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ABSTRACT

Secretory pore-forming proteins (PFPs) have been
identified in organisms from all kingdoms of life. Our
studies with the toad species Bombina maxima
found an interaction network among aerolysin family
PFPs (af-PFPs) and trefoil factors (TFFs). As a toad
af-PFP, BmALP1 can be reversibly regulated
between active and inactive forms, with its paralog
BmALP3 acting as a negative regulator. BmALP1
interacts with BmTFF3 to form a cellular active
complex called By-CAT. This PFP complex is
characterized by acting on endocytic pathways and
forming pores on endolysosomes, including
stimulating cell macropinocytosis. In addition, cell
exocytosis can be induced and/or modulated in the
presence of By-CAT. Depending on cell contexts and
surroundings, these effects can facilitate the toad in
material uptake and vesicular transport, while
maintaining mucosal barrier function as well as
immune defense. Based on experimental evidence,
we hereby propose a secretory endolysosome
channel (SELC) pathway conducted by a secreted
PFP in cell endocytic and exocytic systems, with By-
CAT being the first example of a SELC protein. With
essential roles in cell interactions and environmental
adaptations, the proposed SELC protein pathway
should be conserved in other living organisms.
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INTRODUCTION

Endocytosis and exocytosis play fundamental roles in
cell physiology
Endocytosis and exocytosis are fundamental in cell physiology
for the exchange of information and material between cells
and external environments as well as among cells.
Macropinocytosis, phagocytosis, and receptor-mediated
endocytosis are three major forms of endocytosis (Doherty &
McMahon, 2009; Palm, 2019; Palm & Thompson, 2017; Scita
& Di Fiore, 2010; Swanson & King, 2019; Wu et al., 2014).
Different membrane organelles exist in distinctive endocytic
pathways, including macropinosomes, phagosomes, and
endosomes. Together with lysosomes, they are collectively
referred to as endolysosomes. They are highly dynamic and
play key roles in endocytosis and diverse cellular processes,
including nutrient acquisition, membrane protein recycling,
intracellular signaling, cell migration, metabolic adjustment,
infection and immunity, development, and cell death
(Antonescu et al., 2014; Cossart & Helenius, 2014; Cullen &
Steinberg, 2018; Klumperman & Raposo, 2014; Moreno-
Layseca et al., 2019; Palm & Thompson, 2017; Wang et al.,
2018).

Cell exocytosis is a basic process in the homeostasis of cell
physiology. The secretion of extracellular vesicles (EVs)
comprised of exosomes and microvesicles, a heterogeneous
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group of cell-derived membranous structures, is an important
aspect of cell exocytosis. The secretion of EVs can be viewed
as the means of selective elimination of material from cells, as
well as a new mode of intercellular communication (Russell et
al., 2019; Van Niel et al., 2018). EVs are attributed numerous
roles in regulating both physiological and pathological
functions (Lindenbergh & Stoorvogel, 2018; Oggero et al.,
2019; Yanez-Mo et al., 2015).

Pore-forming proteins

Pore-forming proteins (PFPs) exist in a water-soluble
monomeric form, and many are secreted out of cells (Dal
Peraro & Van Der Goot, 2016). After undergoing extensive
conformational change under specific conditions, these non-
classic membrane proteins can form transmembrane pores
(channels) of various size (1 to 30 nm). Based on the second
structure of pores formed on the membrane, PFPs can be
divided into two groups: i.e., a-helix and B-barrel PFPs. Pore-
forming toxins (PFTs) are PFPs from microbes and are
virulence factors for infection (Dal Peraro & Van Der Goot,
2016; Omersa et al., 2019). Knowledge on PFPs derived from
plants and animals primarily includes their roles in cell death,
including Bcl-2 proteins, MACPF/perforin proteins, and
gasdermins (Banjara et al.,, 2020; Broz et al., 2020;
Lukoyanova et al., 2016).

Aerolysin is a B-PFT produced by the bacterium Aeromonas
hydrophila (Fivaz et al., 2001). The aerolysin domain is
defined according to its structural similarity to the
transmembrane domain of aerolysin (Szczesny et al., 2011).
Proteins with an aerolysin fold can be found in all organisms.
Particularly, a diverse array of aerolysin family PFPs (af-PFPs,
previously referred to as aerolysin-like proteins, ALPSs)
harboring an aerolysin domain fused with other domains have
been identified in various plant and animal species (Dang et
al., 2017; Szczesny et al., 2011; Zhang, 2015).

Amphibian research model

Amphibians exhibit physiological traits in common with all
vertebrates, including mammals. Our knowledge on many
aspects of animal physiology has been gained from the study
of amphibians. Historically, at least eight Nobel prizes have
involved the use of amphibian models. Currently, amphibians
are also used to answer fundamental questions on
developmental biology, regeneration, genetics, and toxicology
(Burggren & Warburton, 2007; Liu et al., 2016; Tandon et al.,
2017; Yokoyama et al., 2018).

Here, we review the discovery of the af-PFP and trefoil
factor (TFF) complex (named By-CAT) from the Chinese red
belly toad (Bombina maxima) as well as its cellular actions
and biological functions. We then propose that this secreted
PFP complex represents a hitherto unknown secretory
endolysosome channel (SELC) pathway, with By-CAT as the
first example of a SELC protein. Its regulatory assembly
mode, cell action mode, and endocytosis and exocytosis
regulation reflect interaction between cells and the
environment, as well as new regulatory strategies and
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effectors in adapting to the environment. The putative
conservation of the By-CAT-like SELC pathway in other living
organisms is also discussed. Future directions and challenges
in this newly emerging field are also addressed below.

