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The lifecycle of positive strand RNA viruses occurs in close association to host intracellular
membranes as a mechanism to isolate viral replication from cellular restriction factors and innate
immune detection. Distinct virus families rely on different membrane sources, each employing
unique strategies to manipulate host membranes for their own advantage. One major source of
these membranes is the endoplasmic reticulum (ER), which functions at the center of many cellular
processes, including secretory pathway and autophagy vesicle trafficking. We have identified
Bactericidal/permeability-increasing protein (BPI) fold-containing family B3 (BPIFB3) as a host
endoplasmic reticulum (ER) localized protein that differentially controls the replication of two
distinct virus families, enteroviruses and flaviviruses, through a non-canonical autophagy
pathway. BPIFB3 belongs to the BPIFB protein family which have predicted lipid binding and
transfer abilities. This family of proteins has been largely uncharacterized, and their intracellular
function has remained to be elucidated. Here we expand on our previous work and address the
cellular function of BPIFB3 in two parts. First, we focus on the effects of BPIFB3 induced
autophagy on the replication of two flaviviruses, dengue virus (DENV) and Zika virus (ZIKV),
and determine that the reticulophagy mediated turnover of ER membranes during BPIFB3
depletion inhibits DENV and ZIKV replication. Second, we identify two unique BPIFB3 binding
partners, ADP Ribosylation Factor GTPase Activating Protein 1 (ARFGAP1) and Transmembrane
emp24 domain-containing protein 9 (TMED9), that are required for the induction of BPIFB3si

mediated non-canonical autophagy. Lastly, we expand on the work presented here in the context



of what is known about non-canonical autophagy regulation and present a novel model for BPIFB3
function. We further discuss the downstream effects of BPIFB3 depletion on autophagy regulation
and positive strand RNA virus replication. This work defines BPIFB3 as a novel regulator of
flavivirus replication and provides meaningful insights into the mechanisms of non-canonical

autophagy regulation and their impact on positive strand RNA virus replication.
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1.0 Introduction

Positive strand RNA viruses, including flaviviruses and enteroviruses, rely on host
intracellular membranes for multiple stages of their replicative lifecycle. In addition to relying on
host membranes for entry and egress, these viruses also usurp membranes for the formation of
viral replication organelles (RO) which are essential to the replication and assembly of progeny
virions. Our work has been largely focused on understanding the host factors that are required for
the viral manipulation of host membranes, allowing for RO formation. Research from our
laboratory has identified the host proteins BPIFB3 and BPIFB6 as regulators of enterovirus
replication (1, 2). However, prior to this work, members of the BPIFB protein family were not
extensively studied. Early reports on BPIFB proteins focused on characterizing their expression
pattern in human tissues and analysis of their predicted gene function based on sequence homology
to existing lipid binding proteins (3-5). These initial studies identified BPIFB proteins and the
related BPIFA proteins as secreted proteins that are highly expressed in the lung, palate, and nasal
epithelium (6). Both BPIFB and BPIFA proteins were initially predicted to have a similar function
to BPI as secreted antimicrobial or surfactant proteins in the human airway (5). However, our work
has defined an intracellular role for two members of the BPIFB protein family irrespective of tissue
localization. BPIFB3 and BPIFB6 are endoplasmic reticulum (ER) localized proteins that have
clear roles in regulating vesicle trafficking from the ER. Our previous work defined a role for
BPIFB6 in secretory pathway trafficking (2), while the work presented here in combination with
previously published work extensively characterizes the role of BPIFB3 in the regulation of non-

canonical autophagy and RNA virus replication (1, 7, 8).



1.1 Positive strand RNA viruses

Positive sense single stranded RNA viruses comprise a group of virus families that are
classified by the structure of their genetic material and share a number of key commonalities in
their replication cycles. Viruses within this group encompass a diverse array of human pathogens
that have distinct structural and pathological differences. Including many pathogens that are known
to cause moderate to severe disease in humans, such as poliovirus, dengue virus, Zika virus, and
members of the coronavirus family.

Following internalization and uncoating of the virion, the genome of all positive strand
RNA viruses serves as mRNA and is directly translated by the host ribosome. This allows these
viruses to not package their own replication machinery within the capsid given that the RNA-
dependent RNA polymerase that is required for viral replication can be produced immediately
following entry of the virus (9). After the first wave of protein translation, the virally encoded
replication machinery copies the positive sense genome to produce the compliment negative
strand. This compliment strand is then used as a template for the production of more viral RNA
(VRNA) genomes that can be used for the translation of additional viral proteins or packaged to
produce progeny virions (10).

One common theme that all positive strand RNA viruses share is the enclosure of their
replication machinery within host derived membrane compartments, termed replication organelles
(Figure 1) (11-14). The formation of ROs is an essential stage of the viral life cycle that serves to
enclose the viral genetic material and the double stranded RNA replication intermediate from
detection by innate immune receptors that would trigger activation of a host antiviral response. For
viruses within the picornavirus, flavivirus, and coronavirus families RO formation requires

extensive remodeling of the host endomembrane system. For both flaviviruses and coronaviruses,
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ROs are formed on membranes of the ER where viral replication and assembly of new virus
particles occurs (Figure 1B and 1D) (11, 15, 16). The location of RO formation is important for
these viruses as they are both enveloped virions that bud into the ER lumen and acquire their
envelop from ER derived membranes. In contrast, enteroviruses within the picornavirus family
establish cytoplasmic ROs on membranes derived from the ER, Golgi, autophagosome, and
lysosomal membranes (Figure 1A) (17). This distinction in the origin of ROs between flaviviruses
and enteroviruses is an important feature that contributes to the sensitivity of each virus family to

distinct cellular autophagy pathways (18).



A. Picornaviridae (PV) C. Togaviridae (SFV)

B. Flaviviridae (DENV) D. Coronaviridae (SARS-CoV)

Legend:
© Double Membrane Vesicle (DMV) O SARS-CoV Virion % Endoplasmic Reticulum
% Convoluted Membranes (CMs) R Double-stranded RNA (dsRNA) [} Ribosome

@ DENV Virion == Golgi Complex (YY) spherule (Cross section)

Figure 1 Positive strand RNA virus replication organelles
Positive sense RNA viruses commonly form ROs within the cellular endomembrane system. These ROs serve as a
site of VRNA replication and virion assembly. Membrane sources for the biogenesis of viral ROs originate from Golgi
and autophagosome derived vesicles (A), existing and newly synthesized ER (B and D), and plasma membrane and
endosomal membranes (C). The virus examples shown here, including poliovirus (PV), dengue virus (DENV), Severe
acute respiratory syndrome (SARS) coronavirus, and Semliki Forest virus (SFV), represent four major strategies used

in RO formation. Figure adapted from Reid et al. Viruses 2015 (14).



1.1.1 Enteroviruses

Viruses within the enterovirus genus belong to the picornaviridae family and are
comprised of a small positive sense single stranded RNA genome, that is encapsulated in a 30 nm
non-enveloped virion. Broadly, the picornavirus family predominantly consists of vertebrate
viruses and includes enteroviruses, rhinoviruses, hepatoviruses, cardioviruses, and aphthoviruses
(9). Enteroviruses are specifically named due to their enteric transmission route, despite the fact
that many of these viruses disperse to alternate sites in the body to manifest symptoms (19).
Enterovirus transmission occurs through the fecal-oral route, where the viral particles encounter
their target receptor on unique cells within the intestinal epithelium. Infection of the intestinal
epithelium induces a primary stage of viremia that allows for spread of the virus to secondary
target tissues (19). Most enteroviruses induce mild disease symptoms, however dissemination to
secondary tissues has been associated with severe complications. These severe complications are
dependent on the secondary tissue tropism, and include the nervous system (poliovirus), heart

(coxsackievirus B), liver (echoviruses), or pancreas (coxsackievirus B) (20).

1.1.1.1 Enterovirus lifecycle

Enterovirus infection (outlined in Figure 2) is initiated following binding of the virion to
a receptor on the target cell surface that then induces receptor mediated endocytosis. Release of
the genome happens in response to conformational changes in the virion that are induced either
following engagement with the receptor or by the decreasing pH of the endosome following
internalization and differs depending on the specific virus. Following delivery of the genome to
the cytosol, the positive sense VRNA can be directly translated by host ribosomes through an
internal ribosome entry site (IRES), producing a single polypeptide. This polypeptide is then co-
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and post-translationally processed by the viral proteases, 2A, 3C, and 3CD, to produce ten distinct
viral proteins (21). Following the initial round of viral protein production, the genome is replicated
to produce more positive sense copies for both additional protein translation and virion packaging.
Enterovirus genome replication, like most positive strand RNA viruses, occurs tightly associated
with intracellular membranes, directly allowing for the concentration of viral replication factors
and protection from innate immune pattern recognition receptors (PRRS) (22). Enteroviruses rely
on cytoplasmic vesicles that originate from the ER, Golgi, or autophagosomes to establish their
replication machinery and form ROs. Establishment of ROs requires both host and viral proteins,
including enterovirus proteins 2BC and 3A which are membrane associated (23, 24). Of the host
proteins that are required for RO formation, many of them are specifically related to lipid
modifying proteins including phosphatidylinositol 4- kinase- B (PI4KB) and oxysterol- binding
protein (OSBP) (12, 25). These host proteins play an essential role in controlling membrane lipid
and cholesterol content and establishing membrane contact sites between ROs, the ER, and other
membranes.

Once the genome has been replicated, de novo genomes serve as templates for additional
viral protein production, producing more viral structural proteins for virion assembly and non-
structural proteins that play key roles in immune evasion. Assembly of progeny virions occurs in
the cytoplasm of cells and requires the viral structural proteins VPO, VP1, and VP3 which assemble
around the positive sense genome to form the immature virion. VPO is then proteolytically
processed in to VP2 and VP4 to form a fully mature virus particle (21). Given that enteroviruses
are nonenveloped viruses, viral release occurs by cell death and lyses. However, a number of
studies have identified instances of nonlytic enteroviruses release through the association of viral

particles with the cellular autophagy pathway.
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Figure 2 Enterovirus lifecycle
The enterovirus lifecycle can be broken down in to eight distinct stages. Starting with receptor binding and entry of
the virus particle the virus is internalized where conformational changes in the capsid are induced by the late endosome
and allow for genome release. The genome is immediately translated, where the production of viral proteins initiates
the formation of viral ROs derived from vesicles originating from the ER, Golgi, and autophagosomes. Within the
ROs the viral genome is replicated and packaging of progeny virions occurs. Virions can then be released from the

cell by two mechanisms, through nonlytic release of by cell lysis. Created with BioRender.com

1.1.2 Flaviviruses

Viruses belonging to the flavivirus genus are enveloped, positive strand RNA viruses

approximately 50 nm in diameter (9). Flaviviruses are a member the flaviviradae family of viruses,




which more broadly encompasses pestivirus and hepacivirus, however flaviviruses are unique in
that they include many emerging pathogens due their arthropod vector transmission. All viruses
within the flavivirus genus are transmitted through arthropod vectors to humans, including many
mosquito-borne viruses (DENV, ZIKV, yellow fever virus, Japanese encephalitis virus, and West
Nile virus) and tick-borne pathogens (tick-borne encephalitis virus and Kyansunar forest virus)
(26). In recent years, the increased circulation of ZIKV in the population has caused an escalation
in concern regarding the pervasiveness of viral vectors transmitting these viruses, specifically the
Aedes aegypti and Aedes albopictus mosquitos. However, Aedes species mosquitos are not only
responsible for ZIKV transmission but are also the primary insect vector for dengue virus (DENV)
and yellow fever virus (YFV), which have been circulating in the Americas long before the
emergence of ZIKV in 2015 (27).

Within the flavivirus genus, DENV and ZIKV have many similarities at the molecular
level, however the tissue tropism and severe clinical manifestations are highly varied between
these two viruses. Dengue virus predominantly infects circulating immune cells, including
monocytes, macrophages, and dendritic cells, however there have also been reports of infection
within hepatocytes and endothelial cells (28). A primary infection with DENV induces mild to
moderate dengue fever symptoms, including joint and muscle pain, headache, vomiting, or rash.
Following clearance, this primary infection confers prolonged immunity to the specific DENV
serotype, however severe complications arise when a secondary infection with a different viral
serotype occurs. Secondary DENV infection is characterized by hemorrhagic and capillary leak,
which is termed dengue hemorrhagic fever and dengue shock syndrome. Onset of these severe
complications is caused by the incomplete neutralization of pre-existing DENV antibodies

circulating in the patient that lead to antibody dependent enhancement (ADE) and increased



infection (28, 29). In contrast, Zika virus has been shown to infect a wide array of cellular targets,
including multiple cells types within the brain, eye, placenta, testis, and female reproductive tract
(30-34). Most cases of infection with ZIKV show mild symptoms that include fever, rash, joint
pain, or headache. However, in a small percentage of cases, ZIKV infection can induce severe
neurological complications, including Guillain-Barre” syndrome. Furthermore, the 2015
emergence of ZIKV demonstrated cases of vertical transmission between the mother and fetus that
lead to severe developmental defects including cases of microcephaly (35). Despite, the clear
distinction between DENV and ZIKV pathogenesis, these viruses demonstrate clear similarities in

replication strategies employed within their target cells.

1.1.2.1 Flavivirus lifecycle

Flavivirus infection is initiated when a virus particle encounters its cognate receptor on a
target cell (Figure 3). Receptor engagement induces endocytosis of the viral particle and allows
for pH dependent fusion between the viral envelop and endosome membrane (36). Fusion with the
endosome membrane is mediated by the viral envelop (E) protein and allows for the release of
viral genomic RNA to the cytoplasm (37). Similar to enteroviruses, the viral genomic RNA can be
directly translated by host ribosomes, producing a single polypeptide that is proteolytically
processed by viral and host proteases to make ten distinct viral proteins. Unique to flaviviruses,
this viral polyprotein is directly embedded in the ER following translation and allows for extensive
ER remodeling and the production of viral ROs (38). These membrane enclosed compartments are
essential for the viral life cycle, providing replication factories with high concentrations of viral
proteins where viral RNA can be produced and virions can be assembled (15, 16). This step is also
essential to protect viral replication components from PRR detection. Of the seven non-structural

(NS) proteins, NS1, NS4A, and NS4B have been implicated in membrane rearrangement during
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flavivirus infection (39-41). However, the mechanism by which membrane remodeling occurs
remains largely unknown.

Following translation and the formation of viral ROs the positive strand RNA genome is
replicated, allowing for the production of increasing amounts of viral structural and non-structural
proteins and the switch to virion assembly. Virion assembly occurs within the membrane bound
ROs where it is thought that the inner capsid is assembled around the RNA genome prior to
budding into the ER lumen where the virus acquires the viral envelope (15, 42). Immature virions
are then retained in the ER as packets of virus particles prior to trafficking and release from the
cell surface. These immature virions are trafficked through the classical secretory pathway where
they are proteolytically processed by host proteases in the trans Golgi to form mature virions (43).

