biological
repeats, each composed of a pool from four mice). (K) CFU of lysed KCs at 30 min following S. aureus injection. (L) Survival of S. aureus in KCs at 2 h following
injection assessed by gentamycin protection assay. (M) Confocal microscopic images showing accumulation of SH1000-GFP S. aureus (cyan) at 1 h post
infection. Magnification, x40; scale bar, 2 uM (n > 10 imaged cells per group [n > 3]). Right panel: quantification of bacteria in confocal imaging.

Data in (A), (B), (D-F), and (M) were analyzed by unpaired, two-tailed t test, and data in (C), (G), (H), (K), and (L) were analyzed by non-parametric Mann-
Whitney test, comparing each time between Commd 10" and Cx3¢cr14°mm910 groups. Results are presented as mean + SEM with significance: *p < 0.05,
**p < 0.01, ***p < 0.001

levels (Figure S1G) further supported aggravated systemic disease in the Cx3cr14°™™9% mice. Similar to infec-
tion with SH1000 S. aureus strain, there were significantly reduced numbers and fraction of KCs in the
Cx3cr14€ommdi0 fiyers concomitantly with a dramatic increase in the infiltration of Ly6C" monocytes, but not
of neutrophils (Figures STH and S1l1). The prevalence of late apoptotic PI*AnnexinV* KCs was increased as
well in the Cx3cr14<em™m910 Jivers (Figure S1J). Together, these findings suggest increased death of
COMMD10-deficient KCs associated with an increased bacterial burden.

To directly test for a role of COMMD10 in KC bacterial handling, we next challenged primary KC isolated from
Cx3cr14€emmdi0 yersus Commd 10" mice with S. aureus. KC enrichment was confirmed by combined expres-
sion of the lineage-specific markers F4/80, Tim4, and CDé4 (FcyR) (Figure 11), and efficient deficiency of
COMMD10 protein was evident in Cx3cr14<em™m919KC (Figure 1J). Cx3cr14<emm910 K Cs exhibited similar inter-
nalization of S. aureus at 30 min post infection (Figure 1K). However, their clearance of S. aureus was dramatically
impaired at 2 h following infection (Figure 1L). Confocal microscopy further validated the increased accumula-
tion of GFP-tagged S. aureus in the COMMD10-deficient KCs (Figure 1M). Together, these findings show that
COMMD10 in KC plays an important role in the liver barrier function against invading S. aureus.

COMMD10 Is Essential for Timely Clearance of S. aureus by Macrophages

Given the scarcity of cells achieved in KC cultures, we next chose bone marrow (BM)-derived macrophages
(BMDM) as a prototype population of primary macrophages for our studies. BMDM were generated from
LysMACommd10 mice in which COMMD10 deficiency has been targeted to myeloid cells by crossing Lyz2°"
mice with Commd 10" mice. Efficient deficiency of COMMD10 protein, but not of COMMD1, was evident
in LysMAcemmd10 BMDM infected with S. aureus (Figure 2A). At the transcription level, the Lysp<emmd1o
BMDM exhibited specific reduction in Commd10 expression, whereas the expression of all other Commd
genes was not significantly altered (Figure 2B). BMDM from Commd10™" or LyspmACommd10
fected with S. aureus or Staphylococcus xylosus for 30 min, and their intracellular levels were then evaluated

mice were in-

at distinct time points using the gentamycin protection assay followed by seeding and colony-forming unit
(CFU) counting. Similarly to COMMD10-deficient KCs (Figures 1L and 1M), LysMACO’W"dw BMDM exhibited
significantly delayed clearance of S. aureus over time as manifested by increased CFU at 4, 6, and 24 h
following infection (Figure 2C). Comparable results were obtained following S. xylosus infection showing
impaired clearance at 2, 4, and 6 h following infection (Figure 2D). These results were further corroborated
by flow cytometry revealing increased MFI at 2 h following infection with GFP-tagged S. aureus (Figure 2E).
Confocal microscopy further demonstrated increased accumulation of GFP-tagged S. aureus bacteria in
phagosomal compartments of COMMD10-deficient macrophages at 4 h following infection (Figure 2F).
In BM-derived neutrophils, COMMD10 deficiency had no clear effect on the handling of S. xylosus
(Figure 2G), suggesting that COMMD10 does not play a role in neutrophil-mediated bactericidal
activity against staphylococci. Collectively, these findings highlight that COMMD10 is required for the
timely elimination of intracellular S. aureus infection in macrophages.

COMMD10 Does Not Play a Role in Macrophage-Mediated Internalization of S. aureus

Phagocytosis is a hallmark of anti-bacterial host defense. The attenuated clearance of S. aureus in
COMMD10-deficient macrophages in vivo (Figure 1) and in vitro (Figure 2) may be the outcome of its
impaired internalization. To study the involvement of COMMD10 in macrophage-governed phagocytosis
of staphylococci, BMDM from Commd10"® or LysMACemmd10 mice were infected with S. aureus or
S. xylosus for 30 min, and their intracellular levels were immediately evaluated using the gentamycin pro-
tection assay followed by seeding and CFU counting. COMMD10-deficient and COMMD10-proficient
BMDM exhibited similar intracellular bacterial counts of both S. aureus and S. xylosus (Figure 3A). In addi-
tion, flow cytometry analysis revealed that COMMD10 deficiency had no effect on the MFI of internalized
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Figure 2. Impaired Clearance of S. aureus in COMMD10-Deficient Macrophages

BMDM from Commd10™" (blue, closed circles) or LysM4“°™m910 (red, open squares) mice were infected with S. aureus or S. xylosus at MOI = 5.

(A) Immunoblots showing the expression of COMMD10 and COMMD1 proteins. B-Actin was used as a control (n = 2).

(B) gRT-PCR gene expression of various COMMD members (n = 3).

(C and D) Survival over time in BMDM of (C) S. aureus (n > 5) and (D) S. xylosus (n > 3), as assessed by gentamycin protection assay.

(E) Left panel: average mean fluorescent intensity (MFI, calculated by subtracting background MFI of BMDM infected with wild-type S. aureus from MFI of
BMDM infected with SH1000-GFP S. aureus) at 2 h post infection (n > 3). Right panel: flow cytometry image showing gating strategy of BMDM (defined as
CD64¥F4/80%) and a histogram showing overlay of GFP fluorescence in Commd10™ (blue) or LysM4 ™m0 (red) BMDM at 2 h following infection with non-
labeled S. aureus (dashed lines) or SH1000-GFP S. aureus (filled lines).

(F) Confocal microscopicimages showing internalized GFP-labeled S. aureus (cyan) at 4 h post infection. Magnification, X40; scale bar, 2 uM (n > 10imaged
cells per group [n > 3]). Right: graph showing bacterial quantification.