SECRETORY PFP COMPLEX By-CAT AND ITS CELLULAR
ACTIONS

Discovery of af-PFP and TFF complex By-CAT

Af-PFPs and TFFs are major components in B. maxima
skin secretions: The toad species B. maxima was selected
as our research model. In addition to the rich existence of
well-known hormone-like and antimicrobial peptides, af-PFPs,
TFFs, oxidoreductases, immunoglobulin G (IgG) fragment
crystallizable (Fc)-binding protein, and albumin have also
been identified in its skin secretions (Zhang, 2015; Zhao et al.,
2014). We previously isolated a protein complex composed of
an af-PFP (By-crystallin domain fused with an aerolysin
domain, termed BmALP1 a-subunit) and a TFF (BmTFF3 B-
subunit), which was subsequently named By-CAT to reflect its
domain composition (Liu et al., 2008). This protein complex
formed membrane pores with a functional diameter of about
1.5-2.0 nm (Gao et al., 2011b; Liu et al., 2008).

Regulated assembly of By-CAT complex relies on
environmental cues: BmALP1 and BmTFF3 are products of
two genes with distinct secretory pathways (Liu et al., 2008;
Wang et al.,, 2020). For the assembly and dissociation of
complexes in toads, positive and negative control methods are
required. Indeed, as a novel af-PFP, BmALP3 is characterized
by a lack of membrane pore formation capacity (Wang et al.,
2020). BmALP3 senses environmental oxygen tension and
acts as a negative regulator of the By-CAT complex. These
two af-PFPs (i.e., BmALP1 and BmALP3) contain a conserved
cysteine in their C-terminal regions. BmALP3 binds to a
homodimer to oxidize BmALP1 through disulfide bond
exchange, thereby forming a BmALP1 homodimer and
polymer. This effect causes the By-CAT complex to dissociate
and lose its biological activity (Wang et al., 2020).

Double receptor binding pattern for By-CAT endocytosis:
By-CAT exerts biological actions intracellularly via its secretory
components. Cell surface molecules mediate the binding and
endocytosis of By-CAT. An interaction between By-CAT and
acidic glycosphingolipids (AGSLs) was uncovered. Further
detailed study revealed that the aerolysin-like domain of By-
CAT, but not the By-crystallin domain, specifically binds to
gangliosides, while the BmTFF3 subunit of the complex binds
to sulfatides, thus revealing a double receptor binding pattern
(Guo et al., 2019). Most AGSLs exist in membrane lipid raft
microdomains (McGonigal et al., 2019). Accordingly,
disruption of lipid rafts can impair the actions of By-CAT (Guo
etal., 2019).

As By-CAT is an exogenous factor to mammals, who
therefore lack relevant control or regulatory systems, By-CAT
shows potent biological activities, including in vivo and in vitro
toxicity to mammals and mammalian-derived cell lines (Gao et
al,, 2011a; He et al., 2008a, 2008b; Qian et al., 2008a,



2008b). However, growing experimental evidence suggests
that this PFP complex is not a typical biological “toxin” or
“weapon” for preventing potential attack by other living
organisms, but is an important endogenous physiological
element in B. maxima, in which it plays a fundamental
physiological function (Li et al., 2017; Xiang et al., 2014).

Cellular actions of By-CAT and biological outcomes
Amphibian skin exhibits important physiological functions, like
water economy, respiration, metabolite exchange, and
immunity. Skin is constantly confronted by a complex mixture
of potentially injurious factors and environmental interactions
to ensure sufficient uptake of water, electrolytes, and oxygen
(Haslam et al., 2014; Jgrgensen, 2000; Varga et al., 2018).
Obviously, mucosal barrier maintenance and immune defense
are essential in the amphibian life cycle. Accordingly, we
investigated and determined that the PFP complex By-CAT
indeed plays an active role in these biological requirements.
Stimulating macropinocytosis: In nucleated cells, By-CAT
a-subunit  BmALP1 is rapidly endocytosed with large
intracellular vacuole (>200 nm) formation, in which neutral red
uptake of the cells increases in a By-CAT dose-dependent
manner, indicating its capacity to stimulate cell
macropinocytosis. Protein endocytosis is important for cellular
functions, such as inducing cell detachment and migration (Liu
et al., 2008). In addition, By-CAT stimulates macropinocytosis
in dendritic cells (DCs) (Deng et al., 2020). The capacity of By-
CAT to induce and participate in cell macropinocytosis has
been also determined in cells from B. maxima, including
peritoneal cells (Li et al., 2017) and epithelial cells from the
toad (Zhao et al., unpublished observation). These results
reveal the capacity of the protein in stimulating cell
endocytosis in the form of macropinocytosis.

Enhancing antigen presentation via endolysosome
modulation: By-CAT enhances the macropinocytosis of DCs,
thereby increasing the internalization of ovalbumin (antigen)
(Deng et al., 2020). At the same time, By-CAT and ovalbumin
are rapidly endocytosed along the DC endocytic pathway. The
acidification of the antigen-containing vesicles in DCs is
neutralized, and the pores formed by the By-CAT a-subunit
(BmALP1) serve as channels to deliver endocytic antigen
peptides to the cytoplasm. Specifically, By-CAT stimulates
robust EV release from DCs, which rapidly activates T
lymphocytes. Finally, the action of By-CAT leads to both
cellular and humoral immune responses in vitro and in vivo
(Deng et al., 2020). Interestingly, the release of EVs promoted
by By-CAT has also been observed in B. maxima peritoneal
cells (Li et al., 2017).

