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Summary 

Streptococcus pneumoniae is the most common causative agent of 

community-acquired pneumonia and can penetrate epithelial barriers to enter 

the bloodstream and brain. We investigated intracellular fates of S. pneumoniae 

and found that the pathogen is entrapped by selective autophagy in 

pneumolysin- and ubiquitin-p62-LC3 cargo-dependent manners. Importantly, 

following induction of autophagy, Rab41 was relocated from the Golgi apparatus 

to S. pneumoniae-containing autophagic vesicles (PcAV), which were only 

formed in the presence of Rab41-positive intact Golgi apparatuses. Moreover, 

subsequent localization and regulation of K48- and K63-linked polyubiquitin 

chains in and on PcAV were clearly distinguishable from each other. Finally, we 

found that E3 ligase Nedd4-1 was recruited to PcAV and played a pivotal role in 

K63-linked polyubiquitin chain (K63Ub) generation on PcAV, promotion of PcAV 

formation, and elimination of intracellular S. pneumoniae. These findings 

suggest that Nedd4-1-mediated K63Ub deposition on PcAV acts as a scaffold for 

PcAV biogenesis and efficient elimination of host cell-invaded pneumococci. 
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Introduction 

Streptococcus pneumoniae (S. pneumoniae) is a major encapsulated 

Gram-positive pathogen, colonizing the human nasopharynx (Kadioglu et al., 

2008). Depending on host susceptibility, S. pneumoniae causes sinusitis, acute 

otitis media, and pneumonia. In infants of <5 years of age and 

immunocompromised elderly people, S. pneumoniae can cause invasive 

pneumococcal disease (IPD), which is associated with high incidence of 

morbidity and mortality and sepsis and meningitis (Nakano et al., 2016). During 

severe infections, S. pneumoniae colonizing at nasopharyngeal epithelial 

tissues invades and cross these to enter the bloodstream and brain via the 

blood–brain barrier (BBB). Both innate and adaptive immune processes control 

the colonizing bacteria, and nasopharyngeal and lung epithelia are the first line 

of defense against pneumococcal infections. Although widespread use of 

multivalent pneumococcal polysaccharides and conjugate vaccines has 

significantly decreased the incidence of serious IPD, the emergence of 

vaccine-resistant serotypes that cause IPD is an increasing global problem 

(Nakano et al., 2016). Therefore, development of alternative therapeutic 

approaches is urgent and has been hampered by poor characterization of the 

molecular mechanisms of the intracellular fate of S. pneumoniae.  
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Autophagy is an essential degradation system in eukaryotic cells and 

plays diverse roles in cellular responses to starvation and removal of damaged 

organelles and misfolded protein aggregates. Selective autophagy also is an 

intrinsic defense system against intracellular bacterial pathogens (Galluzzi et al., 

2017). In previous studies, we investigated selective autophagy recognition 

mechanisms for intracellular bacteria, such as Shigella flexneri and Listeria 

monocytogenes, and demonstrated that these pathogens are sensed by host 

cargo receptors (Ogawa et al., 2005, Yoshikawa et al., 2009, Ogawa et al., 2011). 

Although induction of non-selective autophagy has been associated with the S. 

pneumoniae-derived pore-forming toxin pneumolysin (Ply) and reactive oxygen 

species (ROS; (Kim et al., 2015, Li et al., 2015)), selective autophagy targeting 

of intracellular S. pneumonia has not been previously demonstrated. 

In this study, we demonstrate that intracellular S. pneumoniae is 

subject to selective autophagy via ubiquitin-p62-LC3 cargo and that Rab41 

relocated from the Golgi complex to S. pneumoniae-containing autophagic 

vesicles (PcAV) is involved in PcAV biogenesis. Finally, we identified Nedd4-1 as 

a PcAV localized essential host factor that plays pivotal roles in the deposition of 

K63-linked polyubiquitin signal on PcAV and is involved in the efficient formation 

of PcAV and elimination of intracellular S. pneumoniae. 
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Results 

Intracellular S. pneumoniae is targeted and eliminated by selective Autophagy 

 

To determine the intracellular fate of S. pneumoniae, we investigated 

whether the bacteria are colocalized with LC3, which is an established marker of 

autophagosomes. In these experiments, baby hamster kidney (BHK) cells stably 

expressing mCherry-LC3 (for R6) or GFP-LC3 (for TIGR4) were infected with 

the S. pneumoniae strains R6 (unencapsulated highly-cell invasive strain) or 

TIGR4 (encapsulated strain) for 2 h. Subsequently, mCherry-LC3 or GFP-LC3 

was frequently colocalized with intracellular S. pneumoniae-containing vacuoles 

(PCV; Fig. 1A upper panel and Fig. S1A), suggesting that encapsulated and 

unencapsulated S. pneumoniae are autophagy targets. Capsule dampens 

pneumococcal adhesion and invasion into host cells, and capsule is down–

regulated during interaction with host cells (Chao et al., 2014). Therefore, we, 

like others in the field (Zhang et al., 2000, Gradstedt et al., 2013), used 

unencapsulated S. pneumoniae strain R6 (hereafter referred to as S. 

pneumoniae solely) in this study. LC3-positive PCV (hereafter referred to as 

PcAV) were also observed in Detroit 562 human nasopharyngeal epithelial cells 
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and mouse embryonic fibroblasts (MEFs) infected with S. pneumoniae (Fig. 1A, 

middle and lower), suggesting that S. pneumoniae is generally subject to 

autophagy in non-phagocytic cells. Moreover, populations of PcAV-containing 

cells among wild type (WT) MEFs were increased to 53% by 2 h and were 

sustained until 3 h after infection, whereas PcAV were barely detected in 

autophagy-defective Atg5 knock out (KO) MEFs (Fig. 1B). In thin-section 

electron microscopy (EM) experiments, intracellular S. pneumoniae was 

frequently found in double membrane-bound vacuolar compartments in WT cells 

(Fig. 1C, left panel), whereas no such structures containing S. pneumoniae were 

observed in Atg5 KO MEFs (Fig. 1C, right panel). Previous studies show that 

canonical autophagy is impaired in Atg5, Atg7, Atg16L1, FIP200, and ULK1/2 

KO MEFs, whereas FIP200 and ULK1/2 are dispensable during LC3-associated 

phagocytosis (LAP) (Galluzzi et al., 2017). Thus, to further investigate molecular 

mechanisms of PcAV formation, we infected WT and various KO MEFs with S. 

pneumoniae for 2 h and confirmed that PcAV formation is dramatically 

decreased in the absence of Atg7, Atg16L1, FIP200, and ULK1/2 (Fig. 1D, S1B, 

and S1C). In a recent study, PI3P from type III PI3K complexes was required for 

induction of LAP and canonical autophagy (Galluzzi et al., 2017). In the present 

study, WT MEFs infection with S. pneumoniae for 2 h in the presence of the type 
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III PI3K inhibitor 3-methyladenine (3-MA) decreased populations of 

PcAV-containing cells from 38% (without 3-MA) to 8.5% (with 3-MA; Fig. 1E). 

Subsequently, we confirmed that approximately 25% of PcAV are acidified at 2 h 

after infection (Fig. 1F). Because these results indicate that PcAV are formed by 

a canonical autophagy system, we examined the association of PcAV with 

lysosomes in GFP-VAMP7, -VAMP8, and -Vti1b expressing cells. These soluble 

N-ethylmaleimide-sensitive factor activating protein receptor (SNARE) proteins 

play pivotal roles in autophagosomes–lysosomes fusion (Furuta et al., 2010), 

and the recruitment of GFP-VAMP7, -VAMP8, and -Vti1b to PcAV was frequently 

observed after 2 h of infection (Fig. 1G). In addition, at 3 h after infection, S. 

pneumoniae survival significantly increased in Atg5 KO MEFs (67%) compared 

to that in WT MEFs (22%; Fig. 1H). These results indicate that S. 

pneumoniae-targeted autophagy plays an important role in bacterial clearance. 

 

Pneumolysin plays pivotal roles in PcAV formation and in the evasion of the 

lysosomal bactericide during endocytic pathway activation 

 

During infection, S. pneumoniae release pore-forming cytolysins known 

as pneumolysin (Ply; (Barnett et al., 2015)). We investigated intracellular fates of 
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∆ply mutant S. pneumoniae in BHK cells stably expressing mCherry-LC3. At 2-h 

post infection (p.i.) with WT or ∆ply S. pneumoniae, PcAV-containing cell 

percentages were dramatically lower in ∆ply bacteria infected cells (0.4%) than 

in WT bacteria infected cells (41%; Fig. 2A). In agreement, LC3-II (activated 

form of LC3) levels and LC3-II/LC3-I ratios were dramatically increased in WT S. 

pneumoniae, but not in ∆ply infected cells (Fig. 2B and S2). Based in these 

results, intracellular survival was expected to be greater for ∆ply than for WT S. 

pneumoniae. However, numbers of ∆ply S. pneumoniae were remarkably lower 

than those of WT bacteria, even in Atg5 KO MEFs (Fig. 2C), suggesting that S. 

pneumoniae ∆ply are eliminated by a host degradative system other than 

autophagy.  

Because Ply is a pore-forming toxin, we speculated that endosomal 

membrane-damage by Ply may be essential for the subversion of the lysosomal 

bactericidal system during endocytosis at the early stages of infection. 

Accordingly, we performed experiments with WT or ∆ply S. pneumoniae infected 

Atg5 KO MEFs, which were used to eliminate autophagic bactericidal effects. In 

subsequent analyses, cell populations containing PCV and the marker of 

damaged endosomal membranes GFP-Galectin3, a lectin protein that can bind 

to β-galactose-containing glycoconjugates on the cell surface and in the lumens 
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of endosomes, were dramatically lower in ∆ply S. pneumoniae infected cells 

(0.4%) than in those infected with the WT strain (50%; Fig. 2D). Because 

bacterial pore-forming cytolysin was previously identified as a suppressor of 

endosome acidification (Beauregard et al., 1997, Henry et al., 2006, Lu et al., 

2015), we compared percentages of acidic PCV-containing Atg5 KO MEFs 

following WT and ∆ply S. pneumoniae infection, and observed dramatically 

lower acidification in WT bacteria infected cells than in ∆ply bacteria infected 

cells (Fig. 2E). Subsequently, we performed recovery assays to determine S. 

pneumoniae ∆ply survival in the presence of lysosomal inhibitors. In these 

experiments, the inhibitors NH4Cl and E64d led to partial recovery of ∆ply 

bacteria in Atg5 KO MEFs (Fig. 2F). Previously, a pneumococcal pyruvate 

oxidase (SpxB) was identified in S. pneumoniae as a source of hydrogen 

peroxide (H2O2), although high concentrations of H2O2 are known to cause 

bacterial cell lysis (Regev-Yochay et al., 2007). Therefore, we performed 

recovery assays with a ∆ply/∆spxB bacterial strain in the presence of lysosomal 

inhibitors (Fig. 2F) and showed complete recovery of the ∆ply/∆spxB strain to 

WT levels. Although spxB-depletion reportedly affects the production of H2O2 

and intrabacterial acetyl-CoA production (Echlin et al., 2016), these data suggest 

that S. pneumoniae ∆ply is mainly eliminated by lysosomal enzymes and 
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partially by self-derived H2O2 in PCV. 

