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ABSTRACT

Streptococcus pneumoniae is an opportunistic pathogen responsible for life-threatening diseases
including pneumonia and meningitis. The host defense against pneumococci relies heavily on
macrophages, which can effectively internalize and degrade bacteria. Recent studies have implicated
both canonical and non-canonical autophagy-related processes in bacterial clearance, but the precise
pathways mediating defense against S. pneumoniae remain unknown. Here, we utilize a well-
established zebrafish larval infection model to investigate the role of autophagy in host defense
against pneumococci in vivo. Using a transgenic macroautophagy/autophagy reporter line, we found
the autophagy marker Map1lc3/Lc3 being recruited to pneumococci-containing vesicles upon bac-
terial internalization by zebrafish macrophages. The genetic inhibition of core autophagy gene atg5
led to loss of the Lc3 associations and their impaired acidification, significantly delaying bacterial
clearance. This Lc3 recruitment is partially mediated by LC3-associated phagocytosis (LAP), as knock-
down of cyba and rubcn moderately reduced Lc3 association with phagosomes and diminished
pneumococcal degradation. Interestingly, we observed no involvement of xenophagy components in
S. pneumoniae-infected macrophages, suggesting the activation of another non-canonical autophagy
pathway, distinct from LAP, targeting pneumococci-containing phagosomes. Instead, we found that
the pneumococcal pore-forming toxin pneumolysin induces ROS-independent CASM pathways, one
of which is abolished by knockdown of tecpria indicating the involvement of sphingomyelin-Tecpr1-
induced LC3 lipidation (STIL). Collectively, our observations shed new light on the host immune
response against S. pneumoniae, demonstrating that several distinct non-canonical autophagy path-
ways mediate bacterial degradation by macrophages and providing potential targets for the devel-
opment of novel therapies to combat pneumococcal infections.

Abbreviations: ATG: autophagy related; BMDM: bone marrow-derived macrophage; CASM: conjuga-
tion of ATG8 to single membranes; CFU: colony-forming units; Cyba: cytochrome b-245, alpha
polypeptide; DPI: diphenyleneiodonium, GFP: green fluorescent protein; hpf: hours post-
fertilization; hpi: hours post-infection; LAP: LC3-associated phagocytosis; Map1lc3/Lc3: microtubule-
associated protein 1 light chain 3; MEF: mouse embryonic fibroblast; NADPH: nicotinamide adenine
dinucleotide phosphate; Optn: optineurin; PINCA: pore-forming toxin-induced non-canonical auto-
phagy; Ply: pneumolysin; ROS: reactive oxygen species; SLR: sequestosome-like receptors; Sqstm1:
sequestosome 1; STIL: sphingomyelin-TECPR1-induced LC3 lipidation; Tecpr1: tectonin beta-propeller
repeat containing 1.
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Introduction

Streptococcus pneumoniae (pneumococcus) is an opportunis-
tic pathogen that colonizes the human upper respiratory tract
and is able to invade other tissues including the central
nervous system. This bacterium causes several life-
threatening diseases such as community-acquired pneumonia
[1] resulting in more than 1 million deaths worldwide
each year [2]. Pneumococcus has been repeatedly included
in the WHO?’s list of priority bacterial pathogens since 2017 to
date (WHO report, 2024). The widespread use of various

antibacterial drugs, mostly B-lactam antibiotics such as peni-
cillin or ampicillin, combined with the high genome plasticity
of pneumococci facilitates the spread of pneumococcal resis-
tance to drugs and vaccines, limiting their effectiveness [3,4].
Therefore, alternative treatment strategies are urgently needed
to combat this pathogen.

The first line of defense against invading pneumococci are
tissue-resident alveolar macrophages in the lung [5]. Once
internalized, the bacteria sequestered in phagosomes are
rapidly acidified by activation of the vacuolar-type H'-
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translocating ATPase (V-ATPase), which pumps protons into
the vacuole [6-8]. This acidification is required for
S. pneumoniae killing by phagocytes in the zebrafish model
system [9]. Furthermore, lysosomal-dependent degradation,
following fusion of phagosomes with lysosomes, has been
well described in the literature and is known to be involved
in the antibacterial response [10]. Aside from classical phago-
cytosis, other pathways can also lead to intracellular bacteria
degradation including autophagy-related mechanisms which
are currently being intensively studied [11]. These are either
canonical pathogen-selective autophagy, also known as xeno-
phagy [12], or more recently identified non-canonical auto-
phagy pathways, collectively referred to as conjugation of
ATGS to single membranes (CASM) [13,14].

Xenophagy is a form of canonical autophagy in which
either ruptured bacteria-containing phagosomes or pathogens
that have escaped into the cytosol are detected and tagged by
various proteins such as ubiquitin or glycan-binding galectins
[15,16]. Subsequently, such labeled bacteria bind to sequesto-
some-like receptors (SLRs) and MAP1LC3/LC3 (microtubule-
associated protein 1 light chain 3) [12,17,18]. LC3 association
promotes the phagophore expansion resulting in formation of
a double-membrane autophagosome [19]. It has recently been
reported that SLRs such as SQSTM1/p62 (sequestosome 1)
and CALCOCO2/NDP52 (calcium binding and coiled-coil
domain 2) contribute to the initiation of xenophagy of intra-
cellular S. pneumoniae within nonprofessional phagocytes
such as human pulmonary epithelial cells and mouse embryo-
nic fibroblasts (MEFs) in vitro [20,21]. It has been also shown
that pneumolysin (Ply), a pore-forming toxin produced by
S. pneumoniae that is able to induce membrane rupture of
the vesicles containing bacteria leading to subsequent xeno-
phagy [21].

The most studied non-canonical autophagy pathway is
LAP, a form of CASM that involves many of the same mole-
cular components as xenophagy, but not SLRs. In this case,
LC3 is recruited to the single-membrane phagosome triggered
by perturbation of ionic and pH balance [13]. It is generally
accepted that LC3 lipidation in LAP requires the activity of
NOX (NADPH oxidase) and CYBA, generating reactive oxy-
gen species (ROS) [22]. This ROS production has been shown
to promote an interaction between the V-ATPase and
ATGI16L1, which initiates LC3 lipidation [23]. We have
recently shown that once ROS production is blocked, the
LAP response to various bacterial pathogens is greatly
reduced [24,25]. In addition, RUBCN/RUBICON (rubicon
autophagy regulator) has been implicated as a positive regu-
lator of LAP acting upstream of NADPH oxidase complex
assembly [22]. Recent in vitro evidence has shown that ROS-
dependent LAP occurs within mouse bone marrow-derived
macrophages (BMDMs) infected by pneumococci and signifi-
cantly contributes to bacterial degradation [26].

Although the degradation of invading S. pneumoniae
through LAP or xenophagy has been investigated in vitro,
results differ between studies in professional and nonprofes-
sional phagocytes. While in MEFs, xenophagy has been
demonstrated to play a role in pneumococcal degradation
and its activation was preceded by atgl6ll-dependent but
ROS-independent LAP-like LC3 associations [20,21], no

such response was observed in macrophages [26].
Additionally, the specific interplay of these pathways in the
wider and more complex host environment have not yet been
elucidated. Unveiling the role of these mechanisms in vivo
would support the development of innovative immunomodu-
latory approaches against S. pneumoniae in the future.

