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Dissertation Abstract 

Influenza is an enveloped negative sense RNA virus encapsulated in a lipid 

bilayer derived from the host cell plasma membrane.  Lipids play diverse and 

crucial roles for many viruses, including influenza. Previous studies have shown 

that influenza infection depends on cellular lipids, including the sphingolipids 

sphingomyelin and sphingosine. Here we examined the role of a third 

sphingolipid, glucosylceramide, in influenza infection following CRISPR/Cas9-

mediated knockout of its metabolizing enzymes: glucosylceramide synthase 

(UGCG) and glucosylceramidase (GBA). We first confirmed the knockouts (in 

HEK 293 and A549 cells) by both western blotting and lipid mass spectrometry. 

We next observed diminished influenza infection in all four KO cell lines using a 

PR8 GFP reporter virus. We further showed that the reduction in infection 

correlates with impaired virus entry, using βeta-lactamase reporter particles. To 

examine whether glucosylceramide homeostasis is similarly required for other 

viruses, we compared entry mediated by the glycoproteins of influenza, VSV, 

Ebola, and Measles in GBA and UGCG knockout cells. Among these, GBA and 

UCGC loss significantly inhibited entry of particles bearing the glycoproteins of 

both influenza and Ebola, viruses that enter the cytoplasm through late 

endosomes. Consistent with the defect in late endosomal virus entry, we found 

that influenza particles in GBA knockout cells were impaired in trafficking to late 

endosomes (via colocalization with Lamp1). As an extension, we found that 

trafficking of epidermal growth factor to late endosomes as well as degradation of 

epidermal growth factor receptor were impaired in GBA knockout cells. 
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Collectively our findings suggest that glucosylceramide is critically important for 

normal endocytic trafficking of viruses such as influenza as well as cellular cargos 

including growth factor receptors. In the viral context, modulation of 

glucosylceramide levels may represent a novel accompaniment to strategies to 

antagonize ‘late penetrating’ viruses, including influenza. 
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1.1 Aim of Dissertation 

This work was undertaken in the hope of further understanding the relationship 

between human influenza virus and host sphingolipids. By forming a 

collaboration between the viral entry lab of Dr. Judith White and the sphingolipid 

biochemistry lab of Dr. Mark Kester, I aimed to examine this issue through the 

lens of virology with a solid foundation in sphingolipid biology. After performing 

a deep literature search I realized that no one had studied the possibility of 

glucosylceramide being involved in influenza-host pathology, and narrowed our 

focus to that particular sphingolipid.  

 

1.2  Strategy and Summary of Dissertation 

We sought to examine the relationship between glucosylceramide and influenza 

by performing full genetic knockouts of both the enzymes responsible for 

glucosylceramide metabolism: glucosylceramidase and glucosylceramide 

synthase. Previous studies into virus-sphingolipid interactions often relied on 

pharmacological inhibitor or RNAi mediated knockdown of sphingolipid enzymes, 

which we felt lacked the rigor of complete genetic ablation. Inhibitors often 

contain unknown secondary effects and RNAi usually resulted in only partial 

knockdown of the targeted proteins, leaving the possibility open for functional 

enzymes confounding experimental results. We decided to employ CRISPR/Cas9 

due to its reported efficacy and chose two different cell lines for our experimental 

system. HEK 293 cells were chosen due to their ease of use and universal cell 
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biology applications, while A549 cells were chosen due to their increased 

physiological relevance and potential as optimal cells for microscope imaging. 

  

After two years of effort, our knockouts were successfully generated and we 

moved on to determining what effect, if any, they had on influenza infections. 

After six months we found that all knockout cell lines tested displayed reduced 

influenza infections and furthermore, that all knockouts were less susceptible to 

entry of both influenza and other endosome-entering viruses. Naturally we 

sought to find a common mechanism to explain our findings, and turned our 

attention to the role glucosylceramide might play in cellular endocytosis.  

 

Over the next 18 months we performed a number of microscopy assays, 

biochemical measurements, and flow cytometry techniques to uncover the 

mechanism associated with our observed phenotype and finally determined that 

cells with disrupted glucosylceramide homeostasis displayed dysfunctional 

endosome trafficking. We decided to publish our work and began writing up our 

results as we finished rounding out our story. However, as we were preparing to 

submit the manuscript we discovered an error in our data – the glucosylceramide 

synthase knockout cells had been mislabeled or switched out with 

glucosylceramidase knockouts in the A549 cell line. After combing back through 

the data and double checking dates of knockout confirmation against dates of the 

various data obtained, we determined that any and all mechanistic work 

involving A549 glucosylceramide synthase knockouts could not be trusted and 

therefore had to be removed from the manuscript.  
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Though it still remains unclear what exactly occurred to result in such a 

disheartening error, we were fortunate it was caught and rectified before 

publication. We decided to split our work into two parts: an entirely complete 

story centered on glucosylceramidase (found in Chapter 3), and the remaining 

verified data involving glucosylceramide synthase (found in Chapter 4). 

Together these two stories describe a previously unknown relationship between 

influenza and glucosylceramide; but more importantly they provide an 

extraordinary example of the importance of performing stringent and rigorous 

science in order to present the most accurate and reliable data possible. 

 

1.3 Influenza 

1.3.1 History 

In the 5th century B.C.E., the Greek doctor Hippocrates described a disease that 

left victims with chills, a fever, and usually resulted in their death. In the seventh 

chapter of the sixth book of his Epidemics, Hippocrates described the symptoms 

of a plague in northern Greece:  

In Perinthus, a great many were consumptive in the spring, 
occasioned in some by an epidemic cough, in the winter; and in 
others by the long continuance of disorders… A consumption 
seized him about thirty, and he died. The keeper of the wrestling-
place … after wrestling much with a stronger, and falling upon 
his head, went away and drank a great deal of cold water. He 
could get no sleep that night, was very restless, and cold in his 
extremes. The next day he went home; had no stool, though a 
suppository was put up; made water a little, whereas before he 
had made none; was bathed at night, but yet could get no sleep, 
or lie still, and was lightheaded. The third day, was cold in his 
extremes; grew hot, and sweated; but died this very day… 



 

 

5 

Many scholars agree that this was the first recorded instance of an infection by 

influenza virus (1). Due to the many similarities shared between influenza 

symptoms and other afflictions, it is hard to pinpoint the next mention of the 

disease. However, in 1580 a disease matching the description of influenza was 

reported to originate in Russia and rapidly sweep across Europe, infecting a large 

proportion of the populace (2). From that point there were numerous mentions 

of outbreaks and various plagues that could be attributed to influenza, before the 

1918 pandemic that swept across the world and killed millions of people.  

 

In 1918 a strain of influenza (later determined to be H1N1) spread quickly across 

the globe, killing approximately 50 million people (3). Considered one of the 

deadliest disease outbreaks in human history, the 1918 “Spanish flu” is second 

only to the Black Death of the 14th century in terms of sheer number of people 

killed (4). In response to the mass devastation it had on human society, 

researchers and governments began focusing their efforts on studying the cause 

of the 1918 pandemic. Over the next century the field of influenza research 

exploded as our modern understanding of virology began to take shape.  

 

1.3.2 Influenza Structure 

A member of the Orthomyxoviridae family, influenza virus is comprised of a 

protein capsid within a lipid bilayer envelope. Embedded within this lipid 

membrane are two surface proteins, hemagglutinin (HA) and neuraminidase 

(NA). HA binds to surface receptors on cells (sialic acid), while NA is responsible 

for budding off of new virions. The capsid protein is called the matrix protein 
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(M1). Within the capsid is the influenza genome, comprised of eight negative 

single stranded RNA genes encoding eleven viral proteins. These genes are 

wrapped around a nucleoprotein (NP) and an RNA polymerase subunit 

consisting of PB1, PB2, and PA proteins. Together, the NP and RNA polymerase 

subunit are called the viral ribonucleoprotein (vRNP) complex, and the vRNPs 

serve as the template for influenza genome replication (5) (Fig. 1.1).  

 

The membrane of influenza is derived from the plasma membrane of host cells 

that the virus uses to encapsulate its capsid protein upon assembly and budding. 

Quantitation of the lipidomes of influenza virus grown in Madin-Darby canine 

kidney cells (MDCK) determined that these viral lipids were enriched in 

sphingolipids and cholesterol compared to host cell membranes, and supported 

the hypothesis that influenza virus assembles at lipid microdomains at the cell 

surface (6). Many studies have established the relationship between cholesterol 

and influenza budding, though the impact of sphingolipids on the entry stage of 

the viral life cycle is not as well understood (7–11).  

 

1.3.3 Influenza Life Cycle 

The influenza life cycle can be broadly classified into three main components: 

entry, replication, and exit (see Fig.1.2 for a complete depiction). Infection of a 

host cell by influenza begins when HA binds to sialic acid on the host surface (12). 

Upon binding, the virus is internalized into a vesicle that later forms into the  
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Figure 1.1 Structure of influenza virus. 

Influenza virus is comprised of a protein capsid (made up of a matrix protein M1) 
within a lipid bilayer envelope. Embedded within this lipid membrane are two 
surface proteins, hemagglutinin (HA) and neuraminidase (NA). The influenza 
genome is comprised of eight negative single stranded RNA genes encoding 
eleven viral proteins. These genes are wrapped around a nucleoprotein (NP) and 
an RNA polymerase subunit consisting of PB1, PB2, and PA proteins. Adapted 
from Ref (13). 
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Figure 1.2 Influenza life cycle. 

Influenza first binds to the cell surface before being internalized in an endosome. 
Following internalization the virus fuses to the endocytic vesicle and releases its 
genome into the host cell for replication. After the vRNA is replicated and new 
influenza proteins synthesized, the virus assembles at the plasma membrane and 
buds out as a new virion. Adapted from Ref. (14) 
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early endosome, characterized by expression of specific proteins such as early 

endosome antigen 1 (EEA1) and Ras-related protein Rab-5A (Rab5). This 

internalization process generally takes between 5-15 minutes (14). 

 

As the endosome containing influenza proceeds down the endocytic pathway and 

matures into a late-endosome/lysosome, the pH of the endosomal compartment 

drops as a result of the action of several v-ATPases (16, 17). This acidification 

results in a conformational change in the HA protein, exposing the relevant 

fusion peptides and anchoring them into the endosome membrane (18–20). This 

anchoring brings the endosomal membrane next to the viral envelope, and 

facilitates the formation of a fusion pore between the two lipid membranes. The 

vRNPs are then released into the cytosol to initiate the replication phase of the 

viral life cycle.  

 

Several nuclear localization signals are responsible for transporting the vRNPs to 

the host nucleus where genome replication can occur (21, 22). Because influenza 

is a negative stranded RNA virus, its genome must first be transcribed to positive 

sense RNA before proteins can be translated (23). Once the complimentary RNA 

(cRNA) is transcribed, new negative sense viral RNA (vRNA) is transcribed from 

the cRNA. These vRNAs serve as templates for subsequent synthesis of viral 

mRNA, which is synthesized through a complex system of ‘cap snatching,’ 

reviewed extensively by De Vlugt et al. (24).  
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Following mRNA synthesis and nuclear export, influenza proteins are translated 

entirely by host cellular machinery. Proteins involved in the vRNP complex are 

shuttled back into the nucleus to bind to newly synthesized vRNA, while HA, NA, 

and the second matrix protein (M2) are shuttled to the cell surface and embedded 

within the plasma membrane. Though the precise mechanism behind the 

subsequent assembly and transport of the full viral particle to the cell surface 

remains somewhat unclear, vRNPs and influenza capsid proteins make their way 

to the plasma membrane to prepare for exit from the host cell (25). Newly 

synthesized influenza particles have been shown to be enriched in sphingolipids 

and cholesterol, indicating they may assemble at the sites of lipid rafts (or lipid 

microdomains) (6). Upon assembly at the plasma membrane, influenza induces 

budding from the host cell by creating a curvature of the membrane, likely 

through protein-lipid interactions of HA and NA (26–29). As influenza buds from 

the cell surface, NA cleaves the glycosidic linkage between sialic acid and the viral 

envelope, releasing the virus from the cell (30). 

 

1.3.4 Influenza Vaccine and Therapies 

Every year influenza virus kills between 250,000 and 500,000 people (31, 32). 

While therapies and vaccines against the virus do exist, they are sometimes 

ineffectual due to antigenic shift of influenza (33). The influenza vaccine is 

traditionally a trivalent vaccine protecting against three strains of influenza A, 

though a quadrivalent vaccine exists that confers protection against an additional 

strain of influenza B (34). In 2009 a strain of H1N1 influenza with a unique 

combination of genes began circulating in the United States (35). Dubbed “swine 
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flu” due to its similarity to several porcine influenza strains, the seasonal 

influenza vaccine did not protect against this particular H1N1 virus and the 

resulting pandemic infected ~60 million people (36). 

 

Current FDA-approved drugs against influenza target a variety of steps in the 

influenza life cycle. However, due to antigenic drift influenza has developed 

resistance against several of these therapeutics. Currently, drug studies involving 

influenza utilize a structural biology approach coupled with novel bioinformatics 

pipelines to develop pharmacological interventions that aim to circumvent the 

problem of drug resistance (37). In addition to targeting highly conserved areas 

of the virus, researchers are attempting to develop novel drugs that target host 

cellular machinery known to be essential for the viral life cycle, such as the 

endonuclease inhibitor Xofluza that was recently approved in Japan (38). 

However, these host-targeted drugs often have issues of cytotoxicity and are 

compromised by their side effects (39). As a result, novel avenues for influenza 

therapies must be investigated. 

 

1.4 Endocytosis 

Endocytosis is the primary method by which cells internalize surface proteins and 

extracellular molecules, and is a critical cellular process that is essential to 

maintaining cellular physiology and function. Upon internalization, endocytosed 

cargo is sorted to a variety of destinations and fates: some proteins or 

macromolecules are targeted for degradation by the lysosome, others are 
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returned to the cell surface via recycling endosomes, still others are localized 

throughout the cell according to their specific role (40, 41). Entire theses have 

been written on different endocytic mechanisms and pathways, and for the sake 

of brevity, this dissertation will primarily delve into the endocytic pathway from 

early endosomes to the lysosome.  

 

The start of the endocytic pathway begins after a ligand binds to the cell surface 

and a portion of the cell membrane pinches off to create a vesicle that 

encapsulates the bound ligand. As the vesicle matures and becomes an early 

endosome, it displays specific protein markers such as Ras-related protein Rab-

5A (Rab5) and early endosome antigen 1 (EEA1). The early endosome is also 

called the sorting endosome, as it can either mature into a late endosome and 

eventually a lysosome, or it can become a recycling endosome that transfers its 

cargo back to the plasma membrane (42). It is important to note that while each 

type of endosome has a unique identity and purpose within the cell, the 

separation between endosome types is not a hard and fast division. Endosome 

identity is quite fluid, and endosomes may display multiple markers at the same 

time, such as both early and late endosome surface proteins.  

 

As the early endosome matures into the late endosome (characterized by 

expression of Ras-related protein Rab-7A, or Rab7), it begins to experience a 

drop in pH due to the action of the vacuolar ATPase. These hydrogen pumps 

increase the concentration of H+ within the endosome, thereby creating a more 

acidic environment (43). While most early endosomes are located near the 
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plasma membrane, late endosomes move closer to the perinuclear region of the 

cell and eventually create fusion events with lysosomes. These late endosome-

lysosome hybrids are termed endolysosomes, and they are very difficult to 

distinguish from endosomes and lysosomes because they often contain markers 

of both late endosomes (Rab7) and lysosomes (lysosomal-associated membrane 

protein 1, Lamp1) (44). The endolysosome serves as the point-of-no return for 

endocytic cargo, as fusion with host lysosomes serves to degrade any cargo stored 

within the vesicle through a combination of lysosomal proteases and increasing 

acidity (45). For further reading into the maturation and trafficking of the 

endocytic pathway, see excellent reviews by Elkin et al. (40) and Kaksonen et al. 

(46). 

 

Many viruses have evolved to hijack endocytosis for entry into host cells. Upon 

binding to their host surface receptors, these viruses are internalized into an 

endosome and are shuttled down the endocytic pathway similar to any other 

endosome cargos. However, in order to escape degradation by host lysosomes, 

these viruses may contain fusion proteins that result in merging of the viral 

membrane with host endosomes and subsequent release of the viral genome into 

the cytoplasm (Fig. 1.3). Viral fusion proteins can be triggered by several 

different events, including stimulation by low pH, host proteases, or binding to 

specific host receptors. For examples of endosomal virus fusion triggers, see 

Table 1.1 (47). 
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Figure 1.3 Fusion of enveloped viruses in endosomes. 

This model represents a typical fusion sequence for enveloped endosome-
entering viruses. Upon fusion triggering the fusion peptide draws the membranes 
for the virus and the endosome together and form a pore through which the viral 
genome is released into the cytosol. Adapted from Ref (47). 
 
 
 
 
 
 
 
 
 
 
 



 

 

15 

 

 

 

 

 

 
Table 1.1 Site and fusion-triggering mechanism for representative 
enveloped viruses. 

Different viruses have evolved different fusion triggers. This table represents 
selected examples of specific viruses and their respective fusion triggers. Adapted 
from White and Whittaker (2016) (47). 
 

 

 

Family Virus Site Trigger 
Retroviridae MLV Plasma membrane Receptor 

Paramyxoviridae PIV5 Plasma membrane Receptor 
Herpesviridae HSV-1 Plasma membrane Receptor 

Coronaviridae SARS 
Plasma membrane  

or late endosome 
Receptor +  
protease 

Rhabdoviridae VSV Early endosome Low pH 
Togaviridae SFV Early endosome Low pH 

Bornaviridae BDV Early endosome Low pH 
Flaviviridae TBE Endosome Low pH 

Orthomyxoviridae Influenza Late endosome Low pH 
Arenaviridae LCMV Late endosome Low pH 
Bunyaviridae UUKV Late endosome Low pH 

Filoviridae EBOV Endolysosome Low pH +  
additional cue(s) 

Asfarviridae ASFV Late endosome 
Low pH +  
additional cue(s) 

Poxviridae VV Late endosome Low pH + 
[additional cue(s)] 

Arteriviridae PRRSV Early endosome Low pH + 
[additional cue(s)] 

Hepadnaviridae HBV Late endosome  
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1.5 Sphingolipids 

Sphingolipids are a broad class of lipids involved in both cellular structure and 

cell signaling and are vital to numerous cellular functions, including proliferation, 

differentiation, and programed cell death through apoptosis. Sphingolipid 

metabolism is performed through a variety of pathways, all of which shuttle 

through ceramide as the main hub (Fig 1.4). In de novo synthesis, serine and 

palmitoyl-CoA are combined by serine palmitoyltransferase to generate 

dihydrosphingosine, which is in turn converted to ceramide. In sphingomyelin 

hydrolysis, sphingomyelin lipids are catabolized by sphingomyelinase to generate 

ceramide. Finally, in the salvage pathway the signaling lipid sphingosine-1-

phosphate (S1P) is dephosphorylated by S1P phosphatase and converted to 

sphingosine, which ceramide synthase then transforms into ceramide (48). 

Ceramide can be glycosylated by glucosylceramide synthase, and the resulting 

glucosylceramide serves as the precursor for a variety of long chain gangliosides. 

It is important to note that numerous enzymatic isoforms exist for virtually every 

step of sphingolipid metabolism, and thus studying the entire pathway is often a 

very complex endeavor (49).  