Neutralizing endocytic organelle acidification to
counteract intracellular pathogens: Upon intracellular
infection with Listeria monocytogenes in B. maxima peritoneal
cells and fibroblasts, the By-CAT a-subunit (BmALP1) co-
localizes with the bacteria in endocytic vesicles. The presence
of BmALP1 and its pore formation result in the acidification
and neutralization of intracellular pathogen-containing
vesicles. Furthermore, By-CAT stimulates cell exocytosis, and

protein treatment leads to augmentation of non-lytic expulsion
of pathogen-containing vesicles. Thus, in vivo, By-CAT
effectively protects the toad against L. monocytogenes
infection (Li et al., 2017).

Causing lysosome destabilization to activate
inflammasomes: In the face of extracellular bacterial
infection, the Ry-CAT a-subunit (BmALP1) is rapidly
endocytosed in B. maxima peritoneal cells. It is oligomerized
and forms pores along the endocytic pathway. Lysosomal
destabilization and cathepsin B release occur. This action
results in the activation of inflammasomes and subsequent
interleukin-1B (IL-18) maturation and release. Accordingly, in
toad and mouse peritoneal infection models, By-CAT greatly
accelerates bacterial clearance and increases animal survival
(Xiang et al., 2014).

Promoting tissue repair: By-CAT exhibits a strong ability to
promote tissue repair. For example, consistent with the above
studies, inflammasomes are activated and IL-1B is rapidly
released upon protein treatment in murine cutaneous injury
models (Gao et al., 2019). The healing process is
characterized by accelerated re-epithelialization, ameliorated
dermal edema, and scar-less healing. Thus, By-CAT may fulfill
the physiological requirement of rapid tissue repair and skin
permeability for amphibian survival at the same time (Gao et
al., 2019).

Taken together, the secreted PFP complex By-CAT
assembles according to changes in environmental cues and
acts on AGSLs in lipid rafts to induce endocytosis, especially
macropinocytosis, in sensitive cells. Oligomerization and pore
formation of the By-CAT a-subunit (BmALP1) along the
endocytic pathway result in the formation of channels on the
endolysosome membranes, which facilitate the exchange of
substances between endocytic vesicles and cytoplasm. The
content and biochemical properties of these intracellular
vesicles can be modulated. Depending on various cellular and
environmental conditions, By-CAT activity can lead to diverse
cellular responses and biological outcomes (Li et al., 2017;
Wang et al., 2020; Xiang et al., 2014).

By-CAT REPRESENTS A NOVEL STRATEGY AND
EFFECTOR IN CELL PHYSIOLOGY

Secretory endolysosome channel (SELC) pathway in cell
endocytic and exocytic systems

The experimental evidence associated with By-CAT combined
with the necessity of cell physiology led us to propose the
hypothesis of secretory endolysosome channels (SELCs) and
related cellular pathways (SELC pathways), which function in
cell physiology and homeostasis as well as in cell adaptations
to environmental variations. By-CAT is the first example of a
SELC protein.

Major components in SELC pathway: The central element
of the SELC pathway is a secretory SELC PFP that can form
an endolysosome channel, and which belongs to af-PFPs,
other PFP families, or unidentified proteins with pore forming
capacity (Figure 1). In the extracellular environment, the SELC
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Figure 1 Proposed SELC pathway based on By-CAT evidence
There are four main steps in the proposed SELC pathway. Related
elements of By-CAT pathway are bracketed. (1) In extracellular
surroundings, a SELC PFP can be reversibly converted between
inactive or active forms by specific negative or positive regulators in
response to variations in environmental conditions (like oxygen
tension, water balance, pH, nutrients, metabolites, pathogens). Active
form of SELC PFP may or may not be necessary to interact with a
cofactor to form a cellular active complex. By-CAT is the former case.
(2) Active PFP or the complex binds membrane receptor(s) and
stimulates endocytosis, especially macropinocytosis. (3) PFP then
oligomerizes and forms channels on endolysosomes to facilitate
material exchange. (4) Actions result in distinct biological outcomes
depending on cell contexts and environment, see text.

PFP can be reversibly converted between inactive and active
forms. There should be specific sensors and regulators that
can sense and integrate environmental conditions (like oxygen
tension, water balance, pH, nutrients, metabolites, or
pathogens) to regulate the conversion of the SELC PFP
negatively or positively. In the case of By-CAT, BmALP3
senses environmental oxygen tension. Furthermore, active
SELC PFPs may or may not need to interact with a cofactor
chaperon to form an active PFP complex, with By-CAT being
the former case (Figure 1).

Manipulation of endocytic and exocytic systems by
endolysosome channels: An active SELC protein or its
complex (like By-CAT) stimulates and participates in
endocytosis, especially in the form of macropinocytosis,
which, in turn, facilitates the uptake of extracellular
substances. SELC proteins then oligomerize and form pores
on endolysosomes, which can be used as channels for
material exchange between endocytic organelles and
cytoplasm (Figures 1, 2).