 

Ubiquitin-p62-LC3 cargo is involved in S. pneumoniae-targeted autophagy 

 

Because autophagy cargo receptors such as p62, NDP52, and 

Optineurin are recruited to invading pathogens and pathogen-containing 

vacuoles (Yoshikawa et al., 2009, Fujita et al., 2013, Galluzzi et al., 2017), we 

determined p62 and polyubiquitin (poly-Ub) recruitment to PcAV in S. 

pneumoniae infected cells. When BHK/mCherry-LC3 or WT MEFs/GFP-LC3 

were infected with WT S. pneumoniae, poly-Ub and p62 signals were frequently 

detected around PcAV, whereas no recruitment of these molecules was 

observed after infection with Ply mutant bacteria (Fig. 3A and B). These data 

indicate that membrane damage by Ply is a prerequisite for recruitment of 

poly-Ub and p62. Moreover, treatment with the E1 inhibitor PYR-41 during 

infection led to dramatic decreases in numbers of poly-Ub, p62-, and 

LC3-positive PCV (Fig. 3C and S3A), suggesting that poly-Ub deposition on 

PCV is a prerequisite for p62 recruitment to PCV, and for PcAV formation. In 

further experiments, we investigated the relationship between autophagic 

activity and poly-Ub deposition on PCV, and showed no significant differences in 
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poly-Ub recruitment around PCV in Atg5 WT and KO MEFs at 1 h p.i., but 

significant autophagy dependent decreases in poly-Ub signals at 2 h p.i. These 

data further confirm that ubiquitinated PCV are degradated by autophagy (Fig. 

3D and S3B). Moreover, after infection of p62 WT and KO MEFs with S. 

pneumoniae, numbers of PcAV-positive cells were significantly lower in p62 KO 

MEFs than WT MEFs (Fig. 3E), suggesting that p62 is required for PcAV 

formation. The recruitment of an autophagy receptor NDP-52 to PcAV was 

significantly lower than that of p62 (Fig. 3B, C and F), and NDP-52-recruitment 

to PcAV was abolished in p62 KO MEF (Fig. 3F), suggesting that p62 is a 

primary autophagy cargo during the formation of PcAV. Numbers of ubiquitinated 

PCV-positive cells were also remarkably lowered in p62 KO MEFs (Fig. 3G), 

indicating that p62 enhances poly-Ub deposition on PcAV (see below). The 

cargo receptor p62 contains a PB1 domain at its N-terminal, an LC3-interacting 

region (LIR) in the middle portion, and a ubiquitin-associated (UBA) domain at its 

C-terminal (Fig. 3H, inset). To identify which of these domains are responsible 

for recruitment of p62 and LC3 to PCV, we generated a series of p62-3×Myc 

deletion mutants lacking LIR, UBA, or both domains (∆LIR/∆UBA), or containing 

two amino-acid substitutions (K7A/D69A) in the PB1 domain that prevent p62 

multimerization (Fig. 3H). After stably expressing these proteins in p62 KO MEFs, 
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PcAV formation was significantly decreased in p62 KO MEFs expressing ∆UBA, 

∆LIR, or ∆UBA/∆LIR, indicating that poly-Ub-p62 and p62-LC3 interactions are 

required for PcAV formation (Fig. 3H). Moreover, PcAV formation was partially 

recovered in p62 KO MEFs expressing K7A/D69A, and hence, the PB1 domain 

of p62 likely enhances PcAV formation. In further experiments, numbers of 

p62-positive PCV were significantly decreased in p62 KO MEFs expressing 

∆UBA, ∆UBA/∆LIR, or K7A/D69A (Fig. 3H). Intriguingly, p62 recruitment to PCV 

was not fully recovered by ∆LIR in this system, indicating that interaction of the 

p62 LIR domain with LC3 enhances associations of p62 with PcAV (see 

discussion).  

 

Golgi-derived Rab41 is recruited to PcAV and involved in PcAV formation 

 

To comprehensively screen for Rab proteins that are associated with S. 

pneumoniae-targeting autophagosomes, we expressed EGFP-tagged mouse 

Rab proteins (Rabs) in BHK/mCherry-LC3 cells and investigated colocalization 

of GFP-Rabs with PcAV at 2 h after infection with S. pneumoniae. At this time 

point, S. pneumoniae autophagy plateaus, and among 58 Rabs, Rab15, 19, 27A, 

27B, 29, 32, 38, 41, and 42 were clearly recruited to PcAV (Fig. S4A). In addition, 
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Rab15, 19, 38, 41, and 42 were also clearly recruited to PcAV in MEFs (Fig. 4A). 

In subsequent experiments, we examined the recruitment of these Rabs to PCV 

in Atg5 KO MEFs. Although Rab38 and 42 were recruited to PCV independently 

of autophagy, Rabs15, 19, and 41 were recruited only in Atg5 WT MEFs. 

Moreover, siRNA mediated knockdown (KD) of Rabs15, 19, 38, 41, and 42 led to 

clear reductions in numbers of PcAV-containing cells (Fig. 4B), and intracellular 

survivability of S. pneumoniae (Fig. 4C) was increased in Rab38, 41, and 42 KD 

cells, and the effect was remarkable in Rab41 KD cells. Therefore, we analyzed 

associations of Rab41 and S. pneumoniae-induced autophagy and observed 

time dependent increases in the number of Rab41-positive PcAV-containing 

cells (Fig. 4D). In further experiments, GFP-Rab41 was characteristically 

localized with PcAV and at PcAV–PcAV contact sites (Fig. 4E). Thus, to 

elucidate mechanisms of Rab41 recruitment to PCV and PcAV, we determined 

numbers of GFP-Rab41 positive bacteria in ∆ply S. pneumoniae infected cells 

and observed very few Rab41-positive PCV (Fig. 4F). Similarly, numbers of 

Rab41-positive PCV-containing cells were dramatically decreased in Atg5 and 

p62 KO MEFs (Fig. 4G, H, and S4B). No differences in the 

perinuclear-localization of Rab41 were identified between non-infected Atg5 WT 

and KO MEFs (Fig. S4C). These results showed that PcAV formation is 
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prerequisite for the recruitment of Rab41 around invaded S. pneumoniae. We 

next investigated whether Rab41-KD influences poly-Ub or p62 recruitment to 

PCV. After confirming knockdown efficiency using reverse 

transcriptase-polymerase chain reaction (RT-PCR) analyses (Fig. S4D), Rab41 

KD had almost no or slight effects on the recruitment of p62 and poly-Ub to PCV 

(Fig. 4I and J), suggesting limited roles of Rab41 in cargo–receptor recruitment 

at the early stages of autophagic recognition. 

 

Rab41-positive intact Golgi complexes are prerequisite for PcAV formation 

 

To investigate the roles of Rab41 in PcAV formation, we generated WT 

MEFs stably expressing WT Rab41, CA (Q75L, GTP-locked form), and CN 

(T30N, GDP-locked form). In subsequent experiments, no significant differences 

in PcAV formation were observed between Rab41 WT and CA expressing cells, 

whereas Rab41 CN expression remarkably reduced numbers of 

PcAV-containing cells (Fig. 5A and B, left). Furthermore, Rab41 CN recruitment 

to PcAV was dramatically suppressed compared with Rab41 WT recruitment. 

Moreover, Rab41 CA recruitment to PcAV was slightly increased (Fig. 5A and B, 

right), indicating that the GTP binding is required for Rab41 recruitment to PcAV, 
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and for efficient PcAV formation. Rab41 is a Golgi-resident protein that plays 

roles in ER-Golgi trafficking (Haas et al., 2007). Accordingly, in non-infected 

MEFs, GFP-Rab41 was localized to perinuclear GM130-positive Golgi 

apparatuses. However, most GFP-Rab41 signals were translocated from the 

Golgi to PcAV, and Rab41-positive PcAV were frequently colocalized with 

GM130 in S. pneumoniae infected cells (Fig. 5C), suggesting that PcAV 

membranes originate in part from Golgi complexes. We also determined 

colocalization of host Golgi- or ERGIC located proteins, such as Golgin-97, 

COG6, ERGIC53, and Sec22b with PcAV. As shown in Fig. 5D, the trans-Golgi 

network (TGN) resident protein Golgin-97 was colocalized with Rab41 at 

perinuclear regions, but the other markers were not colocalized with PcAV (Fig. 

5D). Thus, to investigate the recruitment of Rab41 to canonical 

autophagosomes, we examined localizations of GFP-Rab41 in 

MEFs/mCherry-LC3/GFP-Rab41 cells. After treatments with the rapamycin, a 

canonical autophagy inducer, mCherry-LC3 puncta formation was dramatically 

induced; however, most GFP-Rab41 staining remained in peri-nuclear regions, 

and little colocalization of GFP-Rab41 with mCherry-LC3 puncta was detected 

(Fig. 5E). Thus, to confirm the requirement of Rab41 for PcAV formation, we 

generated Rab41-deficient MEFs using a CRISPR/Cas9 genome editing system 
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(Fig. S5A). In accordance with previous reports using Rab41-KD cells, Rab41 

KO caused Golgi fragmentation (Fig. 5F and H). Therefore, we checked 

canonical autophagy responses in Rab41 WT and KO MEFs using western 

blotting. Although background autophagic activity was slightly decreased in 

Rab41 KO MEFs, rapamycin-induced autophagy responses and autophagy flux 

were normal in Rab41 KO MEFs (Fig. S5B). In contrast, Rab41 deficiency 

significantly limited the formation of PcAV (Fig. 5I), indicating the requirement of 

intact Golgi complex structures for PcAV formation. Accordingly, treatments of 

WT MEFs with Brefeldin A (BFA), a well-established Golgi toxin, had similar 

inhibitory effects on PcAV formation (Fig. 5J), thereby suggesting the 

involvement of structural integrity of Golgi apparatus in PcAV formation. Notably, 

LAMP-1 recruitment to PCV was normal in Rab41 KO MEFs (Fig. S5C).  

 

Nedd4-1 mediated K63Ub-linked chain formation is involved in PcAV 

biogenesis. 