(G) Survival of S. xylosus over time in BM-derived neutrophils as assessed by gentamycin protection assay (n = 4).

Data in (B), (E), and (G) were analyzed by non-parametric Mann-Whitney test, and data in (C-D) and (F) were analyzed by unpaired, two-tailed t test
comparing each time between Commd 10" and LysM*“°™™91% Results are presented as mean + SEM with significance: *p < 0.05 and ***p < 0.001.

GFP-tagged S. aureus (Figure 3B) or engulfed fluorescently labeled S. aureus-coated bioparticles (Fig-
ure 3C). Similar internalization of S. aureus-coated bioparticles was also corroborated by confocal micro-
scopy analysis (Figure 3D). Hence, these results suggest that COMMD10 does not play a critical role in
mediating S. aureus internalization.

Lysosomal Biogenesis Is Impaired in S. aureus-Infected COMMD10-Deficient Macrophages

Phagolysosome-mediated cellular clearance processes require the concerted action of hydrolases, the
acidification machinery, and membrane proteins. The expression and activity of these components must
be coordinated to allow optimal phagolysosomal function during infection and relies on transcriptional
regulation of a lysosomal gene network (Settembre et al., 2013). We hypothesized that the attenuated
S. aureus clearance in COMMD10-deficient macrophages may be due to impaired lysosomal biogenesis.
Indeed, gene expression profiling of BMDM at distinct time points following S. aureus infection uncovered
altered expression of structural and functional lysosomal genes, whereas no significant differences were
observed at baseline (Figure 4A). Accordingly, late phagosomes and lysosomes are normally enriched in
lysosomal-associated membrane proteins (LAMP) 1 and 2 as well as lysosome membrane protein 2
(LIMP2, Scarb2) (Flannagan et al., 2009). COMMD10 deficiency resulted in significantly reduced expression
of both Lamp1 and Lamp2 at 2 h and of Scarb2 at 4 h following infection (Figure 4A). With respect to func-
tional lysosomal genes, expression of cathepsins B and D (Ctsb and Ctsd, respectively) was reduced in
COMMD10-deficient BMDM at 2 and 4 h following S. aureus infection, whereas cathepsin K (Ctsk) expres-
sion remained unchanged (Figure 4A). Gene expression of lysosomal acid lipase A (Lipa) was markedly
lower at 2, 4, and 6 h following infection (Figure 4A). Acid phosphatase 5 is a lysosomal di-iron protein
important for the clearance of S. aureus infection by mononuclear phagocytes (Bune et al., 2001). Its
gene expression was also profoundly reduced at 6 h following infection (Figure 4A). Importantly, BMDM
also exhibited reduced gene expression of the inflammatory cytokines interleukin (IL)-1B (/I 1b) and IL-6 (Fig-
ure 4A). In agreement with this, supernatants from S. aureus- and S. xylosus-infected BMDM contained
lower levels of secreted IL-1B (Figures 4B and 4C).

The transcription factor EB (TFEB) is a master inducer of lysosomal biogenesis (Sardiello et al., 2009).
Phagocytosis enhances lysosomal and bactericidal activity in macrophages by activating TFEB transloca-
tion from the cytosol to the nucleus to facilitate a boost of the lysosome gene network (Gray et al.,
2016). In macrophages infected with S. aureus, TFEB also induces the transcription of pro-inflammatory cy-
tokines (Visvikis et al., 2014). In accordance with the reduced expression of lysosomal genes and of the cy-
tokines IL-1B and IL-6 (Figure 4A), TFEB translocation to the nucleus was impaired in COMMD10-deficient
versus COMMD10-proficient macrophages (Figure 4D). Moreover, activation of the master growth regu-
lator mammalian target of rapamycin (mTOR) complex 1 (mMTORC1), which inhibits TFEB nuclear transloca-
tion (Settembre et al., 2012), was higher in COMMD10-deficient macrophages at 2, 4 and 6 h following
S. aureus infection as manifested by increased phosphorylation (Figure 4E). In aggregate, these results
indicate a role for COMMD10 in promoting TFEB activation and associated lysosomal biogenesis.

Retarded Lysosomal Maturation in S. aureus-Infected COMMD10-Deficient Macrophages

The nascent phagosome acquires the microbicidal and degradative capacities required for pathogen elim-
ination by a process called phagosome maturation (Fairn and Grinstein, 2012; Flannagan et al., 2009). The
attenuated clearance of S. aureus in COMMD10-deficient KCs (Figure 1) and macrophages (Figure 2)
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Figure 3. COMMD10 Deficiency in Macrophages Does not Affect S. aureus Internalization

BMDM from Commd10™f (blue, closed circles) or Lysl\/l“co’"’”dm (red, open squares) mice were infected with S. aureus or S. xylosus at MOI = 5 for 30 min.
(A) Baseline internalization and survival at 30 min post infection of S. aureus (n = 8) and S. xylosus (n = 6), as assessed by gentamycin protection assay.
(B) Average mean fluorescent intensity (MFI, calculated by subtracting background MFI of BMDM infected with WT S. aureus from MFI of BMDM infected
with SH1000-GFP S. aureus) at 30 min post infection (n > 3). Right panel: flow cytometry image showing gating strategy for BMDM (defined as CD64F4/80%)
and a histogram showing overlay of GFP fluorescence in Commd10"" (blue) or LysMA€°™™410 (red) BMDM at 30 min following infection with non-labeled
S. aureus (dashed lines) or SH1000-GFP S. aureus (filled lines).

(C) Average MFI of fluorescein-coated S. aureus bioparticles after 3-h incubation (n = 5).

(D) Confocal microscopy images showing internalized fluorescein-coated S. aureus bioparticles (green) at 3 h post incubation. Magnification, x40; scale bar,
2 uM (n > 10 cells per group). Right: graph showing bacterial quantification.