Depending on the various temporal and spatial parameters
of distinct cell contexts as well as the conditions of cell
surroundings, several cellular action modes can be proposed
after SELC protein endocytosis (Figure 2). First,
macropinocytosis induced by the SELC protein could result in
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Figure 2 SELC proteins manipulate endocytosis and exocytosis
Depending on distinct cell contexts and environments, cellular action
of SELC proteins is well adapted for material uptake and exchange as
well as vesicular transport either within a cell or across cells. (1)
Macropinocytosis induced by SELC protein results in uptake of
external material, including water and solutes (nutrients or antigens).
Solutes may be processed and/or hydrolyzed in endolysosomes, and
channels formed by SELC protein can mediate the release of resulting
products from vesicles to cytoplasm. (2) Channels formed by SELC
protein on endolysosomes can mediate material exchange, which
results in biochemical property modulation of vesicles (e.g., pH and/or
content), leading to specific cellular responses. (3) Furthermore,
exocytosis can be induced and modulated in the presence of a SELC
protein, which plays a role in transcytosis of cell surrounding materials
(like lipids with a carrier), secretion of intracellular materials, and waste
expulsion. (4) SELC proteins may participate in the recycling and re-
distribution of membrane components, like functional proteins and lipid
components.

the uptake of external materials (like antigens, water, and
solutes). The channels formed in endolysosomes by the SELC
protein could mediate the release of acquired solutes, which
may have been hydrolyzed and processed into unfolded small
molecular mass components in the organelles to cytoplasm,
Second, SELC proteins could lead to the modification of the
biochemical properties of SELC-containing vesicles (like pH
and/or content) due to their channel formation on
endolysosomes, resulting in specific cellular reactions. Third,
exocytosis could be induced and modulated in the presence of
SELC proteins, which function in the transcytosis of materials
surrounding cells, such as lipids bound in a carrier (like
albumin), as well as the secretion of intracellular materials.
Fourth, SELC proteins may participate in the recycling and re-
distribution of membrane-integrated components, like
functional proteins and lipid components (Figure 2).

Necessity of SELC pathway in cell physiology

Characteristics of SELC pathway: SELC proteins have their
own intrinsic advantages and characteristics in the
communication between cells and their surroundings. (1) A
SELC protein could be constitutively expressed in situ or could
circulate in biological fluids, extending their actions remotely.



(2) Depending on environmental cues, the related sensors and
regulators of a SELC protein (Figure 1) could immediately
manipulate the state of the protein to fulfill specific cell
requirements with high efficiency, especially in emergency
conditions. (3) An activated SELC protein could act in specific
and distinct cell regions in a temporal and spatial manner to
trigger proper cellular responses. (4) SELC proteins may
undertake direct vesicular transportation of cargo, which can
be released within cells or transported across cells in their
native forms and/or processed products within endolysosomes
(Figure 2).

Roles in cell physiology and homeostasis: The SELC
pathway may play active and essential roles in cell
interactions with and adaptations to the environment
surrounding the cell. As exemplified by By-CAT and
depending on cell contexts and environmental cues, the action
of SELC proteins could lead to diverse cellular responses and
biological outcomes. It can be reasonably predicted that the
SELC pathway is necessary and functions in external material
uptake (like oxygen, water, nutrients, antigen, and other
necessary substances) and vesicular transport, immune
surveillance and responses, metabolic adjustment, and
exocytosis modulation (including expulsion of metabolites,
poisons, and waste as well as unconventional secretion).
Collaboration with classic membrane-integrated proteins:
Classic membrane proteins, like receptors, ion channels, and
transporters, are responsible for communication between
intracellular and extracellular environments. The SELC
pathway conducted by a SELC protein and accessory
components in the extracellular environment may function as
the humoral regulatory network of cell endocytosis and
exocytosis. Secreted PFPs like the SELC protein y-CAT may
also be viewed as secretory vesicular transporters. Obviously,
this humoral system could collaborate with classic membrane-
integrated proteins in cell physiology and homeostasis. It is
possible that the endocytosis stimulated by a SELC protein
plays a role in the sorting of specific plasma membrane
elements, such as functional integrated proteins or lipid
components, which help to regulate cell responses to
environmental variations (Figure 2).

It can be speculated that in undifferentiated cells, like
oocytes, stem cells, progenitor cells, and end differentiated
cells like keratinocytes in the epidermis, classic membrane-
integrated proteins may be in short states, and the humoral
system may be more significant and effective. For instance,
the SELC pathway may play an essential role in the process
of nutrient acquisition from egg white and yolk in proliferating
embryonic cells of oviparous animals.

SELC protein candidates
In various living organisms, SELC protein candidates may
come from secretory PFPs. These secretory PFPs may
belong to different PFP families. In addition, new proteins with
potential membrane pore-forming capacities are awaiting
identification.

By-CAT is the pioneer SELC protein member. Interestingly,

By-CAT-like PFPs, which are members of af-PFPs, are highly
conserved within various species of the same class of plants
and animals (Szczesny et al., 2011; Zhang, 2015). However,
these proteins are characterized by low sequence similarity,
especially in the aerolysin domain (<20% similarity), raising
difficulties in resolution of their conservation by traditional
methods (Szczesny et al., 2011; Zhang, 2015). Alternatively,
many proteins are grouped into af-PFPs based on their 3D
structures, though they are elusive at the sequence level
(Cirauqui et al., 2017; De Colibus et al., 2012).

Plant af-PFPs: In a single plant species, there are multiple
gene copies encoding af-PFPs, which are composed of two N-
terminal agglutinin domains and a C-terminal aerolysin-like
domain and are well conserved in various species along plant
evolutionary lineages. Sixteen genes encoding af-PFPs have
been retrieved from the cucumber genome (Dang et al,
2017). Overexpression of a flower-specific af-PFP in Rumex
acetosa alters flower development and induces male sterility
in transgenic tobacco (Manzano et al.,, 2017). A gene
encoding an af-PFP protein confers resistance to fusarium
head blight, a devastating disease of wheat and barley (Rawat
et al., 2016).