 

To further investigate the intracellular fate of S. pneumoniae, we 

identified types of polyubiquitination signals on PcAV using indirect 

immunofluorescence staining with chain-specific antibodies. Because 
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associations of the UBA domain of p62 with both K48- and K63-linked 

polyubiquitin chains were characterized previously (Haldar et al., 2015), we 

compared K48- and K63- linked polyubiquitin chain deposition on PCV in WT 

and Atg5 KO MEFs. In Atg5 WT MEFs, PcAV with K48-linked polyubiquitin chain 

(K48Ub) signals were decreased from 31% at 1 h p.i. to 15% at 2 h p.i. However, 

these were not decreased in Atg5 KO MEFs (Fig. 6A and S6A), indicating that 

the K48Ub-positive substrate was degradated by autophagy and that 

K48Ub-modification continues even in Atg5 KO MEFs. In contrast, numbers of 

K63-linked polyubiquitin chain (K63Ub)-positive PCV were not decreased with 

the progress of infection, even in Atg5 WT MEFs (19% at 1 h p.i. to 20% at 2 h 

p.i.), and K63Ub modification was dramatically decreased to <5% in Atg5 KO 

MEFs (Fig. 6A and S6A). In agreement with the data in Fig. 3D, numbers of FK2 

(antibody against all types of polyubiquitin chains)-positive bacteria were 

increased in Atg5 KO MEFs (Fig. 6A). Moreover, K48Ub signals were mostly 

detected inside PcAV, whereas K63Ub signals were mostly associated with 

PcAV membranes (Fig. 6B and S6A). Next, we examined polyubiquitin types 

that are localized with PCV (or PcAV) in p62 WT and KO MEFs. Numbers of 

FK2-, K48Ub-, and K63Ub-positive PCV in p62 KO MEFs were all decreased, 

and reductions in K63Ub- and FK2-positive PCV were remarkable (Fig. 6C). In 
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contrast, M1-linked linear type ubiquitin chain-specific signals were hardly 

detected in p62 WT and KO MEFs (Fig. 6C). Thus, we determined whether 

interactions of the p62 UBA domain with ubiquitin and the p62 LIR domain with 

LC3 influenced the recruitment of K48Ub or K63Ub to PCV, but showed no 

significant differences in numbers of K48Ub-positive PCV in p62 KO MEFs 

expressing p62 FL, ∆UBA, or ∆LIR (Fig. 6D). In contrast, numbers of 

K63Ub-positive PCV in p62 KO MEFs expressing p62 ∆UBA or ∆LIR were 

significantly reduced to about 45% of that in p62 KO/p62 FL MEFs (Fig. 6D). 

These results show that p62–ubiquitin and p62–LC3 interactions enhance 

K63Ub recruitment to PcAV. To elucidate mechanisms of K63Ub deposition in 

PcAV, we investigated PcAV recruitment of E3 ligases that were previously 

associated with xenophagy. In the ensuing experiments, Keap1, PARK2, 

LRSAM1, TRIM16, Smurf1, and TRAF6 proteins were not colocalized with PcAV 

(Fig. S6B). Furthermore, PcAV formation and K63Ub recruitment to PcAV were 

unchanged in TRAF6 KO MEFs (Fig. S6C). Because the major E2-conjugating 

enzyme Ubc13 contributes to the synthesis of K63Ub, we examined PcAV 

formation in Ubc13 WT and KO MEFs, but observed normal PcAV formation and 

recruitment of K63Ub to PcAV in Ubc13 KO MEFs (Fig. 6E and S6D and E). 

Subsequently, we examined PcAV recruitment of the HECT ubiquitin E3 ligase 
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family members Nedd4-1 and -2, which synthesize K63Ub without Ubc13. 

Experiments in S. pneumoniae infected cells showed intensive GFP-Nedd4-1 

signals on PcAV, whereas GFP-Nedd4-2 signals were barely detectable (Fig. 

6F). Moreover, in MEFs stably expressing GFP-Nedd4-1, 53.3% of PcAV were 

associated with GFP-Nedd4-1 (Fig. 6G), and peripheral colocalization of 

GFP-Nedd4-1 and K63Ub signals was observed on PcAV (Fig. 6H). The 

associations of GFP-Nedd4-1 with PCV (or PcAV) were also dramatically 

decreased in ∆ply S. pneumoniae infected Atg5 WT MEFs and in WT S. 

pneumoniae infected Atg5 KO MEFs (Fig. 6I and J). Subsequently, we 

investigated the percentage of K63Ub-positive PcAV and number of 

PcAV-containing cells in Nedd4-1 deficient MEFs and found that K63Ub 

deposition on PcAV and PcAV formation were significantly decreased in 

Nedd4-1 deficient MEFs (Fig. 6K and L). In addition, when Nedd4-1 KO 

MEFs/GFP-LC3/Nedd4-1 WT or E3 ligase dead (C867S) were infected with S. 

pneumoniae, the associations of Nedd4-1 with PCV (or PcAV) remained, 

whereas PcAV formation was clearly decreased in Nedd4-1 KO MEFs/Nedd4-1 

C867S (Fig. 6M). Finally, S. pneumoniae survival significantly increased in 

Nedd4-1 KO MEFs compared with that in WT MEFs at 2 h after infection (Fig. 

6N). Taken all these data, we concluded that Nedd4-1-mediated K63Ub 
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formation on PcAV plays crucial roles in the recruitment of autophagosomal 

components, the promotion of PcAV formation, and the elimination of S. 

pneumoniae from host cells (e.g. LC3). 

 

Discussion 

In this study, we investigated intracellular fates of S. pneumoniae and 

focused on mechanisms of selective autophagy for S. pneumoniae. The present 

data show that S. pneumoniae is entrapped and degraded by p62-driven 

selective autophagy within 2–3 h of infection, and that Rab41-positive intact 

Golgi apparatuses are required for PcAV formation (Fig. 7). Finally, we found 

evidence that supports the notion that Nedd4-1-mediated K63Ub deposition on 

PcAV acts as a scaffold for PcAV biogenesis (Fig. 7). 

In previous reports, we demonstrated mechanisms of recognition for 

selective autophagy of intracellular S. flexneri and L. monocytogenes (Ogawa et 

al., 2005, Yoshikawa et al., 2009, Ogawa et al., 2011). In this study, we extended 

these findings to S. pneumoniae, which is a major human pathogen that causes 

severe invasive infections such as meningitis. Specifically, we showed that this 

bacterium is selectively engulfed in autophagosomes and analyzed the 

mechanisms behind PcAV formation in terms of interactions between 

This article is protected by copyright. All rights reserved.



 21 

intracellular pneumococcus and host membrane trafficking. As shown in Fig. 1, 

invading S. pneumoniae are autophagocytosed in various cell types and this 

autophagy is induced in a canonical fashion and is mediated by Atg5, 7, and 16, 

FIP200, ULK1/2, and PI3P.  

The bacterial protein Ply is a cholesterol-binding, thiol-activated 

cytolysin, and is classified in the same family as LLO from L. monocytogenes 

and SLO from Group A Streptococcus (GAS; (Barnett et al., 2015). Bacterial 

pore-forming toxins have various effects and induce inflammation, cell death, 

ROS production, cytosolic aggregation, and autophagy during bacterial infection 

(Barnett et al., 2015). Herein, we show that Ply provides advantages for bacteria 

and facilitates escape from endosomal elimination at early stages of infection 

(Fig. 7). However, membrane remnants generated by Ply and cytosolic-exposed 

bacterial surface proteins are concomitant targets of selective autophagy (Fig. 2, 

3, and 7). Similarly, SLO in GAS prevents the acidification of phagolysosomes to 

promote intracellular survival (Lu et al., 2015) but induces autophagy and 

bacterial elimination (Nakagawa et al., 2004).  

Rab41 is a Golgi-resident Rab GTPase that plays a role in anterograde 

trafficking of cargo from the ER to the Golgi and contributes to the maintenance 

of Golgi integrity (Haas et al., 2007). Rab41 was also previously referred to as 
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Rab43, which is consistent with the human nomenclature. In the present study, 

we showed that Golgi-resident Rab41 is recruited to PcAV and that GTP binding 

to Rab41 is required for appropriate localization and efficient PcAV formation. 

We also show that PcAV formation is decreased in Rab41 KO MEFs with 

fragmented Golgi apparatus, reminiscent of the phenotype in cells treated with 

the Golgi disrupting agent Brefeldin A (BFA). Upon treatment with BFA, PcAV 

formation was also reduced, implying biological relevance of the biogenesis and 

maintenance of functional Golgi structures for PcAV formation. BFA also 

reportedly induces autophagy by inhibiting mTORC1 kinase activity on 

ribosomal S6 kinase (S6K) and is also used as a general inducer of autophagy 

(Desantis et al., 2015). Previously, GAS-induced autophagy was not influenced 

by BFA treatment (Oda et al., 2016), whereas non-canonical autophagy induced 

by sodium oleate was inhibited by BFA (Niso-Santano et al., 2015), indicating 

that non-canonical autophagy may be partially involved in the formation of PcAV. 

 Sodium oleate induced non-canonical autophagy reportedly causes Golgi 

protein recruitment to autophagic puncta (Niso-Santano et al., 2015). In 

agreement, we showed that Rab41-positive PcAV were colocalized with GM130 

expressing cis-Golgi and with Golgin-97 expressing TGN (Fig. 5C and D). 

However, the GFP-fused ER-Golgi intermediate compartment protein ERGIC53, 
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which is a subunit of the conserved oligomeric Golgi complex COG6, and the 

ER-resident SNARE Sec22b, were not colocalized with PcAV (Fig. 5D). Thus, 

the relevance of Golgi apparatus and the origins of Rab41-positive PcAV 

membranes remain to be further investigated. 

 Previous study shows involvement of Rab41 in phagosomal maturation in M. 

tuberculosis infected macrophages (Seto et al., 2011). In our hand, LAMP-1 

recruitment to PCV was not affected in Rab41 KO MEFs (Fig. S5C). Moreover, 

previous studies show colocalization of Rab7, 9A, 17, 23, 30, and 35 with 

GAS-containing autophagic vesicles (GcAVs), and these Rabs are involved in 

GcAVs formation, GcAV-GcAV membrane fusion, and GcAVs maturation 

(Yamaguchi et al., 2009, Nozawa et al., 2012, Minowa-Nozawa et al., 2017). In 

our hands, Rab17, 23, 30, and 35 were not recruited to PcAV, indicating differing 

intracellular fates and autophagic responses of pyogenic grouped GAS and 

mitis-grouped S. pneumoniae.  

During selective autophagy of intracellular pathogens, bacteria were 

reportedly recognized by a variety of E3 ligases and were decorated with various 

types of poly-Ub chain (Galluzzi et al., 2017, Grumati et al., 2017). K63Ub is the 

most favored Ub type for autophagic recognition of intracellular pathogens 

(Grumati et al., 2017). In the present study, K63Ub was deposited on PcAV 
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following formation and numbers of K63Ub-positive PcAV-containing cells were 

not decreased during infection, suggesting that K63Ub is located outside of 

PcAV, or that K63Ub-bearing PcAV avoided autophagic maturation. In contrast, 

K48Ub was recruited to S. pneumoniae prior to the formation of PcAV in an Atg5 

independent manner, and K48Ub was degraded over the time course of infection 

by autophagy.  