 

Sphingolipid biology is a relatively new field, with most research only possible 

after the advent of new technologies in the 1980s and 90s (50). The bulk of 

studies on sphingolipids have thus far revolved around the context of cancer, as 

ceramide displays numerous pro-apoptotic properties while its derivatives (such 

as sphingosine-1-phosphate and GlcCer) are often pro-proliferation signaling 
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Figure 1.4 The sphingolipid pathway. 

The sphingolipid pathway is a complex system involving numerous metabolites 
and enzymes. At the hub of the pathway is ceramide, which can be generated 
through de novo synthesis as well as a number of salvage mechanisms. Previous 
studies determined that deficiencies in sphingomyelin synthase (red X), as well as 
inhibition of serine palmitoyltransferase (with myriocin), sphingosine kinase 
(with SKI), or ceramide synthase (with fumonisin B1) result in reduced influenza 
infection. 
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molecules (49). Originally considered simply another component of cellular 

membranes, sphingolipids are now widely recognized as potent bioactive lipid 

species responsible for a plethora of regulatory pathways (51). For further reading 

regarding the metabolism and function of sphingolipids see several key reviews 

(49–55). One of the most prevalent human diseases directly linked to 

dysfunctional sphingolipid metabolism is Gaucher’s disease, which occurs when 

mutations in glucosylceramidase (GBA) lead to accumulation of GlcCer in 

macrophages (56). Gaucher’s disease is an autosomal recessive disorder with 

several identified mutations, and is currently treated through enzyme 

replacement therapy (57). In macrophages mutations in GBA result in a 

lysosomal storage disorder in which patient lysosomes are often increased in 

either size or number (58). 

 

In the past two decades, multiple groups have explored the relationship between 

sphingolipids and viruses, discovering the diverse and critical role these lipids 

play in virus-host life cycles (59). During virus binding, sphingolipids may be 

involved in clustering virus receptors or may act as receptors themselves (60–63). 

The sphingolipid pathway has also been implicated in the entry of viruses 

including Ebola, bunya-, and calicviruses. (64–66). In addition, sphingolipids 

may enhance replication of positive-sense single-stranded RNA viruses such as 

hepatitis C through interaction with their RNA polymerase (67, 68). Finally, 

sphingolipids may aid in the release of viruses from host cells, leading to 

enhanced infection of new hosts (69). Understanding the relationship between 
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viruses and host sphingolipids is therefore important to comprehending and 

treating viral infections.  

 

Influenza and sphingolipids has been studied by numerous groups, and most 

studies focused on sphingomyelin and sphingosine-1-phosphate (S1P) (Fig. 1.4). 

Modulation of S1P by its metabolizing enzymes, sphingosine kinase and S1P lyase, 

altered influenza infections: S1P lyase overexpression interfered with, while 

sphingosine kinase overexpression increased, influenza infection in host cells 

(70). The same group later found that influenza infection leads to activation of 

sphingosine kinase. This activation led to  upregulation of viral RNA synthesis 

and nuclear export of influenza ribonucleoprotein complexes (71). In addition, 

studies of cells that were deficient in sphingomyelin synthase demonstrated that 

influenza glycoproteins (HA and neuraminidase) displayed reduced transport 

from the cytosol to the cell surface. Finally, influenza infections were reduced 

upon pharmacological reduction of sphingomyelin infection (25).  

 

Sphingolipid metabolism is a complex pathway, with numerous enzymes and 

lipids branching off from a central hub of ceramide. Ceramide is a pro-apoptotic 

molecule with a polar head group and a carbohydrate fatty acid chain. Both the 

head group and the fatty acid can be modified to generate numerous sphingolipid 

species (49). (Fig. 1.4). The glycosphingolipid glucosylceramide (GlcCer) is 

formed upon the the addition of a glucose molecule to ceramide’s polar head 

group, and this reaction is catalyzed by the enzyme glucosylceramide synthase 

(UGCG), found primarily in the Golgi (73). The enzyme glucosylceramidase 
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(GBA) (found primarily in lysosomes) catalyzes, the catabolism of GlcCer to 

remove the glucose and create ceramide  (27). Patients with mutations in GBA 

suffer from Gaucher disease, which is characterized as a lysosomal storage 

disorders (56, 75). Both UGCG and GBA have been implicated in maintaining the 

trafficking of glycolipids along the endocytic pathway (32). Though studies have 

examined the relationship of influenza and sphingomyelin, the glycosphingolipid 

arm of the pathway has so far been little-studied in the context of influenza. A 

recent haploid genetic screen revealed a role for UGCG in the infection of certain 

bunyaviruses in cell culture, (66), but to our knowledge no one has investigated 

the role of GlcCer in influenza infections.   
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Cells 

HEK 293 (human embryonic kidney; ATCC CRL-1573), HEK 293T/17 (ATCC 

CRL-11268), A549 (human lung carcinoma; ATCC CCL-185), and BHK-21 (baby 

hamster kidney; ATCC CCL-10) cells were grown in Dulbecco modified Eagle 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% sodium 

pyruvate, 1% antibiotic/antimycotic, and 1% L-glutamine at 37°C (all from Gibco 

Life Technologies) with 5% CO2. 

 

CRISPR/Cas9 Gene Editing 

gRNA targeting GBA and UGCG were selected using the CRISPR design tool 

developed by the Zhang laboratory at MIT and available at crispr.mit.edu. The 

gRNA was cloned into a Cas9-sgRNA (Addgene plasmid# 68463, deposited by 

Su-Chun Zhang) using BbsI. The resulting plasmid along with a plasmid 

encoding GFP was cotransfected into HEK 293 and A549 cells and sorted for 

positive GFP expression into single cells using an Influx flow cytometer. The cells, 

originally in wells of 96-well plates, were expanded, and the DNA from between 

100-120 discrete clones was extracted and analyzed by PCR and subsequent gel 

electrophoresis. PCR was performed using primers flanking the regions of 

interest and designed to produce fragments of ~250-300 bp. Colonies with PCR 

products indicative of CRISPR activity (~5-10 per cell line) as compared to 

products from WT cells were maintained and analyzed by western blotting (for 

GBA protein) and mass spectrometry (for sphingolipid content).  
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Inhibitors and Other Reagents 

Epidermal growth factor (EGF) (Cat# E9644), PPMP (Cat# P4194), and 

Bafilomycin A1 (Cat# B1793) were purchased from Sigma-Aldrich. EGF-Alexa 

Fluor 555 (Cat# E35350) was purchased from Thermo Fischer Scientific. BbsI 

was purchased from New England Biolabs (Cat# R0539S).  

 

Influenza Viruses and VLPs, VSV Pseudoviruses, and EBOV trVLPs 

Stocks of PR8 IAV were obtained from Charles River Laboratories. PR8 NS-GFP 

was kindly provided by Dr. Thomas Braciale at the University of Virginia (77). All 

influenza viruses were grown in embryonated chicken eggs, thereby cleaving HA0 

before any infection assays were performed (78, 79). 

 

VSV-GFP pseudoviruses were produced using 5x105 BHK-21 cells plated in each 

of forty 10cm2 dishes and transfected at ~75-80% confluency with plasmids 

encoding EBOV-GPΔ, Measles F and HN, or VSV-G using polyethylenimine (PEI; 

Polysciences, Inc Cat# 23966). Measles F plasmid was generously provided by Dr. 

Yusuke Yanagi of Kyushu University (80). The next day, cells were infected with 

pre-titered VSV-ΔG helper virus (from plaque eluate) encoding GFP for 1 hr at 

37°C, washed extensively with PBS, and then cultured in growth medium 

overnight at 37°C. 24 hours post infection with helper virus, cell supernatants 

containing budded pseudovirus were collected, centrifuged twice (1360 x g/10 

min) to clear debris, and concentrated ~50-fold using a Viva-Spin 20 300kDa 

concentrator. Finally, the concentrated pseudovirus was centrifuged through a 

20% sucrose cushion (in HEPES-MES [HM] buffer containing 20 mM HEPES, 
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20 mM MES, 130 mM NaCl, pH 7.4) in an SW28 rotor for 2 hours at 112,398 x g 

at 4°C and then resuspended in 10% sucrose-HM. Pseudovirus stocks were stored 

at -80°C until use in subsequent experiments. Experiments using VSV-G and 

measles pseudoviruses were performed from a single prep, while experiments 

using EBOV pseudovirus were performed from several independent preps. 

 

VSV-ΔG helper virus was produced as described previously (81). In brief, 5x105 

BHK-21 cells plated in five 10cm2 dishes were transfected at ~75-80% confluency 

with 12 µg (per dish) of plasmid expressing VSV-G using PEI. ~24 hours later, the 

cells were infected with ~40 µl of VSV-ΔG-GFP plaque eluate (3.39 x 108 

infectious units/mL) in serum-free media for 1 h at 37°C. Cells were then washed 

extensively with PBS and incubated overnight in complete media at 37°C. The 

next day supernatants containing helper virus were collected, centrifuged for 10 

min at 1070 x g to clear debris, and stored at -80°C. 

 

Influenza M1-VLPs were produced by transfecting 1x106 HEK 293T/17 cells in 

each of 5 10cm2 dishes in complete media with no antibiotic/antimycotic using 

plasmids encoding βlaM1, and either WSN HA + WSN NA or VSV-G or EBOV-

GPΔ using PEI. WSN is an H1N1 strain of influenza that is trypsin-independent 

in vitro (82). The βlaM1 plasmid was kindly provided by Dr. Adolfo Garcia-Sastre 

and the NIAID Centers of Excellence for Influenza Research and Surveillance 

(CEIRS) program (83). Media containing VLPs was harvested 24 and 48 hours 

post transfection and centrifuged twice to clear debris. The VLPs were then 

pelleted through a 20% sucrose cushion in HM buffer using an SW28 rotor for 2 
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hours at 112,398 x g at 4°C, and then resuspended in 10% sucrose-HM. VLPs 

were stored at -80°C. 

 

Transcription/replication-competent viral-like particles (trVLPs) were prepared 

as described in (84). Briefly, HEK 293T/17 cells were transfected with pCAGGS-L, 

a tetracistronic minigenome plasmid, pCAGGS-VP35, pCAGGS-NP, pCAGGS-

VP30, and pCAGGS-T7 polymerase. 24 hours post transfection the medium was 

replaced with fresh growth medium containing 5% FBS and cells were incubated 

at 37°C. 72 hours post transfection the medium was harvested, pooled, and 

centrifuged for 5 min at 800 x g to clear cellular debris. 

 

IAV Reporter Infection Assay 

WT and GBA or UGCG KO 293 and A549 cells were seeded in 96 well plates at a 

density of 3x104 cells per well. The next day cells were prechilled to 4°C for 15 

minutes and then incubated with PR8 influenza encoding GFP fused to the N-

terminus of NS1 (MOI of ~1) in growth medium without FBS or trypsin and 

centrifuged at 250 x g for 1 hour at 4°C. The cells were then incubated at 37°C. 

Approximately 16-18 hours post infection, cells were lifted with trypsin, fixed in 

4% paraformaldehyde (PFAM), and assayed for GFP signal on an Attune NxT 

flow cytometer. Gates for positive GFP signal were created using uninfected cells 

to account for any background signal. 
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qPCR 

WT and GBA or UGCG KO A549 cells were seeded in 24 well plates at a density of 

5x104 cells per well. The next day cells were prechilled to 4°C for 15 minutes and 

then incubated with WT PR8 influenza in growth medium without FBS (with or 

without 1 µg/mL trypsin as indicated) and centrifuged at 250 x g for 1 hour at 4°C. 

The cells were then incubated at 37°C. At the indicated time points samples were 

harvested and RNA extracted using TRIzol reagent according to manufacturer’s 

instructions (Thermo Fisher Scientific Cat#15596026). cDNA was generated 

using iScript cDNA synthesis (Bio-Rad Cat#1708891) according to 

manufacturer’s instructions, and qPCR was performed with the following 

primers: IAV M1 forward (5’-CTTCTAACCGAGGTCGAAACG-3’) and reverse (5’-

GGCATTTTGGACAAAGCGTCTA-3’). Relative expression of IAV M1 mRNA was 

calculated after normalization to endogenous reference gene beta-2-microglobin 

(Bio-Rad pHSACID0015347). 

 

Influenza M1-VLP Entry Assay 

Cells were seeded in 96 well plates at a density of 3x104 cells per well. The next 

day cells were prechilled to 4°C for 15 minutes and then incubated with 

previously titered influenza M1-VLPs diluted in Opti-MEM I (OMEM) and 

centrifuged at 250 x g for 1 hour at 4°C. The cells were incubated at 37°C for 3 

hours before addition of the βlaM substrate CCF2-AM (Invitrogen, cat# K1032) 

in loading buffer (phenol red-free DMEM, 5 mM (HEK 293) or 20 mM (A549) 

probenecid (MP Biomedicals, cat# 156370), 2 mM L-glutamine, 25 mM HEPES, 

200 nM bafilomycin) and incubated for an additional hour at room temperature. 
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Cells were then washed with PBS and allowed to incubate in loading buffer with 

10% FBS overnight in the dark at room temperature. The following day, cells 

were lifted with trypsin, fixed in 4% PFAM, and analyzed for VLP entry as 

measured by CCF2-AM cleavage (resulting in FRET disruption and a color shift 

from green (518nm) to blue (447nm)) on an Attune NxT flow cytometer. 

 

VSV Pseudovirus Infection Assay 

Cells were seeded in 96 well plates at a density of 3x104 cells per well. The next 

day cells were prechilled to 4°C for 15 minutes and then incubated with VSV 

pseudoviruses in Opti-MEM I (OMEM) and centrifuged at 250 x g for 1 hour at 

4°C. Cells were then washed and incubated for 18-24 hr at 37°C. The cells were 

then lifted, fixed, and analyzed for GFP expression via flow cytometry on an 

Attune NxT flow cytometer. 

 

trVLP Infection Assay 

Infection of HEK 293 cells by trVLPs was performed as described previously (84). 

Cells were seeded in opaque 96 well plates, and when the cells were 

approximately 50% confluent they were transfected with (per well) 13.88 ng 

pCAGGS-Tim1, 4.16 ng pCAGGS-VP30, 6.94 ng pCAGGS-VP35, 6.94 ng 

pCAGGS-NP, and 55.55 ng pCAGGS-L in order to support entry and replication 

of infecting trVLPs. 24 hours post transfection the medium was removed and 

trVLPs were added. Cells were incubated for 18-24 hours in growth medium at 

37°C, before being analyzed using Renilla-Glo luciferase assay system (Promega 

Cat# E2710) on a GloMax plate reader.  
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Western Blotting 

Cell samples were lysed in 1% SDS containing 5 mM EDTA, and 1 mM sodium 

vanadate (Sigma; Cat# S6508). These lysates were then resolved by SDS-PAGE 

and the proteins subsequently transferred to PVDF membranes. The membranes 

were then probed with the indicated primary antibodies followed by secondary 

antibodies coupled to horseradish peroxidase . Signals were visualized following 

incubation with a chemiluminescent horseradish peroxidase substrate. Images 

were captured with an Alpha-Innotech Fluorchem detector. For quantification, 

samples were normalized to signals for GAPDH in the lysates using Image Studio 

Lite. 

 

Antibodies 

Antibodies were purchased from the following sources: anti-EGFR (A-10), Santa 

Cruz Biotechnology (Cat# sc-373746); anti-GBA, Abcam (Cat# ab55080); anti-

GAPDH (14C10) Cell Signaling Technology (Cat# 3683); anti-UGCG (M03), 

Abnova (Cat# H00007357); anti-Cathepsin B, Santa Cruz Biotechnology (Cat# 

sc-365558). 

 

Lipid Mass Spectrometry and Enzyme Activity Assay 

Lipids were extracted from cell lysates as described previously (85). Briefly, 

samples were centrifuged to remove debris, resuspended in a mixture of 

ispropanol: water: ethyl acetate (30:10:60) (with 20 pmol of internal standards 

added) and incubated for an hour at 37° C with shaking. Samples were 

centrifuged and the upper organic layer was transferred to a new tube before 
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being dried down under nitrogen gas. Samples were then resuspended in a 

reverse-phase LC-MS/MS solvent and analyzed on an Acquity I-Class/Xevo TQ-S 

micro IVD system. Mass spectrometry peaks were compared to internal 

standards and all data are represented as pmol of lipid/mg of protein. For the 

enzyme activity assay, cells were incubated with 5 µM C6 ceramide 

nanoliposomes for 4 hours at 37°. Samples were then collected and lipids 

extracted. Lipids were analyzed by mass spectrometry for both C6 ceramide and 

C6 GlcCer concentration to determine the activity level of UGCG (85). 

 

EGFR Degradation 

WT and GBA KO A549 cells were seeded in 6 well plates at a density of 6x105 cells 

per well. The next day cells were washed twice with PBS and then incubated with 

50 ng/mL EGF in growth media at 37°C for the indicated times. Cells were lysed 

and analyzed by western blotting as described above. For quantification, samples 

were normalized to the signal for GAPDH and then to 0 hour. 

 

Cathepsin Activity Assays 

In vitro Cathepsin B and Cathepsin L activities in HEK 293 cell lysates were 

measured as described previously (86, 87). Briefly, Cathepsin L activity was 

assayed with the Cathepsin B+L substrate Z-Phe-Arg-7-AMC (Calbiochem, Cat# 

03-32-1501) in the presence of 1 µM CA-074 (Calbiochem, Cat# 205530), a 

Cathepsin B inhibitor. Cathepsin B was measured in the same manner using Z-

Arg-Arg-7-AMC (Calbiochem, Cat# 219392) and no inhibitor. In vivo Cathepsin 
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B activity in HEK 293 cells was measured using Magic Red-(RR)2 (BioRad Cat# 

ICT937) stain as per the manufacturer’s instructions. 

 

Influenza Fusion Assay 

Influenza PR8 was dually labeled as described previously (88, 89) with 3,3′-

dioctadecyloxacarbocyanine (DiOC18) and octadecyl rhodamine B (R18) at final 

concentrations of 0.2 and 0.4 µM, respectively. The reaction mixture was 

vortexed vigorously and left to incubate for one hour at room temperate before 

being filtered through a 0.22 µm filter. Labeled virus particles were then bound to 

pre-chilled cells at an MOI ~ 5 (by pre-titered visual inspection) at 4°C for 15 

minutes. Titering was determined by performing a standard curve of labeled 

particles and comparing the concentration of particles added to the average 

number of particles/cell in imaging by visual inspection. Following binding, cells 

were washed three times with cold PBS before being placed at 37°C for 40 

minutes. Cells were then fixed in 4% paraformaldehyde for 20 minutes and 

imaged. Images were acquired on a Nikon Eclipse TE2000-E microscope 

equipped with a Yokogawa CSU 10 spinning-disk confocal unit and a 512-by-512 

Hamamatsu 9100c-13 EM-BT camera using a 60x/1.45 numerical aperture (NA) 

Nikon Plan APO Apo TIRF oil immersion objective. Non-fused influenza particles 

appear red, as the green signal of DiOC18 (Em, 501 nm) is suppressed by a 

combination of self-quenching and FRET from DiOC18 to R18 (Em, 578 nm). In 

contrast, fused particles appear green, due to loss of FRET and self-quenching. 

Images were processed for Gaussian background subtraction, and then by 

automated particle counting for the number of red and green particles using 
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ImageJ. The number of green particles was then divided by the number of red 

particles to obtain the reported ratio of fused to non-fused events for each field. 