Mature virions are then non-lytically released from the host by exocytosis.
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Figure 3 Flavivirus lifecycle
The flavivirus lifecycle can be broken down in to eight distinct stages. Starting with receptor binding and entry of the
virus particle the virus is internalized where it undergoes pH dependent fusion with the late endosome in order to
release the RNA genome. The genome is then translated, where the production of viral proteins initiates the formation
of viral ROs. Within the ROs the viral genome is replicated, where it is packaged in to de novo virus particles. Virions
then bud into the ER lumen, acquiring their viral envelop before they traffick through the Golgi for maturation and

release. Created with BioRender.com.

1.2 Tubular lipid-binding (TULIP) superfamily

The BPIFB protein family exists within a much broader family of proteins that are

characterized by their lipid binding and lipid transfer properties. BPIFB proteins belong to the BPI-
11



like protein family, which is one of three protein families within the larger tubular lipid-binding
(TULIP) superfamily (44). Beyond the BPI-like family, TULIP proteins encompass two other
distinct families of lipid transfer proteins (LTP) including the SMP-like and TAKEOUT-like
families. LTPs within this TULIP superfamily are characterized by their tube-like structure that
directly allows for the binding and transport of lipids within the inner cavity of the protein (45).
The proteins within this family that have been functionally characterized as important components
of membrane contact sites between the ER and other organelles, where they provide a direct
method of lipid transport independent from vesicle trafficking (46). SMP-like proteins have been
found to be highly prevalent at ER-mitochondria contact sites (MCS) (47), while TAKEOUT-like
proteins have been more extensively classified in arthropods and suggested to play an important
role in hormone transport rather than lipid transport (44). In contrast, the BPI-like family broadly
encompasses proteins that function directly in the innate immune response (BPI and LBP), as well
as proteins that function in lipid transport between plasma lipoproteins and tissues (cholesteryl

transfer protein (CETP) and phospholipid transfer protein (PLTP)) (44).

1.2.1 BPI-like protein family

Proteins within the BPI-like family are characterized by their protein structure and contain
one or more BPI folds (48). These BPI folds have a characteristic alpha-helix wrapped in a curved
[-sheet structure that creates a central cavity proposed to be crucial for the lipid transport activity
(44). The proteins that founded the initial classification of this protein family can be divided in to
two distinct categories based on their protein function. First, BPI and LPS binding protein (LBP)
are characterized for their roles in antibacterial signaling, where they both function as secreted
factors that bind and neutralize lipopolysaccharide (LPS) to modulate the downstream signaling

12



response in macrophages or other innate immune cells (49). Second, CETP and PLTP encompass
a separate branch of the protein family that is characterized by their lipid transfer properties. CETP
and PLTP both function as circulating proteins that play an essential role in lipid exchange with
plasma lipoproteins (50, 51). Following the initial classification of this protein, it has since grown

to include the BPIF protein family which includes all BPIFA and BPIFB proteins.

1.2.2 BPIF/ PLUNC protein family

BPIFB proteins (previously referred to as LPLUNC) exits within the larger BPIF family of
proteins that are classified by containing one or more BPI folds (48). Proteins within the BPIF
superfamily were initially characterized based on their tissue expression profile and were named
the PLUNC (palate, lung, and nasal epithelium clone) family of proteins (3). Once it was realized
that more than one PLUNC gene existed, the nomenclature was changed to sPLUNC and
LPLUNC, differentiated by the existence of one or two BPI domains respectively. This
nomenclature was later reformed to what we now refer to as the BPIF (bactericidal/permeability-
increasing protein fold) superfamily, which contains BPIFA and BPIFB in humans, previously
SPLUNC and LPLUNC respectively (48).

Within the BPIF superfamily, BPIFA (sSPLUNC) proteins have been studied to a higher
degree than BPIFB proteins. However, these studies have been almost exclusively restricted to the
function of BPIFA1 within the oral cavity and respiratory tract (52-54). Most studies have focused
on the role of these proteins in relation to their predicted innate immunological functions similar
to that of BPI. Within the lung and palate, BPIFA proteins are primarily secreted where they
function as surfactants as well as anti-microbial factors specific to bacterial infection (54, 55).
While high levels of expression within the lung and oral cavity has suggested an exclusive role of

13



both BPIFA and BPIFB protein function within these tissues, results from our laboratory suggest
high expression is not required to elicit their intracellular function. Previous data from studies of
both BPIFB3 and BPIFB6 suggest that these proteins play essential functions in cellular

physiology even at extremely low expression levels (1, 2).

1.2.3 BPIFB family of proteins

The BPIFB protein family has seven distinct family members that have been identified in
humans, including BPIFB1 through BPIFB6 and BPIFB9 (48). The initial identification of these
proteins predicted them to play important roles in host defense similar to the function of BPI within
the mouth, nose, and upper airways where their expression was initially identified (56). However,
our work has identified a clear role for two of these proteins, BPIFB3 and BPIFB6, in host cellular
defenses beyond the respiratory tract (1, 2). Of the BPIFB protein family, we have previously
characterized the localization of BPIFB2, BPIFB3, BPIFB4, and BPIFB6 and found that unlike
BPI, which elicits its molecular function as a secreted protein, BPIFB2, BPIFB3, and BPIFB6 are
retained within the ER in multiple cell lines (2). In contrast, BPIFB4 localizes to the nucleus (2).
These data were in agreement with previous sequence analysis that demonstrated BPIFB2,
BPIFB3, and BPIFB6 all contain a signal sequence responsible for ER targeting that BPIFB4
specifically lacks (3). In humans, BPIFB9 has only been identified as a pseudogene and its
expression pattern or predicted function have not been characterized to date (57). Structural data
for any of the BPIFB proteins has yet to be resolved, however predictive hierarchical algorithms
based on sequence homology map the predicted protein structure of BPIFB3 to CETP and BPIFB6

to BPI (Figure 4) (58-60). This taken together with the intracellular localization of BPIFB3 and
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BPIFB6 suggests a possible function in facilitating lipid transport intracellularly between

membrane contact sites, either within the endomembrane system or between other organelles.

A

BPI

[ BPF_—  BPI2 |

BPIFB3

C

BPIFB6

Figure 4 Predicted protein structure of BPIFB3 and BPIFB6
The predicted protein structure of BPIFB3 and BPIFB6 show a high degree of similarity to the structure of human
BPI. (A) The structure of BPI (adapted from PDB: 1BP1) is composed of two BPI domains, one n-terminal and one
c-terminal fold. (B) The predicted structure of BPIFB3 generated using the hierarchical protein structure prediction
software, I-TASSER. The sequence of BPIFB3 maps to the structure of BPI-like family protein CETP. (C) The

predicted protein structure of BPIFB6 generated using I-TASSER maps to the structure of human BPI.

Within the BPIFB protein family, we have most extensively characterized the roles of

BPIFB3 and BPIFB6. While both of these proteins localize to the endoplasmic reticulum (ER)
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they elicit distinct functions related to vesicle trafficking. BPIFB3 expression directly impacts the
formation and trafficking of autophagosomes within the autophagy pathway, while BPIFB6 plays
arole trafficking between the ER and Golgi (1, 2). Despite the functions attributed to other proteins
within the larger TULIP protein family, including LPS binding, lipid transfer, and surfactant
activity, there has not been direct evidence that BPIFB proteins have similar functions. Despite
this limited evidence for a direct role in lipid transport, BPIFB3 and BPIFBG6 bind lipids in an in
vitro lipid dot blot experiment (2). Testing of the individual BPI domains, demonstrated that BPI-
2 of BPIFB3 was able to bind a variety of lipids, including PA, PS, PE, PI(4)P, cardiolipin, and
sulfatide (2). While both BPI domains of BPIFB6 showed lipid binding properties for a number of
lipids, including PA, PS, PE, PI1(4)P, PI(4,5)P2, PI(3,4,5)P3, cardiolipin, and sulfatide (2). Beyond
this evidence in lipid binding capacity, our work demonstrating a role of BPIFB3 and BPIFB6 in

regulating cellular trafficking events provides limited support for a role in direct lipid transport.

1.2.3.1 BPIFB3 functions to regulate non-canonical autophagy

BPIFB3 is an ER localized protein that predominantly localizes to the perinuclear sheet-
like ER domains. Studies of BPIFB3 function by RNAI mediated depletion revealed that BPIFB3
plays an important role in the regulation of a non-canonical autophagy pathway (1). Silencing of
BPIFB3 leads to an explicit increase in the number of autophagosomes and lysosomes within the
cytoplasm, while the overexpression of BPIFB3 inhibits autophagy. Our previous work, as well as
work presented in section 3 of this dissertation, has determined that BPIFB3 depletion-induced
autophagy functions independent of the core macroautophagy machinery (1, 7). Data suggests a
role for BPIFB3 in autophagy regulation independent from what is currently understood. This
enhancement in autophagy that occurs during BPIFB3 depletion directly increases the replication

of coxsackievirus B3 (CVB); an enterovirus that replicates on autophagosome derived membranes
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within the cytoplasm of host cells. Depletion of BPIFB3 by RNAI results in a 10-fold enhancement
of CVB replication and infectious virus production. This is directly tied to the upregulation of
autophagy that occurs during BPIFB3 depletion, as the increased number of autophagosomes

within the cytoplasm allows for an increase in CVB replication capacity (1).

1.2.3.2 BPIFB6 is important for Golgi maintenance and trafficking

In contrast to the role of BPIFB3 in regulating non-canonical autophagy, our previous work
with BPIFB6 has determined that it plays an essential role in maintaining Golgi morphology. The
RNAI mediated depletion of BPIFBG6 results in Golgi fragmentation and a disruption of trafficking
through the secretory pathway but has no effect on autophagy levels or ER morphology (2).
Localization studies of BPIFB6 determined that it exclusively localizes to the ER; highly co-
localizing with the ER sheet marker Climp63 and in close proximity to Atlastin3 (ATL3) at
membrane junctions within the ER. In contrast to the role of BPIFB3 in CVB infection, BPIFB6
depletion results in a decrease in viral replication and infectious particle production (2). This data
suggests that the expression or presence of BPIFB6 is required for efficient CVB replication or

trafficking.

1.3 Autophagy

Autophagy is the catabolic cellular process by which excess proteins, lipids, and organelles
are targeted for degradation by the lysosome. The most widely characterized form of autophagy is
macroautophagy, which functions both as a bulk clearance and selective autophagy pathway that

relies on the formation of a double membrane vesicle to traffic and degrade its contents by fusing
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with the lysosome (Figure 5A) (61). Macroautophagy, both bulk and selective pathways, function
under nutrient deprivation to induce the degradation of unnecessary cytoplasmic contents.
However, in recent years, studies in both yeast and mammalian cells have broadened our
understanding of the specific regulation of organelle turnover by autophagy that functions under
broader stress signals than nutrient deprivation (62-64). Organelle specific autophagy
encompasses the targeted degradation of membrane bound cellular organelles by autophagy
receptors unique to each organelle. The mammalian organelle pathways studied to date include
reticulophagy (ER), mitophagy (mitochondria), pexophagy (peroxisomes), and nucleophagy
(nucleus) (65). Of these organelle maintenance pathways, most studies have characterized them as
a specific subset of macroautophagy due to the reliance on many of the same key autophagy
proteins and characteristic double membrane vesicles.

Beyond macroautophagy, two other forms of autophagy have been characterized that
function independent of the core autophagy machinery, including microautophagy and chaperone-
mediated autophagy (Figure 5B and 5C). Microautophagy refers to the direct engulfment of
material by the lysosome or vacuole and has been almost exclusively studied in yeast (66).
Chaperone-mediated autophagy (CMA) was the first pathway to suggest that autophagy could
function to selectively degrade cargo, however, it has since been understood that other autophagy
pathways can function in s selective manner also. CMA itself is the specific degradation of content
by the lysosome and does not fall under the classification of macroautophagy because it does not
rely on the formation of the double membrane autophagosome (67). Because macroautophagy is
the most highly characterized of these pathways, it is frequently referred to as canonical autophagy,
however there have been numerous reports demonstrating that autophagy can function outside the

control of canonical macroautophagy machinery.
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Figure 5 Three major autophagy pathways
The three major autophagy pathways that have been identified in mammalian cells and yeast include macroautophagy,
chaperone-mediated autophagy, and microautophagy. (A) Macroautophagy can be broken in to three key phases, first
the formation of the isolation membrane is responsible for the sequestration of target cargo, next the autophagosome
is released from the membrane source and matures, until the final stage where it fuses with the lysosome to form the
autolysosome degrade the contents of the vesicle. (B) Chaperone-mediated autophagy relies on the binding and
trafficking of ubiquitinated target material by HSC-70 directly to the membrane of the lysosome, where it interacts
with lysosomal proteins to translocate the target protein to the lysosome for degradation. (C) microautophagy refers
to the direct engulfment of cargo through a non-specific pathway by the lysosome or vacoule in yeast. Created with

BioRender.com
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1.3.1 Macroautophagy

Bulk clearance and selective macroautophagy broadly function in response to cellular
stress signals. Bulk autophagy and some forms of specific autophagy are initiated downstream of
cellular nutrient sensors, such as mammalian target of rapamycin complex 1 (mMTORC1) and AMP-
activated protein kinase (AMPK) to degrade unnecessary cytoplasmic contents by targeting to the
lysosome (61). The initiation of macroautophagy can be broken down in to four key stages,
autophagosome nucleation, formation of the isolation membrane, LC3 processing, and vesicle
release. First, following activation from upstream signals, the initiation of autophagosome
nucleation is controlled by the Unc-51 Like Autophagy Activating Kinase 1 (ULK1) complex,
which is directly activated downstream of mTORCL inhibition and AMPK activation (68). ULK1
activation allows for the recruitment and assembly of the ULK1 protein complex components,
including ATG101, FIP200, and ATG13 (69, 70). This complex is responsible for the recruitment
and activation of the phosphoinositide 3-kinase (PI3K) complex which is required to trigger
formation of the isolation membrane (71-73). Isolation membrane formation occurs on
membranous organelles of the secretory pathway and has been directly linked to membranes of
the ER, Golgi, and ER-Golgi intermediate compartment (ERGIC) (71, 74, 75). The PI3K complex
consists of essential canonical autophagy machinery, including Beclin-1 (BECN1), UVRAG, and
the catalytic subunit of the PI3K complex, PI3KC3 (also known as VPS34). This complex directly
phosphorylates membrane lipids, resulting in increased phosphatidylinositol 3-phosphate (P1(3)P)
lipid content on the isolation membrane (76). The early stages of autophagosome formation,
including the isolation membrane, omegasome, and autophagosome are all marked by an increase

in PI(3)P content (76, 77). Activity of the PI3K complex and the change in lipid composition is
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further responsible for the recruitment of PI1(3)P binding proteins, including DFCP1 and WIPI2,
as the isolation membrane continues to expand to form the omegasome (78, 79).