Animal af-PFPs: Lysenin and biomphalysin are af-PFPs
found in the earthworm Eisenia fetida and snail Biomphalaria
glabrata, respectively (Galinier et al., 2013; Sekizawa et al.,
1997). Mutation of Lin-24, an af-PFP derived from
Caenorhabditis elegans, causes abnormal vulva development,
leading to a failure to lay eggs (Galvin et al., 2008). Ep37
proteins from the newt Cynops pyrrhogaster are homologous
to BmALP1, which is proposed to be involved in epidermal
development (Ogawa et al, 1997, 1998). Fish af-PFPs,
including Danio rerio DIn1 (Jia et al., 2016), Thalassophryne
nattereri natterins (Magalhdes et al., 2005), and those from
lampreys (Pang et al., 2017; Wu et al., 2017), are proposed as
defense molecules in fish immune systems.

The regulatory C-terminal cysteine residue in the By-CAT a-
subunit (BmALP1), which links protein machinery with B.
maxima skin respiration, is highly conserved from fish to
reptiles, suggesting that the SELC pathway may play a role in
hypoxia adaptation (Wang et al., 2020). Interestingly, the
conserved cysteine site is mutated to a serine residue in birds.
Fish and amphibians live in water and sensing environmental
oxygen tension and initiating proper cellular responses are
essential in their life cycle. Accordingly, the regulatory site is a
cysteine residue in these animals. Birds live on land with rich
oxygen and a well-evolved lung respiration system, and
actively sensing oxygen tension change may not be fatal.
Serine substitution can convert the regulatory model into a
new adaptation (Wang et al., 2020).

It should be noted that SELC proteins may not necessarily
be af-PFP family members. In contrast, not all af-PFP
members from eukaryotic organisms may function as a SELC
protein. Obviously, in the evolutionary process, af-PFPs in
different organisms have evolved to play distinct biological
functions. Besides bacterial virulence factors, some af-PFPs
have been recruited to animal venom glands as toxins (Zhang,
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2015).

Do By-CAT-like af-PFPs exist in mammals?: Though af-
PFPs are well conserved and easily identified from fish to
birds, their existence in mammals remains elusive. Until now,
no homologue to the aerolysin domain has been found in
mammalian species following sequence-based search
methods. In contrast, the domains that are often fused with the
aerolysin domain to form af-PFPs in vertebrates, such as the
By-crystallin, lectin, and Ig-like domains, are well conserved in
mammals. Specifically, the B-subunit of By-CAT is a TFF,
which are well conserved in mammals (Zhang et al., 2011).
There are several possibilities to explain this phenomenon.

First, as mentioned above, af-PFPs are characterized by
low sequence similarity with each other, which may lead to
missing homologous sequences during searching (Cirauqui et
al., 2017; Szczesny et al., 2011). Accordingly, the discovery of
potential structural similarities shared by mammalian proteins
with By-CAT-like PFPs depends on comparison of their 3D
structures.

Second, for unknown reasons, other protein family
members may have evolved to be SELC proteins in mammals
along the evolutionary process. As mentioned above, SELC
proteins may not necessarily be af-PFP family members.
These alternative proteins may be responsible for cellular
actions similar to those of By-CAT-like SELC proteins. It is
worth noting that human Regllla (also known as HIP/PAP)
possesses a previously unappreciated pore forming capacity
for the C-type lectin family (Mukherjee et al., 2014). o-
Synuclein, a presynaptic enriched protein, has been found to
form pores in lipid membranes (Schmidt et al., 2012). Of
course, other secretory proteins with pore forming capacities
are awaiting future identification.

Third, the strategies and effectors involved in cellular
interactions with and adaptations to the environment via
modulation of cell endocytic and exocytic pathways by
secretory elements, like SELC proteins, may not have been
suitable and have been lost in mammals. As discussed above,
the SELC pathway proposed here should represent one of the
primary strategies and protein working networks in cell
physiology because they interact with the surrounding
environment as well as among cells themselves. Accordingly,
the sudden and total disappearance of SELC proteins seems
improbable. In our opinion, the first two possibilities are more
likely the case in mammals.

Differences between physiological SELC protein By-CAT
and bacterial aerolysin toxin

By-CAT is the first example of a SELC protein. Though the By-
CAT a-subunit (BmALP1) is a bacterial PFP aerolysin family
member, its nomenclature only reflects that the protein
contains a membrane insertion domain similar to that of the
aerolysin toxin. These two proteins are different in their
molecular compositions, regulatory and activation patterns,
cell targets, cellular acting pathways, and pathophysiological
relevance.

Activation mechanism: Aerolysin is a bacterial single gene
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product that is activated via proteolytic cleavage of a C-
terminal fragment by host proteases (Van Der Goot et al.,
1994). Comparatively, the regulatory manner of By-CAT
appears to be more meticulous. The initial action of the By-
CAT oa-subunit (BmALP1) needs a cofactor, i.e., BmTFF3,
which is a distinct gene product secreted by a different
pathway. Consistent with its physiological requirements,
BmALP1 is reversibly regulated by its paralog BmALP3
depending on environmental redox states, like oxygen tension
(Wang et al., 2020).

Cellular targets and actions: Glycosylphosphatidylinositol
(GPI)-anchored proteins act as membrane receptors to
mediate aerolysin action, whereas the SELC protein By-CAT
interacts with membrane AGSLs in a double binding pattern
(Guo et al., 2019). Unlike aerolysin, which forms pores on the
host cell plasma membrane (Gurcel et al., 2006), By-CAT a-
subunit (BmALP1) acts on cell endolysosomes. By-CAT is the
first example of an endogenous PFP that stimulates the
production and release of functional exosome-like EVs via the
endosomal system, which differs from the plasma membrane-
derived microvesicles stimulated by bacterial PFTs (Gurcel et
al., 2006; Romero et al., 2017).