Data were analyzed by non-parametric Mann-Whitney test, comparing each time between Commd10™" and LysM4°™™910 and are presented as
mean + SEM.

together with the impaired lysosomal biogenesis (Figure 4) may indicate defective phagolysosomal matu-
ration. The Rab-family GTPases are known to mediate the progression between the early, late, and lyso-
some fusion stages. Specifically, Rab5 is a characteristic marker of the early phagosome that drives the tran-
sition to the late phagosome stage, which is defined by the presence of Rab7 (Harrison et al., 2003; Vieira
et al.,, 2003). The expression of RAB5 was profoundly higher in COMMD10-deficient macrophages at 2 and
4 h following infection, whereas RAB7 protein was significantly reduced (Figure 5A). In addition, there was a
decline in the protein expression of Rabaptin-5 (Figure 5A), which is an essential and rate-limiting compo-
nent for early endosome fusion (Horiuchi et al., 1997; Lippe et al., 2001). The expression of LAMP1, a char-
acteristic marker of late phagosomes and phagolysosomes (Flannagan et al., 2009), was also significantly
reduced at 4 h following infection (Figure 5A). Of note, there was no clear difference in the expression of
LAMP1, RAB7, and RABS5 at the basal level (Figure S2), suggesting that COMMD10 is not involved with their
homeostatic regulation. Confocal microscopicimaging at 1 h following S. aureus infection of macrophages
further revealed that the recruitment of LAMP1 to bacteria containing late phagosomes or phagolyso-
somes depends on COMMD10. Accordingly, whereas in COMMD10-proficient macrophages LAMP1
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Figure 4. S. aureus-Infected COMMD10-Deficient Macrophages Exhibit Impaired TFEB-Associated Lysosomal Biogenesis

BMDM from Commd10™" (blue, closed circles) or LysM"CO’”’"dm(red, open squares) mice were infected with S. aureus at MOl =5 (A and B) or 10 (D and E) or
with S. xylosus at MOI = 5 (C). (A) gRT-PCR gene expression over time of lysosomal and inflammatory genes (n = 4). (B-C) Cell-free supernatants were
subjected to ELISA analysis of IL-1B following (B) S. aureus and (C) S. xylosus infection (n = 6 for B, n > 4 for C). (D) Immunoblots showing TFEB expression in
cytosolic and nuclear fraction lysates of non-infected or S. aureus-infected BMDM. B-Actin and GCNS5 antibodies, respectively, were used as controls (n > 5).
(E) Immunoblots demonstrating the expression of phospho-mTOR and mTOR in BMDM lysates over a time course post S. aureus infection (n > 3). Data in (A)
and (C) were analyzed by non-parametric Mann-Whitney test and data in (B) were analyzed by unpaired, two-tailed t test, comparing each time between
Commd10"" and Lysm4Cemmd10 BMDM. Results are presented as mean + SEM with significance: *p < 0.05, **p < 0.01.

enveloped S. aureus-containing phagolysosomes, it was mostly mislocalized to the cell surface membrane
in the COMMD10-deficient macrophages (Figure 5B). Similarly to LAMP1, staining for COMMD10 localized
its expression to the S. aureus-containing phagolysosomal membrane (Figure 5C). Altogether, these re-
sults suggest that COMMD10-deficient phagosomes are detained at an early maturation phase.

COMMD10-Deficient Macrophages Exhibit Impaired Phagolysosomal Acidification in
Response to S. aureus Infection

The attenuated phagolysosomal maturation in S. aureus-infected COMMD10-deficient macrophages (Fig-
ure 5) may lead to impaired acquisition of bactericidal features. Concomitant with phagosome maturation
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Figure 5. Impaired Lysosomal Maturation in S. aureus-Infected COMMD10-Deficient Macrophages

BMDM from Commd™" (blue, closed circles) or LysM4°™m910 (red, open squares) mice were infected with (A) untagged or (B) SH1000-GFP S. aureus at
MOl = 5.

(A) Immunoblots showing the expression of indicated phagolysosome proteins. B-Actin served as control. Densitometry is presented on the right and
bottom panels (n > 3).

(B) Confocal microscopic images showing co-localization of SHT000-GFP S. aureus (cyan) and LAMP-1(red) at 1 h post infection. Magnification, X 100; scale
bar, 2 uM.

(C) Confocal microscopy images showing COMMD10 staining (red) together with internalized S. aureus (cyan). Magnification, X40; scale bar, 2 uM (n > 10
cells per group).

Data were analyzed by unpaired, two-tailed t test, comparing each time between Commd 10" and LysM?©°™™919 BMDM. Results are presented as mean +
SEM with significance: *p < 0.05.

is the progressive acidification of the phagosome lumen, which aids the killing and digestion of intracellular
S. aureus in macrophages (Jubrail et al., 2016). Confocal microscopic analysis of macrophages at 1 h
following infection with S. aureus conjugated with the pH-sensitive pHrodo indicator revealed a signifi-
cantly reduced fraction of pHrodo®"9" phagolysosomes out of total phagolysosomes in the COMMD10-
deficient versus COMMD10-proficient macrophages (Figure 6A). Comparable results were achieved with
GFP-tagged S. aureus (data not shown). The fraction of pHrodo® 9" S aureus-containing phagolysosomes
was similar to that of Commd 10" macrophages pretreated with the V-ATPase inhibitor bafilomycin A (Fig-
ure 6A). This was confirmed by the reduced pHrodo signal in the COMMD10-deficient macrophages at 2
and 4 h following infection (Figure 6B). Labeling with LysoTracker further consolidated the reduction in
acidic organelles in the COMMD10-deficient macrophages at 1 h following S. aureus infection (Figure 6C).
Activation of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) and the resulting
reactive oxygen species (ROS) production neutralizes the acidification of the phagolysosome (Hampton
et al., 1998; Savina et al., 2006; Segal et al., 1981). Therefore the impaired phagosome acidification in
S. aureus-infected COMMD10-deficient macrophages may be the result of increased NOX activity. Indeed,
assessment of ROS production revealed increased fraction of ROS* macrophages at 2 and 4 h following
S. aureus infection (Figure 6D). As NOX-2 complex is a key driver of ROS production (Panday et al,,
2015), we next assessed the expression of the cytochrome b (Cybb) subunit following S. aureus infection.
Despite the increased production of ROS in COMMD10-deficient BMDM, their expression of Cybb was
similar to that of Commd10™”
S. aureus infection (Figure 6E). Acidification is a prerequisite for the function of most lysosomal hydrolases,
such as cathepsin D (Sturgill-Koszycki et al., 1996). In the absence of COMMD10, S. aureus-infected mac-
rophages displayed reduced levels of activated cathepsin D (Figure 6F) and attenuated cathepsin D activity
(Figure 6G). Altogether, these results uncover that COMMD10 deficiency in macrophages impairs phago-
lysosomal acidification and function in response to S. aureus infection.

macrophages in steady state and at distinct time points following

COMMD10-Deficient Macrophages Display Reduced Stability of the CCC Complex

Different COMMD proteins were found, in human cells, to be part of the CCC protein complex, which
facilitates intracellular cargo-specific trafficking via interaction with the endolysosomal system (Li et al.,
2015; Phillips-Krawczak et al., 2015; Starokadomskyy et al., 2013). In particular, CCC interacts with the
WASH complex (Bartuzi et al., 2016; Phillips-Krawczak et al., 2015), which is involved with both bacterial
phagocytosis (Buckley et al., 2016) and lysosomal recycling (King et al., 2013). Therefore the impaired phag-
olysosomal maturation and clearance of S. aureus in COMMD10-deficient macrophages may be related to
defects in CCC complex stability. Indeed, analysis of COMMD10-deficient macrophages revealed reduced
gene and protein expression of CCDC93 and CCDC22, components of the CCC complex, as well as of the
CCC-associated protein C160RF62, both at steady state and following S. aureus infection (Figures 7A and
7B). Therefore COMMD10-CCC complex interactions may be involved in the trafficking and fusion events
required for S. aureus elimination in macrophages.