The third stage of macroautophagy initiation is marked by the processing and conjugation
of LC3 and ATG5-ATG12. In order for successful targeting of cargo and maturation of the
autophagosome, LC3 must be processed and covalently attached to the membrane lipid,
phosphatidylethanolamine (PE) (80). Likewise, the covalent conjugation of ATG5 to ATG12 is
required for the successful targeting of lipidated LC3 (LC3-I1) to the autophagosome membrane
(81). The macroautophagy initiation machinery consists of two ubiquitin like conjugation systems
that are responsible for the covalent modifications of LC3 and ATG5-ATG12. LC3 lipidation
relies on ATG7 and ATG3, which serve as the E1 (ubiquitin-activating) and E2 (ubiquitin-
conjugating) like enzymes required for PE attachment (78, 80, 82-84). Simultaneous to LC3
processing, the second conjugation system functions to form the ATG5-ATG12 complex, which
is required for LC3 membrane association. ATG5-ATG12 association relies on ATG7 and ATG10
as the E1- and E2-like enzymes. The ATG5-ATG12 complex recruits ATG16L1, which together
acts as the E3-like ligase that is responsible for targeting LC3-11 to the omegasome (78, 81, 85—
87). It is important to note that LC3-11 remains stably associated with the autophagosome
throughout the maturation process, which makes it one of the most useful markers to monitor the
level of autophagy induction. Following the association of ATG5-ATG12-ATG16L1 and LC3-11
with the omegasome, the membrane continues to elongate until the final stage of autophagosome
formation, vesicle fusion and release. The mechanisms controlling the fusion and release of the
autophagosome are not well understood. Inhibiting LC3 lipidation causes the phagophore to
elongate but remain associated with the ER, suggesting the LC3-11 interaction is essential for

autophagosome release (88). Calcium signaling through SERCA is required for release of the
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autophagosome, as treatment with thapsigargin, a specific inhibitor of SERCA, prevents
autophagosome release (89, 90). Upon release from the ER the autophagosome matures until
eventual fusion with the lysosome, forming the autolysosome, in a process termed autophagic flux
that leads to degradation of cargo. During autophagosome maturation, vesicles can fuse with other
compartments such as endosomes, forming an amphisome, prior to their fusion with the lysosome
(61, 7).

Macroautophagy can function as both a bulk clearance pathway and a selective pathway.
For instances of bulk cellular maintenance, the autophagosome directly engulfs cellular debris
indiscriminately at the site of vesicle formation. However, the specificity of selective
macroautophagy originates from the targeted sequestration of material through the specific
interaction with p62. In macroautophagy, p62 functions as a cargo adapter protein where it can
interact with target material through ubiquitin signals and LC3 on the autophagosome through its

LC3 interacting region (LIR) (91).

1.3.2 Organelle specific autophagy

The turnover and maintenance of organelles via autophagy are classified as selective
macroautophagy pathways due to the reliance on key components of the macroautophagy
machinery and hallmark double membrane vesicle. Each organelle is targeted to the
autophagosome through unique receptors that interact with LC3 to facilitate organelle turnover. In
mammalian cells, reticulophagy and mitophagy are the two most defined organelle maintenance
pathways, however research in yeast and some evidence from mammalian studies demonstrates
that pexophagy (peroxisomes) and nucleophagy (nucleus) are also important maintenance
pathways that function through similar canonical autophagy machinery (65, 92-96). Unlike
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macroautophagy which is largely understood to respond during states of nutrient deprivation, each
organelle specific pathway can be induced by activation signals unique to the individual pathway.
While certain reticulophagy pathways do function in response to nutrient stress (97-100),
additional pathways have been identified to play an important role in membrane clearance
following ER stress and the unfolded protein response (UPR) (63, 101). In contrast, activation of
mitophagy can uniquely occur via cell fate decision signals that balance cell survival with
apoptosis (102, 103), while pexophagy activation has been linked to reactive oxygen species

(ROS) levels (104).

1.3.2.1 Reticulophagy

The first reports of autophagy dependent ER degradation were identified in yeast, through
the direct engulfment of ER membranes by the vacuole (105, 106). This pathway was coined “ER-
phagy” and is more characteristic of a microautophagy pathway, as it functions independent of the
hallmark macroautophagy double membrane vesicle. Later reports identified the receptor mediated
degradation of ER membranes through macroautophagy machinery in both yeast and mammalian
cells, terming this targeted degradation pathway as reticulophagy in order to differentiate it from
the originally termed ER-phagy pathway (94, 100). In the years since, numerous reticulophagy
receptors have been characterized, each mediating the turnover of specific ER domains in response
to unique signals. Each receptor functions through the interaction of its LIR domain that binds
LC3 to directly target ER membranes as cargo for the autophagosome.

Multiple mammalian reticulophagy receptors have been identified that induce ER turnover
in response to cellular and nutrient stress cues, these receptors include reticulophagy regulator 1
(RETREGL1), reticulon 3 (RTN3), atlastin 3 (ATL3), and TEX264 (99, 100, 107-109). Each of

these reticulophagy receptors comprises its own expression pattern that contributes toward its
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functionality. RETREG1 and TEX264 are perinuclear ER sheet localized proteins that specifically
regulate the turnover of this ER domain in response starvation signals (100, 109). Similarly, RTN3
and ATL3 localize to the tubular ER network and play an important role in the specific degradation
of ER tubules (107, 108). In contrast to the starvation induced activation signals that have been
characterized for these four pathways, two unique receptors have been identified that function in
response to ER stress. CCPG1 has been characterized as an ER localized protein that functions in
response to UPR activation, playing an important role in the clearance of luminal misfolded
proteins (101). Furthermore, the translocon component, Sec62, functions as an autophagy
mediated recovery pathway following UPR activation and ER stress (63). While the activation
cues for these pathways vary, reliance on the canonical autophagy machinery for many of them
has been validated. However, emerging evidence suggests there is more variability in these
pathways than originally identified. Specifically, our work presented in chapter 2 here suggests
that RETREGL1 clearance can also function independent of the canonical macroautophagy

machinery (7).

1.3.3 Microautophagy

Microautophagy refers to the direct engulfment of cargo by the vacuole or lysosome
membrane and has been characterized in yeast to a significantly higher degree than mammalian
cells (66, 105, 106). While there have been very limited reports of its occurrence in mammalian
cells, some studies have related mammalian microautophagy to endosomal sorting as a method to
deliver cargo to the late endosome/ multivesicular body (110-112). In contrast, studies in yeast
have described this as both a mechanism to regulate proteasome turnover and organelle
maintenance. Organelle turnover that has been linked to microautophagy in yeast includes
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degradation of the ER, nucleus, mitochondria, and peroxisomes (105, 113). However, there is still
a lot of uncertainty around the role of microautophagy in yeast versus mammalian cells, including
whether the described functions of these two pathways are related (110). While there has been
some study of microautophagy in yeast, there is still a high degree of characterization that needs
to be done to determine if there is a parallel pathway that functions in mammalian cells. This
uncertainty is made even more complex by the limited resources available to study this pathway,
given that no conserved pathway marker has been identified. Current studies of microautophagy
have exclusively relied on electron microscopy to directly visualize cargo engulfment in the

absence of macroautophagy machinery (66, 114).

1.3.4 Chaperone mediated autophagy

Unlike microautophagy and macroautophagy, CMA has been exclusively identified in
mammalian cells and functions to specifically degrade proteins by direct targeting to the lysosome
(67). Proteins are targeted for degradation by CMA through a consensus motif (KFERQ) that flags
it for recognition by the HSC70 chaperone (115, 116). HSC70 can then interact with the lysosomal
membrane protein, LAMP2A to directly target proteins for lysosomal degradation (117). The
precise role of CMA in mammalian cell has yet to be fully elucidated. However, CMA has been
found to occur at basal levels in most cells and is also upregulated in cellular stress responses,
including nutrient deprivation, DNA damage, hypoxia, and oxidative stress (118, 119). Therefore,
it has been associated as a general protein homeostasis pathway. The primary signaling pathway
identified in the control of CMA is the mTORC2-AKT1 signaling axis. Similar to mTORC1
signaling in macroautophagy, mTORC?2 activity functions to suppress CMA while the inhibition

of mMTORC2 and AKT1 increases CMA activity (120). While this pathway plays an important role
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as a protein control pathway, it serves a very distinct function from macroautophagy and
microautophagy and can be more similarly compared to the proteasome pathway in terms of

cellular maintenance.

1.3.5 Non-canonical autophagy

The term non-canonical autophagy is used to describe all forms of autophagy that function
outside of our understanding of canonical macroautophagy. While this also applies to
microautophagy and CMA, the use of it in this document refers to specific cases of autophagy that
rely on double membrane vesicle formation outside the control of what has been established as the
canonical macroautophagy regulatory machinery. There have been multiple reports of non-
canonical autophagy to date, however there has yet to be a consensus pathway identified that
contributes to its activation (101, 121-123). One study in particular linked control of non-canonical
autophagy to unsaturated fatty acid exposure. Finding that human osteosarcoma cells that were
exposed to oleate, a monounsaturated fatty acid, and a panel of other unsaturated fatty acids (UFA)
induced autophagy independent from canonical autophagy regulators ULK1, BECN1, or PI3KC3
(123). This UFA specific autophagy pathway functioned independent of pharmacological
autophagy inhibitors, including 3-methyladenine and wortmannin. This UFA regulated non-
canonical autophagy pathway draws a number of parallels from the non-canonical autophagy
pathway that is induced during BPIFB3 depletion. As we previously found that BPIFB3si induced
autophagy functions independent of BECN1 and other canonical autophagy machinery (1, 7). This
understanding of non-canonical autophagy also relates to the predicted lipid binding capacity for
BPIFB3 and may provide insight into the mechanism of BPIFB3-mediated control of non-
canonical autophagy.
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1.3.6 The relationship between enterovirus replication and autophagy

One major link between enterovirus replication and the autophagy pathway is the origin of
membranes for RO formation (124). Enterovirus ROs have autophagy specific markers, including
the autophagy adapter protein LC3, in addition to ER and Golgi specific markers (125, 126).
Studies of both poliovirus (PV) and CVB have demonstrated that viral replication is linked to the
induction of autophagy, as inhibition of the pathway by pharmacological inhibitors restricts
replication. While infection in the presence of chemical inducers of autophagy, such as rapamycin,
enhance the level of viral replication (127, 128). In support of this phenomenon, our previous work
focused on understanding the role of BPIFB3-depletion induced autophagy during CVB infection,
demonstrated that an increase in autophagy is directly linked to an increase in viral replication (1).
Despite the reports that clearly link CVB replication to autophagy levels, CVB blocks the
autophagy pathway prior to fusion with the lysosome (17). Therefore, CVB benefits from the early
upregulation of the pathway, but prevents the later degradative stages of autophagy. This is in stark
contrast to PV infection, which has been linked to vesicles containing markers for both
autophagosomes and lysosomes, as PV is able to remain stable in the acidic environment of the
lysosome (129). It has also been suggested that regulation of the autophagy pathway by
enteroviruses serves as a mechanism to initiate membrane lipid remodeling required for RO
formation (22, 130, 131). The regulation of autophagy is tightly linked to membrane lipid content,
as the PI3K complex is required to generate an increase in the PI(3)P during isolation membrane
formation and an increase in P1(4)P levels has also been linked to an increase in autophagy (73,
78, 132). Importantly, PI(4)P lipid levels have also been associated with enterovirus replication

organelles, as PI4KB is a required host protein in the formation of viral ROs (133).
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Beyond the role of autophagosome membranes during enterovirus RO formation, studies
have reported that trafficking of viral particles through an autophagy related pathway plays an
important role in the non-lytic release of CVB (126, 127, 134). Enlarged autophagosome like
structures, termed megaphagosomes, secreted from cells were found to contain multiple CVB
particles. This data suggests that the autophagy pathway may be subverted to allow for CVB egress
prior to the destruction of cellular integrity. This is similar to a phenomenon that was identified in
PV replication, termed autophagosome-mediated exit without lysis (AWOL) (135, 136). However,
in contrast to CVB releaser in megaphagosomes, PV AWOL release has only been characterized
in neurons. Non-CVB or PV enterovirus replication has also been linked to up regulation of the
autophagy pathway, including during rhinovirus, echovirus 7, and enterovirus 71 infection (137-

140).

1.3.7 The relationship between the flavivirus lifecycle and autophagy

The impact of various autophagy pathways on flavivirus infection has been a highly studied
field as it has become clear both DENV and ZIKV are differentially affected by distinct autophagy
pathways. Early reports studying the effects of macroautophagy during DENV infection found it
to have pro-viral effects on viral entry, replication, and egress (37, 141, 142). While other reports
suggested autophagy played an antiviral role in flavivirus replication (141, 143, 144). However, a
more recent study characterized the individual components of the macroautophagy machinery by
individual CRISPR knockouts and found that deletion of certain proteins restricted the ability of
DENYV to replicate while other macroautophagy regulators showed no effect (145). This is in

agreement with reports from other viruses that suggest not all autophagy components are required
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for viral manipulation of the pathway and represents a more complex understanding of the impact
autophagy plays during flavivirus replication.

Beyond the role of canonical macroautophagy, studies have begun to look at the role of
individual organelle specific autophagy pathways on flavivirus replication (146-148). These
studies provide a more comprehensive understanding of the effects of specific organelle turnover
during viral infection. Importantly, these studies point towards a more complex view of the
relationship between flavivirus replication and autophagy rather than the traditional generalization
that autophagy broadly benefits flavivirus infection. The first organelle specific autophagy
pathway to be characterized during DENV infection was the degradation of lipid droplets in a
pathway termed lipophagy. The autophagy mediated degradation of lipid droplets during DENV
infection provides an important source for increased lipid metabolism and ATP generation to
promote DENV replication (147). DENV infection specifically upregulates this pathway through
the activation of AMPK and inhibition of mTORC1 (148). In contrast to the pro-viral role of
lipophagy during DENYV infection, reports from our laboratory determined that the RETREG1
dependent degradation of ER membranes is anti-viral to DENV and ZIKV replication (146);
demonstrating that the turnover of specific cellular compartments differentially impacts flavivirus

infection.