Previously, we established a model of pneumococcal infec-
tion in larval zebrafish and described that zebrafish macro-
phages can prevent dissemination of intravenously
administered unencapsulated S. pneumoniae [9]. The macro-
phages protect infected larvae by internalization and acidifica-
tion-mediated killing of pneumococci, underscoring the
cross-species evolutionary conserved role of these professional
phagocytes in host protection against this pathogen, and pro-
viding new opportunities to gain insight into the host-
pneumococcus interactions in vivo.

In the present study, we focus on the role of autophagy-
related mechanisms in S. pneumoniae infection using zebra-
fish larvae. We demonstrate that upon internalization of
pneumococci, the vast majority of infected macrophages
rapidly respond by the Lc3 conjugation to phagosomal mem-
brane which facilitates phagosomal acidification and bacterial
killing. We also show that, rather than being mediated by
xenophagy, the protective role of autophagy in pneumococcal
infection of macrophages is primarily associated with CASM
such as LAP and other pneumolysin-mediated pathways
including the sphingomyelin-TECPR1-induced LC3 lipidation
(STIL).

Results

Intracellular S. pneumoniae triggers Lc3 recruitment to
bacteria-containing phagosomes in zebrafish
macrophages

To determine whether the autophagy response occurs to
intracellular pneumococci, we used our previously established
S. pneumoniae infection model of zebrafish larvae [9] using
the transgenic zebrafish line Tg(CMV:EGEP-mapl1lc3b)7'>,
hereafter called CMV:GFP-Lc3 [27]. The GFP-LC3 reporter
has been widely used in studying various autophagy pathways
in response to infection [28,29]. The zebrafish larvae were
injected intravenously with fluorescently labeled unencapsu-
lated S. pneumoniae (D39 Acps hlpA:mKate2) and the
infected larvae fixed at 2, 4 and 7h post infection (hpi).
Confocal analysis revealed robust activation of the autophagy
machinery, as more than 70% of infected phagocytes con-
tained bacterial clusters surrounded by Lc3 at 2 hpi and this
response gradually decreased by 7 hpi (Figure 1A,B). The
time-dependent loss of Lc3-bacteria associations is probably
associated with rapid autophagic flux leading to degradation
of internalized pneumococci upon phagosomal acidification
that we have observed before [9]. Indeed, in addition to the
decrease of Lc3 associations over time, the distinctive coccus
shape of internalized fluorescent bacteria was also lost as
a result of subsequent degradation (Figure 1A). To determine
whether this autophagic response is not specific to the cap-
sule-negative D39 Acps strain, we also analyzed the infection
with the parental encapsulated wild-type (D39 WT)
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Figure 1. The autophagic response occurs during systemic infection with pneumococci. (A) Representative confocal images of CMV:GFP-Lc3 larvae infected
systemically with approximately 1600 CFU of mKate2-labeled D39 Acps S. pneumoniae and fixed at 2, 4 and 7 hpi. Scale bars: 10 pm. Arrowheads indicate Lc3-
positive vacuoles containing bacteria. (B) Quantification of Lc3 associations with intracellular S. pneumoniae within infected phagocytes of fixed CMV:GFP-Lc3 at 2, 4
and 7 hpi. Data are shown as mean + standard deviation (SD). Data obtained from two independent experiments (C) Representative confocal images of CMV:GFP-Lc3
mpeg:mCherry-F dual transgenic larvae infected systemically with approximately 1600 CFU of Alexa Fluor 647-stained D39 Acps S. pneumoniae and fixed at 2 hpi.
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S. pneumoniae and observed comparable levels of the auto-
phagic machinery activation despite less effective phagocytosis
of D39 WT (Fig. S1A-B). Interestingly, the observed high
levels of the Lc3-association response to S. pneumoniae infec-
tion within zebrafish macrophages contrasts with the response
to other Gram-positive bacterium - Staphylococcus aureus
[25], where the Lc3 response occurs less frequently.

Since we have previously shown that the vast majority of
unencapsulated pneumococci are internalized by macro-
phages [9], we made an assumption that the observed Lc3-
positive infected phagocytes are indeed macrophages.
Nevertheless, to confirm the identity of these cells we crossed
the CMV:GFP-Lc3  zebrafish with the Tg(mpegl:
mCherryF)*™? transgenic line (hereafter called mpeg:
mCherry-F), where the membrane-localized mCherry reporter
is expressed in zebrafish macrophages [30]. The resulting dual
transgenic larvae were intravenously infected with Alexa Fluor
647-labeled pneumococci. Microscopy analysis confirmed that
out of 63 observed phagocytes evoking the Lc3-mediated
response to pneumococci, 62 were actually macrophages
(98.4%) (Figure 1C). Altogether, these results demonstrate
that larval zebrafish serve as a suitable in vivo model to
study intramacrophage autophagic response to pneumococci.

Genetic inhibition of autophagy impairs pneumococcal
killing

Having identified the Lc3 response to S. pneumoniae, we
subsequently asked whether this process is actively involved
in bacterial clearance or helps infected phagocytes to elimi-
nate invading pneumococci by some alternative mechanism.
To this end, using CRISPR-Cas9 we knocked down the
autophagy-essential gene atg5, encoding protein that facili-
tates the conjugation of phosphatidylethanolamine to the
activated Lc3 [31]. The knockdown efficacy was verified by
PCR and restriction fragment length polymorphism/RFLP
analysis (Fig. S2A-B). We found that the Lc3 signal surround-
ing the internalized bacteria was greatly reduced (Figure 2A,
B), which indicates that the observed Lc3 associations are
indeed the result of an autophagy response to internalized
pathogens. Next, the infected control and atg5 knockdown
larvae were homogenized and the number of bacteria within
individual larvae were enumerated over the course of the
infection. We found that although vast majority of bacteria
were cleared by 7 hpi in both groups, and all infected control
and atg5 larvae survived until 120 hpf (Fig. S9A), the larvae
with impaired autophagy machinery required more time to
eliminate the pathogens, especially in the early stages of infec-
tion (Figure 2C). The observation that S. pneumoniae clear-
ance is dampened within zebrafish with an impaired
autophagic response suggests a host-protective role for the
process of Lc3-bacteria association. Previously, we have
shown that acidification is required for S. pneumoniae killing
by phagocytes in the zebrafish model system (Prajsnar et al.,
2022). Therefore, in order to determine whether the observed
autophagic response plays a role in phagosomal acidification,
we injected pneumococci pre-stained with a pH-sensitive
dye - pHrodo Red into control and autophagy-deficient zeb-
rafish larvae. We observed significantly elevated levels of

bacteria within acidic compartments of zebrafish macro-
phages of control larvae in comparison to the atg5- and
atgl6li-depleted counterparts (Figure 2D,E). Together, these
data show that the autophagic response to internalized
S. pneumoniae enhances the pace of pneumococcal killing by
increasing the acidification rate of the bacteria-containing
vesicles.