DISCUSSION

We report here by using two different S. aureus subspecies that COMMD10 in macrophages is pivotal for
timely handling of the GramP®® bacteria S. aureus. We show that COMMD10 is important for the barrier
function of KCs against circulating S. aureus. Both COMMD10-deficient primary KCs and BMDM exhibited
impaired clearance of S. aureus infection. The failure of KCs to eliminate S. aureus infection in vivo was
translated into exacerbated hepatic damage and systemic disease. S. aureus internalization was unaltered
by COMMD10 deficiency, whereas phagolysosomal biogenesis and maturation were significantly attenu-
ated. In particular, there was reduced activation of the master lysosomal biogenesis transcription regulator
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Figure 6. COMMD10-Deficient Macrophages Exhibit Impaired Lysosomal Killing Machinery upon S. aureus Infection
BMDM from Commd10™ (blue, closed circles) or LysM?“°m™91% (red, open squares) mice were infected with pHrodo-labeled (red) (A and B) or GFP-labeled
(cyan) (C) S. aureus at MOI = 20 or unlabeled (D-F) S. aureus at MOI = 5. (A) Confocal microscopic images showing intracellular bacteria at 1 h post infection,
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Figure 6. Continued

pHrodo-positive bacteria are bright red. BafilomycinA (BAFA1) was used as positive control in Commd 10" BMDM. Magnification, x63; scale bar, 2 uM
(n > 30 cells per group). Right panel, pHrodoP"9" . aureus per cell are presented as percentage of total intracellular bacteria per cell. Data are derived
from two independent experiments. (B) Relative fluorescence unit (RFU) of pHrodo-labeled S. aureus at indicated time points post infection as assessed
by fluorescent plate reader (n = 4). (C) Confocal microscopic images showing co-localization (as marked by white arrows) of intracellular bacteria (cyan)
with acidic compartments (stained with LysoTracker, red) at 1 h post infection. Magnification, X63; scale bar, 2 uM (n > 30 cells per group). (D) Fraction
of ROS™ BMDM at 2 and 4 h post infection, as assessed by flow cytometry using DCFH-DA (n = 4). Right panel, representative flow cytometry images
showing ROS fluorescence. (E) Cybb expression at baseline and following S. aureus infection as determined by gRT-PCR (n = 4). (F) Left panel:
immunoblots showing expression of pro- (46 kDa) and activated (34 and 14 kDa) cathepsin D over time. B-Actin was utilized as control (n = 5 for 34 and
46 kDa, n = 3for 14 kDa). Densitometry is presented on the right. (G) Cathepsin D-degrading activity (HiLyte Fluor-488 pM) 2 h post infection as assessed
by fluorescent plate reader (n = 7). Data in (A) were analyzed by one-way ANOVA with Tukey post test, comparing between Commd10™f and
LysM4Commd10 6 Commd10™ + BAFA1. Data in (B), (D), and (E) were analyzed by non-parametric Mann-Whitney test and data in (F-G) were analyzed by
unpaired, two-tailed t test, comparing each time between Commd10™" and LysM4C°mm91° BMDM. Results are presented as mean + SEM with
significance: *p < 0.05, **p < 0.01, ***p < 0.001.

TFEB concomitantly with reduced expression of its associated genes encoding for lysosomal structural and
functional proteins. Moreover, there was a delay in the acquisition of mature phagolysosomal markers.
COMMD10-deficient macrophages also exhibited reduced phagolysosomal acidification coupled with
augmented production of lysosome-neutralizing ROS. Finally, we show reduced representation of the
CCC complex genes and proteins in macrophages deficient in COMMD10.

COMMD proteins have been linked to the endolysosomal system. COMMD1, the most studied prototype
of this family, functions as part of the CCC complex. Similarly, studies in HEK cells have shown that
COMMD10 binds the CCDC22 component of the CCC complex (Starokadomskyy et al., 2013). This com-
plex localizes to endosomes and interacts with the WASH complex (Bartuzi et al., 2016; Phillips-Krawczak
et al., 2015). The latter regulates the actin cytoskeleton by modulating Arp2/3-governed actin polymeriza-
tion in immune cells and thus is important to multiple aspects of immune cell function (Thrasher and Burns,
2010). Specifically, it is intimately linked to bacterial phagocytosis by mononuclear phagocytes, for
instance, via its modulation of phagocytic cup formation (Lorenzi et al., 2000; Tsuboi and Meerloo,
2007). Yet, we did not observe an effect for COMMD10 deficiency on S. aureus internalization. WASH is
also required for efficient phagolysosomal maturation by governing delivery of lysosomal hydrolases.
Moreover, in cells lacking WASH, cathepsin D becomes trapped in a late endosomal compartment, unable
to be recycled to nascent phagosomes and autophagosomes (King et al., 2013). We see reduced gene and
protein expression of CCC complex members in the COMMD10-deficient BMDM at steady state and
following S. aureus infection. These cells also display reduced levels of activated cathepsin D. These find-
ings suggest that COMMD10-CCC-WASH interactions may be required for adequate maturation and re-
cycling of S. aureus containing phagosomes.

TFEB is a master transcription factor that induces transcription of lysosomal biogenesis genes that share a
common CLEAR motif such as LAMP1 and 2 and cathepsins (Sardiello et al., 2009). The inhibition of
mTOR is required for cytosolic dephosphorylation of TFEB, facilitating its nuclear translocation (Settembre
et al., 2012). TFEB activation occurs in response to nutritional shortage leading to autophagy (Settembre
et al., 2011), and also in macrophages exposed to LPS or bacterial infection (Gray et al., 2016,
Visvikis et al., 2014; Vural et al., 2016). In particular, during S. aureus infection, macrophages with constitu-
tively high TFEB activity have improved survival (Vural et al., 2016). Consistent with the impaired ability of
COMMD10-deficient macrophages to clear S. aureus infection, we found that they exhibit repressed TFEB
nuclear translocation and suppressed transcription of TFEB-mediated lysosomal genes. Furthermore,
TFEB-mediated transcription is not limited to lysosomal biogenesis but is directed at over 400 target
gene sites governing, among other processes, endocytosis, autophagy, essential protein degradation,
and immune responses (Palmieri et al., 2011). Regarding the latter, in macrophages exposed to
S. aureus, TFEB drives the production of inflammatory cytokines essential for adequate host defense
such as IL-6 and IL-1B as well as antimicrobial peptides (Visvikis et al., 2014). In line with their repressed
TFEB nuclear translocation, COMMD10-deficient macrophages infected with S. aureus had less expression
and secretion of inflammatory cytokines, potentially compromising their ability to kill bacteria.