1.4 Conclusions

BPIFB proteins are an uncharacterized family of mammalian proteins that were identified
in the human airway where they were suggested to play a role in extracellular innate immune

defense. However, our previous work has identified an important intracellular role for BPIFB3 and
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BPIFB6 in the regulation of vesicle trafficking that has important implications in controlling
positive strand RNA virus replication. The work presented here expands on the role of BPIFB3 in
three parts. First, we focus on the effects of BPIFB3 induced autophagy on the replication of two
flaviviruses, DENV and ZIKV, and determine that the reticulophagy mediated turnover of ER
membranes during BPIFB3 depletion inhibits DENV and ZIKV replication. Second, we identify
two unique BPIFB3 binding partners, ARFGAP1 and Transmembrane emp24 domain-containing
protein 9 TMED?Y, that are required for the induction of BPIFB3si mediated non-canonical
autophagy. We further demonstrate that ARFGAP1 and TMED?9 are required for the BPIFB3
depletion induced effects on RNA virus infection. Lastly, we expand on the work presented here
on BPIFB3 in the context of what is known in regard to non-canonical autophagy and present a
novel model for BPIFB3 function and its downstream effects on autophagy regulation and positive

strand RNA virus replication.
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2.0 BPIFB3 regulates ER morphology to promote flavivirus replication

Flaviviruses, including DENV) and ZIKV, rely heavily on the availability of ER
membranes throughout their lifecycle and degradation of ER membranes restricts flavivirus
replication. Accordingly, DENV and ZIKYV restrict ER turnover by protease-mediated cleavage of
RETREGL], also known as FAM134B, an autophagy receptor responsible for targeted ER sheet
degradation. Given that the induction of autophagy may play an important role in flavivirus
replication, the antiviral role of RETREGL suggests specialized autophagic pathways may have
differential effects on the flavivirus lifecycle. We previously identified BPIFB3 as a regulator of
autophagy that negatively controls enterovirus replication. Here, we show that in contrast to
enteroviruses, BPIFB3 functions as a positive regulator of DENV and ZIKV infection and that its
RNAi-mediated silencing inhibits the formation of viral replication organelles. Mechanistically,
we show that depletion of BPIFB3 enhances RETREG1-dependent reticulophagy leading to
enhanced ER turnover and the suppression of viral replication. Consistent with this, the antiviral
effects of BPIFB3 depletion can be reversed by RETREGLI silencing, suggesting a specific role
for BPIFB3 in regulating ER turnover. These studies define BPIFB3 as a required host factor for
both DENV and ZIKV replication and further contribute to our understanding of the requirements
for autophagy during flavivirus infection. The data presented here have been previously published
in Evans AS, Lennemann NJ, Coyne CB. 2020. BPIFB3 Regulates Endoplasmic Reticulum

Morphology to Facillitate Flavivirus Replication. J Virol 94:1-13.
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2.1 Introduction

Flaviviruses, which include DENV and ZIKV, are enveloped, positive-sense RNA viruses
that replicate exclusively in association with ER membranes of infected cells (15, 16). Viral ER
localized ROs function to sequester replication machinery within membrane bound compartments
and thus provide a high concentration of host and viral replication factors, while isolating
replication intermediates from clearance by the innate immune system (13, 42). Autophagy is an
intrinsic cellular pathway that not only functions in cellular maintenance, but also plays an
important role in the clearance of intracellular pathogens (151, 152). Autophagy can target many
aspects of flavivirus infection, including direct clearance of viral particles or clearance of viral
replication factories within the ER (62, 146, 153). However, the full relationship between
flaviviruses and autophagy remains unclear.

We previously identified BPIFB3 as a regulator of CVB infection, a positive-sense RNA
virus belonging to the Enterovirus genus, through its negative regulation of a non-canonical form
of autophagy (1). Similar to flaviviruses, CVB relies on the availability of intracellular membranes
to establish replication compartments; however, the source of these cellular membranes is variable
(127). In this study, we determined whether BPIFB3 was more broadly involved in regulating
RNA virus replication, specifically focusing on flaviviruses given their close association with the
ER. Here we show that in contrast to CVB, BPIFB3 expression is required for the replication of
two flaviviruses, DENV and ZIKV. Moreover, we show that BPIFB3 regulates ER membrane
morphology and that loss of BPIFB3 prevents the establishment of ER-localized flavivirus ROs.
Our data provide evidence that BPIFB3 silencing increases the level of ER turnover through
RETREG1-dependent reticulophagy and that inhibition of this pathway by silencing of RETREG1

expression restores flavivirus infection. Our study thus demonstrates the differential control of
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flavivirus and enterovirus replication by BPIFB3 and further suggests that reticulophagy is anti-
flaviviral. These data also define a more specific role for BPIFB3 in regulating reticulophagy and

provides insights into the cellular function of this protein.

2.2 Results

2.2.1 BPIFB3 is required for efficient flavivirus infection

We previously identified BPIFB3 as a negative regulator of coxsackievirus B (CVB)
replication through the restriction of autophagy (1). To determine if BPIFB3 functions more
broadly to regulate the replication of other RNA viruses, we assessed the impact of BPIFB3
silencing on flavivirus replication. For these studies we utilized human brain microvascular
endothelial cells (HBMEC), an immortalized cell line model of the blood-brain barrier
microvasculature (156). HBMEC were transfected with a siRNA targeting BPIFB3 (BPIFB3si)
or a scrambled control siRNA (CONsi) and infected with DENV or ZIKV at a multiplicity of
infection (MOI) of 1 for 48 hours, or with CVB for 16 hours. Infection was quantified by RT-
gPCR for DENV, ZIKV, and CVB viral RNA (VRNA) (Figure 6A) or by fluorescent focus unit
assays (FFU) for DENV and ZIKV (Figure 6B). In contrast to CVB, BPIFB3 silencing
significantly restricted both DENV and ZIKV infection, resulting in an approximately 90%
reduction in VRNA and a 100-fold decrease in infectious particle production (Figures 6A-B).
Consistent with this, we observed a stark decrease in double stranded VRNA staining, a replication
intermediate of DENV and ZIKV, in BPIFB3si transfected cells infected with DENV and ZIKV

compared to CONsi (Figure 6C).
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To determine whether other members of the BPIFB family are also required for flavivirus
replication, we tested the effects of RNAI mediated silencing of the other ER localized BPIFB
proteins, including BPIFB2 and BPIFB6. We have shown previously that in contrast to BPIFB3,
BPIFBG6 is a proviral host factor for CVB, and other enterovirus, replication (2). Unlike BPIFB3,
we found that silencing of BPIFB2 did not significantly impact DENV and ZIKV, while silencing
of BPIFB6 restricted ZIKV replication and infectious particle production while having no
significant effect on DENV (Figures 6D-E). Given that we previously showed that BPIFB6
regulates Golgi morphology, this discrepancy between the effects of BPIFB6 silencing on DENV
and ZIKV may be indicative of distinct trafficking pathways utilized by these viruses (2). In all
studies, knockdown efficiency was confirmed by RT-qPCR (Figure 6A and 6D). These data point

to a specific role for BPIFB3 in flavivirus replication.
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(E) Titration of DENV and ZIKV by FFU assay for panel E. Students t test were performed to determine statistical

significance (*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001).

2.2.2 BPIFB3 depletion restricts flavivirus infections at an early stage of replication

To define which step(s) of flavivirus replication was facilitated by BPIFB3 expression, we
assessed the effects of BPIFB3 silencing on viral RNA (VRNA) replication and membrane
rearrangement. To address the effects of BPIFB3 expression on VRNA replication, we performed
multi-step growth curves with DENV and ZIKV (MOI of 1) in CONsi- or BPIFB3si-transfected
HBMEC, or in HBMEC treated with Bafilomycin Al to prevent viral entry (Figure 7A-B). In
CONssi-transfected HBMEC, we detected increased VRNA between 12-24 hours post-infection
(h.p.1.). In contrast, levels of VRNA remained very low in BPIFB3si-transfected cells and were
comparable to BafAl treated cells at 24 h.p.i. (Figure 7A-B). However, by 48 h.p.i. VRNA in
BPIFB3si-transfected cells had a slight increase compared to BafAl. These data suggest that
BPIFB3 facilitates flavivirus infection at an early stage after entry, at or prior to genome
replication. To confirm this, we utilized HBMEC stably propagating a DENV subgenomic replicon
(HBMEC'™P), that expresses the full seven non-structural proteins, allowing for the replication of
replicon RNA in membrane bound replication organelles similar to viral infection (157). We found
that silencing of BPIFB3 in HBMEC™ had no effect on replicon RNA levels 48 hours after
BPIFB3 depletion (Figure 7C), suggesting that BPIFB3si restriction may occur before replication
of the viral genome. This lack of effect on replicon RNA can likely be attributed to HBMEC'™P
cells having already undergone extensive ER remodeling to establish and maintain replicon
expression. This could further suggest that BPIFB3 is required for the initial stages of ER

remodeling.
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Prior to VRNA replication, flaviviruses induce large scale expansion and remodeling of the
endoplasmic reticulum in order to allow for the formation of ROs. To determine if BPIFB3
depletion had an effect on these membrane remodeling stages, we performed transmission electron
microscopy (TEM) in CONsi- or BPIFB3si-transfected HBMEC infected with either DENV or
ZIKV. Depletion of BPIFB3 prior to DENV or ZIKV infection significantly inhibited the
formation of ER bound ROs (Figure 7D-E). Additionally, BPIFB3 silencing inhibited other
hallmarks of flaviviral membrane manipulation (Figure 7D), black arrows indicate signs of viral
replication and white arrows indicate ER membranes lacking viral replication), including the
formation of convoluted membranes frequently seen adjacent to ROs that serve as sites of lipid

synthesis.
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Figure 7 BPIFB3 depletion restricts flavivirus infection prior to genome replication

(A) RT-gPCR of multi-step growth curve for DENV (A) and ZIKV (B) performed using an MOI of 1. Data are
represented as fold change to CONsi at 0-hour timepoint. (C) DENV replicon RNA levels determined by RT-qPCR
in response to BPIFB3 depletion, presented as percent of CONsi. (D) TEM from HBMEC transfected with CONSsi or

BPIFB3si and infected with DENV or ZIKV. Black arrows indicate viral replication organelles and white arrows
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indicate ER membranes lacking signs of viral replication. Top panel scale bar is 2 um and bottom panel scale bar is
500 nm. (E) Quantification of the number of ZIKV replication organelles per cell in TEM images (panel D). Students

t test were performed to determine statistical significance (*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001).

2.2.3 BPIFB3 depletion restricts flavivirus replication independent of innate immune

activation and viral binding

To eliminate any impact of BPIFB3 on innate immune signaling, which could inhibit
flaviviral replication, we performed whole genome RNASeq on CONsi- and BPIFB3si-transfected
HBMEC in mock-, DENV-, or ZIKV-infected cells. Consistent with our RT-gPCR-based
approaches, RNASeq confirmed the very low levels of flaviviral VRNA in BPIFB3si-transfected
cells, with viral FPKM values significantly lower in BPIFB3 depleted cells (Figure 8A).
Consistent with this, we did not detect any induction of innate immune signaling, as assessed by
no changes in the expression of interferons (IFNs) type | (IFNB) or type Il (IFNX), or in the
induction of interferon stimulated genes (ISGs) (Figure 8B). As expected, we observed robust
induction of IFNs and ISGs in CONsi-transfected HBMEC infected with both DENV and ZIKV
(Figure 8B).

We next confirmed that the decreases in flavivirus replication were not due to decreases in
cell viability or in the ability of viral particles to bind to the cell surface. We found that there were
no differences in the extent of cell viability between CONsi- and BPIFB3si-transfected cells, as
assessed by Trypan blue staining (Figure 8C). In addition, there were no differences in the levels

of viral binding as assessed by RT-gPCR of VRNA bound to cells (Figure 8D).
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normal media (mock) or Trypsin was added to inhibit ZIKV binding as a control. Data are normalized to mock CONGsi.
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2.2.4 Flavivirus infection of BPIFB3 depleted cells induces aberrant ER morphology

We next performed transmission electron microscopy (TEM) to determine the impact of
BPIFB3 silencing on ER morphology with ultrastructural detail. These studies revealed
remarkable effects of BPIFB3 silencing on ER morphology that were exaggerated in cells infected
with DENV or ZIKV, including ER “whorls” and stacked membranes (Figure 9A), which have
been previously associated with microautophagy in yeast, but remain largely uncharacterized in
mammalian cells (158, 159). To further characterize these changes in ER morphology, we
performed immunofluorescence imaging of HBMEC for the ER sheet marker Climp63 and viral
dsRNA to identify infected cells. In uninfected cells, ER sheets originate at the nuclear envelope
and extend to the cell periphery in a uniform arrangement; however, during infection with DENV
and ZIKV, ER sheets condense around the perimeter of the nucleus where they co-localize with
viral dsSRNA (Figure 9B), designating the location of viral membrane remodeling and replication
organelle formation (146). In cases where viral replication was detected by dsRNA staining in
BPIFB3 depleted cells, the ER sheet marker, Climp63 showed aberrant rearrangements that did
not co-localize with sites of viral replication (Figure 9B). To assess how frequent these unique ER
structures were during BPIFB3 depletion, we quantified abnormal ER morphology across 50
individual cells from ZIKV infected CONSsi or BPIFB3si HBMEC by TEM, as well as scored for
visible replication organelles (Figure 9C). BPIFB3 depleted cells infected with ZIKV showed
significantly higher instances of aberrant ER structures compared to CONsi, which lacked

traditional ER localized viral replication organelles.
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Figure 9 BPIFB3 depletion induces aberrant ER phenotypes in response to flavivirus infection
(A) TEM images from CONsi or BPIFB3si transfected HBMEC infection with ZIKV (or mock infected controls.
Scale bars are 2 um. Black arrows indicated normal ER morphology and white arrows indicate examples of abnormal
ER that are quantified in C. (B) Confocal microscopy from CONsi or BPIFB3si HBMEC infected with DENV or
ZIKV (MOI=1) and stained for dsRNA (red) and Climp63 (green) 48hrs post-infection. Scale bars are 10 um. (C)
Quantification of abnormal ER expansion by TEM (A) from 50 cells were scored blindly as either normal/ abnormal.

These same cells were assessed for visible viral replication and scored as either infected or uninfected.

2.2.5 RETREGL! silencing restores flavivirus replication in BPIFB3si-transfected cells

DENV and ZIKV are dependent on the availability of ER membranes to replicate and we
previously showed that reticulophagy functions as an antiviral pathway that limits the availability

of these membranes (146). We next determined whether co-depletion of RETREGL1 and/or other
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reticulophagy receptors including reticulon 3 (RTN3) and Sec62 restored flavivirus infection in
BPIFB3si-transfected cells. We found that co-silencing of RETREG1, but not RTN3 or Sec62,
reversed the inhibition of flavivirus infection in BPIFB3si-transfected cells, as determined by both
gPCR for vVRNA and FFU for viral titers (Figure 10A-C). In contrast, silencing of RTN3 or Sec62
had no impact on BPIFB3si-mediated suppression of DENV infection (Figure 10A). Knockdown
efficiency for all reticulophagy receptors were confirmed by RT-gPCR (Figure 10A).

To define the kinetics of RETREGI1-mediated restoration of flavivirus infection in
BPIFB3si-transfected cells, we examined the production of the DENV nonstructural protein 3
(NS3) by immunoblotting at various times post-infection. Consistent with our findings for vRNA,
silencing of BPIFB3 significantly inhibited the production of NS3 at 8, 16, and 24 h.p.i. (Figure
10D). Moreover, RETREG1si transfection enhanced the production of NS3 at 16 h.p.i compared
to CONsi-transfected cells (Figure 10D, middle panel). Co-silencing of RETREG1 with BPIFB3
reversed the inhibition of NS3 production and enhanced the production of NS3 by 16 h.p.i. in
BPIFB3si-transfected cells (Figure 6D, middle panel). We confirmed these findings by
immunofluorescence microscopy for NS3 followed by quantitative image analysis, representative

images for NS3 staining are shown for the 48h time point (Figure 10E-F).