Inhibition of reactive oxygen species (ROS) results in
partial reduction of Lc3 associations and impaired
bacterial killing

As we observed high levels of Lc3-positive vesicles within
pneumococcus-infected macrophages, we sought to elucidate
the molecular mechanism responsible for their formation. It is
generally accepted that LC3 association with internalized
pathogens can be mediated by either xenophagy or non-
canonical autophagic pathways such as LAP. To determine
which pathway is primarily responsible in our model, we
manipulated phagosomal ROS production, as its inhibition
prevents the LAP response in zebrafish to several pathogens
[24,25], and recent findings suggest that ROS-dependent LAP
is primarily responsible for pneumococcal clearance in
BMDMs in vitro [26]. Using a previously validated morpho-
lino-modified antisense oligonucleotide method [32], we
inhibited the expression of cyba/p22phox (cytochrome b-245
alpha chain), a membrane-bound subunit of phagocyte NOX.
While the morpholino-based targeting of cyba was previously
shown to effectively inhibit Lc3 assembly on phagosome
membranes during infection caused by either Gram-positive
or negative bacteria [24,25], Fig. S1C-D), we surprisingly
found that loss of cyba resulted in only partial reduction of
Lc3 associations (Figure 3A,B). The same Lc3 association
pattern was observed in response to capsule-positive (D39
WT) pneumococci suggesting no role of pneumococcal cap-
sule in autophagy induction (Fig. S1A-B).

In agreement with this genetic inactivation, chemical
inhibition of NOX activity with diphenyleneiodonium
(DPI) also showed a similar pattern of incomplete suppres-
sion of Lc3 aggregation with internalized pneumococci (Fig.
S3). Another protein responsible for LAP is Rubicon, which
is part of the class III phosphatidylinositol 3-kinase/
PtdIns3K complex but also activates NOX promoting LAP
[22,33]. Therefore, we knocked down rubcn (the knock-
down efficacy was validated by qPCR followed by melt
curve analysis for each targeted locus) and observed
a significant decrease in Lc3 associations, but again,
a large fraction of engulfed pneumococci were sequestered
in LC3-positive vesicles (Figure 3D,E) suggesting the exis-
tence of another autophagic pathway. To assess the func-
tion of LAP in bacterial killing, we enumerated the bacterial
load in control and LAP-deficient infected larvae concen-
trating at early stages of infection as these timepoints
showed significant differences when global autophagy was
inhibited (Figure 2C). Both cyba and rubcn knockdowns
had significantly higher colony-forming units (CFU) counts
at 4 hpi than in control siblings (Figure 3C,F). Taken
together, these findings suggest that ROS- and Rubcn-
dependent LAP occurs in response to pneumococci, plays
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Figure 3. ROS-dependent autophagic response contribute to clearance of S. pneumoniae. (A, D) Representative confocal images of control and indicated gene
knockdown (A - cyba, D - rubcn) CMV:GFP-Lc3 larvae infected systemically with approximately 1600 CFU of mKate2-labeled D39 Acps S. pneumoniae and fixed at
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experiments. (C, F) Numbers of viable colony forming units (CFUs) over time of control and indicated gene knockdown (C - cyba, F - rubcn). Data obtained from three
independent experiments.



a host-protective role during infection, but contributes only
to a part of the autophagic response to pneumococci in
zebrafish macrophages.

Heat-inactivated or pneumolysin-deficient S. pneumoniae
induce a diminished autophagic response within
macrophages

Having established that LAP occurs in response to
S. pneumoniae infection, we next tested whether the inter-
nalized bacterial cells need to be alive, and possibly secreting
virulence factors, to induce the observed autophagic
response.

First, to determine whether live S. pneumoniae cells are
required to induce an Lc3-mediated response, larvae were
injected with heat-killed bacterial cells. We observed
a significant decrease in Lc3 associations with pre-killed
bacteria (Figure 4A,B). To further investigate whether LAP
is involved in the response to heat-inactivated pneumococci,
we injected cyba morphants with heat-killed S. pneumoniae.
This combination led to an even more pronounced decrease
in Lc3 recruitment to engulfed bacteria (Figure 4A,B) indi-
cating that LAP is evoked regardless of pneumococcal viabi-
lity. Having shown that live pneumococci are required to
fully induce the autophagic response in zebrafish macro-
phages, we speculated whether specific extracellular viru-
lence factors play a role in this process. It has been
demonstrated that the induction of the autophagic response
to internalized pneumococci by professional and nonprofes-
sional phagocytes in vitro requires Ply (Inomata et al., 2020;
Ogawa et al., 2018, 2020).To test whether Ply is responsible
for triggering autophagy in zebrafish macrophages, we first
generated a S. pneumoniae strain in which the ply gene has
been removed (Aply) and verified the absence of Ply protein
expression by immunoblotting (Figure 4C). We observed
significantly less Lc3 associations in phagocytes when
S. pneumoniae cells lack Ply compared to the control strain
(Figure 4D,E). It is worth noting that both heat-killed and
Ply-deficient bacteria were still able to evoke a partial auto-
phagic response (Figure 4), similar to what we observed in
ROS-depleted larvae (Figure 3). These observations
prompted us to perform an experiment where cyba mor-
phants were injected with Ply-negative pneumococci.
Strikingly, this combination led to a near-complete loss of
Lc3 recruitment to internalized pneumococci (Figure 4F,G),
indicating that pneumolysin induces another autophagic
pathway. Importantly, Ply-deficient pneumococci were pha-
gocytosed by macrophages as effective as the parental strain
(Fig. S9A-B), indicating that diminished autophagic response
was not due to fewer intracellular bacteria. Interestingly, the
bacteria without pneumolysin were also eliminated signifi-
cantly faster by infected larvae than Ply-positive
S. pneumoniae (Fig. S9C) as previously shown in a mouse
model [34]. Additionally, we determined the role of pneu-
molysin in evoking inflammatory response in infected pha-
gocytes. Zebrafish larvae of il1b:GFP [35] and tnfa:GFP [36]
transgenic reporter lines infected with pneumolysin-
deficient bacteria displayed higher expression of both pro-
inflammatory cytokines in comparison to the parental strain
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(Fig. S9D-G). This stays in line with a recent report describ-
ing that pneumolysin can suppress the macrophage pro-
inflammatory activation, contributes to immune evasion
and bacterial persistence by modulating host immune
responses [34].

Overall, our observations confirm the role of pneumolysin
in evoking an autophagic response in an in vivo system and
importantly this pneumolysin-evoked response is indepen-
dent of LAP.

Lack of xenophagy components does not affect the
autophagic response to pneumococci

We considered that xenophagy might be the Ply-mediated
autophagy pathway, which complements the ROS-dependent
LAP response. During xenophagy, ruptured phagosomes or
cytosolic bacteria are detected and labeled with ubiquitin
[20,37-39]. Furthermore, the expression of a pore forming
toxin, ESAT-6, is required for inducing xenophagy in infec-
tion with mycobacteria [40]. To elucidate whether xenophagy
is responsible for the pneumolysin-evoked and LAP-
independent Lc3 response, we first sought to detect ubiquiti-
nated bacteria. However, when we performed immunostain-
ing for ubiquitin at 2 hpi, we observed ubiquitin staining in
only around 5% of phagocytes containing Lc3-decorated bac-
teria, suggesting little involvement of pneumococcal ubiquiti-
nation within zebrafish phagocytes (Fig. S4).