Nascent phagosomes must undergo maturation to acquire microbicidal properties required for elimina-
tion of engulfed pathogens (Fairn and Grinstein, 2012; Flannagan et al., 2009). Our results highlight a
pivotal role for COMMD10 in timely and proper phagolysosomal maturation following S. aureus infection.
Accordingly, COMMD10-deficient macrophages displayed impaired exchange of RAB5 to RAB7 and
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Figure 7. COMMD10-Deficient Macrophages Display Reduced Stability of the CCC Complex

BMDM from Commd10™" (blue, closed circles) or LysM?“°™ ™90 (red, open squares) mice were infected with S. aureus at
MOI = 5.

(A) Ccdc93 and Ccdc22 expression at baseline and following S. aureus infection as determined by gRT-PCR (n = 4).

(B) Immunoblots demonstrating expression of CCDC93, CCDC22, and C160RF62 in BMDM lysates at baseline and post
S. aureus infection. B-Actin was utilized as control (n = 2 independent experiments).

Data were analyzed by non-parametric Mann-Whitney test. Results are presented as mean + SEM with significance:
*p < 0.05.

reduced expression and mislocation of LAMP1 to the cell membrane rather than the phagosomal mem-
brane. Peripheral lysosomes have reduced RAB7 density and are associated with reduced acidification
and impaired proteolytic activity when compared with juxtanuclear ones (Johnson et al., 2016). Given
the peripheral localization of LAMP1 and reduced RAB7 levels in the COMMD10-deficient BMDM, these
results may indicate that their phagolysosomes are less bactericidal.

A hallmark of phagolysosome formation is the marked acidification of the phagosome lumen due to the
activity of the vacuolar ATPase (V-ATPase) proton pump (Lukacs et al., 1990). Despite the antimicrobial ac-
tivity of the macrophage phagolysosome, some S. aureus survive within mature phagolysosomes by virtue
of various virulence factors and regulators, where their replication commences before cell death (Flanna-
gan et al., 2016, 2018; Pollitt et al., 2018; Surewaard et al., 2016). In fact, it has been recently shown for the
S. aureus USA300 strain that its exposure to acidic pH evokes signaling pathways that endow the bacteria
with increased resistance to antimicrobial effectors, such as antimicrobial peptides encountered inside
macrophage phagolysosomes (Flannagan et al., 2018). Therefore, although the compromised phagolyso-
somal acidification in COMMD10-deficient macrophages can assist the S. aureus in evading killing, it may in
parallel hamper its induction of pH-dependent adaptive survival responses and subsequent replication in
these cells. However, replication of S. aureus in macrophages occurs after a significant delay (~10-12 h)
(Flannagan et al., 2016; Surewaard et al., 2016). In contrast, our in vivo data reveal significant reductions
in the level of KCs already after 3 h, suggesting that they succumb to the bacteria before their replication
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commences. Moreover, it remains unclear whether pH-dependent survival mechanisms described for the
USA300 S. aureus strain are also a feature of the Rosenbach and SH1000 strains used here. Further studies
are required to follow the effect of COMMD10 deficiency on the dynamics of S. aureus survival and repli-
cation within KCs.

One explanation for the reduced acidification of phagolysosomal compartments in COMMD10-deficient
macrophages is their augmented production of ROS, which neutralize the acidification of phagolysosomes
(Hampton et al., 1998; Savina et al., 2006; Segal et al., 1981). However, ROS production is an important
mechanism in combating S. aureus. Indeed, patients with chronic granulomatous disease having defective
ROS production are prone to recurrent life-threatening staphylococcal infections and persistent inflamma-
tion (Buvelot et al., 2017). Although increased ROS production would normally be expected to result in
more effective bacterial handling, S. aureus may be an exception, as it is known to express anti-oxidant en-
zymes, such as catalase and superoxide dismutase, that confer resistance to ROS in macrophages (Das and
Bishayi, 2009, 2010). It is still unclear how COMMD10 regulates ROS production. Expression of Cybb was
unchanged in COMMD10-deficient macrophages. Although expression of other NOX2 complex subunits
should be examined, these results suggest the possibility of transcription-independent mechanisms. Alter-
natively, given the involvement of COMMD proteins in intracellular protein trafficking events, COMMD10
may be important for controlling the assembly and stability of NOX2 multi-domain complex and its trans-
location from the cytosol to the membrane.

Although our results underscore an important role for COMMD10 in promoting TFEB-governed lysosomal
biogenesis at 2-4 h following S. aureus infection, they also indicate profound alterations in phagolysosomal
maturation events occurring at earlier time points, as manifested by impaired recruitment of LAMP1 to phag-
olysosomes, exchange of RAB5 to RAB7, phagolysosomal acidification, and cathepsin D activity. These alter-
ations seem too rapid to be transcription mediated and may be related to the effect of COMMD10 deficiency
on protein trafficking events. Indeed, COMMD10 has been associated with phagosomes in macrophages (Dill
etal., 2015), and we show here the recruitment of COMMD10 protein to S. aureus containing phagolysosomes
already at 1 h following infection. Moreover, macrophages with COMMD10-deficiency exhibit reduced expres-
sion of CCC complex genes and proteins. This complex modulates endolysosome architecture and is required
for the correct trafficking of diverse transmembrane proteins that traverse this compartment. Hence impaired
COMMD10-CCC interactions may be important for the trafficking events driving phagolysosomal maturation,
function, and recycling. Given the persistent survival of S. aureus in macrophages (Flannagan et al., 2016, 2018;
Jubrail et al., 2016; Pollitt et al., 2018; Surewaard et al., 2016), the process of phagolysosomal biogenesis, matu-
ration, and recycling is dynamic and continuous, therefore necessitating both ongoing transcriptional and pro-
tein trafficking regulation by COMMD10.