43



A [l +CONSsi D

2000 B +BPIFB3si ns
ns 8h 16h 24h
1500+ % e ‘B
) & - 2
sz B o i
& Q 1000 o a o
Q % O % O 3 @
> e 7] 7} n et
< =R- 18 _R_13 s8-.508
500- 20232 2uBBz Zul2iz
ooQ X oW oL Xow oo Xouw
ooxXoo OmMY oo omxX oo
0-
CONsi RETREG1si RTN3si  Sec62si -~ - - e NS3
CONsi | RETREG1si| RTN3si | SEC62si
+CONSsi 1.00 4.23 5.12 1.04 MRecma e G- an b e -w Vinculin
+BPIFB3si | 0.07 8.37 0.66 0.09
Percent| BPIFB3si |RETREG1si| RTN3si | SEC62si |
KD | 6221 | 8346 | 9946 | 9570 | E
801 .
;s —&— CONsi
B B CONsi —8— BPIFB3si
5001 O BPIFB3si s0] 74— RETREGIsi

—¥— BPIFB3si+RETREG1si
—+— DENVsi

Il RETREG1
400+ Il RETREG1si
+BPIFB3si

VRNA
(%CONSsi)

NS3 positive cells (%)
8 3

DENV ZIKV 8h 16h 24h 48h

Hours post infection
C Il CONsi

1 BPIFB3si .
Bl RETREG1si s RETREG1si
77 Bl RETREG1si
- +BPIFB3si
-
E
3
-
= e
(o))
(@]
=)

BPIFB3si BPIFB3si + RR1si

DENV ZIKV

DENVsi

44



Figure 10 Inhibition of RETREGLI reticulophagy by RNAI restores flavivirus replication
(A) RT-gPCR of DENV infection of BPIFB3 depletion alone or with the reticulophagy receptors RETREG1, RTN3,
or Sec62 in HBMEC. Mean fold change to CONsi for each knockdown is shown in table below the graph. Percent
KD was determined by RT-gPCR and is shown for each siRNA. (B) RT-gPCR for DENV and ZIKYV infection levels
in cells depleted of BPIFB3 and RETREGLI alone or together. (C) Infectious particle production from BPIFB3 and
RETREGL depleted cells determined by FFU assay from panel B. (D) Western blot for DENV NS3 at 8, 16 and 24
hours post infection in BPIFB3 and RETREG1 depleted cells. (E) siRNA transfected HBMEC infected with DENV
were stained and imaged for NS3 at 8, 16, 24, and 48 hours post infection and quantified by automated imaging

software to determine the percent of NS3 positive cells per field. (F) Representative images from panel E.

2.2.6 BPIFB3 depleted cells exhibit enhanced reticulophagy

To mechanistically determine whether the reversal of flavivirus infection by RETREG1
co-depletion corresponded with a reversal in the autophagy phenotype associated with BPIFB3
depletion, we performed TEM of HBMEC transfected with BPIFB3si or RETREG1si alone or in
combination, or with CONsi (Figure 11A). Quantification of the number of vesicles in each
condition demonstrated that co-depletion of RETREG1 with BPIFB3 inhibited the increase in
autophagy observed in BPIFB3si-transfected cells (Figure 11B). Given that depletion of
RETREGLI reversed the enhancement of autophagy and the inhibition of viral infection associated
with BPIFB3 silencing, we determined whether BPIFB3 depleted cells exhibited increases in
reticulophagy specifically. To test this, we performed TEM to directly examine the association of
the ER with autophagosomes and lysosomes. TEM imaging confirmed that the ER is highly
associated with autophagosomes during BPIFB3 depletion (Figure 11C, black arrows indicate ER
and white arrows indicate closely associated autophagosomes). Lastly, we confirmed that BPIFB3

silencing enhanced overall levels of autophagosome formation by immunoblotting for the
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autophagy adapter protein, LC3 by immunoblot. In agreement with our prior studies (1), BPIFB3
depletion increased the autophagy-committed form of LC3 Il (Figure 11D-E). Taken together,
these data suggest that BPIFB3 is required to facilitate flavivirus replication due to its regulation

of RETREG1-dependent reticulophagy.
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Figure 11 RETREGL depletion inhibits BPFB3si induced autophagy

(A) TEM of HBMEC depleted of BPIFB3 and RETREGL alone or together. Top panel shows total cell morphology,

scale bars represent 2 um. Black boxes indicated regions magnified in bottom panel to show ER membrane and vesicle
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morphology. (B) Quantification of total number of vesicles (autophagosomes, lysosomes, and enlarged endosomes/
amphisomes) per cell from TEM images in panel A. (C) TEM images of CONSsi or BPIFB3si HBMEC showing ER
membranes closely associated with autophagosomes. (D) Western blot of siRNA transfected HBMEC for the

autophagy protein LC3 and the GAPDH as a loading control, quantified in panel (E).

2.3 Discussion

The success of flavivirus infection depends on the cooperation of numerous cellular
organelles and pathways that function to produce progeny virions, specifically relying on host
membranes throughout their lifecycles. Here we show that BPIFB3 is required for DENV and
ZIKV infection by regulating the availability of ER membranes for viral remodeling of the ER.
Our data show that BPIFB3 depletion enhances ER sheet turnover by RETREG1-mediated
reticulophagy. These findings not only define the role of specific autophagic pathways in the
regulation of flavivirus infection, but also identify BPIFB3 as a novel regulator of RETREG1-
specific forms of reticulophagy.

Unlike other RNA viruses, flaviviruses depend solely on ER-derived membranes for their
replication. The viral genome is delivered to the rough ER following entry and uncoating, where
translation of viral proteins induces expansion of the ER. Of the seven nonstructural proteins, the
majority remain associated with the ER throughout the lifecycle, where they function in viral
replication, membrane remodeling, and inactivation of reticulophagy and ER stress pathways (13,
38, 142, 146, 150, 160). While it has been suggested that the virally encoded non-structural
proteins NS1, NS4A, and NS4B are involved in membrane manipulation during DENV infection,
little is known regarding host factors essential for this process. Currently, only three host factors

have been implicated in membrane expansion, including fatty acid synthase (FASN), RETREGI,
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and reticulon 3.1A (RTN3.1A). FASN is recruited to sites of replication organelle formation by
the DENV protease NS3, demonstrating increased lipid synthesis is important for membrane
remodeling (155). Additionally, both DENV and ZIKV inhibit ER degradation by cleaving the
RETREGL1 reticulophagy receptor, allowing for an accumulation of ER membranes (146). Lastly,
RTN3.1A localizes to viral replication organelles to facilitate proper membrane curvature,
however it does not interact with DENV or ZIKV NS4A during membrane remodeling (161). Our
work presented here further confirms that degradation of the ER is an antiviral process and
suggests BPIFB3 as a new host cell factor that regulates ER turnover. RNAi mediated silencing of
BPIFB3 leads to enhanced levels of reticulophagy, which decreases the availability of ER
membranes for flavivirus replication. Concurrent depletion of RETREG1 with BPIFB3 overcomes
this defect, demonstrating that the antiviral effects of BPIFB3 depletion are specific to RETREG1-
mediated reticulophagy.

One method proposed to promote membrane expansion during flavivirus infection is the
induction of autophagy (142). However, our data demonstrate that enhanced levels of
reticulophagy, particularly early during infection, inhibit membrane remodeling and replication
organelle formation. Recent work has identified a number of ER-specific autophagy pathways that
differ by the receptor used to target cargo to autophagosomes (63, 100, 107). However, it remains
unclear whether these pathways are regulated by the same machinery that controls canonical
macroautophagy. The growing diversity in the various forms of autophagy further complicates our
understanding of the relationship between viral infection and this pathway, as certain forms of
autophagy may differentially regulate viral replication at various stages of the viral life cycle. The
work presented here, in combination with our previous work characterizing BPIFB3 as a negative

regulator of CVB infection, demonstrates the unique requirements for autophagy between different

49



RNA virus families. In contrast to the unclear role for distinct autophagic pathways in flavivirus
infection, CVB benefits from autophagy induction, as it uses autophagosomes and other
cytoplasmic vesicles for replication organelle formation. Importantly, CVB inhibits fusion of the
autophagosome with the lysosome, which enhances the number of cytoplasmic vesicles and
prevents the degradation of viral replication machinery (23, 128, 162). Conversely, it has not been
demonstrated whether flaviviruses have developed strategies to avoid clearance through the
macroautophagy pathway similar to CVB and other enteroviruses. While the induction of
autophagy during flavivirus infection has been implicated in enhancing viral replication (141), the
precise timing of induction may have distinct effects on the viral lifecycle. Furthermore, the ability
to specifically activate one form of autophagy while inhibiting others may be essential for
successful flavivirus infection. The distinction between membrane manipulation during CVB
infection and flavivirus infection explains the differential effects of BPIFB3 in regulating these
unique viruses and further suggests that increased flux through autophagy is detrimental to
flavivirus replication.

The BPIFB family of proteins were initially named and identified because of their
homology to the bactericidal/permeability-increasing (BPI) protein; a secreted antimicrobial
protein that functions through binding to LPS (3, 5, 48). Despite the high degree of predicted
structural homology, BPIFB3 localizes to the ER and is not secreted (1). Of the other members of
the family, BPIFB2 and BPIFBG6 are also ER localized, however neither appear to regulate
autophagy (2) or flavivirus infection. BPIFB proteins contain two BPI folds demonstrated to have
lipid binding properties. Unlike other BPIFB proteins, the first BPI domain (BPI1) of BPIFB3
lacks the ability to bind lipids, while BPI2 is capable of binding phosphatidic acid,

phosphatidylserine, cardiolipin, and other lipid molecules (2). Of the related proteins, BPIFB6 is
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the only protein to be characterized, and has been demonstrated to regulate secretory trafficking
and Golgi morphology (2). Together with the data presented here, this suggests that a possible
unifying function of these proteins is to regulate sites of vesicle trafficking, however the
mechanism by which they do so remains unclear. BPIFB3 over expression has been associated
with inhibition of autophagy, while here we show that its depletion specifically enhances
RETREGL1 reticulophagy, but not other reticulophagy pathways universally. In comparison,
BPIFB6 depletion results in Golgi dispersal and a disruption of retrograde and anterograde
trafficking (2). This alludes to a possible mechanism whereby BPIFB3 and BPIFB6 expression is
associated with decreased vesicle trafficking to the autophagic and secretory pathways
respectively, while loss of expression leads to enhanced vesicle trafficking originating in the ER.
Importantly, expression of BPIFB3 is remarkably low, and we are unable to detect endogenous
protein by either western or immunofluorescence. Despite its low expression, depletion of BPIFB3
elicits a dramatic phenotype in cells, suggesting an essential role in regulating the morphology of
the cellular membrane network. This is consistent with other ER structural proteins that drastically
effect membrane morphology at very low levels of endogenous expression (163). Their potential
roles in vesicle trafficking have important implications for the ability of these proteins to impact
the trafficking and spread of a variety of viruses. However, further characterization is required to
delineate the different methods by which viruses are trafficked during infection.

The relationship between flavivirus infection and the autophagic pathway is likely to be
complex. While the initiation of autophagy and lipophagy have been demonstrated as proviral
pathways (141, 142, 148, 154), flux through the autophagic pathway and reticulophagy are

antiviral (143, 146, 164). Thus, further characterization of the role of specific autophagic pathways
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in the regulation of flavivirus infection is needed to understand and develop new mechanisms to

control infection.
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3.0 BPIFB3 interacts with ARFGAP1 and TMEDO? to regulate a non-canonical form of

autophagy and positive strand RNA virus infection

Autophagy is a degradative cellular pathway that targets cytoplasmic contents and
organelles for turnover by the lysosome. Various autophagy pathways play key roles in the
clearance of viral infections, and many families of viruses have developed unique methods for
avoiding degradation. Some positive stranded RNA viruses, such as enteroviruses and flaviviruses,
usurp the autophagic pathway to promote their own replication. We previously identified the
endoplasmic reticulum-localized protein BPIFB3 as an important regulator of non-canonical
autophagy that uniquely impacts the replication of enteroviruses and flaviviruses. Here, we find
that many components of the canonical autophagy machinery are not required for BPIFB3-
regulated autophagy and identify the host factors that facilitate its role in the replication of
enteroviruses and flaviviruses. Using proximity-dependent biotinylation (BiolD) followed by mass
spectrometry, we identify ARFGAP1 and TMEDS9 as two cellular components that interact with
BPIFB3 to regulate autophagy and viral replication. Importantly, our data demonstrate that non-
canonical autophagy in mammalian cells can be controlled outside of the traditional pathway
regulators and define the role of two proteins in BPIFB3-mediated non-canonical autophagy. The
data presented in this chapter have been submitted for publication in the Journal of Cell Science
and are currently under revision. This manuscript can also be located on bioRxiv at Evans AS,
Lennemann NJ, Coyne CB. 2020. BPIFB3 interacts with ARFGAP1 and TMED? to regulate non-

canonical autophagy and RNA virus infection. bioRxiv 2020.07.16.207035.
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3.1 Introduction

Autophagy is a catabolic cellular process that is responsible for the degradation of many
cellular proteins, lipids, and excess organelles. Despite the extensive characterization of signaling
components involved in the regulation of macroautophagy, the origin of membranes responsible
for the formation of nascent autophagosomes remains unclear. Each organelle within the secretory
pathway has been implicated as a source of membranes for autophagosome biogenesis in
mammalian cells, demonstrating a more complex relationship between membrane supply and
autophagosome formation than what has been established in yeast. While it has been widely
accepted that the ER plays an essential role in autophagosome formation, many studies have sought
to narrow down the subdomain of the ER responsible for autophagosome nucleation. ER exit sites,
ER-plasma membrane contact sites, and ER-mitochondria associated membranes have all been
described as essential sites for autophagosome formation (64, 75, 173-175). Additional studies
have also suggested that sites of COPI vesicle formation within the Golgi may play an important
role in early stages of autophagosome formation (176). Despite these efforts to discern the sites
and membrane features of autophagosome biogenesis, there still remains much variability and
uncertainty surrounding this process. While the site of autophagosome formation likely has a
significant impact on the cargo to be degraded, many questions remain. For example, does the site
of isolation membrane nucleation also impact the type of autophagy (canonical versus an alternate
noncanonical pathway)? These questions become more complex when thinking about the context
of autophagy during viral infections, as there can be direct implications for the location of
autophagosome formation and the targeted clearance of viral particles or membrane associated

viral replication organelles. We previously identified that the specific turnover of ER membranes
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by reticulophagy is a highly antiviral pathway for certain viruses (146), however the impact of
other specific autophagy pathways on viral replication is less clear.