Next, we took advantage of a previously validated dou-
ble sqstm1™'~ optn™'~ mutant zebrafish line [39,41], lacking
two key SLRs, Sqstml/p62 (sequestosome 1) and Optn
(optineurin), whose contribution to xenophagy is firmly
established and evolutionary conserve [42]. Using the
CMV:GFP-Lc3 transgenic background, our confocal analy-
sis revealed a comparable number of Lc3-positive infected
phagocyted in the double mutant and wild-type larvae
(Figure 5A,B). Consistently, the kinetics of bacterial clear-
ance remained virtually unchanged in Sqstml- and Optn-
deficient larvae when compared to the wild-type siblings
(Figure 5C). We also infected sqstm1” and optn™ single
mutants, and as expected, no differences in Lc3 formation
or pneumococcal killing ability was observed (Fig. S5).
Next, we reasoned that xenophagy might be triggered
within S. pneumoniae-infected macrophages under condi-
tions when ROS-dependent LAP is inhibited. To address
this possibility, we knocked down cyba in sqstm1™'~ larvae,
but found a similar reduction in Lc3 associations within
infected phagocytes as those caused by ROS inhibition
alone, without any further reductions (Fig. S6).

To exclude potential involvement of the other SLRs such as
CALCOCO2 or TAXBP1, we confirmed the lack of xeno-
phagy in pneumococci-infected macrophages by targeting
atgl3, a component of the ULK1 complex that is required
for canonical autophagy pathways including xenophagy, but
dispensable for LAP [43]. Under conditions of atgl3 CRISPR-
mediated knockdown [28], we saw no reduction in Lc3 asso-
ciation with internalized pneumococci in atgl3 knockdown
larvae (Figure 5D,E), confirming that the Lc3 response to
pneumococci is largely independent of xenophagy.
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Overall, these results indicate no apparent role of xeno-
phagy in the autophagic response to pneumococci in zebrafish
macrophages suggesting the existence of another non-
canonical autophagic mechanism evoked during the
S. pneumoniae infection that functions alongside LAP and is
triggered by pneumolysin.

A tecpria-mediated pneumolysin-dependent autophagic
pathway occurs in pneumococcus-infected macrophages

In pursuit of defining the hypothesized alternative pneumo-
lysin-dependent non-canonical autophagic route (Figure 4),
we speculated that a recently described CASM pathway called
sphingomyelin-TECPR1-induced LC3 lipidation (STIL), could
be involved [14]. This response is triggered upon sphingo-
myelin translocation from the luminal into the cytosolic leaf-
let of the phagosomal membrane induced by bacterial toxins
such as listeriolysin O, from Listeria monocytogenes. It has
been postulated that cytosolic sphingomyelin exposure is an
early indicator of vesicle damage [44]. Importantly,
S. pneumoniae has been recently shown to induce sphingo-
myelin exposure to the cytoplasm in phagosomal membranes
of infected BMDMs Shizukuishi et al. [45]. In STIL, the
exposed sphingomyelin is recognized by a protein called
TECPR1 (tectonin beta-propeller repeat containing 1) to
induce single membrane LC3 lipidation [46]. Interestingly,
TECPR1 provides E3-ligase-like activity to the ATGI12-
ATG5 complex, which is essential for the conjugation of
LC3 to damaged phagosomes in the absence of ATGI16L1
[47]. The zebrafish genome contains two paralogs of
TECPRI called tecprla and tecprlb (Figure 6). We performed
an alignment of both zebrafish proteins to the human ortho-
log and we found profoundly higher amino acid similarity
between TECPR1 and Tecprla in comparison to Tecprlb,
especially within the ATGS5-interacting region (AIR) which
appears to be incomplete in Tecprlb (Figure 6A,B). In addi-
tion, using the Zebrafish Blood Atlas web tool with single cell
RNAseq gene expression profile of adult zebrafish hemato-
poietic cells [48], we found that tecprla, but not tecprlb, is
highly expressed in zebrafish leukocytes (Figure 6C). Based on
this analysis, we hypothesized the Tecprla variant to be func-
tional in zebrafish, but nevertheless, we knocked down both
zebrafish paralogs, tecprla and tecprlb, using the CRISPR-
Cas9 approach and positively verified their knockdown effi-
ciency (Fig. S2D-E). Interestingly, when challenged by pneu-
mococci, only tecprla and the tecpria tecprlb double
knockdown, but not tecpr1b knockdown larvae showed partial
reduction of Lc3 decoration within infected macrophages
(Figure 6D,E). This result suggests that tecprla is indeed the
functional ortholog of human TECPR1, confirming our bioin-
formatic analysis (Figure 6A-C). In order to verify the
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pneumolysin-dependency of the observed tecprla-mediated
Lc3 decoration, we infected the tecprla knockdown larvae
with the pneumolysin-deficient Aply strain. We found no
additive effect in the reduction of Lc3 associations
(Figure 6F,G), indicating both Tecprla and Ply act on the
same pathway. To provide further evidence for the involve-
ment of the STIL pathway, we checked if the LC3 response to
pneumococci would be independent of ATG16l11, which is not
required for STIL [14,47]. Knockdown of atgl6l1 resulted in
a significant reduction of Lc3 associations, which was more
pronounced than the decrease observed following cyba knock-
down (Fig. S7D - E), and impaired bacteria clearance (Fig.
S7A-C). Although some Lc3 signal remained, these results
demonstrate the presence of a largely atgl6ll-independent
autophagic response to pneumococci in zebrafish macro-
phages, consistent with the requirements of the STIL pathway.

Upon discovery of this pathway in pneumococcus-infected
macrophages, we set out to determine the role of STIL in
pneumococcal killing. The results showed that Tecprla-
depteted larvae clear the intravenously-administered pneumo-
cocci slower than their wild-type siblings (Figure 6H).
Together, these results demonstrate a host-protective role of
a non-canonical pathway called STIL that has not been pre-
viously been implicated in pneumococcal infection.