Biological functions and significance: The biological
outcomes of these two PFPs are different. For example,
aerolysin perturbs cell tight junction integrity and induces
barrier defects in intestinal epithelial cells for the purpose of
invasion (Bucker et al., 2011). In contrast, the SELC protein
By-CAT maintains mucosal barrier integrity by accelerating re-
epithelialization during tissue repair (Gao et al.,, 2019). The
divergence of these two proteins is consistent with the fact
that aerolysin is a virulence factor for bacterial invasion
(Chang et al., 1997), whereas By-CAT is a physiological
component of B. maxima (Gao et al., 2019; Li et al., 2017;
Wang et al., 2020; Xiang et al., 2014).

FUTURE DIRECTION AND CHALLENGES

Evolutionary conservation of and variation in By-CAT-like
SELC pathways
Investigations on evolutionary conservation of By-CAT-like
SELC pathways in other vertebrates is an important future
challenge. Predictably, variations with specific physiological
relevance may have occurred in the SELC pathway in different
vertebrates, which deserves further study. Many possibilities
could be postulated for the physiological functions of the
SELC pathway in vertebrates. Key points should focus on the
fundamental processes related to animal interactions with and
adaptations to distinct environments. These include, but are
not limited to, external material uptake (e.g., water, oxygen,
nutrients, antigens) and vesicular transport, as well as
regulation of immune responses and maintenance of mucosal
barrier function, metabolic flexibility, and exocytosis
modulation.

Future study should help illustrate how the SELC pathway in
vertebrates is linked to basic cellular processes (endocytosis
and exocytosis) and to fundamental issues in animal



interactions with and adaptations to various environments,
especially the water-oxygen-metabolism axis in the vertebrate
life cycle and conservation and variation within different animal
classes along evolutionary processes.

SELC protein By-CAT in B. maxima skin water-oxygen
balance

Water and oxygen are essential for life. Given that toads, such
as B. maxima, live on land and in water, their skin is an
important organ in water uptake and loss as well as respiration
(gas exchange). While oxygen is abundant on land,
dehydration is a real challenge. In contrast, low oxygen
tension (potential hypoxia) can be problematic in water
environments. Accordingly, water-oxygen balance is an
essential issue for toads. As major protein components in skin
secretions, af-PFPs and TFFs likely play direct and indirect
roles in essential physiological processes, including the
following.

Function in water uptake and maintenance: The SELC
protein By-CAT in toads can induce cell macropinocytosis.
Reasonably, this property of the protein machinery may
function for water uptake to counteract dehydration under
hypertonic irritation. Furthermore, internalization and recycling
of aquaporins between the plasma membrane and endosomal
compartments play roles in controlling water uptake and
maintenance (Shibata et al., 2014; Suzuki et al., 2015).
Potential endocytosis and re-distribution of aquaporins
induced by By-CAT may also modulate water uptake and loss
in toads. Thus, the potential actions of other PFP homologues
of By-CAT should be considered in future study.

In many species of amphibian, the skin surface is covered
with a lipid layer, which prevents evaporative water loss (EWL)
on land (Barbeau & Lillywhite, 2005; Centeno et al., 2015;
Haslam et al., 2014; Sadowski-Fugitt et al., 2012). The SELC
protein By-CAT and/or its PFP homologues may modulate the
lipid barrier in a temporal and spatial manner via endocytosis
and vesicular trafficking to facilitate water balance. In B.
maxima, albumin is expressed in the skin and is widely
distributed around the membranes of epithelial layer cells and
within the stratum spongiosum of the dermis (Zhang et al.,
2005). Albumin may participate in the modulation of skin lipids
by acting as a lipid carrier and could be transported via By-
CAT- and/or PFP homologue-induced macropinocytosis.
Function in respiration: The oxygen tension-dependent
control of the SELC protein By-CAT by its paralog BmALP3
links protein machinery with skin respiration (Wang et al.,
2020). Albumin expressed in B. maxima skin is distinct from
that in serum by binding to a haem b cofactor (Zhang et al.,
2005). One of possible functions of the haem b cofactor in
toad skin albumin may be in cutaneous gas exchange.
Whether albumin transport mediated by By-CAT and/or PFP
homologues from external environments to intercellular
spaces can facilitate gas exchange in toad skin is an important
question.

Hypoxia and inflammation are intertwined at the molecular,
cellular, and clinical levels (Eltzschig & Carmeliet, 2011;

Medzhitov, 2008). In some cell contexts under specific
environmental conditions, By-CAT can activate
inflammasomes to induce inflammatory responses (Xiang et
al., 2014), which should dilate blood vessels and increase
blood flow to facilitate gas exchange, especially under acute
hypoxic conditions. The possible link between By-CAT and the
activation and translocation of hypoxia-inducible factor 1 (HIF-
1) deserves further investigation.

Membrane ftrafficking and recycling of endosomes play
active roles in epithelial remodeling, during which cells change
shape and position while maintaining cell to cell contact
(Jouette et al., 2019; Le Droguen et al., 2015). It is speculated
that the endocytosis and re-distribution of cell adhesion
proteins and cytoskeleton elements induced by By-CAT and/or
its PFP homologues may lead to cell shape changes and
remodeling of epidermal cell layers to modulate water-oxygen
balance in toad skin.