Our previous characterization of BPIFB3 revealed that its RNAi-mediated silencing
resulted in a striking enhancement of autophagy, while it’s over expression restricted autophagy
(1). This regulation of autophagy has been demonstrated to have important implications in
regulating the infection of two distinct families of viruses, enteroviruses and flaviviruses.
Depletion of BPIFB3 specifically enhances the replication capacity of the enterovirus CVB, while
restricting the replication of the two flaviviruses DENV and ZIKV (1, 7). These disparate effects
on replication highlight key replication differences between the two families of viruses and their
sensitivity to turnover by BPIFB3-regulated autophagy. Recently, we demonstrated that depletion
of BPIFB3 not only impacts autophagic flux, but also disrupts ER integrity, which can be reversed
by inhibition of ER turnover via RETREG1-dependent reticulophagy (7), suggesting that the
depletion of BPIFB3 broadly affects multiple aspects of autophagy. However, the specific
components that interact with BPIFB3 to elicit these effects remain unclear. In this study, we
defined the interactome of BPIFB3 and characterized the role of specific interactions on autophagy
and RNA virus infection. Using BiolD followed by mass spectrometry, we identified two binding
partners of BPIFB3, ARFGAP1 and TMED9, which we found regulate BPIFB3-specific
autophagy. Our data presented here point to a mechanism whereby BPIFB3 interaction with

ARFGAP1 and TMEDS9 regulates the initiation of a form of non-canonical autophagy.
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3.2 Results

3.2.1 BPIFB3 depletion-induced autophagy does not rely on canonical autophagy

regulators

Given that BPIFB3 regulates a non-canonical autophagy pathway, we sought to
characterize which components of the autophagic initiation machinery were required for the
induction of autophagy during BPIFB3 depletion. To do this, we used two distinct viruses, CVB
and DENV, as read outs for the reversal of autophagy induction given that our previous studies
showed that BPIFB3-induced autophagy increases the replication of CVB, while it restricts DENV
infection (1, 7). We tested components associated with three key phases of autophagy induction—
autophagosome nucleation (ULK1), isolation membrane formation (the catalytic component of
PI3K (PI3KC3), UVRAG], and BECN1), and processing of LC3 (ATG7). To determine if these
factors were essential for the induction of autophagy observed during BPIFB3 knockdown, we
depleted each component by RNAi-mediated silencing in human brain microvascular endothelial
cells (HBMEC) either alone or during the context of BPIFB3 depletion and infected with CVB or
DENV. Consistent with previous findings, BPIFB3 depletion alone resulted in an enhancement
of CVB replication (Figure 12A) and a restriction of DENV replication (Figure 12B). Silencing
of the autophagosome nucleation kinase ULK1 independently had minimal effect on both CVB
and DENV (Figure 12A-B). Consistent with these results, when ULK1 was co-depleted with
BPIFB3 there was no change in the effects of BPIFB3 silencing on CVB or DENV replication
(Figure 12A-B). These data directly indicate that the enhancement of autophagy observed during
BPIFB3 depletion is not reversed when ULK1 expression is knocked down. We performed these

same analyses for factors associated with isolation membrane formation (Figure 12C-D) and LC3
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processing (Figure 12E-F), using both CVB and DENV infection levels as an indication of the
inhibition of autophagy. We found that none of the canonical autophagy components tested were
able to inhibit BPIFB3si-induced autophagy. Intriguingly, the co-depletion of BPIFB3 with
BECNL1 seemed to exaggerate the effect of BPIFB3 depletion alone, suggesting some degree in
similarity between the effects of BECN1 and BPIFB3 depletion on CVB and DENV. However,
BECNL1 depletion was still insufficient to inhibit the enhancement of autophagy observed during
BPIFB3 silencing. Knockdown efficiency of the siRNAs was confirmed by RT-qPCR (Figure
13). These data provide a clear indication that the regulation of autophagy during BPIFB3

depletion is not dependent on macroautophagy regulatory components.

57



ns

(e>]
1

ns
M| [ +CONsi < 207
2 B +BPIFB3s z O3 +CONsi
< ,] ; 1.5 Il +BPIFB3si
s
> Z 1.01
(@] 2 a
% |l| o 0.54
L [=]
w
0 IIl. . 0.0-
C CONsi  ULKfsi D CONsi  ULK1si
20 ns ns ns 2,04 ns * ns
% | 3 +CONsi ‘Z': ‘ | [ +CONsi
x 157 B +BPIFB3si @ 15 B +BPIFB3si
>
g 104 Z 1.0
o a
2 5 o 0.5 i Ill
[T o
od % 0.0- . . .
CONsi  PI3KC3si UVRAGsi BECNfsi CONsi PI3KC3si UVRAGsI BECN1si
81 : 2.0+ ns
< | I 3 +consi < 3 +CONsi
¢ 6 B +BPIFB3si X 1.5 Bl +BPIFB3si
>
g H ﬁ 1.0
o a
2 o 054
o =
w 2
0.0-
CONsi  ATGTsi CONsi  ATGTsi

Figure 12 Canonical autophagy components are not required for BPIFB3si induced autophagy
HBMECs were depleted with BPIFB3 alone or in combination with key macroautophagy regulatory components,
including factors involved in autophagosome nucleation, ULK1 (A and B); components of the PI3K complex required
for isolation membrane formation, PI3KC3, UVRAG, BECNL1 (C and D); and ATG7, which is required for LC3 and
ATG5-ATG12 formation (E and F). 48 hours post knockdown HBMEC were infected with CVB
(16h) and DENV (48h) and viral replication was determined by RT-gPCR. CVB and DENV were used as a readout
for BPIFB3si induced autophagy as our prior studies have determined BPIFB3 depletion increases CVB replication

and restricts DENV infection. Data were analyzed using a two-way ANOVA, * P < 0.05.
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Figure 13 siRNA knockdown efficiency of autophagy regulatory components
The knockdown efficiency for each siRNA targeting BPIFB3 (A), ULK1 (B), PI3KC3 (C), BECN1 (D), and ATG7
(E) was determined by gPCR for target mMRNA and expressed as fold change to control siRNA transfected cells

(CONsi). Data were analyzed using an unpaired t test, ** P < 0.01, **** P < 0.0001.

3.2.2 BiolD mass spectrometry identifies ARFGAP1 and TMED9 as BPIFB3 interacting

proteins

In order to identify proteins that interact with BPIFB3 and gain further insights into the
mechanism(s) of its non-canonical autophagy regulation, we utilized the improved biotinylation

based assay, BiolD2 followed by mass spectrometry analysis (177). To achieve this, biotinylated
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proteins were isolated from HBMEC expressing BPIFB3-BiolD2 or an empty BiolD2 control
vector. BPIFB3 interacting candidates were selected following mass spectrometry detection by
analyzing raw peptide counts (Figure 14A and 14D) and percent protein coverage (Figure 14B,
14C, and 14D) as fold change to vector control samples. BiolD identified a number of potential
BPIFB3 interacting partners, including ARFGAP1 and TMED9 which have been previously

implicated in the regulation of vesicle trafficking between the ER and Golgi (178-180).
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Figure 14 Biol D analysis identified BPI

select candidates are shown in (D).

Validation of the BiolD results by immunoprecipitation of BPIFB3 tagged with V5
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for both vector control (CON) and BPIFB3. Average values for peptide counts, percent coverage, and significance for

expressed alone or with GFP-fused ARFGAP1 and TMED?9 confirmed their interaction (Figure
15A). Interestingly, we also tested the interaction of BPIFB3 with VAPB, which was identified at

low levels by the BiolD screen (shown in Figure 14A and 14B as the pale red point) and found




that we were not able to validate its association with BPIFB3. These data confirm the specificity
of interaction of BPIFB3 with ARFGAP1 and TMED9. We next examined the localization of
ARFGAP1 and TMED9 when expressed with an ER marker or with BPIFB3. In agreement with
our prior studies, ectopic expression of BPIFB3 with the ER marker KDEL-mCherry (Figure 15B
top row) confirmed BPIFB3 localizes to the ER in a punctate expression pattern with a high
Pearson’s correlation coefficient of 0.72 (Figure 15D). ARFGAP1 expression was primarily
diffuse in the cytoplasm with a small amount of punctate perinuclear expression that is indicative
of its known localization with the Golgi complex (181). The punctate expression of ARFGAP1
further co-localized with the KDEL-mCherry marker (Pearson’s r = 0.82), as it has been previously
reported that ARFGAPL1 enhances both anterograde and retrograde trafficking between the ER and
Golgi (Figure 15B middle row) (182, 183). Interestingly, co-expression of ARFGAP1 with
BPIFB3 disrupted the punctate Golgi localization of ARFGAP1 (Figure 15C top row) however
still remained highly co-localized with BPIFB3 (Pearson’s r = 0.72) (Figure 15D). Expression of
ARFGAP1 also altered the morphology of BPIFB3 localization, causing BPIFB3 to localize in a
more reticular pattern with clusters of aggregated signal (Figure 15C top row). Ectopic expression
of TMED9 was highly localized to the ER in a reticular pattern (Pearson’s r = 0.93), which is
retained upon co-expression with BPIFB3 (Figure 15B-C bottom rows). Likewise, expression of
TMEDS9 does not alter the localization pattern of BPIFB3. These results show that BPIFB3

interacts and colocalizes with ARFGAP1 and TMED?9.
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Figure 15 Validation of BiolD results confirms ARFGAP1 and TMED9 interact with BPIFB3
(A) Immunoprecipitation of BPIFB3-V5 with select candidates identified by BiolD, VAPB-GFP, ARFGAP1-GFP,
and TMED9-GFP. Note that the double band on the V5 input blot is residual VAPB (top band) above BPIFB3 (bottom
band) and is not a BPIFB3-V5 doublet. (B) Immunofluorescence imaging of U20S cells expressing BPIFB3,
ARFGAP1, and TMED? (all green) with the ER marker, KDEL-mCherry. Scale bars are 10 um. (C) Co-localization
of BPIFB3 (red) was assessed with both ARFGAP1 and TMEDS (green) in U20S cells by immunofluorescence. Scale
bars are 10 um. (D) A Pearson’s correlation analysis was used to determine colocalization between ARFGAPI,

TMEDS, and BPIFB3.

3.2.3 ARFGAP1 and TMED?9 expression are required for BPIFB3-mediated autophagy

Given that a hallmark of BPIFB3-silencing is increased levels of autophagy, we next

sought to determine whether ARFGAP1 or TMEDS9 were required for this phenotype. HBMEC
63



were transfected with a control sSiRNA (CONsi) or with BPIFB3si alone or in combination with
siRNAs against ARFGAP1 and TMED9 (ARFGAP1si or TMED?9si). Samples were then infected
with CVB, which enhances the levels of BPIFB3si-induced autophagy (1). Consistent with our
prior studies, BPIFB3 silencing induced an increase in lipidated LC3 (LC3 II), which can be
distinguished from non-lipidated LC3-1 by immunoblot (Figure 16A). LC3-I1I levels were further
enhanced in BPIFB3si-transfected cells infected with CVB (Figure 16A). Depletion of ARFGAP1
and TMED9 independently had minimal effects on LC3 levels during CVB infection (Figure
16A). However, co-depletion of ARFGAP1 and TMED?9 with BPIFB3 led to a decrease in LC3-
Il levels compared to BPIFB3si alone, suggesting that the depletion of each inhibited BPIFB3si
induced autophagy enhancement. In contrast co-depletion of BPIFB3 with VAPB, did not reverse
BPIFB3si induced autophagy (Figure 16A).

In order to confirm that ARFGAP1 and TMED9 depletion reversed the enhancement of
autophagy in BPIFB3si-transfected cells, we used immunofluorescence-based microscopy to
examine autophagy levels on a per cell basis. We performed these experiments in the absence of
CVB infection to define the effect of BPIFB3 silencing independent of viral infection. LC3
positive autophagosomes and p62 positive vesicles were quantified in HBMEC transfected with
CONsi or BPIFB3si alone or in combination with ARFGAP1 and TMED?9 siRNAs (Figure 16B-
D). In agreement with our previous findings (1, 7), BPIFB3 depletion lead to an enhancement of
LC3 positive puncta, which corresponds to the increase in lipidated LC3 observed by western blot.
Silencing of ARFGAP1 and TMED?9 alone had no impact on the number of LC3 positive
autophagosomes when compared to control cells (CONsi). In contrast, co-depletion of ARFGAP1
or TMED9 with BPIFB3 inhibited the induction of autophagy induced by BPIFB3si alone

(Figures 16B-D). Despite the clear changes observed in LC3 levels, it did not correspond with
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changes in the number of p62 positive puncta across any conditions, confirming our previously
published data that BPIFB3 regulates a non-canonical form of autophagy and not macroautophagy

a7).
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Figure 16 ARFGAP1 and TMED9 are required for BPIFB3si induced autophagy
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(A) Western blot for LC3 protein levels from HBMEC transfected with BPIFB3si alone or in combination with
ARFGAP1si, TMED?Ssi, or VAPBsi. HBMEC were infected with CVB to exacerbate the effects of BPIFB3si induced
autophagy and delineate changes in LC3 protein expression. The ratio of LC3 1I/LC3 | shown in the table below,
indicates the level of autophagy. (B) HBMECs depleted of BPIFB3 alone or in combination with ARFGAP1 or
TMED9 were analyzed for level of autophagy by immunofluorescence imaging ot LC3 (red) and p62 (green). Scale
bars are 25 um. Quantification of LC3 and p62 puncta are shown in (C and D). Data were analyzed using a one-way

ANOVA, *** P <0.001, **** P < 0.0001.

To further define the impact of ARFGAP1 and TMEDS9 silencing on BPIFB3-associated
autophagy, we performed transmission electron microscopy (TEM). Consistent with our previous
work, BPIFB3 depletion increased the number of autophagy-associated vesicles (e.g. double
membrane vesicles, amphisomes, and lysosomes) compared to control cells, which was reversed
by co-depletion of either ARFGAP1 or TMED?9 (Figure 17A-B). Depletion of ARFGAPL1 alone
lead to an increase in the number amphisomes present, indicative of the role that ARFGAP1 plays
in both COPI and endocytic vesicle trafficking (180, 184), however there was no observable
impact on autophagy levels (Figure 17B). The co-depletion of ARFGAP1 with BPIFB3 showed
a similar phenotype, with fewer autophagy associated vesicles than BPIFB3si alone (quantified in
Figure 17B). Additionally, we also observed an increase in the presence of ER membranes
throughout the cytoplasm during co-depletion of ARFGAP1 and BPIFB3 that was not apparent in
the individual knockdowns. This phenotype shows interesting parallels to the effects of BPIFB3
silencing on ER morphology that we previously showed was rescued by the depletion of the
reticulophagy receptor RETREGL (7). The depletion of TMEDS alone showed no significant effect
on the formation of autophagy-associated vesicles but did show modest evidence of changes in ER
morphology, with less continuous ER sheet-like membranes (Figure 17A). This is likely

associated with the role TMED? (also referred to p24a2) plays in ER exit site formation (185). In
67



agreement with LC3 immunoblots and immunofluorescence, the co-depletion of TMED9 with
BPIFB3 significantly reversed the increase in autophagy observed during BPIFB3 depletion alone
(Figure 17B). Furthermore, we previously published that the depletion of BPIFB3 directly impacts
ER morphology (7), and the TEM data presented here demonstrates not only that co-depletion of
ARFGAP1 or TMED9 with BPIFB3 reverses the BPIFB3si-enhanced autophagy, but also further

impacts ER morphology during BPIFB3 depletion.
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Figure 17 ARFGAP1 and TMED9 depletion reverse BPIFB3si morphology
(A) Transmission electron microscopy of HBMEC transfected with BPIFB3si alone or in combination with the BiolD
hits, ARFGAP1 and TMEDS9. Top row depicts large sections of the cytosol with dashed box around the zoomed in
region shown in the bottom panel. Scale bars are 800 nm. (B) The number of autophagy-associated vesicles (e.g.
double membrane vesicles, amphisomes, and lysosomes) were quantified per cell to determine if ARFGAP1 and
TMED?9 reversed the enhancement in non-canonical autophagy observed by BPIFB3 depletion. Data were analyzed

using a one-way ANOVA, ** P <0.01, *** P < 0.001.
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3.2.4 Characterization of autophagy organelle markers during BPIFB3 depletion

Given that our characterization of key autophagy regulators on BPIFB3si induced
autophagy showed no impact on the effects of autophagy induction (Figure 12), we performed
immunofluorescence imaging of key organelle markers during the co-depletion of BPIFB3 with
ARFGAP1 or TMED9. First, we examined lysosomal morphology by immunofluorescence
microscopy of the late endosome/ lysosome marker LAMP1 (Figure 18A). In addition, samples
were co-immunostained with the macroautophagy marker p62 to confirm that the increase in
autophagy associated vesicles observed by TEM were not consistent with the macroautophagy
pathway. In agreement with previous findings (1, 7) and our TEM data (Figure 17), BPIFB3
depletion increased the number of lysosomes, but not p62 positive vesicles (Figure 18A) .
Intriguingly, depletion of ARFGAP1 and TMED9 independently also increased the numbers of
LAMP1 positive late endosomes/ lysosomes, which may correspond to the increased number of
amphisomes observed by TEM. Despite this observable increase in LAMPL1 vesicles during
independent knockdown of each factor, the co-depletion of ARFGAP1 or TMEDS9 with BPIFB3
resulted in a reduction in the number of LAMP1 lysosomes compared to each of the single sSiRNA
knockdowns (Figure 18A). These data confirm our TEM results that the co-depletion of
ARFGAP1 and TMED9 with BPIFB3 reduces the number of autophagy associated vesicles
beyond the autophagosome marker LC3 alone.