To target COMMD10 deficiency to KCs in vivo we utilized Cx3cr1<"® mice (Yona et al., 2013). In these mice,
cre-driven recombination (and the ensuing COMMD10 deficiency) is largely restricted in the liver to KCs
(Yona et al., 2013), as well as to CX3CR1" LCMs (Sierro et al., 2017) and a subset of dendritic cells (David
et al.,, 2016). Here we show that LCMs also express COMMD10, and hence their altered activity in the
setting of COMMD10 deficiency may contribute to the overall phenotype observed in the Cx3cr14commd1o
livers. In this regard, it has been shown that KCs are mainly responsible for the clearance of bacteria orig-
inating from the circulation, whereas LCMs are in charge of handling pathogens traversing the peritoneum
(Sierro et al., 2017). Indeed, circulating S. aureus are rapidly killed by KCs (Pollitt et al., 2018; Surewaard
et al., 2016). Therefore, although it remains to be examined, we expect that COMMD10 deficiency in
LCMs does not directly impair the clearance of blood-borne S. aureus. LCMs express various chemokines
that may be involved in the sequential recruitment of immune cells such as neutrophils and Ly6C" mono-
cytes (Sierro et al,, 2017). Our data reveal increased infiltration of LysC" monocytes to S. aureus-infected
Cx3cr14cemmdi0|iyers at 24 h, but the respective contributions of KCs and LCMs to their recruitment remain
to be determined. Moreover, it is also not clear whether COMMD10 deficiency in LCMs contributes to the
overall increase in hepatocyte necrosis observed at the subcapsular zone of Cx3cr14<°mm910 livers. We
have previously shown that COMMD10 is important for the negative regulation of inflammasome activity
in liver-infiltrating Ly6C" monocytes during endotoxic shock in Lyz2®Commd10™" mice, but not
Cx3cr14emmdi0 mice (Mouhadeb et al.,, 2018). This is probably related to the greater activity of cre-recom-
binase in the ephemeral circulating Ly6C™ monocytes in the Lyz2°® versus Cx3cr1™ mice (Abram et al,,
2014). Therefore, we believe that COMMD10 deficiency in LyéC" monocytes does not directly contribute
to the overall impaired clearance of S. aureus infection in the Cx3cr14cemmdiOiivars, but may be involved to
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some extent with the overall augmented hepatic damage observed after 24 h. Macrophages in the liver
mediate the initial infecting S. aureus population bottleneck, whereas neutrophils enable the subsequent
spread of bacteria to other organs (Pollitt et al., 2018). We have previously shown that circulating neutro-
phils hardly express COMMD10 (Mouhadeb et al., 2018) and are a priori not a target for cre-recombination
in the Cx3cr1°"® mice (Abram et al., 2014). Moreover, neutrophil recruitment to the S. aureus-infected liver
was not affected in the Cx3cr14¢°™m41% mice, and LysM4<°™m410 5rimary neutrophils exhibited unaltered
handling of S. xylosus. Therefore these results rule out a contribution of neutrophils to the impaired clear-
ance of S. aureus and collateral damage in the Cx3cr14<°mm 910 liyers.

Altogether, we report a pivotal role for COMMD10 in macrophages in mediating lysosomal biogenesis and
maturation in response to S. aureus infection and in upholding KC barrier function against S. aureus
bacteremia.

Limitations of the Study

To target COMMD10 deficiency to KCs in vivo we utilized Cx3cr1°"® mice (Yona et al., 2013). Besides KCs,
cre-driven recombination (and the ensuing COMMD10 deficiency) also targets liver CX3CR1" LCMs (Sierro
etal., 2017) and a subset of dendritic cells (David et al., 2016). This caveat has been extensively elaborated
on in the discussion. Although we cannot exclude a contribution of other liver CX3CR1™ cells to in vivo phe-
notypes observed in this study, we have complemented our in vivo observations by comprehensive in vitro
studies directly characterizing the effects of COMMD10 deficiency on S. aureus handling mechanisms in
primary cell cultures of KCs and BMDMs.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information can be found online at https://doi.org/10.1016/}.is¢i.2019.03.024.
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Figure S1. Increased hepatic and systemic damage and KC death in Cx3Cr14Cemmdio
livers, Related to Figure 1.

(A) Commd10 gene expression in Liver capsular macrophages (LCM) and KC as extracted
from existing databases of sorted KCs (GSE55606) and LCMs (E-MTAB-5932). Commd10
expression was normalized to the expression of the adipocyte marker Adipoq (n=3). (B-J)
Commd10™ (blue closed circle) or Cx3Cr14¢emmd10 (red open square) mice were i.v. injected
with S. aureus Rosenbach (5x10° CFU per animal) and sacrificed 24 h later. (B)
Representative images of infected livers. Note the lesions appearing on the surface. (C) Left
panel: representative images of Hematoxylin and eosin (H&E) staining of liver sections.
Magnification x20, bar, 200 uM. Right panel. quantification of lesions per liver area (AU,
arbitrary units) (n=5). (D) Serum AST and ALT levels (Units/Liter) (n=8). (E) CFU per 200
ul blood (n=8). (F) Body weight loss (n>6). (G) Serum CPK levels (Units/Liter) (n=6). (H)
Assessment of KC, neutrophil and Ly6C" monocyte fraction out of total CD45* immune
cells (n>5). (I) Assessment of liver-resident KC, neutrophil and Ly6C" monocyte numbers
normalized to tissue mass (n>5). Right panel, representative flow cytometry images showing
the gating strategy of KCs, neutrophils and Ly6C" monocytes. (J) Assessment of AnnexinV*
PI™ KCs out of total population. Right panel, representative flow cytometry image showing
AnnexinV*PI" KCs (light blue) over total CD45" immune cells (grey) (n>3). Data in A, E
and J were analyzed by non-parametric Mann-Whitney test, and data in C, D, F-I were
analyzed by unpaired two-tailed t-test, comparing each time between Commd10™ and
Cx3cr14commdl0 groups. Results are presented as mean + SEM with significance: *p<0.05

**p<0.01. ***p<0.001
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Figure S2. Baseline expression of phagolysosomal maturation markers, Related to
Figure 5.

BMDM from Commd™ (blue closed cicrle) or LysM4ce™mdi0 (red open square) mice were
lysed and analyzed by immunoblotting for protein expression of indicated phagolysosome
maturation markers (n>3). -actin served as control. Densitometry graph is shown based on
the zero time-point in immunoblot from Figure 5A. Data were analyzed by non-parametric

Mann-Whitney test.



Transparent Methods

Mice

Animal experiments were performed with male adult C57BL/6J mice (8-12-wk old).
Animals were maintained in specific pathogen-free animal facility and experiments were
performed according to protocols and regulatory standards required by the Animal Care Use
Committee of the Sourasky Medical Center (24-8-18). LysMACommdl0 gnd Cx3cr14commdlo
mice were generated by crossing Lyz2°° and Cx3crl®® (Yona et al., 2013) mice with
Commd10™ mice that were purchased from the EUCOMM consortium (strain EM:05951)
(C57BL/6J background). Experiments with LysMAcemmd10 and Cx3cr14cemmdl0 mice were
performed on mice heterozygous for these genes.