LAP and STIL independently initiate autophagic pathways
in response to pneumococci

Our data suggests the occurrence of two simultaneous non-
canonical autophagic pathways of different nature in response
to pneumococci: LAP and STIL, which are both part of the
recently recognized and rapidly expanding family of CASM
pathways, where LC3/Atg8 is conjugated to single membranes
of phagosomes and other organelles [13,14]. In order to con-
firm the coexistence of these phenomena we knocked down
the two specific factors responsible for each of them: cyba for
LAP and tecprla for STIL. When both genes were knocked
down we observed a near complete loss of Lc3 associations
(Figure 7A,B). Notably, this effect of double cyba and tecprla
knockdown was substantially pronounced than the partial
reductions of Lc3 decorations that we previously observed in
separate knockdowns of cyba (Figure 3A,B) or tecprla
(Figure 6D,E). This additive effect of cyba and tecprla gene
silencing suggests that indeed we observe two separate auto-
phagic pathways evoked in response to internalized pneumo-
cocci. Finally, to compare the contributions of LAP and STIL
to pneumococcal killing, we determined the level of bacteria
in both single and double cyba tecprla knockdown. This
analysis showed that bacteria were killed at a lower pace in
larvae where both LAP and STIL were inhibited compared
with either of the single knockdown counterparts (Figure 7C).
Collectively, these results confirm the coexistence of LAP and

mKate2-labeled S. pneumoniae fixed at 2 hpi. Scale bars: 10 um. (E) Quantification of Lc3 associations with intracellular Ply-positive or Ply-negative S. pneumoniae
within infected phagocytes of fixed CMV:GFP-Lc3 larvae at 2 hpi. Data are shown as mean + standard deviation (SD). Data obtained from two independent
experiments. (F) Representative confocal images of CMV:GFP-Lc3 control (top two panels) or cyba knockdown (bottom two panels) larvae infected systemically with
approximately 1600 CFU of Ply-positive (D39 Acps, left two panels) and Ply-negative (D39 Acps Aply, right two panels) mKate2-labeled S. pneumoniae fixed at 2 hpi.
Scale bars: 10 ym. (G) Quantification of Lc3 associations with intracellular Ply-positive or Ply-negative S. pneumoniae within infected phagocytes of fixed CMV:GFP-Lc3
control or cyba larvae at 2 hpi. Data are shown as mean + standard deviation (SD). Data obtained from two independent experiments.
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Figure 5. Sgstm1, optineurin and atg13 are not involved in autophagic response to S. pneumoniae. (A) Representative confocal images of sqstm1™* optn™* and

sqstm1~'~ optn™~ double mutant CMV:GFP-Lc3 larvae infected systemically with approximately 1600 CFU of mKate2-labeled D39 Acps S. pneumoniae and fixed at
2 hpi Scale bars: 10um. (B) Quantification of Lc3 associations with intracellular S. pneumoniae within infected phagocytes of fixed CMV:GFP-Lc3 sqstm1™* optn™* and
sqstml’/’ optn’/’ double mutant larvae. Data are shown as meantstandard deviation (SD). Data obtained from two independent experiments. (C) Numbers of viable
colony forming units (CFUs) over time of sqstm1™* optn™* and sqstm1™~ optn™~ double mutant larvae. Data obtained from two independent experiments. (D)
Representative confocal images of control and atg73 knockdown (right panel) CMV:GFP-Lc3 larvae infected systemically with approximately 1600 CFU of mKate2-
labeled D39 Acps S. pneumoniae and fixed at 2 hpi Scale bars: 10um. (E) Quantification of Lc3 associations with intracellular S. pneumoniae within infected phagocytes
of fixed CMV:GFP-Lc3 control and atg13 knockdown larvae. Data are shown as meanzstandard deviation (SD). n=15 zebrafish larvae were analyzed.
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STIL pathways, which both serve host-protective roles and act
independently on intracellular pneumococci.

Another Ply- and Atg16l1-dependent, ROS- and
Tecprla-independent pathway occurs in response to
pneumococcal infection

Although simultaneous knockdown of cyba and tecprla
resulted in a strong reduction of Lc3 lipidation, nearly 20%
of infected macrophages remained to exhibit Lc3-positive
bacteria-containing vesicles. This suggested the existence of
a third, distinct autophagic pathway which could be ROS-
independent [21]. To investigate this further, a triple knock-
down targeting cyba, tecprla, and atgl6ll was performed.
This resulted in a near-complete loss of Lc3 recruitment,
reaching level comparable that observed in atg5-deficient lar-
vae, were Lc3 lipidation was fully abolished (Figure 8). Similar
to atg5 CRISPants, the triple knockdown did not affect the
survival of larvae upon infection (Fig. S9B). Additionally, to
validate the role of pneumolysin in this context, the cyba
tecprla double knockdown larvae were infected with Ply-
deficient pneumococci. In this situation, the Lc3 lipidation
was also reduced to nearly undetectable levels, indicating that
the observed remaining Lc3 signal in the double knockdown
background was dependent on this pneumococcal toxin
(Figure 8).

All these findings confirmed that the Lc3-positive vesicles
observed in the double knockdown derived from a separate,
non-canonical autophagy mechanism dependent on both
pneumolysin and Atgl6l1, but independent of ROS and act
in parallel with LAP and STIL, contributing to the Lc3
response in infected macrophages.

Discussion

Autophagy-related mechanisms, both canonical and non-
canonical, are considered to be an important component of
host defense against various infections, acting primarily as
a protective mechanism, and therefore could be exploited in
designing novel therapies [49]. In this study, we aimed to
investigate the role of autophagy in the innate immune
response to Streptococcus pneumoniae systemic infection
using a zebrafish larval model. We found that the great
majority of infected macrophages contained bacterial clusters
surrounded by Lc3 at the early stage of infection (2 hpi)
confirming involvement of autophagy in the host response
to pneumococci. Importantly, both capsulated and unencap-
sulated strains, once internalized, were found to effectively
activate Lc3 recruitment to pneumococcus-containing

vesicles. The LC3 conjugation requires ATG5 which is
involved in the covalent attachment of LC3 to the phospho-
lipids of the membrane which is an essential step in the
autophagy process [19,31]. By diminishing the autophagic
response through knockdown of atg5 we observed impaired
bacterial clearance in our model. This emphasized the signifi-
cance of autophagy in facilitating the clearance of intracellular
pneumococci by zebrafish macrophages and prompted us to
investigate which autophagy-related pathway is responsible
for this response. We took a combinatory approach by target-
ing pathogen and host components, both separately and in
combination to determine the autophagic pathways present in
S. pneumoniae-infected macrophages.

The antimicrobial, host-protective function of LC3-
associated phagocytosis (LAP) has been reported in several
studies, demonstrating its effective role in bacterial degrada-
tion [11,50,51]. The significance of this pathway had been
recognized well before its inclusion in the recently defined
CASM family and it is supported by studies analyzing micro-
bial survival mechanisms evolved to evade or escape this
process to prolong their survival [52-54]. Our study demon-
strates that LAP occurs in zebrafish macrophages upon inter-
nalizing pneumococci. A significant but partial reduction in
Lc3 recruitment and slower bacterial clearance induced by
knocking down cyba or rubcn, genes required for LAP, under-
scores the importance of this pathway in the host defense
against pneumococci. Importantly, our data confirms in vitro-
derived results where LAP also plays a protective role in
pneumococci-infected BMDMs [26]. Interestingly, Inomata
and colleagues have also reported incomplete inhibition of
LC3 recruitment in rubcn or cybb/nox2 knockout macro-
phages, which additionally prompted us to search for another
autophagic pathway present in response to pneumococci.
Moreover, in accordance with Inomata and others, we
observed significant decrease of Lc3 associations to pneumo-
cocci in the absence of pneumolysin and we did not find any
evidence of selective autophagy involvement in
S. pneumoniae-infected macrophages in vivo.