The HECT E3 ligases Nedd4-1 (Lin et al., 2017, Sun et al., 2017) and 

Nedd4-2 (Nedd4L) have also been associated with targeted autophagy (Lin et 

al., 2017, Sun et al., 2017), although Platta et al. reported that Nedd4-1 

ubiquitinates Beclin-1 through K11 and is involved in the suppression of 

autophagy (Platta et al., 2012). Therefore, we investigated the roles of Nedd4-1 

in the regulation of selective autophagy in S. pneumoniae infected cells using 

Nedd4-1-deficient MEFs, and found that Nedd4-1 plays a pivotal role in 

K63Ub-decoration and efficient formation of PcAV. Accordingly, we suggest that 

K63Ub is produced by LC3–Nedd4-1 interactions on PcAV surfaces and forms a 

scaffold for selective autophagy (p62-signalosome). Verlhac et al. also showed 

that LC3 on Salmonella-containing autophagosome surfaces can recruit NDP52, 

providing a foothold for autophagosome-endosome fusion (Verlhac et al., 2015). 

To test this hypothesis, we investigated whether Ub-p62-LC3 complexes 
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enhance K63Ub and p62 recruitment to PcAV. Although p62 recruitment to L. 

monocytogenes in p62KO/ΔLIR cells was fully recovered to levels observed in 

WT cells in our previous study (Yoshikawa et al., 2009), p62 recruitment to PCV 

was significantly decreased in p62KO/ΔLIR cells in this study (Fig. 3H). Hence, 

recruitment of Nedd4-1 by PcAV follows p62–LC3 interactions and may lead to 

further p62 recruitment via K63Ub polyubiquitination of p62 (Fig. 7). As shown in 

Fig. 6D, K63Ub-positive PCV populations in p62 KO MEFs expressing ΔUBA or 

ΔLIR were reduced to about 50% of those in WT MEFs. Moreover, in Fig. 3H, 

p62 recruitment to PCV and PcAV were also decreased in p62KO/K7A/D69A 

(PB1 domain impaired mutant) MEFs. These results suggest that the PB1 

domain is involved in oligomerization of p62 and in enhancement of p62 and 

LC3 recruitment to PCV (or PcAV). These data are supported by a report 

showing that the PB1 domain is involved in binding of Nedd4-1 to p62, and that 

K7 of p62 is a major NEDD4 ubiquitination site (Lin et al., 2017). 

The present discovery of novel interactions between S. pneumoniae 

and host cells gives new insights into the mechanisms by which host defense 

systems sense S. pneumoniae and may facilitate the development of 

therapeutic targets for the control of pneumococcal infections and IPD. 
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Experimental procedures  

Bacterial strains 

S. pneumoniae strains R6 (ATCC BAA-255) and TIGR4 (ATCC BAA-334) were 

purchased from the American Type Culture Collection. S. pneumoniae were 

grown in standing cultures of Todd-Hewitt Broth (THY; BD) containing 0.5% 

Yeast Extract (BD) broth or were plated on THY agar plates or Columbia agar 

plates with 5% sheep blood (BD) at 37°C in 5% CO2. Escherichia coli strains 

MC1061, DH10B, or C43 (Cosmo Bio) were used for DNA cloning and plasmid 

construction, and were grown in LB broth or on LB agar plates supplemented 

with 100 μg/ml ampicillin or 50 μg/ml kanamycin. Detailed information about 

bacterial strains is shown in Table S1. 

Reagents and antibodies 

Anti-Myc (9B11, Cell Signaling), anti-Flag (Wako), anti-multi-ubiquitin (FK2, 

MBL), anti-p62 (MBL), anti-K48 linked Ub (clone Apu2, EMD Millipore), anti-K63 

linked Ub (clone Apu3, EMD Millipore), anti-M1 linked Ub (clone IE3, EMD 

Millipore), anti-LC3A/B (Cell Signaling), anti-Lamp1 (eBio), anti-GM130 (BD), 

anti-Ubc13 (Thermo Fisher Scientific), anti-S. pneumoniae (SSI), and anti-actin 

(Santa Cruz Biotechnology) were used as primary antibodies. HRP-conjugated 

goat anti-rabbit or anti-mouse antibodies (Jackson Laboratories) were used as 

This article is protected by copyright. All rights reserved.



 27 

secondary antibodies for immunoblotting. FITC-, TRITC- (Sigma-Aldrich), or 

Alexa647- (Thermo Fisher Scientific) conjugated goat anti-rabbit or anti-mouse 

IgG antibodies were used as secondary antibodies for immunostaining. DNA 

staining was performed using 4’,6-diamidino-2-phenylindole (DAPI; 

Sigma-Aldrich). Rapamycin (Selleck chemical), and PYR41 (UBPBio), 

3-methyladenine (3-MA; Wako), bafilomycin A1 (Adipogen), Brefeldin A 

(Cayman Chemical), and E64d (Peptide Institute) were used as autophagy 

inducers or inhibitors. All other reagents were purchased from Sigma-Aldrich. 

LysoTracker DND-99 was purchased from Molecular Probes. Detailed 

information about antibodies and reagents is shown in Table S1. 

Plasmids 

The vectors mCherry-LC3, p62-3Myc, ∆LIR, ∆UBA, ∆LIR/∆UBA, K7AD69A, and 

p62-3Myc were constructed as described previously (Yoshikawa et al., 2009). 

GFP-Nedd4-1 and -Nedd4-2 expression vectors were constructed as previously 

described (Kawabe et al., 2010). pEGFP-C1 vectors (Clontech) carrying mouse 

Rab1-43 were prepared as described previously (Tsuboi et al., 2006). 

pEGFP-C1-Rab41(CA/CN) were also prepared as described previously (Ishida 

et al., 2012). Rab15, Rab19, Rab38, Rab41, and Rab42 cDNA inserts in 

pEGFP-C1-Rab vectors were subcloned into the pmStrawberry-C1 vector 
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(Ohbayashi et al., 2012) (Clontech). Murine Cog6 cDNA was amplified using 

PCR with the primers shown in Table S2 and pAct2-Cog6 as a template, and 

resulting DNA fragments were subcloned into the pEGFP-C1 vector (Fukuda et 

al., 2008). Human pIgR, Vamp8, Vit1b, ERGIC53, Sec22b, LRSAM1, TRIM16, 

and Smurf1 cDNA were amplified using reverse transcriptase (RT) PCR with 

SuperScript III One-Step RT-PCR System and Platinum Taq (Thermo Fisher 

Scientific) using the primer pairs shown in Table S2 and total mRNA from Detroit 

562 or HeLa cell as a template. The resulting DNA fragments were subcloned 

into pEGFP-C (Clontech), pEGFP-N (Clontech), or pcDNA-3.1 (Invitrogen) 

vectors. Expression vectors for GFP-LC3 were a generous gift from Dr. Tamotsu 

Yoshimori (Osaka University; (Kabeya et al., 2000). The expression vector 

encoding GFP-PARK2 was constructed by amplifying PARK2 from YFP-PARK2 

using PCR (generous gift from Dr. Richard J. Youle (N. I. H.)) and cloning into 

pEGFP-C1 (Clontech). The FLAG-Keap1 expression vector was a kind gift from 

Dr. Masaaki Komatsu (Ichimura et al., 2013). Detailed information about 

plasmids is shown in Table S1. 

Recombinant retroviruses and retroviral infections 

The pMXs-puro and pMX-IRES-blast vectors were purchased from Cosmo Bio. 

To generate recombinant retroviruses, cDNAs corresponding to pIgR and 
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GFP-LC3 were cloned into pMXs-puro and pMX-IRES-blast vectors. 

Subsequently, mCherry-LC3 or p62-3Myc (FL, ∆LIR, ∆UBA, ∆LIR/∆UBA or 

K7AD69A) were cloned into pMXs-puro. GFP-Galectin3, Rab41 (WT, CA, and 

CN), Nedd4-1 and Nedd4-2 were cloned into pMX-IRES-blast vectors. 

Recombinant retroviruses were prepared as previously described (Yoshikawa et 

al., 2009). Briefly, retroviral plasmids were transfected into Plat-E, and after 

2-days culture, supernatants containing retrovirus were collected and 

centrifugated, and clear supernatants were used for retroviral infections. After 

introduction of retrovirus into non-mouse cells, such as BHK and Detroit 562 

cells, constructed retroviral vectors were transfected into Plat-E cells with a 

VSV-G envelope expressing vector. Recipient cells were infected with 

retroviruses by adding supernatants from Plat-E cells in the presence of 

polybrene for 6 h. Stable transformants were selected in DMEM containing 10% 

FCS and 1 μg/ml puromycin or 10 μg/ml blasticidin.  

Cell culture and transfection 

BHK, Detroit 562 human pharynx epithelial, 293T human embryonic kidney cells, 

wild-type MEFs, p62 KO MEFs, TRAF6 KO MEFs, Rab41 KO MEFs, Nedd4-1 

KO (Kobayashi et al., 2001, Komatsu et al., 2007, Kawabe et al., 2010), and 

autophagy-deficient MEFs (Atg5 KO, Atg7 KO, Atg16L1 KO (∆/∆), FIP200 KO, 
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and ULK1/2 double KO cells (Kuma et al., 2004, Komatsu et al., 2005, Hara et 

al., 2008, Saitoh et al., 2008, Cheong et al., 2011) were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM, Nakarai) supplemented with 10% fetal calf 

serum (FCS), 100 μg/ml gentamicin (Wako), and 60 μg/ml kanamycin (Wako). 

Ubc13fl°x/fl°x/CRE MEFs were cultured in DMEM supplemented with 10% FCS 

and 1 μg/ml puromycin (Sigma-Aldrich; (Yamamoto et al., 2006), and Plat-E 

cells were maintained in DMEM containing 10% FCS, 10 μg/ml puromycin, and 

10 μg/ml blasticidin (Kaken pharmaceutical). BHK cells stably expressing 

EGFP-LC3 or mCherry-LC3 were maintained in DMEM containing 10% FCS and 

1000 μg/ml G418 (Roche). Transfections were performed using PEI MAX 

(Polysciences) for 293T cells, Lipofectamine LTX (Invitrogen) for Plat-E cells, 

and Fugene 6 (Promega) for BHK cells and MEFs according to the 

manufacturer’s protocols. Detailed information about cell lines is shown in Table 

S1. 

Construction of S. pneumoniae mutant strains 

Inactivation of the ply gene in S. pneumoniae strain R6 was performed by double 

crossover recombination as described previously. Briefly, an erm cassette with 

long flanking regions that are homologous to the target gene were generated 

using two-step PCR as described previously (Yamamoto et al., 2009) using the 
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primers listed in Table S3. PCR products were used to transform competent 

cells of the S. pneumoniae strain R6. To prepare competent cells, bacteria were 

grown in THY broth to OD600 = 0.25, and cultures were frozen in 15% glycerol 

at −80ºC. Prior to transformation 50 μl frozen cell samples were thawed and 

diluted in 1 ml aliquots of prewarmed competence medium (Tryptic soy broth 

(TSB) [pH 8.0], 10% glycerol, 0.16% bovine serum albumin (BSA), 0.01% CaCl2) 

containing 200 ng of CSP-1 (Anaspec) and 1 μg of transforming DNA (Pozzi et 

al., 1996). Transformation reactions were performed for 180 min at 37ºC under 

aerobic conditions with constant agitation, and small aliquots were plated on 

THY agar plates supplemented 1 μg /ml erythromycin and were incubated for 24 

h at 37ºC. Inactivation of the ply gene was confirmed using PCR with the primers 

shown in Table S3. The ply/spxB double knockout mutant was generated using 

the same procedures with the ply mutant as a parental strain, and transformants 

were selected using 2 μg/ml erythromycin. Inactivation of ply and spxB genes 

was confirmed using PCR with the primers shown in Table S3. 