We also examined the morphology of ER exit sites during BPIFB3 depletion alone or with
ARFGAP1 and TMED9. ARFGAP1 is a well-known regulator of COPI vesicle trafficking, while
TMED9 has also been suggested to impact COPI trafficking (178, 180, 185). However, our
previous studies determined that BPIFB3 depletion has no effect on COPI morphology (2). Despite

its known role in COPI trafficking, early reports of TMED?9 function suggest a role in ER exit site
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formation and morphology (185). Therefore, we aimed to determine if the BPIFB3-
ARFGAP1/TMED?9 axis had a role in maintaining ER exit site morphology. We also sought to
determine if ER exit sites served as sites of BPIFB3si-induced autophagosome formation.
Immunofluorescence imaging of Sec31A, a component of the COPII coat complex, and LC3B
during BPIFB3 depletion alone or with ARFGAP1 and TMED9 (Figure 18B), demonstrated no
clear association between LC3 puncta and ER exit sites. Despite this, we observed morphological
changes of Sec31A during ARFGAP1 and TMED?9 depletion (Figure 18B). Quantification of
Sec31A staining revealed a reduction in the total Sec31A area during ARFGAP1 and TMED9
depletion (Figure 18C). This reduction of ER exit site area was maintained during the co-depletion
of ARFGAP1 and TMED9 with BPIFB3 but was not seen during BPIFB3 silencing alone. This
suggests that ARFGAP1 and TMED9’s known role in COPI trafficking may extend to the
regulation of ER exit site morphology. While there is no evidence of direct association between
ER exit sites and BPIFB3si induced autophagy, these changes observed in ER exit site morphology
might have downstream implications for the impact on vesicle trafficking and may explain the

reversal autophagy that occurs.
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Figure 18 Characterization of autophagy related organelle markers during the co-depletion of BPIFB3 and
ARFGAP1 or TMED9
(A) HBMEC transfected with each indicated combination of siRNAs were fixed and stained with antibodies to the
macroautophagy receptor p62 and the late endosome/ lysosome marker LAMPL1. (B) HBMEC transfected with
BPIFB3si alone or in combination with ARFGAP1 or TMED9 were fixed and stained for the COPII vesicle coat
component, Sec31A, and the autophagy marker, LC3B. Scale bars are 25 um. (C) Quantification of Sec31A positive
signal as percent of total cell area by siRNA knockdown conditions. Data were analyzed using a one-way ANOVA of

each siRNA condition compared to control (CON), ** P <0.01, *** P < 0.001, **** P < 0.0001.

To further characterize the role of ARFGAP1 and TMED9 during BPIFB3 knockdown, we
ectopically expressed GFP-tagged ARFGAP1 or TMED?9 in control or BPIFB3 depleted cells.
Expression of ARFGAPL during BPIFB3si conditions showed no changes of localization or
morphology (Figure 19A). However, the expression of TMED9 during BPIFB3 depletion showed
slight changes in distribution of its reticular pattern paired with increased co-localization with ER
exit sites marked by Sec31A (Figure 19B). Taken together, these data indicate clear alterations in
the COPI and COPII trafficking pathways during BPIFB3 depletion that is dependent on the

presence of TMED?9.
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3.2.5 ARFGAP1 and TMEDS9 are required for BPIFB3si modulation of RNA virus

infection

Because we found that co-depletion of ARFGAP1 and TMED?9 both reversed the effects
of BPIFB3si-mediated autophagy, we next determined whether they were required for BPIFB3-
mediated regulation of RNA virus infection Analysis of CVB (Figure 20A) and DENV (Figure
20B) infection upon depletion of ARFGAP1 or TMEDS9 had no effect on viral replication, whereas
co-depletion with BPIFB3 demonstrated a reversal of the effects of BPIFB3 silencing alone. The
knockdown efficiency of siRNAs targeting ARFGAP1 and TMEDS9 was confirmed by RT-gPCR
(Figure 21). These data are in contrast to our findings with canonical regulators of autophagy
(Figure 12). Given that ARFGAP1 and TMED? reverse the phenotypes associated with each virus,

confirms our findings that the effects of BPIFB3si are fully reversed.
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Figure 20 ARFGAP1 and TMED?9 reverse the effects of BPIFB3 depletion on viral infection
HBMEC transfected with CONsi or BPIFB3si alone or in combination of ARFGAP1 and TMED9 were infected with
CVB (A) or DENV (B) at a MOI of 1 and analyzed for level of infection by gPCR. Data were analyzed using a two-

way ANOVA, ** P < 0.01, **** P <0.0001.
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Figure 21 siRNA knockdown efficiency and ARFGAP1 and TMED9
The knockdown efficiency for siRNAs targeting (A) ARFGAP1, and (B) TMED9 was determined by gPCR for target
MRNA and expressed as fold change to control siRNA transfected cells (CONSsi). Data were analyzed using an

unpaired t test, ** P < 0.01, **** P < 0.0001.

3.3 Discussion

Here, we define the cellular factors that regulate a noncanonical form of autophagy that
occurs in the absence of BPIFB3 expression and which is important for RNA virus replication.
The characterization of autophagy pathways in mammalian cells is made more complex than the
study of parallel pathways in yeast due to significantly increased variability in the signals that
control autophagosome biogenesis, the diversity of membranes used for autophagosome
formation, and the increased expansion of the ATG8 protein family (61). This complexity is further
complicated by the collection of autophagy pathways in mammalian cells that serve unique

functions, such as organelle specific pathways. Traditionally, macroautophagy functions in
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response to nutrient stress, specifically amino acid starvation. However, new evidence suggests
that changes in lipid content and signals independent from the PI3K complex can play an important
role in driving different forms of autophagy (132, 186, 187). The ER localized protein BPIFB3 as
a negative regulator of a non-canonical autophagy pathway (1, 7). While our prior work
characterized the induction of autophagy observed during BPIFB3 depletion and eluded to a non-
canonical pathway, here we focused on defining the factors required for the induction of BPIFB3-
regulated autophagy. The work presented here, demonstrates that many of the regulatory
components involved in controlling canonical autophagy are not essential to the form of autophagy
induced by decreased BPIFB3 expression. Instead, we show that two host cell factors, ARFGAP1
and TMEDS9, are required for BPIFB3 induced autophagy, and loss of expression is sufficient to
negate the induction of autophagy. We further conclude that ARFGAP1 and TMED? are required
for the effects of BPIFB3 depletion on both CVB and DENV replication. These findings indicate
that the enhancement observed in CVB replication is due to the increase in autophagosomes and
endosomes within the cytoplasm that occurs during BPIFB3 silencing, which may directly enhance
viral replication due to more available membranes for viral RO formation. In contrast, the
inhibition of DENV replication that occurs during BPIFB3 silencing, is a result of a disruption in
ER integrity and enhanced ER turnover (7). Given that these effects are linked to changes in two
distinct organelle compartments, our findings support that both ARFGAP1 and TMED9 play
essential roles in BPIFB3 function.

BPIFB3 belongs to the BPIFB family of proteins named for their homology to BPI, a
secreted antimicrobial protein that functions by binding bacterial lipopolysaccharide (3, 5, 46).
Despite the high degree of predicted structural homology, BPIFB3 and other ER localized

members of the family, BPIFB2 and BPIFB6, are not secreted and remain associated with the ER
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(1, 2). Furthermore, BPIFB proteins are predicted to have a high degree of structural homology to
lipid transfer proteins, such as cholesterylester transfer protein (CETP). We previously confirmed
that BPIFB3 binds lipids, but have not found direct evidence that it is involved in lipid transfer
between membranes like other lipid transfer proteins (2). Despite this, our prior studies have
determined that both BPIFB3 and BPIFB6 play important roles in vesicle trafficking, with BPIFB3
impacting autophagy and BPIFB6 disrupting secretory pathway trafficking (1, 2). Recent evidence
has demonstrated that the glycolipid transfer protein (GLTP), ceramide-1-phosphate transfer
protein (CPTP), plays an essential role in regulating the balance of autophagy induction and
apoptosis via direct regulation of Golgi lipid content (186). This mechanism, in agreement with
other studies, more broadly implies that the regulation of membrane lipid content alone can directly
impact the induction of autophagy or other membrane trafficking events (132, 188). This insight
might offer an explanation for how BPIFB3 regulates autophagy independent of each canonical
autophagy protein we have tested, and further define how membrane lipid content can directly
impact vesicle trafficking events. Beyond the impact of cellular trafficking events, it has been
clearly demonstrated that distinct RNA virus families require specific lipid content at sites of RO
formation and that virus replication often requires a remodeling of cellular lipids (131, 189-192).
Taken together with the role of lipid transfer proteins in autophagy induction, this suggests a
mechanism by which lipid trafficking pathways can directly promote or restrict viral replication.
Given that ARFGAP1 and TMED? are required for BPIFB3 regulated autophagy and their
deletion is sufficient to disrupt this pathway, it is necessary to consider what role these proteins
have in the regulation of non-canonical autophagy. ARFGAP1 and TMEDS9 are both important
secretory pathway proteins and have been implicated in the regulation of retrograde COPI vesicle

formation (179, 180). ARFGAPL1 functions as a key GTPase for the well-known secretory pathway
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GTP binding protein, ARF1. ARFGAP1 has been demonstrated to have important activity in both
regulating COPI vesicle formation as well as vesicle coat disassembly (180). However, outside of
COPI vesicle trafficking, ARFGAPL has been demonstrated to play a key role in regulating
clathrin adapter protein-2 (clathrin-AP-2) endocytosis where it is suggested to function in a similar
mechanism to its role in COPI trafficking (184), and regulate membrane curvature through its lipid
packing sensor (193, 194). In contrast to ARFGAP1’s clearly defined role in vesicle trafficking,
TMED? belongs to the p24 family of proteins which have been broadly implicated in secretory
pathway trafficking and COPI vesicle formation, however these processes have not been directly
linked to TMED9 (178). Beyond their role in COPI trafficking, there is evidence that both
ARFGAP1 and TMED?9 effect ER exit sites morphology (180, 185), which may be directly tied to
their association with BPIFB3 autophagy induction. Many questions remain unanswered,
including whether the implicated function of ARFGAP1 and TMED9 within COPI trafficking is
related to the role they serve here during BPIFB3si induced autophagy. Our prior studies have
shown that loss of BPIFB3 expression has no impact on the localization or morphology of COPI
vesicles (2), and the only apparent change we observe are an enhancement of autophagy and
disruption of ER integrity (1, 7). The data presented here suggest a role for TMED9 in regulating
ER exit site morphology during BPIFB3 silencing, however this is not the case upon TMED9
depletion alone, or for ARFGAPL1 silencing.

Considering the predicted role of BPIFB3 as a lipid transfer protein, perhaps BPIFB3
functions in lipid trafficking between the ER and Golgi, with ARFGAP1 and TMED9 serving as
key regulators of this pathway. In this scenario, we predict depletion of BPIFB3 disrupts the
trafficking of lipids, resulting in enhanced autophagy and increased vesicle trafficking out of the

ER and directly impacting the replication of RNA viruses that rely on ER derived membranes.
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While this hypothesis might provide some insight into the function of BPIFB3 and an explanation
as to why canonical autophagy regulators are unable to reverse this phenotype, testing this is not
trivial. Expression of BPIFB proteins is extremely low and we have yet to be able to detect
endogenous BPIFB3 protein to date. Therefore, we have relied on RNAI mediated silencing and
ectopic expression of BPIFB3 to study its function. Our results presented here, provide further
insight into the requirements for BPIFB3 mediated autophagy and clearly demonstrate ARFGAP1

and TMED? interact with BPIFB3 to facilitate this pathway.
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4.0 Materials and Methods

4.1 Cells and viruses

Human brain microvascular endothelial cells (HBMEC) were maintained in RPMI 1640
supplemented with 10% fetal bovine serum (FBS), 10% NuSerum, 1x non-essential amino acids,
1x minimum essential medium vitamins, 1% sodium pyruvate, and 1% antibiotic. Human bone
osteosarcoma U20S (ATCC HTB-96), HEK 293T, and Vero (ATCC CCL-81) cells were grown
in DMEM with 10% FBS and 1% antibiotic. Development of DENV replicon HBMECs using
constructs provided by Theodore Pierson (NIH/NIAID) was described previously (165). Aedes
albopictus midgut C6/36 cells were cultured in DMEM supplemented with 10% FBS and 1%
antibiotic at 28°C in a 5% CO2 atmosphere. Cell viability was assessed by trypan-blue staining at
a 1:1 ratio and analyzed on a Bio-Rad TC20 Automated Cell Counter.

DENV2 16881 and ZIKV Paraiba/2015 (provided by David Watkins, University of Miami)
were propagated in C6/36 or Vero cells, respectively (166). Titers were determined by fluorescent
focus assay as previously described, using recombinant anti-double-stranded RNA monoclonal
antibody (provided by Abraham Brass, University of Massachusetts) (167). Propagation and
titration of CVB3 (RD) has been described previously (168). All experiments measuring infection
levels were performed using a multiplicity of infection (MOI) of 1 for 16 hours (CVB) or 48 hours
(DENV and ZIKV) unless stated otherwise, and infection was quantified by RT-gPCR or

fluorescent focus assay.
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4.2 siRNAs, plasmids and transfections

Characterization of siRNAs targeting BPIFB3, BPIFB2, BPIFB6, and RETREG1
(FAM134B) have been described previously (1, 146). siRNAs targeting RTN3 or Sec62 were
purchased from Sigma and the sequences are, RTN3: CCACUCAGUCCCAUUCCAULt, and
Sec62: GAAGGAUGAGAAAUCUGAALt. ON-TARGETplus SMARTpool siRNAs targeting
ARFGAP1 and TMED?9 were purchased from Dharmacon. Sequences for pooled siRNAs are as
follows: ARFGAP1 (GAGAGGAGGAGCUCGGACA, CAGGAUGAGAACAACGUUU,
GCCACAGCCUGAACGAGAA, CGUCCAUGGUGCACCGAGU), TMED9
(GGACGCAGCUGUAUGACAA, CGGGCUGGGUAGAGUGAUG,
AGUGCUUUAUUGAGGAGAU, ACAUCGGAGAGACGGAGAA). Efficiency of knockdown
was determined by RT-qPCR for each siRNA target. SiRNAs were reverse transfected at 25 nM
in to HBMEC using Dharmafect 1, and cells were either infected or RNA was collected 48 hrs
post transfection.