Indeed, our results show that Lc3 recruitment triggered by
pneumococci upon internalization by macrophages is par-
tially-dependent on bacterial pneumolysin. By targeting com-
ponents of different autophagy pathways, we were able to
match pathogen-derived pneumolysin with particular facets
of the autophagic response. Inomata et al. posited that pneu-
molysin induces LAP, however no combinatory approaches
with Aply mutant in LAP-deficient macrophages have been
performed [26]. By testing wild-type and Aply mutant pneu-
mococcal strains against pathway-specific host genes in the
zebrafish model, we here show that Ply activates another non-

(cell); replicates were performed across multiple zebrafish wild-type and transgenic strains. Each arm of the schematic represents a separate blood cell population
(labeled). Deeper color indicates higher expression (logqo scale bars described for each gene). (D) Representative confocal images of control, tecpria, tecprib and
tecpria tecpr1b double knockdown CMV:GFP-Lc3 larvae infected systemically with approximately 1600 CFU of mKate2-labeled D39 &¢ps S. pneumoniae fixed at 2 hpi.
(E) Quantification of Lc3 associations with intracellular S. pneumoniae within infected phagocytes of fixed tecpria, tecpr1b and tecpria tecprib double knockdown
CMV:GFP-Lc3 larvae. Data are shown as mean + standard deviation (SD). n > 17 zebrafish larvae were analyzed. (F) representative confocal images of control or
tecpria knockdown CMV:GFP-Lc3 larvae infected systemically with approximately 1600 CFU of mKate2-labeled ply-positive (D39 Acps) or ply-negative (D39 Acps Aply)
S. pneumoniae fixed at 2 hpi. (G) Quantification of Lc3 associations with intracellular ply-positive or ply-negative S. pneumoniae within infected phagocytes of control
or tecpria knockdown CMV:GFP-Lc3 larvae fixed at 2 hpi. Data are shown as mean + standard deviation (SD). Data obtained from two independent experiments. (H)
Numbers of viable colony forming units (CFUs) over time of control and tecpria knockdown larvae. Data obtained from two independent experiments.
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Figure 7. Both LAP and STIL are evoked in response to S. pneumoniae. (A) Representative confocal images of control, cyba, tecpria and cyba tecpria double
knockdown CMV:GFP-Lc3 larvae infected systemically with approximately 1600 CFU of mKate2-labeled D39 écps S. pneumoniae fixed at 2 hpi. (B) Quantification of Lc3
associations with intracellular S. pneumoniae within infected phagocytes of fixed cyba, tecpria and cyba tecpria double knockdown CMV:GFP-Lc3 larvae. Data are
shown as mean = standard deviation (SD). Data obtained from two independent experiments. (C) Numbers of viable colony forming units (CFUs) over time of control,
cyba, tecpria and cyba tecpria double knockdown larvae. Data obtained from two independent experiments.

canonical autophagy pathway, which acts independently of of TECPRI via its DysF domains [46,56], where this protein

ROS and Atgléll, but is dependent on Tecprla.

recognizes sphingomyelin present on the outer layer of dis-

TECPR1 was initially shown to play a vital role in promot-  turbed phagosomal or lysosomal membranes to induce CASM
ing selective autophagy through interaction with WIPI2 [55]. in a process called STIL. Interestingly, this alternative non-
However, recent studies have revealed an additional function canonical pathway challenges the traditional view that
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Figure 8. Involvement of ROS-independent LAP-like CASM of S. pneumoniae-containing vesicles. (A) Representative confocal images of control, tecpria cyba double
knockdown or atg16l1 tecpria cyba triple knockdown CMV:GFP-Lc3 larvae infected systemically with approximately 1600 CFU of Ply-positive (D39 Acps) and Ply-
negative (D39 Acps Aply) mKate2-labeled S. pneumoniae at 2 hpi. (B) Quantification of Lc3 associations with intracellular PLY-positive or PLY-negative S. pneumoniae
within infected phagocytes of control, tecpria cyba double knockdown or atg16/1 tecpria cyba triple knockdown CMV:GFP-Lc3 larvae. Data are shown as mean +
standard deviation (SD). Data obtained from two independent experiments.



ATGI6L1 is the sole E3-like enzyme responsible for lipidation
of LC3, highlighting the versatility and complexity of auto-
phagic regulation [57].

We have found in zebrafish that a knockdown of tec-
prla, a likely ortholog of TECPRI, leads to a partial loss of
Lc3  decoration of internalized pneumolysin-positive
S. pneumoniage. When pneumolysin mutant bacteria were
administered, no additional effect of tecprla depletion was
observed suggesting the role of pneumolysin in perturbing
the phagosomal membrane and Tecprla in phagosomal
membrane Lc3 decoration. Importantly, in the cyba tecprla
double knockdown we observed a near-complete loss of Lc3
associations. Moreover, in cyba knockdown larvae injected
with Aply pneumococci, no Lc3 decoration was present,
indicating the occurrence of two independent, differentially
induced non-canonical pathways, namely LAP and STIL.
A similar phenomenon was previously observed in vitro in
BMDMs infected with L. monocytogenes evoking two dis-
tinct non-canonical autophagy pathways [29]. One of them
is LAP and the other ROS-independent, listeriolysin
O-mediated, was coined by the authors as pore-forming
toxin-induced non-canonical autophagy (PINCA). At the
time, the authors did not know the factors responsible for
PINCA, therefore they were unable to determine its func-
tion in L. monocytogenes infection. It is conceivable that
PINCA observed by Glushko and colleagues [29] was in
fact STIL.

Another similar case of parallel pathways has been
observed in MEFs in vitro at early stages of infection
with pneumolysin-expressing S. pneumoniae, where LC3
lipidation occurred independently of RBICC1/FIP200 (a
member of the ULK1 complex required for canonical
autophagy) and also independently of ROS leading to
LAPosome-like vacuoles formation. However, since the
observed process requires ATG16L1 [21], it appears to
be another form of CASM, distinct from STIL. Indeed,
our data revealed the existence of an equivalent non-
canonical autophagy pathway in macrophages, in addition
to LAP and STIL. This another CASM depended on both
ATGI16L1 and pneumolysin, but occurred independently
of ROS, matching the mechanism described in nonprofes-
sional phagocytes [21]. Its identification not only clarifies
that Lc3 recruitment was not completely abolished in the
absence of LAP and STIL components alone, but also
underline the complexity of host defense mechanisms
involving non-canonical autophagy.

Interestingly, Ogawa and colleagues have also reported
a hierarchical autophagic response in which LAPosomes
undergo Sqstml- and Optn-mediated xenophagy at later
stages of infection [21,58]. However, no such phenom-
enon involving xenophagy factors was observed in macro-
phages, neither in our study nor in that of others [26].
The various mechanisms evoked by pneumococci infec-
tion in different cells are most likely caused by differences
between professional and nonprofessional phagocytes,
such as the higher levels of ROS production of macro-
phages compared to fibroblasts or the degree of phagoso-
mal acidification [26].
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The observed differences, particularly the lack of xeno-
phagy activation in macrophages, are most likely caused by
differences between professional and nonprofessional phago-
cytes, such as the higher levels of ROS production of macro-
phages compared to fibroblasts or the degree of phagosomal
acidification [26].