Infection with S. pneumoniae and visualization of PcAV 

BHK, MEF, and Detroit 562 cells were seeded at 2 × 105 cells/well on glass 

coverslips in 6-well plates. To prepare frozen starting culture stocks, S. 

pneumoniae were grown in THY broth to OD600 = 0.3, and cultures were chilled 
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on ice for 10 min, mixed with ice-cold 50% glycerol at a ratio of 2:1, and were 

stored frozen in 200 μl aliquots at −80ºC. Prior to infection experiments, 200 μl 

aliquots of frozen bacterial cells were thawed and diluted in 5 ml aliquots of 

prewarmed THY medium and were then grown to OD = 0.25 as standing 

cultures at 37°C in 5% CO2. The resulting bacterial suspensions were diluted in 

bacterial suspension buffer comprising MEM supplemented with 1% FCS, 25 

mM HEPES (pH 7.8), and 6.7 μg/ml catalase (Sigma-Aldrich). Suspensions 

were then added to wells at a multiplicity of infection of 100, and were then 

centrifuged at 1,000 rpm for 5 min at room temperature. Cells were then 

incubated for 1 h at 37°C in 5% CO2, were washed with Hank’s balanced salt 

solution (HBSS) three times, and were then incubated for 30 min in DMEM/10% 

FCS containing 200 μg/ml gentamycin and 6.7 μg/ml catalase to eliminate 

extracellular bacteria. Culture media were then replaced with DMEM containing 

10% FCS with 100 μg/ml gentamycin and 6.7 μg/ml catalase (Incubation buffer), 

and cells were incubated for the indicated periods at 37°C in 5% CO2. If not 

stated otherwise, inhibitors were added in incubation buffer to avoid influences 

on bacterial invasion efficiency. At each time point, cells were fixed with 4% 

paraformaldehyde in phosphate buffered saline (PBS; Wako) for 15 min at room 

temperature. Fixed cells were then washed with PBS three times, were 
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quenched with 50 mM NH4Cl in PBS for 10 min, were permeabilized with 0.2% 

Triton X-100 in PBS for 10 min, and were finally blocked with 2% BSA in 

Tris-buffered saline for 30 min at room temperature. After staining with indicated 

antibodies, specimens were analyzed using confocal microscopy (Carl Zeiss 

LSM700). For western blot analyses, cells were washed with PBS three times 

and were directly lysed with 100 μl of 2 × SDS sample buffer (Nakarai Tesque) 

per well. Equal volumes of lysates were separated using SDS-PAGE and were 

then transferred to polyvinylidene difluoride (PVDF) membranes. For EM 

observations, cells were seeded on 35 mm dishes, were infected with S. 

pneumoniae as described above, were fixed with 2% glutaraldehyde/4% 

paraformaldehyde in PBS overnight at room temperature, were post-fixed in 2% 

OsO4, were dehydrated with a graded ethanol series, and were finally 

embedded in epoxy resin. Ultra-thin sections were stained with uranyl acetate 

and lead citrate. 

Quantification of cells containing bacteria associated autophagic markers 

Numbers of cells with PCV associated with autophagic markers, such as 

GFP-LC3, p62-3Myc, ubiquitin, were determined by visual counting using 

fluorescence microscopy. At least 500 PCV, PcAV, or pneumococcus-containing 

cells were examined in triplicate for each experimental condition. Error bars 
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indicate standard errors of the mean.  

Intracellular bacterial survivability assays 

MEFs were seeded on 24-well plates and were infected with WT or ∆ply strains 

of S. pneumoniae as described above. After centrifugation, cells were incubated 

for 1 h at 37°C in 5% CO2, were washed with HBSS twice, and were then 

incubated in 500 μl aliquots of DMEM/10% FCS with 200 μg/ml gentamycin and 

6.7 μg/ml catalase for 15 min. Extracellular bacteria were eradicated by 

incubating in DMEM containing 10% FCS, 200 μg/ml gentamycin, 6.7 μg/ml 

catalase, and 20 μg/ml penicillin G (Wako) for a further 15 min. After washing 

cells with HBSS three times, cells were incubated in DMEM containing 10% FCS 

and 6.7 μg/ml catalase for indicated periods at 37°C in 5% CO2, and were then 

lysed using 1.0% saponin (Sigma-Aldrich) in PBS. Lysates were serial diluted 

with 0.1% saponin in PBS and were plated onto THY-agar plates, and numbers 

of intracellular bacteria were finally counted and expressed in colony forming 

units (cfu).  

siRNA 

siRNAs were synthesized and duplexed by Nippon Gene. The siRNA sequences 

for mouse Rabs are shown in Table S4. Universal negative control siRNA was 

purchased from Nippon Gene. siRNAs were transfected into cells using reverse 
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transfection with Lipofectamine RNAi MAX (Invitrogen) according to the 

manufacturer’s protocol. Rab41 expression levels were then confirmed using by 

RT-PCR with the primer pairs listed in Table S3. RNA from MEFs was extracted 

using RNeasy Mini Kits (QIAGEN).  

Synthesis of CRISPR plasmids 

To perform genome editing using puromycin as a selection marker, 

pSELECT-CRISPR-CAS9 plasmids were constructed as follows: Initially, 

pSELECT-puro-L1 plasmid was modified by removal of the hEF1α-HTLV 

promoter and disruption of the BsmBI restriction site, and PCR fragments of 

U6-sgRNA-EFS-SpCAS9 from lentiCRISPR were inserted into the plasmids 

(Yamaji et al., 2014). Plasmids were then cleaved with BsmBI, and 20-mer guide 

sequences were ligated into the site. The guide sequences are listed in Table 

S5. 

Construction of CRISPR knockout cell lines 

On day 0, MEFs (2.0 x 105 cells/well in 6-well plates) were cultured overnight 

and on day 1 were transfected with a CRISPR plasmid using lipofectamine 3000 

(Thermo Fisher Scientific) according to the manufacturer’s protocols. On day 2, 

cells were transferred to 10 cm dishes and were cultured at 37°C with puromycin 

at 5 μg/ml, which is higher than the usual concentration and was used to 
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concentrate cells with higher expression of sgRNAs. On day 4, the culture 

medium was replaced with puromycin-free medium, and cells were subcultured 

for 1 week. CRISPR-treated MEFs were then harvested for indel analyses or 

were diluted to isolate gene-disrupted clones. Indel analyses were performed as 

previously described (Yamaji et al., 2014). Briefly, trypsinized cells were simply 

heated in TE buffer followed by vortexing for use as genomic DNA templates for 

PCR. PCR was performed using AmpliTaq360 DNA polymerase, and DNA 

sequences of PCR products were analyzed using the primer pairs shown in 

Table S5. After indel analyses, CRISPR-treated MEFs were diluted to isolate 

gene-disrupted clones. Gene disruption was confirmed using PCR with genomic 

DNA template and the primer pairs shown in Table S5. DNA fragments were 

then subcloned into pBluescript SKII (+) (Stratagene) vectors and DNA 

sequences were analyzed. 

Quantification and statistical analysis 

At least 500 PCV, PcAV, or pneumococcus-containing cells were examined in 

triplicate for each experiment. Data are expressed as means ± SEM. P values 

were calculated using Student’s t test and when standard deviations were 

significantly different (F < 0.05), experimental differences were identified using 

Mann–Whitney U test. All statistical analyses were performed using Prism6. 
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Figure legends 

Figure 1. Autophagic Degradation of Intracellular S. pneumoniae 

(A) BHK/mCherry-LC3, D562/GFP-LC3, and wild type (WT) MEFs/GFP-LC3 

were infected with Streptococcus pneumoniae for 2 h and were stained with 

anti-pneumococcus antibody or 4’,6-diamidino-2-phenylindole (DAPI) (blue); bar, 

5 µm. (B) Atg5 WT and knockout (KO) mouse embryonic fibroblasts (MEFs) 

carrying GFP-LC3 were infected with S. pneumoniae for 1, 2, or 3 h and were 

This article is protected by copyright. All rights reserved.



 44 

then stained with DAPI (blue) and percentages of S. pneumoniae-containing 

vesicles (PcAV)-positive cells were quantified. Representative epifluorescence 

images are shown at 2 h p.i. (p.i.); bar, 5 µm. (C) Atg5 WT or KO MEFs were 

infected with S. pneumoniae for 2 h and were observed using EM; bar, 1 µm. (D) 

Atg7, Atg16L1, FIP200, and ULK1/2 WT or KO MEFs expressing GFP-LC3 were 

infected with S. pneumoniae for 2 h, were stained with DAPI, and percentages of 

PcAV-positive cells were then quantified. (E) MEFs/GFP-LC3 were infected with 

S. pneumoniae for 2 h in the presence or absence of 10 mM 3-methyladenine, 

were stained with DAPI (blue) and percentages of PcAV-positive cells were then 

quantified. Representative epifluorescence images are shown; bar, 5 µm. (F) 

Atg5 WT MEFs were infected with WT S. pneumoniae for 2 h in the presence of 

50-nM LysoTracker and were stained with DAPI (blue), and the percentages of 

LysoTracker-positive (acidified) PcAV-containing cells were then quantified. 

Representative epifluorescence images are shown; bar, 5 µm. Arrow indicates 

acidified PcAV. (G) BHK/mCherry–LC3 expressing GFP-VAMP7, -VAMP8, or 

-Vti1b were infected with S. pneumoniae for 2 h and were stained with DAPI 

(blue); bar, 5 µm. (H) Atg5 WT or KO MEFs were infected with S. pneumoniae 

for indicated periods. Intracellular survivability of bacteria was determined and 

expressed in colony forming units (cfu); n = 3. Arrowheads indicate PcAV or 
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PCV; Data are expressed as means ± standard errors of the mean (SEM); *P < 

0.01. 

 

Figure 2. Dual Roles of Pneumolysin in S. pneumoniae Infected Cells 

(A) BHK/mCherry-LC3 were infected with WT or ∆ply S. pneumoniae for 2 h and 

were stained with DAPI (blue), and percentages of PcAV-positive cells were then 

quantified. Representative epifluorescence images are shown at 2 h p.i.; bar, 5 

µm. (B) WT MEFs were infected with WT or ∆ply S. pneumoniae for 2 h and 

lysates were subjected to immunoblotting with antibodies against LC3 and actin. 