 

Trafficking Assays 

Cells were transfected with GFP-Lamp1 (Addgene plasmid# 34831, deposited by 

Esteban Dell’Angelica) using Lipofectamine 2000 (Invitrogen, cat# 11668-030) 

and incubated overnight in growth media. The next day, PR8 influenza was 

incubated with 1 µM R18 for 1 hour at room temperature as described previously 

(90). Labeled viruses were filtered through a 0.22 µm filter and then immediately 

bound to pre-chilled cells at an MOI > 1 at 4°C for 15 minutes. For EGF 

trafficking, Alexa Fluor 555-EGF was bound to pre-chilled cells at 4°C for 15 

minutes at a final concentration of 100 ng/mL.  Following binding with either 

fluorescently labeled IAV or fluorescently labeled EGF, cells were washed three 

times with PBS followed by the addition of prewarmed media lacking IAV or EGF 

and placed at 37°C for 40 minutes. Cells were then fixed in 4% paraformaldehyde 

containing 5 ug/mL of Hoescht 33342 (Thermo Fischer Scientific Cat#H3570) 

for 20 minutes before imaging. Images were acquired on a Nikon Eclipse 

TE2000-E microscope equipped with a Yokogawa CSU 10 spinning-disk confocal 

unit and a 512-by-512 Hamamatsu 9100c-13 EM-BT camera. Samples were 

acquired using a 100x/1.45 numerical aperture (NA) Nikon Plan Apo TIRF oil 

immersion objective.  

 

To quantify colocalization of IAV or EGF with Lamp1, 100 independent images 

per experiment from two independent experiments were captured. Each image 
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was uniformly processed for Gaussian background subtraction and then for the 

Mander’s coefficient of colocalization of IAV or EGF with Lamp1 using the 

automated JACoP plugin in ImageJ. To quantify the number of IAV or EGF 

particles, each image was uniformly processed for Gaussian background 

subtraction and then particles were counted using the automated particle 

analysis tool in ImageJ. 

 

Measurement of (endo)lysosomal pH  

pH of lysosomes was measured using a FITC-dextran conjugate as described 

previously (91). Cells were plated at a density of 9000 cells/cm2 in 35mm dishes 

and incubated in cell culture medium containing 0.1 mg/mL FITC-dextran for 72 

hours. Cells were then pulsed in medium without FITC-dextran for 2 hours, lifted 

by trypsinization and washed with PBS. Cells were then resuspended in PBS and 

analyzed on a BD four color FACSCalibur flow cytometer by exciting with a 488 

nm laser and collecting emission data at 530 (FL1) and 610 nm (FL2). The 

FL1/FL2 ratios of samples were compared to a standard curve generated using 

cells incubated with pH calibrated Britton-Robinson buffers containing 50 mM 

sodium azide, 50 mM 2-deoxyglucose, and 10 µM nigericin.       
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CHAPTER 3 – GLUCOSYLCERAMIDASE 
MAINTAINS INFLUENZA INFECTION BY 

REGULATING ENDOCYTOSIS 
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3.1 Summary 

Influenza is an RNA virus encapsulated in a lipid bilayer derived from the host 

cell plasma membrane.  Previous studies showed that influenza infection depends 

on cellular lipids including the sphingolipids sphingomyelin and sphingosine. 

Here we examined the role of a third sphingolipid, glucosylceramide, in influenza 

infection following CRISPR/Cas9-mediated knockout of its metabolizing enzyme 

glucosylceramidase (GBA). After confirming GBA knockout of HEK 293 and 

A549 cells by both western blotting and lipid mass spectrometry, we observed 

diminished infection in both KO cell lines by a PR8 (H1N1) GFP reporter virus. 

We further showed that reduction in infection correlated with impaired influenza 

trafficking to late endosomes, and hence fusion, and entry. To examine whether 

GBA is required for other enveloped viruses, we compared entry mediated by the 

glycoproteins of Ebola, influenza, vesicular stomatitis, and measles viruses in 

GBA knockout cells. Entry inhibition was relatively robust for Ebola and 

influenza, modest for VSV, and mild for measles, suggesting a greater role for 

viruses that enter cells by fusing with late endosomes. As the virus studies 

suggested a general role for GBA along the endocytic pathway, we tested and 

found that trafficking of epidermal growth factor to late endosomes, as well as 

degradation of its receptor, were impaired in GBA knockout cells. Collectively our 

findings suggest that GBA is critically important for endocytic trafficking of 

viruses as well as cellular cargos including growth factor receptors. Modulation of 

glucosylceramide levels may therefore represent a novel accompaniment to 

strategies to antagonize ‘late penetrating’ viruses, including influenza. 
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3.2 Importance  

Influenza is a viral pathogen responsible for the second largest pandemic in 

human history. A better understanding of how influenza enters host cells may 

lead to more efficacious therapies against emerging strains of the virus. Here we 

show that the glycosphingolipid metabolizing enzyme glucosylceramidase is 

required for optimal influenza trafficking to late endosomes and consequent 

fusion, entry, and infection. We also provide evidence that promotion of 

influenza entry by glucosylceramidase extends to other endosome-entering 

viruses and is due to a general requirement for this enzyme. Finally, we 

demonstrate that glucosylceramidase maintains efficient trafficking of 

endogenous cargos such as the EGF receptor along the endocytic pathway, and 

hence we hypothesize that optimal levels of glucosylceramide regulate cellular 

endocytosis. This work therefore has implications for the basic process of 

endocytosis as well as pathogenic processes including virus entry.  

3.3 Introduction 

Between three and five million people are infected with influenza A virus (IAV) 

worldwide each year, with one quarter to half a million cases resulting in death. 

While therapies against influenza exist, they are often administered too late to 

provide patient relief. Vaccines against the virus are produced each year, but may 

provide limited coverage against isolates arising from antigenic shift, such as 

occurred during the 2009 H1N1 pandemic, which is estimated to have killed up to 

575,000 people (92). IAV is a negative sense RNA virus belonging to the family 

Orthomyxoviridae and is an enveloped virus that derives its lipid-bilayer 
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membrane as the virus buds through the host plasma membrane during virus 

assembly. To infect a cell, influenza employs its hemagglutinin (HA) protein to 

bind to sialic acid moieties on the target cell surface and then is taken into the cell 

by endocytosis (93). As the virus travels along the endocytic pathway, the acid 

environment prevailing in endosomes prompts conformational changes in HA, 

leading to viral membrane fusion with a late endosomal membrane (at pH ~5.0 

to 5.7 depending on the strain) and subsequent genome release into the 

cytoplasm to initiate replication (47, 94–97). Hence, proper endosomal 

trafficking and pH are crucial to the influenza life cycle (98–100).  

  

The membrane of influenza contains sphingolipids, a class of bioactive signaling 

molecules broadly distributed in mammalian cells and integral to multiple cell 

functions (53). Sphingolipids have also been shown to play diverse roles in virus-

host interactions (59), including promoting virus binding (60–63), entry (64–66), 

replication (67, 68), and new particle release (69). Several laboratories have 

explored the relationship between influenza virus and sphingolipids, notably 

sphingosine-1-phosphate (S1P) and sphingomyelin (Fig. 3.1). Overexpression of 

S1P lyase lowered, while overexpression of sphingosine kinase increased, 

influenza infection in host cells (70). Moreover, influenza infection was shown to 

activate sphingosine kinase, generating sphingosine-1-phosphate, which was 

shown to increase viral RNA synthesis and nuclear export of influenza 

ribonucleoprotein complexes (71). Cells deficient in sphingomyelin synthase 

displayed reduced transport of the influenza glycoproteins (HA and 

neuraminidase) to the cell surface, and pharmacological reduction of 
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sphingomyelin with myriocin led to decreased influenza infection (25). These 

studies suggest that sphingolipid metabolism may provide an important target 

for discovery of future influenza therapeutics.  

 

At the hub of sphingolipid metabolism is ceramide, an apoptosis-inducing 

molecule that can be modified at both its polar head group and carbohydrate 

chain to generate numerous sphingolipid species (49) (Fig. 3.1). Ceramide is 

converted to the glycosphingolipid glucosylceramide (GlcCer) by the addition of a 

glucose moiety catalyzed by the enzyme glucosylceramide synthase (UGCG), 

which is found primarily in the Golgi (73). Conversely, catabolism of GlcCer to 

remove the glucose group is performed by glucosylceramidase (GBA), which is 

reported to be primarily found in lysosomes (27). Mutations in GBA are well-

studied genetic determinates of Gaucher disease, one of the most common 

lysosomal storage disorders (56, 75). While GBA has been implicated in 

trafficking of membrane glycolipids along the endocytic pathway (32), there have 

not been studies on the role of GBA in endocytic cargo trafficking. Moreover, 

while several studies have focused on the conversion of sphingomyelin to 

ceramide in the context of viral infections (Fig. 3.1, pink shading) (60, 64, 65, 

101–103), little attention has been focused on the glucosylceramide arm of 

sphingolipid metabolism (Fig. 3.1, green shading). One recent study 

employing a haploid genetic screen revealed a role for UGCG in infections by 

specific bunyaviruses, but not by other viruses tested (66). And, to our knowledge 

no one has investigated the role of GBA in any viral infection.   

 



 

 

38 

In this study, we explored the role of GBA in influenza entry and infection by 

genetically knocking it out using CRISPR/Cas9. We found that cells deleted for 

GBA displayed reduced influenza trafficking to late endosomes and consequent 

fusion, entry, and infection, suggesting that GBA, and by extension optimal levels 

of its substrate lipid, GlcCer, are critical for maintaining the influenza life cycle in 

host cells. We also provide evidence that GBA is required for the entry of other 

viruses that enter cells by endocytosis as well as for the proper trafficking and 

disposition of normal cellular vesicular cargos destined for late endosomes 

including EGF and its receptor.  

 

3.4 Results 

3.4.1 Glucosylceramide metabolism regulates influenza infection 

Previous studies have demonstrated that certain enzymes along the sphingolipid 

pathway (Fig. 3.1) are important for influenza infection; cells exposed to 

inhibitors of serine palmitoyltransferase or sphingosine kinase, as well as cells 

deficient in sphingomyelin synthase, displayed reduced influenza infection (70–

72). The role of glucosylceramidase (GBA) or its substrate, glucosylceramide 

(GlcCer), has not been explored in influenza infections. To examine the role of 

GBA in influenza infection, we generated knockout (KO) cell lines lacking GBA 

using clustered regularly interspaced short palindromic repeats with Cas9 

(CRISPR/Cas9) gene editing. CRISPR/Cas9 was performed in two cell lines, HEK 

293 and lung epithelial A549 cells derived from an adenocarcinoma. HEK 293 

cells were chosen for their ease of and broad use in cell biology, while A549 cells 

were chosen as they,  
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Figure 3.1 Role of sphingolipids in influenza virus infection.  

The sphingolipid pathway involves numerous enzymes and lipids, most of which 
shuttle through ceramide as the pathway hub. Previous studies showed that 
deficiencies in sphingomyelin synthase as well as inhibition of serine 
palmitoyltransferase or sphingosine kinase led to decreased influenza infection 
(red shading) (70, 71, 104). However, the glycosphingolipid arm of the 
sphingolipid pathway (green shading) has not yet been studied in the context of 
influenza. We specifically examined glucosylceramidase (green box) to determine 
the effects of glucosylceramide metabolism on influenza infections. 
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being derived from lung epithelia, are considered more physiologically relevant 

for influenza research.   

 

After preforming CRISPR/Cas9 gene editing (Fig. 3.2A) and isolating individual 

clones, cells were analyzed for expression of GBA by western blot analysis and for 

the resulting concentration of GlcCer by mass spectrometry. In both HEK 293 

and A549 cells CRISPR/Cas9 targeting resulted in complete loss of GBA protein 

as detected by western blotting (Fig. 3.2B). Mass spectrometry revealed that in 

both HEK 293 and A549 cells, GBA KO resulted in ~3-4 fold increase in GlcCer 

levels (Fig. 3.2C and D).  

 

After confirming functional KO of GBA in the two cell lines described above, we 

examined the effect of loss of GBA on influenza infection. As seen in Fig. 3.2E 

and F, GBA KO in HEK 293 cells resulted in ~50% decrease in PR8 influenza 

infection, while in A549 cells GBA KO resulted in ~70% decrease.  
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Figure 3.2 Glucosylceramidase regulates influenza infection.  

HEK 293 and A549 cells were transfected with plasmids encoding Cas9-sgRNA 
targeting GBA and a plasmid containing GFP. Single cell colonies were selected 
for successful transfection as measured by GFP expression and expanded. (A) 
The gRNA used to target GBA is listed. (B) Complete loss of GBA protein 
expression was confirmed by western blot analysis of lysates of both HEK 293 
and A549 cell colonies (C,D) Lipids were extracted from the cells and analyzed 
by mass spectrometry. Consistent with KO status, total GlcCer levels were raised 
in both HEK 293 and A549 GBA knockouts. Data represent the mean values of 
six biological replicates ± SE. Loss of GBA activity was confirmed using a direct 
enzyme assay (data not shown). (E,F) Cells in triplicate samples were infected at 
4° with PR8 influenza encoding an NS1-GFP chimeric protein and then incubated 
for ~18 hours at 37°C. The cells were then harvested, fixed, and analyzed for GFP 
expression by flow cytometry. In both HEK 293 and A549 cell lines GBA 
knockout resulted in decreased influenza infection compared to WT as measured 
by NS1-GFP expression. Data represent the mean ± SE, n=6 experiments. ** 
p<0.01 using a Mann-Whitney non-parametric test. The growth rates of WT and 
GBA KO cells were similar over the duration studied (up to 4 days) (data not 
shown).  
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3.4.2 Changes in Sphingolipid Species in GBA Knockout Cells 

As noted above, loss of GBA resulted in an expected increase in GlcCer levels. 

Surprisingly, this was not accompanied by a corresponding decrease in ceramide 

levels (Fig. 3.3A and B). Moreover, major changes in downstream ceramide 

metabolites such as sphingosine-1-phosphate and sphingomyelin were not noted. 

Taken together, we hypothesize that the lack of change in ceramide levels is due 

to compensatory de novo synthesis of ceramide, consistent with the increase seen 

in dihydrosphingosine (Fig. 3.3A and B), an intermediate metabolite in de novo 

synthesis (Fig. 3.1 and Fig. 3.3C, in purple). Interestingly, GBA KO cells 

displayed an even greater fold change in glucosylsphingosine (Fig. 3.3A and B), 

although the total mass of glucosylsphingosine is hundreds fold lower than that 

of glucosylceramide. Little is known regarding the metabolism of 

glucosylsphingosine, but its increase suggests a potential new role for GBA in the 

catabolism of glucosylsphingosine (Fig. 3.3C). A full list of all sphingolipids 

analyzed can be found in Table 3.S1. 

3.4.3 Glucosylceramidase regulates entry of influenza and other 

endocytosed viruses  

The reduction in influenza infection observed in GBA KO cells (Fig. 3.2E and F) 

could be due to defects at different stages of the viral life cycle. To begin to 

identify the step requiring GBA, we first analyzed IAV Matrix Protein 1 (M1) 

mRNA after 24 hours in cells incubated in media lacking trypsin, in order to limit 

IAV infections to one cycle of replication. GBA KO cells exhibited reduced IAV M1  
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  HEK 293 cells 
(pmol/mg of protein)   

  WT GBA KO Fold 
Change   

Glucosylceramide 430.00 1664.37 3.87 

Glucosylsphingosine 0.70 55.50 79.29 

Dihydrosphingosine 5.15 13.43 2.61 

Dihydrosphingosine-1-
Phosphate 0.90 1.15 1.28 

Ceramide 790.87 1008.08 1.27 
Sphingosine 113.22 134.92 1.19 

Sphingomyelin 13011.30 14909.43 1.15 
Sphingosine-1-Phosphate 1.84 1.60 0.87 

A 

  A549 cells 
(pmol/mg of protein)   

  WT GBA KO Fold 
Change   

Glucosylceramide 71.33 333.34 4.67 

Glucosylsphingosine 0.16 1.67 10.44 

Dihydrosphingosine 12.19 25.79 2.12 
Dihydrosphingosine-1-

Phosphate 0.71 0.99 1.39 

Ceramide 87.46 186.55 2.13 

Sphingosine 86.26 115.10 1.33 
Sphingomyelin 6770.50 5284.65 0.78 

Sphingosine-1-Phosphate 0.51 1.45 2.84 

B 
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Figure 3.3 Analysis of Lipid Levels in GBA knockout cells. 

(A,B) Sphingomyelin, ceramide, glucosylceramide, glucosylsphingosine, 
sphingosine, and sphingosine-1-phosphate were analyzed by mass spectrometry 
in all knockout cells and compared to their WT counterparts. Mass spectrometry 
peaks were compared to internal standards and all data are represented as pmol 
lipid/mg of protein (mean values shown, n=6). The data for GlcCer are the same 
as those displayed graphically in Fig. 3.2C and D. (C) Mass spectrometry data 
indicate GBA may utilize glucosylsphingosine as a secondary substrate (indicated 
by dashed arrow). De novo synthesis of ceramide is indicated by purple shading.  
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HEK 293 cells (pmol/mg protein)   A549 cells (pmol/mg protein) 
  WT GBA KO Fold Change   WT GBA KO Fold Change 

Sphingosine 113.22 134.92 1.19   86.26 115.10 1.33 
Dihydrosphingosine 5.15 13.43 2.61   12.19 25.79 2.12 

Sphingosine-1-Phosphate 1.84 1.60 0.87   0.51 1.45 2.85 
Dihydrosphingosine-1-Phosphate 0.90 1.15 1.28   0.71 0.99 1.40 

Hexosylsphingosine 0.70 55.50 79.29   0.16 1.67 10.42 
Ceramide C16 35.51 38.50 1.08   39.61 59.65 1.51 
Ceramide C18 35.75 102.03 2.85   4.03 8.25 2.05 
Ceramide C20 15.92 41.58 2.61   0.41 0.92 2.22 
Ceramide C22 101.60 153.11 1.51   1.35 3.51 2.60 

Ceramide C22:1 15.77 41.34 2.62   1.03 1.26 1.22 
Ceramide C24 141.73 121.58 0.86   2.53 5.93 2.35 

Ceramide C24:1 429.57 495.86 1.15   37.91 105.76 2.79 
Ceramide C26 2.44 2.17 0.89   0.30 0.41 1.38 

Ceramide C26:1 12.58 11.91 0.95   0.28 0.85 3.06 
Ceramide Totals 790.87 1008.08 1.27 87.46 186.55 2.13 

Glucosylceramide C16 68.09 300.36 4.41   33.33 139.34 4.18 
Glucosylceramide C18 8.02 50.90 6.34   3.19 14.45 4.53 
Glucosylceramide C20 15.81 121.30 7.67   0.74 2.70 3.65 
Glucosylceramide C22 77.22 337.22 4.37   3.25 15.90 4.89 

Glucosylceramide C22:1 17.09 139.16 8.14   1.71 4.65 2.72 
Glucosylceramide C24 76.48 164.12 2.15   2.74 14.74 5.37 

Glucosylceramide C24:1 161.86 537.34 3.32   25.70 139.19 5.42 
Glucosylceramide C26 0.68 2.45 3.61   N.D. N.D. N.D. 

Glucosylceramide C26:1 4.74 11.52 2.43   0.67 2.36 3.53 
GlcCer Totals 430.00 1664.37 3.87 71.33 333.34 4.67 

Sphingomyelin C16 7871.70 7880.64 1.00   4773.83 3275.53 0.69 
Sphingomyelin C18 1078.78 2290.01 2.12   386.14 286.62 0.74 
Sphingomyelin C20 918.54 1232.56 1.34   130.51 110.36 0.85 
Sphingomyelin C22 716.32 845.06 1.18   243.56 244.17 1.00 

Sphingomyelin C22:1 224.62 349.47 1.56   61.35 59.70 0.97 
Sphingomyelin C24 350.12 329.35 0.94   164.10 231.90 1.41 

Sphingomyelin C24:1 1816.23 1951.44 1.07   985.50 1045.43 1.06 
Sphingomyelin C26 6.29 5.89 0.94   8.29 15.25 1.84 

Sphingomyelin C26:1 28.71 25.02 0.87   17.22 15.69 0.91 
Sphingomyelin Totals 13011.30 14909.43 1.15 6770.50 5284.65 0.78 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.S1 Full sphingolipid profiles of GBA knockouts. 