BMDM and neutrophil preparation

BMDM were prepared by flushing BM from the femur and tibia and culturing in RPMI
medium containing FBS (10%), penicillin (100 1U/ml), streptomycin (100 pg/ml) and
macrophage-colony stimulating factor (M-CSF, 20 ng/ml), at 37°C in 5% CO.. Media was
supplemented every 2-3 days. On day 6, macrophages were harvested and plated overnight at
an assay-dependent concentration. Neutrophils were isolated using the neutrophil isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany cat# 130-092-332). Neutrophils were
enriched to high purity (above 99%) and identified using flow cytometry as CD45"CD11b*
CD115Ly6G" cells.

Isolation of liver KCs

Hepatic non-parenchymal cells were isolated by collagenase digestion buffer (0.5 mg/ml
collagenase (C2139, Sigma), 5% Fetal bovine serum, PBS) followed by gradient
centrifugation (Zigmond et al., 2014). KCs were enriched by selective adherence to plastic.
Cells were seeded in DMEM containing 10% FBS, 1% L-Glutamine and 0.1% penicillin

streptomycin, and incubated for 2 h in 5% CO2 at 37°C. Non-adherent cells were then



removed by gently washing with PBS™. Cells were cultured for 7 days, (Gilboa et al., 2017).
KC purity (88%) was determined by flow cytometry analysis. KCs were defined as
CD45*CD11b'"F4/80*CD64* Tim4*MHCII* cells.

Bacterial infection of KCs, BMDM and neutrophils

The following bacteria species were grown in LB broth at 37°C overnight: S. xylosus, S.
aureus Rosenbach (clinical isolated ATCC-29213) and SH1000-GFP S. aureus (rsbU*
NCTC8325-4 derivative (kindly provided by Dr. Ingo Schmitz, Helmholtz Center for
Infection Research, Germany). Infection experiments were performed, unless indicated
otherwise, at multiplicity of infection (MOI) = 5, with early log phase bacteria. At 30 min
after infection, cells were washed and supplemented with gentamicin (100 ng/ml) to
eliminate extracellular bacteria. At indicated times cells were washed twice with PBS™
(without Ca*™ and Mg*™), and collected for different analyses. The SH1000-GFP S. aureus
were used in fluorescent assays; otherwise the S. aureus Rosenbach was used. With respect to
TFEB, BMDM were infected with late log phase S. aureus at MOI=10.

Bacterial viability-colony forming unit assay

Tissues were weighed and homogenized (Polytron PT-MR 2100) in 1 ml PBS™. One million
BMDM or KCs were homogenized in 0.1% triton x-100. Appropriate dilutions were seeded
on LB agar plates and incubated at 37°C for 24 h. Isolated neutrophils (500,000/24 multiwell
plate) were seeded in RPMI containing 10% FBS, 1% L-Glutamine and 0.1% penicillin
streptomycin, and incubated for 30min in a 5% CO2 at 37 °C. Non-adherent cells were
removed by washing. Colonies were counted and presented as CFU per g tissue.

Protein immunoblotting

Total protein from one million BMDM was extracted in ice-cold RIPA buffer (C-9806S, Cell
Signaling Tech. Beverly, Massachusetts) containing protease inhibitors (P8340, Sigma

Aldrich St. Louis, Missouri). Proteins were detected by immunoblotting using standard



techniques. Antibodies used were: mTOR (2972), phosphorylated-mTOR ser2448 (2971)
from Cell Signaling; GCN5 (sc-20698), RAB7 (sc-376362), RAB5 (sc-46692), B-ACTIN
(sc-47778) from Santa Cruz; TFEB (A303-673A-T) from Bethyl Laboratories Inc; LAMP1
(ab24170), Cathepsin D [EPR3057Y] (ab75852) from Abcam; anti-COMMD10 antibody
(GTX121488) from Genetex and RABAPTIN 5 (610676) from BD Biosciences, CCDC22
(16636-1-AP), CCDC93 (20861-1-AP) from ProteinTech Group, C160rf62 (PA5-28553)
from Pierce. Blots were incubated with HRP-conjugated secondary antibodies, and subjected
to chemiluminescent detection using the MicroChemi imaging system (DNR Bio-Imaging
Systems, Israel). Densitometry was performed using ImageJ software. TFEB subcellular
fractionation was performed using NE-PER nuclear/cytoplasmic extraction kit (78835,
Thermo scientific, Paisley, UK) per manufacturer’s instructions. Equivalent protein amounts
were loaded for both nuclear and cytoplasmic fractions.

Confocal microscopy

BMDM and liver KCs were seeded (200,000/24 multiwell plate) overnight on cover glass.
On the following day, cells were washed with medium and infected with SH1000-GFP S.
aureus at MOI 20 for 1h. With respect to KCs, cells were infected at MOI 5 for 1h. Cells
were then washed 3 times with PBS”- and supplemented with 100 ng/ml gentamycin until
indicated time points. Cells were fixed with 4% PFA for 10 minutes at 37°C. Slides were
blocked and permeabilized with 0.1% saponin in blocking reagent (B10710, Thermofisher
Scientific) for 45 min at room temperature, followed by overnight incubation at 4°C with
specific antibodies for LAMP1 (ab24170) and COMMD10 (bs-8181R, Bioss, Woburn,
Massachusetts). Slides were washed and then incubated for 1 h with the secondary antibody
anti-rabbit Alexa Flour 647 (A31573, Life Technologies). Subsequently, slides were washed
and mounted with fluorescent mounting medium without DAPI (E18-18, GBI labs, Bothell,

Washington). For LysoTracker Red DND-99 (Invitrogen) staining, infected cells were



incubated with 50 nM dye for 30 min, washed with PBS, fixed with 2% PFA for 15 minutes
and observed under the fluorescence microscope. Images were acquired using Zeiss LSM 700
confocal microscope with x100 (1.4 Oil DIC) and x40 (1.3 Oil DIC) oil objectives.
Quantification of bacteria was performed utilizing ImagelJ software on >10 separate fields (1
cell per field) for each group.