We propose the following model of the fate of pneumo-
cocci within macrophages (Figure 9). The bacteria are
internalized by macrophages and trapped within Lc3-
decorated vesicles, which could be formed by three distinct
mechanisms depending on the nature of phagosomal mem-
brane perturbation. Florey and others have hypothesized
that any process that promotes osmotic imbalances within
the endolysosomal system would have the potential to
activate LAP-like LC3 lipidation [59]. Therefore, we believe
that in our model, the ROS-induced osmotic imbalance in
phagosomes containing pneumococci leads to LAP.
Alternatively, pneumolysin produced by bacteria trapped
in phagosomes inflicts other forms of membrane perturba-
tion, leading to either ROS-independent Lc3 lipidation via
unknown mechanism or sphingomyelin presence on the
outer side of phagosomal envelope and resulting in STIL.
This last scenario is additionally supported by a recent
report demonstrating induction of sphingomyelin exposure
to the cytoplasm in phagosomal membranes of
S. pneumoniae-infected BMDMs [60]. Both LAP and STIL
enhance pneumococcal killing within zebrafish macro-
phages as knockdown of pathway-specific components slo-
wed down the inactivation of bacteria in vivo but did not
completely impair it. This suggests that classical phagosome
maturation still occurs in the absence of these pathways
and the internalized pneumococci are still trafficked to
increasingly acidified vesicles, eventually leading to their
degradation.

Collectively, the presented results markedly advance our
knowledge of the innate immune response to pneumococ-
cal infections. By elucidating the abundant activation of
various CASM pathways, and probably negligible role of
xenophagy in professional phagocytes our study highlights
potential therapeutic targets that could be exploited to
enhance host defense mechanisms. Therefore, in addition
to LAP, we believe it is important to address other non-
canonical autophagy pathways in order to control pneumo-
coccal infection. This may offer novel ways for treatment,
especially in cases where traditional antibiotic-based thera-
pies are insufficient due to rising bacterial resistance, open-
ing the door to innovative immunomodulatory approaches
that could improve clinical outcomes in pneumococcal
infections.

Materials and methods
Ethics statement

All zebrafish experiments were conducted in accordance
with the European Community Council Directive 2010/63/
EU for the Care and Use of Laboratory Animals of
22 September 2010 (Chapter 1, Article 1 no.3) and
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Figure 9. Model of autophagic response to pneumococci within zebrafish macrophages. After internalization by phagocytes, pneumococci are sequestered within
Lc3-decorated vacuoles which are formed by three independent mechanisms: ROS-dependent LAP or two ROS-independent Ply-mediated pathways including STIL.

LAP occurs as a result of osmotic imbalance within bacteria-containing phagosome

caused by ROS production by NADPH oxidase. In contrast, STIL is induced upon

membrane perturbation caused by secretion of bacterial pneumolysin manifested by sphingomyelin presence on the outside leaflet of the phagosome. STIL is
dependent on Tecprla which recognizes sphingomyelin and mediates Lc3 lipidation. Last, the Atg16l1- and Ply-dependent pathway contributes to the smallest
portion of Lc3 lipidation. However, the specific mechanisms controlling this process remain to be revealed. Following Lc3-assisted vacuolar sequestration,
pneumococci are more efficiently targeted for lysosomal degradation and the Lc3 decoration is removed. The classical xenophagy receptors (sqstm1 and optineurin)
as well as the canonical autophagy initiation molecule (atg13) are dispensable in this model. Despite the absence of these xenophagy-mediating factors, the bacteria

are efficiently degraded. Figure created with BioRender.

National Journal of Law act of 15 January 2015, for
Protection of animals used for scientific or educational
purposes (Chapter 1, Article 2 no.1). All experiments with
zebrafish were performed on embryos/larvae up to 120h
post fertilization and were following ARRIVE guidelines.
The Jagiellonian University Zebrafish Core Facility (ZCF)
is a licensed breeding and research facility (District
Veterinary Inspectorate in Krakow registry; Ministry of
Science and Higher Education record no. 022 and 0057).

Zebrafish husbandry

Adult zebrafish were maintained by Zebrafish Core Facility
staff at the Jagiellonian University in accordance with the
standard protocol and international guidelines specified by
the EU Animal Protective Directive 2010/63/EU. Fish were
kept in a continuous recirculating closed system aquarium
with a light/dark cycle of 14/10 h at 28°C. Larvae were incu-
bated in standard E3 medium (5mM NaCl, 0.17 mM KClI,
0.33mM CaCl,, 0.33mM MgSO,) at 28.5°C according to



standard protocols [61]. All zebrafish lines used in this study
are listed in Table S1.

Bacterial cultures and infection experiments

All Streptococcus pneumoniae strains used in this study were
derived from serotype 2 D39 strain [62] and are listed in
Table S1. Pneumococci were grown on prepared Tryptic Soy
Agar 5% sheep blood plates (TSAII 5% SB; Becton Dickinson
[BD], B21261X) at 37°C in an atmosphere containing 5%
CO,. Liquid cultures were maintained in Todd-Hewitt Broth
(BD 249,240) supplemented with 0.5% yeast extract (Gibco
212,750) at 37°C in an atmosphere containing 5% CO,.
Bacteria were harvested at mid-log phase (ODgyy between
0.2-0.3) and subsequently centrifuged (5000g, 10 min) and
immediately resuspended in phosphate-buffered saline
(Bioshop, PBS404.100) to obtain the desired concentration
of approximately 1600 CFU/nl. Such prepared bacteria were
microinjected intravenously into 36 hpf zebrafish larvae as
described previously [63]. Briefly, larvae were anaesthetized
with 0.02% buffered tricaine (Sigma-Aldrich, A5040) and then
transferred onto 3% w:v methylcellulose (Sigma-Aldrich,
M?7027) and injected individually with 1 nl of bacteria inocu-
lum using microcapillary pipettes.

Staining of bacteria with pHrodo-Red and Alexa Fluor
647 S-ester dyes

The pHrodo Red (ThermoFisher, P36600) and Alexa Fluor
647 (ThermoFisher, A37573) succinimidyl-ester dyes were
dissolved in DMSO (Sigma-Aldrich, D8418) to the final con-
centrations of 2.5 mM and 8 mM, respectively. In the indi-
cated experiments, S. pneumoniae strains were stained as
previously described [25].

Generation of Aply mutant in S. pneumoniae

The S. pneumoniae Aply deletion strain was generated using
linear PCR fragments. Briefly, two ~1-kb flanking regions of
each gene were amplified and an antibiotic resistance marker
placed between them using isothermal assembly. Assembled
PCR products were transformed directly into S. pneumoniae.
In all cases, deletion primers were given the typical name:
“gene- designation”_5FLANK_F/R for 5' regions and “gene-
designation”_3FLANK_F/R for 3’ regions, antibiotic markers
were amplified from AbgaA strains [64] using the
AntibioticMarker_F/R primers. Successful gene deletion
strains were confirmed using diagnostic PCR. All bacterial
strains and oligonucleotides used in this study are listed in
Table S2.