Sphingomyelin, ceramide, glucosylceramide, sphingosine, and sphingosine-1-
phosphate were analyzed by mass spectrometry in all knockout cells and 
compared to WT. Averages from five biological replicates are listed. Mass 
spectrometry peaks were compared to internal standards and all data are 
represented as pmol lipid/mg of protein. 
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expression after 24 hours (Fig. 3.4A). We next analyzed IAV M1 mRNA at two 

timepoints post infection in the presence of trypsin (to cleave the HA precursor 

and therefore permit production of infectious particles). After 8 hours, GBA KO 

cells displayed reduced IAV M1 expression compared to WT cells, but no 

difference was seen at 24 hours (Fig. 3.4B), indicating that multiple cycles of 

infection resulted in a rescue of the observed reduction in influenza infection. 

These data suggest that the observed reduction in influenza infection seen in Fig. 

3.2E and F is limited to one cycle of replication, likely at the level of virus entry. 

 

To test whether GBA regulates influenza virus entry (through endosomes) we 

monitored fusion of A/PR/8/34 influenza (H1N1) labeled with octadecyl 

rhodamine B chloride (R18) and 3,3′-dioctadecyloxacarbocyanine (DiOC18). 

Fusion results in a shift in fluorescence emission from red (R18, 586 nm) to green 

(DiOC18, 510 nm) due to separation of the probes upon fusion and dilution into 

the endosome membrane (88, 89). As seen in Fig. 3.5A, in WT cells there were 

~3.5 fused influenza particles for every non-fused particle, while in the GBA KO 

cells the corresponding ratio was less than 1. The results in Fig. 3.5 indicate that 

GBA is necessary for influenza particles to fuse in endosomes and suggest that 

the observed reduction in influenza infection (Fig. 3.2E and F and Fig. 3.4) is 

due to a defect in the entry phase of the viral life cycle.  
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Figure 3.4 Influenza M1 gene expression is time and trypsin 
dependent in GBA KO cells.  

WT and GBA KO cells in triplicate samples were incubated at 4° with PR8 
influenza and then incubated for 8 or 24 hours at 37°C with or without trypsin in 
the medium. Samples were collected and mRNA extracted, cDNA generated, and 
relative gene expression analyzed by qPCR. (A) GBA KO cells display a reduction 
in influenza M1 expression when incubated without trypsin, and therefore limited 
to one cycle of influenza infection. (B) Influenza M1 expression is reduced after 8 
hours in GBA KO cells in the presence of trypsin, but after 24 hours the 
expression matches that of WT cells. 
 
 

 
 
 
 
 



 

 

47 

C 

WT
GBA KO

WT Bafilo
mycin

0

2

4

6

8

10

In
flu

en
za

 F
us

io
n 

(G
re

en
/R

ed
 P

ar
tic

le
 C

ou
nt

)

*
***

GBA KO 

A 

WT 

B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Loss of GBA reduces influenza virus fusion in endosomes.  

Influenza was labeled with R18 (red) and DiOC18 (green) and then added to 
prechilled A549 cells at 4° for 15 min. Cells were then washed, incubated at 37°C 
for 30 min, fixed, and imaged at 60X magnification. The number of green 
(indicating a fused virus) and red (indicating an unfused virus) particles were 
then analyzed using ImageJ particle analysis. WT cells pretreated with 100 nM 
bafilomycin, an endosome acidification inhibitor, for 1 hr served as a positive 
control. (A) The ratio of fused to unfused particles was measured by automated 
counting of the number of green particles divided by the number of red particles 
on an image by image basis from 2 experiments (n = 40 fields for each treatment). 
Each data point represents the total number of green particles divided by the 
total number of red particles for 1 image field, and the bars indicate mean values 
± SD. (see Materials and Methods for details) (B,C) Representative images. Cell 
outlines were marked by visual examination. * p<0.05, *** p<0.001 using a 
Mann-Whitney non-parametric test.    
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We next asked if entry of other endocytosed enveloped viruses is impacted by loss 

of GBA. To do this, we generated virus like particles (VLPs) with an influenza 

Matrix-1 (M1)-β-lactamase (β-lam) core and bearing different viral glycoproteins 

on their surfaces: VSV G, which directs fusion in early endosomes (pH ~6.0), 

WSN influenza HA, which directs fusion in late endosomes (pH ~5.0-5.5), and 

Ebola GP, which direct fusion in endolysosomes (pH ~4.5-5.0) (105, 89, 106). 

WT and GBA KO cells were incubated with the VLPs and assayed for VLP entry 

using a fluorescent β-lam substrate in conjunction with flow cytometry (Fig. 

3.6A and B). Interestingly, entry mediated by VSV-G was reduced in HEK 293 

GBA KO cells, but unaffected in the corresponding A549 KO cells. Entry 

mediated by the HA of WSN influenza was reduced in both the HEK 293 and 

A549 GBA KO cells, consistent with the PR8 infection (Fig. 3.2E and F and Fig. 

3.4) and fusion (Fig. 3.5) data. Entry mediated by EBOV-GP was also reduced 

in both KO cell lines, and trended towards a lower extent of entry than entry 

mediated by the glycoproteins of WSN influenza or VSV. These findings suggest 

that other viruses that enter cells through endosomes depend on GBA and further 

support the hypothesis of a greater entry inhibition for viruses that fuse with later 

endosomes, suggesting that GBA may affect endosome maturation and/or 

acidification. The differing results for VSV-G-VLPs between A549 and HEK 293 

GBA KO cells may indicate a cell type dependence for GBA in the early endocytic 

pathway, as it is well established that expression of sphingolipids enzymes differ 

depending on tissue type (107). 
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To further explore the breadth of viruses whose entry is affected by GBA, we 

employed pseudoviruses with a VSV core and displaying the glycoproteins of 

measles virus, which fuses at neutral pH at the cell surface or the glycoproteins of 

the VSV and EBOV, which enter cells through endosomes. Infections by VSV 

pseudoviruses bearing the VSV and EBOV glycoproteins were decreased in GBA 

KO cells (Fig. 3.6C and D), as seen with their corresponding influenza M1-VLPs 

(Fig. 3.6A and B). In contrast, infection by pseudoviruses bearing the 

glycoproteins of measles virus appeared less dependent on GBA. These findings 

support the contention that virus entry through endosomes, particularly through 

late endosomes, is dependent on functional GBA and by extension, optimal levels 

of GlcCer. Interestingly, we tested the role of GBA in EBOV infections using 

EBOV transcription-replication competent VLPs (trVLPs), which recapitulate the 

full Ebola lifecycle and can be used under BSL2 conditions (108). As seen in Fig. 

3.6E, loss of GBA strongly reduced Ebola trVLP infection even after multiple 

cycles of replication. These trVLP data contrast the finding in Fig. 3.4 that the 

effect of GBA on influenza infection is limited to viral entry. Taken together, Fig. 

3.4 and Fig. 3.6E suggest that the role of GlcCer in viral assembly and/or 

budding may be virus-specific.  

 

As the observed decreases in entry by viruses that fuse in late endosomes could 

be due to a defect in endosome acidification, we measured the pH of endosomes 

in GBA KO cells. To accomplish this we employed a dual-emission ratiometric 

technique after feeding cells FITC-dextran, which fluoresces at different 

intensities depending on the lysosomal pH (91). We utilized two independent 
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Figure 3.6 Loss of GBA reduces entry mediated by the glycoproteins of 
other endosome-entering enveloped viruses, with minimal effects on 
entry mediated by the glycoproteins of measles virus, a plasma-
membrane entering virus.  

(A,B) Influenza virus like particles (VLPs) bearing the VSV-G, WSN HA/NA, or 
EBOV-GPΔ glycoproteins were generated on a βlaM1 backbone as described in 
the Materials and Methods. VLPs were added to prechilled cells, and the 
complexes were centrifuged at 4° for 1 hr, incubated for 3 hr at 37°C, and then 
incubated for 1 hr at room temperature in the dark in the presence of a 
fluorescent β-lactamase substrate. Cells were washed and the following day were 
harvested, fixed, and analyzed for β-lactamase activity via flow cytometry. (See 
Materials and Methods for details.) Data represent the mean ± SE, n=6 
experiments. (C,D) VSV pseudoviruses bearing the Measles-F and HN, VSV-G, 
or EBOV-GPΔ glycoproteins and encoding GFP were generated and bound to 
prechilled cells by centrifugation at 4°C for 1 hour. The pseudovirus-cell 
complexes were then incubated at 37°C for 24 hours, after which they were lifted, 
fixed, and analyzed for GFP expression via flow cytometry. Data represent the 
mean ± SE, n=6 experiments. *p<0.05, ** p<0.01 using a Mann-Whitney non-
parametric test. (E) WT and GBA KO HEK 293 cells were infected with EBOV 
trVLPs for 24 hr at 37°C and infection was assayed as described in the Materials 
and Methods. Data represent the mean ± SE, n=5. * p<0.05 using a Mann-
Whitney non-parametric test. 
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Figure 3.7 Loss of GBA does not detectably alter lysosomal pH.  

Cells were incubated with FITC-dextran for 72 hours followed by a 2 hour pulse 
in medium without FITC-dextran. Cells were pretreated with bafilomycin (Baf) or 
NH4Cl where indicated for 1 hour at 37°C to serve as positive controls.  Following 
the dextran-free pulse, cells were analyzed by flow cytometry. Samples were 
compared to a standard curve of pH controls to determine lysosomal pH, as 
described in the Materials and Methods. Data represent the mean ± SE, n=5 
experiments.   
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positive controls (Bafilomycin and NH4Cl) to confirm changes in pH. Using this 

technique, we determined that the pH in endosomes in GBA KO cells was not 

detectably different than that in WT cells (Fig. 3.7). These data suggest that 

ourobserved viral entry phenotype is not due to changes in the acidification 

process of the endosome. 

 

3.4.4 Glucosylceramidase regulates influenza trafficking along the 

endocytic pathway 

It is well established that influenza virus traffics to late endosomes for fusion 

(109). In addition, GlcCer has been implicated in lipid transport along the 

endocytic pathway (76). We therefore asked if GBA is important for trafficking of 

influenza particles to late endosomes. We transfected WT and GBA KO A549 cells 

with Lamp1-GFP and then infected the cells with R18-labeled influenza virus 

(red). In WT cells at 40 min post-warming influenza could be visualized in 

Lamp1+ (green) late endosomes in a high percentage of cells (Fig. 3.8A and B). 

In contrast, colocalization was reduced in GBA KO cells (Fig. 3.8A and C), 

albeit not as strongly as in WT cells treated with nocodazole (Fig. 3.8A), a 

microtubule inhibitor known to block trafficking between early and late 

endosomes. The observation that equivalent numbers of influenza particles were 

seen in WT and GBA KO cells (Fig. 3.8D) indicates that there is not a defect in 

influenza binding to GBA KO cells, but rather a defect in trafficking along the 

endocytic pathway.  

 

  



 

 

53 

WT

GBA K
O

WT N
oco

daz
ole

0.0

0.2

0.4

0.6

0.8

1.0

M
an

de
r’s

 C
oe

ffi
ci

en
t 

(V
iru

s/
La

m
p1

)

****
****

Merge Lamp1 Influenza 

1 

2 

Merge Lamp1 Influenza 

1 

2 

2	

1	

2	

1	

WT 

GBA KO 

B 

C 

A 

D 

WT

GBA K
O

0

10

20

30

40

N
um

be
r o

f P
ar

tic
le

s n.s.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Trafficking of influenza to late endosomes is impaired in 
GBA KO cells.  

A549 cells were transfected with Lamp1-GFP one day prior to experiments. WT 
cells were pretreated with 40 µM nocodazole (as a positive control) for 1 hr where 
indicated. Influenza (PR8) was labeled with R18 and then added to prechilled 
cells at an MOI ~10 at 4° for 15 min. Cells were washed, incubated at 37°C for 40 
min, fixed and imaged at 100X magnification. (A) Average Manders 
colocalization coefficients of influenza with Lamp1 (± SD) from 2 experiments (n 
= 100 fields in each experiment). Each data point represents the Manders 
colocalization coefficient for 1 image field, with one cell per image. (B,C) 
Representative micrographs of cells infected with R18-labeled influenza. 
Numbered white boxes are enlarged to the right of each panel. Examples are of 
colocalized particles in the WT cells and examples of non-colocalized particles in 
the knockout cells. (D) Total number of influenza virions in each image analyzed 
in Fig. 3.8A. **** p<0.0001 based on a Mann-Whitney non-parametric test. 
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Figure 3.9 Trafficking of EGF to late endosomes is impaired in GBA 
KO cells.  

A549 cells were transfected with Lamp1-GFP and pretreated with nocodozaole as 
in Figure 6. EGF-555 (100 ng/mL) was added to cells prechilled to 4° for 15 min. 
Cells were then washed, incubated at 37°C for 40 min, fixed, and imaged. (A) 
Average Manders colocalization coefficients of EGF with Lamp1 (± SD) from 2 
experiments (n = 100 fields in each experiment). Each data point represents the 
Manders colocalization coefficient for 1 image field, with one cell per image. 
(B,C) Representative micrographs of cells incubated with EGF-555. White boxes 
are enlarged to allow better qualitative visualization. Examples of colocalized 
particles pictured in the WT cells (B) and examples of non-colocalized particles 
pictured in the knockout cells (C). (D) Total number of EGF particles in each 
image analyzed in Fig. 3.9A.  ** p<0.01, **** p<0.0001 using a Mann-Whitney 
non-parametric test.  
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3.4.5 Glucosylceramidase regulates epidermal growth factor receptor 

trafficking along the endocytic pathway 

In view of the findings on influenza trafficking, we next asked if GBA is required 

for proper trafficking of non-viral cargo along the endocytic pathway. We utilized 

the same approach as in Fig. 3.8, but with fluorescently tagged epidermal 

growth factor (EGF) (red) (Fig. 3.9). Similar to influenza, in WT cells at 40 min 

post-warming, EGF was seen in a high percentage of Lamp1+ (green) endosomes, 

while colocalization was reduced in GBA KO cells. As for influenza, the 

decreasein colocalization of EGF with Lamp1 was not as severe as seen in WT 

cells treated with nocodazole (Fig. 3.9A). There was no decrease in the number 

of EGF particles in GBA KO vs. WT cells (Fig. 3.9D; a small increase was seen), 

indicating a post-binding requirement for GBA for proper trafficking of EGF.  

 

Following binding of EGF to its receptor (EGFR) at the cell surface, the EGF-

EGFR complex is transported to lysosomes and degraded by proteases including 

cathepsins (110). Since EGF trafficking was impaired in GBA KO cells, we asked if 

degradation of EGFR is also impaired. To do this, media containing EGF was 

added to cells at 37°C, and at various times the cells were harvested, lysed, and 

analyzed for the presence of EGFR by Western blot analysis. As seen and 

quantified in Fig. 3.10, and consistent with the EGF trafficking data (Fig. 3.9), 

degradation of EGFR was notably impaired in GBA KO cells. 

 

We proposed that the defect in EGFR degradation in GBA KO cells (Fig. 3.10) is 

due to a defect in EGFR trafficking (Fig. 3.9) as opposed to a defect in endosome  
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Figure 3.10 EGFR Degradation is impaired in GBA KO Cells.  

EGF (50 ng/mL) was added to cells and the cells incubated at 37°C. At the 
indicated times, cell lysates were prepared and subjected to SDS-PAGE and 
Western blotting for EGFR. (A) Representative Western blot. (B) Quantitation 
of Western Blots indicated a significant difference in EGFR remaining at 2 hr 
post addition of EGF in GBA KO cells as compared to WT. Values are normalized 
to the intensity of GAPDH and presented as a percentage of EGFR remaining as 
compared to cells without EGF stimulation. Data represent the mean ± SE, n=6 
experiments. * p<0.05 using a Mann-Whitney non-parametric test.  
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acidification (Fig. 3.7) or cathepsin activities. To test the latter possibility, we 

examined the levels of two cysteine proteases normally found in lysosomes, 

Cathepsin B (CatB) and CatL. This was done in vitro, following cell lysis and 

adjustment to an acidic pH for CatB and CatL using fluorescent peptide 

substrates, and, additionally for Cat B, in live cells using Magic Red-(RR)2 (111). 

Unexpectedly, GBA KO cells displayed an ~3.5-fold increase in CatB activity as 

compared to WT cells in the in vitro assay (Fig. 3.11A). CatB activity was also 

increased in the live cell assay, but not to as great an extent (Fig. 3.11B). 

Consistently, we observed an increase in CatB protein levels in GBA KO cells (Fig. 

3.11C). CatL activity in cell lysates displayed no significant difference in KO as 

compared to WT cells (Fig. 3.11D). Taken together, these data suggest that 

diminished cathepsin expression and/or activity are not the cause of 

dysfunctional EGFR degradation in GBA KO cells, and further support our 

proposed mechanism of impaired endosome trafficking. The mechanism behind 

the unexpected increase in CatB activity and expression in GBA KO cells may be a 

result of defects in CatB localization, as lack of CatB in lysosomes could lead to 

upregulation of CatB production as a compensatory mechanism. Further 

investigation is necessary to better understand the mechanism and implications 

for these findings 
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Figure 3.11 Loss of GBA upregulates Cathepsin B activity.  

(A,D) WT and GBA KO A549 cells were lysed and analyzed for cathepsin B 
activity following incubation with a cathepsin B specific substrate for 1 hour at 
37°C, as described in the Materials and Methods. Data represent the mean ± SE, 
n=5 experiments. (B) Cathepsin B activity in vivo in A549 cells was determined 
using the Magic Red-(RR)2 cathepsin activity assay as per the manufacturers 
instructions. Data represent the mean ± SE, n=5 experiments. (C) Cathepsin B 
was probed by Western Blot and found to be undetectable in A549 WT samples 
but readily detectable in GBA KO cells. Loading 2.5X the amount of lysate 
resulted in CatB detection in the WT cells. (D) WT and GBA KO cells were lysed 
and processed as in (A), but incubated with a cathepsin L specific substrate and 
analyzed for cathepsin L activity as described in the Materials and Methods. * 
p<0.05, ** p<0.01 using a Mann-Whitney non-parametric test.  



 

 

59 

In summary, our findings suggest that GBA and optimal levels of GlcCer are 

required to regulate trafficking along the endocytic pathway of viruses and 

endogenous cargos, particularly to later stages of the pathway. Consequently, 

when GBA is missing, endocytosed enveloped viruses show diminished fusion, 

entry, and infection, and critical growth factor receptors are not degraded, a 

process required for proper growth control.  Collectively the findings presented in 

Figs. 3.7-11 indicate that the defect in viral entry (and consequent infection) and 

EGFR degradation seen in GBA KO cells is not due to lowered levels of cathepsins 

or impaired endosome acidification, but rather to a defect in trafficking of cargos 

to degradative endosomes/lysosomes. 