(C) Atg5 WT or KO MEFs were infected with WT or ∆ply S. pneumoniae for 

indicated periods. Intracellular survivability of bacteria was determined and 

expressed in cfu (n = 3). (D) Atg5 KO MEFs expressing GFP-Galectin3 were 

infected with WT or ∆ply S. pneumoniae for 2 h and were stained with DAPI 

(blue), and percentages of GFP-Galectin3-positive PCV-containing cells were 

quantified. Representative epifluorescence images are shown at 2 h p.i.; bar, 5 

µm. (E) Atg5 KO MEFs were infected with WT or ∆ply S. pneumoniae for 2 h in 

the presence of 50 nM LysoTracker and were stained with DAPI (blue), and 

percentages of LysoTracker-positive (acidified) PCV-containing cells were then 

quantified. Representative epifluorescence images are shown at 30 min p.i.; bar, 
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5 µm. (F) Atg5 KO MEFs were infected with WT, ∆ply, or ∆ply/∆SpxB S. 

pneumoniae for 1 h in the presence or absence of lysosomal inhibitors (30 mM 

NH4Cl and 10 μM E64D). Intracellular survivability of bacteria was expressed as 

cfu (n = 3). Arrowheads indicate PcAV or PCV. Data are presented as means ± 

SEM; *P < 0.01, **P < 0.05; NS, not significant. 

 

Figure 3. Ub-p62-LC3 Cargo is Involved in PcAV Formation 

(A) BHK/mCherry-LC3 or BHK/mCherry-LC3 expressing p62-3Myc were 

infected with WT S. pneumoniae for 2 h and were stained with anti-S. 

pneumoniae, and -poly-Ub or -Myc antibodies; bar, 5 µm. (B) WT 

MEFs/GFP-LC3 were infected with WT or ∆ply S. pneumoniae for 2 h and were 

stained with DAPI and antibodies against poly-Ub or p62, and percentages of 

poly-Ub- or p62-positive PcAV (WT) or PCV (∆ply)-containing cells were then 

quantified. (C) WT MEFs/GFP-LC3 were infected with WT S. pneumoniae for 2 h 

in the presence or absence of 30 µM PYR-41 and were stained with DAPI and 

antibodies against poly-Ub or p62, and percentages of poly-Ub- or p62-positive 

PcAV or PCV-containing cells were then quantified. (D) Atg5 WT or KO 

MEFs/mCherry-LC3 were infected with S. pneumoniae for 2 h and were stained 

with DAPI (blue) and anti-poly-Ub antibody, and percentages of poly-Ub-positive 
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PcAV or PCV-containing cells were then quantified. (E) p62 WT or KO 

MEFs/GFP-LC3 were infected with S. pneumoniae for 2 h and were stained with 

anti-S. pneumoniae antibody, and percentages of PcAV-positive cells were then 

quantified. Representative epifluorescence images are shown; bar, 5 µm. (F) 

p62 WT or KO MEFs/mCherry-LC3/GFP-NDP52 were infected with S. 

pneumoniae for 2 h and were then stained with DAPI, and percentages of LC3- 

or NDP-52-positive PcAV- or PCV-containing cells were quantified. (G) p62 WT 

or KO MEFs/GFP-LC3 were infected with S. pneumoniae for 2 h and were 

stained with DAPI and anti-poly-Ub antibody, and percentages of 

poly-Ub-positive PcAV or PCV-containing cells were quantified. (H) (lnset) 

Schematic of p62-3xmyc; p62 KO MEFs/GFP-LC3/p62-3xmyc (WT, ∆LIR, ∆UBA, 

∆LIR-∆UBA, K7AD69A) were infected with S. pneumoniae for 2 h and were 

stained with DAPI and anti-Myc antibody, and percentages of LC3- or 

p62-positive PCV-containing cells were then quantified. Arrowheads indicate 

PcAV or PCV. Data are presented as means ± SEM; *P < 0.01, **P < 0.05. 

 

Figure 4. Rab41 is Localized on PcAV and is Involved in PcAV Formation 

(A) Atg5 WT or KO MEFs/GFP-LC3 expressing mStrawberry-Rab15, 19, 38, 41, 

or 42 were infected with S. pneumoniae for 2 h and were stained with anti-S. 
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pneumoniae antibody (blue); bar, 2 µm. (B) WT MEFs/mCherry-LC3 were 

treated with indicated siRNAs, were infected with S. pneumoniae for 2 h and 

stained with DAPI, and percentages of PcAV-containing cells were then 

quantified. (C) WT MEFs were treated with indicated siRNAs and were infected 

with S. pneumoniae for 2 h. Intracellular survivability of bacteria was determined 

and expressed as cfu (n = 3). (D) WT MEFs/GFP-Rab41 were infected with S. 

pneumoniae for indicated periods and were stained with DAPI, and percentages 

of GFP-Rab41-positive PcAV were then quantified. (E) BHK/mCherry-LC3 

expressing GFP-Rab41 were infected with S. pneumoniae for 2 h and were 

stained with anti-S. pneumoniae antibody (blue); bar, 2 µm. (F) WT 

MEFs/GFP-Rab41 were infected with WT or ∆ply S. pneumoniae for 2 h and 

were stained with DAPI, and percentages of GFP-Rab41-positive 

PCV-containing cells were then quantified. (G) Atg5 WT or KO 

MEFs/GFP-Rab41 infected with S. pneumoniae for 2 h and were stained with 

DAPI, and percentages of GFP-Rab41-positive PcAV or PCV-containing cells 

were then quantified. Representative epifluorescence images are shown; bar, 5 

µm. (H) p62 WT or KO MEFs/GFP-Rab41 were infected with S. pneumoniae for 

2 h and were stained with DAPI, and percentages of GFP-Rab41-positive PcAV 

or PCV-containing cells were then quantified. (I) WT MEFs/GFP-LC3 were 
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treated with siRab41, were infected with S. pneumoniae for 2 h, and were 

stained with DAPI and anti-p62 antibodies, and percentages of p62-positive 

PcAV or PCV-containing cells were then quantified. (J) WT MEFs/GFP-LC3 

were treated with siRab41, were infected with S. pneumoniae for 2 h, and were 

stained with DAPI and anti-poly-Ub antibody, and percentages of 

poly-Ub-positive PcAV or PCV-containing cells were then quantified. 

Representative epifluorescence images are shown; bar, 5 µm. Arrowheads 

indicate PcAV or PCV; Data are presented as means ± SEM; *P < 0.01, **P < 

0.05; NS, not significant. 

 

Figure 5. Rab41-resided Golgi Apparatus is Involved in PcAV Formation 

(A) WT MEFs/mCherry-LC3 stably expressing GFP-Rab41 WT, CA (Q75L), or 

CN (T30N) were infected with S. pneumoniae for 2 h and were stained with 

DAPI; bar, 5 µm. (B) Percentages of PcAV-containing cells and 

GFP-Rab41-positive PcAV or PCV-containing cells in (A) were quantified. (C) 

WT MEFs/GFP-Rab41 were infected with S. pneumoniae for 2 h and were 

stained with DAPI and anti-GM130 antibody; bar, 5 µm. (D) WT 

MEFs/GFP-Rab41 or WT MEFs/mCherry-LC3 expressing GFP-COG6, 

-ERGIC53, or -Sec22b were infected with S. pneumoniae for 2 h and were 
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stained with DAPI and anti-gologin-97 antibody (WT MEFs/GFP-Rab41); bar, 5 

µm. (E) WT MEFs/mCherry-LC3/GFP-Rab41 were cultured for 2 h in the 

presence or absence of 10 µM rapamycin; bar, 5 µm. (F and H) Rab41 WT or 

KO MEFs were stained with DAPI and anti-GM130 antibody (F), and 

percentages of fragmented Golgi-containing cells were then quantified (H); bar, 

5 µm. (G and I) Rab41 WT or KO MEFs/GFP-LC3 were infected with S. 

pneumoniae for 2 h and were stained with DAPI (G), and percentages of 

PcAV-containing cells were then quantified (I); bar, 5 µm. (J) WT 

MEFs/GFP-LC3 were infected with S. pneumoniae for 2 h in the presence or 

absence of 5 µg/ml of BFA and were stained with DAPI, and percentages of 

PcAV-containing cells were then quantified. Arrowheads indicate PcAV or PCV; 

data are presented as means ± SEM; *P < 0.01, **P < 0.05. 

 

Figure 6. Nedd4-1 Mediated K63 Ub is Involved in PcAV Formation 

(A) Atg5 WT or KO MEFs/GFP-LC3 were infected with S. pneumoniae for 

indicated periods and were stained with DAPI and anti-polyubiquitin (FK2, K48, 

or K63) antibodies, and percentages of each type of Ub-positive PcAV or 

PCV-containing cells were then quantified. (B) WT MEFs/GFP-LC3 were 

infected with S. pneumoniae for 2 h and were stained with DAPI (blue) and 
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anti-K48Ub or -K63Ub antibodies; bar, 5 µm. (C) p62 WT or KO MEFs/GFP-LC3 

were infected with S. pneumoniae for 2 h and were stained with DAPI and 

anti-polyubiquitin (FK2, K48, K63, or M1) antibodies, and percentages of each 

type of Ub-positive PcAV or PCV-containing cells were then quantified. (D) p62 

KO MEFs/GFP-LC3/p62-3xmyc (FL, ∆UBA, or ∆LIR) were infected with S. 

pneumoniae for 2 h and were stained with DAPI and anti-K48Ub or -K63Ub 

antibodies, and percentages of K48Ub- or K63Ub-positive PCV or 

PcAV-containing cells were then quantified. (E) Ubc13 WT or KO 

MEFs/GFP-LC3 were infected with S. pneumoniae for 2 h and were stained with 

DAPI and anti-K63Ub antibodies, and percentages of PcAV or K63Ub-positive 

PcAV-containing cells were then quantified. (F) BHK/mCherry-LC3 expressing 

GFP-Nedd4-1 or -Nedd-4-2 were infected with S. pneumoniae for 2 h and were 

stained with DAPI (blue); bar, 5 µm. (G) WT MEFs/GFP-Nedd4-1 were infected 

with S. pneumoniae for 2 h and were stained with DAPI, and percentages of 

GFP-Nedd4-1-positive PcAV were then quantified. (H) WT 

MEFs/mCherry-LC3/GFP-Nedd4-1 were infected with S. pneumoniae for 2 h 

and were stained with DAPI (blue) and anti-K48Ub or -K63Ub antibodies; bar, 5 

µm. (I) WT MEFs/mCherry-LC3/GFP-Nedd4-1 were infected with WT or ∆ply S. 

pneumoniae for 2 h and were stained with DAPI (blue) ; bar, 5 µm. (J) Atg5 WT 
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or KO MEFs/mCherry-LC3/GFP-Nedd4-1 were infected with S. pneumoniae for 

2 h and were stained with DAPI, and percentages of GFP-Nedd4-1-positive PCV 

or PcAV-containing cells were then quantified. (K) Nedd4-1 WT or KO 

MEFs/GFP-LC3 were infected with S. pneumoniae for 2 h and were stained with 

DAPI and anti-K63Ub antibody, and percentages of K63Ub-positive PcAV were 

then quantified. (L) Nedd4-1 WT or KO MEFs/GFP-LC3 were infected with S. 

pneumoniae for 2 h and were stained with DAPI, and percentages of 

PcAV-containing cells were then quantified. (M) Nedd4-1 WT or KO 

MEFs/GFP-LC3/FLAG-Nedd4-1 WT or C867S (E3 ligase dead) were infected 

with S. pneumoniae for 2 h and were stained with DAPI, and percentages of 

Nedd4-1 or LC3-positive PCV containing cells were then quantified. (N) Nedd4-1 

WT or KO MEFs were infected with S. pneumoniae for 2 h. Intracellular 

survivability of bacteria was determined and expressed in colony forming units 

( n = 3 ). Arrowheads indicate PcAV. Data are presented as means ± SEM; *P < 

0.01, **P < 0.05; NS, not significant. 