Morpholino- and CRISPR/Cas9-mediated knockdown

The cyba morpholino oligonucleotides [32] (Gene Tools, 5°-
ATCATAGCATGTAAGGATACATCCC-3’) were dissolved
in MilliQ water to obtain the required concentrations of 1
mM. The 1 nl volume of morpholino was injected into the
yolk of 1-2 «cell stage zebrafish embryos using
a microinjector. Standard control morpholino (Gene Tools,
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5-CCTCTTACCTCAGTTACAATTTATA-3) was used as
a negative control. For CRISPR-Cas9-mediated atgl6ll,
rubcn, tecprla and tecprlb knockdown, the online web tool
CHOPCHOP was used to design a gene-specific guide
CRISPR of the following sequences listed in Table S3. The
synthetic guide RNA consisting of gene-specific CRISPR
RNA (crRNA; Merck, VC40002) and transactivating RNAs
(tracrRNA, Merck, TRACRRNAO5N) in combination with
Cas9 nuclease protein (NEB, M0386M) was used for gene
editing. TracrRNA and crRNA were resuspended to
a concentration of 50 uM in nuclease-free water. The gRNA-
Cas9 complexes were assembled before injections using
a 1:1:1 ratio of crRNA:tracrRNA:Cas9 nuclease with the
final concentrations of 16.6uM, 16.6uM, and 6.6 uM,
respectively. As controls, only Cas9 +tractrRNA were
injected without crRNA. Knockdown verification was per-
formed by the PCR use of primers with the sequences pre-
sented in the Table S2. For atg5 knockdown, a previously
published single guide RNA (sgRNA, Merck, VC40003) was
used. Briefly, 1 pul 25 uM sgRNA was gently mixed with 1 pl
25uM Cas9 and 3 pl H20 with the final concentration of
5 uM and 2 nl was injected. The mutagenesis efficacy for atg5
was determined by restriction fragment length polymorph-
ism analysis using the Msll enzyme as previously
described [65].

DPI treatment

At 1h before infection, larvae were bath-treated with 100 uM
DPI (Sigma-Aldrich, D2926) in E3 medium. The larvae were
then infected and kept in DPI solution until fixation. DMSO
at 0.1% was used as vehicle control.

Immunostaining
Larvae were fixed with 4% paraformaldehyde(PFA,
ThermoFisher, AAJ19943K2) supplemented with 0.5%

Triton X-100 (Sigma-Aldrich, X-100) in PBS and incubated
overnight at 4°C. Subsequently, fixed fish were washed four
times for 20 min in PBS with 0.5% Triton X-100 and 1%
DMSO (PBS-DTx). Next, the larvae were digested in 10 ug/
ml proteinase K (Sigma-Aldrich 1,073,930,010) for 10 min at
37°C. Then, larvae were quickly washed three timed for 5 min
and blocked with PBS-DTx containing 1% bovine serum
albumin (BSA; Sigma-Aldrich, A9418) for 1h at room tem-
perature and incubated overnight at 4°C in mono-and poly-
ubiquitinated conjugates recombinant mouse monoclonal
antibody (Enzo Life Siences, UBCJ2) diluted in the blocking
buffer 1:250. Next, larvae were washed in blocking solution
four times for 20 min and incubated at room temperature for
2h in blocking solution of secondary goat anti-mouse Alexa
Fluor 405 antibody (Invitrogen, A-31553) in 1:300 followed
with four times washes in PBS with 0.5% Triton-X100.

Microscopy imaging and analysis

Live anaesthetized or paraformaldehyde-fixed larvae were
immersed in 1% (w:v) low-melting-point agarose solution
in E3 medium and mounted laterally on a dish with
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a glass bottom. Images of the common cardinal vein (top of
Figure 1) were acquired using a Zeiss LSM900 Airyscan 2
confocal laser scanning microscope with ZEISS ZEN 3.3
software using the Plan-Apochromat 20x/0.8,
C-Apochromat 40x/NA 1.2 W or C-Apochromat 63x/1.20
W objectives. For quantification of the autophagic response
within infected phagocytes, for each larva, a total number of
observable infected phagocytes were manually determined
through the z-stacks of images. Among these total observable
infected phagocytes number of infected phagocytes with
GFP-Lc3 signals were enumerated, and the percentage of
Lc3-positive phagocytes over total observable phagocytes
was determined for each larva. Maximum projections were
used for representative images. No non-linear normalizations
were performed. For quantification of acidification, the
pHrodo Red fluorescence intensity, ZEISS ZEN 3.3 software
was used. Quantification of bacterial internalization was per-
formed as previously described [66].

Determination of in vivo bacterial counts

At various times postinfection, approximately 8-12 anesthe-
tized zebrafish larvae were individually transferred with 100 pl
of E3 medium into 0.5-ml Screw cap micro tubes (Sarstedst,
72.730.100) containing 2-mm Zirconia beads (Biospec,
11079124ZX) and homogenized using a FastPrep-24 5G
homogenizer (MP Biomedicals 6,005,500). The homogenates
were spotted on TSA plates containing 5% defibrinated sheep
blood to determine pneumococcal CFU numbers. The limit of
detection was 10 CFU per larva.

Western blot

For each immunoblot, 10 pl of each whole-cell lysate was run
on a 12% SDS PAGE gel (40 mA, =55min) and transferred
onto PVDF membranes (80 min, 50 V). Membranes were
blocked with 5% skimmed milk in 1x PBS 0.5% Tween 20
(Sigma-Aldrich 11,332,465,001) for 1 h (gently rocking, room
temperature). Membranes were washed three times with 1x
PBS, 0.05% Tween 20, and incubated with primary antibody
overnight gently rocking (4°C, 3% BSA in 1x PBS, 0.05%
Tween 20, 0.02% sodium azide). For detection of Ply,
a mouse anti-Ply antibody was used at a final concentration
of 1:1000 (mouse mAb to pneumolysin [PLY-4]; Abcam,
AB71810). The blocked PVDF membranes were washed
three times with 1x PBS, 0.05% Tween 20. The secondary
antibody (goat anti-mouse IgG conjugated to horseradish
peroxidase [Bio-Rad, 172-1011]) was used at 1:5000 and
applied in 1x PBS with 3% BSA for 1h at room temperature
with gentle shaking. Resulting blots were washed four times in
1x PBS, 0.05% Tween 20 and visualized using the Clarity
Western ECL Substrate kit (Bio-Rad, 170-5061) according to
the manufacturer’s instructions. Blots were imaged using
a Syngene G:BOX Chemi XX9image quantification device
combined with the GeneSys software (v1.6.7.0) using the
chemiluminescent detection tools.

Statistics

GraphPad Prism 10 was used for statistical analysis.
Quantifications of percent Lc3-positive phagocytes, CFU
counts, bacterial uptake, or pHrodo Red and GFP fluores-
cence intensity were determined for significance with
unpaired parametric t-test for 2 groups and with ANOVA
for multiple groups, with Sidak correction for multiple com-
parisons. Survival curves were analyzed with Log rank
(Mantel-Cox) test. Statistical significance was assumed at
P-values below 0.05.
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