 

3.5 Discussion 

In this study we established a role for glucosylceramidase (GBA) in the regulation 

of endocytosis of viral and cellular cargos, firstly for endosomal entry and 

infection by influenza virus. We established that the defect in influenza infection 

in GBA KO cells is due to defects in delivery to late endosomes and consequent 

fusion and entry into the cytoplasm. Consistently we observed defects in entry 

mediated by the glycoproteins of other enveloped viruses that enter cells through 

endosomes (47); VLPs and pseudoviruses bearing VSV, influenza, and Ebola 

(EBOV) glycoproteins displayed decreased entry into GBA KO cells, with minimal 

effects seen on entry mediated by the glycoproteins from a virus (measles) that 

fuses and enters the cell through the plasma membrane. Interestingly, the trend 

was for greater reliance on functional GBA for viruses that enter through later, 

more acidic, endosomes (47, 112–115). Based on these findings, we hypothesized 
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that GBA and optimal levels of GlcCer are required, in general, for proper 

trafficking of cargo along the endocytic pathway, particularly to late endosomes. 

Indeed, we found that trafficking of not only influenza particles but also EGF and 

its receptor (to Lamp1+ endosomes) is impaired in GBA KO cells, which in the 

latter case correlated with significantly delayed degradation of EGFR. Collectively 

our findings strongly suggest that GBA regulates normal trafficking of cargo 

along the endocytic pathway.  

 

We note that loss of GBA led to inhibition in single but not multi-cycle influenza 

infections (Fig. 3.4), suggesting that the perturbations to the sphingolipid 

pathway in our GBA KO cells may have consequences for IAV assembly or exit, 

findings that require further investigation. Indeed, a 2012 study demonstrated 

that the membrane of IAV may be enriched in sphingolipids, indicating a role for 

these lipids in the exit of the virus from host cells (6). We hypothesize that if 

influenza exit from GBA KO cells is increased as compared to WT, or if the viral 

particles that bud from in KO cells display an enhanced entry phenotype, 

multiple cycles of infection results in recovery of in influenza entry in GBA KO 

cells.  

 

Oft-times altering the function of one enzyme in the sphingolipid pathway results 

in compensation that makes it challenging to pinpoint a single lipid species as the 

cause of a particular cellular phenotype (116). We found, by mass spectrometry of 

lipids, that removal of GBA in both HEK 293 and A549 cells results in a 

significant increase in GlcCer mass. As such, we hypothesize that it is excess 
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GlcCer and not changes in other sphingolipids that is responsible for the 

observed phenotypes. We did not note a decrease in ceramide levels, nor did we 

note major changes to non-glycosylated ceramide metabolites, such as 

sphingomyelin and sphingosine-1-phosphate (Fig. 3.3). We hypothesize this is 

due to a compensatory increase in de novo synthesis of ceramide from serine and 

palmitoyl-CoA (Fig. 3.1 and Fig. 3.3C). Indeed, increases in de novo synthesis 

may be responsible for the increase in dihydrosphingosine we observed in both 

GBA KO cell lines. We also noted an elevation in glucosylsphingosine levels, 

albeit a much smaller change in mass compared to GlcCer. Little is known about 

the metabolism of glucosylsphingosine, but several recent studies indicate that it 

may serve as a biomarker for Gaucher disease, a lysosomal storage disorder 

characterized by mutations in GBA (117–119). Our data suggest that GBA may 

catabolize both GlcCer and glucosylsphingosine (Fig. 3.3C), suggesting a more 

global role for GBA in sphingolipid biology and pathophysiology.  

 

Even though we suggest that GBA is a major regulator of influenza infectivity, we 

cannot exclude other GlcCer metabolizing enzymes. A previous study showed that 

glucosylceramide synthase (UGCG) is required for entry by one type of 

bunyavirus (severe fever with thrombocytopenia syndrome virus), but not for 

another (Rift Valley) or for other enveloped viruses tested (VSV and EBOV) (66). 

Consistent with our work, these prior findings point to an optimal level of GlcCer 

being important for (certain) viral infections. Yet, our findings expand a need for 

optimal levels of GlcCer to other, potentially many, enveloped viruses that enter 
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cells through late endosomes as well as to important endogenous endocytic cargo 

including EGF and its receptor.   

 

It is well established that lipids are heterogeneously distributed throughout cells 

(120). Specialized lipid microdomains in various membrane compartments 

facilitate cellular organelle function and organization, including in endosomes 

(121). Sphingolipids in particular have been shown to be enriched in endosomes 

(122), and perturbations to the sphingolipid pathway result in abnormal 

endosome size, location, and function (123–126). GlcCer has been implicated in 

altering the physical properties of membranes, for example, increased GlcCer 

results in decreased membrane fluidity (127, 128). In addition, a recent paper 

demonstrated that cells taken from patients with Gaucher disease displayed 

restricted lateral lipid mobility and exhibited reduced rates of transferrin 

receptor endocytosis (129). Coupled with our findings, these reports suggest that 

the disruption in endocytosis that we observe in GBA KO cells for critical cargos 

including pathogenic viruses and growth factor receptors may be due in part to 

an alteration in the biophysical properties of cellular membranes and possibly a 

result of internalization defects. Hence, targeting GBA might prove beneficial as 

part of strategies to ameliorate viral infections that utilize the endocytic pathway. 
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CHAPTER 4 – GLUCOSYLCERAMIDE 
SYNTHASE MAINTAINS INFLUENZA 
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The text included in this chapter has been adapted from the following 
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Glucosylceramidase Maintains Influenza Infection By Regulating Endocytosis 
 
Drews KC, Calgi MP, Harrison WC, Drews CM,  Costa-Pinheiro P, Shaw JJP, 
Jobe KA, Han JD, Fox T, White JM, and Kester M.  
 
 PLoS One, Preparing For Submission (2019). 
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4.1 Abstract 

Influenza is an enveloped virus wrapped in a lipid bilayer derived from host cells. 

Influenza infection has been shown to be dependent on cellular lipids, including 

sphingolipids such as ceramide and sphingomyelin. Here we examine the role of 

glucosylceramide in influenza infection by knocking out the enzyme responsible 

for its synthesis, glucosylceramide synthase (UGCG). We observed diminished 

influenza infection in HEK 293 and A549 UGCG functional knockout cells and we 

further demonstrated that the block to influenza infection in UGCG knockout 

cells is at the level of entry. Finally, we observed that other enveloped, endosome-

entering viruses have impaired entry into UGCG knockout cells, suggesting a 

broader role for this enzyme in viral-host interactions. We recently showed that 

glucosylceramidase, the enzyme that converts glucosylceramide back to ceramide, 

is required for proper endocytic trafficking, entry and infection by influenza virus 

(130). Collectively these findings suggest that an optimal level glucosylceramide 

is critical for the entry of influenza and other pathogenic viruses. 

 

4.2 Introduction 

Influenza A virus is the causative agent of influenza respiratory disease, and is 

responsible for infecting between three and five million people worldwide each 

year. In 1918 an influenza pandemic resulted in one of the deadliest disease 

outbreaks in human history, killing an estimated 50 million people (3). While a 

vaccine against influenza virus is produced annually, antigenic shift may result in 

influenza strains that circumvent vaccine efficacy and result in worldwide 

pandemics, such as the 2009 H1N1 pandemic (92).  
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A negative sense RNA virus belonging to the family Orthomyxoviridae, influenza 

is an endosome-entering enveloped virus that is encapsulated in a lipid 

membrane derived from host cells. Inserted in the lipid envelope are influenza’s 

two glycoproteins: hemagglutinin (HA) and neuraminidase (NA). During 

infection, influenza virus first binds to host cellular receptors through its HA 

protein and the virus is then internalized into an endosome. As the endosome 

acidifies to a pH of ~5.0-5.7, HA undergoes conformational shifts and leads to 

fusion between the viral membrane and the endosomal membrane (47, 94–97). 

Upon successful viral fusion, the influenza genome is released into the cytoplasm 

and shuttled into the nucleus to undergo replication (21, 22).  

 

The lipid membrane of influenza is enriched in sphingolipids, a major class of 

signaling molecules characterized by their sphingosine backbone (53). 

Sphingolipids have been studied in the context of numerous viruses, and have 

been found to be critical to all stages of viral life cycles, including virus binding 

(60–63), entry (64–66), replication (67, 68), and new particle release (69). 

Several studies in the past decade investigated the role of specific sphingolipids in 

influenza infection, including sphingomyelin (104), ceramide (131), and 

sphingosine-1-phosphate (70, 71) (Fig. 4.1). Most recently, we determined that 

deletion of glucosylceramidase (GBA) leads to reduced influenza entry and 

impaired cellular endocytosis (130). Taken together, these studies suggest a need 

to further understand the role for sphingolipids in viral-host interactions.  
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Sphingolipid metabolism is complex involving numerous enzymes and 

intermediary lipids, all of which shuttle through ceramide as a main hub (49) 

(Fig. 4.1). Though several distinct salvage pathways exist, ceramide metabolism 

is primarily driven through the condensation of serine and palmitoyl-CoA by the 

enzyme serine palmitoyltransferase (51). Upon addition of a glucose molecule by 

glucosylceramide synthase (UGCG), ceramide is converted into the 

glycosphingolipid glucosylceramide (GlcCer), a pro-survival signaling molecule 

and a precursor lipid for higher order gangliosides (132). GlcCer is a relatively 

understudied sphingolipid in the context of viral infections, as most research 

focuses on sphingomyelin, the far more abundant sphingolipid, which is found 

primarily in plasma membranes. (60, 64, 65, 101–103). In addition to our study 

on GBA and GlcCer in influenza infection, another recent study explored the role 

for UGCG and GlcCer in bunyavirus infections, and found that inhibition of 

UGCG led to reduction in bunyavirus entry. However, to our knowledge UGCG 

has never been studied in the context of influenza virus (66). Here we used 

CRISPR/Cas9 to genetically knock out UGCG and thereby determine its role in 

influenza entry and infection. We found that UGCG KO cells displayed a 

reduction in influenza infection and entry, as well as reductions in entry of other 

endosome-entering viruses.  
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4.3 Results and Discussion 

4.3.1 Glucosylceramide synthase regulates influenza infection 

Previous studies demonstrated that loss of expression or inhibition of several 

sphingolipid-metabolizing enzymes leads to reductions in influenza infection 

(Fig. 4.1). We recently discovered that glucosylceramidase (GBA) is required for 

optimal influenza entry (130) and we hypothesized that glucosylceramide 

synthase (UGCG), which converts glucosylceramide back to ceramide, may also 

play a role in the influenza life cycle (green box). When we inhibited UGCG using 

PPMP we observed a decrease in infection by PR8 influenza encoding NS1-GFP, 

as monitored by flow cytometry for GFP expression (Fig. 4.2A). We next 

employed CRISPR/Cas9 to knockout UGCG (see Fig. 4.2B for gRNA sequence) 

in HEK 293 and A549 cells and determined the functional status of UGCG in 

putative knockout lines. We assayed for UGCG enzyme activity by incubating 

cells with C6 ceramide, a synthetic analogue of ceramide, and measuring the 

levels of C6 ceramide and C6 GlcCer. Functional UGCG would convert C6 

ceramide to C6 GlcCer, as seen in WT cells. However, in both HEK 293 and A549 

UGCG KO cells conversion of C6 ceramide to C6 GlcCer was not seen, indicating 

a full ablation of UGCG functional activity (Fig. 4.2C and D). We next measured 

the endogenous levels of GlcCer in both WT and KO cells and determined that 

HEK 293 UGCG KO display significantly decreased GlcCer levels, and that GlcCer 

is undetectable in A549 UGCG KOs (Fig. 4.2E and F). Finally, to determine if 

knockouts of UGCG affect influenza infection, we used the GFP-encoding PR8  
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Figure 4.1 Sphingolipids and influenza virus infections.  

Several studies demonstrated that inhibition of different enzymes in the 
sphingolipid pathway resulted in reduced influenza infection. Pharmacological 
inhibition of serine palmitoyltransferase and sphingosine kinase, as well as 
genetic manipulation of sphingomyelin synthase and glucosylceramidase led to 
decreased influenza infection (23, 24, 75, 128). We sought to determine the effect 
of UGCG (green box) on influenza infection by using the pharmacological 
inhibitor PPMP as well as knocking out the enzyme in two different cell lines.  
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Figure 4.2 CRISPR/Cas9 mediated knockout of glucosylceramide 
synthase.  

(A) HEK 293 cells were pretreated with 20 µM PPMP (for 48 hours) or 100 nM 
bafilomycin (for 1 hour) before being infected with PR8 influenza encoding an 
NS1-GFP chimeric protein in the presence of the indicated drug Samples were 
analyzed by flow cytometry for GFP expression. PPMP-treated samples exhibited 
a 50% reduction in GFP signal compared to WT, indicating a role for UGCG in 
influenza infection. Data represent the mean values of 4 biological replicates ± SE. 
(B) HEK 293 and A549 cells were transfected with a plasmid encoding Cas9-
sgRNA targeting UGCG. Single cell-colonies were expanded and monitored for 
successful UGCG knockout. (C,D) Loss of UGCG activity was confirmed by 
incubating cells with 5 µM C6 ceramide nanoliposome for 4 hours. Cells 
containing functional UGCG are able to convert the C6 ceramide to C6-GlcCer, as 
seen in WT samples. Putative HEK 293 and A549 UGCG KO cells transfected 
displayed no C6-GlcCer, indicating a complete loss of UGCG activity. (E,F) 
Lipids from WT and putative KO cells were analyzed by mass spectrometry. In 
agreement with the measured enzyme activity in (C,D), levels of total 
endogenous GlcCer were significantly reduced in both HEK 293 and A549 KO 
cells as compared to WT.  (mean ± SE ; n=6). ** p<0.01 using a Mann-Whitney 
non-parametric test. 
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Figure 4.3 Glucosylceramide synthase regulates influenza infection. 

Cells were infected with influenza as in Fig. 4.2A, and analyzed ~18-24 hours 
later by flow cytometry. (A) HEK 293 UGC KO cells exhibited an ~40% reduction 
in influenza infection as compared to WT, while (B) A549 UGCG KO cells 
exhibition ~70% reduction in influenza infection as compared to WT. (mean ± 
SE ; n=6). ** p<0.01 using a Mann-Whitney non-parametric test. 
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influenza as in Fig. 4.2A. As seen in Fig. 4.3A and B, influenza infection levels 

were decreased in both HEK 293 and A549 UGCG KO cells  compared to WT cells. 

Further experiments are needed to determine if deletion of UGCG inhibits 

multiple cycles of influenza infection, as GlcCer may play a positive role in 

influenza assembly and/or release, as suggested by our recent work (130) and by 

findings that the membrane in influenza is enriched in glycosphingolipids (6). 

 

After performing gene editing we assessed for loss of UGCG protein by western 

blot (Fig. 4.S1A). Consistent with the results of lipid mass spectrometry (Fig. 

4.2C-F), there was no detectable UGCG protein in HEK 293 UGCG KO cells. 

However, despite the indicated KO of enzyme activity (Fig. 4.2C-F), A549 

UGCG KO cells displayed a western blotting band for UGCG, albeit in reduced 

amount compared to WT cells. To address this apparent contradiction between 

the western blot data and the mass spectrometry findings of complete loss of 

UGCG activity, we performed next-generation sequencing to determine the exact 

genetic alterations that had occurred in the A549 UGCG KO cells. We determined 

that those cells displayed a heterozygous phenotype (Fig. 4.S1B), with one allele 

mutated by the CRISPR/Cas9 activity to contain a premature stop codon (Fig. 

4.S1C) while the other allele remained unaltered. We hypothesize that the 

induced mutation (stop codon) resulted in haploinsufficiency, as the functional 

activity of UGCG was completely lost in A549 KO cells (Fig. 4.2C-F). A full list of 

sphingolipid species analyzed can be found in Table 4.S1. As expected, levels of 

all GlcCer species decreased in UGCG KO cells, confirming loss of UGCG function. 
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Figure 4.S1 A549 UGCG KO cells exhibit haploinsufficiency. 

(A) Complete loss of UGCG expression was confirmed in HEK 293 cells, however, 
A549 cells display only a reduced level of UGCG. (B) Next generation sequencing 
indicated the presence of a heterozygous 14 base pair insertion in the A549 UGCG 
KO cells, suggesting that the loss of UGCG activity seen in Fig. 4.2D and F may 
be the result of haploinsufficiency. (C) Analysis of the CRISPR-modified UGCG 
allele in A549 cells reveals a frameshift mutation beginning at N68 and 
terminating in an early stop codon at the C86 position. 
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293   A549 
  WT UGCG KO Fold Change   WT UGCG KO Fold Change 

Sphingosine 111.50 36.27 0.33   86.26 166.19 1.93 
Dihydrosphingosine 5.09 1.81 0.36   12.19 38.35 3.15 

Sphingosine-1-Phosphate 1.70 25.08 14.77   0.51 0.99 1.93 
Dihydrosphingosine-1-Phosphate 0.88 1.36 1.55   0.75 1.31 1.74 

Hexosylsphingosine 0.67 0.41 0.61   0.19 0.29 1.53 
Ceramide C16 32.70 40.94 1.25   33.44 34.66 1.04 
Ceramide C18 37.19 37.80 1.02   3.43 4.28 1.25 
Ceramide C20 17.67 6.81 0.39   0.34 0.45 1.35 
Ceramide C22 115.50 54.37 0.47   1.15 1.76 1.53 

Ceramide C22:1 15.45 7.22 0.47   0.89 2.54 2.85 
Ceramide C24 155.91 146.76 0.94   2.20 3.13 1.43 

Ceramide C24:1 384.97 194.61 0.51   31.94 59.77 1.87 
Ceramide C26 2.62 3.37 1.29   0.26 0.56 2.15 

Ceramide C26:1 13.50 7.38 0.55   0.24 0.96 4.00 
Ceramide Totals 775.52 499.25 0.64 73.88 108.12 1.46 

Glucosylceramide C16 71.11 24.98 0.35   28.56 N.D. N.D. 
Glucosylceramide C18 7.87 1.86 0.24   2.72 N.D. N.D. 
Glucosylceramide C20 17.69 1.23 0.07   0.64 N.D. N.D. 
Glucosylceramide C22 83.96 7.28 0.09   2.91 N.D. N.D. 

Glucosylceramide C22:1 18.64 1.01 0.05   1.46 N.D. N.D. 
Glucosylceramide C24 78.06 11.25 0.14   2.41 N.D. N.D. 

Glucosylceramide C24:1 147.36 17.86 0.12   21.85 N.D. N.D. 
Glucosylceramide C26 0.72 0.17 0.24   N.D N.D. N.D. 

Glucosylceramide C26:1 4.66 0.66 0.14   0.58 N.D. N.D. 
GlcCer Totals 430.06 66.31 0.15 61.15 N.D #VALUE! 

Sphingomyelin C16 8589.64 6251.15 0.73   4164.63 8087.13 1.94 
Sphingomyelin C18 1209.58 1194.49 0.99   341.60 675.41 1.98 
Sphingomyelin C20 1055.36 541.38 0.51   115.96 188.50 1.63 
Sphingomyelin C22 817.54 802.26 0.98   218.37 368.16 1.69 

Sphingomyelin C22:1 259.74 134.07 0.52   53.99 209.19 3.87 
Sphingomyelin C24 382.17 625.26 1.64   144.76 312.34 2.16 

Sphingomyelin C24:1 2011.61 1648.51 0.82   881.30 3877.56 4.40 
Sphingomyelin C26 6.68 13.87 2.08   6.99 11.47 1.64 

Sphingomyelin C26:1 31.69 45.24 1.43   15.18 68.46 4.51 
Sphingomyelin Totals 14364.01 11256.24 0.78 5942.78 13798.25 2.32 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.S1 Full sphingolipid profiles of UGCG knockouts. 