Roles in material acquisition and vesicular transport

In cell metabolism: Endocytosis in the form of
macropinocytosis can uptake extracellular material (solutes in
fluid phase) (Lim & Gleeson, 2011; Palm, 2019). As
mentioned, the SELC protein By-CAT may be viewed as a
novel type of secretory vesicular transporter. It is highly
possible that this af-PFP and its homologues participate in the
uptake and vesicular transport of external material and/or
membrane components (Figure 2). Furthermore, By-CAT and
its PFP homologues may facilitate cells to acquire
macromolecules as nutrients as well as other necessary
solutes in the cell life cycle, and the related significance in cell
metabolism and biomass building deserves further study. On
the other hand, due to the molecular pathway shown in
Figure 2, these PFPs may play a role in vesicular transport
and output of cell metabolites, which also requires further
investigation.

In cell migration: Macropinocytosis is involved in cell motility
(Donaldson et al., 2009; Gu et al., 2011; Llanses Martinez &
Rainero, 2019). By-CAT promotes cell migration rapidly in
wound healing (Gao et al., 2019). The potential regulation of
cell adhesion and cytoskeleton components via endocytic and
exocytic recycling triggered by By-CAT could modulate cell
shape and cytoskeleton network to facilitate cell migration.

In transcytosis: Transcytosis is a strategy used by
multicellular organisms to move material between two
environments while maintaining cellular barrier functions
(Conner & Schmid, 2003; Tuma & Hubbard, 2003). The
neutralization of the acidification of endolysosomes along the
endocytic pathway by By-CAT could prevent lysosome
degradation of material in the By-CAT-containing vesicles,
which may result in material transcytosis via EV release
(Figure 2).

SELC protein By-CAT directly acts on EVs

EVs circulate in all biological fluids and can trigger biological
responses at a distance. To deliver their cargo into recipient
cells, the cells engulf EVs via receptor-mediated endocytosis,
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macropinocytosis, or membrane fusion (Meldolesi, 2018;
Record et al., 2018; Van Niel et al., 2018). However, many
molecules in EVs, such as cytokines, growth factors, and
metabolites, act on their targets on the cell surface or exhibit
biological effects in the extracellular environments.
Conceivably, there may be alternative ways in vivo for the
release of specific EV cargo into extracellular fluids, which
could be mediated by secretory PFPs under specific
regulation.

Accordingly, it would be interesting to study the direct action
of the SELC protein By-CAT and its PFP homologues on EVs
and their physiological relevance. Under proper conditions, the
oligomerization and channel formation of PFPs in EVs may
lead to the spatiotemporal release of EV cargo molecules to fit
specific biological requirements in situ (Figure 3). Alternatively,
the channels formed by PFPs may also serve to uptake
specific material in cell surroundings, and the cell may acquire
the materials taken up by fusion with the vesicles containing
PFP channels, serving as an alternative way for cells to
acquire extracellular materials (Figure 3). Thus, SELC proteins
could extend their functions as secretory EV channels.

Mechanism of SELC protein By-CAT endocytosis

The SELC protein By-CAT exerts cellular effects after
endocytosis in the form of macropinocytosis. Macropinocytosis
is believed to be a signal- and actin-dependent process that
normally occurs in response to growth factor stimulation (Lim
& Gleeson, 2011; Palm, 2019; Swanson & King, 2019).
Interestingly, By-CAT targets AGSLs in lipid rafts to initiate
stimulation and participation in macropinocytosis. The signals

Depending on specific need
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Figure 3 Proposed direct action of SELC PFP on EVs

EVs comprised of exosomes and microvesicles circulate in biological
fluids. They bear cargo molecules, like proteins and metabolites.
Membrane active secretory PFPs, like SELC protein By-CAT, can be
tightly regulated by specific regulators relying on distinct micro-
environmental conditions (Figure 1). Subsequent oligomerization and
channel formation of PFPs in EVs may lead to release of EV cargo
molecules in a temporal and spatial manner to fit specific cellular and
biological requirements in situ. Alternatively, channels formed by PFP
can also be used to take up specific substances in the surrounding
environment, and cells can obtain these substances by fusing with
vesicles containing PFP channels, functioning as an alternative way
for cells to acquire extracellular material.
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downstream of the lipid components and their relationship with
cytoskeleton rearrangement are important open questions.
Thus, the putative variation between classic macropinocytosis
and that induced by By-CAT could be expected and should be
emphasized.

Membrane pore/channel properties of SELC protein By-
CAT

A question that needs to be addressed is the selectivity of
channels formed by the SELC protein By-CAT for specific
substance(s) in living cells. The pore size formed by an af-
PFP is around 1.5 nm (Jia et al.,, 2016; Liu et al., 2008;
Podobnik et al., 2016), similar to that formed by aerolysin.
Aerolysin pores have been applied as nano-sensors in
biomolecular detection and identification (Ouldali et al., 2020;
Wang et al., 2018). Peptides, unfolded proteins, nucleic acids,
and polysaccharide chains can be transported through
aerolysin pores (Ouldali et al., 2020; Wang et al., 2018). This
raises the possibility that these substances could potentially
be transported through the pore formed by the endogenous
SELC protein By-CAT.

After endocytosis with By-CAT, the solutes in extracellular
fluids could be transported to the cytosol or intercellular
spaces (Figure 2). The transport of antigen peptides to the
cytosol via the By-CAT pore has been observed previously
(Deng et al., 2020). Alternatively, substances in cytosol, like
unfolded proteins, nucleic acids, or lipids, could be transported
to By-CAT-vesicles for subsequent vesicular transport within
or out of the cell (Figure 2).