Development of GFP tagged RETREG1 and RETREG1mutLIR have been described
elsewhere (146). Development of GFP tagged ARFGAP1 and TMED9 was accomplished
according to the manufacturers protocol using the CT-GFP Fusion TOPO™ Expression Kit
purchased from ThermoFisher Scientific. VAPB-eGFP was a gift from Dr. Gerry Hammond
(University of Pittsburgh). Plasmids were transfected into U20S and 293T cells using X-
tremeGENE™ 9 DNA Transfection Reagent (Sigma) or HBMEC cells using Lipofectamine 3000
(ThermoFisher) according to the manufacturers protocols and fixed for fluorescence microscopy

or lysed for immunoprecipitation 48 hrs post transfection.
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4.3 RNA extraction, cDNA synthesis, and RT-gPCR

RNA was isolated using the GenElute Total RNA MiniPrep kit from Sigma according to
the kit protocol. RNA was reverse transcribed using the iScript cDNA Synthesis kit (Bio-Rad)
with 1ug of RNA per sample. RT-gPCR was performed using 1Q SYBR green SuperMix (Bio-
Rad) in a Bio-Rad CFX96 Touch real-time PCR detection system. A modified threshold cycle
(ACT) method was used to calculate gene expression using human actin for normalization. Primer
sequences for actin, DENV, ZIKV, CVB, BPIFB3, and RETREGL have been described previously
(146, 169). Predesigned KiCqgstart gPCR primers for ARFGAP1 (H_ARFGAP1 1) and TMED9

(H_TMED9_1) were purchased from Sigma.

4.4 Virus binding assay

HBMEC were transfected with the indicated sSiRNA. Approximately 48h post-transfection,
cells were washed with PBS and ZIKV (MOI=10) was adsorbed for 1h at 16°C. Following
adsorption, cells were washed extensively with PBS and directly lysed for RNA extraction (termed
mock) or incubated with Trypsin (3 min), washed with PBS, and lysed for RNA extraction (termed
+ Trypsin). Following RNA extraction, cDNA synthesis, and qPCR, the data was analyzed using

the AACT method and normalized to mock CONsi.
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4.5 RNAseq

Total RNA was isolated as described above, and RNA sequencing was performed as
previously described (157). Analysis of RNAseq data sets was performed using CLC Genomics
11 (Qiagen) to process and map sequences to the human genome (hg19) or the appropriate viral
genome to calculate viral fragments per kilobase of transcript per million mapped reads (FPKM)
values. Differentially expressed genes were identified using the DeSeg2 package in R with a
significance cutoff of 0.001 and a fold change cutoff of two (170). Gene set enrichment analysis
(GSEA) and manual sorting were used to identify pathways or specific transcripts differentially
regulated. Generation of heat maps was done using MeViewer software based on In(RPKM)
values. RNA sequencing files have been deposited to NCBI Sequence Read Archive (SRA) and

can be located under the accession number PRINA606334.

4.6 Antibodies

Mouse monoclonal anti-V5 epitope tag was purchased from Invitrogen (R960-25). Rabbit
polyclonal antibody against CKAP4 (16686-1-AP) was purchased from ProteinTech. Rabbit
polyclonal antibodies to DENV NS3 (GTX124252) and ZIKV NS4B (GTX133311) were
purchased from GeneTex. Recombinant mouse monoclonal anti-dsSRNA was provided by
Abraham Brass (University of Massachusetts). Rabbit anti-LC3B (ab48394) and mouse anti-p62
(ab56416) were purchased from Abcam. Mouse monoclonal antibody against LAMP1 (H4A3) and

rabbit monoclonal antibody against GAPDH (FL-335) were purchased from Santa Cruz
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Biotechnology. Mouse monoclonal Sec31A (612350) antibody was purchased from BD

Biosciences and Alexa Fluor conjugated secondary antibodies were purchased from Invitrogen.

4.7 Immunofluorescence and electron microscopy

Immunofluorescence microscopy was performed on cells grown in 8-well chamber slides
(Millipore Sigma), fixed in 4% paraformaldehyde, and permeabilized with 0.1% Triton. In some
cases, cells were fixed in ice cold methanol. Primary antibodies were incubated in PBS with cells
for 1 hr, followed by staining with Alexa Fluor conjugated secondary antibodies for 30 min. Slides
were mounted with coverslips using VectaShield containing 40-6-diamino-2-phenylindole
(DAPI). Imaging was performed on an Olympus 1X83 inverted microscope or a Zeiss LSM 710
confocal microscope where specified. All image quantification was performed using ImageJ/FIJI.
Pixel intensity measurements were performed using isolated channels on individual cells with the
region of interest (ROI) manager. Data are presented as mean pixel intensity, normalized to cell
area. Quantification of fluorescent puncta was performed manually. Preparation of samples for
TEM were done as previously described, by the Center for Biologic Imaging (University of
Pittsburgh) (169). Imaging was performed on a JEOL 1011 transmission electron microscope.

Quantification of TEM images was performed manually.
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4.8 BiolD2 assay

HBMEC were seeded in 2 10 cm dishes and transiently transfected with BPIFB3-BiolD2
or MCS-BiolD2. 24 hours post transfection, cells were rinsed with PBS and media was replaced
containing 50 uM D-Biotin and incubated at 37 C for 24 hours. Media was removed and washed
twice with PBS. Cells were lysed using 1X RIPA lysis buffer at pH 7.4 and incubated with
monomeric Avidin resin overnight (~16 hours). Purification of biotinylated proteins was
performed according to the previously described protocol (177). Purified protein extracts were

submitted to MSBioworks for further purification and mass spectrometry analysis.

4.9 Statistical analyses

All analyses were performed using GraphPad Prism. Experiments were performed at least three
times. Student’s t test, 2way analysis of variance (ANOVA), or one-way ANOVA were used
where indicated. Analysis of fluorescent microscopy data was done using a non-parametric
Kruskal-Wallis test. Data are presented as mean + standard deviation, with specific p-values

detailed in the figure legends.
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5.0 Discussion and model of BPIFB3 function

Mammalian BPIFB proteins are predicted lipid transport proteins within the larger BPI-
like family (3). This protein family broadly includes important innate immune regulators, as well
as factors that play essential roles in circulating lipid transport (44). In contrast to the extracellular
function that has been attributed to other members of the BPI-like protein family, our work clearly
defines an important function for BPIFB3 in intracellular trafficking of autophagy related vesicles
(1, 7). Given that the effects on vesicle trafficking extends to BPIFB6 (2), it suggests that the
BPIFB proteins may play an important role in controlling membrane lipid content as a means in
regulating cellular trafficking events. In line with this predicted function, perhaps BPIFB proteins
play an essential role in controlling the transport of specific lipids at membrane contact sites, and
depletion of these proteins disrupts membrane lipid content. Given that vesicle trafficking is one
of the primary means to transport lipids intracellularly, the increase in vesicle trafficking that
occurs in response to BPIFB3 and BPIFB6 depletion could in fact be a cellular mechanism to try
to compensate for the disruption in lipid homeostasis. Although the role in autophagy regulation
is unique to BPIFB3 and not other members of the BPIFB protein family, we can extrapolate key
conclusions from these studies to guide our understanding of the larger BPIFB family.

The relationship between lipid metabolism and autophagy has been well documented, as
autophagy remains to be one of the primary mechanisms to mobilize lipids from adipocytes and
degrade lipids from intracellular lipid droplets into their fatty acid components during increased
energy demand (147, 195-197). However only recently has the relationship between membrane
lipid content and autophagy began to be understood. It is well established that different membrane
sources within the cell are composed of distinct lipids, for example the plasma membrane contains
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a high percentage of cholesterol and sphingolipids, where the ER has a significantly smaller
fraction of each. Likewise, the mitochondrial membrane has high levels of cardiolipin compared
to other membranous organelles (198). However, the impact this lipid content has on downstream
processes like cellular trafficking events has remained poorly understood. To address this
phenomenon in the context of autophagy, one research group treated cells with individual saturated
(SFA) or unsaturated fatty acids (UFA) (123). They found that treating cells with oleate and other
UFAs distinctly caused an increase in non-canonical autophagy that functioned independent of
canonical autophagy regulators such as ULK1, BECN1, and PI3KC3. They also found that this
non-canonical autophagy pathway showed a specific dependence on Golgi membranes, that was
not seen in canonical macroautophagy. In contrast, treating cells with SFA, led to an enhancement
of canonical autophagy that was dependent on the macroautophagy regulator components (123).
This has been the first and only report to distinctly associate specific lipid treatment to the
induction of non-canonical autophagy. Intriguingly, the non-canonical pathway stimulated by
UFA treatment has a number of similarities to BPIFB3 depletion-induced autophagy, which also
functions independent of ULK1, BECNL1, and PI3KC3.

A more recent study identified a novel lipid transfer protein that controls autophagy
activation through its lipid transfer abilities. Ceramide-1-phosphate transfer protein (CPTP)
depletion by RNA. led to the accumulation of ceramide-1-phosphate (C1P) in the Golgi where it
is synthesized, resulting in increased autophagy levels (186). Both of these studies point to a new
mechanism of autophagy control that draws similar parallels to what we know about BPIFB3.
Depletion of BPIFB3 is able to induce autophagy, similar to CPTP silencing. However, unlike
CPTP, BPIFB3 depletion specifically controls a non-canonical autophagy pathway that is similar

to what was observed during UFA treatment. These studies combined with the results presented
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here, suggest a mechanism where BPIFB3 is responsible for trafficking lipids between the ER and
other organelles, perhaps at membrane contact sites. And the subsequent loss of BPIFB3
expression by RNAI disrupts membrane lipid content, perhaps increasing the proportion of UFA
in Golgi membranes that is directly responsible for the enhanced level of non-canonical autophagy
observed (Figure 20). Importantly, our prior characterization of BPIFB3’s lipid binding ability
did not show a strong preference for saturated versus unsaturated fatty acids (2). Therefore, the
effects of BPIFB3 depletion may be attributed to the mis-trafficking of a specific lipid and not a

broad disruption of multiple lipids, however this remains to be determined.
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BPIFB3 Expression

BPIFB3 Depletion

~

Figure 22 Proposed model of BPIFB3 function
Given that BPIFB3 is predicted to be a lipid transfer protein, we propose a model where BPIFB3 functions to traffic
lipids from the ER, which is serves as a major site for cellular lipid synthesis, to the Golgi. We propose that ARFGAP1
and TMED? serve as key regulators of this pathway based on their interaction with BPIFB3 and role in regulating
BPIFB3 depletion dependant autophagy. When BPIFB3 expression is reduced, either by RNAI treatment or the
undetermined cellular mechanisms used to regulate its expression, lipid trafficking is disrupted, which specifically

increases the level of autophagy and vesicle trafficking out of the ER. Created with BioRender.com.

This possible model for BPIFB3 function would also provide additional insight into the
requirement for membrane composition during positive strand RNA virus RO formation. As it has

been well established that individual viruses have distinct preference for membrane lipid content
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(22, 131, 191, 199). Perhaps the restriction of flavivirus infection and enhancement in CVB
replication observed during BPIFB3 depletion is more complex than differences in the sensitivity
to level of autophagy by each virus. Instead the distinction could also tied to the lipid preference
of the virus. If this were the case, it would suggest that BPIFB3 depletion, alters the ER membrane
composition to be unfavorable during flavivirus infection, and instead further enhances the lipid
content preferred by CVB. This, however, does not change the requirement in expression observed
for each virus, as the presence of BPIFB3 is still beneficial to flavivirus infection while it restricts
CVB (Figure 21). Intriguingly, prior reports have demonstrated that there are unique differences
between the lipid requirements for flavivirus and enterovirus ROs. Enteroviruses, like CVB
specifically require PI(4)P and hijack this lipid homeostasis pathway to establish RO formation
(22). While flavivirus RO formation appears to be largely independent of PI1(4)P, but significantly
more linked to cellular cholesterol homeostasis (131). This distinction might provide an important
clue for the mechanism behind BPIFB3 regulation of both autophagy and positive strand RNA

viral infection.
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Effects of BPIFB3 depletion
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Figure 23 Effects of BPIFB3 depletion on flavivirus infection and CVB replication
(A) In cases of BPIFB3 depletion, flaviviruses bind their cognate receptor and are internalized into the cell. However
the increase in ER turnover that occurs in response to reduced BPIFB3 expression prevents flaviviruses, including
DENV and ZIKV, from forming replication organelles and initiating early stages of their lifecycle. (B) In contrast,
CVB infection is enhanced due to the increase in autophagy that occurs during loss of BPIFB3 expression. This
increase in autophagy allows CVB to ramp up viral replication as the increased number of autophagosomes and other
cytoplasmic vesicles are used for the formation of additional CVB replication organelles. Created with

BioRender.com.

Based on this potential cellular function of BPIFB3, future studies focused on
characterizing the mechanism of action should investigate changes in membrane lipid composition

in response to BPIFB3 depletion or expression. Furthermore, if we extrapolate this proposed
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molecular function to other members of the BPIFB family, perhaps the reason why BPIFB6
depletion restricts CVB but has no significant impact on DENV infection is related to the reliance
of CVB ROs on Golgi derived PI(4)P lipids. This is a logical hypothesis given that we have
previously shown that BPIFB6 silencing disrupts Golgi morphology, a major source of P1(4)P for
enterovirus RO formation. The role of BPIFB6 is further intriguing, because its depletion has no
impact on DENV, but significantly restricts ZIKV replication. Perhaps this is due to distinct
differences related to membrane lipid preference between these two viruses that remains to be
characterized. This is further compelling, given the high degree of similarity between DENV and
ZIKV RO morphology when observed by TEM.

While very little is known about other members of the BPIB protein family, it is feasible
that they elicit similar cellular functions but regulate distinct lipid trafficking pathways. BPIFB2,
is also an ER localized protein, but we have observed no distinct differences related to ER,
autophagy, or Golgi morphology. In contrast, BPIFB4 localizes to the nucleus where it may
function to regulate lipid trafficking with the nuclear envelop. The studies presented here are the
first extensive characterization of a BPIFB protein and provide key observations that will be
invaluable in guiding the future studies of proteins within the BPIFB family. Particularly due to
the fact that the studies of BPIFB proteins by our research group are the first reports of intracellular

activity for members of the BPI-like family.
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