Sphingomyelin, ceramide, glucosylceramide, sphingosine, and sphingosine-1-
phosphate were analyzed by mass spectrometry in all knockout cells and 
compared to WT. Averages from five biological replicates are listed. Mass 
spectrometry peaks were compared to internal standards and all data are 
represented as pmol lipid/mg of protein. 
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However, a corresponding increase in ceramide levels was not consistently 

observed. We hypothesize that knocking out UGCG leads to modulations in the 

pathway that maintain ceramide levels: through increased sphingosine-1-

phosphate metabolism in HEK 293 cells and increased sphingomyelin 

metabolism in A549 cells. These data suggest that consequent to knocking out 

UGCG, cells undergo compensatory sphingolipid metabolism in a cell type or 

tissue specific manner. It is been established that sphingolipids enzyme are 

differently expressed in different tissue types, suggesting that the origin of HEK 

293 cells compared to A549 cells may explain the difference in sphingolipid 

profiles observed (107). Further investigations into disrupted sphingolipid 

metabolism are required to test the proposed compensatory mechanisms that 

maintain ceramide levels in the context of UGCG ablation.   

 

4.3.2 Glucosylceramide synthase regulates entry of influenza and 

other endocytosed viruses 

We hypothesized that the reduction in influenza infection in UGCG KO cells was 

due to a reduction in influenza entry into the cells. To address this we generated 

virus like particles (VLPs) containing an influenza Matrix-1 (M1)-β-lactamase (β-

lam) core bearing the HA and NA glycoproteins of WSN influenza, which fuses 

with host endosomes at pH ~5.0-5.9 (133). We extended the screen to include 

influenza Matrix-1 VLPs displaying the glycoproteins of vesicular stomatitis virus 

(VSV), which fuses with host early endosomes (pH ~6.0), and Ebola (EBOV), 

which fuses with host endolysosomes (pH ~4.5-5.0) (105, 89, 106). We 

determined that both WSN influenza HA/NA and EBOV GP VLPs displayed  
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Figure 4.4 UGCG maintains entry of multiple VLPs. 

Virus like particles (VLPs) were generated on a βlaM1 backbone with the 
envelope proteins of the virus of interest. Prechilled cells were spun at 4° with the 
VLP for 1 hour, incubated for 3 hours at 37°, and then incubated for 1 hour at 
room temperature in the presence of the βlaM substrate. Cells were washed and 
the following day were harvested, fixed, and analyzed for β-lactamase activity via 
flow cytometry. (A,B) VSV entry was significantly reduced in HEK 293 UGCG 
knockout cells, though unaffected in A549 KO cells. WSN influenza entry was 
reduced in all knockout cells, consistent with the findings in Fig. 4.3. EBOV 
entry was reduced in all knockout cells, to a greater extent than WSN or VSV 
(mean ± SE ; n=6). ** p<0.01 using a Mann-Whitney non-parametric test.  
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reduced entry into both HEK 293 and A549 UGCG KO cells compared to WT cells. 

VSV-G VLPs displayed reduced entry into HEK 293 UGCG KOs, but not into 

A549 UGCG KOs (Fig. 4.4A and B), which may be due to the different tissue 

origins of these cells and their different sphingolipid profiles (Table 4.S1).  

 
To further explore the extent to which UGCG mediates viral infections, we 

employed a VSV pseudovirus system and examined how pseudoviruses bearing 

the glycoproteins of VSV, EBOV, and measles (a virus that employs its H and F 

proteins to fuse at the plasma membrane) infect UGCG KO and WT cells. As seen 

in Fig. 4.5A and B, and similar to the results seen with influenza Matrix-1 VLPs, 

VSV G-mediated pseudovirus infection was reduced in HEK 293 UGCG KOs, but 

unaffected in A549 UGCG KOs; EBOV pseudovirus infection was reduced in both 

UGCG KO cell lines tested. In contrast, measles H/F-mediated pseudovirus 

infection was not inhibited in HEK 293 UGCG KOs, and was even increased in 

A549 UGCG KO compared to WT cells.  We hypothesize that this increase in 

measles infection may be due to the different sphingolipid profiles of A549 and 

HEK 293 UGCG KO cells (Table 4.S1). A549 UGCG KO cells are enriched in 

sphingomyelin, a major component in lipid rafts. A 2004 study found that 

measles virus enters cells at sites of lipid rafts, indicating that A549 UGCG cells 

may present a plasma membrane composition more conducive to measles 

binding and subsequent entry (134). 

 
These results indicate a role for UGCG in influenza entry, and suggest roles in the 

entry of other endosome-entering viruses, particularly ones that enter late in the  
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Figure 4.5 UGCG maintains infection of multiple pseudoviruses. 

Pseudoviruses were generated using a VSV-GFP backbone and the envelope 
proteins of the virus of interest. Prechilled cells were spun at 4° with the 
pseudovirus for 1 hour, washed, and the following day were harvested, fixed, and 
analyzed GFP expression via flow cytometry. (A,B) VSV-Measles infection was 
unaffected in HEK 293 UGCG knockout cells, but increased the A549 UGCG 
knockout cells. VSV-G infection was decreased in HEK 293 UGCG knockouts but 
unaffected in A549 UGCG knockout cells, consistent with the findings in Fig. 4.4. 
VSV-EBOV infection was decreased in all knockouts tested (mean ± SE ; n=6). ** 
p<0. 01 using a Mann-Whitney non-parametric test. 
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endocytic pathway. Based on our previous work (130) we further propose that 

impairment in entry of ‘late penetration’ viruses (47) in UCGC KO cells is due to a 

general impediment of normal endocytic trafficking. This conclusion is 

concordant with that of Drake et al., who demonstrated a role for UGCG in 

infections by specific bunyaviruses at a post-internalization step, which they 

suggested to be endosome trafficking or virus-endosome fusion (66). 

 
Previously, we found that deleting GBA, the enzyme that converts GlcCer (the 

primary product of UGCG enzymatic activity) to ceramide (Fig. 4.1) increases 

GlcCer levels and impairs endosome trafficking and influenza entry (130). Here 

we found that knocking out UGCG decreases GlcCer levels (in both HEK 293 and 

A549 cells), impairing entry of endosome-entering viruses. This suggests that 

specific amounts of GlcCer may be needed for optimal endocytic trafficking.  

 
Interestingly, ablation of UGCG activity in HEK 293 and A549 cells did not result 

in the same changes in sphingolipid species between the two cell lines. While 

both cell types displayed reduced levels of GlcCer (as expected), ceramide levels 

were not correspondingly elevated. We hypothesize that because ceramide is a 

pro-apoptotic molecule (49), cells attempt to limit any buildup of this bioactive 

lipid by converting it to either sphingomyelin or sphingosine. In HEK 293 UGCG 

KO cells sphingomyelin levels are comparable to those in WT cells, but 

sphingosine-1-phosphate levels increase 7-fold, indicating that blocking the 

GlcCer production by removing UGCG shunts sphingolipid production to 

sphingosine-1-phosphate. However, A549 UGCG KOs display an increase in 
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sphingomyelin, the most prevalent sphingolipid found in cells, predominantly in 

the plasma membrane (135). Perhaps the elevated sphingomyelin levels in A549 

UGCG KO cells contribute to the increase in entry we observed for measles (Fig. 

4.5B), the virus tested that enters by fusion with the plasma-membrane (136). 

 

In summary, the findings presented in this study demonstrate a previously 

undiscovered role for UGCG in influenza entry. By both pharmacological 

inhibition and genetic ablation, cells deficient in UGCG activity display reduced 

influenza entry and infection, as well as reduced entry and infection of other 

endosome-entering viruses such as Ebola. These results suggest that UGCG may 

provide an intriguing candidate for further study in the context of viral entry, as 

well as a novel target for future influenza therapies.  

 

 

 



 

 

81 
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5.1 Summary of Results 

The major significance of this body of work is that we established a link between 

glucosylceramide (GlcCer) and virus entry. We did this by knocking out the two 

enzymes responsible for GlcCer metabolism and testing the resulting cell lines for 

susceptibility to viral infection.  

 

In brief, CRISPR/Cas9 was employed to create genetically modified HEK 293 and 

A549 cell lines lacking either glucosylceramidase (GBA) or glucosylceramide 

synthase (UGCG). By transiently transfecting in the Cas9-sgRNA-encoding 

plasmid we attempted to limit the potential off-target effects of continually 

expressing CRISPR machinery, and by co-transfecting a plasmid encoding for 

GFP we were able to sort for positive transfection events. Following sorting, we 

screened putative knockout clones for DNA alterations (by conducting rounds of 

PCR), for GBA and UGCG protein (by western blotting), and for lipid alterations 

(by mass spectrometry). From ~100 clones per cell line, we identified 4-5 clones 

that appeared to display successful knockout status. To confirm loss of enzyme 

function we devised a screen that selected for cells that lost the ability to 

metabolize synthetic lipid substrates. Though the entire CRISPR process was 

relatively straightforward, the endeavor took over two years due to complications 

arising from the cloning and validation processes.  

 

Upon successfully knocking out GBA and UGCG, we next sought to determine the 

susceptibility of the respective cell lines to influenza infection. A PR8 influenza 

encoding GFP fused to the N-terminus of NS1 (kindly provided by Tom Braciale) 



 

 

83 

allowed for robust, reproducible data using flow cytometry.  All four cell lines 

tested (HEK 293 GBA KO, HEK 293 UGCG KO, A549 GBA KO, and A549 UGCG 

KO) displayed reduced susceptibility to influenza infection, suggesting a role for 

GlcCer in the influenza life cycle. 

 

In order to determine if the reduced influenza infection phenotype was due to a 

reduction in influenza entry we utilized a β-lactamase M1 (βlaM) assay, which 

measures entry of influenza virus like particles (VLPs) into the cytoplasm. In all 

KO cell lines tested influenza VLPs displayed significantly reduced entry, which 

was later confirmed using an influenza fusion assay. Because influenza enters 

cells through the endocytic pathway, we hypothesized that other endosome-

entering viruses would display the same phenotype in the GBA and UGCG KO 

cells. We generated VLPs displaying Ebola glycoprotein (enters at 

endolysosomes) as well as VLPs displaying VSV glycoprotein (enters at early 

endosomes) and tested their ability to enter the KO cells. We found that Ebola 

VLP entry was decreased compared to WT in all cell lines (which corroborated 

with infection assays performed using VSV-EBOV pseudoviruses), while VSV VLP 

entry was only reduced in HEK 293 KO cells (both UGCG and GBA) as compared 

to WT. These data suggested that GlcCer was involved in the endocytic pathway, 

though perhaps more potently at different stages in HEK 293 and A549 cells. 

Unfortunately, due to a technical error in maintaining the UGCG KO cells, the 

following mechanistic data is limited to GBA KO cells. To determine if the defect 

in entry of endosome-entering viruses translated to a cellular endocytic process, 

we compared degradation of EGFR (upon addition of exogenous EGF) in WT and 



 

 

84 

GBA KO cells. We found that EGFR degradation was slowed and attenuated in 

the KO cells, further suggesting that GlcCer is needed to maintain endocytosis.  

 

Broadly speaking, the viral and EGFR phenotypes we observed could be due to 

two main defects in endocytosis: trafficking and/or acidification. We 

hypothesized that acidification of endosomes in GBA KO cells may be impaired, 

as GBA mutations in patients cause Gaucher’s disease, a well-documented 

lysosomal storage disorder. However, upon testing the pH of cellular endo-

lysosomes in GBA KO cells we did not detect a significant difference in their 

acidity as compared to WT cells (though a recent study found a correlation 

between GBA and endocytic pH) (137). As a result, we hypothesized that GBA KO 

cells exhibited an endosomal trafficking defect.  

 

To examine endosomal trafficking we performed a series of colocalization 

experiments in which cells were first transfected with Lamp1-GFP, and then 

incubated with either red fluorescent EGF or red fluorescent PR8 influenza. After 

allowing endocytosis for 40 min, cells were fixed and imaged for colocalization 

between EGF and Lamp1 or PR8 and Lamp1. GBA KO cells displayed a 

significant reduction in colocalization events as compared to WT cells, suggesting 

that GlcCer is involved in trafficking along the endocytic pathway. We confirmed 

that the reduction in observed colocalization was not the result of defects in 

influenza or EGF binding to the cell surface; the number of R18-labeled influenza 

particles was the same in both WT and GBA KO cells, while the number of EGF 

particles was slightly increased in GBA KO cells. Taken together, our data suggest 
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that GlcCer maintains influenza infection through regulation of endosome 

trafficking. 

 

5.2 Implications for Sphingolipid Biology 

A consequence of altering enzyme expression or activity within the sphingolipid 

pathway is reverberations of lipid flux throughout the entire pathway. In addition, 

each fatty-acid containing sphingolipid (namely ceramide, sphingomyelin, and 

GlcCer) contains numerous variations in the carbohydrate chain length of their 

fatty acid functional group, with each of these species potentially responsible for 

a variety of cellular functions. Thus the premise of knocking out a sphingolipid 

metabolic enzyme and assigning a singular lipid cause to any resulting phenotype 

is intrinsically flawed. One possible method to address such concerns is to knock 

out or alter enzyme activity in multiple cell types and determine what lipid 

changes are conserved across each cell line tested, as we have begun to do by 

using both HEK 293 and A549 cells. Yet the effects of other lipids other than 

glucosylceramide cannot be ruled out and therefore it is necessary to examine the 

lipid changes in the entire pathway in order to form the strongest possible 

hypothesis to explain the data.  

 

Knocking out enzymes in metabolic systems and observing a cellular phenotype 

naturally leads to an assumption that the enzyme’s function is the underlying 

driver for that phenotype. However, such an assumption does not take into 

account the possibility that the enzyme in question serves a secondary role in the 

cell, perhaps as a scaffolding protein or an intracellular receptor. One way to 
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address that question is by adding back the enzyme either as a functional or 

catalytically inactive mutant (while still maintaining protein folding and 

structure) and assessing if the phenotype is rescued. In our case this experiment 

may serve as a method of determining whether the reductions in influenza 

infection we observe in UGCG and GBA KO cells are due to a lipid versus a 

protein mechanism. 

 

In any protein knockout system a classic experiment is to perform an 

addback/rescue of the relevant protein to determine if such an experiment would 

restore the WT phenotype. Performing an addback of either GBA or UGCG to 

their respective KO cells is fairly straightforward from a technical standpoint, 

however, it is difficult to add the correct amount of enzyme to recapitulate WT 

lipid status. Ectopic expression of GBA may result in overexpression of the 

enzyme, pushing the cells towards a state similar to knocking out UGCG, and vice 

versa, and therefore disrupting optimal levels of GlcCer (Fig. 5.1). Our 

preliminary data indicate that both GBA and UGCG KO cells exhibit reduced 

levels of influenza infection and therefore any rescue experiment must 

successfully restore WT lipid levels in order to be considered a physiologically 

relevant addback.  

 

Two main methods exist for adding back proteins to knockout cells in a manner 

that might allow for restoration of WT lipid levels: transient transfection of 

plasmids encoding the protein that was knocked out and reintroduction of the 
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knocked out protein via viral transduction. With the transient transfection 

method, we can perform a titration of plasmids encoding either GBA or UGCG 

into their respective KO cell lines. We can use western blots to determine the 

optimal amount of GBA/UGCG plasmid to transfect that most closely resembles 

protein levels of GBA/UGCG in WT cells. We could then determine whether the 

transient reintroduction of the knocked out protein restored WT lipid levels. 

However, one drawback to this method is that it relies heavily on achieving high 

transfection efficiencies. Lipid levels in cells that are not successfully transfected 

could potentially mask any changes in the cells that were transfected. Co-

transfection of a GFP expression plasmid would enable us to sort cells that were 

successfully transfected thereby circumventing the issue posed by untransfected 

cells. However, protein expression resulting from transient transfections will 

eventually be depleted as the cells grow and divide and the plasmid is lost. 

Therefore, this approach may not lend itself well to analysis by western blot, mass 

spec, and flu infections. Instead, reintroduction of the knocked out protein via 

viral transduction may be a more viable option for us to truly examine whether 

rescue of the knocked out proteins results in influenza infections comparable to 

WT cells. We would first incorporate the gene encoding GBA or UGCG into a 

lentiviral or retroviral backbone that contains a selection marker and then 

transduce our knockout cells such that the GBA or UGCG gene is inserted into the 

cellular genome. With this approach, we will able to achieve a stable population 

of knockout cells containing the addback protein. Utilization of an inducible 

promoter in this system, would allow for titration of the inducing agent in order 

to control the expression levels of the addback protein. Finally, it is important to 
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note that different viral vectors result in different expression levels of encoded 

proteins (136). Therefore, other viral vectors may be explored should initial 

results fail to recapitulate WT lipid status.  

To address whether our observed phenotype of reduced influenza infection is due 

to GBA or UGCG function (and therefore, sphingolipids), or if these enzymes 

have some as yet unknown role in other cellular functions, we attempted to create 

catalytically inactive mutants of both GBA and UGCG. After obtaining plasmids 

encoding the WT version of either GBA or UGCG we used QuikChange PCR to 

create single point mutations with the goal of rendering the resulting mutated 

protein catalytically dead and yet still able to fold and express correctly. Amino 

acids were chosen as candidates for mutation based on either known Gaucher’s 

disease mutations in GBA (for GBA), or on a paper that attempted to identify the 

active site of UGCG (for UGCG) (137, 138). Specific mutations chosen and 

oligonucleotides used to induce the point mutants are displayed in Table 5.1. 

After confirming (through sequencing) the mutations were correctly induced in 

the respective GBA or UGCG plasmids, we sought to express the addback 

proteins in GBA or UGCG KO cells through a lentiviral vector. However, we failed 

to achieve a stable cell population of cells and due to time constraints we decided 

to forge ahead with submitting the manuscripts in Chapters 3 and 4 without the 

addback data.  
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Gene Mutation Oligonucleotide (5' - 3') 

UGCG D144A 
F ctggaattactcttattccactagcacaaatccatataagatcatac 

R gtatgatcttatatggatttgtgctagtggaataagagtaattccag 

UGCG K124A 
F tcatatcctggcattaaattattaattgcaggattaatgccaacttttttgccacc 

R ggtggcaaaaaagttggcattaatcctgcaattaataatttaatgccaggatatga 

UGCG R272A 
F gtagtttggtccacctgatcattgcggattgaaactgagaaattgaat 

R attcaatttctcagtttcaatccgcaatgatcaggtggaccaaactac 

UGCG R275A 
F gttaattcgtagtttggtccacgcgatcattctggattgaaactga 

R tcagtttcaatccagaatgatcgcgtggaccaaactacgaattaac 

UGCG W276A 
F catgttaattcgtagtttggtcgccctgatcattctggattgaaac 

R gtttcaatccagaatgatcagggcgaccaaactacgaattaacatg 

GBA E274K 
F cagcagaaggcttattttcagctgtcactgcccaga 

R tctgggcagtgacagctgaaaataagccttctgctg 

GBA P284T 
F ccaggcactggaaggtgtatccactcaacag 

R ctgttgagtggatacaccttccagtgcctgg 

GBA N227I 
F tcaccgctccaatggtcttgagccaagtggg 

R cccacttggctcaagaccattggagcggtga 

GBA P198S 
F gctcggtgaatcaggcttatcttgagcttggtatcttcc 

R ggaagataccaagctcaagataagcctgattcaccgagc 

GBA W351S 
F aaagtccaggtacgaatgtacagcaatgccatgaaca 

R tgttcatggcattgctgtacattcgtacctggacttt 

GBA S405R 
F gaggttcgtgatgatcctgtggctgtactgc 

R gcagtacagccacaggatcatcacgaacctc 

 

 

Table 5.1 List of mutations created in UGCG and GBA. 