Quantitative RT-PCR

Total RNA was extracted from S. aureus infected BMDM using the RNeasy Mini Kit
(QIAGEN, Hilden, Germany). RNA was reverse transcribed with a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City, California). All PCR reactions
were performed with SYBR Green PCR Master Mix kit (Applied Biosystems) and Applied
Biosystems 7300 Real-Time PCR machine. Quantification of PCR signals of each sample

was performed by the ACt method normalized to Gapdh. Gene primers are listed in table:

Forward Reverse
Acp5 ATCATGTCTCTGGGGGACAA AGAGACGTTGCCAAGGTGAT
Commd1 TGGCGAAGATGAGAGGACTT GTGATGCCACCTTGCTTTTT
Ccdc22 CCTTGGAGCTTGGCTATCAG AATGGCCCGAAGGAAAATAG
Ccdc93 GCAGCTGGCTATTTCAGAGC AAGAGCAAATCCACGTCCAC
Commd10 TGAGAAGTTCCGCCAGAG TTGCTCACTCCCAGTTGC
Commd2 CTC AAAGCT CATGAT TTC TGT CCA GAT AAAGCT GAAG
Commd3 TGA CAG AGA GCG AAT AGA AC TGC CTATAC TTC CCAGTAG
Commd4 CCAAGATGT CCT CTG TGA AG ACA TCG CCT GAC TCA AAC
Commd5 CTT TCA GAT GGG TCA GCA TAC TTC AGA TAT CGC TTG AAG AGC
Commd7 GGC GCG CAG CAG TTC TCA CGATGC TTC TGA GGG AGC CAA G
Commd8 GTT TGG GAATCA GAAGAATG GCT GAA ATATCT CTT CAT CAG
Commd9 CCTCCTCTGACAACATCAGC GGAGGGTTTCTCTCCACAC
Ctsh AAATCAGGAGTATACAAGCATGA | GCCCAGGGATGCGGATGG
Ctsd CTGAGTGGCTTCATGGGAAT CCTGACAGTGGAGAAGGAGC
Ctsk ATGTGAACCATGCAGTGTTGGTGG | ATGCCGCAGGCGTTGTTCTTATTC
Gapdh TGCAGTGGCAAAGTGGAGAT TGCCGTGAGTGGAGTCATACT
111b GCTGAAAGCTCTCCACCTCA AGGCCACAGGTATTTTGTCG
116 GTTCTCTGGGAAATCGTGGA TTTCTGCAAGTGCATCATCG
Lampl AGGCCACTGTGGGAAACTCATACA | TTCCACAGACCCAAACCTGTCACT
Lamp2 ATTGGGGTATTCACCTGCAA TTGGAGTTGGAGTGGGTGTT
Lipa CACCTGGTCTCTGAAGCACA GCCTTGAGAATGACCCACAT
Scarb2 GGTGTGTTCTTTGGCTTGGT TAGGTTCGTATGAGGGGTGC
Nox2 CCCTTTGGTACAGCCAGTGAAGAT | CAATCCCAGCTCCCACTAACTCA




ELISA

Supernatants from BMDM were collected. The level of IL-1p was assessed with the DuoSet
ELISA kit (R&D Systems).

Flow cytometry analysis

The following anti-mouse antibodies were used (dilutions are indicated): CD45 (clone 30-
F11, 1:100), CD11b (clone M1/70, 1:300), CD64 (clone X54-5/7.1, 1:50), TIM4 (clone
RMT4-54, 1:50), all purchased from BioLegend, San Diego, USA. Anti-mouse F4/80 (clone
A3-1, 1:50) was purchased from BIORAD. The staining for ROS was performed with 0.1
mM of 2,7-dichlorodihydrofluoresceindiacetate (Molecular Probes Invitrogen). Staining for
apoptosis and necrosis markers with Annexin V and propidium iodide (PI) was performed
with MEBCYTO-Apoptosis Kit (MBL International Corporation). Cells were analyzed with
BD FACSCanto™ II (BD Bioscience). Flow cytometry analysis was performed using FlowJo
software (TreeStar, Ashland, OR, USA).

Staining of bacteria with pHrodo

S. aureus Rosenbach were incubated with 10uM pHrodo (P36600, Life Technology) in the
dark at 37°C, with shaking (250 rpm) for 30 min. Bacteria were centrifuged at 9300g for 1
min and the pellet was washed and resuspended in PBS” (Jubrail et al., 2016). BMDM were
infected with the pHrodo-tagged bacteria as mentioned above and fixed in 0.2% PFA for 30
min at RT. About 80 macrophages were counted and the number of pHrodo bright/dim
bacteria per macrophage was counted. Images were acquired using the confocal microscope
(1.4 oil DIC lens). Additionally, pHrodo fluorescence intensity in infected macrophages was
measured by a fluorescent plate reader.

Measurement of intracellular ROS




BMDM were infected with S. aureus (MOI=5). At indicated times, cells were washed with
PBS™ and incubated with 20uM 2’,7'-dichlorofluorescin diacetate (DCFH-DA) (D6883,
Sigma Aldrich) for 30min at 37°C. Cells were analyzed by flow cytometry.

Cathepsin D activity measurement

BMDM were infected with S. aureus (MOI=5) as described above for 2 h. Cathepsin D
activity (fluorescence released by cleavage, HiLyte Fluor™ 488) was measured by
fluorescence microplate reader using SensoLyte 520 Cathepsin D assay kit (AS-72170,
Anaspec EGT Group, Fremont, CA).

Internalization of S. aureus bioparticles

S. aureus internalization into BMDM was assessed by using opsonized S. aureus bioparticles.
Briefly, S. aureus, Wood strain without protein A (S-2851, Molecular probes), were
opsonized with bioparticles opsonizing reagent (S-2860, Molecular probes) at a 1:1 ratio for
1 h at 37°C, followed by 3 washes with PBS™’. Bioparticles were added to BMDM at
MOI=50 for 3 h. Cells were washed, detached, and fluorescence intensity was analyzed by
flow cytometry. Additionally, 500,000 BMDM were seeded in bottom glass cell culture dish
and challenged as described above. Internalization was imaged by confocal microscopy (1.3
Oil DIC lens). Cells with 10 or more bacteria bioparticles were imaged.

In vivo S. aureus infection model

Mice were injected with early log phase S. aureus, 5x10° CFU, in 200ul saline via the tail
vein. Mice were sacrificed at indicated time points and liver and blood were collected for
different analyses.

Gene-expression data mining

Gene expression of Commd10 and Adipog was extracted out of existing databases of sorted

steady state KCs (Zigmond et al., 2014) and LCMs (Sierro et al., 2017), deposited at the



National Center for Biotechnology Information Gene Expression Omnibus public database2
(GSE55606) and ArrayExpress database (E-MTAB-5932), respectively.

Quantification of hepatic damage

Liver samples were obtained at 24 h after S. aureus infection, fixed (4% para-formaldehyde),
paraffin-embedded, sectioned, and stained with H&E. Pathologic evaluation was performed
by an expert pathologist. The number of necrotic lesions was calculated and normalized to
sample area as measured by ImageJ software in scanned slides. Serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) levels were measured using a
Hitachi 747 Automatic Analyzer.

Statistical analysis

Statistical differences between two groups were determined accordingly: in cases where
samples distributed normally according to Kolmogorov-Smirnov Test we used unpaired two-
tailed t-test with GraphPad. When the sample did not distribute normally, we used Mann
Whitney Test with GraphPad. Statistical differences between three groups were determined
using one way ANOVA with Tukey post-tests using Graphpad. Significance was defined if

p-value was less than 0.05 as following: * p < 0.05; ** p < 0.01; *** p < 0.001.
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