 

Figure 7. Proposed Model for Intracellular Fate of S. pneumoniae and 

K63Ub-linked Signalosomes Formation on PcAV 

Ply provides advantages for bacteria to escape from endosomal elimination at 
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early stages of infection. However, at late stage of infection, membrane 

remnants generated by Ply and cytosolic-exposed bacterial surface proteins are 

concomitant targets of selective autophagy via K48Ub-p62-LC3 autophagy 

cargo. Golgi-resident Rab41 is recruited to PcAV and involved in PcAV 

biogenesis. After PcAV formation, p62 and Nedd4-1 bind to LC3-II on 

autophagosome-surfaces, and Nedd4-1 subsequently polyubiquitinates p62 

through K63Ub. Generated K63Ub chains can cause cross-linking of LC3-p62 

complexes on PcAV and may recruit other K63Ub-favoring cargo receptors on 

PcAV, leading to deposition of the K63Ub-mediated p62-signalosomes on PcAV. 
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Figure legends 

Figure 1. Autophagic Degradation of Intracellular S. pneumoniae 

(A) BHK/mCherry-LC3, D562/GFP-LC3, and wild type (WT) MEFs/GFP-LC3 

were infected with Streptococcus pneumoniae for 2 h and were stained with 

anti-pneumococcus antibody or 4’,6-diamidino-2-phenylindole (DAPI); bar, 5 µm. 

(B) Atg5 WT and knockout (KO) mouse embryonic fibroblasts (MEFs) carrying 

GFP-LC3 were infected with S. pneumoniae for 1, 2, or 3 h and were then 

stained with DAPI and percentages of S. pneumoniae-containing vesicles 

(PcAV)-positive cells were quantified. Representative epifluorescence images 

are shown at 2 h p.i. (p.i.); bar, 5 µm. (C) Atg5 WT or KO MEFs were infected 

with S. pneumoniae for 2 h and were observed using EM; bar, 1 µm. (D) Atg7, 

Atg16L1, FIP200, and ULK1/2 WT or KO MEFs expressing GFP-LC3 were 

infected with S. pneumoniae for 2 h, were stained with DAPI, and percentages of 

PcAV-positive cells were then quantified. (E) MEFs/GFP-LC3 were infected with 

S. pneumoniae for 2 h in the presence or absence of 10 mM 3-methyladenine, 

were stained with DAPI and percentages of PcAV-positive cells were then 

quantified. Representative epifluorescence images are shown; bar, 5 µm. (F) 

Atg5 WT MEFs were infected with WT S. pneumoniae for 2 h in the presence of 

50-nM LysoTracker and were stained with DAPI, and the percentages of 

LysoTracker-positive (acidified) PcAV-containing cells were then quantified. 

Representative epifluorescence images are shown; bar, 5 µm. Arrow indicates 

acidified PcAV. (G) BHK/mCherry–LC3 expressing GFP-VAMP7, -VAMP8, or 
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-Vti1b were infected with S. pneumoniae for 2 h and were stained with DAPI; bar, 

5 µm. (H) Atg5 WT or KO MEFs were infected with S. pneumoniae for indicated 

periods. Intracellular survivability of bacteria was determined and expressed in 

colony forming units (cfu); n = 3. Arrowheads indicate PcAV or PCV; Data are 

expressed as means ± standard errors of the mean (SEM); *P < 0.01. 

 

Figure 2. Dual Roles of Pneumolysin in S. pneumoniae Infected Cells 

(A) BHK/mCherry-LC3 were infected with WT or ∆ply S. pneumoniae for 2 h and 

were stained with DAPI, and percentages of PcAV-positive cells were then 

quantified. Representative epifluorescence images are shown at 2 h p.i.; bar, 5 

µm. (B) WT MEFs were infected with WT or ∆ply S. pneumoniae for 2 h and 

lysates were subjected to immunoblotting with antibodies against LC3 and actin. 

(C) Atg5 WT or KO MEFs were infected with WT or ∆ply S. pneumoniae for 

indicated periods. Intracellular survivability of bacteria was determined and 

expressed in cfu (n = 3). (D) Atg5 KO MEFs expressing GFP-Galectin3 were 

infected with WT or ∆ply S. pneumoniae for 2 h and were stained with DAPI, and 

percentages of GFP-Galectin3-positive PCV-containing cells were quantified. 

Representative epifluorescence images are shown at 2 h p.i.; bar, 5 µm. (E) Atg5 

KO MEFs were infected with WT or ∆ply S. pneumoniae for 2 h in the presence 

of 50 nM LysoTracker and were stained with DAPI, and percentages of 

LysoTracker-positive (acidified) PCV-containing cells were then quantified. 

Representative epifluorescence images are shown at 30 min p.i.; bar, 5 µm. (F) 
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Atg5 KO MEFs were infected with WT, ∆ply, or ∆ply/∆SpxB S. pneumoniae for 1 

h in the presence or absence of lysosomal inhibitors (30 mM NH4Cl and 10 μM 

E64D). Intracellular survivability of bacteria was expressed as cfu (n = 3). 

Arrowheads indicate PcAV or PCV. Data are presented as means ± SEM; *P < 

0.01, **P < 0.05; NS, not significant. 

 

Figure 3. Ub-p62-LC3 Cargo is Involved in PcAV Formation 

(A) BHK/mCherry-LC3 or BHK/mCherry-LC3 expressing p62-3Myc were 

infected with WT S. pneumoniae for 2 h and were stained with anti-S. 

pneumoniae, and -poly-Ub or -Myc antibodies; bar, 5 µm. (B) WT 

MEFs/GFP-LC3 were infected with WT or ∆ply S. pneumoniae for 2 h and were 

stained with DAPI and antibodies against poly-Ub or p62, and percentages of 

poly-Ub- or p62-positive PcAV (WT) or PCV (∆ply)-containing cells were then 

quantified. (C) WT MEFs/GFP-LC3 were infected with WT S. pneumoniae for 2 h 

in the presence or absence of 30 µM PYR-41 and were stained with DAPI and 

antibodies against poly-Ub or p62, and percentages of poly-Ub- or p62-positive 

PcAV or PCV-containing cells were then quantified. (D) Atg5 WT or KO 

MEFs/mCherry-LC3 were infected with S. pneumoniae for 2 h and were stained 

with DAPI and anti-poly-Ub antibody, and percentages of poly-Ub-positive PcAV 

or PCV-containing cells were then quantified. (E) p62 WT or KO MEFs/GFP-LC3 

were infected with S. pneumoniae for 2 h and were stained with anti-S. 
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pneumoniae antibody, and percentages of PcAV-positive cells were then 

quantified. Representative epifluorescence images are shown; bar, 5 µm. (F) 

p62 WT or KO MEFs/mCherry-LC3/GFP-NDP52 were infected with S. 

pneumoniae for 2 h and were then stained with DAPI, and percentages of LC3- 

or NDP-52-positive PcAV- or PCV-containing cells were quantified. (G) p62 WT 

or KO MEFs/GFP-LC3 were infected with S. pneumoniae for 2 h and were 

stained with DAPI and anti-poly-Ub antibody, and percentages of 

poly-Ub-positive PcAV or PCV-containing cells were quantified. (H) (lnset) 

Schematic of p62-3xmyc; p62 KO MEFs/GFP-LC3/p62-3xmyc (WT, ∆LIR, ∆UBA, 

∆LIR-∆UBA, K7AD69A) were infected with S. pneumoniae for 2 h and were 

stained with DAPI and anti-Myc antibody, and percentages of LC3- or 

p62-positive PCV-containing cells were then quantified. Arrowheads indicate 

PcAV or PCV. Data are presented as means ± SEM; *P < 0.01, **P < 0.05. 

 

Figure 4. Rab41 is Localized on PcAV and is Involved in PcAV Formation 

(A) Atg5 WT or KO MEFs/GFP-LC3 expressing mStrawberry-Rab15, 19, 38, 41, 

or 42 were infected with S. pneumoniae for 2 h and were stained with anti-S. 

pneumoniae antibody; bar, 2 µm. (B) WT MEFs/mCherry-LC3 were treated with 

indicated siRNAs, were infected with S. pneumoniae for 2 h and stained with 

DAPI, and percentages of PcAV-containing cells were then quantified. (C) WT 

MEFs were treated with indicated siRNAs and were infected with S. pneumoniae 

for 2 h. Intracellular survivability of bacteria was determined and expressed as 
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cfu (n = 3). (D) WT MEFs/GFP-Rab41 were infected with S. pneumoniae for 

indicated periods and were stained with DAPI, and percentages of 

GFP-Rab41-positive PcAV were then quantified. (E) BHK/mCherry-LC3 

expressing GFP-Rab41 were infected with S. pneumoniae for 2 h and were 

stained with anti-S. pneumoniae antibody; bar, 2 µm. (F) WT MEFs/GFP-Rab41 

were infected with WT or ∆ply S. pneumoniae for 2 h and were stained with DAPI, 

and percentages of GFP-Rab41-positive PCV-containing cells were then 

quantified. (G) Atg5 WT or KO MEFs/GFP-Rab41 infected with S. pneumoniae 

for 2 h and were stained with DAPI, and percentages of GFP-Rab41-positive 

PcAV or PCV-containing cells were then quantified. Representative 

epifluorescence images are shown; bar, 5 µm. (H) p62 WT or KO 

MEFs/GFP-Rab41 were infected with S. pneumoniae for 2 h and were stained 

with DAPI, and percentages of GFP-Rab41-positive PcAV or PCV-containing 

cells were then quantified. (I) WT MEFs/GFP-LC3 were treated with siRab41, 

were infected with S. pneumoniae for 2 h, and were stained with DAPI and 

anti-p62 antibodies, and percentages of p62-positive PcAV or PCV-containing 

cells were then quantified. (J) WT MEFs/GFP-LC3 were treated with siRab41, 

were infected with S. pneumoniae for 2 h, and were stained with DAPI and 

anti-poly-Ub antibody, and percentages of poly-Ub-positive PcAV or 

PCV-containing cells were then quantified. Representative epifluorescence 

images are shown; bar, 5 µm. Arrowheads indicate PcAV or PCV; Data are 

presented as means ± SEM; *P < 0.01, **P < 0.05; NS, not significant. 
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Figure 5. Rab41-resided Golgi Apparatus is Involved in PcAV Formation 