Mutations in GBA or UGCG were created using QuikChange PCR and the 
indicated oligonucleotides. Confirmation of each mutation was verified via 
sequencing. 
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Figure 5.1 Ectopic expression of UGCG or GBA may not recapitulate 
wild-type lipid status. 

Addition of ectopic UGCG may result in the same phenotype as cells deficient in 
GBA: increased GlcCer levels as compared to WT cells. Conversely, addition of 
ectopic GBA may result in same phenotype as cells deficient in UGCG: decreased 
GlcCer levels as compared to WT cells. As a result, recapitulating WT lipid status 
in KO cells is an extremely challenging endeavor and may not be feasible. 
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In lieu of adding back the enzymes responsible for GlcCer metabolism, it is 

possible to addback the lipids themselves. However, to do so poses a multitude of 

challenges from a technical standpoint. First and foremost, there are nine 

different species of GlcCer due to their various fatty acid chain lengths, and our 

observed phenotype could be due to one or several of these species. In addition, 

should a different lipid be responsible for the reductions in influenza infection we 

observed, adding back GlcCer may have no effect whatsoever, or it may result in 

increased metabolism of a different sphingolipid and thereby confound our 

results. In total, our mass spectrometry measurements account for 32 different 

sphingolipid species (including nine ceramides and nine sphingomyelins), 

making it extremely challenging to pinpoint the precise lipid to addback. In 

addition, there may be a combination of lipids that are responsible for our 

observed phenotype. Finally, adding lipids to cells is technically difficult as lipids’ 

biophysical properties (namely their hydrophobicity and polarity) ensure that not 

all the lipids added to the cells will be successfully incorporated into the 

appropriate cell structures (including membranes and vesicles). As a result, the 

possibility of recapitulating wild-type lipid status is fairly remote and therefore 

may not provide much insight despite the large amount of time, resources, and 

effort spent in such an endeavor. Nevertheless, we attempted to add C16 GlcCer 

in the hopes of performing a rescue experiment and restore influenza infection 

levels in HEK 293 KO cells to those of WT cells. In our hands exogenous C16 

GlcCer addition resulted in rounding of cells and subsequent cell detachment, 

rendering any resulting data unusable. Refinement of lipid add back techniques 

and strategies may result in enhanced efficacy and requires further investigation.  
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5.2.1 Glucosylceramidase 

Upon successful ablation of GBA activity in HEK 293 and A549 cells, the 

expected increase of GlcCer was observed. However, in both cases ceramide levels 

were not reduced, suggesting that the cells may generate ceramide through a 

different mechanism in order to compensate for the loss of GBA. The increase in 

dihydrosphingosine, a lipid only produced through the de novo synthesis 

pathway, indicates that de novo synthesis may be responsible for maintenance of 

ceramide within GBA KO cells (Fig. 5.2).  

 

De novo synthesis of dihydrosphingosine begins with the condensation of serine 

and palmitoyl-CoA by serine palmitoyltransferase to form 3-

ketodihydrosphingosine, an indispensable reaction in the formation of 

sphingolipids (138). The increased de novo synthesis in GBA KO cells may be the 

result of several factors, including upregulation of serine palmitoyltransferase at 

either a transcriptional or translational level, increased availability of substrates 

such as serine or palmitoyl-CoA, or increased enzyme activity through the aid of 

an as-yet-unidentified cofactor(s). To address these possibilities a series of 

experiments are necessary: 

     Experiment 5.2.1.a – Serine labeling and tracking via mass spectroscopy 

to confirm activation of de novo synthesis in GBA KO cells. Serine can be labeled 

with 13C, which is a heavy carbon that allows it to be easily identified even when 

the carbon in question is incorporated into other molecules, including 

sphingolipids. The percentage of ceramide derived from de novo synthesis can be  
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Figure 5.2 Hypothesized sphingolipid metabolic enzymes. 

We hypothesize that the increases in ceramide we observe in GBA KO cells is a 
result of increased de novo synthesis (purple box), as dihydrosphingosine levels 
increased as well. In addition, we hypothesize that glucosylsphingosine is 
catabolized by GBA (blue box) and generated either by UGCG or one of the 
ceramidase enzymes. 
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estimated by incubating cells with serine-13C and then analyzing their lipids using 

mass spectrometry. 

     Experiment 5.2.1.b – Protein and mRNA expression of serine 

palmitoyltransferase. Analysis of protein abundance (by western blot) and 

mRNA expression (by qPCR) will determine if the increase in de novo synthesis 

of ceramide (as evidenced by the accompanied increase in dihydrosphingosine) is 

correlated with increased expression of the primary driver of de novo synthesis, 

serine palmitoyltransferase (though it is possible that other enzymes along the de 

novo pathway are upregulated as well, and this pathway may need to be further 

examined).  

Experiment 5.2.1.c – Measurement of substrate abundance for de novo 

synthesis. Analysis of serine and palmitoyl-CoA abundance will determine if the 

increase in de novo synthesis of ceramide is correlated with an increased 

abundance of the substrates of de novo synthesis.  

 

Regardless of the exact mechanism behind the increase in de novo synthesis, 

ceramide’s position as the hub of sphingolipid metabolism suggests that any 

alterations to ceramide metabolism may have effects on downstream lipids such 

as sphingomyelin and sphingosine. Indeed, sphingosine levels are slightly 

upregulated in both GBA KO cell lines, while sphingomyelin is increased in HEK 

293 GBA KOs, and slightly decreased in A549 GBA KOs (perhaps due to 

differences in cellular tissue origins).  
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One important and unexpected discovery from these studies is the potential role 

of GBA in glucosylsphingosine metabolism. In both HEK 293 and A549 cells 

lacking GBA, glucosylsphingosine levels rise dramatically, indicating that GBA 

may play a role in the metabolism of this little-studied sphingolipid. Though the 

functional role of glucosylsphingosine remains unclear, several recent studies 

implicated it as a biomarker for Gaucher’s disease (118, 139, 140). These reports 

are in alignment with our findings, as Gaucher’s disease is attributed to 

mutations in the GBA enzyme (56). We hypothesize that GBA is responsible for 

catabolism of glucosylsphingosine by removing its glucose molecule and 

converting the lipid into sphingosine (Fig. 5.2). The possible routes for 

anabolism of glucosylsphingosine are further discussed in section 5.1.2. 

Experiment 5.2.1.d – Tracking glucosylsphingosine-d7 to identify possible 

glucosylsphingosine catabolic enzymes. Incubating GBA KO cells with a 

commercially available labeled glucosylsphingosine and then tracking that label 

via mass spectrometry will confirm if GBA is the sole enzyme responsible for 

catabolism of glucosylsphingosine or if another enzyme is capable of catabolizing 

this sphingolipid as well. For this particular experiment, the limitations described 

above are less pressing, as the results do not depend on an efficacious delivery of 

glucosylsphingosine into the cell; the bare minimum will suffice.  

 

5.2.2 Glucosylceramide Synthase 

Knockouts of UGCG exhibited significantly reduced expression of endogenous 

GlcCer, and completely lost the ability to synthesize C6 GlcCer when incubated 

with C6 ceramide (Fig 4.2C and D). We hypothesized that UGCG KO cells 
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would display a corresponding increase in endogenous ceramide levels. However, 

ceramide either decreased (in the case of HEK 293 UGCG KO) or remained 

roughly the same (in the case of A549 UGCG KO). These data suggest that upon 

losing the ability to convert ceramide into GlcCer, the UGCG KO cells instead 

shuttled excess ceramide into other sphingolipids such as sphingosine-1-

phosphate and sphingomyelin, which we observed in our data (Table 4.S1).  

 

Unlike in the case of GBA KOs, the sphingolipid changes in UGCG KOs varied 

greatly between HEK 293 and A549 cells. As a result, assigning a singular lipid 

responsible for the reduction in influenza infection in UGCG KOs may be 

impossible without further study. Yet if we examine each cell line individually 

certain trends emerge. In HEK 293 UGCG KO cells almost all sphingolipids are 

reduced, including dihydrosphingosine. We initially hypothesized that ceramide 

levels would rise after knocking out UGCG, as GlcCer is one of the main 

downstream products of ceramide metabolism. However, because ceramide is a 

pro-apoptotic sphingolipid it follows that the cell might compensate for the loss 

of UGCG by reducing the overall metabolism of sphingolipids. In contrast to HEK 

293 UGCG KO cells, A549 UGCG KO cells exhibit a stark increase in 

sphingomyelin levels, doubling the total mass of this already prevalent 

sphingolipid. Sphingomyelin serves as an important class of phospholipid within 

cell membranes, comprising between 2-15% of the membrane (141). Because 

A549 UGCG KOs exhibit such a large increase in sphingomyelin it suggests that 

their cell membrane compositions may be highly enriched in sphingolipids 

compared to WT A549 cells, which may result in modified infection levels for 
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viruses that enter host cells via the plasma membrane (such as measles) 

according to those viruses’ reliance on sphingolipids as sites of binding and/or 

fusion. 

 

Experiment 5.2.2.a – Analysis of plasma membrane sphingolipid 

composition. Plasma membranes may be isolated from whole cell lysates 

(fractionated by sonication) using differential ultra-centrifugation through a 

sucrose gradient (142). Should that method fail to yield sufficiently pure 

membranes, other methods of plasma membrane isolation have been published, 

including methods based on adhesion to plastic surfaces as well as combinations 

of cell surface labeling and crosslinking (143, 144). Isolating the plasma 

membranes of A549 cells and analyzing the sphingolipid composition of UGCG 

KO cells as compared to WT will help determine how UGCG maintains 

membrane lipid ratios.  

 

We predicted that if glucosylsphingosine is catabolized by GBA, it may be 

synthesized by UGCG. If true, we would expect that cells deficient in UGCG 

would also be deficient in glucosylsphingosine as compared to WT cells. However, 

we did not detect any decreases in glucosylsphingosine in UGCG KO cells as 

compared to WT. As a caution, because the baseline levels of glucosylsphingosine 

are so low in both HEK 293 and A549 cells, any potential differences in the 

UGCG KOs may be below the limits of detection. An alternative to UGCG as the 

catalyzing enzyme for glucosylsphingosine is the ceramidases. These enzymes 

remove the fatty acid group of ceramide, converting it into sphingosine. An early 
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study into glucosylsphingosine metabolism suggested that patients with Farber 

disease (deficient in acid ceramidase) accumulated less glucosylsphingosine than 

patients with WT acid ceramidase, providing evidence for the role of the 

ceramidases in the synthesis of glucosylsphingosine (145). We hypothesize that 

the ceramidases act upon GlcCer, removing its fatty acid group and converting it 

directly into glucosylsphingosine (Fig. 5.2). 

     Experiment 5.2.2.b – Tracking sphingosine-d7 and glucosylceramide-d5 

to determine the lipid precursor to glucosylsphingosine. Incubating GBA KO 

cells with both labeled sphingosine and labeled GlcCer will determine the lipid 

precursor for glucosylsphingosine, and by extension, the likely enzyme 

responsible for its anabolism. Importantly, the labels for sphingosine and GlcCer 

must be located on different carbons within the sphingosine backbone, in order 

to differentiate one from the other as the lipids are metabolized. Such lipids are 

currently available for purchase from Avanti Polar Lipids.  

 

5.2.3 GlcCer Versus Other Sphingolipids 

One major difficulty that arises when studying sphingolipids is trying to assign an 

observed phenotype to a specific sphingolipid. Upon knocking out, inhibiting, or 

silencing any of sphingolipid metabolizing enzymes, changes throughout the 

sphingolipid pathway occur, and the levels of the various specific sphingolipids 

may dramatically rise or fall as cells try to compensate. Thus, ignoring the rest of 

the pathway and claiming all of our observed influenza infection decreases are 

due to disruption of GlcCer homeostasis is presumptuous and must be further 

examined. 
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In any interconnected system, one method of narrowing down which 

component(s) may be responsible for an observed effect is to try to replicate the 

effect in different scenarios and to check if the hypothesized cause remains 

consistent across each scenario. In our case we sought to knock out UGCG or 

GBA in multiple cell lines, reasoning that if we observed a phenotype in both cell 

lines we could examine their lipid profiles and determine what lipid changes, if 

any, were comparable in each cell line. As shown in the sphingolipid Table 3.S1, 

in GBA KO cells GlcCer, ceramide, dihydrosphingosine, and glucosylsphingosine 

all rose in both cell lines tested. As such, claiming that our observed phenotype is 

due to GlcCer cannot be based solely on the lipid profiles. As Table 4.S1 

demonstrates, in UGCG KO cells only GlcCer and sphingosine-1-phosphate 

exhibited the same increase or decrease across both HEK 293 and A549 cell lines. 

As sphingosine-1-phosphate is a potent signaling molecule, alterations in its mass 

may have a large effect on cellular functions, including endocytosis. 

 

After examination of all of our data, we attempted to determine how knocking out 

enzymes that performed opposing actions resulted in a similar decrease in 

influenza infections. We hypothesized that a balance of lipids was necessary to 

maintain infection of influenza, and that disruption of that balance was 

responsible for the reduction in influenza infection observed in all of the cell lines 

tested. The importance of maintaining the right balance of key molecules has 

been shown in several other cellular systems. For instance, tightly regulated 

signaling pathways often require a homeostatic state to maintain proper cell 
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function (such as Notch signaling), and both up- and down-regulation of specific 

proteins has been shown to cause constitutive Akt signaling (146, 147). In the 

context of homeostasis, examination of the lipid profiles of GBA and UGCG KOs 

did yield one consistent theme: of all the lipids analyzed, only GlcCer was 

consistently increased (in the case of GBA KOs) or decreased (in the case of 

UGCG KOs).  

 

GlcCer serves as the foundational lipid for a variety of higher order glycolipids, 

including lactosylceramide, GM3, and GMD3. Disruptions in GlcCer levels may 

result in disruptions in the homeostasis of any number of gangliosides, many of 

which have been implicated in a number of cellular functions, including 

maintenance of lipid rafts (148). For a complete analysis of the effects of 

knocking out GBA or UGCG on influenza infection these long chain gangliosides 

must be considered as well as the numerous sphingolipids listed throughout this 

thesis. However, currently our laboratory is unable to measure or quantitate 

these lipids, and as such they remain an avenue for future research.  

 

5.3 Implications for Cellular Endocytosis 

5.3.1 Membranes and Vesicles 

The plasma membrane is made up a variety of phospholipids, including the 

glycerophospholipids phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylserine (PS), phosphatidylinositol (PI) and phosphatidic acid (PA). 

Sphingolipids play an important role in membrane organization and membrane 

mobility, as their fatty acid chains allow for more ordered packing and therefore 
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represent a ‘solid gel’ phase of membranes (149). The most abundant 

sphingolipid in the plasma membrane is sphingomyelin, though ceramide, 

GlcCer, and higher order gangliosides are all found as well. In conjunction with 

cholesterol, sphingolipids in plasma membranes are thought to form ‘lipid rafts’ 

– ordered lipid micro-domains selectively enriched in particular protein and lipid 

groups.  

 

The formation of endosomes and the start of the endocytic pathway begin with 

the creation of a vesicle that is pinched off from the plasma membrane. These 

vesicles contain a lipid bilayer comprised of the portion of plasma membrane 

from which they originated. Thus, alterations in the plasma membrane content 

would result in alterations in the composition of the membranes of these 

intracellular vesicles. The lipid composition of cellular vesicles is crucial to vesicle 

form, function, and localization (150). Lipids are responsible for a variety of 

vesicle characteristics, including their ability to recruit and bind cellular proteins 

involved in vesicle trafficking (151). By altering the endogenous sphingolipid 

ratios within UGCG and GBA KO cells, we hypothesize that cellular vesicles 

(including endosomes) will contain altered lipid membrane compositions, and 

therefore, altered characteristics. 

     Experiment 5.3.1.a – Characterization of lipids in the early endosome, late 

endosome, and lysosome. We hypothesize that KO cells contain endosomes with 

altered sphingolipid compositions, and that these alterations may cause the 

delayed endosome trafficking we observed in Chapter 3. Study of the lipid 

compositions of cellular vesicles is fraught with challenges, as there currently 
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exists no perfect method of isolating specific endosomes. As such, contamination 

from other sources such as the plasma membrane often yields misleading or 

inconsistent data. Nevertheless, by performing fractionation following osmotic 

shock, freeze/thaw cycles, or cell cracking and then running a resulting post 

nuclear supernatant fraction through a sucrose gradient at ultra-centrifugation 

speeds it is theoretically possible to isolate endosomes from the rest of the cell 

(152). The isolated endosomes may then be analyzed by mass spectrometry for 

lipid content and the endosomes of GBA and UGCG KO cells may be compared to 

those of WT cells. We caution that great care must be taken to perform thorough 

quality control on the resultant fractions, including analysis of each fraction for 

markers of endosomes and markers of other cellular organelles (including the 

plasma membrane). See Table 5.2 for a selection of specific markers that may be 

used. In addition, it is extremely challenging to separate out each stage of 

endocytosis, as endosomes do not undergo a stratified linear progression but 

more of a fluid metamorphosis as they mature and acidify.  

 

5.3.2 Trafficking 

As evidenced in Chapter 3, GBA maintains viral entry through regulation of 

endocytosis. However, the exact endocytic defect in GBA KO cells is not yet fully 

understood. Because both influenza and EGF are impaired in trafficking to 

endoslysosomes (marked by Lamp1), we hypothesize that one of the earlier stages 

of endosome maturation or trafficking is also affected by knocking out GBA. 

Binding of influenza and EGF to their respective cell surface receptors remained 

unaffected (in the case of influenza) or increased slightly (in the case of EGF),  
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Table 5.2 List of markers for a variety of cellular organelles 

Proteins that localize to specific organelles serve as markers for those organelles. 

By analyzing purified organelle fractions for these specific markers it is possible 

to assess the purity of each fraction. 

 

 

 

 

 

 

 

 

 

Organelle Marker(s) 
Early Endosome EEA1, Rab5 (153, 154) 

Late Endosome Rab7, LBPA (153, 154) 

Lysosome Lamp1, Lamp2, TPCN2 (153, 154) 

Nucleus NF-kB, Oct-1, AP1 (155) 

Endoplasmic Reticulum DPM1 (156) 

Mitochondria Tom22 (157) 

Golgi B4GALT1 (158) 
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suggesting that whatever role GBA has on endocytosis, it does not affect the 

binding of influenza or EGF to the cell surface.  

 

After binding to the cell surface, the next step of entry for any endocytosed virus 

is its internalization into a protective vesicle that becomes an early endosome. A 

2018 study found that internalization of transferrin was retarded in cells treated 

with conduritol B epoxide, an inhibitor of GBA (159). Dysregulation of 

internalization may be the source of the delayed trafficking phenotype we 

observed in GBA KO cells, as any delay in the formation of the early endosome 

would translate to a delay in trafficking to Lamp1+ compartments. Alternatively, 

internalization may be unaffected by the ablation of GBA, but cargo movement or 

maturation from the early endosome to the late endosome or lysosome could be 

affected. 