Regulation of SELC protein By-CAT in various stages

The SELC protein By-CAT is likely to be tightly regulated,
however, this requires further investigation. In the extracellular
milieu, positive and negative regulatory elements exist for the
assembly and disassociation of the By-CAT complex in toads;
for example, its paralog BmALP3 (Wang et al., 2020). In
addition, putative positive regulator(s) for the promotion of By-
CAT assembly is the focus of ongoing studies.

In the process of Py-CAT oligomerization, micro-
environmental parameters, like membrane lipid compositions
or pH, may influence PFP oligomerization and channel
formation. Weak acidic environments (pH 5.5-6.5) facilitate
By-CAT a-subunit (BmALP1) oligomerization (Ye, 2020), in
accordance with a fact that By-CAT a-subunit (BmALP1)
prefers to oligomerize and form channels on endolysosomes
(Li et al., 2017; Xiang et al., 2014).

Growing evidence suggests that some unknown elements
may regulate the opening or closing of channels formed by the
SELC protein By-CAT. The By-CAT a-subunit (BmALP1) is an
af-PFP with two By-crystallin domains fused at its N-terminal
part, which can bind to nucleotides (He et al., 2008b).
Adenosine triphosphate (ATP) and guanosine triphosphate
(GTP) block fluorescent dye efflux out of the BmALP1
channels, implying that nucleotide binding may lead to
channel closure (Ye, 2020).

The C-terminal cysteine residue in the By-CAT a-subunit



(BmALP1), which is conserved in vertebrate af-PFPs, is the
site involved in the regulation of By-CAT assembly in the
extracellular milieu (Wang et al., 2020). However, after
BmALP1 oligomerization and channel formation on
endolysosomes, it is also possible that the cysteine residue
acts as a key site in sensing intracellular conditions (like redox
states) and in regulating the properties of the channels
formed.

Potential application of SELC protein By-CAT

Molecular probe in cell biology: As the first example of a
SELC protein, the SELC pathway of By-CAT suggests that the
protein may be an extremely valuable molecular probe,
especially in cell biology. Following the cellular path of By-CAT
could result in exciting discoveries concerning endocytosis
and exocytosis.

The By-CAT a-subunit (BmALP1) can exist in multiple
forms, including monomers, homodimers, and BmTFF3
complexes (Liu et al., 2008; Wang et al., 2020). Consequently,
how to detect active By-CAT with physiological functions is an
important question. Quantitative hemolysis assay could help
detect active By-CAT. Alternatively, monoclonal antibodies
against By-CAT could be developed to detect the biologically
active complex. In addition, as By-CAT works in the form of
oligomers in the membrane, it would be necessary to
determine the number of monomers that form oligomers,
which is a subject of ongoing study.

Therapeutic agent: By-CAT is highly effective at stimulating
immune responses to counteract pathogen infections (Deng et
al., 2020; Li et al., 2017; Xiang et al., 2014) and to promote
wound healing (Gao et al.,, 2019). By-CAT may reduce
excessive epithelial hyperplasia and prevent scar formation by
the activation of cell death signals (Gao et al., 2019). These
properties make the protein an ideal candidate as a
therapeutic agent in clinical settings. However, By-CAT drug
development is currently hindered by the relatively low
quantity obtained by purification from skin secretions.
Adjuvant in vaccine preparation: A big challenge for a
vaccine adjuvant is its ability to induce cellular immunity
against extracellular pathogens or malignant cells. DC cross-
presentation plays a vital role in vaccine development
(Coffman et al., 2010; Ho et al., 2018). The SELC protein By-
CAT may strongly stimulate MHC-I-mediated cross
presentation. Particularly, By-CAT stimulates robust EV
release from DCs, which rapidly activates T lymphocytes
(Deng et al., 2020). These properties render By-CAT a potent
adjuvant candidate.

CONCLUDING REMARKS

Secretory PFPs have been identified in organisms from all
kingdoms of life. Most studies on PFPs have focused on their
role in cell death, including virulence factors of pathogens or
effectors of host immune systems (Dal Peraro & Van Der
Goot, 2016; Delbridge et al., 2016; Kovacs & Miao, 2017; Liu
& Lieberman, 2020; Merle et al., 2015; Zhang, 2015). To
benefit from amphibian research models, sufficient amounts of

af-PFP and TFFs can be identified and purified from the skin
secretions of B. maxima, especially in their natural form.
Studies have illustrated an unexpected interaction network
among extracellular af-PFPs (paralog regulation of BmALP1
by BmALP3) and TFFs (formation of SELC protein complex
By-CAT) depending on environmental conditions.

Importantly, one of the formation modes of regulated SELC
protein By-CAT is oxygen tension dependent. The PFP
complex acts in the endocytic pathway by channel formation
on endolysosomes, including stimulating cell
macropinocytosis, which can facilitate substance uptake and
exchange as well as vesicular transport. On the other hand,
cell exocytosis would be induced and/or modulated in the
presence of SELC proteins depending on cell contexts and
surroundings. These cellular effects are in accordance with
the biological requirements of the toad in material acquisition
and exchange, vesicular transport, water-oxygen balance, and
metabolic adjustment, whilst maintaining mucosal barrier
homeostasis and fulfilling immune defense.

Our research identified an unexpected SELC pathway
conducted by a secretory PFP in cell endocytic and exocytic
systems with relevant physiological effects. With this newly
obtained evidence, future studies should illustrate the possible
conservation and variation of these novel cellular strategies
and SELC pathways in interactions with and adaptations to
the environment in other living organisms (especially
vertebrates) and clarify their physiological relevance. Such
studies will eventually lead to novel strategies and methods to
combat human diseases, like cancer, atherosclerosis,
neurodegeneration, and immune abnormalities.
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