(A) WT MEFs/mCherry-LC3 stably expressing GFP-Rab41 WT, CA (Q75L), or 

CN (T30N) were infected with S. pneumoniae for 2 h and were stained with 

DAPI; bar, 5 µm. (B) Percentages of PcAV-containing cells and 

GFP-Rab41-positive PcAV or PCV-containing cells in (A) were quantified. (C) 

WT MEFs/GFP-Rab41 were infected with S. pneumoniae for 2 h and were 

stained with DAPI and anti-GM130 antibody; bar, 5 µm. (D) WT 

MEFs/GFP-Rab41 or WT MEFs/mCherry-LC3 expressing GFP-COG6, 

-ERGIC53, or -Sec22b were infected with S. pneumoniae for 2 h and were 

stained with DAPI and anti-gologin-97 antibody (WT MEFs/GFP-Rab41); bar, 5 

µm. (E) WT MEFs/mCherry-LC3/GFP-Rab41 were cultured for 2 h in the 

presence or absence of 10 µM rapamycin; bar, 5 µm. (F and H) Rab41 WT or 

KO MEFs were stained with DAPI and anti-GM130 antibody (F), and 

percentages of fragmented Golgi-containing cells were then quantified (H); bar, 

5 µm. (G and I) Rab41 WT or KO MEFs/GFP-LC3 were infected with S. 

pneumoniae for 2 h and were stained with DAPI (G), and percentages of 

PcAV-containing cells were then quantified (I); bar, 5 µm. (J) WT 

MEFs/GFP-LC3 were infected with S. pneumoniae for 2 h in the presence or 

absence of 5 µg/ml of BFA and were stained with DAPI, and percentages of 

PcAV-containing cells were then quantified. Arrowheads indicate PcAV or PCV; 

data are presented as means ± SEM; *P < 0.01, **P < 0.05. 
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Figure 6. Nedd4-1 Mediated K63 Ub is Involved in PcAV Formation 

(A) Atg5 WT or KO MEFs/GFP-LC3 were infected with S. pneumoniae for 

indicated periods and were stained with DAPI and anti-polyubiquitin (FK2, K48, 

or K63) antibodies, and percentages of each type of Ub-positive PcAV or 

PCV-containing cells were then quantified. (B) WT MEFs/GFP-LC3 were 

infected with S. pneumoniae for 2 h and were stained with DAPI and anti-K48Ub 

or -K63Ub antibodies; bar, 5 µm. (C) p62 WT or KO MEFs/GFP-LC3 were 

infected with S. pneumoniae for 2 h and were stained with DAPI and 

anti-polyubiquitin (FK2, K48, K63, or M1) antibodies, and percentages of each 

type of Ub-positive PcAV or PCV-containing cells were then quantified. (D) p62 

KO MEFs/GFP-LC3/p62-3xmyc (FL, ∆UBA, or ∆LIR) were infected with S. 

pneumoniae for 2 h and were stained with DAPI and anti-K48Ub or -K63Ub 

antibodies, and percentages of K48Ub- or K63Ub-positive PCV or 

PcAV-containing cells were then quantified. (E) Ubc13 WT or KO 

MEFs/GFP-LC3 were infected with S. pneumoniae for 2 h and were stained with 

DAPI and anti-K63Ub antibodies, and percentages of PcAV or K63Ub-positive 

PcAV-containing cells were then quantified. (F) BHK/mCherry-LC3 expressing 

GFP-Nedd4-1 or -Nedd-4-2 were infected with S. pneumoniae for 2 h and were 

stained with DAPI; bar, 5 µm. (G) WT MEFs/GFP-Nedd4-1 were infected with S. 

pneumoniae for 2 h and were stained with DAPI, and percentages of 

GFP-Nedd4-1-positive PcAV were then quantified. (H) WT 
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MEFs/mCherry-LC3/GFP-Nedd4-1 were infected with S. pneumoniae for 2 h 

and were stained with DAPI and anti-K48Ub or -K63Ub antibodies; bar, 5 µm. (I) 

WT MEFs/mCherry-LC3/GFP-Nedd4-1 were infected with WT or ∆ply S. 

pneumoniae for 2 h and were stained with DAPI; bar, 5 µm. (J) Atg5 WT or KO 

MEFs/mCherry-LC3/GFP-Nedd4-1 were infected with S. pneumoniae for 2 h 

and were stained with DAPI, and percentages of GFP-Nedd4-1-positive PCV or 

PcAV-containing cells were then quantified. (K) Nedd4-1 WT or KO 

MEFs/GFP-LC3 were infected with S. pneumoniae for 2 h and were stained with 

DAPI and anti-K63Ub antibody, and percentages of K63Ub-positive PcAV were 

then quantified. (L) Nedd4-1 WT or KO MEFs/GFP-LC3 were infected with S. 

pneumoniae for 2 h and were stained with DAPI, and percentages of 

PcAV-containing cells were then quantified. (M) Nedd4-1 WT or KO 

MEFs/GFP-LC3/FLAG-Nedd4-1 WT or C867S (E3 ligase dead) were infected 

with S. pneumoniae for 2 h and were stained with DAPI, and percentages of 

Nedd4-1 or LC3-positive PCV containing cells were then quantified. (N) Nedd4-1 

WT or KO MEFs were infected with S. pneumoniae for 2 h. Intracellular 

survivability of bacteria was determined and expressed in colony forming units 

( n = 3 ). Arrowheads indicate PcAV. Data are presented as means ± SEM; *P < 

0.01, **P < 0.05; NS, not significant. 

 

Figure 7. Proposed Model for Intracellular Fate of S. pneumoniae and 

K63Ub-linked Signalosomes Formation on PcAV 
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Ply provides advantages for bacteria to escape from endosomal elimination at 

early stages of infection. However, at late stage of infection, membrane 

remnants generated by Ply and cytosolic-exposed bacterial surface proteins are 

concomitant targets of selective autophagy via K48Ub-p62-LC3 autophagy 

cargo. Golgi-resident Rab41 is recruited to PcAV and involved in PcAV 

biogenesis. After PcAV formation, p62 and Nedd4-1 bind to LC3-II on 

autophagosome-surfaces, and Nedd4-1 subsequently polyubiquitinates p62 

through K63Ub. Generated K63Ub chains can cause cross-linking of LC3-p62 

complexes on PcAV and may recruit other K63Ub-favoring cargo receptors on 

PcAV, leading to deposition of the K63Ub-mediated p62-signalosomes on PcAV. 

 

Figure S1. Characterization of SpAv 

(A) WT MEFs/GFP-LC3 infected with encapsulated S. pneumoniae strain TIGR4 

for indicated for 2 h were stained with DAPI; bar, 5 µm. (B) Atg7 WT or KO MEFs 

infected with S. pneumoniae for 2 h were stained with anti-S. pneumoniae 

antibody; bar, 5 µm. (C) Atg16 WT or KO MEFs infected with S. pneumoniae for 

2 h were stained with DAPI; bar, 5 µm.. 

  

Figure S2. Autophagy Induction Caused by S. pneumoniae Infection 

WT MEFs were infected with S. pneumoniae WT or ∆ply for 2 h. The lysates 

were subjected to immunoblotting with antibodies against LC3 and actin, and 
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normalized LC3-II/LC3-I level was quantified. 

 

Figure S3. Ubiquitination Occurs at Early Stage of PcAV Formation  

(A) WT MEFs/GFP-LC3 infected with S. pneumoniae WT or ∆ply for 2 h in the 

presence or absence of 30 µM PYR-41 were stained with DAPI and antibodies 

against poly-Ub or p62; bar, 5 µm. (B) Atg5 WT or KO MEFs infected with S. 

pneumoniae for 2 h were stained with anti-S. pneumoniae and -poly-Ub 

antibodies; bar, 5 µm. 

 

Figure S4. Colocalization of PcAV and Rab Proteins and Rab41 

Involvement in PcAV Formation 

(A) Comprehensive screen for Rab proteins associated with PcAV. 

BHK/mCherry-LC3 expressing Rabs infected with S. pneumoniae for 2 h were 

stained with anti-S. pneumoniae antibody. (B) p62 WT or KO 

MEFs/mCherry-LC3/GFP-Rab41 infected with S. pneumoniae for 2 h were 

stained with DAPI; bar, 5 µm. (C) Atg5 WT or KO MEFs/GFP-Rab41 were 

stained with DAPI and anti-GM130 antibody; bar, 5 µm. (D) Knockdown effect of 

mouse Rab41-specific siRNA was evaluated by RT-PCR and band intensity was 

measured. 

 

Figure S5. Characterizations of Generated Rab41 KO MEFs 

(A) Genome sequences and translated protein sequences of rab41 gene in 

This article is protected by copyright. All rights reserved.



 11 

Rab41 WT and KO MEFs. Red means inserted base to generate frameshift 

mutation. Blue means PAM sequence. Green means substituted amino acid 

sequence. (B) Rab41 WT or KO MEFs were treated with 10 µM rapamycin in the 

presence or absence of 40 µM chloroquine for 6 h and the lysates were 

subjected to immunoblotting with anti-LC3 and -actin antibodies. (C) Rab41 WT 

or KO MEFs/GFP-LC3 were infected with S. pneumoniae for 2 h and were 

stained with DAPI and anti-LAMP1 antibody, and percentages of 

LAMP1-positive PCV-containing cells were then quantified. Data are presented 

as means ± SEM; NS, not significant.  

 

 Figure S6. Characterizations of poly-Ub Deposition in/on PcAV 

(A) Atg5 WT or KO MEFs infected with S. pneumoniae for 2 h were stained with 

DAPI, and anti-K48Ub or -K63 antibodies; bar, 5 µm. (B) BHK/mCherry-LC3 

expressing indicated E3 ligases were infected with S. pneumoniae for 2 h and 

were stained with DAPI, anti-S. pneumoniae antibody, -FLAG, or -Myc 

antibodies; bar, 5 µm. (C) TRAF6 WT or KO MEFs infected with S. pneumoniae 

for 2 h were stained with DAPI and anti-K63Ub antibody, and the percentages of 

K63Ub-positive PcAV were then quantified. Representative epifluorescence 

images are shown; bar, 5 µm. Data are the means ± SEM; NS, not significant. 

(D) Ubc13 WT or KO MEFs infected with S. pneumoniae for 2 h were stained 

with DAPI and anti-K63Ub antibody; bar, 5 µm. Knockout effect of Ubc13 was 

confirmed by western blotting using anti-Ubc13 antibody. 
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