     Experiment 5.3.2.a – Internalization Assay for Influenza and EGF.  By 

first binding influenza to the cell surface at 4°C, successful viral-host binding can 

occur while subsequent steps of viral entry are halted. Thoroughly washing the 

cells after binding and then allowing the cells to incubate at 37°C enables viral 

particles to be internalized and therefore protected from subsequent proteinase K 

treatment. Finally, by repeating the experiment with different lengths of 

incubation at 37°C and then measuring the amount of virus in each sample via 

western blot it is possible to determine the extent to which viruses are able to be 

internalized. The same principle can be applied to EGF internalization, though in 

that case the labeling of cell surface EGFR is first done using biotin. Excess biotin 

is washed off and upon addition of EGF the EGF-EGFR-biotin complex is 
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internalized. By first pulling down all biotinylated proteins and then probing for 

EGFR it is possible to examine only the internalized EGFR instead of total EGFR. 

     Experiment 5.3.2.b – Early endosome and late endosome colocalization to 

determine precise stage of disrupted endosome trafficking in GBA KO cells. 

Early endosomes are marked by the expression of early endosome antigen 1 

(EEA1), and Rab 5 while late endosomes express Rab7 and, for example, Lamp 1. 

Staining for EEA1 and Rab7 and performing time course experiments to examine 

colocalization of EEA1, Rab7, and influenza (or EGF) will determine whether viral 

particles and EGF are retarded in trafficking to early endosomes or whether the 

defect in GBA KO cells occurs at the stage of transport from early to late 

endosomes. Finally, colocalization of viral particles or EGF with endosomes 

expressing both Lamp1 and Rab7 will provide a more precise picture of late 

endosome trafficking. 

 

In addition to determining the trafficking capabilities of endosomal cargos, 

trafficking of lipids throughout the cell must be analyzed in order to more 

accurately assess the effect of deleting GBA on endocytosis. Previous studies 

demonstrated that glycosylated sphingolipids such as GlcCer and 

lactosylceramide are targeted to the Golgi in certain cell types, but in sphingolipid 

storage disorders or upon addition of inhibitors of GBA or UGCG they are instead 

trafficked to lysosomes (76, 160, 161). These data suggest that GlcCer metabolism 

may maintain endocytic trafficking through regulation of lipid trafficking. 

     Experiment 5.3.2.c – Subcellular localization of sphingolipids to early 

endosomes, late endosomes, and the Golgi. Incubating cells with fluorescent 
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analogues of ceramide, sphingosine, sphingomyelin, and GlcCer (all 

commercially available) will determine the localization of these sphingolipids in 

WT vs. KO cells. By co-staining the cells with markers for endosomes and/or the 

Golgi, any mislocalization of sphingolipids from the Golgi to the endocytic 

pathway may be observed.  

 

5.3.3 Endo-lysosome biogenesis 

If trafficking of endocytic cargos to the late endosome or lysosome is impaired in 

GBA KO cells (Chapter 3), then any cellular functions that utilize the same 

trafficking mechanisms may impaired as well. Many proteases that reside in the 

lysosome traffic there by entering the endocytic pathway via mannose-6-

phosphate at sites of late endosomes (sometimes termed pre-lysosomal 

compartments) and are carried into the lysosome as the endosomes mature (162). 

Our data determined that GBA knockout cells displayed increased levels of one 

lysosomal protease, Cathepsin B (Figure 3.11). In addition, we determined that 

Cathepsin B activity levels were increased in our KO cells as compared to WT 

(~1.4 fold higher), and upon lysis of the cell, Cathepsin B activity in vitro was 

~3.5 fold higher in GBA KO cells as compared to WT. These results are in 

agreement with previous studies that found cells from patients with Gaucher’s 

disease display increased activity of Cathepsin B (though no data was provided on 

Cathepsin L) (163, 164). 

 

We hypothesize that all three pieces of data may be explained by a trafficking 

defect of Cathepsin B. Should Cathepsin B be unable to localize to the lysosomes, 
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we hypothesize that it would remain in the endosomal compartments. In 

response, the cell would seek to up-regulate Cathepsin B production in an 

attempt to increase lysosomal Cathepsin B. One caveat to this hypothesis are the 

activity assays of Cathepsin L that revealed no statistically significant change in 

activity of GBA KO Cathepsin L as compared to WT. Because Cathepsin L 

normally traffics via the same mechanism as Cathepsin B, these data do not 

reinforce our hypothesis. However, upon searching the literature we discovered 

that in several cancer models, including breast, colorectal, and prostate cancer, 

Cathepsin L is expressed in a splice variant that lacks the localization signal 

normally responsible for its trafficking to the lysosome (165–167). This isoform 

localizes instead to the nucleus and is responsible for pushing cells into the 

proliferation phase of the cell cycle.  

 

As A549 cells are derived from a lung adenocarcinoma, we hypothesize that the 

reason Cathepsin L activity levels were not increased in GBA KO cells as 

compared to WT is that A549 cells expressed the nuclear isoform of Cathepsin L. 

To test this hypothesis we will examine the localization of Cathepsin L using 

immunofluorescence, as well as determining the approximate size of Cathepsin L 

via western blot. Should these results determine that A549 cells do not express 

the nuclear Cathepsin L isoform, we hypothesize that the differences we observe 

between Cathepsin B and Cathepsin L may be the result of differences in the 

respective proteases to function at different pHs. It is possible that both enzymes 

are accumulating in the late endosome, but if Cathepsin B may be functional at 

the higher pH of the endosome (~5.0-5.9) compared to the lysosome (pH ~4.5-
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5.0), while Cathepsin L is not. In either case, further investigation into the 

discrepancy between Cathepsin L and Cathepsin B activity in GBA KO cells is 

warranted.  

 
 
5.4 Implications for Viral Infections  

5.4.1 Viral Entry 

As evidenced in Chapter 3, we hypothesize that GBA maintains viral entry by 

regulating endocytosis. However, the precise mechanism behind the endocytic 

defect in GBA KO cells is not yet fully understood. Because both influenza and 

EGF are unable to traffic to late endosomes as efficiently in GBA KO cells as in 

WT cells, we hypothesize that trafficking defects are the main cause for the 

reduction in viral entry we observed. However, several other factors may 

influence our results and must be further explored in order to solidify the 

mechanism behind our findings. 

 

Influenza fusion with host endosomes is triggered when the primed 

hemagglutinin (HA) glycoprotein of the virus undergoes a conformational change 

(168). This conformational change is driven by acidification of the endosome to a 

pH of ~5.0-5.5 (169), which leads to anchoring of HA fusion peptides within the 

endosome membrane (170). Next, a combination of several HA proteins directs 

the formation of a pore-like complex between the viral membrane and the 

endosomal membrane, leading to release of the viral genome into the cell (171, 

172). This highly complex process involves mixing of lipids both from the viral 

membrane as well as the endosome itself, providing an intriguing possibility for 
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the involvement of sphingolipids such as GlcCer. Lack of any detectable defect in 

endosomal acidification in GBA KO cells suggested that the conformational 

changes in HA associated with influenza fusion are likely still functional, though 

further testing is necessary to confirm that assumption.   

     Experiment 5.4.1.a – Examination of the ability of influenza HA to 

undergo conformational changes and induce viral fusion. When influenza HA 

undergoes its conformational change in the presence of acidic conditions, 

previously protected portions of the protein are exposed. Highly specific 

antibodies against either the acidic or the neutral conformations of HA are 

available, and can be used to determine if HA is able to convert to its low pH form 

in the KO cells. The experiment is classically performed as an 

immunofluorescence assay, though if necessary it can be performed by flow 

cytometry.  

 

5.4.2 Viral Exit  

One intriguing finding of our work is the possibility that sphingolipids may play a 

role in the assembly and/or exit of influenza particles. Influenza entry is reduced 

in our GBA KO cells, but when the virus undergoes multiple cycles of replication, 

that phenotype is lost (Fig. 3.4). A 2012 study determined that the envelope of 

influenza is enriched in sphingolipids (6), and numerous studies indicate that 

influenza exits cells at sites of lipid microdomains, which are often enriched in 

sphingolipids (173). We hypothesize that the disruption of homeostasis of cellular 

sphingolipids resulting from knocking out GBA enhances influenza exit from host 

cells.  
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An enhanced exit phenotype could be due to either an increase in the number of 

viral particles budding from each host cell, an increase in the infectivity of each 

budding particle, or both. The enrichment of GlcCer in GBA KO cells may lead to 

formation of lipid microdomains conducive to future infections, and upon 

influenza envelopment in host membranes these microdomains increase the 

ability of the virus to infect new cells. Alternatively, these altered membrane 

compositions may result in increased HA or NA abundance, enhancing the ability 

of any budded particles to infect new cells. Finally, GBA may promote an increase 

in the number of viral particles that are generated by each infected cell, thereby 

increasing the rate at which new cells are infected. These hypotheses provide a 

tantalizing and rich area for further study that would both increase our scientific 

understanding of influenza biology as well as provide important clues for future 

combinatorial therapeutic interventions against the virus. However, a 

combination of experiments (outlined below) will be necessary to gain insight 

into this model. 

     Experiment 5.4.2.a – Generation of VLPs from KO cells. The first step to 

determining the effect of sphingolipids on viral assembly and/or exit is to 

generate VLPs from KO cells and compare their entry efficiency to VLPs 

generated from WT cells. If sphingolipids enhance viral exit, the VLPs produced 

from the KO cells might be more entry competent than those from WT cells. 

Results must be normalized to a transfection control in order to ensure that any 

differences observed are not due to varying transfection efficiencies in KO cells as 

compared to WT. 
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     Experiment 5.4.2.b – Direct count of VLP particles. Electron microscopy 

and dynamic light scattering analysis of VLPs will allow for a direct count of the 

number of particles that successfully bud from transfected cells.  

     Experiment 5.4.2.c – Analysis of VLP lipid composition. VLPs generated 

from both WT and KO cells could be purified and analyzed by mass spectrometry 

for their sphingolipid composition. We hypothesize that the membranes of the 

VLPs will vary in their glucosylceramide content according to the cell type used to 

generate them, and that this difference partially account for the proposed 

increased viral assembly phenotype. Results must be normalized to the VLP 

particle count provided by electron microscopy to ensure any differences in lipid 

abundance are not simply due to more VLP particles.  

     Experiment 5.4.2.d – Analysis of VLP protein abundance. Western blots to 

examine the glycoproteins of influenza found on VLPs generated from KO cells as 

compared to VLPs generated from WT cells may provide rough estimation of the 

effect of sphingolipids on influenza HA, NA, M1, and M2 abundance. Comparing 

the ratios of HA, NA, M1, and M2 may provide a quantitative estimate of each 

protein involved in influenza capsid and membrane structure. Results must be 

normalized to the VLP particle count provided by electron microscopy and/or 

dynamic light scattering to ensure any differences in protein abundance are not 

simply due to more VLP particles. 

     Experiment 5.4.2.e – Analysis of influenza glycoprotein localization. 

Sphingomyelin is essential for intracellular transport of influenza glycoproteins 

(72), but the role of other sphingolipids such as GlcCer remains unexplored. 

Studying the transport of HA, NA, M1, and M2 to sites of viral assembly will 
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provide insight into our hypothesized influenza exit phenotype. 

Immunofluorescence staining against influenza glycoproteins in KO cells will 

determine their cellular localization as compared to WT cells, while 

immunoprecipitation of cell surface-biotinylated proteins followed by western 

blotting for the influenza glycoproteins will provide added insights into the 

potential for sphingolipids to enhance influenza assembly at the cell surface. 

 

Alternatively, the data in Figure 3.4 may not be due to an increase in viral exit, 

but rather an increase in viral replication GBA KO cells as compared to WT. We 

propose that this hypothesis is less likely than our favored interpretation of an 

enhanced exit phenotype because infection assays that incorporate a PR8 live 

influenza virus (Figures 3.2 and 4.3) or a pseudovirus system (Figures 3.6 

and 4.5) incorporate the transcription of viral RNA and translation of viral 

proteins containing a GFP reporter as their primary readout. Any increases in 

viral replication that would result in the rescue we observed in Figure 3.4 would 

therefore also affect the results in Figures 3.2, 3.6, 4.3, and 4.5, which we did 

not observe. In addition, the readout of Figure 3.4 is mRNA production, which 

suggests that production of influenza RNA alone is not enough to result in the 

rescue observed in Figure 3.4B. Nevertheless we cannot rule out replication 

completely, as it’s possible that sphingolipids play a role in viral replication that 

we cannot observe in our infection assays. To determine what effect our GBA and 

UGCG KOs have on viral replication it would be necessary to incorporate a 

reverse genetics system in combination with inhibitors of viral budding such as 

Oseltimivar (Tamiflu) (174). Reverse genetics systems are similar to our proposed 
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experiment utilizing VLP generation: cells of interest are transfected with 

plasmids containing genes necessary for the assembly of influenza virus. By 

measuring influenza protein production via western blot we may gain insight in 

to the replication machinery of GBA and UGCG KO cells. The incorporation of 

neuraminidase inhibitors will ensure that any phenotype we observe is not 

confounded by release of new viral particles into the media. 

 

5.4.3 Other Viruses 

Though we examined the effects of knocking out UGCG and GBA on influenza, 

Ebola, VSV, and measles, more virus types remain to be tested. A 2017 paper 

published by the laboratory of Paul Bates suggested a role for GlcCer in infections 

by severe fever with thrombocytopenia syndrome virus (SFTSV), as well as 

several other bunyaviruses, through the use of both pharmacological inhibition as 

well as siRNA knockdown of UGCG (175). These findings must be replicated in 

the UGCG KO cells, in order to determine the extent to which our findings agree 

with that study. In addition, sphingolipids have been implicated in infections by 

HIV, caliciviruses, rhinovirus, and hepatitis C virus (60–63, 65, 68, 103, 176, 177), 

all of which may be good candidates to test in our generated cell lines.  

 

Viruses that enter cells through the plasma membrane provide excellent 

candidates for future studies. Measles virus, which directly injects its genome 

into host cells via the plasma membrane (178), exhibited increased infectious 

capability in A549 UGCG KOs (Fig. 4.5), suggesting that the lipid composition of 

the plasma membrane may play a role in its pathogenicity. Indeed, a 2004 study 
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found that measles virus may enter cells at sties enriched in sphingolipids (134). 

Though this phenotype was not observed in HEK 293 UGCG KOs, it does warrant 

further examination. We hypothesize that other plasma membrane entering 

viruses, such as simian virus 5 (a paramyxovirus), may also exhibit increased or 

decreased infection levels in GBA and UGCG KO cells as compared to WT. 

However, unlike our findings in Chapter 3, we do not hypothesize a shared 

phenotype amongst plasma membrane entering viruses, as each virus tested may 

require a different lipid conditions for successful infection. 

     Experiment 5.4.3.a – Infections by other viruses. Measurement of 

infectious rates of a variety of viruses in UGCG and GBA KO cells may provide 

insight into the sphingolipid requirements of each virus tested. A combination of 

live-virus assays and pseudovirus systems may be employed to examine as wide a 

range of viruses as possible. However, caution should be taken to ensure that in 

assays using live viruses with multiple cycles of infection differences in entry of 

viruses are not confounded by differences in exit. 

 

5.4.4 Implications for Influenza Therapeutics 

Our findings indicate a role for GlcCer in maintaining cellular endocytosis, with 

implications for a number of clinical fields. Viruses and other pathogens that 

enter host cells through endocytosis may be considered strong candidates for 

combinatorial therapies of sphingolipid inhibitors or analogues with current 

treatments. In addition, our work may enhance drug delivery strategies, as escape 

from the degradation proteases present in endo-lysosomes presents a challenge 

for successful drug entry into host cells. Understanding the role of GlcCer in 
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normal trafficking of endosomes may shed insight into better approaches to 

escape those proteases and increase the efficacy of drug delivery. 

 

Influenza in particular presents an exciting opportunity for applications of our 

work in a translational setting. As we have shown, modulation of GlcCer levels by 

knocking out their metabolizing enzymes reduces influenza entry in vitro, 

suggesting a novel avenue for future influenza therapies. However, any 

therapeutic approach must be undertaken with great caution, as preliminary data 

suggests a potential role for these sphingolipids may play a role in enhancing 

influenza exit thereby countering the inhibitory effect of blocking entry. Should 

the translational aspect of this project be explored further, we recommend a 

combinatorial approach to target influenza; combining sphingolipid-based entry 

inhibition with known inhibitors of influenza particle release, such as the 

neuraminidase inhibitors Oseltamivir (Tamiflu), Laninamivir (Inavir), and 

Zanamivir (Relenza).  

 

 In conclusion, the work presented in this thesis reveals the critical need to 

further study sphingolipids in the context of viral infections. By gaining a better 

idea of how these lipids regulate cellular endocytosis, we now have a more 

complete understanding of the role of sphingolipids in viral-host interactions. 

Taken together, our work demonstrates a clear relationship between viruses and 

sphingolipids and has broad implications both for the fields of virology and cell 

biology. 
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Table 5.3 Proposed Future Experiments 

Number Name Purpose 

5.2.1.a 
Serine labeling and tracking via 
mass spec to confirm activation 
of de novo synthesis in GBA KO 
cells 

Confirm ceramide increases are 
due to de novo synthesis 

5.2.1.b Protein and mRNA expression of 
serine palmitoyltransferase 

Determine if increased de novo 
synthesis is due to enzyme 
upregulation 

5.2.1.c 
Measurement of substrate 
abundance for de novo synthesis 
of ceramide 

Determine if increased de novo 
synthesis of ceramie is due to 
substrate availability 

5.2.1.d 
Tracking glucosylsphingosine-d7 
to determine possible 
glucosylsphingosine catabolic 
enzymes 

Determine if GBA is the sole 
method of catabolism for 
glucosylsphingosine 

5.2.2.a Analysis of plasma membrane 
sphingolipid content 

Determine the levels of 
sphingolipids in GBA and UGCG 
KO cells compared to WT 

5.2.2.b 
Tracking sphingosine-d7 and 
glucosylceramide-d5 to 
determine the lipid precursor to 
glucosylsphingosine 

Determine the lipid origin of 
glucosylsphingosine 

5.3.1.a 
Characterization of lipids in the 
early endosome, late endosome, 
and lysosome 

Determine if endocytic organelles 
of KO cells express different 
sphingolipids than those from WT 
cells 

5.3.2.a Internalization Assay for 
Influenza and EGF 

Determine if internalization is 
delayed in KO cells 

5.3.2.b 
Early endosome and late 
endosome colocalization to 
determine precise stage of 
disrupted endosome trafficking 

Determine if trafficking to or from 
the early endosome is delayed in 
KO cells 

5.3.2.c 
Subcellular localization of 
sphingolipids to early 
endosomes, late endosomes, and 
the Golgi 

Determine if sphingolipids 
localize to different parts of the 
cell in KOs vs WT 
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5.4.1.a 
Examination of the ability of 
influenza HA to undergo 
conformational changes and 
induce viral fusion. 

Determine if fusion of influenza is 
impaired due to aberrant HA 
conformational changes (in 
addition to the delay in endosome 
trafficking) 

5.4.2.a Generation of VLPs from KO 
cells 

Measure the infectivity of VLPs 
generated from WT and KO cells 
to determine if virus exit is 
affected in KO cells 

5.4.2.b Direct count of VLP particles 
Assess the number of particles 
generated from WT vs KO cells 
with a variety of techniques 

5.4.2.c Analysis of VLP lipid 
composition 

Determine the lipid composition 
of VLPs generated from WT vs KO 
cells 

5.4.2.d Analysis of VLP protein 
abundance 

Determine the relative protein 
abundance of influenza 
glycoproteins on VLPs from WT 
and KO cells 

5.4.2.e Analysis of influenza 
glycoprotein localization 

Determine what effect KOs of 
UGCG and GBA have on 
localization of influenza 
glycoproteins, especially as it 
relates to viral exit 

5.4.3.a Infections by other viruses 
Determine the sphingolipid 
requirements for entry and 
infection other viruses  
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